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ABSTRACT

This work 1s divided into two independent papers.

PAPER 1.

Spall velocities were measured for nine experimental impacts into San Marcos
gabbro targets. Impact velocities ranged from 1 to 6.5 km/sec. Projectiles were iron,
aluminum, lead, and basalt of varying sizes. The projectile masses ranged froma 4 g
lead bullet to a 0.04 g aluminum sphere. The velocities of fragments were measured
from high-speed films taken of the events. The maximum spall velocity observed
was 30 m/sec, or 0.56 percent of the 5.4 km/sec impact velocity. The measured
velocities were compared to the spall velocities predicted by the spallation model of
Melosh (1984). The compatibility between the spallation model for large planetary

impacts and the results of these small scale experiments are considered in detail.

The targets were also bisected to observe the pattern of internal fractures. A
series of fractures were observed, whose location coincided with the boundary between
rock subjected to the peak shock compression and a theoretical “near surface zone”
predicted by the spallation model. Thus, between this boundary and the free surface,
the target material should receive reduced levels of compressive stress as compared

to the more highly shocked region below.

PAPER 2.

Carbonate samples from the nuclear explosion crater, OAK, and a terrestrial

impact crater, Meteor Crater, were analyzed for shock damage using electron para-
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magnetic resonance, EPR. The first series of samples for OAK Crater were obtained
from six boreholes within the crater, and the second series were ejecta samples recov-
ered from the crater floor. The degree of shock damage in the carbonate material was
assessed by comparing the sample spectra to spectra of Solenhofen limestone, which

had been shocked to known pressures.

The results of the OAK borehole analysis have identified a thin zone of highly
shocked carbonate material underneath the crater floor. This zone has a maximum
depth of approximately 200 ft below sea floor at the ground zero borehole and de-
creases in depth towards the crater rim. A layer of highly shocked material is also
found on the surface in the vicinity of the reference bolehole, located outside the
crater. This material could represent a fallout layer. The ejecta samples have expe-

rienced a range of shock pressures.

It was also demonstrated that the EPR technique is feasible for the study of
terrestrial impact craters formed in carbonate bedrock. The results for the Meteor
Crater analysis suggest a slight degree of shock damage present in the 3 member of

the Kaibab Formation exposed in the crater walls.
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Abstract

Spall velocities were measured for nine experimental impacts into San Marcos
gabbro targets. Impact velocities ranged from 1 to 6.5 km/sec. Projectiles were iron,
aluminum, lead, and basalt of varying sizes. The projectile masses ranged from a 4 g
lead bullet to a 0.04 g aluminum sphere. The velocities of fragments were measured
from high-speed films taken of the events. The maximum spall velocity observed
was 30 m/sec, or 0.56 percent of the 5.4 km/sec impact velocity. The measured
velocities were compared to the spall velocities predicted by the spallation model of
Melosh (1984). The compatibility between the spallation model for large planetary
impacts and the results of these small-scale experiments are considered in detail.

The targets were also bisected to observe the pattern of internal fractures. A
series of fractures were observed, whose location coincided with the boundary between
rock subjected to the peak shock compression and a theoretical “near-surface zone”
predicted by the spallation model. Thus, between this boundary and the free surface,
the target material should receive reduced levels of compressive stress as compared

to the more highly shocked region below.
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1.1 Introduction

In this paper we present results of experiments designed to constrain theories
of spallation in high-velocity impacts. Spallation, the separation of large fragments
from a free surface as a result of dynamic tensile failure, is of interest because it is
a mechanism that may eject lightly shocked material from planetary and asteroidal

surfaces.

Much of the recent interest in spallation has resulted from the discovery that
the meteorite ALHA81005 is a lunar rock (Marvin, 1984), and the SNC meteorites
(shergottites, nakhlites, and Chassigny) may have originated on Mars (McSween and
Stolper, 1980; Wood and Ashwal, 1981). For background information on SNC mete-
orites, McSween (1985) gives an extensive review of the literature pertaining to their
composition and unique characteristics. In particular, the absence of shock metamor-
phism of the nakhlite meteorites has motivated a search for mechanisms capable of
accelerating impact ejecta to a Martian escape velocity of 5 km/sec without subjecting
it to high, peak-shock pressures. These criteria pose a problem because the Hugoniot
equation of state for one-dimensional planar flow determines a direct relation between
particle and free surface velocities and the shock pressure. This relation implies that
achieving particle velocities near 5 km/sec by direct shock requires shock pressures of
20 to 30 GPa. Several models have been proposed to accelerate impact ejecta to the
Martian escape velocity. One of these is the Melosh (1984) impact spallation model.
We will address the predictions of this model for ejection velocity, fragment size, and

peak shock-pressure distributions at length below.

In the past; spallation has been studied at near-surface and surface explosion
craters in alluvium (Stump and Reinke, 1984). Evidence of impact spallation could be
inferred from numerical models (Ahrens and O'Keefe, 1978), showing the production

of lightly shocked ejecta originating near the free surface. Moreover, Vickery (1986)
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finds evidence for relatively high-velocity spalls from analyses of lunar and Martian
secondary craters, but concludes that fragments on the order of tens of meters could
not escape from either the Moon or Mars by this mechanism. However, there are no

published values of spall velocities measured from experimental impacts.

Aside from determining the origin of the SNC meteorites, another context in
which spallation is of interest is in the evolution of asteroids (and by implication,
planetesimals in the early solar system). Here we are concerned not with the pro-
duction of a small quantity of exceptional ejecta, but with impacts under such low
gravity that strength effects are important on a large scale. As crater size decreases,
the fraction of material ejected by spallation increases. On the largest asteroids (sur-
face gravity 0.1 m/s?), not only is gravity less important for craters with depths as
great as 50 m (Gaffney, 1978), but the likely low strength of the regolith on these
bodies may lead to the escape of a substantial fraction of the ejecta by spallation
(Cintala et al., 1979). This process may be important in the evolution of asteroid
families and belts (Capaccioni et al., 1986).

This paper will begin with a description of the spallation experiments. A quali-
tative description of the targets will be presented along with the results of the spall
velocity measurements. A preliminary discussion of the measured spall velocities was
given by Polanskey and Ahrens (1985). Next, the Melosh (1984) spallation model
will be reviewed with respect to its application to the present experiments. This sec-
tion will include a discussion of the relationship between the proposed lightly shocked
region of the target and the internal fractures observed beneath several of the ex-
perimental impact craters in this study. Vertical spall velocities predicted by the
hydrodynamic ejection version of the spallation model will then be compared to the

measured, experimental spall velocities.
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1.2 Experimental Procedures

The spall-velocity experiments were conducted in two phases. In February 1984,
preliminary spall velocity measurements were made at the Caltech shock wave labo-
ratory for two low-velocity impacts. The remaining experiments spanned a range of
impact velocities and were conducted in September 1984 at the NASA Ames Vertical
Gun Range (AVGR).

In all cases, the target material was San Marcos gabbro. This material has a
density, p;, of 2.9 g/cm?®, dynamic tensile strength, o;, of 0.15 GPa , and longitudinal
wave velocity, cr, of 6.4 km/sec (Lange et al., 1984b). To the level of approximation
used in this paper, cr is considered to be independent of stress. The compressive
strength is between 3 and 6 MPa. Birch (1966) calculates the Poisson ratio, u, for
San Marcos gabbro as 0.32. A detailed characterization of the mineralogy of this rock
can be found in Lange et al. (1984b).

For the low-velocity experiments, a 30/06 rifle was used to obtain impact velocities
near 1 km/sec. The projectiles were a 4.1 g lead bullet measuring 7.8 mm in diameter
and 2.4 cm in length, and a 7.9 mm diameter aluminium sphere with a mass of 0.65 g.
The aluminium projectile had been chosen to reduce the density difference between
the projectile and the gabbro target. The gabbro was cut into cubes roughly 16 cm on
a side and mounted with concrete into sections of 27 cm diameter PVC pipe. The total
target mass was just under 30 kg. The targets were mounted in a vacuum tank kept
at atmospheric pressure. The tank contained three He-Ne lasers to measure projectile
velocity (Figure 1.1a). Two x-ray tubes were positioned approximately 1m outside the
tank (1.5 m from the point of impact). The first x-ray tube was timed to photograph
the target immediately before impact, and the second x-ray photograph was taken
of the ejecta and spall fragments 300 msec later. Spall velocities were determined by

measuring the distance traveled by the spall fragments from the target surface during
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TABLE 1.1

Experimental Parameters

603 608 840901 840902 840904 840905 840906 840907 840909

Projectile

Material Pb Al Al Fe Fe Fe Fe basalt | steel
a (cm) 0.391 | 0.397 | 0.159 | 0.159 | 0.159 | 0.159 | 0.159 | 0.238 | 0.318
m, (8) 4.10 0.65 | 0.0443 | 0.1292 | 0.1297 | 0.1297 | 0.1297 | 0.1557 | 1.0571
pp (g/cm?®) 11.3 2.56 2.64 7.74 7.74 7.74 7.74 2.75 7.90
U (km/sec) 0.89 1.01 6.49 4.60 5.44 4.60 4.76 2.26 1.69
KE (101 ergs) 1.62 0.33 0.93 1.37 1.92 1.37 1.47 0.40 1.5)
Target

M; (kg) 23 23 24 25 29 23 13 23 24
KE/M, (10° erg/g)| 7.0 1.4 3.9 5.5 6.6 6.0 11 1.7 6.3

Crater Dimensions

Depth (cm) 0.95 0.35 1.0 1.50 1.65 1.45 1.40 0.70 1.40
Diameter (cm) 6.3 2.2 6.5 9.8 10.5 8.0 9.2 3.5 8.3
Volume (cm?) 9.5 0.5 9.0 30 36 19 23 2.3 25.5

Displaced Mass

M. (g) 27.0 1.4 25.8 86 103 54.5 65.9 6.6 73.1
M.pan () — — 10.1 40.6 47.4 36.4 30.8 — 28.8
M.pan/M. = — 0.39 0.47 0.46 0.67 0.47 = 0.39

that time interval (Figures 1.1b,1.1c).

Both the low-velocity powder gun and the light gas gun were used at the AVGR,
thus providing a range in impact velocities from 1.7 km/sec to 6.5 km/sec. The pro-
jectiles for these experiments were primarily 3.2 mm diameter spheres of iron and
aluminium with the addition of two slightly larger projectiles of steel and basalt.
Projectile masses were between 1.06 and 0.04 g and are listed along with other exper-
imental parameters in Table 1.1. The targets were 23 to 30 kg unmounted blocks of
San Marcos gabbro placed in a tank evacuated to 5 mm Hg. The interior of the vac-
uum tank measured 2.5 m in diameter and 1.8 m in height. The cratering events were

recorded by a Dynafax model 350 35-mm framing camera with variable framing rates
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FIGURE 1.1: a) Sketch of experimental configuration for spall velocity
measurements. The projectile velocity is determined by a counter, measuring time
intervals as the projectile breaks the laser beams. The lasers also activate other
counters which then trigger the x-ray tubes. b) Drawing of the first x-ray exposure
showing the projectile in flight at approximately 20 psec before impact. ¢) Drawing
of the second x-ray exposure taken approximately 300 msec later. Spall velocities are
measured directly from this exposure. In addition to the spall fragments, high-speed

ejecta and projectile fragments are also visible.
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from 9000 to 35,000 frames/sec. Illumination was provided by a Cordin model 359
strobe. The photographic equipment was located outside the vacuum tank approx-
imately 1.5 m from the target. Figure 1.2 shows a series of three frames taken at
2 msec intervals from one of these filins. The consecutive positions of one prominent
spall fragment are marked on each frame.

After each shot, the ejecta fragments were inspected for evidence of spallation.
Because spallation is a near-surface phenomenon, a spall fragment was defined to be
any ejecta fragment containing part of the original surface of the target. In most
cases, the top surface of the target had been polished and was easily identified. Most
of the ejecta fitting the above criteria were recovered, and their locations within the
tank were recorded. However, no attempt was made to search the tank in a systematic
fashion, so it is unlikely that this data set is complete. The mass of each identified
spall fragment, m,pq, was determined, and both the maximum length, .., and the
thickness from the top surface to its maximum depth, ¢,,,,, were measured. These
parameters are listed in Table 1.2. The total mass of spall fragments collected from
each impact, Mpay, is listed in Table 1.1. The ratio of t gz to lnaz is plotted in Figure
1.3 as a function of spall mass. The average value of ¢,,,2/lmae for all the collected
ejecta was 0.2, and is also very close to the average value for the fragment set from
each individual experiment.

Crater volumes were determined by measuring the volume of dry #120 Ottawa
sand required to fill each crater. This crater volume was used to calculate the total
mass of material ejected from each crater, M,. This result was then compared to
the total mass of spall fragments collected, M,,qu, and listed in Table 1.1. For these
experiments, between 39 and 67% of the excavation was due to spallation. Next,
the displaced mass, M,, was scaled by the ratio of projectile to target density, and
plotted as a function of projectile energy in Figure 1.4. These results plot close to the

curve Gault (1973) fit to data from 64 earlier impact experiments. Finally, several
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a) 1.4 msec b) 3.4 msec ¢) 5.4 msec

FIGURE 1.2: Three frames from the film of shot 840904 are shown to
illustrate the film coverage of the Ames experiments. The time elapsed since impact
is given above each frame, and the time interval between frames is 2 msec. The
spall fragment indicated by the arrows is traveling at an average vertical velocity of

8.9 m/sec. The target outline has been enhanced.
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TABLE 1.2

Spall Fragment Dimensions

Mapall lma:: tmaz Mapall !nm:: tinaz Mapall lmu:r tmux
(g) (cm)  (mm) () (ecm)  (mm) (g) (cm)  (mm)
840901 840902 840904
4.40 5.25 4.47 10.50 5.50 8.89 15.30 5.06 9.19
0.80 1.80 4.32 8.00 4.30 8.13 9.20 4.55 721
0.70 1.65 3.43 7.80 4.60 8.38 5.00 4.10 6.78
0.65 1.95 3.66 6.30 3.80 6.22 4.10 3.00 7.62
0.40 1.40 3.20 2.00 2.75 5.36 2.60 2.90 6.40
0.40 1.95 2.24 1.60 2.10 5.31 2.00 2.65 6.12
0.20 1.15 2.64 1.00 2.15 6.40 1.40 2.30 5.28
0.10 0.90 1.88 0.60 1.65 4.44 0.90 2.20 4.06
0.05 0.50 0.66 0.20 1.20 1.98 0.70 2.40 2.54
0.50 0.85 1.27 0.05 0.60 0.68 0.60 2.45 4.27

0.40 1.40 3.25
0.30 1.25 3.00
0.30 1.55 2.34
0.25 1.15 3.00

840905 840906 840909
3.00 2.70 6.65 17.60 6.70 9.40 9.50 4.00 8.71
3.00 2.60 5.16 4.70 3.65 7.47 5.50 3.45 6.88
2.40 3.40 7.92 2.55 3.20 5.64 3.00 2.60 5.79
1.90 2.05 5.74 2.30 2.65 5.69 2.30 2.95 5.82
1.70 2.15 3.99 1.40 2.55 5.41 1.30 2.25 4.32
1.15 2.65 2.89 1.00 1.60 -4.70 1.10 1.40 5.54
0.80 1.90 5.28 0.30 1.20 3.91 1.05 3.99
0.70 1.50 4.88 0.05 2.20 0.89 0.90 1.60 4.93
0.55 1.90 2.97 0.90 1.55 4.37
0.50 1.65 3.94 0.40 1.40 3.50
0.50 1.70 2.84 0.30 1.40 3.76
0.45 1.65 2.49 0.25 1.60 5.64
0.35 1.55 2.97 0.25 1.60 2.44
0.15 1.20 4.01 0.15 1.55 1.62
0.15 0.90 3.71 0.10 2.25 1.57
0.10 1.98 0.10 1.15 1.24

targets were bisected through the center of the crater in order to observe the internal

fractures. The results of the fracture analysis will be presented in the next section.
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1.3 Results

In all cases, the craters displayed two distinct zones. The floor at the central pit
of the crater was highly fractured and covered with finely crushed rock, whereas the
wide, shallow, outer zone had a relatively fresh surface. It is proposed that this outer
zone is the result of spallation, while the inner zone was excavated by downward
and then outward and upward flow. In several cases the plan view of the outer
crater perimeter was very irregular. There is also evidence of incomplete spalls in
the outer zone, which were either partially separated from the target or visible only
as surface cracks. Based on the ratio of projectile energy to target mass (given in
Table 1.1), these experiments fall into the classification of crater formation, where
KE/M, <1x10°% and the target suffers no additional damage aside from the actual
crater (Gault and Wedekind, 1969; Fujiwara et al., 1977). It is also important to note
that these craters fall into the energy range of the strength regime where ,/pgD > 1
(Gault and Wedekind, 1969). Values for the present impacts are are on the order of
10° and are listed in Table 1.1. The features described above are consistent with
descriptions of other impact craters produced in competent rock targets by Lange et

al. (1984b); Gault (1973); Horz (1969); and Moore et al. (1963).

1.3.1  Fractures in targets

Bisecting the targets gave a detailed view of the internal fragmentation resulting
from each impact. An example map of the distribution of these fractures in one of the
gabbro targets is given in Figure 1.5. The fractures visible without aid of magnifica-
tion fall into seven classifications, which can be grouped into three different regions of
the target. Most of the fractures occur in Region 1, a hemispherical area immediately
below the crater extending outwards for at least 10 projectile diameters. This region

is characterized by a high density of small fractures, with the rock immediately be-
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low the crater floor being the most heavily crushed. These fractures are classified as
“shear fractures” after the description in Moore et al. (1963). Also within this region
are closely spaced “radial fractures” and larger “concentric fractures.” Vertical cracks
were found beneath the pit of several of the experimental craters. This phenomenon
has been described by Fujiwara (1980) as a “central spallation fracture” resulting
from the crossing of the two rarefaction waves formed by reflection at the vertical,
free surfaces.

Qutside Region 1 there are relatively few other visible fractures, and these fall into
one of three very distinct categories. A series of vertical fractures are located close to
and parallel to the vertical sides of the target blocks. These cracks are labeled as “side
spallation fractures” after Fujiwara (1980), and are presumably due to reflections of
the shock waves from the sides of the target. These fractures form the boundary
for Region 2, which is the area where reflections from the target sides interfere with

normal processes. This region will be virtually ignored in the remainder of the paper.

The third region is not really a region but a thin band of fractures starting at the
crater wall and arcing down into the target. Subhorizontal fractures are found below
and parallel to the floor of the proposed “spalled” zone. These fractures resemble
the “spall fractures” observed by Maurer and Rinehart (1960) in several targets from.
very low-velocity, experimental impacts. The remaining fractures constitute a distinct
category labeled “near-surface fractures” in Figure 1.5. The origin of this terminology
will become clear later in the Discussion section. The near-surface fractures are also
radial in nature, although in general, they extend farther from the crater than those
classified as “radial” above. In most cases, the fractures are bordered above and
below by regions where the target is not visibly fractured. Finally, these fractures are
much wider than most of the radial fractures immediately below the crater. In many

cases, these fractures are the most prominent feature in the target cross section.
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FIGURE 1.5: Cross section of the target from shot 840904 illustrating
the classification of internal fractures. Note that all fractures have been drawn with
the same line thickness despite actual variations in the target. The shaded area

immediately below the crater indicates a highly fractured region.
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1.3.2 Spall velocity measurements

Analysis of the x-ray records from the two low velocity shots gives vertical spall
velocity measurements of 11 m/sec and 17 m/sec for the lead and aluminium pro-
jectiles, respectively. These velocities are both less than 2% of the impact velocity.
In these photographs large spall fragments are clearly distinguished from the smaller
ejecta. The spall fragments appear to be ejected at an angle close to 90° from the
target surface; however, at the time of the second x-ray exposure, the spalls had not

yet completely separated from the target.

Vertical velocities were also measured from the framing camera films of the high-
velocity Ames experiments. As evident in Figure 1.2, the distinction between the spall
fragments and the other ejecta is less obvious. This loss of resolution was partially the
consequence of the scale of the photographs, and of a malfunction in the strobe system
that underexposed the films. However, since practically all of the larger fragments
collected were spall fragments, it is likely that these velocity measurements correspond
to spall fragments. Approximately ten velocity measurements were taken for each
particular fragment. In some cases there were large variations in velocity for a single
fragment; therefore, the extremes in velocity as well as the average velocity are listed
in Table 1.3. The average vertical velocities ranged between 0.9 and 30 m/sec for the
complete set of measurements. The results of the velocity measurements are plotted
in Figure 1.6. The error bars indicate not only the measurement errors but the range
in velocities measured for each fragment. It is important to note that these velocities
do not constitute a complete sampling of the spalls ejected from each event. Only
the velocities of the largest fragments could be measured from the films. In addition,
variations in velocity with time were observed for individual spall fragments. This

may be partly a consequence of the spinning and tumbling of the fragments in flight.

Ejection angles could not be measured directly from only the two- dimensional
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Spall Velocity Measurements

Shot SPa-H Umnin Vave Umaz
# # (m/sec) (m/sec) (m/sec)
603 1 8.7 11.0 13.5
608 1 17.0 17.3 17.6

840902 1 16.3 20.6 274
2 10.2 14.8 17.2
840904 1 28.7 30.0 313
2 17.5 23.1 26.4
3 14.9 20.2 21.5
4 9.0 11.7 17.6
5 5.1 8.9 14.4
6 0.7 2.6 3.6
840905 la 224 23.6 24.1
1b 20.8 22.8 25.3
le 19.3 21.5 23.7
2 12.2 13.0 14.4
3 9.4 10.8 123
4 3.9 5.8 7.8
5 0.7 1.2 2.6
6 0.5 0.9 1.3
840907 1 15.6 . 17.6 18.8
2 10.5 14.5 18.9
3 9.8 13.0 16.5
4 2.3 4.3 6.7

films; however, ejection angles were determined for two of the spalls from shot 840905

by correlating the fragments on the films with those located after the event. The

ejection angles measured for spall #3 and #5 were 90 and 88°, respectively, Both

fragments were ejected at low velacities, so they did not interact with the tank walls.

Finally, in some cases the spalls were observed to fragment in flight as predicted

by Melosh (1984). This appears to be the case for spalls #1a, 1b, and 1c from shot

840905. In addition to the appearance of fragmentation on the film, these three

fragments are also traveling at approximately the same velocity with very little vari-



Impact Spallation Ezperiments 20

35 T T v T T T T T ]
30 %603 H -

[ 4608 )

[ A 840902 i

s B 840904 J
_R9[ 840905 ¥
9 [ 840907 ' m
0 " ;
~ [ ’ I
E ool "
~ o f i
. - -
= 0 + ¢ ;
L2 - !
= 15[ : A §
R ® :
m - ) ¢ ]
10 ® N

i E

5 .-_ . . —

I I

0 [ 1 | 1 | 1 | i | 1. 1 1 ]

0 1 o 3 4 5 6

Impact Velocity (km/sec)

FIGURE 1.6 : Results of the spall velocity measurements for five experimental

1mpacts.



21 Paper 1

ation in individual velocities. However, it cannot be proven that this was actually

fragmentation as opposed to merely an effect that was due to the resolution of the

films.

1.4 Discussion

Melosh (1984) derives two versions of a model based on the concept that the
stress waves from an impact event are similar to those of an explosive source buried
at some depth. First, a hydrodynamic ejection version of the model is presented
using the interaction between a compressive wave and the corresponding tensile wave
reflected from the target’s free surface to predict spall velocities and thicknesses.
Next, a stress wave ejection model is developed by adding the effect of a reflected
shear wave to calculate ejection angles and fragment sizes. Fragment size is predicted
to be inversely proportional to ejection velocity, and ejection angle is found to be a
function of the target tensile strength and Poisson ratio. Although Melosh concludes
that spallation is an unlikely mechanism for removing significant quantities of material
from the Martian surface, it is potentially an important process for ejecting material
from asteroids and possibly the Moon: The spallation model is also described and
applied in Melosh (1987) and Vickery and Melosh, (1987).

In order to explain the application of the spallation model to the present experi-
ments, we first briefly review the relevant aspects of Melosh (1984) with emphasis on
the hydrodynamic ejection version of the spallation model. One important feature of
the spallation model is that there exists a region, the near-surface zone, where the
target material experiences reduced compressive stress as a consequence of its prox-
imity to a free surface. To satisfy the free surface boundary condition of zero stress,

the compressive wave generated by a buried source is exactly canceled at the surface



Impact Spallation Ezperiments 22

by the reflection of a tensile wave of equal magnitude. The actual definition of the
depth of the source, the equivalent depth of burst, is up to dispute, but here we will
use the form used in the spallation model, d = 2a(pp/pl)1/2, for a projectile density
pp. It then follows that below the surface the two waves will superimpose by virtue
of their finite rise and decay times. The near-surface zone is the region where the
delay between the two waves is less than the rise time of the compressive wave. This
region never experiences the peak of the compressive stress pulse, and is therefore the

proposed source of the lightly shocked ejecta.

The depth of the near-surface zone is strongly controlled by the shape of the
triangular stress pulse. The pulse shape will be characterized by a rise time, 7, and
a decay time, 7p, where 7 is generally less than 7p. For an impact, 7 is modeled as
being equal to a/U, where a is the projectile radius, and U is the impact velocity, and
p = d/cg. In this model the r{se time is taken to remain constant as the shock prop-
agates, although this may not be strictly true for small-scale impacts (Melosh,1984).
The depth of the near-surface zone boundary is defined by the hyperbola in the s-z
plane:

et 4(d? + s?) — c}r? 3
T 4d? — cir? ’ (1)

where s is measured from the point of impact along the target surface. Figure 1.7
illustrates schematically the geometric relationships between s, d, and zp. The values
of  and d calculated for each experiment are listed in Table 1.4. The last two entries
in Table 1.4 are two experiments taken from Lange et al.(1986b). The shot numbers
790837 and 790839 correspond to shot no. 1 and 3 ,respectively, in Table II of Lange
et al.(1986b). In order to illustrate the range of impact parameters between the eight
experiments described above, the values for the depth of burst and the rise time are
plotted in Figure 1.8. These two parameters completely determine the shape of the

near-surface boundary.



23 Paper 1

Impact Site

max min S

= > r ~ N
-~ ~
- - o ~
—~ - - Zp N = ~
crater profile
FIGURE 1.7 : Sketch of an experimental crater profile adapted from

Melosh (1984). The relationships between the geometrical quantities s, z, 7, 7o, and
d are shown in relation to the crater depth profile from shot 840904. Also shown is an
example of the range of s values, $,in t0 8;mqz, considered applicable for calculating

spall velocities for this impact.
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TABLE 1.4

Rise Times and Depth of Burst

Shot T d

# (usec) (cm)
603 4.4 1.55
608 3.9 0.75
840901 0.24 0.30
840902 0.34 0.52
840904 0.29 0.52
840905 0.34 0.52
840906 0.33 0.52
840907 1.0 0.47
840909 1.9 1.06
790837 0.30 0.54
790839 0.34 0.64

Physical evidence for the existence of the near-surface zone was suggested by
the distribution of fractures observed in the bisected targets. As mentioned above,
the category of “near-surface fractures” consisted of a set of major cracks forming a
conspicuous pattern closely following the boundary of the near-surface zone as defined
by Equation (1). It is also interesting to note that no cracks were found above this
region. A straightforward calculation of zp for the relevant experimental parameters
gives a remarkable fit of the near-surface zone boundary to the actual cracks observed
in seven high-velocity experiments 840901, 840902, 840904, 840905, 840906, 790837
and 790839 (Figure 1.9a,b,c). Two of these targets, 790837 and 790839, are shots no.
1 and 3 taken from Lange et al.(1984b).

The first exception to this trend is in the target from 840909. Figure 1.9¢ shows
that the near-surface fractures lie significantly above the calculated zp curve for the
relevant impact parameters. Although the total energy of this impact was comparable
to that of the previous experiments, the impact velocity for this shot was substantially
lower.

The second exception, 603, was also the result of a low-velocity impact. The
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(depth of burst, d, and risetime, 7) for the present and some previous experiments.
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840904 S (cm)

FIGURE 1.9a: Sketches of the fractures found inside targets 840901,
840902, and 840904. The shaded area indicates the highly fractured region immedi--
ately surrounding each crater. A plot of zp, the theoretical near-surface zone (dotted
line), is superimposed over the fractures. The calculated spall thickness, zs, is also
plotted (dashed line) within the near-surface zone. The symbol below the surface of
each target at s = 0 marks the equivalent depth of burst, d, used to calculate the

curves.
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790837 S (cm)

FIGURE 1.9b: Sketches of the fractures found inside targets 840905,
840906, and 790837. The shaded area indicates the highly fractured region immedi-
ately surrounding each crater. A plot of zp, the theoretical near-surface zone (dotted
line), is superimposed over the fractures. The calculated spall thickness, zg, is also
plotted (dashed line) within the near-surface zone. The symbol below the surface of

each target at s = 0 marks the equivalent depth of burst, d, used to calculate the

curves.
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FIGURE 1.9c: Sketches of the fractures found inside. targets 790839,

840909, and 603. The shaded area indicates the highly fractured region immediately
surrounding each crater. A plot of zp, the theoretical near-surface zone (dotted line),
is superimposed over the fractures. The calculated spall thickness, zg, is also plotted
(dashed line) within the near-surface zone. The symbol below the surface of each

target at s = 0 marks the equivalent depth of burst, d, used to calculate the curves.
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target for shot 603 was qualitatively similar to those described above, although the
radially fractured zone was significantly smaller. The most obvious feature in this
target was one large crack beginning at the floor of the crater and extending in an
arc to a depth of 6cm. Although this crack had the same general form as the zp
boundary, it was asymmetric and did not match the curve defined by the parameters
for that experiment. This is not unreasonable, since the projectile was a commercial
bullet having a high density and a nonspherical shape. Determining the rise time of
the stress wave from the geometry of the bullet is not straightforward. The radius
of the bullet is not the same as the length over which the bullet starts as a point
and reaches the maximum radius, which is also different from the bullet length. The
curve for 603 in Figure 1.9c was fit to this fracture by specifying the values of a and d
to be 0.28 cm and 1.5 cm, respectively. This value for a, however, gives a rise time 28
percent less than that based on the bullet radius. Also, this depth of burst falls below
the crater floor and is slightly greater than it would be if it were calculated with a
0.28 cm projectile radius. However, manipulating the equations to fit the fracture
from this shot is not as important as recognizing its qualitative resemblance to the

fractures in the two other targets.

The same wave interaction should occur at the sides of the target as it does at
the top surface, and a near-surface zone could be calculated as well. The vertical
fractures near the target edges would be a candidate for this effect. However, the
resulting boundary curve is much flatter and closer to the target surface. An example
of this curve is plotted for shot 840906 in Figure 1.9b; however, the boundary does

not correlate with the vertical fractures observed.

Returning to the hydrodynamic ejection model, we consider its predictions for
spall thicknesses as a function of s, and vertical spall velocity as a function of s and

z. The spall thickness, defined as the depth at which the tensile stress reaches the
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dynamic tensile strength of the target material, is given as a function of s by

8= (PET:'O)) (T;ZL) [1 - I.S;Z'DCL/TO] ’ (2)

where 79 = v/s? + d?, and is shown schematically in Figure 1.7. The pressure at rg is

determined by P(ry) = picrvp(ro), where vp(r) = (U/2)(pp/pe)(a/r)® is the particle
velocity at that point. This equation for zg is valid only for z above the zp boundary.
The empirical quantity -1.87 comes from the exponent of pressure decay of the stress
pulse. Recent calculations by Ahrens and O’Keefe (1987) find this decay exponent to
vary with impact velocity. Their results predict a pressure decay exponent of -1.87 for
the impact of a silicate projectile on a silicate target at 9.8 km/sec. The relationship
between zp and zg is also shown in the seven high velocity experiments in Figure 1.9.
It is interesting to note that in agreement with the spallation model, z5 intersects the
zp curve at the edge of the observed crater.

Finally, the spall velocity is given for any r = m within the near

surface region as

d 2d
UV]SPALL = 2Up(1‘)— [1 = o ] - (3)

To ToCLT

The second term in the parentheses is negligible when the spall thickness is much
smaller than all other dimensions. Then the spall velocity approaches the maximum
value, Vy|sPaLLmaz = 2vp(r)d/ro. The spall thickness term can be neglected for large
planetary scale impacts; however, it becomes significantly large in the calculations
simulating the laboratory scale impacts. This term varies from 0.38 to beyond the
limiting value of 1.0 in the present experiments. Therefore, the predicted velocities
for the laboratory impacts can be at most 62% of the maximum spall velocity. It must
also be noted that Equations (2) and (3) are not valid for s less than approximately
four projectile radii from the point of impact. For small s, zg becomes negative as
a result of certain approximations made earlier in the model. This artifact of the

approximations will have important implications later in this paper.
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Although vy |sparr is a function of both s and z, the calculated spall velocities
in Figure 1.10 are the results of the spallation model applied to the laboratory pa-
rameters for the limiting case of z = 0. This limiting case represents the maximum
velocity possible at any given s. The appropriate experimental values of U, a and
pp were used with Equation (3) to generate each curve in Figure 1.10. The steep
decrease in velocity towards the center of the crater is a result of z5 becoming neg-
ative at small s. This portion of the curve can be neglected. Shaded rectangles are
included on each plot to compare the spallation model results with the experimental-
results. The vertical sides of each rectangle represent the range of spall velocities
measured experimentally. The horizontal sides of the rectangles limit the range of
s to the spalled region measured from each of the craters (Figure 1.7). In all the
high-velocity experiments, the model velocity curves intersect the measured veloc-
ity fields and reach from 64 to 76% of the peak in the velocity profile predicted by
the spallation model. The spall velocities measured for the low-velocity experiments
account for a lower percentage of the predicted velocities; however, it is important
to note that these two experiments have only one velocity measurement per impact.
Although the spall velocities measured in these experiments are only a fraction of
the velocities predicted by the model (Figure 1.10), it is important to realize that
the model curves represent the maximum surface velocity at any distance from the
impact. Furthermore, the spallation model predicts a strong decrease of spall velocity
with depth. Since each spall fragment has a finite thickness, its average velocity would
be lower than that predicted for a point on the surface. Therefore the present results
compare well with the spallation model, despite the fact that these equations were
formulated for conditions much different from those found in small-scale laboratory
impacts.

The effect of this scale difference becomes more severe for low-velocity impacts.

Equations (2) and (3) are difficult to apply to shots 603 and 608, because the projectile
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FIGURE 1.10: Vertical spall velocity, as calculated from the Melosh

equations evaluated at z = 0, is plotted as a function of s to model five of the ex-
perimental impacts. The rectangles provide a comparison of the experimental results
to the dotted model curves. The range of measured spall velocities for each event
is indicated by the height of the rectangles.  The horizontal extent of the rectangles
represents the range of s, $;min t0 8mae, measured from the spalled zone of each crater

(as illustrated in Figure 1.3).
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radius is quite large compared to the resulting crater. Thus, the depth of burst
calculated according to the above formula is also greater than the actual crater depth.
Nevertheless, for these shots, rough estimates of spall velocity were calculated for
Figure 10 by adjusting d to equal the depth of the crater. In the case of shot 603,
this d turns out to be above the depth of burst determined earlier when fitting the
zp curve to the large fracture.

Although the assumption that spall thicknesses are much smaller than the pro-
jectile radius has been violated in most cases, the Ames experiments are more similar
to the conditions described by the spallation model. The higher impact velocities in
these experiments lead to the strong stress waves needed to satisfy the hydrodynamic
approximations. In addition, the Ames projectile radii were smaller than those of
the preliminary experiments. This feature, combined with the higher impact veloc-
ities, produced shorter rise times for these impacts, which is desirable because the
approximations also require that r be greater than crr. Therefore, Equations (2)
and (3) could be applied throughout a greater fraction of the crater volume in the

high-velocity experiments.

1.5 Summary and Conclusions

Analysis of the interior of six out of eight targets revealed the absence of visible
fractures above the predicted boundary of the near surface zone. Furthermore, in
the six high-velocity experiments the theoretical zp boundary could be linked to
definite fractures observed in the targets. This correlation gives physical support to
the spallation model, and indicates that the material above this boundary may be less
highly shocked than target material at a similar radial distance below the boundary.

However, a physical mechanism for the formation of these fractures is not obvious.
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The measured spall velocities are consistent with the vertical spall velocities pre-
dicted by the hydrodynamic spallation model. This statement is valid despite the
assumptions inherent in this model, which restrict its application to laboratory im-
pacts. The spall velocities measured were all less than a few percent of the respective
impact velocities. The greatest average spall velocity measured, 30 m/sec, was for
shot 840904 and was only 0.6% of the 5.4 km/sec impact velocity.

Scaling this measured spall velocity to that expected for a large impact is difficult
if we are restricted only to the equations presented in the above discussion. One simple
alternative is to examine the basic functional dependencies of Equation (3). We see
that spall velocities are primarily a function of impact velocity and the distance from
the impact point normalized to the projectile radius, suggesting that spall velocities
resulting from the impact of an asteroid traveling at 5 km/sec on a silicate planet
would directly scale with s/a to those velocities measured experimentally. If we now
consider impacts upon small bodies in the solar system we must first neglect the effects
of a regolith. In such a case, the 27 m/sec spall velocity we measure would enable
fragments to escape only parent satellites or asteroids less than 46 km in diameter.
While this criteria would include the Martian satellites Phobos and Diemos, it would
exclude the larger, presumably igneous and differentiated, asteroids such as Ceres and
Vesta.

However we note that a more detailed stress-wave ejection version of the spal-
lation model for impacts of larger bodies may permit the possibility of high-speed
spallation fragments. Although these were not observed in the present experiments
or calculations, a more detailed model would not suffer from the restriction that the
fragments must originate from regions farther than four projectile radii from the point
of impact. Melosh (1987) has constructed such a model and provides a plot of spall
velocities as a function of depth for s between one and five projectile radii. His more

recent results predict spall velocities in excess of 13% of the impact velocity for s/a
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less than 1.4. For the present experimental impacts, the projectile radii are as small
as 0.159 cm. Therefore, if these high-velocity spalls exist, they could not be observed
on the films. Even for large impacts, the high-velocity fragments would be a small
fraction of the spall fragments ejected. Using this argument, Melosh predicts spalls
capable of escaping the Moon but not Mars. However, the present results support
the spallation model velocity only at its lower limits where the spall fragments are

large enough to be observed.
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Abstract

Carbonate samples from the nuclear explosion crater, OAK, and a terrestrial
impact crater, Meteor Crater, were analyzed for shock damage using electron para-
magnetic resonance, EPR. The first series of samples for OAK Crater were obtained
from six boreholes within the crater, and the second series were ejecta samples recov-
ered from the crater floor. The degree of shock damage in the carbonate material was
assessed by comparing the sample spectra to spectra of Solenhofen limestone, which

had been shocked to known pressures.

The results of the OAK borehole analysis have identified a thin zone of highly
shocked carbonate material underneath the crater floor. This zone has a maximum
depth of approximately 200 ft below sea floor at the ground zero borehole and de-
creases in depth towards the crater rim. A layer of highly shocked material is also
found on the surface in the vicinity of the reference bolehole, located outside the
crater. This material could represent a fallout layer. The ejecta samples have expe-

rienced a range of shock pressures.

It was also demonstrated that the EPR technique is feasible for the study of
terrestrial impact craters formed in carbonate bedrock. The results for the Meteor
Crater analysis suggest a slight degree of shock damage present in the 3 member of

the Kaibab Formation exposed in the crater walls.
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2.1 Introduction

The purpose of this paper is to analyze shock deformation in carbonate samples
taken from OAK Crater, a nuclear explosion crater located on Enewetak Atoll in
the equatorial Pacific Ocean, and Meteor Crater, a terrestrial impact crater located
near Flagstaff, Arizona. Electron paramagnetic resonance (EPR) spectrometry was
used to measure the peak shock stress experienced by a variety of carbonate samples
from both craters; however, the focus of this analysis is on the results from OAK
Crater. The OAK results are based on EPR spectra from 136 samples taken from
six boreholes within and around the crater and 18 ejecta samples recovered from the
crater floor. The sampling of Meteor Crater was less comprehensive and consists of
eight samples from the crater wall, 12 samples from the continuous ejecta blanket, and
eight miscellaneous samples. The Meteor Crater study presented here is a preliminary
investigation into the feasibility of applying the EPR analysis technique developed

for recent explosion craters to the study of ancient, terrestrial impact craters.

Earlier work relating EPR data to shock deformation was developed by Vizgirda
et al., (1980) using core material from beneath a 30 kiloton surface explosion crater,
CACTUS Crater. Their work demonstrated a linear relationship between shock pres-
sure and the hyperfine splitting in the EPR spectra that was due to Mn?* substituting
for Ca?* in the calcite component of the carbonate. CACTUS was a simple, bowl-
shaped crater, and the results of the EPR analysis were fit to a power curve directly
relating sample depth to hyperfine splitting. This paper expands upon the previ-
ous calibration technique and extends its application to the study of a much larger,

gravity-dominated crater.

In this study, shock pressures were determined for the carbonate samples from
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OAK Crater by numerically comparing the sample spectrum to standard spectra of
Solenhofen limestone, which had been shocked to known pressures in the laboratory.
Similarly, several experimentally shocked Kaibab samples were used as a pressure
calibration for the Meteor Crater samples. The present approach is an improvement

in both sample signal strength and in data reduction.

There is abundant literature linking the study of explosion craters to the study
of impact structures, a significant portion of which can be found in Roddy and
Pepin (1977). Roddy (1977) shows that impact and explosion craters can be sim-
ilar in both morphology and structure. In addition, the EPR technique described
here can be a useful tool in the analysis of terrestrial impact craters. Of the 150
terrestrial craters suspected to be impact structures (Grolier, 1985), at least 27 were
formed within carbonate target rock (Grieve, 1982; Short and Bunch, 1968). There
are 14 structures in carbonate rock in the United States alone. The impact crater
included in this study, Meteor Crater, Arizona, was formed in sedimentary rocks con-
taining the Kaibab limestone, a sandy dolomitic limestone (Shoemaker and Kieffer,
1974). The Kaibab formation makes up a significant portion of the crater wall and is

strongly represented in the continuous ejecta blanket.

OAK Crater is almost the same diameter as Meteor Crater (1200m vs 1100m,
respectively); however, it is much shallower (60 m vs 197 m, respectively). Therefore,
the diameter/depth ratio for OAK Crater is much higher than that of Meteor Crater
(20 vs 6.0, respectively). OAK Crater’s high aspect ratio may be a result of the
lower energy coupling of a surface nuclear explosion as compared to an impact. The
empirical energy coupling factor for nuclear explosives is given as 0.08 by Knowles
and Brode (1977), and is close to the value given by O’Keefe and Ahrens (1982),
who find an energy-coupling factor of slightly less than 0.1 for a model cometary

3

impactor of density 0.01 g/cm®. We infer that the study of explosion craters such
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as OAK may increase our understanding of similar craters from cometary impacts.
Here, we initially discuss properties of the EPR spectrum of Mn?* in carbonate rocks
and the details of how the spectra were obtained and analyzed. Then we discuss the
specifics of the OAK crater sample analysis. These results will be used to interpret
the structure of OAK crater. Finally, we will discuss the feasibility of applying this

technique to the study of Meteor Crater.

2.2 The EPR Spectrum of Mn?* in Carbonates

2.2.1 Powdered calcite

The EPR (also referred to as electron spin resonance, or ESR) spectrum of pow-
dered calcium carbonate, CaCOj, is a result of Mn?* substituting for Ca’* in a single
site in the crystal lattice. The theory of Mn?* resonance absorption in single-crystal

calcite is described by Hurd et al. (1954). The Mn?* ion has an effective spin of

S=656
2

£=§
2

and a nuclear spin of , which give rise to a total of 30 transitions. The
calcite spectrum exibits both fine and hyperfine structure but is dominated by the six
hyperfine peaks from the central transitions Ms = :t-;-, and Am; = 0, where M5 is
the electronic magnetic quantum number, and m; is the nuclear magnetic quantum
number. The hyperfine peak splitting results from the coupling between electronic
and nuclear magnetic moments (Hurd et al., 1954). Another feature of the spectrum
are the forbidden transition peaks, Am; = 1, which are less prominent and occur
in pairs between the central transitions (Mankowitz and Low, 1970). The spectrum

of a powdered sample of single-crystal calcite, Iceland spar, is shown in Figure 2.1 .

The central transitions are labeled along with the forbidden transitions. Of particular
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CALCITE POWDER SPECTRUM
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FIGURE 2.1: EPR spectrum of powdered single-crystal calcite. The
central transitions are due to Ms = i%, Am; = 0, where Mg and m; are the
electronic and nuclear magnetic quantum numbers, respectively. The forbidden tran-

sitions occur when Am; = 1.
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interest to this study are the two outermost peak doublets at the lowest and highest

magnetic field positions of the sextet.

2.2.2 Coralline limestone samples from OAK Crater

The material hereafter referred to as “carbonate” in the OAK study is a coralline
limestone composed of a mixture of calcite and aragonite. Blanchard and Chasteen
(1976) have studied both the calcite and the aragonite components of a sea shell
using EPR methods. The spectra of Mn?* in the calcite portion of the shell resemble
that of single-crystal calcite; however, no EPR signal was obtained at either room
temperature or liquid nitrogen temperatures for powdered samples of the aragonitic
portion. Work by Low and Zeira (1972) also describe the lack of an EPR spectrum
that is due to Mn?* in both single crystals and powdered aragonite. They also
state that calcite formed from aragonite at low temperatures, such as the case in the
Enewetak samples, shows the typical Mn?* calcite spectrum. Therefore, it is assumed
that the spectra obtained in this study are due entirely to the calcite component of

the sample.

2.2.3 Kaibab dolomitic limestone samples from Meteor Crater

Meteor Crater-was formed in sedimentary bedrock containing the Kaibab For-
mation. The Kaibab consists of fossiliferous marine sandy dolomites, dolomitic lime-
stones, and calcareous sandstones (Shoemaker and Kieffer, 1974). This formation is
exposed on the crater walls and is part of the remaining continuous ejecta blanket.
The EPR spectrum of Mn?* in dolomite is similar to the OAK carbonates; however, it
difters in two important respects. First, the spectrum is affected by the presence of two

different cations, Mg?* and Ca’*, within the dolomite structure (Wildeman, 1970).
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Because of the difference between the Mg?* and Ca?* ions, the dolomite spectrum has
a different character from that of the pure calcite limestone spectrum. Secondly, the
Mn?*t impurities occupy the Mg?* sites as well as the Ca?" sites. Past measurements
indicate a preference for Mn?* to occupy the Mg site over the Ca site (Vinokurov et

al., 1961; Prissok and Lehmann, 1986 ).

2.3 Sample Preparation and Spectrometer Measurements

Carbonate samples were ground into a coarse powder and placed into Wilmad
7075Q fused-quartz EPR tubes. EPR spectra were taken at room temperature with
a Varian E-Line Century Series spectrometer. The Mn?* feature occurs from approxi-
mately 3150 to 3650 Gauss, and is centered near 3400 Gauss (where the spectroscopic
splitting factor is ¢ = 2). The spectrometer was set at a microwave frequency of
9.56 GHz, microwave power of 20 mWatt, modulation amplitude of 3.2 G, and time
constant of 0.25 sec. To remove the slope from the spectrum and reduce the line
width of the signal, the spectrometer was operated in the second derivative mode.
The second derivative of the signal is obtained by setting the modulation frequency

of the cavity 90 degrees out of phase with the receiver frequency.

A spectrometer scan time of 8 minutes was used to obtain the full spectrum over
a 1000 G. scan range; however, high-resolution spectra were also recorded of both
the extreme lower and the higher field components of the spectrum. For the high-
resolution spectra, the magnetic field was swept over 100 G in 4 minutes. These
spectra pravided greater detail of the modification of the hyperfine doublets from
the shocked samples, and were used in all the subsequent quantitative analyses. In

addition, all spectra were recorded digitally. Therefore, it was possible to average
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several scans to improve the signal-to-noise ratio in samples with low signal strength.
Signal averaging proved to be extremely useful for the highly shocked coralline sam-
ples, as there is a correlation between decreasing signal strength and increasing shock

pressure.

2.4 Shock-wave calibration experiments

The calibration data set is a combination of three series of shock-wave experi-
ments. The first series consisted of carbonate samples from Cactus crater shocked in
the laboratory over 10 years ago. The samples were taken from two different depths,
10’ and 146’ from the borehole XRU-3 located outside of CACTUS crater on Enewe-
tak Atoll. These samples and experiments are described in detail by Vizgirda et
al. (1980). The principal motivation for reprocessing these samples was to answer the
question of whether or not the shock effects observed by Vizgirda et al. had changed
with time. New spectra were taken of each sample, and the results confirmed that the
effect of shock on the hyperfine splitting had not altered on the timescale of a decade.
Secondly, high-resolution, digital spectra were taken of these samples in order to test

the pressure calibration technique.

The second series of experiments provided the data used to develop the pressure
calibration technique used in this paper. The pressure calibration for the coralline
Enewetak carbonates was based on six Solenhofen limestone samples shocked to
known pressures in the laboratory. Solenhofen limestone was chosen as a calibra-
tion standard for the OAK analysis because its EPR spectrum, which was also due
to Mn?* substitution, is orders of magnitude more intense than the spectra from the

Enewetak carbonates. The limestone is also more chemically homogeneous, although
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it is still a polycrystalline material.

The third series of calibration samples consisted of shocked Kaibab dolomitic
limestone taken from the walls of Meteor Crater. This calibration was used to de-
termine the degree of shock damage in the remainder of the Meteor Crater samples.
However, the standard Kaibab comparison spectra were constructed from averages of
spectra from five samples taken from Diablo Canyon. Diablo Canyon is far enough
away from the crater so that the samples should not have been affected by the impact.
The Kaibab EPR spectra also has a strong Mn?* signature of similar amplitude to

the Solenhofen limestone.

Cores of sample material, 0.64 cm in diameter, were cut into cylinders 1 cm in
length and pressed into stainless steel sample chambers. The sample chambers were
sealed in the rear by a stainless steel plug which was notched to vent any impact
generated gases. The sample chamber was then inserted into a large stainless steel
momentum trap and mounted in a 40 mm propellant gun. Lexan projectiles con-
taining flyer plates of aluminum or lexan impacted the target assembly at velocities
between 0.8 and 1.6 km/sec to yield initial shock pressures of 1.3 to 9.8 GPa and
0.7 to 2.0 GPa for the Solenhofen and Kaibab samples, respectively. Initial shock
pressure, rather than final, reverberated shock pressure is quoted because most of the
entropy generated by the shock, and hence the shock damage, is associated with the

initial shock wave.

Shock pressures were calculated using the projectile velocities and the impedance
match technique (Stoffler, 1972). The average bulk density of the limestone samples
was 2.61 g/cm?® and the Hugoniot data for Solenhofen limestone were taken from
Tyburczy and Ahrens (1986) and Ahrens and Gregson (1964). A Hugoniot for the

alpha member of the Kaibab limestone (2.22 g/cm®) was measured by Isbell et
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HUGONIOT DATA FOR CARBONATE ROCKS
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FIGURE 2.2 : Hugoniot data for three carbonate rocks: Solenhofen limestone,

Kaibab dolomitic limestone, and Blair dolomite.
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TABLE 2.1

Shock Wave Data

Material Density Co s
(g/cm?) (km/sec)

lexan 1.196 2.631 1.295

aluminium (2024) 2.784 5.370 1.290

steel (304) 7.890 4.580 1.490

Solenhofen limestone 2.61 3.269 1.796

Kaibab dolomitic limestone 2.29 2.10 1.53

al.(1966) for shock pressures between 30 to 112 GPa. Figure 2.2 shows a comparison
between the Solenhofen and Kaibab Hugoniots. The Hugoniot for Blair dolomite
is also included for comparison (Grady et al., 1976). The remaining Hugoniots for
lexan, aluminum 2024, and stainless steel 304 were found in Marsh (1980). The shock

wave data are listed in Table 2.1.

2.4.1 Description of shocked Solenhofen limestone spectra

Figure 2.3a shows the series of shocked limestone spectra. The spectra have all
been normalized such that the highest peak of each sample is equal to one. The
shocked limestone spectra not only reflect the decrease in the hyperfine splitting
observed earlier by Vizgirda et al. (1980) in the carbonate spectra, but also reveal
that the relative signal strength and width of the two subpeaks vary in a consistent
manner with increasing pressure. It is clear from the second and third column in
Figure 2.3a that the outermost peak in each doublet decreases in relative amplitude
and broadens with increasing shock pressure. This alone may be the cause of the

decrease in splitting observed, and an actual shift in line position may not be required.
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SOLENHOFEN LIMESTONE

SHOT # PRESSURE
A-M.M-MMMMMMM_ N A —
unshocked

726 1.3 GPa
727 1.8 GPa
720 2.8 GPa
717 5.3 GPa
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718 \ , . . . , ) . , . : I9.8 GPa}
3100 3200 3300 3400 3500 3600 3700 3180 3180 3620 3640 3660

MAGNETIC FIELD (G)

FIGURE 2.3a: Comparison of Solenhofen limestone spectra shocked in the
laboratory. The first column shows the full spectrum centered at 3400 G, while the
second and third columns show the high-resolution spectra of the lowest and highest

field components centered at 3160 G and 3630 G, respectively.
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KAIBAB DOLOMITE
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FIGURE 2.3b: Comparison of Kaibab limestone spectra shocked in the

laboratory. The first column shows the full spectrum centered at 3400 G, while the
second and third columns show the high-resolution spectra of the lowest and highest

field components centered at 3160 G and 3630 G, respectively.
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The specific behavior of the subpeaks in the high-field doublet of the carbonate
samples from OAK crater is less obvious and becomes difficult to detect in sam-
ples subjected to high shock pressures. The high field doublet eventually becomes
completely lost in the noise (as seen in the sample shocked to 10 GPa). A second
observation, mentioned earlier, is that the amplitude of the entire spectrum tends
to decrease with increasing shock pressure. This effect is much more obvious in the
carbonate samples than in the limestone. A loss of signal could be due to a reduction
of the Mn2* concentration in the Ca?* lattice sites or the phase transition of calcite
to aragonite during shock loading. However, the specific mechanism responsible for

this reduction has not yet been identified.

2.4.2  Description of shocked Kaibab limestone spectra

Similarly, the series of shocked Kaibab samples is shown in Figure 2.3b. One
obvious difference in the Kaibab spectra is that the low field component of the sextet
is a triplet rather than a doublet. In general, although the sextet is still present,
each of its components differs from its counterpart in the Solenhofen spectrum. In
addition, the forbidden transistions are not as well defined. Despite these differences,
the effect of increasing shock pressure appears to have a similar effect on the spectra.
Both the low and the high field components broaden with increasing shock pressure,
and the relative heights of the lesser subpeaks in each sextet decrease with respect to

the highest subpeak.

2.5 Pressure calibration by differencing spectra

The previous calibration technique of Vizgirda et al. (1980) relied on measuring
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the separation, in Gauss, of the two subpeaks of the highest field component of each
spectrum. The hyperfine peak splitting, HPS, was related to shock pressure, P, by

the relationship,

HPS(G) = —0.60P(GPa)+13.85  (high field).

Although the decrease in hyperfine splitting is most evident in the high field com-
ponent, the signal strength of this peak is also the lowest. Therefore, as the signal
intensity decreases, the error in measuring hyperfine peak splitting increases. The
following technique was developed to incorporate the variations in hyperfine splitting
as well as relative peak amplitudes and widths. In addition, the analysis will work
equally well for the lowest field component of the spectrum, which generally has a

higher amplitude than the highest field component.

Digital spectra were used to compare each carbonate sample to a standard. The
standard chosen for the Solenhofen limestone and Enewetak carbonates was single-
crystal calcite, while the the standard for the Meteor Crater samples was the wall
sample used as material for the shock-wave experiments. Both high-resolution spectra
from each end of the spectrum were used in the comparison. The digital spectra
consisted of 1000 amplitude values evenly spaced over a 100 G field range. Both
sample and standard spectra were first normalized by the amplitude of their respective
highest subpeaks. The sample spectrum was then translated along the magnetic field
axis until the position of its highest subpeak coincided with that of the standard
spectrum. Next, the absolute value of the difference in amplitude between the two
spectra was calculated for each point over the extent of the doublet. Finally, these
individual differences were summed to determine a measure of the “likeness” or the

“unlikeness” of the sample spectrum to the standard. This number shall be referred
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to as the integrated difference, or ID, of the sample, which is given analytically by

"iN |Ystandard( - Y;a.mple(i)l (1}
= N+1 '

where ng is the index of the amplitude array corresponding to a magnetic field value
20 G below that of the highest peak of the standard spectrum. Y,iundara(i) and
Y sampie(1) are the normalized amplitudes of the standard and sample spectra, respec-
tively, and N is the number of data points that are integrated. In the case of the
calcite spectra, N was chosen as 400, corresponding to 40 G. However, the peaks in
the Kaibab spectra are broader than the limestone spectra, so ID was calculated for
60 G, or N = 600. The error in ID is determined by performing a similar calculation,

where Y,qmpie(1) are points in the flat baseline signal on either side of the Mn?* peak.

Figure 2.4 illustrates the application of this procedure on two spectra from the
limestone calibration experiments. Figure 2.4 a shows an unshocked, Solenhofen
limestone spectrum normalized, translated, and plotted over the standard, calcite
spectrum. The absolute value of the difference between the amplitudes at each point
over a 40 G range in magnetic field is shown in Figure 2.4 b. Figures 2.4 ¢ and d
demonstrate the same technique applied to a limestone sample that has been shocked
to 9.8 GPa. The error is determined by using the same scheme to calculate the
integrated difference along a flat portion of the spectrum. This value gives an estimate

of the contribution of noise to the ID over the region containing the signal.

The results of these calculations for the limestone calibration experiments are
plotted in Figure 2.5a. The ID values are plotted versus pressure for both the low and
the high field components of the spectrum. To determine the pressure to integrated-
difference calibration, a line was fit to each data set, using linear least squares. The

resulting equations are

Pso;mhofm(GPa) = 116(ID) —5.97 low ﬁeld; (2(1)
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FIGURE 24 : Example of the differencing technique, showing a) an

overlay of the standard spectra and an unshocked Solenhofen limestone sample, and
b) a plot of the individual absolute differences at each point along the field. Frames c)

and d) are the same as a) and b) for limestone shocked to 9.8 GPa.
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FIGURE 2.5a: Plot of the summed differences for the low and high field com-
ponents of the Solenhofen limestone samples as a function of shock pressure. The ID
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PSolenhofen(GPa) = GIO(ID) —7.60 hlgh field. (2b)

The correlation coefficients for the fit were 0.983 and 0.971, respectively. Table 2.2
contains a list of the ID results for the limestone experiments. The average ID values
are given for shots where several samples were analyzed. Using the calibration curves
above, shock pressures were then assigned to the OAK carbonate samples. In general,
the carbonate samples have a much weaker EPR signal than the limestone. There-
fore, it was necessary to adjust the intercept of the calibration curves to compensate
for the average ID value of the unshocked carbonate samples. It follows that this
method will then assign negative pressures to some samples, because the previous ad-
Jjustment was made to accommodate the “average” background noise. To avoid this
obviously unphysical result, and because this technique is not extremely sensitive for
low shock damage, all samples with shock pressures calculated to be below 2.0 GPa
were classified simply as unshocked. Similarly, the high-pressure cutoff was chosen to
be 15 GPa. This is necessary because there are no data for very high shock pressures,
and the intensity of the carbonate spectruimn is low even at 10 GPa. In most cases,
shock pressures were calculated for each sample using both the low and high field
components of the spectrum. These values were then averaged to determine the final

calculated pressure.

Similarly, a calibration curve was determined for the Kaibab experiments (Fig-
ure 2.5b). However, the Kaibab data covered only the low end of the pressure range

sampled in the Solenhofen experiments. The fit to the Kaibab data is
Pk aivas(GPa) = 17.2(ID) — 0.494 low field, (3a)

Praivas(GPa) = 9.77(ID) +0.391  high field, (3b)

where the correlation coefficients for these curves were 0.926 and 0.940, respectively.

The slopes of Equations 3a and 3b are significantly less than the slopes calculated for
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TABLE 2.2

Pressure (Giga Pascal) and Integrated Difference (ID) Data

for High-Resolution Spectra from Samples Shocked in Laboratory Recovery Experiments

Solenhofen limestone
Shot P D ID
# (GPa) Low Field High Field
- 0.0 0.0518 0.1187
726 1.3 0.0585 0.1375
127 1.8 0.0709 0.1701
720 2.6 0.0848 0.1924
TLT 5.3 0.0951 0.2123
718 6.9 0.1086 0.2324
719 9.8 0.1322 0.2654
Kaibab dolomite

Shot P ID 1D

# (GPa) Low Field High Field
— 0.0 0.0251 0.0290
729 0.8 0.0999 0.1610
726 0.9 0.0588 0.0454
731 1.4 0.0944 0.1709
728 2.0 0.1334 0.2190

the Solenhofen limestone experiments. One possible explanation is that this is the re-
sult of a sampling bias from computing the calibration for samples in the low-pressure
regime. If the Solenhofen calibration was calculated based on only the data up to
2.6 GPa, the slopes would become 71.0 and 31.7 for the low and high field components,
respectively. Another factor is that the width of each sextet of the Kaibab spectrum
occurs over a greater range of magnetic field than its Solenhofen counterpart. This
difference could contribute to higher ID values for Kaibab samples relative to Solen-
hofen samples experiencing similar shock pressures. Note that no attempt was made

to defined low- or high-end pressure cutoffs for the Kaibab calibration because of the
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small range of pressures used in the calibration.

2.6 OAK Crater

OAK crater is located along a reef at Enewetak Atoll in the Republic of the
Marshall Islands (Figure 2.6). It was formed by an 8.9 Megaton explosive device
detonated from a barge approximately 4m above the sea floor. The crater has a
maximum radius and depth of 600 m and 60 m, respectively. A detailed description
of OAK crater and the geophysical and material studies performed can be found in

Folger (1986) and Henry and Wardlaw (1986).

Enewetak Atoll is composed of approximately 40 low-lying islands surrounding
the lagoon. OAK is a complex crater formed near the reef of the island. The core
samples from OAK were obtained through a drilling and coring effort performed from
April through July 1985 (Henry et al., 1986). The rock samples were provided in the

form of drill cores 3 inches in inside diameter.

The rock types of the samples are classified according to the nomenclature of
Dunham (1962) which describes their depositional fabric or texture. This terminolgy
distinguishes between carbonate rocks bound (cemented or uncemented) by mud (par-
ticles of clay or fine-silt size), or by grains (sand -sized and coarser material, particle
diameters greater than 20 pm). Rocks bound by mud are referred to as mudstone or
wackestone, depending on whether the mmud contains less than or greater than 10%
grains, respectively. Grain- supported rocks are referred to as packstone or grainstone,
where grainstones contain no mud. Other related terms used to describe sample ma-
terial are “tea-brown micrite,” which refers to dark-brown, fine-grained carbonate

material, and “sand,” which refers to uncemented carbonate fragments with diame-
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ters between ;- and 2 mm. The carbonate rocks in this study have extremely high

porosities.

A system of geologic zones defined by Henry and Wardlaw (1986) to describe the
stratigraphy beneath the crater. This system will be used later when discussing the
results of the borehole sample analysis. The ALPHA zone consists of late-stage sedi-
mentation and slope failures along with material piped to the surface. The BETA 1
zone involves both early and late-stage collapse rubble, and also includes some piped
material. The BETA 2 zone is referred to as the transition sands. It has limited
lateral extent and contains pulverized sand. Beneath the BETA 2, the rock becomes

increasingly less fractured and displaced comprising the BETA 3 and GAMMA zones.

2.6.1 Core sample selection

The core samples consisted of sediments and clasts from the six boreholes OAR-
2A, OBZ-4, OCT-5, OET-7, OFT-8, and OPZ-18. These boreholes are located on
a northeast crater radial, which is parallel to the geologic strike of the Atoll as il-
lustrated in Figure 2.7 . In this paper, core samples will generally be designated by
a borehole name and a depth in meters below sea level (m bsl). However, previous
works (Polanskey and Ahrens, 1987a; Henry et al., 1986; and others) refer to these
samples in feet below sea floor (ft bsf) and feet below sea level (ft bsl), so these depths

are also listed for each sample in Appendix A.

The carbonate material from Enewetak is extremely inhomogeneous material con-
taining both calcite and aragonite. As mentioned previously, aragonite does not have
a detectable EPR spectrum (Low and Zeira, 1972), therefore, when possible sam-

ples were selected for high calcite content. For example, those samples containing
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coral replaced by solution-deposited calcite crystals were preferred, because they had
stronger EPR signals. The choice of good sample material is important to the ex-
tent that it provides a consistent base for analysis, and guards against mistaking a
sample with an inherently poor EPR spectrum as one being heavily shocked. The
difference between the two cases can usually be recognized by visual inspection, but
is more difficult to assess with numerical techniques. In each core, the majority of
samples were taken from depths above the GAMMA geologic zone, defined by Ward-
law and Henry, (1986) as fractured and displaced. A more detailed description of
each sample and its spectra can be found in Appendix A as well as Polanskey and
Ahrens (1987a). Complete descriptions of the stratigraphy of each borehole are given
in Henry et al. (1986).

2.6.2 Results of core sample analysis

The two boreholes located directly below the position of the explosive device,
ground zero boreholes OBZ-4 and OPZ-18, were the most heavily sampled cores.
A very highly shocked layer of uncemented material was found in OPZ-18 between
121.9 and 126.8 m bsl. This layer was visually distinguishable by the unusual greenish
color of the carbonate sand. The shocked zone was broken at 125.7 m bsl by a thin
zone of lighter colored material. The location and nature of this shocked material
coincide with a zone of Holocene sediments described by Wardlaw and Henry (1986)
as a possible example of material that has been injected. The present results are
consistent with such a hypothesis since this material most likely originated near the
pre-shot seafloor surface. Three other sand samples above this layer, 117.9, 112.3, and
108.9 m bsl, were shocked to low levels. The heavily shocked samples were located
primarily in the geologic zone BETA 2, the transition sands, while the lightly shocked

material came from the zone BETA 1 (Wardlaw and Henry, 1986). The remaining
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24 of the 31 samples appear to be unshocked. Remarkably, not one of the samples
from OBZ-4 showed signs of significant shock damage. There were 3 samples from
the BETA 1 zone that did register marginally detectable degrees of shock damage.
Sufficient samples were analyzed from the transition sands and vicinity to characterize

the core; therefore, it appears that OBZ-4 did not share the same history as OPZ-18.

Thick zones of highly shocked material were found in each of the three north-
eastern radial transition boreholes OCT-5, OET-7, and OFT-8. The transition sands
have not been identified in any of these boreholes; however, the spectra of the shocked

material are similar to those from the shocked material in OPZ-18.

Spectra were taken of 25 samples from borehole OCT-5. The results of 6 samples
define a heavily shocked zone at least 7.5 m thick, extending from 87.0 to 94.4 m bsl.
This region occurs within the BETA 1b (early-stage, collapse rubble) zone, and these
samples are also primarily uncemented sands. Aside from the highly shocked material
in this region, there are 4 widely dispersed samples that appear to be moderately
shocked. However, one sample in particular, taken at 141.4 m bsl, is an example of the
aforementioned situation, where poor signal quality biases a pressure determination.
Simple visual analysis of its spectra suggests that it is actually unshocked. The

elevated pressure calculated for this depth is a artifact of the noisiness of the sample.

Borehole OFT-8 is located just within the excavational crater (Henry et al., 1986).
In this case, the region of heavily shocked material begins near the top of the BETA 1b
zone and extends downward for approximately 8 m. Included within this zone were 7
heavily shocked samples located between 46.8 and 55.1 m bsl. Bordering this region
above and below are zones containing moderately shocked material. The next farthest
borehole from ground zero was OET-7. Based on seismic reflection, paleontology

and litho-statigraphic analysis data, this borehole is thought to be located outside
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of the excavational crater (Henry, et al., 1986). The majority of the samples were
from the GAMMA zone; however, all but the uppermost sample were heavily to
moderately shocked. Of the highly shocked samples, 6 out of 7 were uncemented

sediment samples. The highly shocked zone extended from 36.2 to 45.0 m bsl.

Borehole OAR-2A was initially sampled only as a reference core; however, 6
surface samples appear to have been heavily shocked. All of the shocked samples
were located within the top 12 m of the core, 33.9 to 45.4 m bsl, with the most
heavily shocked material within the first 7 m. The proximity of this borehole to the
reef suggests that highly shocked, fine-grain ejecta may have been deposited from the
slope at later times. The combined results from the OAK borehole sample analysis
are presented in Figure 2.8a. The solid horizontal line in each panel indicates the
present sea floor depth. The depth and thickness of each zone containing highly
shocked material (P = 10 GPa) as a function of the distance of the borehole from

ground zero are shown in a simplified manner in Figure 2.8b.

2.6.3  Results of the ejecta sample analysis

The ejecta in this study consist of 14 samples collected by a submersible from
various sites throughout the crater and 3 samples collected by scuba divers from
roughly a single site. The former samples are a subset of a series of ejecta samples
analyzed by Halley et al.(1986). Figure 2.9 shows the locations from where each
ejecta sample was recovered. The range values that will be discussed later were
measured from this map. Unfortunately, the ejecta samples in this study were all
taken from roughly the same distance from ground zero. There was only one sample,
OAK 201, which was recovered at a significantly different range. The results of the

ejecta analysis are plotted in Figure 2.10a. The majority of the ejecta samples were
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relatively unshocked; however, all of the highly shocked ejecta were found at the base
of the reef slope. The reef may have blocked some highly shocked ejecta from leaving
the crater, or the ejecta could have been transported down the reef slope some time

after the crater was formed.

In addition to the range measurements, the estimated pre- explosion initial depth
of a limited number of the ejecta samples was available from strontium isotopic anal-
yses (Halley, et al., 1986) and paleontology (Ristvet, 1981). The pre-explosion depth
below seafloor is plotted against shock pressure for these samples in Figure 2.10 b.
Although the pre-explosion depth estimates are crude in some cases, there is a strong
correlation between shock pressure and depth for this limited data set. This is con-
sistent, however, with the previous assertion that the surface material was the most

severely shocked.

2.6.4 Interpretation of OAK Crater

With a few exceptions, the bulk of the samples analyzed can be split into two
categories, unshocked and very heavily shocked. There were relatively few samples
that are assigned to intermediate pressures. The lack of samples at intermediate
shock pressures suggests that the majority of the shocked material shares a common
origin. This material may represent a thin fallout layer such as that described by
Roddy (1977) for SNOWBALL Crater. Presumably, the material right at or near
the surface received the highest shock pressure from the blast. During the cratering
event, this material became the lining of the transient crater cavity and was then
buried almost immediately by the collapse of the cavity. Subsequent slumping and
deformation of the crater would tend to mix this material with other rubble and

breccia and consequently obscure the zone as an identifiable stratigraphic unit. This
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hypothesis can be applied to the presence of the shocked regions in OPZ-18 and
the transition boreholes. Because slumping and collapse become increasingly more
important towards the rim of the crater, it is not unreasonable that OPZ-18 is the
only borehole to have the shocked material preserved in a unit such as the transition
sands. The thickness of the region of highly shocked material does remain fairly
constant throughout the three transition boreholes (Figure 2.8b), although the region
is located at consistently shallower depths as the distance between the borehole and
ground zero increases. This is a further indication that these regions were at one time

related.

Late-stage debris slumping and the influence of sedimentation have also con-
tributed to borehole stratigraphy. Post-event slumps from the reef have deposited at
least 2.5 m of unshocked debris at OET-7, and possibly as much as 5 m at QFT-8.
The location of the shocked ejecta samples collected from the floor of the crater sug-
gest that highly shocked ejecta may also be deposited from the reef slope, and the
shocked upper layer of OAR-2A could be the result of accumulated deposition over

many years.

2.7 Meteor Crater

Meteor Crater is 180 m deep and 1.2 km in diameter. It is located in north-central
Arizona in part of the Colorado Plateau. The crater was formed in flat-lying bedrock
consisting of the Moenkopi, Kaibab, Coconino, and Toroweap Formations (Shoemaker
and Kieffer, 1974). Thermoluminescence studies of the Coconino sandstone and the

Kaibab dolomite give an age of 49,000 years for the crater (Sutton, 1985).

Unlike the previous discussion of OAK Crater, the analysis of the Meteor Crater
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samples will be more qualitative than quantitative. The Kaibab data set is divided
into five sections: pressure calibration experiments (discussed above), Diablo Canyon
unshocked Kaibab standards, samples from the walls of Meteor Crater, Meteor Crater
ejecta samples, and a miscellaneous category including breccia samples and highly
shocked Kaibab ejecta subsequently redeposited inside the crater. A complete cata-

logue of these spectra is included in Appendix B.

Although the effects of shock pressure on Kaibab have been demonstrated in Fig-
ure 2.3b, shock pressure may not be the only variable. As mentioned previously, the
Mn?* may substitute in both the Mg and Ca sites of the dolomite structure. The
distribution of Mn?* between these sites will affect the shape of the resulting spec-
trum. Therefore, differences in the Mn?* distribution between the various members
of the Kaibab formation could confuse the effects of shock pressure. The spectra
from a series of Kaibab samples taken from Diablo Canyon (10 miles east of Meteor
Crater) are presented in Appendix B. Although the calibration Equations 3a and 3b
were defined using the high-resolution spectra constructed from an average of the
Diablo Canyon samples, the calibration was still applied to these samples as a test.
The results are listed in Table B.1 and show that in most cases the expected zero
pressure was obtained. The pressure of 0.1 GPa calculated for sample 2 illustrates
the limitations in accuracy of this analysis. A sample of caliche was also processed in
order to determine whether or not weathering products would influence the analysis.
However, the caliche spectrum found following Table B.4 is clearly distinguishable

from the Kaibab spectra.

2.7.1 Results of the Meteor Crater sample analysis

The results for the crater wall analysis are listed in Table B.2. There is a slight
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indication of shock damage, 0.6 GPa, in the samples from the 3 member of the Kaibab
formation. As an exercise, the value of 0.6 GPa was used to calculate a yield for the
Meteor Crater impact event based on the results shown in Figure 1 of Moss (1988) for
underground nuclear explosion craters. The plot from Moss (1988) is reproduced here
in Figure 2.12. The plot includes two theoretical model curves as well as experminetal
data from underground nuclear explosions. Using the Moss’s model curve gives a yield
of 17 Mton, whereas the data included in the figure predict a yeild of 72 Mton. The
former value is within the range predicted by Roddy et al.(1980) from computer code
simulations. However, caution must be used when interpreting these results because

of the limited data in the present calibration equations.

There was also some evidence of light shock damage in the ejecta samples. Figure
2.11 shows a plot of shock pressure versus distance from the crater rim for the Meteor
Crater ejecta. The results are also listed in Table B.3. As in the case of OAK Crater
ejecta, the majority of the samples appear to be unshocked. However, there was some
bias in the ejecta sampling technique. All the ejecta samples were taken from large
boulders within the ejecta field. The results could change if more samples were taken
over a complete distribution in ejecta size. No sign of the Mn?* spectrum was found
for ejecta samples which had been partially melted as a result of the impact (Table

B.4).

2.8 Summary

The comparison of EPR spectra has been shown to be a useful technique in the
analysis of both explosion and impact craters in carbonate rocks. In OAK Crater we

were able to detect the highly shocked fallout layer underneath the crater in areas
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where the unit had not been previouly mapped. The Meteor Crater analysis suggests
low levels of shock damage preserved in the crater walls. Although the sampling of
Meteor Crater was less complete, the results of the combined analyses suggest that
this techique could be applied to Meteor Crater in a more comprehensive study in
the future.
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TABLE A.1

Results for Borehole OAR-2A Samples

The pressures and accompanying errors are given in Giga Pascal (GPa). Depths
are provided in three sets of units: feet below sea floor. (ft bsf), feet below sea level
(ft bsl), and meters below sea level (m bsl). For explanation of carbonate petrographic
names used under Description column in this and succeeding tables, see Henry et

al.(1986, pp. 83-97).

Depth P = Description
(ft bsf) (ft bsl) (m bsl) | (GPa) (GPa)

0.6 111.1 33.9 1 uncemented sand
6.6 117.1 35.7 1 uncemented wackestone
122 122.7 374 1 uncemented wackestone
15.8 126.3 38.5 1 uncemented wackestone
214 1319  40.2 1 uncemented packstone
23.8 1343 409 1 uncemented wackestone/packstone

25.8 136.3 41.5
32.2 1427 435
38.4 1489 45.4
57.3 167.8 51.1
67.1 177.6 54.2
74.2 184.7 56.3
81.6 192.1 58.6
100.3 210.8 64.2
129.3 239.8 73.1
155.3 265.8 81.0
177.4 287.9 87.8
196.3 306.8 93.5
2416 352.1 1073
280.0 390.5 119.0
315.3 4258 1298

uncemented packstone
cemented packstone

poorly cemented packstone
cemented packstone

poorly cemented wackestone
uncemented wackestone
uncemented wackestone
coral fragment, Astreopora
cemented wackestone
spar-replaced coral
well-cemented mudstone
cemented wackestone
uncemented grainstone
cemented wackestone burrow
cemented wackestone
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—— BOREHOLE OAR-2A

OAR-2A-0.6'

OAR-2A-6.6'

OAR-2A—12.2

OAR-2A—-15.8'

OAR-2A-21.4'

OAR—-2A—-23.8'

OAR-2A—25.8' |

OAR-2A-32.2

OAR 2A 38.4'

3100 3200 3300 34-00 3500 3800 3700 3160 3 3620 3840 3660

MAGNETIC FIELD (G)
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SAMPLE BOREHOLE OAR-Z2A

L I

OAR-2A-57.3'

OAR—-2A-67.1'
OAR—-2A-74.2
OAR-2A-81.6'
OAR-2A-100.3'

OAR-2A-155.3

OAR-2A-177.4'

o

OAR-2A-196.3" ; . , . . .
3100 3200 3300 3400 3600 3800 3700 3180 3180

MAGNETIC FIELD (G)

1 1 1
3620 3640 38680
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BOREHOLE OAR-2A

it gl o
ST N W

SAMPLE

OAR-2A-241.6'

OAR-2A-280.0'

O0AR-2A-315.3"
3200 3300 3400 3500 3600 3700 3100 3 3620 SMO 3600

MAGNETIC FIELD (G)
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TABLE A.2

Results for Borehole OBZ-4 Samples

The pressures and accompanying errors are given in Giga Pascal (GPa). Depths
are provided in three sets of units: feet below sea floor (ft bsf), feet below sea level

(ft bsl), and meters below sea level (m bsl).

Zone Depth P £ Description
(ft bsf) (ft bsl) (m bsl) | (GPa) (GPa)

ay 6.7 2054 62.6 mud
Qg 440 2427 74.0 wackestone
759 2746 83.7 coarse-grain packstone

B 1075 3062  93.3
119.1 3178 969
136.0 3347 102.0
1418 3405 103.8
152.1 3508 106.9
163.3 362.0 110.3

By 1748 3735 1138
190.8 3895 118.7
191.0 389.7 118.8
193.2 3919 1194
196.1 3948 120.3
100.6 3983 1214
199.9 398.6 121.5

B, 207.7 4064 123.9
210.9 409.6 124.8
216.6 4153 126.6
217.1 4158 126.7
2104 4181 1274

Bs 2227 4214 1284
233.0 431.7 1316
265.1 463.8 141.4
324.0 5227 159.3

~ 3077 5964 1818

cemented packstone
cemented packstone
cemented packstone
cemented packstone
cemented packstone
cemented packstone

spar

cemented wackestone burrow
lithoclast and spar

cemented packstone
spar-replaced Favia
fine-grain muddy sand
uncemented wackestone
cemented wackestone burrow
cemented packstone burrow
recrystallized Tridacna
well-cemented tea-brown micrite
spar-replaced coral
cemented packstone
uncemented packstone
poorly cemented packstone
cemented burrow
spar-replaced coral
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SAMPLE BOREHOLE OBZ-4

Tt e L ot

) Wes gl

OBZ-4-141.8'
0BZ-4-152.1"
OBZ-4-163.3'

3100 200 3300 3400 3500 3800 3700 31 60 31 BO 3620 3680

MAGNETIC FIELD (G)



QAK Crater Samples 94

—— BOREHOLE OBZ-4

T S | W

0OBZ-4-174.8'
0BZ-4-190.8'
0BZ-4-191.0'
OBZ—-4-163.2'
OBZ-4-196.1'
0BZ-4-199.6'
0BZ—-4-199.9'
0BZ—4-207.7
0BZ-4-210.9' |
3100 3200 3300 3400 3600 3600 3700 31 50 31 BO 3620 364—0 3660

MAGNETIC FIELD (G)
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CAMPLE BOREHOLE OBZ-4

0BZ-4-216.6'

WWW
Wu\/\/h»%\/\/\/\,a

0BZ-%-217.1'

0OBZ-4-219.4'

ST SRV U W

OBZ-4-324.0"

g =l

10B = -|39 - 1 1 1 i 1 1
3100 3200 3300 3400 3500 3600 3700 3180 3180 3820 3640 3680

MAGNETIC FIELD (G)
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TABLE A.3

Results for Borehole OCT-5 Samples

The pressures and accompanying errors are given in Giga Pascal (GPa). Depths
are provided in three sets of units: feet below sea floor (ft bsf), feet below sea level

(ft bsl), and meters below sea level (m bsl).

Zone Depth + Description
(ft bsf) (ft bsl) (m bsl) | (GPa) (GPa)

o 0.9 164.6 50.2 uncemented grainstone
0ty 9.4 173.1  52.8 coarse-grain packstone
13.0 176.7 53.8 uncemented packstone
25.0 188.7  57.5 fall-in (?
36.7 2004 61.1 cemented wackestone burrow
Bia 45.0 208.7 63.6 echinoid spine
56.7 2204 67.2 cemented packstone lithoclast
63.4 227.1 69.2 rounded cemented burrow
85.8 2495 T76.0 cemented packstone
95.1 258.8 T78.9 Cardium with internal filling
104.7 2684 818 spar-replaced Cardium

cemented wackestone
uncemented medium grainstone
uncemented coarse grainstone
uncemented grainstone
cemented grainstone
uncemented Halimeda packstone
uncemented Halimeda packstone
cemented burrow

cemented packstone

cemented packstone

cemented packstone

tea-brown cemented rhizolith
tea-brown cemented packstone
spar-replaced coral

115.7 2794  85.2
121.6 285.3  87.0
124.3 288.0 87.8

By, 1319 2956  90.1
135.1 2988 91.1
140.6 304.3 92.8
146.2 309.9 94.4
153.4 317.1  96.6
163.6 327.3 99.8
174.1 337.8 103.0
192.6  356.3 108.6
204.7 368.4 112.3

~  237.00 400.7 122.1
300.3 464.0 1414

b kot ok
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ST BOREHOLE OCT-5

L PRUNPRN | SR V3

0CT-5-9.4'

0CT-5-25.0'

0CT-5-45.0'

0CT-5-58.7

B A S

0CT-5-83.4'
0CT-5-85.8' ;
3100 3200 3300 3400 3500 3600 3700 31 60 31 80 3620 3680

MAGNETIC FIELD (G)
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SAMPLE BOREHOLE OCT-5

dtss) Woctss - i

0CT-5-85.1'

IV PSRN | S 3N

OCT-5-104.7

i et A oo

0CT-5-121.6'

OCT-5-124.3'

0CT-5—-131.9’

WWWW e VA
0CT-5-135.1'

0CT-5-140.6'

OCT 5- 1462
3100 8200 3300 3400 3500 3600 3700 3180 3180 3620 3840 3880

MAGNETIC FIELD (G)
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SAMPLE BOREHOLE OCT-5

0CT-5-153.4'

0CT-5-183.6'

ik
SEE

OCT-5-174.1"

0CT-5-182.8'

0CT-5-204.7 /\/\/\/\"

0CT-5-237.0' /\~\j\/\/\’
| W \_\/\/\/¥ /\/\/v\/\'\/\'J\,

|0CT—5_|300'3' 1 1 1 1 1 1 1 | L 1 I

3100 3200 3300 3400 3500 3800 3700 31680 3180 3820 3840 36IGO
MAGNETIC FIELD (G)
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TABLE A4

Results for Borehole OET-7 Samples

The pressures and accompanying errors are given in Giga Pascal (GPa). Depths

are provided in three sets of units: feet below sea floor (ft bsf), feet below sea level

(ft bsl), and meters below sea level (m bsl).

Zone

Depth
(ft bsf) (ft bsl) (m bsl)

P - x
(GPa) (GPa)

Description

115.2
118.9

124.7
128.1
132.8
137.6
142.2
147.5
173.6

D W O LW B DD =

O UL = = b G0
~ITDND W =JTO DO W
QU B e e G0 Q| W
bo Qe = (0 00 O O
O OWWLW DD OB =

0.0 0.7
13.0 45
150 5.5
11.2 5.2
150 4.8
126 2.7
13.7 43
13.0 5.0

6.4 2.1

pebble-sized lithoclast
uncemented grainstone

coral pebble

uncemented Halimeda grainstone
uncemented packstone-grainstone
uncemented packstone-grainstone
uncemented packstone-grainstone
uncemented fine-grain packstone
cemented pebble-sized
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CAMPLE BOREHOLE OET-7

QET-7-8.3'
OET-7-12.0'
OET-7-17.8'
OET-7-21.2'
OET-7-25.9'
OET-7-30.7'
OET-7-35.3'
QET-7-40.6'
OET 7- 667
3100 3200 3300 3400 3500 3600 3700 3160 3180 3620 3340 3650

MAGNETIC FIELD (G)
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TABLE A5

Results for Borehole OFT-8 Samples

The pressures and accompanying errors are given in Giga Pascal (GPa). Depths
are provided in three sets of units: feet below sea floor. (ft bsf), feet below sea level

(ft bsl), and meters below sea level (m bsl).

Zone Depth P + | Description
(ft bsf) (ft bsl) (m bsl) | (GPa) (GPa)

26 1334 406 13
2.7 1335 40.7 tea-brown cemented rhizolith
ay 6.4 137.2 41.8 tea-brown cemented lithoclast
13.1 1439 439 tea-brown cemented packstone
17.0 1478 45.0 cemented packstone
Ba 184 1492 455 cemented matrix within pelecypod
205 151.3 46.1 partly spar-replaced coral
22.8 1536 46.8 1 uncemented packstone
26.0 156.8 47.8 1 uncemented grainstone
304 161.2 49.1 1 uncemented Halimeda
35.0 165.8 50.5 1 uncemented packstone
39.8 1706 52.0 1 uncemented packstone
455 176.3  53.7 1 partly spar-replaced coral
50.1 180.9 55.1 1 uncemented packstone

Cardium with cemented matrix
partly spar-replaced coral
moderately cemented packstone
moderately cemented Halimeda
poorly cemented packstone
cemented shell rubble
spar-replaced Astreopora
mudstone filled cemented burrow
moderately cemented packstone-
cemented packstone
spar-replaced Porites

B 52.3 183.1 55.8
52.6 1834 55.9
544 1852 56.4
57.0 187.8° 57.2
61.1 191.9 58.5
64.5 195.3 59.5
64.9 195.7 596
67.0 1978 60.3
738 2046 624

¥y 812 2120 64.6
93.5 2243 684

OO CORNNO OO WWORENNRODODS
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. BOREHOLE OFT-8

W"MWW

OFT-8-2.6'

st Y

OFT-8-2.7"

L
[P

OFT-8-20.5'

OFT-8-22.8'
OFT-8-26.0
3100 3200 3300 3400 asoo aeoo 3700 3100 3180 3620 3 aseo

MAGNETIC FIELD (G)
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— BOREHOLE OFT-8

OFT-8-30.4'
OFT-8-35.0
A VY N | W
OFT-8-39.8'
OFT-8-45.5" |
OFT-8-51.1"
OFT-8-52.3'
OFT-8-52.68'
JL”“”“ LJL i ﬂN\f /\’j/\”]\f
OFT-8-54.4'
OFT 8- 570 \'M
3100 3200 3300 3400 3500 3800 3700 31 30 3130 3820 3840 3680

MAGNETIC FIELD (G)
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SAMPLE BOREHOLE OFT-8

Y T T v

OFT-8-61.1'

OFT-8-64.5'

WWW

3100 3200 3300 3400 3500 3600 3700 3160 3180 3620 3680

MAGNETIC FIELD (G)

OFT-8-67.0"

OFT-8-93.5'
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TABLE A.6

Results for Borehole OPZ-18 Samples

The pressures and accompanying errors are given in Giga Pascal (GPa). Depths
are provided in three sets of units: feet below sea floor (ft bsf), feet below sea level

(ft bsl), and meters below sea level (m bsl).

Zone Depth P - 3 Description
(ft bsf) (ft bsl) (m bsl) | (GPa) (GPa)

3.6 205.5 62.6 uncemented mudstone
7.0 208.9 63.7 uncemented mudstone
a, 10.0 210.9 64.3 uncemented mudstone
23.3 2252 68.6 uncemented mudstone
57.8 259.T7 79.2 uncemented wackestone
78.2 280.1 85.4 uncemented grainstone

B 959 2978  90.8
117.8 319.7 97.4
135.3 3372 102.8
1553 3572 108.9
B, 1666 368.5 112.3
182.6 3845 117.2

uncemented grainstone
uncemented grainstone
uncemented grainstone
uncemented packstone
uncemented packstone
spar-cemented grainstone

185.0 386.9 117.9 uncemented

B, 198.0 3999 121.9 1 uncemented
198.6 400.5 122.1 1 green Holocene wackestone mud
207.0 408.9 1246 1 uncemented
210.5 4124 125.7 cemented packstone burrow
214.0 4159 126.8 1 uncemented

217.0 4189 127.7
217.1 419.0 127.7
2175 4194 127.8
220.4 4223 128.7
220.5 4224 128.7
Bs 2235 4254 129.7
232.9 4348 1325
236.3 4382 1336
245.4 4473 136.3
256.9 458.8 139.8
273.8 475.7 145.0
3205 5224 159.2
Y 4005 6024 1836

tea-brown cemented packstone
cemented wackestone
cemented wackestone burrow
coarse-grain spar

cemented packstone

cemented packstone burrow
poorly cemented packstone
partially spar-replaced coral
cemented wackestone
spar-replaced coral
spar-cemented packstone burrow
spar-filled gastropod
cemented wackestone

COCCLLLLCLLLOLROWUMIENOWNOOODSOOOND
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SAMPLE BOREHOLE OPZ-18

et il i

bt il mmcfirron
B PP SR DA ¥

OPZ-18-135.3"
3100 3200 3300 3400 3500 3800 3700 3180 3180 3820 3840 3660

MAGNETIC FIELD (G)

OPZ-18-57.8'
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- BOREHOLE OPZ—18

Wﬁ/\/\fwf-

OPZ-18-198.0'

OPZ-18-198.6'

0PZ-18-207.0'

o O o

OPZ-18-210.5'

MWWV\W«»/\WW«W

OPZ-18-214.0"
3100 3200 3300 3400 3500 3500 3700 3180 3180 3620 3840 3660

MAGNETIC FIELD (G)

OPZ-18-166.6'

OPZ-18-182.8'
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BOREHOLE OPZ-18

b N o

SAMPLE

OPZ+§8-217.0'
OPZ-18-217.1'

OPZ-18-217.5'

OPZ-18-220.4'

OPZ-18-220.%'
OPZ-18-223.5'

OPZ-18-232.9'

OPZ-18-236.3'

OPZ-18-2454"
3100 3200 3300 3400 3500 ssoo 3700 3160 3180 3620 3640 3660

MAGNETIC FIELD (G)
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BOREHOLE OPZ-18

SAMPLE

OPZ-18-256.9'

OPZ-18-273.8'

OPZ-18-320.5'

OPZ-18-400.5"
3100 3200 3300 3400 3500 3600 3700 3160 3180 3820 3640 3680

MAGNETIC FIELD (G)
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TABLE A.7

Results for OAK Debris Samples

The pressures and accompanying errors are given in Giga Pascal (GPa). Source-

depths are converted to meters below sea level from Ludwig et al.(1986) and Ristvet

(1981).
Source-
Sample Range + P x = Depth
(m) (m) (GPa) (GPa) (m bsl)
78 321 4 0.0 0.9 -
125a 388 4 0.0 1.8 61-150
126 369 4 13.6 42 32-43
127 334 4 3.0 2.0 ~
128 433 4 10.5 8.0 32-43
144 397 4 12.5 2.3 32-43
147 357 9 2.7 0.9 -
155 396 4 0.0 1.4 ~
156 338 4 0.0 1.1 -
156b 338 4 0.0 0.9 -
158 276 4 0.0 1.0 61-150
166B 338 4 0.0 1.0 150-210
167B 389 4 0.0 0.6 =
168A 352 4 0.0 0.8 =~
168C 342 4 0.0 14 91-150
201 704 5 0.0 14 130
1-1 414 48 13.1 1.6 32-43
1-2 414 48 15.0- 3.4 >43
1-3 414 48 14.6 1.6 32-43
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SITE OAK EJECTA DISTANCE
y T

- i
I PYVYY/ PO | Y W
gy i
-, s
EJE—-156b 338 m
EJE—-166B 338 m

EJE-168C

sttt

lEJE_ 14? 1 1 1 1 1 1 1 1) 1 1
3100 3200 3300 3400 35600 3800 3700 3180 3180 3620 3840 3880

MAGNETIC FIELD (G)

-

5] o >
] ¥ (S)
LB g g
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SITE OAK EJECTA DISTANCE
EJE-126 369 m
EJE-125a 388 m
EJE-167B 389 m
EJE-155 396 m
EJE—-144 397 m
EJE—-1-1 414 m
EJE-1-2 414 m
lEJE— 0} : ) . . . | . J : | 1 704 m
3100 3200 3300 3400 3500 3600 3700 3180 3180 3820 3840 3880

MAGNETIC FIELD (G)
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Appendix B

Meteor Crater Sample Descriptions, Results, and Spectra
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TABLE B.1

Results for Diablo Canyon Samples

Sample P = Description
# (GPa) (GPa)

1 0.0 0.03 mid @ member - near surface

2 0.1 0.01 lower @ member

3 0.0 0.05 upper 3 member - near contact to @ member
4 0.0 0.01 mid B member - 30 ft into member

5 0.0 0.03 60-70 ft into 3 member
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DIABLO CANYON SAMPLES
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TABLE B.2

Results for Meteor Crater Wall Samples

Sample P + Description
# (GPa) (GPa)

1 0.0 0.02 uppermost a member - contact Kaibab/Moenkopi
2 0.0 0.02 upper a member - below yellow vuggy dolomite

3 0.1 0.02 lower a member - below breccia

4 0.3 0.04 uppermost 3 member - above promontory

5 0.5 0.06 upper 3 member - above promontory

6 0.6 0.08 lower 3 member - near promontory

7 0.4 0.05 lower 3 member - near Astronaut trail

8 0.1 0.02 ~ member - base of promontory
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METEOR CRATER WALL UNIT
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TABLE B.3

Results for Meteor Crater Ejecta Samples

Sample P + Range
# (GPa) (GPa) (m)
1 0.0 0.04 1414
2 0.3 0.04 1240
3 0.0 0.07 1240
4 0.5 0.08 1212
5 0.1 0.02 1183
6 0.0 0.07 1178
7 0.0 0.06 1082
8A 0.0 0.06 928
8B 0.1 0.04 928
9 0.0 0.01 350

10 0.4 0.08 284
11 0.6 0.05 140




Meteor Crater Samples 122

METEOR CRATER EJECTA RANGE
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METEOR CRATER EJECTA SITE
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TABLE B.4

Results for Miscellaneous Meteor Crater Samples

Sample P = = Description
# (GPa) (GPa)
1 0.7 0.09 in-situ breccia
2 0.5 0.05 relocated breccia
3A 1.0 0.14 streamn redeposited highly shocked ejecta
3B 1.1 0.14 stream redeposited highly shocked ejecta
3C 1.0 0.14 stream redeposited highly shocked ejecta
3D 1.1 0.17 stream redeposited highly shocked ejecta
3E 1.1 0.16 stream redeposited highly shocked ejecta
4 — — caliche
5 - — melted ejecta sample (200 m from crater rim)
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ADDITIONAL METEOR CRATER SAMPLES
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