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A TWO-DIMENSIONAL COMPUTER STMULATION OF HYPERVELOCITY
IMPACT CRATERING: SOME PRELIMINARY RESULTS.FOR METEOR CRATER, ARTZONA

J. B. Bryan, D, E. Burton, M. E. Cunningham, and L. “A. Lettis, JeX

Earth Sciences Dlvision
- Lawrence Livermore Laboratory
Livermore, CA 94550
ABSTRACT
A computational approach used for subsurface explosion cratering has
been extended to hypervelohit§ impact cratering. Meteor (Barringer) Crater,
Arizona, was selected for our first computer simulation becsuse it was the

most thoroughly studied. It is also an excellent example of a simple, bowl-

" shaped crater and is one of the youngest. terrestriscl impact craters. Shoemaker

estimates that the impazc occurred about 20,000 to 30,000 years ago [Roddy
(1977)]. Initial conditions for thls calculation included a meteorite impact
velocity of 15 km/s. meteorite mass of 1.57E+H08 kg, with a corresponding
kinetic emergy of 1.88E+16 J (4.5 megatons). & two-dimensional Eulerian

finite difference code called SOIL was used f@r this simulation of a cylindrical
irpn projectile impacting at normal incidence into a limestone target. For

this initial calculation a Tillotson eﬁuétion—of—state description for irom

and limestone was used with no shear strength.\ A color movie based on this
calculation was produced using computer—generated graphics. Resglts obtained
for this prelimina:y calculation of the formation of Meteor Crater Arizomna,

are in good agreement with Meteor Crater measurements.
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INTRODUCT ION
A computational technique used sﬁccessfully for subsurface explosion
ciatering [Glenn and Thomsen (1976), Burton, et. él. (1975), Bryan; et. al.
(1974), and Terhune, et. al. (1970)] has been éxtended to meteorite impact
cratering. Meteor (Barringer) Crater;_loeateg between Winslow and Flagstaff,
Arizona, was selected for this computer simulation. According to Nininger
(1551), it has also been known as the Canyon Diablo Crater, Arizona Meteorite

Crater, Coon Butte, and Crater Mound. The early-time or dynamic phase of

the meteorite impact was treated with a two-dimensional Eulerian finite difference

code called SOIL, written by Johnson (1977). The SOiL code was a derivative
of the earlier DORF and RADOIL codes [Johnson (1970 and 1971)]. This treat-
ment was similar that used in a pioneering effort by Bjork (1961), but it wase
extended to a time of 0.5 seconds or about an order of magnitude later in
time. Recently 0'keefe and Ahrens (1976, 1977) have reéorted calculations
similar to that by Bjork but they placed their emphasis on ejecta dynamics.
The late time or ballistic phase eucrapolation was used to compute the final
crater profile after the velocity fleld has been established iun the mound
region. This was done by computing an ejecta distribution based on ballistic
trajectories followed by a.slope stability adjustmeni. Parameters for the
ballistic phase such as bulking factor and slope stability angle were. selected
from earlier explosion cratering étu&ies [Bryan, et. al. (1%74)].

This computational study of impact cratering was motivated by recent
cratering meetings held at the U.S.'Géologicai Survey in Flagstaff, Arizona.
fhe symposium on Planetary Cratering_Mechanics [see Roddy, et. al. (1977)]

was held in 1976 followed by the Impact and Explosion Cratering Workshop held
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in 1977. Earlier, impact and explusion cratering were toplcs at the
Geophysical Laboratory - Lawrence Radiation Laboratory Cratering Symposium
held at the Geophysical Laboratory of the Carnegie Institution in

Washington, D. C., im 1961 [see Nordyke, Editor (1961)].

Meteorite Impact Conditions

Table I and Figure 1 show some estimated values for the Barringer
mateorite impact velocity, mass, and kinetic enérgy which formed Meteor
Crater, Arizona. Heide (1957) reports a range of 15 to 45 km/s for meteorite
velocities. Estimates of méfeorite impact veloc;ty were bounded by Bjork
(1961) between about 11 and 72 km/e. The escape velocity from the earth is
about 11 km/s while the largest velocity any member of the solar system can
have with respect to the earth is about 72 km/s. Shoemaker (1977) reports
earth-crossing asteroids with velocities with respect to earth ranging between
about 15 and #0 km/s. At least some of the meteoriteé have asteroidal origin
[Wood (1968)]. The minirmm impact velocity required to completely vaporize a
meteorite has been estimated to be about 14 km/s [Zel'dovich and Raizer (1967)].
Apparently, most of the meteorite was vaporized in the formation of Meteor
Crater, Arizona. Thus, the impact velocity for the Barringer meteorite is
probably bounded between 1l and 40 km/s.

Estimates of Barringer meteorite mass vary over more than two orders of
magnitude. Samplings of tiny spherical iron droplets in the azea of Meteor
Crater by Rinehart and Nininger led them to suggést £ﬁ;£ ﬁhe mass pf the
meteorite was at least 1E407 kg or greater [Baldwin (1963)]. 1In 1929 Moulton

estimated the impact conditions as shown by the box in Figure 1. He arrived
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at impact velocities between 11 and 24 km/s and ﬁass between 4.6E+7 to
2.8E+9’by considering the wofk required to shear rock at the crater walls,
cfush and pulVezBize.the rock’within‘the cratér, and heat the meteorite aﬁd
adjacent rock mass. Other estimatésjmadé since 1929 have tended to be wiibin
f@g_range of‘ypu%tqn (sgélEégu;gz}){jnyiﬁingef (1961) points out that the.
meteorite fragments found ;round fhe:areatsfvﬁégé;f:Créter have different
chemical compositiois suggesting that at least five different masses were
involved. However, he indicates that a large single mass was probably
responsible for excavating most of Meteor Crater since 90 tc 97 percent of
the fragments appear to have come from a single source [Nininger (1953)]. 1In
general, the estimates of meteorife mass have larger. uncertainties than corres-
ponding estimates of impact velocity.

Bjork (1961) reported his calculation for Meteor Crater using an impact
velocity of 30 km/s and a mass of 1.1E+7 kg (1.1 megatons). This calculation
by Bjork is represented by the point marked (L) in Figure 1. Bjork ran the
calculation to about a time ;f 0.06 s with é targer material represented by
tuff. After analyzing this calculation, Bjork estimated the actual impact
conditions to be on a line of coﬁstanf momentum labeled (k) in Figure 1.
Lines of constant kinetic energy are also shown in Figure 1 for values of 1,
10, and 100 megatons. ‘Shoemaker (1960, 1974). estimated values of near
1.7 megatons (I) and.recently raised the estimate to about 4.5 megatons (F)
[Roddy, et. al. (1975)]1. Boddy, et. 'al. (1975) and Dence, et. al. (1977) )
have made estimates of 4.3 and 4.8 megatons, respectively [see Table I1].
These are clése to values selected for the initial impact conditions in our

calculation whichfare similar to thoée by Shoemaker (1974). For our calculation



the meteorite mass, impact velocity, and corresponding kinetic energy were

assumed to be 1.67E+8 kg, 15 km/s, and 1.88E+16 J (4.5 megatons), respectively,

Thus, the impact kinetic energy for Meteor Crater was comparable to an estimate

for the energy expended during the great volcanic eruption (on the order of

1E+16 J) which destroyed Krakatoa in 1883 [Short (1975)].

Some Calculational Assumptions

Bjork (1961) discuésed many of the assumptions made for this type of
computer calculation. The meteorite was treated as a right eircular cylinder -
with length and diameter of 30 m lmpacting at normal incidence to the hori-
zontal ground surface-represgnted by a semi-infinite half—séace. These
assumptions introduce a vertical axis of rotational’symmetfy which ﬁermittgdi
a two-dimensional rather than a three-dimensional simulation of the iﬁéaet
event. Bjork explains that based on hypervelocity experiments, impact crater
shape and size are not strongly dependent on projectile sha?e provided that
the aspect ratio (length divided by diameter) ie about unity. Thus, this
cylindrical projectile shape should be a reasonable approximation of the
meteorite shape.

Materials in the calculation were described using the Tillotson equation-
of-state description [Tillotson (1962)). The nickel-iron meteorite, containing
about 7 pereenﬁ nickel and 90 percent iron [Nininger (1961)], was treated as
iron of density 7,860 kg/ma. The Moenkopi, Kaibab, Toroweap, Coconino, and
Supai formgtioﬁs at the impact site were treated simply as a single limestone
material of density 2,700 kg/m3. Limesﬁone was.sélecté& to approximate the

impact site because the description was readily available [Allen (1967)] and

e A
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the Kaibab formation made up the major component of the ejegta; Roddy, et.

al. (1975) describe the ejecta as aboqt 65 percent Kaibab, 34 percent

Coconino, and Toroweap, and 1 percent Moenkope. They reported that the

Kaibab formation was aboutABé'tq 95 m thick and consisted of sandy dolomite,

dolomltic limestone, and mlnor calcareous sandstone. Earlier Nininger (1954)

reported about 55 percent Kaibab 13 percent Coconino, and 25 percent Moenkopi
based on an excavation of rubble on the crater rim. The 11mestone density of
2,700 kg/m is highér than the 2;300 Eg[m3 density reported §y Regan and Hinze
(1975).. Bjork (1961) used tﬁff; a porous volcanic rock, with a density of
1,700 kg/m3. ) Thus; the descripfion of the meteorite is thbﬁght to be a
better appr oximation than thedescription of the impact site.

In this initial calculation the materials had no shear strength. Bjork
(1961) argues that‘the hypervelocity impact was essentially hydrodynamic in
nature because the pressures involved greatly exceeded the strenéths of the
target materials. This assumption haé been verified by our second SOIL calcula-
tion with material strengths included. greliminary analysis of results show
similar behavior. The crater radii were-esse;tiélly unchanged wliile thé
crater depth, lip height,‘and crater volumes ﬁere reduééd by about 8 percent
in the calculation with elastic—plastic éérength. VNo gravitational .accelera-

tior or overburden stresses were included in the dynamic phase of these

: simulations.

A portion‘ofvthe computational mesh about the impact point is shown in
Figufe 2 at zero time when the meteorite (iron projectile) initially strikes
the ground surface (limestone tdrgef) located at 2 = - 200 m. The impact

velocity was half the 30 km/s value used by Bjork (1961). The cylindrical



-7- : "

meteorite was 30 m in length and diameter compared with the véiﬁe of 12 m
usedvby Bjork. Thus, the meteorite mass was nearly sixteen timcs:as‘large
as the mass used by Bjork. Tﬁe assumed initial impact velociéy and mass are
also shown. At this time the.meteorite was represented by 32 zones 3,75 m
on each side. This is relatively coarse zoning, at least when compar;d with
the mass of the largest rec&f;féaiﬁeteorite ffagment reported by Nininger ’
(1961) - smallest zonermasé: 1.3ﬁ+6 kg vs largest fragment: 6.4E+Z kg. The
100 x 100 m portion of the mesh.in Figure 2 shows. the rectangular zoning which
was constructed using geometrically graded zone sizes increaéing.in both the
+R and -Z directions. The outer boundaries were at ahout 3,000 m away from
the impact point. This was sufficiently far éway so that non-physical
boundary effects would not occur, The SOIL grid used during the entire simu-
lation consisted of about 11,000 zones, a grid of medium size, with 123 zones
along the Z-axis and 91 zones along the R-axis. The regions above the lime-
stone were iron and voild which extended to the boundary located at Z = 0 m.

Some iron and limestone mass flowed off the grid at Z = 0 m at later times.

Some Calculatioyal Results
Al stéﬁic Phase
. Figuiég 3a through 3d show the calculated meteorite impact at
sbout 0,0, 0.5, 1.0} and 1.5 ms on a 100 x 100 w portion of the grid. The
velocity vectors ingiéate the direction bf the mass flow with the maximum
length represegging 10,000 cm/s. Velocities exceeding the maximum value are

shown as vectois with only half of an arrow head. The €GS system of units

was used in the figures generated with the TENPLT computer graphiecs code
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‘tButton‘and Snell (1974)1. Material boundaries are shown as line segments

connected at right angles. The Eulerian SOIL code peimits mixed material

" zones or for this calculation zoneé_with both iron and limestone. Tracer

particles, each shown as an asterisk in the_figures, were used to help défine
material boundaries and mass displacéments in this'Eulerian ﬁalculation.

|

In1t1a11y, they were placed just inside the meteorlte boundaries and in the
limestone along planes at zZ = ~200, —250, ASOO -350, and ;400 m. Both
vaporized iron and 1imestone began to. jet uaward and -radially outward from
the impact point. Figures 3e threugh 3h show the same sequence at times of
about 2, 3, &£, and 5 ms. Vaporized iron with a dens ly less than 10 kg/m
is labeled as a separate material.» At 2 ms (Fig. 3e), the back of the meteorite,
originally 30 m in length, 1is at the origipal ground surface. The front of
the meteorite has been slowed down and cbmﬁressed so that the length is
about 20 m. Between 2 and 3 ms, the averége'velocity of:the'front of the
meteorite has sloﬁed ta about 8 km/s. At 3 ms (Fig. 3f), the meteorite has
penetrated to a depth of about 30 m, the original length of the meteorite.
In Figures 3g and‘3h fhe ﬁeteorite is vaporizing and breaking apart. These
computer—geﬁerated figures Pafallel theseqﬁence of cratering pﬁenomena dig-
cussed by Roddy (1978). ‘

Figures 4a through 4d show a similar sequence with pressure contours on
a 100 x 100 m ﬁq;tigﬁvqf the.gria at.timeshsf about 0, 1, 2, and 3 ms with
peak pressures‘gé;about 0, 4,330, 2,630, ané 1,770 kilobars, respectively.
The peak preséuié‘of about 4,330 ki}oba;s yaé in good agreement with Shoemaker's
value (1960) of 4,500 kilobars for amn impact velocity of 15 km/s. The isobars

represent pressure values of 0, 38, 130, and 500 kilobars, respectively. The




values of 38 and 130 kilobars were selected to denote regions where high

pressure polymorphs of silica, coesite and stishovite, might have been formed

[Kauia (1968)]. Coesite and stishovite have been identified at Meteor Crater

and were formed by the shock wave in the Coconino sandstone originally located
between the depths of about 90 and 320 m below the original ground surface
[Shoemaker and Kieffer (1974)1. Figures 4e through 4h show the corresponding
veloeity fields and pressure contours at about 5, 10, 25, and 50 ms with peak
pressures o. about 1,150, 520, 150, énd 60 kilobars, respectively. The

shock wave began entering the Coconino sandstone located at 90 m depth at
about 5 ms. The meteorite was lagging the shock front at this time and
reached this depth at about 13 ms. Fiéures 4e and 4f show a 200 x 200 m portion
of the grid while figures 4g and 4h show a 600 x 600 m portion of the grid.
Figure 5 shows the peak pressure vs the depth below the impact region

along the Z axis. The calculated peak pressure in the Coconino sandstcne is
about 600 kilobars. Based on this calculation, Stishovite might be formed to
a maximrum injtial depth>of about 175 m. Similarly, coesite might be formed
to 2 maximum initial depth of about 320 m or the bottom of the coconino
sandstone. In this discussion it was assumed that the differences in shock
impedance and other material properties across the material boundaries were
negligible.

The energy partitioning between the iron and limestone is shown in
Figure 6 in terms of kinetic and internal energy for times between 1 and 100 ms.
The values are expressed in percent of the total original emergy. At 1 ms
the iron meteorite has about 87 percent of its original total energy (about

79 percent kinetic emer y and about 8 percent internal emergy). At
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3.5 ms this value has dropped to about 50 percent (about 38 percent kinetic
energy and about 12 percent internal emergy). At 10 ms, 83 percent of the
total energy has been transferred into the limestone. At 100 ms, the lime~
stone has about 36 percent of the original energy as kinetic energy and
about 58 percent as interﬁalrenergy. Some mass of the meteorite left the
calculationsl grid at the upper boundary at Z = O m located 200 m above the
ground surface. At late times in the calculation the entire mass of the
meteorite was vaporized. -

The penetr#tion depth p of the meteorite 1s shown in Figure 7 as a
function of time. In the calculation the front of the projectile continued
to penetrate downward until a depth of about 270 m was reached at about 0.3 s,
At this late time the iron was a gas with a density less than about 10 kg/m3.
Nininger (1951) mentions that undisturbed sediments were found by drilling
to depths of about 300 to 370 m. Similar results are also shown for Bjork's
calculation whicﬁ assumed an impact velority of 30 km/s into the tuff.
Although our calculation used only limestone in the target material, it is
interesting to note the time and energy of the meteorite vwhen it reaches a
penetration depth corresponding to the depth of the coconino sandstone
(about 90 m). This occurs at a time of about 13 ms when the meteorite has
transferred about 87 percent of its energy to the target material (see Figure 6).
Thi$ is somewhat larger than the 30 to 50 fercent values estimated by Nininger
(1§56).

Summer and Charters pesformed some hign velocity impact experiments
using metal spheres and targets [Baker, et. al. (1973)]. They obtained the

empirical expression listed iﬁ Table III to fit their data. Using an average
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shock speed for the limestone of 5 km/s in this formula, we obtain the

value P = 290 m. This differs from our calculated value of about 27Q¢ m by
about 7 percent. Using the sonic value of 3 km/s [Ackevmann et. al. (1975)],
we obtain a larger value, P = 410 m.

Figure 8 shows the cavity at 0.5 s represented as contours of constant
density with vclues of 0.01, 0.02, ¢.05, 0.10, ..., 10 0 g/ecc on a 500 x 500 m
portion of the grid. This can be used to estimate an effective depth-of-
burst for the explosive formation of Meteor Crater. If the lower part of the
cavity is fit to a hemisphere, the center lies about 85 m below the original
ground surface. The meteorite boundary shown in Figure 9 at the same time
also fits a hemlsphere centered approximately at the 85 m depth., Thus, even
though the apparent enurgy source was migrating downward from the surface
during the early times of impact, it appears that one might be able to use
an effective depth-of-burst of about 85 m to compare Meteor Crater with
nuclear explosive craters., Baldwin (1963) reported various estimates for
the effective center of energy for the formation of Meteor Crater. These
were about 64, 80, and 120 to 150 by Johnson, Baldwin, and Shoemaker,
respectively.

The tracer particles in Figure 9 outline the cavity growth leading to
the characteristic rim uplift., The overturning of this flap as if it were
hinged apparently occurred as a Tesult of the material momentum in the gravi-
tational field. This presumably led to the observed inve<vted stratigraphy

at the crater rim.
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E. - Ballistic ?hase

5.0

- The final crater brofiles were calculated using a ballistic

g throwout treatment followed by slopa stabllity adjustment after the dynamic

ii phase of the calculation which simulated the impact and stress-wave propagation.
. The velocity field at 0.5 s 1s shown for a 1000 x 2000 m portion of the grid

; in Figure 10. Contour llnes of constant speed (the scalar magnitude of

i material velocity) ranglng from 1,000 to 100,000 cm/s are shown superimposed
“oa velocity vectors. The main shock front has passed‘feyond this portion of
the grid and at this time is located between 200,000 and 300,000 cm away from
the origiﬂal-impact region. Figure 11 shows the ejecta distribution as a
function of distance after the ballistic treatment in a constant gravitational
field for earth whcre G = 980 cm/sz. Each computation zone was tested to

see 1f 1t haé sufficient vertical velocity to reach a prescribed height;
normally this-ls taken to be the original ground surface. If this test was
satisfied the zone is considered_tc be part of the ejecta and its mass was
added to the'ejecta clstribution at the appropriate range. If this test

fails, the zone mass was léft at that 1ocatioﬁ and considered to be part of
the non-ejecta. A line which outlines che bottom of the cavity and terminates
at the original grocnd surface marks the boundary between the calculated
cdecta’ahd the‘non—ejecta.\nThe second profile 1lne above it in Figure 11
”shaws.thc'ejecta distribution which peaks near 55,000 cm. The volume of the
ejccta‘hac been increased by 20 percent since 2 bulking factor of 1.2 was

: :u'sc’d. | ; | o ' .

Figure 12 shcws the calculated final crater profile where a slope scabillty
”.adjustmentv;as‘épplied and thc lowér part of thecrater fit to a hyperbola. The

ui'valucs'cf 1.2 for the bulking factor and 35 degrees for the slope stability
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angle were those chosen in earlier explosion cratering simulations [Bryan
et. al. (1974)]. Other values of these parameters may prove to be more
realistic in future impact cratering studies. .he demarcaticn line between
the ejecta and non-ejecta is also shown in Figure 12. Figure 13 stows the
final crater calculated using a Bulking factor of 1.0 (no bulking). Table IV
shows that this appears to be a better fit to the observed data. One might
argue that during the intervening 20,000 to 30,000 years, the effects of any
original bulking would be minimized today. Figure 14 shows the final crater
ejecta depth with respect to the demarcation line as a function of range.
The calculated maximum range is about 2,500,000 cm. The peak a: R = 30,000 cm
appears to be a spurious effect caused by the proximity of the grid boundary
20,600 cm“ffqmughe"grqqqg gqrface. The input and calculated crater para-
meters are summarized in Figure 15. A similar treatwsnt using lunar gravity
G = 162 cm/s2 is shown in Figure 16. The final crater profile is larger
than the earth crater (see Figure 12). The ejecta depth vs range is showm
for the lunar case in Figure 17 which may be compared with Figure 13.

A comparison of the calculated final crater profile (G = 980 cm/sz) and
the actual crater ptofilé [Shoemaker (1961)] is shown in Figure 18. Table IV
summarizes several craéer dimensions from the actual event and the calcula-
tion. These cualculational resules are in pood agreement with the Meteor
Crater in spite of the simplifying assumptions. These results, using a
meteorite mass of 1.88E+8 kg and impact velocity of 15 km/s appear to fit
the evidence although other sets of impact condition may also be pefmitted
by the evidence (see Figure 1), Future calculational studies are planned

which will use a multilayered impact site and more appropriate material
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descriptions for the Moerkopl, Kaibab, Toroweap, Coconino, and Supail
formations. Such detailed simulations when compared with the available

geological evidence should extend our understanding of impact crater formation.

Meteor Crater and Nuclear Expiosion Craters

The Canyon Diablo Heteorite, named after the nearest post office, formed
the Meteor Crater. The following scaling approach is similar to those of
Shoemaker and Roddy et. al. (1975). Shoemaker (1960) observed that Teapot
Ess reproduced nearly all of the major structural features of Meteor Crater.
This approach differs slightly by considering the entire data base of twelve

buried nuclear cratering events by the U.S. These events are listed in

. Table V [after Nordyke (1977)]. Figure 19 shows the scaled apparent crater

radius SRA vs the scaled depth-of-burst SDOB. Appareﬁt crater radius and
yield data for each nuclear cratering event was used to calculate a kinetic
energy for the Canyon Diablo Meteorite (see the right-hand column of Table V).
These values shown in Table V range from about 1.7 to 260 megatons. Since
Buggy was a row cratering event comsisting of five charges and Sulky was
deeply buriedlﬁro&uéing a mound or retarc rather than a crater, they were
deleted ffom further considerations. Figure 19 shows significantly smaller
scaled appareﬁt crater radii for the near surface events Jangle S and Johnnie
Boy s well as the dgep évent Palanquin. These three events predict very
high energy vélues fof WB in Tabie V, so they were also deleted. The
aVerage §nd stan@ard devia;ioﬁ for WB for the remaining seven events were

4.5 + 1.§Amégatons (40 percent).:‘ Ihis interﬁal includes the estimates of

Shoemaker {1974), Roddy et. al. (1975), and Dence et. al. (1977) as listed in
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Table I. The current apparent crater depth DA for Meteor C:ater is 150 m
[Roddy et. al. (1975)]. However, Roddy (1978) estimates that originally

DA was at least 200 m. Scaling these values gave scaled apparent crater
depths of at least 17 and 13, respectively. In Figure 20, SDA = 17 corres=-
pords to about SDOB = 7.1 or an effective depth-of-burst EDOB for Meteor
Crater of about 84 m. This value is very close to the value of 85 m discussed
earlier from the compuvter simulation. Thus, the impact meteor crater appears
to fit into the population of subsurface nucleér explosion craters with an
effective depth—of-burst of about 85 m and a kinetic energy of about 4.5 mega-
tons. The nuclear explosion sites listed in Table V are generally dry rather

than wet sites which was probably representative of the arid region at the

Canyon Diablo impact site (at least down to a depth of about 150 m).

SUMMARY

A computational approach used to simulate subsurface explosion crater-
ing has been extended to an impact cratering simulation of the formation of
Meteor Crater, a simple, bowl-shaped crater.' The calculated results for a
meteorite impacting at 15 kwu/s with a mass of 1.67E+8 kg are in good agreement
with the observed crater., Studles are planned which will incorporate a more
realistic multilayered geologic description of fhe impact site ét Meteor
Crater. A computational fracture model developed for coal fracture and
controlled blasting studies [Burton et. al. (1977), Butkovich et. al. (19/7),
and Bryan et. al. (1977)! will be used in an attempt to correlate with
observed fracture regiohs. Future studies are also planned for modeling other
planetary and lunar impact crateré-including the larger, more complex craters

with central uplift and ring features.
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Computational tools, such as those demonstrated here, have Proved to
be very useful in the design and analysis of subsurface explosion crateriug.
Often successful explosion cratering studies have combined well-instrumented
experiments with companion theoretical analyses. In the future, it is
anticipatéd that such computational tools will play an increasingly important

role in analyses of impact cratering.
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TABLE I. A list of some estimates of impact mass, velocity, and kimetic
energy for the Barringer Meteorite.

_Kinpetic Kinetic
. . Velocity Energy Energy
Source - : Mass (l_cg) (km/s) : J) (megatong) . Reference
.. Rinehart (1958) ~  >L.1x10’ - - - Bjork (1961)
Baldwin (1949) - - - 3.0x10%% 0.07 Dence, et. al. (1977)
Bjork (1961) o ' 15
calculat_:l.on . 1. ;l.xlO ) . 30 4.8x107. 1.1 Bjork (1961)
. Shoemaker (1960) - - 6.3x107 15 7m0 17 Shoemaker (1977)
Beals & Innes (1964) ~ °  4.7x107 20 © 0 9.4x1015 2.4 Vdovykin (1977)
Sud (1970) . 1.4x108 15 1.5x1016 3.7 Sun (1970)
Roddy et. al. (1975) —_— - '1.8x1016 4.3 Roddy et. al. (1975)
Shoemaker (1974) 1.7x108(a) 15 1.9x10%® 45 - Roddy et. al. (1975)
Dence et. al. (1977) - e 2.0x1016 4.8 Dence et. al. (1977)
Kopal (1966) 2.7x108¢a) 15 3.1x1016 7.3 Vdovykin (1977)
Baldwin (1963) 2.6x108 16 3.4x10%6 8.1 Baldwin (1963)
Cook (1964) 1.4x108 30 6.5x1016 6 Vdovykin (1977)
Opik (1961) 2.2x10% 16 2.8x1017 67 Opik (1961)
Opik (1958) 2,6x109 15 2.9x10” 70 opik (1961)
OUR INITIAL 8 16
CALCULATION 1.7x10 15 1.9x10 4.5

(a) The published mass value was changed to make it consistent with corresponding velocity and
kinetic energy values.



TABLE II. Tillotson equation of state parameters for iron
and limestone.
Iron Limestone
b, (8/en’) 7.86 2,70
a (=) 0.50 0.50
E (ergs/e) 9.5x10%0 1.0x10M!
b () 1.50 1 0.60
A (ergs/3) 1.379x1012 4.0x101?
E (ergs/cmB) 2. 4431010 2. 5x10%°
E! (ergs/e) 1.02x10*! 1.4x10%t
a (=) 5.0 5.0
B (=) - ] 5.0 5.0
B (ergs/cm) 1.05x10™2 6.7x1011

The Tillotson equations for the gaseous and solid regions are:

pGas = 2E + +Ape
v E__ 1
Vo 2
EO(‘F
b
PSOL=£ a+ +Ap+ B
v E__+i
Vo 2
Eo\v;

V = specific volume = %

V_ = normal specific volume =4
o Po
v.-v
o

H =

v
E= épecific internal energy (with radiation energy suvbtracted out)

PGAS = pressure of gaseous material . : |
PSOL = pressure of solid material or of material whose specific internalj
energy is below the vaporization energy.‘ .

See Cunningham (1974), Allen (1967), and Tillotson (1962) for additional:
details. . I




. TABLE III. Empi;ical penetﬁation fo.mala by Suumers and
_Charters [after Baker et. al. (1973)].

‘ 2/3
P/d = 2.28 (1,
‘a4 pt Ct
d: projectile diameter m
p: projectile density 7,860'kg/m3
pt: target density : 2,700 kg/m3
V: projectile impact velocity 15 km/s
C.: target sonic velocity 5 km/s*
P: pengtration depth P=290m
%
The value C_ = 5 km/s was chosen as an estimate of the average

shock velocItv during the first 0.5 s ‘after impact.



TABLE IV. A comparison of calculated and actual crater
dimensions for Meteor Crater, Arizona.

ACTU. AL CALCULATED ]
Roddy, et. al. Bulking Factor = 1.2 Bulking Factor = 1.0
(1975) angle = 35° angle = 35°
Percent Percent
Difference Difference
Apparent Crater ’
Radius (m) 518 485 =67 505 -3%
Apparént Creter
Depth (m) 150% 194 +297 194 +29%
Apparent Crater 7 7
Volume (m3) 7.60x10 6.35x107  =16% 6.99x10 -8%
Apparent Lip Crater
Radius (m) 593 606 +2% 606 +2%
Apparent Lip Crater
Height (m) 47.0%* 78.0 +667% 66.9 +427
Apparent Lip Crater 8 8
Volume (m3) 1.25x10 l.35x108 +8% 1.32x10 +67%

* o : : ‘ :
Roddy (1978) estimates that the original crater depth was at least 200 m.

Roddy et. ‘al. (1975) indicate that the original crarer 1lip height has been
reduced by=erosion’during'the“intervening 20,000 to- 30,000 years.



TABLE V. An energy estimate for Barringer Crater Based om U.S. nuclear cratering data.

r

Scaied
Apparent Energy of
Apparent Agg::::t Crater Barringer Meteorite
Depth Crater Radius Parameters 3.4
Yield: of Burst Depth R SDOB SD, SR, Ry LA (kt)

Medium (kt) _(m) (m) (m) m/{(kt) " A
1.- Teapot ESS Alluvium® 1.2 20 27 45 - 19 26 43 4.9
2. Danny Boy - Basalt®  0.42 34 19 33 |46 25 43 4.9
3. Sedan . Alluvium® 100 194 98 184 50 25 47 3.4
4. Cabriolet Rhyolite® 2.6 52 37 s |39 28 41 5.7
5. Schooner Tugg? 35 108 63 130 38 22 46 3.9
6. Jangle U Mluviun® 1.2 5.2 16 40 . | 49 15 3% 7.3
~ 7: Neptune Tufe? 0.115 31 11 31 49 21 59 S1.7
- 8. Jamgles Altuvium® 1.2 1.1 6.4 14 1.0 6 13 260
9. Johnnie Boy  Alluviwn® 0,5 0.53 9.1 18 o 11 22 46
10.. Palanquin Rhyolite® 4.3 85 24 3% |55 16 23 37
11. Sulky (retarc)  Basalt®  0.087 27 - - LY -

'12. Buggy ’ b
(tow crater) Basalt 1.1x5 41 21 38 40 20 37 7.9-40

References: Nordyke (1977); Roddy, et. al. (1975); Vortman (1970),

Water conditions:

a. Dry

Dry (<1%)

c.

Dry (~20%)

SAMPLE:

1-7 4.5+1.8(ME)  (40%)

d. Wet (~10%) but unsaturated.
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SOME ESTIMATED IMPACT CONDITIONS

FOR METEOR CRATER, ARIZONA (L
.1010 -
) — — Kinetic energy = constant
A =1/2MV?
\ 2 17
\1/2MV '—42X10 J
\ = 100 megatons
'—.—--E.f\--|A " A:  Moulton (1929)
1 " ony ! B: Opik (1958)
! ' C: Opik (1961)
i \ D: Kopal (1966)
ol AN E: Baldwin (1963)
10 !
—_ s ' \ F: Shoemaker {1974)
2 N AN G: Cook (1964)
s ‘l\ I H: Sun(1970)
. j \ : 1:  Shoemaker (1960)
2 H | This J:  Beals & Innes (1964)

. E B D;\ { calculation K: qurk Post-calculatuoE
£ I E \ | estimate Momentum=
2 F 0] F MV=constant
'sc'a'_ | \ ol L: Bjork calc. (1961)

| .
108
N =4.2X 108y
N\ = 10 megatons
L .
5
L\ 12MV2 =4.2X 10%°J
» ' \ =-1 megaton ‘
107_' l'li@Ill-gLvllLl SN R TN O R A N N S A O
o108 10°

M_ete‘brite impact velocity: V(m/s)

" Bryan, J.B.
Crater. Sim.
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U.S. NUCLEAR CRATERS AND METEOR CRATER ARIZONA

Scaled apparent crater radius vs. scaled depth-of-burst
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