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Figurs 1. Sketch geologic map of Canyon DHablo region, Arvizona,
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Triasgsic age., Tha crater
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The strat
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contrels the trend of secondary stream courses {fig. 1).
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of the crater
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sandsione, Three members are recognized {McKee, 1938), the lswer

two of which are chiefly masalive dense dolomite; the upper or Alpha

several continuous thin sandstone interbeds. The Haibab is exposed

In the vicinity of the crater, and to the east, beds of the Wupatkl

mermber of the Moenkopl formation {McKee, 1954) of Triassic age
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10- to 15-foot bed of pale reddish-brown, very fine grained sandstone

{iowsr massive sandsione of McXee) lies from 1 to 3 feet above the

mainly of dark reddish-brown {issile silistone., About 30 to 50 fesat

of Mosnkopi strata are exposed in the wall of the crater,
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Figure Z. Ceologic map of ares arcund Msteor Crater, Arizona,

Figure 3, Geologic map of Meteor Trater, Arizona,
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Within the crater this unit rests on the edge of upturned Moenkopi

beds {fig. 4} or very locally grades oenkopi formation;

Figure 4., Cross sections of Msteor Crater, Arizona, and nuclear

*zz

explosion craters,

away from the crater wall the debris resis on the sroded surface of

the Moenkopl., A unit composed of Kaibab debris rests on the Mosnkopi

P

debris. The contact is sharp where exposed within the crater, but

at distances of half a mile from the crater there is slight mizing
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of fragments at the contact. Fatches of 2 third debris unit, composed
1

of sandetone fragmenis from the Coconino and Toroweap formations,

rest with sharp contact on the Kaibab debris. No fragments from the

The bedrock stratigraphy is presexved, iaverted, in the debris
units, Not only iz the gross stratigraphy preserved, but even the
relative position of {ragments from different beds tends tc be
igtone fragments {rom the basal sandstone bed
{ the Moenkopi formation sccur near the top of the Moenkopl debris
unif, fragments from the Alpha member of the Kaibab limestone occur

at the base of the Kaibab dekris unit, and brown sandstone {ragments

from the 9-ioot thick Torowesp formaticn sccur just asbove the Kalbab

the ¢crater rim and als0 cccurs as isolated patches of pediment o

a

terrace depesits on the inijersiream divides, It is correlated on the
basis of well developed pedocal palecsols with the Jeddite formation
of Hack {1942, p. 48-54) of Pleistocene age (Leopold and M

1954, n. §7-60; 3hoemaker, Byers, and HEoach, in press) in the Hopi

Butltes region, some 50 miles o the northensgl., Recent alliuviem
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debris on the rim, and beds are overturned along varisus stretcheas
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ctalling aboul onee-third of the perimeter of the crater,
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aorth and east walis of the crater the Moenkopl locsally can be seen to
be folded back on itseli, the upper limb of the fold congisting o a

fiap thail hag been rotaled in places more than 180° away irom the

the flap grades oulward info disaggregated debris, bul in most places
3 k)

there is a distineci break beitween the debris and the coherent flap,
Rocks now vepresenied by the debris of the rim have been peeled

blessoming, The axial plans of the fold in three dimensions is a flat

cong, with apex downward and concenivic with the craisr, that inter-
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saects the craler wail, If eroded ¢
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more overiurned bedas woul
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i small neariy vertical faults with scissocrs type ©
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displacement, A
majority of these teara are parallel with the northwesterly regional
joint set and a subordinate number are parsliel with the nourtheasterly

set. Regional jd ding has contrelled the shape of the crater, which
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E eoilision interface of buwe homozeneons
aézwa {meteorite and ground) at aa&? ingerval

&
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Referring a1l motion £o & system of reference which takes one body
{the ground) =t rest, the following relations 'nay be derived {see sheich

for definition of symbolsh:

¥ e Y # v U .
$ BTTETTT. Yam T bm 52
M " Eox
§ BT . L £33
He
From conservation of momentum,
; LBl s M &3
@y = Mim ¥ Bl AT o= R 8
v M0
E 2 2 2o . 5%
? = : . subpiizuls 4, L7
o oW %/O% 6%& i A3 } 7
D k4 B AR T ST g ¥3is 2 %3@%@ :f’;b %:‘a
% w ,;%/O% 5% {aubaii } % é
Combining {8}, {7}, and (8)
@ p o, B MY PN
A /0,%%§ “ - %‘Wma {;‘? “’/(/( -}2 mp Semmeies % gﬁ”g g;gj:%
5, 6 Pa®
MOy = (A
M T Pt

and, as Y cennot exceed v under compression we are concerasd only with

the positive root. Emploving equations (5} and {2) we may alse write

{113

and
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4,5 megabars, Canyon Diablo meteorites average aboul 4 percent
5 percent nickel, Some unusual compression has bsen ob-
served for alloys of 30 percent nickel at low prassure (Bridgman,

1949, p. 215-218), but the error will probably be minor in treating

the meteorite as pure iron in the pressure ranges of interest. Zmploy-

#
st
1,

R

¥ 1w
F= L AT T Prs Ma s ?

where U, is particle velocity in the meteorite behind the shock and

U, is the shock velocity in the meteorite, both relative to unshocked
meteorite, The relation belween the experimenially determined veloc-
ities for irom is linear, within experimental error, over the pressure
range investigated, and is given {Altshuler and others, 1958, p. 881) by

0, = 3.80 + 138 4, (15)
3

where and My are measured in kilomelers per second. Combining

£

{i4) and {i5), compression of the rock may be writien as a function of

the velocity of the meteorite and compression of the meteorite

PR v 6§ (1.58 v+ 3.80)] %, 18)
5 oq3 é.%i}}""*/o 6 =
A we s
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1/2, the loci of solutions for values of v = 10,
5, and 20 kmm/sec, are shown in figure 5, where 6X is plotied as a
Figure 5. Compression of rocks at Meteor Crater,
function of compression of the meteo

function of
Bolutions for v

b _and corresponding experimental values of pressure.
sxperimental range of

= 20 km/sec. are based on {15) but are above the
pressure,

It remalns now Lo assess the probab
in order

>ie higo
@ I )
he pro

niot for &

unknown, the i
noression of rocks un

npact velocity,
high pressure has been
1 connecticon with the internal constitution of the
earth {Bullen, 19456, 1949, 1950, 1952, 1956; Ramsey, 1948; Lisasser,
1951; Birch 1852; Verhoogen, 1953; and Knopoff and Uffen, 1984}, HNo
experimental data exisis for pressures in the principal range of
interest, sxcept the reasenably defined density versus depth or
pressure curves of the earth itself {(Bullen, 1940, 1942,
Nearly all published

1@@

o

and 1950).
zperimental data pertinent te the problem are
plotted in figure 6 in coordinaies of density and p

DLEEEUTYE,

Bridgman
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Figure 6, Density-pressure curves for irom, roc

oy

orming minerals,

{1228, 1939, 1948z, and 1948b) has obtained the compression of gquar

ke, and rocke

to 100,000 bara, of calciie to 50,000 bars, and of olivine and 2 fow

other silicate minerals to 40,000 bars., The bhugoniot curves fory two

%

types of gabbre and a2 dunite have recently been obiained up

to about

0,7 megabars {(Hughes and Mcluesn, 1958} by shock techniguss,

Density versus pressure curves for the minerals in gu
been computed frorn the Blrch-Murnaghan egustion {fig. §),
the theory of elastic strain {Murnaghen, 1937; Birch, 1947;

P, adl),

P = gz; [iﬁ//%}?ﬁ - ifo//%}éﬁ] {““ -§ [{’O/fcﬁgg
o

)

wber&/g is the initial compressibility, taking § . o, and

Bridgman's data for initial compressibility, This sguation

agtion have
hased on

1952,

Ll
/3. :I@*

using

fits

Bridgman's data satisfactorily, in the absence of polymeorphic transi-

tions, except for guartz, For quariz the compressibility te 160,000

bars was used, in order to axtend the curve smoothly from
mmental data. A curve for dolomite was dravwsn

tion of compressibility by Madelung and Fuchs {1921, p. 30

the experi-

from a single defermina~-

6}.

whg
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ki

Fowd
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it mav be seen that the curve {or iron computed by Birch {1982,
278), reduced to 7.85 initial density, represents the experimentsl
hugoniot fairly well up to about 2 megabars, The principal desartures
below 2 megabazrs are due to polymorphic transformation (Bancrofi,
Peterson, and Minshall, 1956), The principal departure of the
experimental hugoniet ior dunite from the Birch-Murnaghan curve
for olivine may alsc bs due {o a polymorphic iransiormation; poly~-

morphism has been indicated as the cause for a similar hump in the

B
ik

hugoniot for gabbros {Hughes and Meclueen, 1958, p. 564-965). The

1

I megabar knocwn to be dus tc polymorphism are

£
&
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e
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€
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o
[
jolt
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2 g

probably about of the crder to be expected foy other sil

and carbonates. At low pressure the specific volumes of these rock-

forming minerals are largely governed by the ionic radius of caygen

and their demsity may be expected to behave in the same general way
nder presgsure,

ENE ]

pressures around 10 megabars and higher the densities of most

substances may be expected io approach that given by the Thomas-Fermi-

Dirac guantum staiistical miodel of the atom {Slater and Krutter, 1935;

by
posd

Feyaman, Metropolis, and Telley, 1949; March, 1957}, Curves ior

g v

ron and for atomic number, Z # 10, have besn drawn irom solutions

oda

a

of the Thomas-Fermi-Dirac eguation at § degrees Kelvin for Z = 26
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Experimentally determined hugoniot curve
|3} (density-pressure curve for shock conditions),
showing location of experimental points

—
————— § — *

Theoretical density-pressure curve (isothermal),
showing location of calculated points

| 2= -
Density-Pressure curve of the earth,
calculated from seismic data, the mean

density, and the moment of inertia of the earth

ll_-_- ---------------------

Estimated mean hogoniot curve for rocks at
Meteor Crater, Arizona, derived by interpolation

between theoretical curves
Sources of data on hugoniot for iron
10— (1) Bridgman (1949, p.198)
(2) Goranson and others (1955 p.1477)
(3) Bancroft, Peterson and Minshall (1956,p.294)
(4) Walsh and others (1957 5.198)
(5) Altshuler and others (1958, p.880)
9
(2) |
8 - o ——
e
€ !
£
=
. | S S o NS, -
.
3 DENSITY OF THE EARTH
6 MODEL A
(Bullen,1940,p 246) "\
HUGONIOT FOR SAN MARCOS GABBRO
‘ (Hughes ond| McQueen, 1958, p.963) e
e
5 HUGONIOT FOR JACKSON CO. DUNITE >y
(Hughes and McQueen 1958 p. 963) e .
| (Hughes anc s
DENSITY OF THE EARTH o P
MODEL B 7= o P
(Bullen 1950, p.58) \ S e
4 | ' == 1
HUGONIOT FOR OLIVINE ] e P
(Bridgman, 1948b, p.78) H-MURNAGHAN- RN S 2 — /c, A
-0 =R THOMAS - FERMI-DIRAC EQUATION
 — RSTRE
‘ CURVE_FOR D= e Qu® d29/dx2 = x(€ +#"2/x"2)’
= BIRCH MURNAGHAN e e ; RN;&G\’\ o ]
N o G DU BIRCH-MY ‘ p- _ZZS_Z_[(V’ /X )|/2+e]5 SU- 5€/4 3
F ’ ‘ HUGONIOT FOR QUARTZ gt Mo (¥xp)/ Xo) 2 + €
HUGONIOT FOR CALCITE d 1928 0.294 . 1948 68) | i
(Bridgman, 1939, p.9) (Bfll qmoln‘ | , P : a,p. }4:00(9U2/|282)/3 o €=(3/32 r2\/37-¢/3
' ! 3 atomic weight
BIRCH-MURNAGHAN EQUATION : an(m“;3qu =l
3 7/ 5/ 2/ | s
P'Z‘Bo[(%o) 3—(%) 3]{"5[(/%0) 3"]*--~§ Values adopted for parameters of equation
Values adopted for parameters of equation e:4.8022x1070 es.u. DuMond and
, polgm/cm) Aol(l/megabars) £ 0,:5.2915 x109¢cm Gehea 1952,
i ion 785 0594 ) B N:60254%1023 gm/mol ) P-457) B
(i olivine 337 0810 0 atomic weight of iron(Z,g) = 5585
B 8 dolomite 2.87; 121 0 atomic weight of Z,,:2Z
' COIC';E’ %le :gg’l 8 Solution of Thomas-Fermi-Dirac equation for ¥y
B GHArTE g - and xo from Metropolis and Reitz (1951, p.556-59)
' I 2 4 6 8 | 2 4 6 8 | 2 4 6 8
x10megabars x10™" megabars meqgabars

Pressure (P)
FIGURE 6.— DENSITY-PRESSURE CURVES FOR IRON, ROCKS, AND ROCK—-FORMING MINERALS
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aud 10 by Metropelis and Reitzs {1981). The mesan atomic number of
quartz, calcite, and forsterite is 10,0 and of dolomite, 9.2, Knopeff
and Uffen have shown that the effective mean atomic number, cobiained
by averaging by specific atomic volume, is slightly grzater than the
mean averaged by number of atoms, but the uvse of their refined msan
is offset by error in the interpeolative procedure by which their curves
are derived,

An estimated mean hugoniot curve has been drawn {fig. 6) for the
rocks at Meteor Crater by interpolation between the Birch-Murmaghan
curves for guartz, calcite, and dolomite and the Thomas-Fermi-Dirac
curve for £ = 10, The curve, as drawn, may be subject to an srroy
of 10 to 20 percent or more in the vange of 1 to 10 megabars, The
chief potential sources of error ave pelymorphism, at arcund ! megabar,
and the thermeal component of pressure, at around 10 megabars, Thsse

socurces of error tend (0 be compensating., No account has been taken

Pty

the initial porosity of the rocks, which probably averages less than

£

1% percent (see Jakosky, Wilson, and Daly, 1932, p. 23}, The error

in total compression, due to neglect of initial porosity, will be com-~

0

1

pensated o a considerable extent by an addificnal thermal component
of pressure in the range of 1 to 10 megabars {compare with Alishuler

and others, 1958, ». 881-883).
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Table 1.-=8clutiong of equations 11, 12, and 14 for

£ = .0 23 T = o
adopted values of o 2.62 gm/cm, Pro 7.85 gm/em

v = 10 km/sec. 15 km/sec. 20 km/sec.
5., e = . ar 4 —
m {(from fig. 5) 6.305 O..26 O.ij
b - ; 5y = £ e
x {from fig. S) 0.303 0.584 6.633
TR
R S 0.49 0.49 6.49
\ /Omo éX 2 3 3
,
e = 6.7, km/sec. 16.0, km/sec. 13.4, km/sec.
U = 13.3, km/sec . 17.2, km/sec. 21.2, km/sec.
g = 9.3, km/sec. 11.6., km/sec. 14.2_ km/sec.
m ¢ 1 5
A = 3.3 km/sec. 4.96 km/sec. 6.0, km/sec.

P = 2.58 megabars 4.45 megabars 7.@7 megabars
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thermal component of internal energy deliversd by shock reaches 1,
joules in iron when U reaches about 3.1 km/sec. The thermal com-
ponent of energy rises rapidly, so that the critical value of M is not
too sensitive to errcr in the enthalpy required for fusion. The compres-
sion of iron at 3.1 km/sec, My s 0 3%5"35; from figure 5 the compression

of the rocks will be about 0,48_. Substituting these valuss zlong with

o

ihe adopted initial densities info eguaticn 14, the minimum velocity of

- 7.85 o B.483 .y e i b fan PPN
v 3,1 | 14 \/2.&2 Goa5s kmisec. = 9.4 kmfsec. {18)
The course of pensiration by compression may be illustrated for 15

km/sec, impact velocity using values given in table 1, Consider the

mstesrile now an infinite plate of thickness 1. At the moment the

shock into the metsorite reaches the back side of the plate, 1) the

shock into the ground will have penetrated a distance of {U/U }L or

ﬁs.
,,,,,.\

1.48 L., Z)the impact interface or leading face of the meteorite

have penetrated { ! L or 0.87,L, 3)the back side of the meteoriis
e

€

will have penetrated {/L( 1’13'_} 6_ - 1)L or C.3

, o L below the original
i ¥} —

ground suriace, 4)the center of gravity of the comnpressed system will
be 0, 7%ZL undergreound, and 5} the whole compressed system of rock

and meteorite will have a velocity of 10, %ﬁé km/sec, into the ground,

This is the moment of greatest compression of the metsorite, The kinstic
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Employing the condition of conservation of mom wentum, the velocity of
E3 " b

the rarefaction into the shocked metenrite reiative to the shocked

meteorite, U » iz given by

o - b o
S~ 5 {20}
mr 1
and, by the fime the rarefaction reaches the imypact interface or lead-
ing gide of the meteorite, the ghock into the ground will have engulfed
a new increment of rock of mass Xi s given by
s 'y £75%5 %
£ = M {1- -5l Reid

For v=15 km/sec. impact velocity, the particle velocity of the
meteorite behind the rarefaction will be about 5,1 km/sec, into the
ground,

At the moment the rarefaction reaches the leading face of the
metetrite, the shock into the ground will have engulisd a new increment
of rock of mass about 0.49% and will have peuneirated aboat 3.0 L into
the ground., The leading face of the meteorite will have penstrated about
1.8 L. and the back side about 0.8 1. The center of gravity of the mova
ing system will be about 1.8 1 4. underground., About 88 percent of the

original {kinetic) energy of the metecrite will have been transferred to



%
|
|
|
%
|
.
‘%
|
£
|

the compressed rock, where the energy will be divided equally into an

internal and = kinetic fraction. The specific internal energy of the com-

524

8

291 1 . ; oz
pressed rock will be about 0.506 x 1012 ergs/gm or about 12 times the
heat of explosion of TNT. The center of gravily of the tolal energy will

be shout 2.2 L underground and the compressed rock wil

it
o
&
0w
a
[
.
P
8,”
&
<
8

ing into the ground at 10.0, km/sec.

Penetration by hydrodynamic flow, ~-It is not proifitable to carry the

the analysis of an infinite plate much further because of the influence of
the lateral boundaries of the meteorite in a more realistic cass. Rare-
faction waves will also be refiected from the gides of an actual meteorile,
which will permit lateral flow as well as longitudinal compression. Ths
initial 2ifect of the rarefaction waves reflected from the sides of a
meteorite body of more or less sguidiznensional shape will be fo accen-
tuate the {latiening by increasing the lateral dimensions of the body as it
enteve the ground {compare with %‘%g}iﬁ, 1958) and to smear out or increass
the width of the shock front as it reaches the back end of the melsorite.
Lateral flow of the meteorite will decrease somewhat the penetration dus
toc compression in the initial stages of impact, but lateral flow becomes
part of the dominant mechanism of penetration as the meteorite and the
comprassed wad of rock leading the meteoriie slow down, The flattening
will no gnificantly alter the initial pressure or transfer of snergy from

the meteorite to the compressed rock, as calculated above,



Penetration by hydrodynamic flow is brought about by lateral defiec-
end of the still fast-moviag system of

L orm 3 3 K -3
{ material at the leading

compressed rock and metecrite and by sweseping asgide of rock newly
engulfed by shock along the path of the penetrating body, As the body

or slug of Jast-moving rock and meteorite is deflected at the leading end,

the whole sluy
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Feollowing Rostoker (1953, o, 14}, the depth of penetiration by lateral
deflection of the target rocks may be roughly estimated by treating the
initial slug of compressed rock and meteorite 25 a gshort iet or column
of incompressible fluid, Under the condition that the velocity of the
jet is sufficiently high that a hydrodynamic approximation is valid for the

E)

rget rock, the depth of pensetration, I, is given {Birkoff and others,

oy

1948, p. 577) by

b=J /O/ P ¢

where J is the length and /o the density of the jet. For the case of

a
T
Ness

15 kenfsec. impact velocity, the jet will be taken as the system of com-
pressed rock and trailing decompressed meteorite at the mnoment the

rarefaction refls

cted from the back of the meteorite reaches the {ront of
the meteorite, Lateral flow of the meteorite and compressed vock will

be neglected up to this peint; this error will probably be more than
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compensated by further penetration dus to compression of rocks in the

and substituting values {rom table 1 for 15 hm/sec. impact velocily

L%

= 3,6 1., Thus, at the moment the last of the jet or slu

the bottom of the cavity would be 3,0 L {from compression) + 3.6 L

and internal energy increments across the shock front will decrease

roughly as inverse functions of some power of the radius exceeding 3

Beyond the distance where the rock is fused by shock

o
]

he pressure may

be inversely proportional o roughly the sixth or seventh power of the

o
]
jen
O
A
(r;‘m,
o
&
b
g
o
fe]
@
o
o
e
1

radius {see Porzel, 1358, p. 7). Ultimately th

dinary elastic wave,
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Crater may be estimafed by scaling {rom the

pot s cratey, employing the emmpirical Lampson cube rool scaling
law {Glasstone, 19537, p. 198) for constant scalad depth of suplosion

s

justified dimensionally if i is azsumed that the model ratio of pressure

e

is unity, Zcaling from craters produced by high explosivas will lead o

1642; and Baldwin, 1949, p. 224) because of the lower initial pressures

produced by chemical explosions, At high pressures a significant

The ratios of lateral dimensions of Meteor Urater to Teapct Eszs
crater {fig, 4) are as {ollows: a} diamster of hinge {intsrsaction ?”f,
axizl plane of overturning with original surface of the ground}--10,5;

b} present inside diameter at level of original greund surface--11.2;

¢} original inside diameter at level of original ground surface~~11,4,
The corresponding energy ratios from the cube roof scaling law are
a)1,16= 193 B)yl.4x 103, and ¢} 1.5 x 10%; the indicated total shoeck
energy for Meteor Crater is a) 1.4 megatons, b) 1.7 megatons, and

¢} 1.8 megatons, respectively {yleld for Teapot Ess crater is 1.2 + 0.05

kiletons}. A small positive correction could be added to these estimates

for the energy to take account of a scaled depth of appareat shock
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indicated energy of 1,8 megaions, the maximum mase of the meteorite
{given by 2W /v"} is 166,000 meiric tons, Taking a more conzervative

estimate of the total energy of 1.7 megatons and a velocity of 15 km/sesc.

sphere of this mass with a density of 7. 85 g?ﬁf{:m'% would be 24,8

Ea)

maeters or 81 feat, If 80 feet is tzken a2s tha length of the metsorite,

4

3 =

L, the center of gravily of the energy released, or apparent origin of

)

the shock, which was estimated at roughly 4 to % L underground for
15 km/sec, impact velocity, would be 320 to 4080 fest {rom the original
surfiace zlong the path of psnetration. For a total energy of 1.7 megatons

employing equation 24, the apparent origin of the shock should be 680

isel above the lower limit of the breccia under the crater floor or about
400 feet below the original surface {fig, 4). These vesulis sre har-

moniocus with the fact that the bualk of the fussd rock thrown out is

derived from Coconinoe sandsione, and also with the fact that underthrusi-

GRRG B

ing away irom the center of the crater has occurred at least as low as

S

the Toroweap-HKazibak contact,
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strewn around the crater, From ansleogy with

what less than half of the breccia with dispersed meteoritic material may

course, strewn oul in the downstream dirvection

cf, fig, ! and 2 with Rinehart, 1958, fig. 7). I the loss of meteoriltic

pact velocif

‘*‘S
-

Finally it may be noticed that the suggested 15 krn/sec, impact

s o~

The original shape of the meteorite and its trajectory are not known
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9. 17-23; Barringer, D, M., Jr., 1927, p. 146; Nininger, 1951hb,

p. B81-88). It sscems likely that individual specimens cr fragments

surrounding the crater which have undergone no noticeable or oaly

miner impact damage {Nininger, 1950; 1931b, ».
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indepandently of the mass which {ormed the crater am

by atmespheric Iriction. The preservation of what appears Lo be paris

M«

urfaces icrmed by ablation during atmospheric flight on some of
these {ragments {&, ¥. Henderson, cral commounication, 1359} greatly
strengthens this conclusion., In all probability the metsorite was break-

ing wp during its ilight through the atmosphere, I the mass which

for 2 single body. Ut is entirely possible, on the other hand, for fairly

persed in the breccia, because a layer on the back side of the meteorite

% I S P £ Sy o b Fa g Ty 37 3 s -
ingly weak evidence of impact Iroun the north, Similar breccia ray occur
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Meteorite approaches ground at 15 km/sec.

Meteorite enters ground, compressing and fusing
rocks ahead and flattening by compression and by
lateral flow. Shock into meteorite reaches back
side of meteorite.

Rarefaction wave is reflected back through
meteorite, and meteorite is decompressed, but still
moves at about 5 km/sec into ground. Most of
energy has been transferred to compressed fused
rock ahead of meteorite.

Compressed slug of fused rock and trailing meteorite

are deflected laterally along the path of penetration.
Meteorite becomes liner of transient cavity.

Shock propogates away from cavity, cavity expands,

 and fused and strongly shocked rock and meteoritic

material are shot out in the moving mass behind the
shock front.

Shell of breccia with mixed fragments and dispersed
fused rock and meteoritic material is formed around
cavity. Shock is reflected as rarefaction wave
from surface of ground and momentum is trapped in
material above cavity.

Shock and reflected rarefaction reach limit at
which beds will be overturned. Material behind rare-
faction is thrown out along ballistic trajectories.

Fragments thrown out of crater maintain approximate
relative positions except for material thrown to
great height. Shell of breccia with mixed meteoritic
material and fused rock is sheared out along walls

of crater; upper part of mixed breccia is ejected.

Fragments thrown out along low trajectories land and
become stacked in an order inverted from the order in
which they were ejected. Mixed breccia along walls
of crater slumps back toward center of crater.
Fragments thrown to great height shower down to form
layer of mixed debris.

FIGURE 7. DIAGRAMATIC SKETCHES SHOWING SEQUENCE
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