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ARSTHRACT
A covputational cpproach used for subovrface cxplosion cratering has
becen extended to hypervelacity iwpact crateving., MNetcor (Barringer) Crater,
Arizonz, vas selected for our firsi computer simulation beeause it js one

of the r»eat therovohly strudicd craters. It is also an excellent example of

a sitple, bewl-chaped crater and is one of the youngest terrestrial impact

craters,  Initial cenditions for this calculation included a weteorite impact

8

velociiy of 15 ki/a, metcovite mass of 1.67x1G° ki, with a corresvonding

e e 16 ;o . . . .
kinetic sacrgy of 1, 88010 J (4.5 mepatons) . A two-dimentional Lulerian
finite (iliforence code called SOTL was uvsed for this simulation of a cylindri-
ral droa projectile dmpacting oL nornal incidence into a limestone tarpet.
For this initial calcvlation, o Tillotson cguatien-of-state description for
iren and lincstons was used with no shear strength. Results obtainaed for
this proliminary calceulation eof the forinition of lleteor Crater ave jn good

i o this caleulation

nts. A color

arreersont with field measuren

was prodoced uging cospuler-gencrated graphics.

AWerk performed under the awspices of rthe U.S. Dopartmeat of Fnergy by the
daratorsy under contract nurber W-7405-EXG-48.
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EODTCTTON
A covautational toeebingue used successfully for subnurface explosion

toal., 19744

e, 1UTO Burton, ot 21, 1975 U

cratering (Gl aad

nded Lo refeorite

Cherry, 1907)  has been o

Terbune, ¢l ol 1070

impact cratoring, Metcor (Barrinper) Crater, Jocated betveen Winslow and

Tlesstaff, Arizona (approcivate courlinates 3517 111°R), vas selected for

Lhis computer sinalaticn, Tt hus alro been knovn as the Canyon Diablo

w1 Metenrite Crater,  Barrvinger Mevrcorite Crater, Coon iwte,

Crater, Ariz
and Crater Yound,  The Coayon Dianlo Meteorite, mamed after the nearest
post office, Torocd the Maeor Crater.  The carly-tine or dvnaric phoae of
ithe meteorile impnet was treated with a two=dimensional Imderian finite
difference cod called S0JL, written by Johpson (1977).  The SO cede was

¢ noderivetive of the cuovlicer DORT and RAROIL codes (Johinooay 19760, 1971).

This treatment was sipg lar to that used in a pioncering offore by bjerl (1961),
but it was cxtended ta o tipe of 0.5 seconds or sboul a focror of ten Intoer,
Reeantly Mheefe and Ahrens {3976, 1977) have rveported caleulitions ginilar

14

to that by Bjork but placed their erphasis on ejecta dynziics.  In the

ar ballictic phace extrapolation was usced to

prosoat work, the Tate ti
corpute the (inal eracer profile after the veloeity ficld had been established
in the wound rogion.  This was done by computing an ejeocts distribution based
on ballistic Lrajectorics followed by a slopé' stability adjustment. Para-~
weters for the ballistic phase such as bulking {actor and slope stability
cangle were selected fl.'m'. carlier explosion cratering studies (Bryan, ct al.,

1974).
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Thin cownutaticne) goady of fupact cratering vas wotivated by recent

craturing neetineg held at the WS, Grolopical Survey in Flagstaff, Arizona,
The Syrpociun. on clanctary Cratering Mechanies (sce Roddy, et al., 1977)

wis hele in 1975, folioved by the Japact o Leplosion Craterin: Workshop hield

in 1977. 1a 1941, dmsact and plosion cratering vere topics ot the

Ceopnyaicat Jaloratory - Lawrence Radiation Labaraiory Crotering Sywmposium

held at the Coophveieal Taboratory of the Carnepie Jnstitvtion in e

washineton, D.C., (¢ Nordvle, 1901).

tinns

Metoorite b

Ung]o I ond Fipure 1 show some est ted values for the Cunyon Diablo
or purrincor reteerive impact velocity, mase, and kinctic energy which formed
Mercor Croier, Sriccna. Jleide (1Y57) reports a range of about 15 to 45 km/s
for ueicorite velocitics., Fstimates of mutcorite impact velocity were dis-
cusscd Ly Bierk (1901) in the range between 11 and 72 kwn/s. Escape
volocity from the carth g about 11 km/s while the largest velocity any
wmerher of the colar svsten can have with respect to the earth is z2bout

72 krf:n. Shacmaker (1977) reports carth-crossing astevoids with velocities
with respeet to earth ranging betveen about 15 and 40 kmf/s. At Jeast some
of the roteorites ﬂnvo asteroidal origin (Wood, 1968; Chapman, 1976;
Wetherill, 1976). Based on the fact that some of the neteorite was fused

by shock, Shoemaler (1963) has calculated a mininmun icpact velocity of

9.4 kn/s. The ninimum impact veloecity regujred to cempletely vaporize a

meteorite has been estimated to be about 14 km/s (Zel'dovich and Raizer, 1967).
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Presumably a sipnificant portion of the meteorite rnass was veporized in the

forruation of Meteor Crater, arizona.  Thus, the ierpect velocity for the

Barrinper meteorite was protahly hetooon shout 1 oand 40

or velearite wass span sore than two orders

Fetimites of the ki
of nagnitude (see Table 1 and Figore 1), Samplings of tiny spherical iron
droplers in the arca of feteor Crater by Rinehart {1957) and Nininger £1956)
sugpest that the mass of the meteorite was at least 107 ke or greater

tcd the impact conditions as shoun

(Baldwin 1963). 1n 1929, Moulton cs!
by the box encloscd by dashed lines in Figure 1. lle caleculated an
impact velocity between 11 and 24 km/s und mass between b.bx107 to 2.8x109
by considering the work required to shear rock at the crater walls, crush
and pulverize the rock within the crat-r, and heat the metecrite and adjacent
rock wass.  Istimrtes wade sinee 1929 bhave tended to be within the range
of Moulton (sce Vigpure 1).

Kiningevr (1961) found meteorite fragments around the area of Metcor
Craty~ having different chemdeal compositions and sugge§ted that at least

five different nasses were involved., He indicated that a large single mass

was probably responsible for exacavating most of Metenr Crater since 90 to

95 percent of the fragments appeared to have come from & single source
{Fininger 1953). Despite these variations in chemical composition, results
from rare gns; shock, and trace element studies have p;ovidcd strong evidence
that Barringer meteorite specimens found near Metcor Crater were products

of a single fall (Moore et al., 1967; Keily et al., 1974). Tn general, the

. . 7 ¢
estimates of metvorite mass have larper spread (Gibout 1x10° to 2&10) ke)

than corresponding estimates of impact velocity (abeut 11 to 72 km/s).
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sjork (1951) reperted his calevlation of lVeteor Grater vsing an juoact

velocity of 30 km/s and a muss of ].]x]ﬂ7 ke (1.1 megaton This c¢aleulation

in reproesented b the hull Carteed (L) in Pieare 1.0 Biovk von

th- calceation to a tim of ahont 0,09 s with a tavget sterial ceproesented

by toff. After analyzing this enlenlation, Bjork estimuted the actual impact

cenditions to be on a 11i of coratant monepiun lusbeled, "7 ia Ficsare 1.

Lines of convtant kincetic enerpy are also shown in Figure 1 for values of 1,

10, and 100 negatons.  Shecemaker (1909) cestimated values of near 1.7 we.atons

(1). Shocmaler and Kiclfer (1974) recently raised the estimate to 4 to 5 mega-
tens (F).  Jehnson (1960), Roddy, et al. (1975) and Dence, et al. (1977)

have made estimates of 5.0, 4.0 and 4.8 megatons, respectively (sce Table T).

Values selecled for the initial impact conditions in our caleulation are similar

to thoese by Shocmaker and Kieffeor (1974) and leddy ot al. (1973). Tor our cal-

culztion, thce neteorite miss, impacl velocity, and corresponding kinetic
- 8 . s 16 ,
encrpy were aseuned to be 1.67x100 kg, 15 kmr/s, and 1.88x10 J (4.5 megatons),
resacatively,  This kinctic eneryy is copparable to an estinate for the
’ 16

enerygy cxpended during the great velemnic cruption (on the order of 10 J)

which destroyed Krakatea in 1883 (Shore, 1973). In wmost cxplosion cratering

calculacions, it is possible to model the oneray scurces to a high degree of
acvuracy. In contrast, the corresponding initial conditions to sirulate the

energy source for this impact crater calculation werce vary uncertain.

. X . 15 5
FA megaten of energy is equivalent to 4.186 x 10 J or 10lJ cal. '



Lt ions

e thin cadentation, the coteorite v treated oo right circolar
evlinder with Tengtic and dieter of 30w irpactiag o vworaal incidenee
to the norizogtal yground susfoce represented by a semi-intinite half-
space, CThese peonnrptions introdnecd o vertical axis of rota fonal symuwetry
which persdtted o two-divensional cather than o threce-dinmensionad oirala-

tian of the fupact cvent, Lok (1901), who made sinilar assurplions,

czplained that bazed on hypervelacity cunporiments, impact crater shiape

and siae do o not o5 e

sSdesend oo projeet iy ey troceide d 1l
the aspect vatio (lenpth divided by diamceter) were near aity,

Materiale in cor calealation were deseribed osing the Tiltotson 71967)
et fon ol st ate ddeseriplion (oo Table 00y The wichel-iron meteorvite,
containioe abont D04 peveent cobalt, 7.3 pereent pichel, and 890/ percent
. . _— 3o p :

Pren el o density of abent 7,810 kefm® (Moove otoale, 1967)0 In the eal-
s . . S o 4
enlation, the meteorite was Created as iron of density 7,800 ke o Roddy

et oal, (1975%) deseribed the cjecta as about 69 perveent Xaibab, 34 pereent
-r

Coconinn, and

and b pereent Moenkopi. They reported that the

Kaibabh fotamation w

about 80 to 95 wm thick and consisted of sandy dolomite,
dalonitic timestene, and minee colearcons sandatone. Farlicer Nindoger (1954)

55 pereent Kaibaly 13 pereent Coconino, and 2% perecnt Hoenkopi

reportad abont
based on i excavation of rubble on the crater rim,  The Hoenkopi, Eacbab,

Toroweap, Coconina, and Sopai Tormations al the jnpacl site vere treated

simply a single Tieestone notervial of dencity 2,700 /. this density

. 3 . ]
is higher than the 2300 Lgfwm density reported by Bepan and Hinze (1975).


http://miiori.il

Limentone was selected to approzime the jmpact gite heeause the deserip-

i wirs voadily availal be (Allen, 1964y dnd the Faibah tormation made
wp the rjor component of the cjeeta, Shocrober (1963) v d o density of
20 kpedw i b o ie s Barticer Ljork (1aai) had uaed tat @, a poroas

voleanio yock o with o dewity of 1,700 kp/m 1o moded The impact sile,

In thic initial catlentation ihe wateriala had po shear strength. Bjork

enlially hydrodvnasic in

C1of ) sy that the heperwve docity mpact wien
patare heesmee the precomes involved preat by eoceeded the strengths of the
supported to o

Larvg ol matey dala. To a cortain depree Lhin assompt fon win
titer of 0,9 secomds by onr second S04 caleniation vhich incloded matevial
atrenstha, T thics catenlation the Lirveton vas modebed eciag o shean
wodlun of 30 Gl cud g ovon Mives vicld strenpth of 0,02 Glas Preliminery
alvein of ot ahiew siailar betb wior fo thene two calenlations. The
snential by unchanpged vhile the cratey dopth, dip heipht,

croter li i e oo

Ly about

croter volumes, and meteorite penctration deptle veve redaced
Eopesceent in the eateutalbon with elostics plastbe abvenpthe Swift (197D
Tae demonst ratea that both orater depth and vadine depend on waterial strength
in his calenlations of hiph-yivld noclear surizee explosion ceratering

plicnomena, He pointed out that it Qs fmportant Lo have a greater ander
standing of post stoel~conditioned recponse of rock. This understanding
coupted with computationat stodics cephonizing Cimes well bevond 0.5 seconds
fwportoace of taterial streovth in the Tate

will be required to quant ify he

time formation of Meteor Craver,
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A small portion of the coupotational mesh about the impact point is
shown in Tigure 2 at zovo tims vheon the metcorite (iron projectile) initially
strikes thie pround surface (lir-stone target) located at 72 = -200 m.  The
impact velocily was 15 kn/s, half the 30 km/s value used by Bjork (1961).

The cylindvical metcorite was 30 m in length and diametcer compared with the
value of 12 m used by Bjork, so that the metvnrite mass was nearly sixteen
times as larpe as the mass used by Bjork. 7This 30 n diamcter was based on
estirates by Roddy ot nl. (1975). At this time the meteorite was represented
by 32 zones 5.75 m on cach side as shown in Figur2 2. This is relatively
coarse <coning, at least when compared with the mass of the largest recovered
meteorite fragment reported by Rininger (1961) - smallest zone mass:

l.3x106 kg va largest [ragment: 6.41102 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 increasing in both the -+ and -Z directions.
The outer boundaries of the calculational rmesh were at about 3,000 m away
from the impact point, suificiently removed to avoid non-physical boundary
effects., The SOIL grid used during the entire simulation consisted of

about 11,000 zones, with 123 zones along the Z-axis and 91 zones along the
R-axis. The repions above the limestone consistrd of jron and void (rather

than air) zones which cxtended to the boundary located at Z = G m.

Some_Calculatianal, Results

A. Dynamic FPhase
Figures 3a thyough 2d show the caleculated moteorite impact at
about 0.0, 0,5, 1.0, oud 1.5 ms on a 100 x 100 m portion of the grid. The

velocity veetors indicate the divection of the flow with rhe maximun length
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representing 100 m/s. Velocitices execeding tiie maximuwm value are shown

as vectors with only hialf of an arrov head. The MKS syatem of units was
usod in nost of the Tigures generated with the TENPLT computer graphics

code (Burten and Snell, 1974). Material boundaries are shown as line scg-
1<nts conneeted at right engles.  The Tulcrian SOIL code permits ained
saterial zones or for this ealcvlation zones which contained both iron and
Jimestone., Tracer particles, cach shown a8 an asterisk in Fipures 3a-3%h,
were uswad Lo help define material boundarics and mass displacements in this
Eulerian calculation. Initially. they were placed just inside the reteorite

stone along planes at Z = -200, -250, -300, -350,

boundaries aud in the 1i
and =400 n.  Both vaporized iron and limestone began to jet upward and
radislly ouvtuvard from the impact peint. "igures 3e through 3h show the sane
scguecnce at times of cbout 2, 3, 4, and 5 me. Veporized iron with a density
less than 10 kg/m3 is lebeled as a separate material. AL 2 ms {(Fig. 3e),
the back of the metcorite is at the original ground surface. The front of
the peteorite has been slowed down and compressed so that the length,
originally 30 m, is now compressed to about 20 m. Between 2 and 3 ms, the
average velocity of the Ifront of the meteorite has slowed to about 8 km/s.
At 3 ms (Fig. 3f), the veteorite has penetrated to a depth of about 30 n,
the original length of tlie meteorite. In Tigures 3g and 3h the nmeteorite

is vaporvizing cnd breaking apart. These computer-generated figures parallel

the pheasmenclogical scguence of cratering presented by Roddv (1978),
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This initial ealeulation contained only limestone and iren materials.
In the following discussion we assumed that  Lhe differences in shock
impedgncu mad other water?al properties across the actual material boundarics
were neglivible In order to infer the locations gh&ru shock metamerphism nipht
have occurred frowm our calculation. Figures 4a through 4d show a similar
sequence with prassurc contours on a 100 x 100 m portion of the gprid at times
nf about 0, 1, 2, end 3 ns with peak pressvres of about 0, 433, 260, and 177 CGPa,
respeetiv.ly. The neal pressure of about 423 GPa was in ood agreement with
Shoemaker's value (1960) of 450 GPa for an iwpact wvelocity of 15 km/s. The
isobars represent pressure values of 0, 3.8, 13, and 50 Gla, respectively.
The values of 3.8 and 13 €CPa were sclected to  show repions where
high pressure polywarphs of silica, coesite and stishovite, might have been
formed (Kauln, 1968). Coesite and stishovite have been  found at “Metceor

Crater and wvere forrmed by the shock wave in the Cocopino sandstone originally

located bLetween the estimated depths of about 90 and 320 m below the original
ground suriacce (Shoemaker and Kieffer 1974). Shocked Coconino Sandstene

1] .
specimens {rom Meteor Crater have been analyzed with a transmission electron
microscope by Kiefler et al. (1276) and four phases of 5102 have been
identificd: quartz, coo. ite, stishovite, and glass. TFigures 4e through 4h
show the corresponding velocity f{iclds and pressure contours at about 5,

:ures of about 115, 52,715, and & GPa.

10, 25, and 50 ms with peok pres
respectively The shock wave beosan entering the Coconiro sandstone located

at 90 m depth at about 5 ms. The meteorite was lagging the shock front at
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this 11 ¢ and 1caalied thia depth at about 13 1w, Fioures Ae and 47 show

a M7 200w oportiven of the crid ehile T 00 A ond Ah hoo a 600 5 6DD m ‘

portica of the girid,  Tijure D ohows oo™ preasure ve dopth belaow the inpace

repion wlovg the @ oanis. Tue calaulalad pedk pressure io the Coconino

snnd.’ir(m‘(- ig abaut €O CGPa at the depth of 90 m. Based on this caleulation,

stichoviie night be Jored Lo o omati=an joitial depth of about 1758 n, A

Sinilarl: | cocesnite wdzht be formed Lo o 1.ax initial depth of about 320 n,

Lhie hottoin of the Coconine Soodutone, _
Tue enerpy partitioning between the iron and limestone is shown in

Figare 6 in terns of kinetic and internnd encrgy for times between 1 oand 100 ms,

The velues are cxprensed in maercent of the total original energy, At 1 s,

the Iven weteorite has sbout &7 percent of its original total cnerpay (abhout

79 pereent hineiic cnorey and about 8§ porcent intornal energy). At 3.5 s, =

this value has dropped to about 50 percent (about 38 percent kinetic cnerpy -

—
and about 12 percent internzl cnerpy). AL 10 s, 83 perecnt of the total
encr 7 bas been trapsferred into the lirstone. A1 100 ms, the Yiwestone -
’ .

has ahoub 36 percent of the coriginal ciuerey as kinctrc envrav ond about .

58 percent as internal cnergy.,  Some mass of the motcorite and linestone 7

targel 1loft the calculationsl grid at the uppor bovadrry at 2 ¢ 0 o located -

200 1w zbove the ground surfaec.  Tais mass reroved from the caleulilian weos -

relatively small and included ouly about 2 percent of the rotal energv,
2 neglipgible aneunt compared to the tetal rass ejected from the coater,

Esscntially the centire mass ef the moteorite was vaporized at late times

n the calculation.

i
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The pooctration depth of the metoorite o chowa in Fignre 7 as g
function of tim-.  In the caleatation the front of the oojectibe continued
to penetrate downward wat il a dopth of about 270w wos 1tearhed ot about 0.3 5,
At this Jote time the dron vies a pon with o density Tews than abouat 10 k;‘,/l:l’i.
Kininger (1951 reported that undistuibed sedinents were found by diitling
to depths of abont 300 to 370 w.  Results for jork s coleulation vhich
assmesd on o inpacl velocity of 30 s Toto the toff are aluso shown,
Althouph ont calenlation naed onty Vimestone in the tarpel matervial, it
vas Jpteresting, to note the Ciwe and eoerpy of the metvorite when it reached
a poncteation depth corresponding 1o the dopth of the Coconino Sandatone
(about 20 ). Fhis vecurs at a Lime of abont 13 s when the meteorite has
rransierred about 87 perceat of Tis coerpy to the tarpot waterial (Gee
Pigare 6). this is sovevhot larpor thon the 30 La S0 poereenl values estinated
by Niuningev (1956),

High velocity jrpacl experinents were perfoveed wiing metal spheres
and Larpeets (Summers amd Charters, 19595 Baker, ot al.o, B9800 Sumers and
Charters obtained 1the enpirical capression listed in Table Vil Lo tit thelr
datas Psing an averapge shock speed Tor the Timestone of 9% kw/s o this
forvwla, we obtaln a peactration depth of 290w thin ditfers Fon om
caleulated value of about 270 w by about / pereent. Deine the sonice value
of 3 kn/s (Ackermmm e alo, 1979, we obtain o laryer value, 48 ., ‘(lllik
(1901) cstimated o penctratson depeh of about 3700w Goee tabde F for his

other impact estimat2s).
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Colnd

Pivone 3 Cr e ity o bransdonl vrates ot 00 e b
as contonrs of corcctaat dendits vairh o valones of log Ju, Sy 1RO L.
10,000 Ig;/':.$ O LI = e o jon ot Lhe prid, ihe coentowrs can be
wsed Lo e Chaecte an clreetive dopth o bt tor ibe o cfeeive toacation
of Metvor Cratere V5 th e dower poart of the cavity s 10t Lo o hniaphere,
the ventesr bien obout 85 6 Lot the oripiaanl ctoumnd rurtaces The tetearite
Foenhoary shon tn dnc Tig aoe 7 0l the satwe Cire adne Tids o henisphote Ceutoered
pear the 8% wodepthe Thon, even thoueh the apparent cocerpey sonrce aiprad ed
decnvand from che saclove doltlacding fwpaet, 0 appeats that one may e an
Citertive depth of=lae ot o Whout &9 m o ta compare Hoteor Crater wothe explosion
Ciateas,  Fotiacden tor the eftectfve conter of eieapy o) apparon! oripin
af the shock for the Joraation of "eieor Crater have hoon reported.s ik oo
vere abont BA, S0y wand 10 1o 1w by Jolen (Eoey ) vl in tie i) and
Shociat e C100) ) v pevt ively,

the trocer particles in Figure Y ant biae the vty pooath leading to
the chareeterintiv i uplitte The overtwmnine of thi- thap an U 10 were
Binged protably vould vecar 20 o tesult of the natecial cotien in the ravis
tationald Siedd tor g calonlatbion sun to Jabeg b O Lo (e sy b
discusred vini Lo belieior obocrved oo coplenion cratecine caloulation,

Sl the crafet tim

iy proerusably Jed to the fnverted sorat iy

as deseribed by Shocaier (1960 aoad Roddy o1 gl (1490s).
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P fivie) crater o it s vere o calonleoed el s naliintie

throwent treatice fotTasd b o0 b lity adiet o ot alter e ey 0y
plose ¢F the satontavien wivhe o 1ttt fegies woed sy DTG -

tion., ialnoviaes acco pliched o Gt ion of the cirlu

(Burtc, cad Suell, 1974) Lo po loprocese GO0UL resulta at o partbongare Uiree.

Ine vl cily fietd s DUh e it choea for oo P00 20000 s nortien o0 the grid

W, Contonr Yines of constant saced (the ccalar mapnitnde of

raterial welocity) rangicy fron 10 o 1,060 w/s are shown sunceric posed on

velocity ectors.  The main chodl front Leo, passed hevand Lhis perdion of

the prid and at thios time is Jo:rated betwoen 2,000 aa: 3,000 from the

oviginnl & pnel reofon,

The ballistic treovent oocuad o conslbant praeein ot

carth o vith 6 Gonoc T e

R TTITETS B TEH PRI caled Lo s Tt

had sofiicient vertical velocit s to renelr o preseribs

, titen to
be the orizinagl grownd carcface. 17 this test was soticiiced the rone s

! .
consicered to be part ol the efcecta and its mass was added to the cjecta
distributicn at the appropriate rasge. )T this test failed, the zeune mass
wos left e that location and considercd to be part of the non-ciccta.

]

In Figure 21, the line which eutlines the hottom of the cavity and terminates

at the original pround surfoce marks the boundary belween the calculated

ejecta and the non-cjecta. The second profile line above it in Figure 11
shows the superimpesed vcjoc"a digtriburion vhich pesks near a radius of

500 m. The volume of the ¢jecta has been increased by 20 percent to account
for bulking of the cjecea dur teo the random orientation of the ejecta masscs

Tactom of 1.2).

(a bulki




Puooore b e e poalotee Poererer pralilo vhivre a slope
TN e cd e e e b syl andd the v ot of the erater s
fiv e A Foa et [N I ST I S TR IV foctor and 35 derees
FEEP L Peow ooy i e b b o cartier g losion eratering,

cie sl e Geres tn e WA i vale e of thoe pevaietors fae

vtudicena, the decarca-

Yot Lo rore genbictie b tatare St e e

chewa dn Fiyare 12,

finel crater ealealates uaing o belling factor

of J.0 fno belein, g Tabde IV shewn Ut this appoars to be a alightly

bot o fit ter U ol morved Jitta. Dffvets of ariciaal balling cey have

divcey s o D de to reconpactton of the eiccta duries the inferdering woars.,

as a functicen of ranpes Figore Mih shows

oo Lhe Tianl eiveis thickm

dote compere with caperivental values reported by Doddy

25,000 m. A similar trear-

The culeulated chaur yonge s oo

fne hwnng orowity € = 1062 m/e" in the ballistic treatrent is shova in

ment o
Yieare 120 ihe Fiaal crater profile is lavger thon the terrestrial craler
(sce Tioure 12). Ljecta dipth va range dis shown for the lunar case in Figure 16

which Lo compared with Figure 1l4a.

A comparison of the calculated firal crater profile fraw Figure 12 aad

in Figure 17. Table 1V

the actual cvatey profile (Shoemaker, 1901) is show

surratisoe geveral crater greensiens from the actual event and the calcula-

tion. These caleulntional results are in pood apreement with Meteor Crater

in spite of simplifying assumptions. Theose results, using a meteorite mass
v aS , . ve 4 . ;

of 1.86x1% kg and impact velocity of 15 km/s appear to fit the evidence

although other sets of irpact mass wand velocity camot be prescatly excluded.
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Future caleulational atudics are planned which will use a rultilayered
frpact site and nore appropriate naterial desoriptions for the YMocukopi,

Raibah, Toroweap, Coconino, and Supai formitions. Otie r values of iupact

s.0 Such detailed sinula-

nasn and veloeity will be used in later analy
tions should catend our understanding of fwpact eraver forration whea
corpared with Lthe available geological evidence,

-

Motwor Crator and N orian Craters

Explosion cratering dala hos been used to make scaling estimates of
impact kinctic enerpics involved in the formation of large impact craters.
The following scaling approach is similar to those of Shoenaker (1960)
and Reddy et al. (197%). Dur appronch differs slipghtly by considering the
data buse of cleven buricd nuclear cratering cevents conduct-d by the United
States.  These events arce listed ia Table V (after Nordvke, 1377). Tigure 18
shows scaled apparent crater radius SRA vs scaled depth-of-burst SHOBR.
Apparcut crvater radius and yield data for each nuclear cratering event
vas used to caleulate a kinetic enerpy for Metcor Crater (sce the right-hand
colum of Table V).

The nuclear explosion sites Jisted in Table V are generally dry rather
than wet sites which wmay be representative of the arid region at the Canyen
Diablo impact siie, although the Jocscion of the water Lable at the time of
impact is very uncertain. Shoemaker has estimoted that the impact occurred
20,000 to 30,000 years azgo (see Raddy, 1977). Values shown in Table V range
from about 1.7 to 46.mogatons. Siuce Bupggy was a row cratering event con-
s.sting of five charpges and Sulky was deeply buricd producing a mound or
retarce rather than a crater, they were deleted from further considerations.

Figure 18 nhows significantly smaller scaled apparent cratdr radii for the
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pear surfoce event, Jelaie Bov, s el aa the deep event ralanquin,  because

the oot on nts prodict very hich enorpy valee o for ‘:F fu Tohle V, they
5
vore alee dbcardeds bhe s el Lband oed Coviation for W for the
ver seven events vere A% 1 1.6 pepatens, This interval includes the

cotimates of dolmson (1600) 5 Shoes Dep and b fier (1974 Roddy ot o3, (1975)

)

ecee weon 1 (19ET)

sun (1090 an liatod i Tohle ).

Figure 19 shows sceled apparent crater dopth SDA vi; scaled depthi-of-
burst SDOB.  Toddy ot o1, (1975) have reperted a value of 150 m for the
anparent crater deplth of Meteor Crater {sce Table 1V).  Our calculated value
of 194 r was deeper. The sended cuperinenta) value fall. below the corve
for nuclear cratering cxperinents jn alluvium in Tigure 19, Although the
sexled caleulsred vadue Jies acarer the alluvivs curve in Figure 19, this
ray be misleading bocnuse nuelear covatering data for other geologic nedia
are not available for this scaled depth-ef-burst. Roddy (1978) estimated
the apparcnt Jip erater depth, the sum of apparcat crater depth and crater
liy beipht, to be in excess of 200 m. In Figures 18 and 19, Meteor Crater
falls cleser to Jangle U Lhan Teapot ESS. However, Shocmaker (1960) compared
both the nueleer explosicn craters Teapot ESS and Jangle U with Metcor
Crater and reported that Teapot ESS possessced ncarly all the major structural
features of MNeteor Crater. In spile of these remaining questions, the results
frem cur preoliminary conparisons ave cacouraping, It appears that Metcor
Crater can he fit iﬁro thic porulaticn of subuuriace nuclear explosien craters
(Figures 18 and 19) using an cifective depthi-of-burst of about 85 m and an

encrgy of 4.5 megataas,  Further reflncaents c be posuible in future detailed
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21 approach weed to sivalate nobsuriaee czplonion crater-

sulaticon of the forvation of

ing he on extonded ro oan frpact eratering o

Yeteor Crater, o sitndo, Lowl-chaperd crater,  he enleslaraed resnlts for a

il

metcorite fupactine at 15 fanfa vith a neco of 10672107 Booare in pood agprec -

which will vary irpact

vent. with the obaerved arater. Putvre studics are plons

erey peolopic description

conditioi s and incerporate aouore pealistic nuleil
of Lhe irpnet site at Moteor Cratere Additional site characterization, such
as, desceribed by lerhune and Corlson (1977) for nuclear cratering desipns,

may be reguired for detailed computer simulations. A computational fracture

model developed for coal fracturce and conticlled blasting studizs (Burton

et al., 19773 bButkovich et al., 19775 and Bryvan, et , 1977) will be used

in an attempt to corrcelate with observed fracture repions.  Future studies

arc also plauned for wmodeling other planctary and lunav izpact craters

including the larger, more complex craters with centrnl uplift and ring
features.

Computapional tools, such as those demonstrated here, have proved to
be very useful in design and analysis of subsurface explosion cratering.
Successful explosion cratering studies have often combined well~iastrumented
experiments with com, anicn theovretical analyees. In the future, it is
anticipated that such couputational tools will play an increasingly important

role ir analyses of ifpact cratering.
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EY AT 1 \'z';x'\]i(.‘ﬂ poortretion fog sl by O e and

Choarters (0,

273
: /
pIg s 728 PV,
.
[ ¢
dr owrojectdde dimeter 30 n

projectile density 7,000 1‘;;/)':"

. o - 3
target density 2,700 ¥plun
Vi projectile fnpoct veloeity 15 km/s

: target sonic veloeily 5 kln/s*

P: penctration depth P =29 m

*
The value € = 5 kmfs was clionen as an estimate of the averaype

shock velocatly during the first 0.5 s after impact.



APi i Crter
Fae ()
Crater

Aypatent

Dejth (.

Crater

(.M

Appayent
Volurs

Apparcut Tip Crater
Radius 1)

Appmient Lip Crater
Height (1)

Apparent Lip Crater
Volure (137)

A v oo f e leutoted nd cctund crater
3 feus for C ccor Crater, Arivoens,
JYEIRS! o -
iy, ot ol JATREEN Foctor 1.2 Pl e e tor = 1.0
(1ush) 3" angle 35°
Pervent Pereent
Difference Difference
518 485 - 6% 505 -3%
150 194 +29% 194 1297
7 . 7 . 7 o
7.60x10 6. 3510 -107 6.99x10 -8
593 606 +2% 606 427
47.0% 78.0 1667 66.9 +427
] 8 . . 8 o
1.25x10 1.35»10 +8% 1.32x10 6%

*
Roddy er. al. (1975) iundicate that the original erater 1lip height has been
reduced by crosjon during the Sotervening 20,000 to 30,000 ycars.
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TABLE V. An energy estimate for Barringer Crater Based on U.5. nuclear cratering dara,

Scalied
A- pazen Apparent Zaerzy of
Azparent ‘E{i:e:: Crater Barrinper Meteovite
Depth Crater n;,ji; ate =N
Yield: of Burst Depth ”‘4“ S WG
W o33 2 CA T
Medium (et) () (=) (=) -~
1. Teapot ESS Alluviea® 1.2 20 27 4s 3.9
2. Danny Boy Basalt”  0.42 34 19 3 .9
3. Sedan ALLUViumC 100 124 a5 R 30 5 7 3.6
4. Cavciolet Rnyolite® * 2.6 52 37 5. 3% 18 4% 5.7
5. Schooner Tuerd 35 108 63 130 | 38 22 46 3.9
6. Alluvium® 1.2 5.2 16 40 4.9 15 38 .3
7. Tuff® 0.115 i 11 31 s 2L 5) 1.7
. £ |

g. Johnnie Bey Alluviuna 0.5 0.53 9.1 13 0.6 il 22 I3
9, Pzlanquin E’J\yolitec 4,3 85 264 36 i 55 6 23 37

H
15, Suliy zasalt’  0.087 27 - - 55 e - -
11, Buzms b l

(rew crater) Basalt 1.1x5 41 21 38 % 40 20 37 3 7.9-40

i

References: Nordyke (1977); Roddy, et. al. (1975); Vortman 1970}, SAMFLE: 1-7 4.5+1.8{M [€As)8)

Water conditions:

a. Dry b. Dry (<1%) c. Dry (~20%) d. Wet (~10%) but unsaturated.



~ Jocupiete lint = others on fipures

Figure 3o ~ h Velocity 1icld; specd contours

Figure 4a - 4l Velocity ficld: pressure contours




Mete >rite mass: M(Kg)

woer———— T
k —— — Kinetic energy = constant

\ = 1/2Mv?
\72 Mv? =4.2x% 10"y
\ = 100 megatons
r-ér\--|A A:  Moulton (1029)
t 7 e 8: Opik (1958)
! i C:  Cpik (1961)
! \ D: Kopal {1966}
ol N E: Baldwin (1963)
R AN F:  Shoemaker {1974}
N AN G: Cook (1964)
I\ 1 H: Sun (1970}
: \ : I: Shoemaker (1960)
) | Thi J:  Beals & Innes (1964)
1 D\ amihis K: Bjork Post-calculittion
%' 1 calculation .
: E ’\,\’ : ff""“"e Momentum

[IVRP TP

L: Bjork calc. (1961)

108
24,2710
= 10 meginons

\ 12Mv? 24.2x 10'°J

\ L = 1 megaton
[ 11 1 . O NN T A Y
10 10°

Meteorite impact velocity: Vim/s)

Some Estimated Tmpacl Conditjouns
for Meteor Crater, Arizona
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