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ABSTRACT 

A computational approach used for SVIIJ'-̂ I'Tf ace explosion cr;it crinp, has 

been extended to hvpcrveloci Ly iupact crater jnj;. XoK or (liarr inp.or) Crater, 

Arizona, \\-.y, selected for our first computer sir.ulntion because -it js one 

of the ' (r.t llioToi'".iily studied craters. It is also an excellent csar.plc of 

a .sirple, be"..']-; !i," ;;ed crater and in one of the youngest tcrrest > i al. impact 

craleis, Initial conditions for this? calculation included a lvetoorit e impact 

vclccii) of 15 !.[.i/f., r.ieteoiitc nass of 1.67.130 I;;;, v.'ith a corresponding 

kinetic r-.icrfiy of }.fift::10' .7 ('..5 megatons). A U.:o-diir.c:y.ional Eulerian 

finite dif/\vence code called SOTL was used for this simulation of a cylindri

cal jrn.i p;eject J le impacting at normal incidence into a limestone target. 

Tor this initial calculation, a Tillolson e<;uat ion-of-s tale deseviption Cor 

iron and limestone \:;IH iised with no shear strength. Kesults obtained for 

this preliminary calculation of the forn.M ion of llctoor Crater are in jjood 

np.rcer.nt with field r:cnsurei::ents. A color :.:evie ba.̂ .ci en this calculation 

./as predated u.sin.<; coi',:puLOi---j',eiKratod graphics. 
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A COIVH<; a t i onn l I ( t b-i i r|ue uaed .Miccesr. f nJ 1 y fo r s u b s u r f a c e , e x p l o s i o n 

c r a t o r i n ; ' . (CI in ."': i ci 1 ho:, .en , l ' ;7C; • ,ajr! or., U j'_ 1 . , 19', ' ' , ; : : ; v a n , ^ t .;_<. , 197 ' . ; 

T e r h u n e , c_l a l . , l ' l ' / ' l ; aaa C u r r y , I'l'-y) h a s b e e n extendi•• ' t o v.i t .oor i 1 •> 

impac t c.rat c r i n?,. ?Vtoo i ( ] ) n n i n ; M r ) C r a t e r , l o e . i t c d b e t . v c n '.••' i ns 1 ov: and 

l'l.-',-; s t a f f , Ari:'.o:i;i (appro. . . ' : - • l i e f o u r •! i nal <-s !)V!' l l . l u l . ' ) , is-,s s e l e c t e d f o r 

Lf; if; compute] s i i;.u] al. i < a. I t ha:; a l s o boon k n o i n as t h e Canyon D i a b l o 

C r a t e r , A r i z o n a Met o n r i !(• C r a t e r , l i a r r i r i i ' e r K c l v o r i t e C r a t e r , Coon r . ' . i t t e , 

and C r a t e r "ounr l . The Canyon D i a b l o V o t o o r i t e , named a f t e r t l ie n e a r e s t 

p o s t o f f i c e , for,: . .d t h e " - u ' l i r C r a t e r . The o n r l y - t i ; . T - or d y n a r i c p h a . e of 

t h e m e t e o r i t e i n p a c t was t r e a t e d K i t h a tv :o-di i : ' cns i o n a l K s l c r i a n f i n i t e 

d i f f e r e n c e eod • c a l l e d 5 l ' J ] . , w r i t t e n by J o h n s o n ( 1 9 7 7 ) . ' the Sfill.. code was 

a a d e r i v a ! i v e of t i le e a r l i e r DOXI* and RAIHUI. code r ( . lo ins .o i ; i<-'~/l>, 1 9 / 1 ) . 

T h i s t r e a t m e n t was 5; 'n: 'Lar Vo t h a t u s e d i n a pi on a o r in p, e f f o r t by H j o rb ( 1 9 6 1 ) , 

bu t i t K.is e x t e n d e d t o .- t i n v of f).5 s e c o n d s o r a b o u t a f a c t o r of t e n l a t e r . 

R e c e n t l y a ' k e c f e and Ahreos ( 1 9 7 6 . 1977) h a v e r e p o r t e d c a l c u l a t i o n s s i m i l a r 

t o t h a t by J'.jork b u t p l a c e d t h e i r 0T.pii.iKis on e l e c t a d y n a m i c s . I n t h e 

p i e s c n f VOJ'I. . t h e L i t e tir.c o r b a l l i s t i c p h a s e e x t r a p o l a t i o n v.'as ur.ed t o 

c o r p u t e tin- f i n a l e . racor p r o f i l e a f t e r t h e v e l o c i t y f i e l d had been e s t a b l i s h e d 

i n t h e mound r e g i o n . T h i s was done by corr.putin}- an e j e c t a d i s t r i b u t i o n baser! 

on b a l l i s t i c t r a j e c t o r i e s fo].Towel by a s l o p e s t a b i l i t y a d j u s t m e n t . l ' a r a -

i . e t e r s f o r t l ie b a l l i s t i c , p b a c e s u c h a s h u l k i n p , f a c t o r and s l o p e s t a b i l i t y 

anj'.le were s e l e c t e d f io r , e a r l i e r e x p l o s i o n c r a t e ) i n g s t u d i o s ( B r y a n , c t a l . , 

J 9 7 s ) . 
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T h i s cot,-nit it. i ivi" 1 s u n l y of in .pact c i . i t o r i n g was m o t i v a t e d by recent ' , 

c r a t c r i u , - . u c e t in;-:; i i . j d a t t h e I ' . S . e c o l o g i c a l Survey i n F J a g s f a i f , A r i z o n a . 

The Syi-por. iu : . on j'.l a:ic t a r y C r a t e r i n g Median i r.<; ( s e e Hooey, £l_ rj] . , 3 977) 

\:n:i ln- ic in 1'J'/•'>, f u l i i v a ! by MIL- Ji;:p.icl o - l !.:•:;> l o s i on Ci a l . e r i 11;-. Workshop h o l d 

i n 1 'J 7 7. !n : 9 ; i l , i r p a e t ant] e x p l o s i o n c r a t e r i n g \ . c r o t o p i c s a t t h e 

C< Oj.hy:-. i e a l i a l a r a l o r y - Lawrence U a d i n t i u i . L a b o r a t o r y C r a t o r i n g Symposium 

h e l d a t I b e O o p h v ^ i c a l I nbor.-jt ory of the: C .nneg i e J n s t i l o t i o n i n 

W a s h i n g t o n , D . C . , (s . -c N n n l y k c , 1961) . 

i ' o l . t o r ' t e_ J'- 'Jl- '- ' ' 1 ' J•- -V-- ' .LL^H,; 

'J able I r.nd figure 1 show .some, estimated valuer, for the Canyon Diablo 

or iJarr :n;::r reteorito impact velocity, r.:ar,r., and kinetic energy which formed 

Meteor Ci.tei, \i" i ,.:>.]. Ileide (1957) reports u range of about 15 to 45 km/s 

for meteorite velocities, Fstinatcs of meteorite, impact velocity were dis

cussed by KJcrk 0:.':']) in the range, between 11 and 72 kin/s. 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 kr./s. Shoer.aker 0977) reports earth-crossing asteroids with velocities 

with respect to earth ranging between about 15 and 40 km/s. At least some 

of the i.'teorite.s have asteroidal origin (Wood, 196S; Chapnan, 1976; 

Kelher.ni, 1976). Based on the fact that some of the meteorite was fused 

by shock, Shoemaker (1963) has calculated a mini nun ir.pact velocity of 

9.4 kn/s. The minimum impact velocity required to completely vaporize a 

meteorite has been estimated to be. about 14 km/s (Zel'dovich and Raizer, 1967). 

http://Kelher.ni


Presum.ibJy a significant portion of the meteorite lass was vaporized In the 

foiT.Jl i on of .'\-leor Cratei, Ari-ona. '! tm:;, the ir.p;cL velocity for the 

Barringer meteorite i,;is p >-.:'., ihly ]..•:•...•: u ihout II and 4U kn/s . 

F.st imntes of the i;-->i r i:t;>-r pct«nr!te mass span r:ore than two orders 

of i:i.:i;nj tu-'lo (see Tahle I and Figure 1). Samp] ings of tiny spherical Iron 

droplets in the area of Meteor Crater iiy Rineliart. (1957) and N'ininger (1956) 

suggest that the r.nss of the meteorite was at least 10 kg or greater 

(Baldwin 1963). j n 1929, Moulton est imated the impact, conditions as shown 

by the box enclosed by dashed lines ill 1'igure 1. lie calculated an 
7 9 

impact velocity between 31 and 24 km/s and mass between 4.6x10 to 2.8x10 

by considering the work required to shear rock at the crater walls, crush 

and pulverise I'IW. rock within the crat'.r, and heat the r.:etoorite and adjacent 

roc!; mass, hsl iirintes nade since 1929 have tended to be within the range. 

of Moulton (see )'i cure 1) . 

Nininger (196]) found meteorite fragments around the area of Meteor 

Cratj •• having different ohe:.dcal compositions and suggested that at least 

five different masses were involved. He indicated tliat a large single mass 

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

95 percent of the fragments appeared to have come from a single source 

(Kininger 1953). Despite these variations in chemical composition, results 

from rare gas, shock, and trace element studies have provided strong evidence 

that Ilarringer meteorite specimens found near Meteor Crater were products 

of a single fall (Moore jit ill-, 1967; Kelly .e_t .al.., 1974). In general, the 
7 9 estimates of meteorite HKIBS have larger spread (about 1x10 to 2x10 kg) 

than corresponding estimates of impact velocity (about 11 to 72 kra/s). 

file://'/-leor


Bjorl; ( i 'Jul) reported h i s c a l c u l a t i o n of " c l eo r Cra te r vsi'.ir, an i::..)act 

ve loc i ty of V(! kni/s and a risss of 1.1x10 ky. ( 1 . 1 negator,:-,*) . This ea.leu] nt ion 

by ;:jijrl: is i\-pri sea ted by the lin ] ] ::• •;.••.• r.u''.' 'd (I.) in I'iyure i.. U/jofk v.'r, 

tli- calr u- at J (in to a L i ::r of about 0.0'i s with a . target i : i i i .crial represented 

by tuff . After analyxinj; tin's ca l t id.-jLi on, J'-jork es t imated the a c t u a l impact 

cca-ji t ions to be on a l i n e of co:*sta:?t momon tui'. l abe led , "I." in i'i.'.utv \. 

Lines of constant k i n e t i c energy arc a l so sho\:n in Figure 1 for values of 1, 

JO, and 100 megatons. Shoemaker (l'jf.0) es t imated values of near 1.7 ti'.e/.atons 

( I ) . Shoemaker and Kier fe r (1974) r ecen t ly r a i s ed the es t imate to 't to 5 mega

ton;; (F ) . Johnson (I'JfiO) , Roddy, at_ n_U (197b) and Donee, et_ ral. (1977) 

have made es 1 i mates of 3 .0 , 4 .0 and 4.8 megatons, r e s p e c t i v e l y (see Table I ) . 

Value?; s e l ec t ed for the i n i t i a l impact condi t ions in our c a l c u l a t i o n are s i m i l a r 

to those by Shoemaker and Kieffor ( I W ) and iio-.'dy _et _a_L- (197S). For our c a l 

c u l a t i o n , I lie- meteor i te miss , impart v e l o c i t y , and correspond] iv^ k i n e t i c 

e se ry / were assumed to be l . o / x l O 8 1:R, JS km/s, and l .SSxlO" 6 J (4 .5 r e g a t o n s ) , 

r e s p e c t i v e l y . This k i n e t i c m e r r y is compar.abje to an es t imate for the 
' 1 h 

energy expended durin;; the <;ront volcanic erupt ion (on the order of 10 J ) 

which destioye-1 Krakatoa in J.883 (Shor t , 1975). In mast explosion c r a t e r i n g 

c a l c u l a t i o n s , i t i s poss ib le to model the enery.y sources to a hipli degree of 

accuracy. In c o n t r a s t , (lie correspond]";],; i n i t i a l condi t ions to s imulate the 

energy source for t h i s impact c r a t e r ca l cu l a t i on were very unce r t a in . 

*A inuftiiton of energy i s equivalent to 4.18Ci >. Ju " J or 10 c a l . 
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11: I ! • ! : ; c a l c u l a t i o n , ; i i ' - : . u - o r i l r \\y. t r e a t e d a", a r i p h t c i r c u l a r 

r v l i l ido i* v / i l l i I f • 11; -. t j L an ' l ' M . - n v l i ' T o l i f) l;> i n p a e t j a r , a l n o m a l i n c i d e n c e 

t o t h e i j f i i z o ' j t a I j 'MM i i r l i i u r f i i n i op r e a e n I ed 1 > v a nem \- i n I i n i t e h a l l -

a p a c e . ' Ihe-a- a 1 . M M |>l i o n a i n l i f l i i ^ ^ i ] a v o r l i e a . l a x i a o f r o t a l f ana ) n y m i i i o l r y 

w h i c h p i -n-a I ( c<l a I w o - d i r cna f ona I l a l l u - r t h a n ;. I It r c c - d ; aK i r ; i ona J a i : ,ti l a -

l i n n • i f" l l i c impact < v • • 111 . I ' . j o i l . ( 1 ')(• I ) , w l in made . s i m i l a r a : ; . i n -ij»1 i m i s , 

e / p l a i i i o d I ha i baaed on h y p c c / ' I oo i I y o . p t » I: ;ent a , h ' i p . n ; o r a i c . ' - c h a p e 

and ck- .o do no I •; l i . .:.•;• I ,• < I ••; . . ] n ] n,i | u n j . •<• I i I. • a h a a e , p r o v i d e d l l i i l 

t IK- aapc< I r a t i o ( l e n g t h d i v i d e d l>y d i nmet e i ) w e r e n e a r n n ' t y . 

Mai ' - r i a l - , i n o a r c a l c u l a t i o n w e l l ' t l i - : ; i - r i lx-rl na i l ) ; ' . I he T i l l o l s o n ']')(,") 

. •• j t'- • I f ' 'i • ' • • a l a l .• i l . - ' . r i i | i | i o n ( a e o ' l n h l e I I ) . The n i i !• e I - I r n n im-l o o r i I e , 

c o l l i a i n i ay alicurl d . ' i p o r c u l c o b a l t , 7 . 1 p e r c e n t I I I I I M ' I , and li'J. I p o r r e n L 

i n n had a d e n a i t v , . f a l i f . n ! 7 , n i l ) k r , /m (.'••ooi-i- e l a l . , 1 'J iW). I n I i n ' o a l -

( a i l / . I i n n , I h i - m o l e o i i l o v.'a.n I n ' . i l r d a:: i la in o f d o l l . s i l y 7,!<d(i k i ' . / n . Koddy 

id a 1 , ( i ' . ' / ' j ) d e a r r i b e d t h e r j r i (: i a:; abou t Wi p e r c e n t l i . i i b a b , 1 . p e r c e n t 

( i n c n n i u n , and To a n . e n p , and i p e r o e n l M o e n k o p i . They r e p o r t e d l l i a t t h e 

K a i h a h I 01 mat. i o n vac. about f-'.O i n <l.r> m "L11 i c - J - a n d c o n s i s t e d ri f s a n d y d o l o m i t e , 

d o l o n i t i c 1 i meal o n e , and m i n o r oa l o n r c m i s s a n d s t o n e . I ' . n r l i e r N i u i u j ' . o r ( I ' J .V f ) 

r e p o r t e d a l i D i i i !)') pe l cen t i ; . i i | i a ! ' , I ! ! p e r c e n t C o c o n i n o , and '.'.'< p e r c e n t Mucnkop 

b a s e d on an o>:cavat i o n o i r u b b l e nn H i e c r . n c i r i m . 'I'ho M o o n l - o p i , K a e b a b , 

' J o r o w e a p , b'oenn i n n , an. I . 'h ipai I manal i ons a l I ho i n . p a d a i t o w o n - I r e n t e d 

s i i - . p l v , T ; a s i n j ' . l o l i i o s i o i . e m i i o r i . i l o f d e n s i t y ? ,V i l l i \:y./m . T h i s d e n s i t y 

i s l i i p . l n r t h a n t h e : ' , ' «K) l:p./m i l m r . i l v r e p o i I c d hy Pepnn and l l in ; - .c ( ] n 7 r > ) . 
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1,in. Mono u.'ts s e l e c t e d I c> .-•)•)> t'< •:: i iti.-il e I lie linp.'iil s i I o ' i < • < .-111 •: < • I lie d o s e r i p -

1 in:i w.r; n . i d i l y .iv.i i I . i l l o ( A l l e n , I ' l l . /) ,'nnl l In- K.iil i.ih f D i M.I i icm m.idc 

l ip I l ie i : i i t • r- ei . i i ip i .nel l t o f I I I " «• j i - t- l ,-| . :;tn •• -l i "I't • I" ( ] ' ) ( • ' ! ) 111. J ;i d e n s i t y oT 

?,f..! ' ' l l<J'./ill i n l i ' l - . I I I . . I '.s i s . K . l l l i e l I', j l l l l ; f l ' H i i ) ll.'lll l i ned l i l t I ' , .1 |UIHIIIS 

V o l i s i n i r »-•»•-!- . W i l l i .1 d e n s i t y o f I , / ( I I I k j ' . / ln I n mode l l i i e i r i p . i c l K i l e . 

I l l l l i i : : i n i l i . i l c . l enl .n ion I lie m. it o r i, 11 s li.id no shesr st rciij'.t h. I! j o r k 

( I ' j i ' . l ; s r r . i l ' " . I 'n.l l t h e l e p e l v. • l o r i t v i m p o r t uvis e s s e n I i o I I y l i y i l rndy i l . ' i i ' i i e i l l 

I l . i t . i r e h e r o n . " t h e pre: : . ' . III e:. i n v o l v e . I )._re..t l y e::ee,. . |e( l t i l e "It J e n j - l l l S o f t i l l ' 

t a l j / ' l i n . i l e i ' . l i s . To ,i c e i l . i i n de j - . lee t h i s . ' issnl ' ipl i o n w.'is s u p p o r t e l l t o .1 

t i l . " o f ( l . ' j s o e i m d s l.y i . in s e c o n d .SOI), c.i I ra I ,i I i on i / l i i r h i n e l n d e i l i i i . i l e i i . i l 

III I «-11;. -1 ll : . I l l t h i s e.i | , i: I o l i n i l t h e I i I I.'.'. I I >ii. I.'OS L ie . l e i . d I I ' . i n ; ' . i d le . I I 

i:..(!u I i : ; . o l V> CI'.: .-ml ,i von Miscs v i • -1 •! ;: 1 11 -11 j •. t 11 of O.ti; ' CP.i. I'I e 1 i mi no i V 

; ( : ; . l ! V.. i :. t^i' I i . . l i l t ' : .'.lie,.' s i . ' i l o r he! i v i o r i l l Ihe. ' .e two < .I 1 i l l I o1 i on : ; - The 

i r . - l e r l o i l i i v o l e i •:'.<• 111 i ; I I IV l i l i r h . j l l p ' i l w h i l < . t h e e i . i l e r d l j ' t h , l i p l l i ' i j ' . l l l , 

CI - t e r v o l u m e s . ,-lild I l i e l e n l ' i t e p e n e t l . l t i o n d e p t h '..'ere r e d u c e d hv o h o l l l 

H p e i c e n l i l l t i n c.i I f i t 1 .it i on W i l l i e l o s t i t - p l . l s l i e s I 1 e i i | ' . ' l l . S w i f t ( I ' l / V * 

h a s i le l . ions l i , i l e i i l l i . i t I m l l i i l . i l i ' i d i p l h .-mil 1.1.1 i n : : d e p e n d n . l t e l i . i l s t l e i l j ' . l h 

i n h i s t'.'il i l l I .It i o n s o f h i j ' . h - y i e l d n n e l e . i r s u r l s e e e y p l o s i o n c r.i t e r i nj'. 

phenonien.'i. He point i>d out th.'it i i is in ipo i tnn l t o hove .1 ) \ ie . i [e r under--

r.l :mil inj', of post si oe1, -ennd i t i m in i response ol rock. Th is nnileis.i audi 11;', 

ceu;i1i'd w i t h ronplit .it i OISI I s t u d i e s emph.'s i ;•. i n;'. t imes w e l l hevond l).'> seconds 

w i l l he r e . ' | i i i r e d t o >'|ti.inl i f y I he i lupor l ; s i r o o f l . i l e i i a l s l l e n i ' . l h i n t h e L i t e 

t i m e f o t I i ' l ' i on o f M e t e o r Cl". n e t " . 
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A small por t ion of the. computational wer.h about the impact point i s 

shown in Figure. 2 at zero tir.~>. vben the meteor i t e ( i ron p r o j e c t i l e ) i n i t i a l l y 

s t r iker , '.'i.e. ground sur face (lit—Htone t a r g e t ) located a t Z = -200 m. The 

iiiipiict ve loc i ty was 15 km/;:, ha l f the 30 km/", value used by Bjork (1961). 

The c y l i n d r i c a l meteor i t e was 30 m in length and diameter compared with the 

value of 12 in used by Bjork, so tha t the meteor i t e mass was near ly s i x t e e n 

times as la rge as the mass used by lljork. This 30 n. diameter was based on 

es t imates by Roddy c_t. a_l. (1975). At t h i s time the meteor i t e was represented 

by 32 zones 3.75 in on each s ide as shown in Figure 2. This i s r e l a t i v e l y 

coarse zoning, at l e a s t when compared with the mass of the l a r g e s t recovered 

ir.eteorite fragment reported by Niningcr (1961) - sma l l e s t zone mass: 

1.3x10 kg vs l a r g e s t fragment: 6.4x10 kg. The 100 x 100 n po r t i on of the 

mesh in Figure 2 shows the r ec t angu la r zoning which was cons t ruc ted us ing 

geometr ical ly graded zone p izes inc reas ing in both the -N< and -Z d i r e c t i o n s . 

The outer boundaries of the ca3cul.ilJ.onaJ mesh were a t about 3,000 m away 

from the impact po in t , s u f f i c i e n t l y removed to avoid non-physical boundary 

e f f e c t s . The SOIL grid used during the e n t i r e s imula t ion cons is ted of 

about 11,000 zones, with 123 zones along the Z-axis and 91 zones along the 

R-axis . The regions above the 1imestono cons i s t ed of iror and void ( r a t h e r 

than a i r ) zones which extended to the boundary loca ted a t Z = C m. 

Some Calrul at ioual. Resul ts 

A. Dynamic Phase 

Figures 3a through 3d show the c a l c u l a t e d meteor i t e impact a t 

about 0 . 0 , 0 . 5 , 1.0, and 1.5 ma on a 100 x 100 in por t ion of the g r i d . The 

v e l o c i t y voctorH i n d i c a t e the d i r e c t i o n of the flov.' with i he maximuu Kngtli 

http://ca3cul.ilJ.onaJ
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rep tcsen t i nr, 300 m/s. Vclo< i t io.-: exceeding the ir,axiinu;:i value are shown 

as vectors! with only half of an arrow head. The MKS system of u n i t s was 

used in nnnt of Lhe f igures general cd vi th the TEMI'LT computer graphics 

code Oiurtfi'i and Sne l I , 197'i). Mat . ' r i a l boundaries a r e shown as l i n e seg -

i.<ntB connected a t r i gh t ang les . The Eu.lc.r1 an SOIL code pern i t s mixed 

raVcrial. zone:; or for t h i s cn l ce l a t ion zones which contained both i ron and 

l imestone . Tracer p a r t i c l e s , each shown an an a s t e r i s k in Figures 3a-3h, 

were used to help define ma te r i a l boundaries and mass displacements in t h i s 

Euler ian c a l c u l a t i o n . I n i t i a l l y , they were placed j u s t i n s i d e the r . eceor i t e 

boundaries and in the .limestone- a]on;; p lanes a t 7. = -200 , -250 , -300, -350, 

and --'i00 m.. Both vaporised i ron and l imestone began to j e t upward and 

r a d i a l l y outward from the impact po in t . Figures 3e. through 31i show the sane 

sequence a t times of about 2, 3 , 4, and 5 ns . Vaporized i ron with a dens i ty 
3 

l e s s than 3 0 kg/rn i s labeled as a separa te n a t e r i o l . At 2 ms (F ig . 3e) , 

the back of the meteor i te i s a t the o r i g i n a l ground s u r f a c e . The front of 

the iT'Cteoiile has been slowed down and compressed so tha t the l eng th , 

o r i g i n a l l y 30 in, i s now compressed to about 20 m. Between 2 and 3 ras, the 

average v e l o c i t y of the front of the me teor i t e has slowed to about 8 km/s. 

At 3 iris (Fig. 3 f ) , the i:n>teoi ilt* has pene t ra ted to a depth of about 30 n, 

the o r i g i n a l length of (lie me teo r i t e . In Figures 3g and 3!i the meteor i te 

i s vapor iz ing ,nd breaking a p a r t . These computer-generated f igures p a r a l l e l 

the phenomennlogi cal sequence of c r a t e r i n g presented by Uoddy (l r>78'). 

http://Eu.lc.r1
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This initial calculation contained only lir.estone and ir'-.n materials. 

In the following discussion we assumed that the e i j:\-r en.*.:; in shock 

impedance and otlier i,,ater?al properties across the net it.il material boundaries 

were neyl iv'.iblo in order to infer the locations where shock wet.'niv.M'ph ism mij'.hf 

have oecuYrec! from our calculnl ion. Vip.ures 4a throuj'h 4d show n similar 

sequence with pressure contour:: on a 100 :< 100 n portion of the j-.rid aL times 

of about 0, 1, 2, and 3 ns with peak pressures; of about 0, 433, 260, and 177 CPa, 

respecti v-Jy. Tlie peal: pressure of about 433 CPa was in 'ood agreement with 

Shoemaker's value (1560) of 450 GPa for an iv.pact velocity of 15 Ura/s. The 

isobars represent pressure values of 0, 3.8, 13, and 50 CPa, respectively. 

The values of 3.8 and 13 CPa were selected to show regions where 

high pressure polymorphs of silica, coesitc and slishovite, might Jiave been 

former] (Kaula, 1968). Cocsite and stisliovite have been found at Meteor 

Crater and were forced by the shock wave in the Coconino sandstone originally 

located between the estimated depths of about 90 and 320 m below tlie original 

ground surface (Shoer.-nkpr and Kief for 1974). Shocked Coconino Sandstone. 
# 

specimens from Meteor Crater have been analyzed with a transmission electron 

microscope by Kieffer cl. a_l. (1976) and four phases of SiO have been 

identified: quartz, coo. itc, stishovite, and glass. Figures 4e through 41i 

show the correspond!'n" velocity fields and pressure contours at about 5, 

10, 25, and 50 ms with peak pressures of about 115, 52,"15, and 6 CPa. 

respectively The shock wave be;y.ni entering the Coc.oniro sandstone located 

at 90 m depth at about 5 ms. The meteorite was lagging tlie shock front at 

file://j:/-r
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t h i s t • - • - and u . i c l . c d t h i s d e p t h at: about 13 ; t i , 1 ' igurcs -'if and 4f .show 

n ? m :•: ?ri(i n p:,rt i .-:i of 11 • - - - l i , 1 w h i l e ! \ • :.:••• 'u: ml 'Mi -IK...- a Mil) >. (,f)0 m 

p o r i i t a of t i n ' g r i d , l ' igui- , i ;;,oi vs p . . . ' : p r e s s u r e v>; d p l l i In-low t h e impac t 

r e g i o n a lo* 'g tli . ii a:- . is . 'li.e c a l e u l ;il i ,' p c j k pre;i:<uro in t h e Co. o n i n o 

snnd.sfo.if- i s nboei ot) OPa a t t h e e ' e p ' h of 90 n. li.-^od on tlii.s ca lcu la t ion , 

.~t is-'.nv! :c. r. jj-.lii he for;'od to ." n-;i"'iri i n i t i a l depth of about 175 I:I. 

Si.:'ilavl; , coc. i I c '•••i.'.ht be forced l.o a i.rtxiriit-. i n i t i a l depth of about 3^0 n, 

the ho! I on of the Coconino S .:•'<!'. I one. 

'J MO onotpv par t i tio'ain;'. between tin; iron and limestone is .shown in 

Figure d in I err..-, of kinet ic ."iiitl in tcnvi l energy for l ines between 1 and 1(10 ms 

The w ines are expressed i r. -e-ceiit of the t o t a l or iginal energy. At 1 r:s , 

the iron i.;et eori te lias about f,7 percent of i t s or ig inal total i iu-r,;y (about 

79 pe; cent Lino;ir energy and about 8 percent internal energy)- At 3.5 r.;, 

th is valr.e has dropped to about 50 percent (about 3f> percent kit-el ic tncr^v 

and about 1?. p a r e n t internal energy) . At 10 IUK , S3 percent of the toln.l 

energy 1'i.ir. been transferred into the l i r , -s tone. At 10(1 n;;, the ljir.estone 
i 

has about 36 percent of the o r ig ina l energy as Linei ic eiiorp.v ,;n. about 

58 percent: as in te rna l energy. Sone r.:ass of the Tv.eicorile and liiicsiono 

target l i f t the calculation;-:! grid at the uppi r boeiK'.-ry at '.'. • l1 .:-. local ed 

200 v.i above the ground surfac. . l a i s l'-.nss reroved fror.i the oil eel it ion we-. 

r e l a t ive ly snai l and included only about 2 percent of the rot ; 1l onergv, 

a negl ig ib le anount cpt-.tpaicc* to the total r.isK ejected from the c a t e r . 

Essent ial ly the en t i r e ncss cf the -.-.-.eteori to was vaporized a t 1 :ii e tir.ies 

a the calcula t ion. 

http://snnd.sfo.if-
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l b - p. net rat. inn depth of t in ' met L o r i 1 i- i-. shown in l i ' s i r e '/ as a 

f u n c t i o n (if t i in. -. In t i n ' e n l e l l l a l i o i i the ( ran t n f I hi- |i i n i--«-t I 11- r-iinl i lined 

t-i> pem. t l 'n lo downward u n t i l a ih ] th u f nhoul I'/'ll 1.1 w.r. n-ached at about 0 .3 s . 

At l l n ' : ; l a i c t ime l.ln- J ion vsis a |-,.i.. w i t h a tl.-u.. i Ly li-.a: I lian ahonl 10 kp,/i:i . 

Ni n i nf.iT < I ' J ' J I ) ropoi I . .1 tha t andist in bod s.sl i i,..ut s wi-i i- I omul l.y d i i l l i n c 

to depths o! alioul '10(1 t o .170 in. Ilesu I I s f o r b j o i i ' s i a I cu 1 a l i on \:h i eh 

a ssn. >.<! an ii:,pacl v e l o c i t y o f "iO kn/s I n t o I he l u f f . m - a l so shown. 

Alt'hoiip.h on i c a l c u l a t i o n ii-ied only 1 iim st on. in the tnip.ol m a t e r i a l , i t 

was i u l eres i i n ; , to note the l i i . i . - and cTierpy of the m e t e o r i t e when i t reached 

a i» nc I rat ion depth i or rcspondi up, I n the .li pt h o f the Coconino bandsl one 

(ahoul '.HI ;••) . Th is occurs at a f in i . 1 of about 1.1 ms when the m e t e o r i t e has 

t rans j ' iT i ' i -d about 87 percent of l i s energy to t l ie I nrp. I M a t e r i a l (sec 

l'ip.uro I.). ' Ib is i s soi.-owhal lnrp . i t than the '10 to SO p . iee i i l values e s t h i a l e d 

hy ' . iu iuv .er (]<,' r j6). 

l l i j ; l i v e l o c i t y impact ospi-r i menl s we l l per fn riiieil u. inp, metal spheres 

and t . u r e t s (Summers and Chai I o i s , l 'JVJ; Ka l ie i , el a l . , I ' l / ' l ) . Snmai. i ••.; an<l 

Chart.ers oh la ined I he en.p i r i cal express ion l i s t e d in Tahle I I I t o I I I t h e i r 

d a t a . I'sin,'. an avcrnp.c shock speed f o r the l imestone o( 'i km/:: i n t h i s 

f o r m u l a , we o b t a i n a p e n e t r a t i o n depth o f '.")() u. t h i s d i l l e r s I'lnm nm 

c a l c u l a t e d va lue of about .r/l) in |.y about / p , r e , - n l . 11 - i 11; - t lie son ic va lue 

o f 1 >.-./:, (Ackeim.-inn _et _: i l . . , l ' J7 ' i ; , wo o b t a i n a l a r g e r v a l u e , /,):) i:,. Op i k 

( l ' J d l ) es t imated a penet vat J on depth o l ah.nil 'CO n (see ' la l . 'e I fo r h i s 

o the r impact est imat .\<0 . 
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K. j i - i i i ; M ;• ,vj...;._.• 

' J i n ' f i n a l l r . r ! e l r ; ' f i 1 r , i.'. r e i :i 1 i 11 l. ' . l •• ' ! " . . ' : . • ; ;••! ! i i '. ! i f : 

| ! , ] M . . ; . i i ' i n , - f o l i o . . - • , : l . : 1 ' . , . - . ..! . . M l i t y ;,d j :• ' at a ' f . • . ; • • • .--. :. .- -

p!i:c,.. i . ' t i .c i a |.- r.l :! i i:i vh i • i , | . ! i ' l !'.••• i.";..!(• .-. -d - : r . • •-•.-.'.•.••.• props---i-

t i o n . i: ,:: , vs-r; af . . . p ! i s l e s ; ii :i:;., .":: opt ion of th ' - ' ri.N*': ."i ;•.:'.•.;.:.:' • code 

(I ' .url i . . ••«' ; ; n c l l , ) ' ; / • ' ; t o ,n. .; - p r o ' e s s .".fill, r i M i l t s ;il a ti.'u'l : m' , :ir l i t . - . 

' Inc vi. I . i l y f i e l d .-•! D.'i :: i •: -so.-.-,) f o r a ?'>()') >• ;''.''!') :. ; n . r i i c : i , : t lie ;• ,i i il 

in l'i;;--:.- Hi. Cent ' .MI l i :v--; of < ons t a n t s p e e d ("the .'• c.a 1 n r c a ; s : : : '••'.•• of 

ralcr i.il v e l o c i t y ) rnn;;i:.y, f i i . : , 10 t o 1 ,000 V.I/K a r c r.ho-.:n s u ; i d j : ,..-sed on 

v e l o c i t y • v c i o r i . , 'Hie ir.airi liln.i !' f r o n t h a , p a s s e d l i .yond t h i s p o r t i o n of 

t h e p r i d and at t h i s time, i s l o : a t c d Ix-tv.'icii 2 , 0 0 0 a:i.-! .1,000 i:; .-...-.v.- f r o n tlie 

oi i j ; i a,'..' i: [.act r cp . i ea . 

Mho h a l l i . s l i c I r r . a i v n ! a .. n •.. .' a c o a s l a n l ;;i :•.:•! : a ! ; oa.'i 1 f :'• I d f o r 

c a i I 11 :!: h C ').''•:/:•". s a c s ., ; , . i a I i , . . . a I ,: • i . a . l , , ! l o . , , - i f i ; 

had Kef i i'.' ioc.t v e r t i c a l v e l o c i t y t o r c K ' h a p r c s c r i i s h c i , . - t , t.-.se:i t o 

b e tin. c r - c i n a l p,ro.i!cl s n r f a c . ' . If t li i s l e s t was s e t i . i j ' c d t h e ; T ; . C i n 
i 

considered to lie pari of the o -or ta and i t s ranss was added to tit. e j e c t a 

d i s t r i b u t i o n at the appropr ia te rjiirjc. IF t h i s t e s t f a i l e d , the zone rcass' 

w.i.i l e f t it that loca t ion and considered to be par t of the non-c iee ta . 

In l ' icinc H7 the l i n e which outline?; the bottom of the cavi ty r.-nd l e r n i n n t c s 

a t the o r i g i n a l ground sur face narks the boundary boli.-ean tile ca l cu la t ed 

oject-i and the non-c jec ta . 'J ho second p r o f i l e l i n o above i t in Fis;urc 11 

shov.'p the superimposed c joc ta d i s t r i b u t i o n which peaks near n radius of 

500 tn. The. volume of the ejecfa has been inc ieased by "0 percent to account 

for liulkinii of the o joc ta due to the random o r i e n t a t i o n oi the e j e e t a masses 

(a bulk inc. fac.toi of 1.2). 
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1 .'• . ! ' : . : • • l - . • :; • j c . - : .. a a ' : ; ' . : l - e . j e - : . i •. a ! • . , . : ! . , . - . . , j : i [ j i . i i t e 1.2. 

. i , ; i i . -f 1'! 1 .'•-.•.• . I l l , ' i i v l < r a u r i a l< ul at c . u - iny , a b u l l - i n n f a c t o r 

vi I.'' (::<> in' )•• '•••:,:> . ' i ab l . - .".' slii.-..-,. lii 11 Lli is app i . i i : ; ti> In- a ;. 1 i y.h 1 ly 

b e l l ••:• f i t I'-- t v o! ' icj 'vi i! d a t a , i f f . e l s <il" n,-; •• i in I !ni J •'. i a;' nay have 

d i s a ; ; ••:• .! J ' . " In i i ' i n;. .y. i t : a:i n f tin- c j " ( t a ilur i ay I In- inl 11 ,'i-r i up M a r s . 

l'i ;-;.."• 1'... ..In'-, f i n a l cy . - c i a ! ii i cl.n. ;•;; a s a f u a . - t i o a of r . m p e . I-'ijpiri 1'ib s 

t l u : .- p l o t I'Vji.Maltul t o co: : ip . re w i t h r ..:prrj c e n t a l v a l u e s rr[ini"U(] by Poddy 

i : L . ; ' l - ( ! " ' " • ) • Tin- c a l r u l a l e J r.ay.ii.-.'.ir-. r an ; ; e i s aboo t 2 5 , 0 0 0 m. A s j i i i i l a r t r 

meni a : ! a " l i n n ",r v i t y C' ~ 1.02 in/.-- in tin.- b a l l i s t i c t r ea t rn -nL i s s h e e n i n 

l 'iy.urv 1 J . 'I In' fr n.-i ] crater pro fill ' is l.nrflcr than the t e r re s t r i a l crater 

(sec I'i'uirc 12). hjccla ikplh vs ranp.e is shewn for the lunar cose in Figure 

which ray bo compared Willi l-'ijuire 14a. 

A ro;;!pa)isoi: of the caJcuJ.'iLcd final c ra ter profile! from Figure. 12 and 

tho. actual era! or profi le (Shoemaker, l'JOl) i s sho.-.e. in Fi>;uic 17. Table IV 

Burr ar i v. JS several cr.itcr dimensions from the actual event and the calcula

tion. These caj eulallonal results are in f;ood agreement with Meteor Crater 

in spite of sir.tpli fyinp, assumpt ions. These resu l t s , usiny, a meteorite mass 

S 
of ].S8xl^' kg and impact velocity of 1 Ti km/s. appear to f i t the evidence 

:i1 tliour.h other sets of impact mass and velocity cannot be presenl 'y excluded. 
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l-'uture caleiil.ilioii.il Minlic: arc planned which will ur.c a rul I i 1 aycred 

ivpart .>; i ! e and i,ore a;-;.: opri al f :..aleri.'il <W:;i r i pi ioa-; f •. t the "neiikopi, 

Kaihah, Tci'o-..-c.ip, Coconino, and Snpai f onu 11 ion::. Olh'i" values of impact 

iiaa. and velocity will hi usci in l.ilcr analyses. Such -letajled simula

tions should extend our understand i ng of Impact crater formation when 

compared \.'ith the available- goo lop,]' <-.-: 1 evidence 

•'h'i'JS!'' Cral ' ' ' ' •'lJlcI_-'\IJ.:-''-iC_-'''::FJ-"j' '"'-" f'r.iters 

hxplosion erateriu,", data has been used to make scaling estimates of 

Impact kinetic energies involved in the. formation of large impact craters. 

The follow in;', scaling approach is similar to those of Shoemaker (I960) 

and lioddy rt al. (19?!)). Our apprcvich differs slightly by considering the 

data base of eleven buried nuclear crntcring evenls conduet'-d by the United 

States, 'fhe.se events are listed in Table. V (after Kordyke, 1977). Figure 18 

shows sealed apparent crater radius SR vs scaled depth-of-burst SDOii. 

Apparent crater radius and yield data for each nuclear crnt.ering event 

was used to calculate a kinetic energy for Meteor Crater (see the right-hand 

column of Table V ) . 

The nuclear explosion sites listed in Table V are generally dry rather 

than wet sites which may be. representative of the arid region at the Canyon 

Diablo impact site, although the location of the water table at the time of 

impact is very uncertain. Shoemaker has estimated that the impact occurred 

20,000 to 30,000 years ago (see Roddy, 1977). Values shown in Table V range 

from about 1.7 to 46 megatons. Since Buggy w'as a row cratering event con

s-Sting of five charges and Sulky was deeply buried producing a mound or 

retarc rather than a crater, they were deleted from further considerations. 

Kiqurn IS shows significantly smaller staled apparent crater radii for the 

http://caleiil.ilioii.il
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IT•;!:• Kurf.fi''.' .'V.'iii . .li '!. ':ii- boy , ,-..•. i v l l a s t!i.- deep c-wnl I'.i 1 an' ;u i n, b e c a u s e 

Hi- . •-• ••..:• i ' . M'j p r . ' I c : ve ry ] • ! ; , ' : en . r;-v v.:!u- . f o r i: • u Table- V, t h e y 

i.'.-n- a l s o d : .eareVd. ;!>• ay r; ;•.. .•.:•! .. t ;,::<: : 'ii .'.-vT -iLi-.H-i for I-.',, for t ho 

VIT. f 11 j r i; -. seven L-v-ii t •: \viv 'i.'i _l J . is i:.i'j'..'il 0:1 :. This interna] includes the 

i . . l i r a lcs <•: Jo! ms 011 (!'•'."); si,,,,., .!-,.,- ....,,| 1 i, [;,.,- f l ' i ; / , ) ; podeiy <Li _al . (1475); 

: ' • ' . ' . _••• ifl. ( l " / 7 ) ; .-.ii! ;,u:i (J';'/! 1), .1:: l i s le , ! in V.: > 17..- I . 

Figure 1 9 .sin'..':; .a-alee! np j». • 1 m l cra ter d. ,->Lli SI) vs .scaled dcptli-of-

burst PIK'IB. I'.oJdy c_t_ a_l.. (.1975) have, reported a valik- of 150 m for the 

apparent crater depth of "el cor (Jr..tor (sec Table: IV). Our calculated value 

of 19'. r U,IK deeper. Tin- .scaled o.periiMfiil ill value fall , below the curve 

for nuclear craecrinp, experiment's J1: alluviuvi in Figure 19. Although the 

scaled calculated value l i a s nearer the alluviu'.' curve in Figure 19, this 

nay be iffi s.lead i up, because nuclear cratcr ing data for other geologic r.edi.i 

are not available for th is scaled depth-of-burst. Roddy (.1978) estimated 

the apparent l ip cra ter depth, the sura of apparent crater depth and crater 

l ip height, to be in excess of 200 m. In Figures 18 and 19, Meteo'- Crater 

fa l l s closer to Jangle U tlian Teapot ESS. However, Shoemaker (1960) compared 

both the nuclear explosion craters Teapot F.SS and Jangle U with Meteor 

Crater and reported that TcanoL FSK possessed nearly a l l the r.iajor s t ruc tura l 

features of MeLeor Crater. In sp i t e of these remaining questions, the resu l t s 

frr.m our pre! i-.iiiiary comparisons are encouragi ng. I t appears that MeLoer 

Crater can be f i t into the poi.ulal ion of subsurface nuclear explosion cra ters 

(Figures 18 and 19) using an effective dcptli-of-burst of about 85 m and an 

energy cr>f •'*. 5 tr.egat ein.;. l-'urthe-r ref 'moments i:.;y be possible in futeire detailed 
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A c:.: .̂i.-tnt i oiial approach u-:ed to si :• M ] a t e Md.si:r 'arc e/:pjo:,ion crater-

inj; ha-: b.-'-n txttich-d ro an ii.j'-ul n'.Hcrin;; simulation of the f 01 ration of 

Meteor Crater, a •: i: .> J i , bowl - :.b.q>--d t ia[<-r. .he ca1r . 1 ated results for a 

meteorite i:.ip--,ct i r.;-. at lj !:in/s with a in;.!, of J.f.7>:10" !-.:•, art- in v.ood aj'.re. -

I'Cnl with t !,e observed crater. Future studies are planned •,;hicli w i 11 vary inpact 

condit i.-i •'. and innipo:ato a H'HT iralisti. i.u ] I i ] aver-c. ceo.l n;\i t: description 

of the i!,.act sil.-'-at I'cteor Crater. Additional Kit.- characterization, such 

as described by 'lerliune and Carlson (1977) for nuclear crnterini; designs, 

may be required for detailed oonpnt.cr simulations. A computational fracture 

model developed for coal fracture and controlled blast i n;; studies (Iiurton 

eX ^ . , 1977; Kutkovioh _ct .nl. , 1977; and ISryan, ct_ a_l. , 1977) will be used 

in an attenpt to correlate with observed fracture regions. Future studies 

are .also planned for iriodelinp, otht-r planetary and lunar ir.-pact craters 

including the larger, nore complex craters with centnl uplift and rinp, 

features. 

Computational tools, such as those demonstrated here, have proved to 

be very useful in design and analysis of subsurface explosion crnrcring. 

Successful explosion cratcrin;; studies have often cor.bined well-instrumented 

experiments with con:, anion theoretical analyses. In I he future, it is 

anticipated that such computational tools will play an increasingly important 

role in analyses of ir.pact cratoring. 
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TABLE V. An energy estimate for Barringer Crater Based on 13.S. nuclear cratering data. 

Scaled 

Medium 

Yie ld : 

O.t) 

Depth 
of Burst 

DOS 
(O 

Apparent 
Cra ter 
Depth 

Cr,) 

A;, pa ren t 
Cra te r 
F.a-'.ius 

Apparent 
Cra ter 

. Parameters 
s::3 sr. s RA 

3 a' 

'•." (M 
3 

r r i n 

t ) = 

rjy of 
r.or Me teo r i t e 

-3 .4 

Medium 

Yie ld : 

O.t) 

Depth 
of Burst 

DOS 
(O 

Apparent 
Cra ter 
Depth 

Cr,) 

A;, pa ren t 
Cra te r 
F.a-'.ius 

™ / : < t ) * ' 
3.4 

3 a' 

'•." (M 
3 

r r i n 

t ) = 
H ' S , ! , . J 1 - - -' 

1. Teapot ESS Alluvium 1.2 20 27 43 ': 19 25 43 4.9 
2. Danny Boy B a s a l t b n.42 34 19 33 i 4 4 25 43 4.9 

3. Seder. Ai iuviua 100 194 95 164 • 50 23 47 3.4 
4. Cabr io le t Rhyol i te " 2.6 52 37 54 ' 39 25 41 5.7 

5 . Schooner Tuff 35 108 63 130 j 3S 22 46 3.9 

6 . Jar. vile 1' Alluviura 1.2 5.2 16 40 4.9 15 33 7.3 

7. I.'opt-ir.e Tuff" 0.115 31 11 31 4? 21 59 1. 7 

Jobr.r.ie Bey Ailuviun 0.5 0.53 9 . 1 13 ' , . . 11 Z.4. 

! 
46 

9 g Palanquin Khyoli te 4 .3 85 24 36 : 55 

• 

16 23 37 

10 . S'ji'.-.y ( r c t a r c ) Basa l t 0.037 27 — — : 5 5 — — 
11 . Bu;.::y 

(re-..- c r a t e r ) Basal t 1.1x5 41 21 38 ; 40 20 37 7.9-40 

References: Nordyke (1977); Roddy, et . a l . (1975); Vorrr,an <!1970), SAMPLE: 1-7 4.5+l.S(Mt) (4C,";) 

Water conditions: 

a. Dry b . Dry (<1%) c. Dry (.20%) d. Wet (-102) but unsaturated. 
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