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Origin of Igneous Rocks Associated with Shock ~Ietamorphism as 
Suggested by Geochemical Investigatiolls of Canadian Craters' 

K. L. CURIUE 

Geological S-Urt'CV 0/ Can~J(Ja 
OttUu:4, OnLario 

Chen lieD I nnIlIY~!I of igneous nnd country rod.~ (rom CanadiLlo crotcrs sLo .... that the 
igneous f'Ot'k.!l a rc: ronsbl.ontly ridl('T iu pfll45Simn. [U~L."'I(,. l"'\Um, IinJ fl' :i \'y fIJI'l!16, noo 
poorer in 80uium and IiIliruu thun thdr lI~"'QciUll:!cJ l:Ollllt~' rock-to G,·oci.t"'cniC3.1 t,:ll:incr. ell) 
clll:nioOIl !A.J)1'g'-=st lhnt 2Q....E,O pt.'r Ctut o i the illTlt'Ous rOt' !.:" ttrt' ,·umr..o"('ti \.If mlttr.rb l DOt. 
found in th" cotmt ry rock"" ('ommon)y 3. pota. .. .:s,ic I):,,~I(: to uhr!lh:l!'ic rock , 5>1.:h WI tho:oc ex
po:;cd in the crutA;-nf iJrl'nl. :\l lJuicou:!I!:AD, ami c.;1t ·!lrw:.&lH. Low;"'T:ui,· io.;nlliztltion oct'UnI lit. 
Urent. Th·sc t1ul."\ IUC nol t"ompaublt." With onjo!in oC tbe II..'llt:(JUS rud. !'! uy leiltlf r ~hock mt:!l
mg. or iOIJ)!lI..-t-indur("(.) ,"01('30Il:;111, 11ic d!'lla SUI{t;t.-.!ft. explo:=i\'e I1lbline \'OiCaDblQ. lor \,he 
origin oC at Jf'Mt eorne oC tite rock.!, 

Igocoud tOC~. th!lt is, rocks cry.:::wllizf'fl from 
:l melt, coexi::t with shO<'k-rnett\morplto,~ 

roc.k.s in !\l I~Sl 13 of the 1 j known Can!u.Ji:\D 
craters (Figure 1) . The i~f-'(J1I5 rocks nl!1Y be 
di\'idHl into four tYl'e~, n:unl'ly (1) m~!'>-si\'e , 

(21 i~('()lls breed.'l, (3J fL~utlotachyJile. :lOd 

(4) (,~31e inclusion.'!'. 
)fn~h'e h;m'all'i r(Jck~ fomt ~her- t. lUln ,·(·in 

system,;, :lpparf'ntly (,"'I,!:tecO II('nc~llh a hrccci:t. 
cO\'er, Counlry rocks in cunl:l.cl with tlll:.:m arC' 
homfd~('fl. lc-ncouill 'brttcia."'. tomprj~('(1 oi 
counfry-rvrk fr:lc:m{'nt'i anel r:, rc ig-n{'(,olls ffflJt. 
meulS in Q matrix blOllhr to tile JIlI'L .... si \'e i~l"OlIS 
rock~, fann f1nw-1f ·xtllrt.~ '\'{"ill.( :\I)() INl.~~ 10 
alterNi !lfld UTcL'riatf'd country rocks. R:lrcly, 
they form fmnlJ sheets, or !!tf'eply·plunj:JIl~ 
pipelikc m.'l.'~ , ]1$lIdot.1chyhtc, f\ ~1.l.....sy or 
o.ph3.nitio m:ttrix charj:oo wi th rounded, :lbrtll"led 
frngyncnls of ('nuntrv rocks, ()('curs in com· 
plcxly anastnmO:,ing 'dlkcil, rootlCS3 pod~, 3ud 
other UnllSlI.1l fonn!, commonly di .. plnyinll 
strons,: Hmv b..'lnrling :mcl f'cllllpr'sil inn,,1 byl"nnc:, 
Inc:lu::inns or dikC$ of un1l5'u:tl uitr:J.b:1sic rocks 
or alkaline amnii\' a rc fouud "ilhlll the tu.1~i\{! 
igneous rorks 3~d the br('('cia5 of the emters 

Brent , M:\Dicoua~:ln , and Clr:lrw:.tter. The rein· 

tiol1s bctwC(!n the ijZ"nrous rocks !l.nd the breccias 
displ'\ying !hock mctCID1orphi."'m nre very close, 

1 Lunar Science Institute Contribution 37. 

Copyrilht ® 1911 hy tboo: Amc.rieaD Gc-oph,.ic..al Ucion. 

Conlillollly th('TC is grnd:ltion lrom onc 10 lhe 
otilt.'r , SUt!:!.!L'Sting tit:\( they fumlro \;rt unlly 
t Ofllt'llIllor:tneow:1r. IlUt in 3 ft.'w cn~, " 'Iu' reo 
e"JYI"'tJf('':; tIrC i:a \'OIlf':,IJle, (C .t: . ~hniC'oual::m. 
:\J ~t.~tin . and Wf"::L Clf":.lTw:u(' r), the icnrou.! 
nlf" k:! can be SE<.-n to intruflc :and ('f0l'i3 CUl the 
bn."('cl:t. 

The ie:nNllI! roch h:l\'c l«n !:Implrd ,Iurin!:' 
flcl:tilctl nl:lpplnJ! of lIte rr:lt('r',~ nnd Wf're 
chclllw:\II~' o.nruyz('(1 by rapl(l nwthods in tllfO 
Gt111I1t::i" :11 Surn"y o i C:!\~lf.b bhoralOri~ lInder 
the dirt ... ·,inn o( S, Cour"'IJ,.... )Inximmn pt'r
(>f'nf!l1!:C ('rnlrs for !In mc!J\ ,dual nn~ily~i;:!! hy 
thr~ mrthod:! !lrc dI5rll~"d hy b'ode It 01. 
[I!lli'iJ IJllt in ~enemJ ,10 m.1 Utt'eti 2'1Y of thf" 
:UIIOllot rrCi"Cnt for lJUt Jf}r dl·tnt'nI~. nnd los;. 
of the arnnunl pr~nt for minllf c1t~m('n ts. 

In cornp:annJ.! J;::roup5 (If 3n :IJy~c:t. a :-:tUtlent· .. 
t I ~t. corrL"C tcd for small !:Imple size, h:ts been 
11:000 where morc than 5 3nal~ ~('.i in c~l(' 11 gmup 
nee .1\'nil:lble, nnd differc-n('e'I :I re tenned slZllifi
f'not if they would OtCHr randomly 1('::;; th:m 
l ~'o of the lime. Whcct' few('r lhan 5 :1O:\ly~t.':!' 

are 3\'ai l:tble, the st:tnd:trd (h~\ i:ltion oi the 
brC:('r ~roup is campulro, and composItions are 
termc-<i silZni6c~ntly different if the dificrf'nC'e 
cX(,l"<'d.s three tirm's the !o.1:md3rd d('\'L'l1 ion. 
" 'bNe tlit' a\'eT3~C coml~;tion of eounlT)' rnc~ 
in :, cr:l1er is rr fe rred to, lhe :1.\'rrage h:l.S u('(T" 
('onlputed by nu·:.!""uring the :lreas underl:lIn by 
various fonn3tlons on the g('ologicnl m:lp, ex
tended t.-llcre necessary by extmpoln.tion, Ilnd: 
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.: .. iU!l the-oc nrc::t$ to wl'i!!ht the !lppropri:ltc 
dIClllit::t! nn:t1Y5£,_,. SlIIce thi., procedure i:i 011-
\iou~!y in:lC"c1Hlll\ iJl the 1110~t C:I'il-.; e~l lmalcs 

(If limitiug c r)mpo_~itil)ns art: :t1.-o gin-no 

GtOCHDIlSTRY OF I :->D' \ '10C_\L CIt.HEn . ..: 

Altbough 5(H11C inf')r,o:ltion on the cilcmi.-t ry 
of the i~IU.>('lI~ roc·ks i..:; !l\'!\ibhlc frum 11 oi the 

13 cratcr<;, inionnation on the chrmi:nry ~nt l 
petrogmphy of the !lccomp:l!lyilll; bn'cl'i IS :ulll 
count ry rorks i~ :\\'!lila"le fur only ; cr:lt(·rs. 
.\11 d ;lt:! :'Irc "mnm:lnzr·,1 in T:t1A~ 1. R··!lnrk.i f,l T1 

iudiriciu!.tl ('r:tt' r.~ fnllow. 
Brent is ~ 11'1\\-1 Sfun.-' :!!1fK) ntf'INi in di

. :lmcter !md til"') rllI'tr r:; .II .. ' !'. hlkll i.y Eomc 
ij.j() mCh~r3 (,j brflcl:l thj j 'r(of':tmhn 'tll f(t\:k ~, 

orerltlill lJ\' Qnlt, \'if'b n ~ .. lllll('nt:ln· f·r:.II'r fiil 
[JfiUuuJIl;t tIL 1 !II~OJ. T lu .. ' PrCf':unl~ rhn !!r;inltr 
gue~.c3 ~urr(JHnflitl!.; the craler li rc qUllc uni
(onn in torn THJ-tTic'lI, f'\'rrni"in~ UI1U~'I:III~' :tc
rurnte 4It>l(·rminalit.n of thl" rot'k C4JlIlp(I-'lIion 
prc\'iou:-ly 61hJl~ the cr'lter. Table 2 ~h(I \\'5 the 
dal:t lH .. 't1 jn (,~liflUlin2' Ilti~ compo:-ilinlL 

)Iuch of the lm'I 'r.I ·~ fillmz ('on'"i~13 oi :lhno~ t 
unmNamoq ,hn .. ,·c! fr.tt!Tnrtll~ oi the cnunt ry 
rock .•. T hin !l'h()CJ..·m{'I.IJIlorl'ilO-oo ZOUf'" r D ell(r, 

I fIG~] dl.;rby :l rh:lTllt'Il' n .. li c i!:r('('tli~h (':lst. 

~rllich i .. !lL..:o iuund 111 LrCl'ci;1 >;{'frf'n..: ~I rnllfll l 

l hl" emlrf Ollt ttl :I (li~t,1nr(' of ",-/(1 fCd . "\n: t1 y~''S 

oi thc"'f' rnck!l= (T:thle 2 ) ~hnw lh:'tt t hr-y d f'p:l rt 

prozrr'iq\"(~ly irmn the f"(Imptritio1n oi IliC' Pre
c:lmhrb n roeJ..i to"';Hd Ilut 1')( the i!!nrolls 
rot'~ fFizurr~). ~Imndy m,.t:t~fII:l1jz • .t rod .. s 
ront:tin :lnl,lrlhncl:tlc nml ehlorilizcJ rid)('('kilC 
and :'If'!!irinC'. 

F'inc-~r:tint ... l. reci , \'(':oi(" lIl:\ r trafhyt(' n('C'lIr3 

Fk. 1. (npp'nilf') Knf'lwn ~i t f" or l<iJnd. ml'!a
morphi."f1'l in C:lna"tt . In tl", ff'llhwi1l1! nnmllf'r 
boy. I'L rdcr-'1I('f' (lflor\lm ll1lill~ Ilu' o, (·llrrrn,·,· of 
iv:ncous rocks i:§ I.!: i, l'D ",-hf' rC' !tllrh n~k.s ~r" kU()\\'n_ 
(I) :\f'''' QUill ... !' ('mll'r [rum'r, l !l(iijl. (:!l 
l:u· ('""UlU..,'. j:n :\f i ... t:'l .. lin L !IJ..e {( ' l,n-ii', Iflf ........ ' I . 
( I) Wn.t (,11':lrw·I" r 1.:'I1.r rr.\l(r r H.)<tf,).-J ... EI6~1. 
1.1) E!UlI. Cit :t n \'alt: t 1.:lk(' Cf:ITt-r J('IITr£" "'lfl 
,'\Iwfi'lullnh, I!lf,sl. (6) :\r:mH· .... u:t~:tn ( ('lIml', 
1!iint'). fj) l'll:lrl,' \ ()I~ (flori ,h.! H)lti."; C!I,TTie 
lOG91, !. (8) fl r,llt'ford, e!l) Brrnt {(' /jrTi., ml.-l 
S/III/irIIlJlfth 1!'fi7J. (10) '::'u.lhllr" [Colli"., Hl3 1; 
S.IIH~. lfi. •• 1, (II) " ·,':'l lI :mk L:ll;: r- !'mll r 
r."ij'orl. {o'OI. C1:?) I.a\.. ... !'=I .. ;\l a r ti n [(' /.Ir,;c 
WiO"J. (13) On'p Ih.\', (I t) C:ar,swpll I Clime 
WfI!lcl. (IS) :;I(,(,U Hi\"! !' [('"m(lII. l!lt ;.~ 1. (16) 
l'il rl~ La ke, (Ii) :\ic:hol::l4'10 Luke [Dt'1frc et al.. 
tur .. ~ J. 

lJt'lo\\' tite Cf'nlcr II i Ihc Brent I'r:tif'f !It Ol"l'th-: 
of 111.11) ir'el, ond 2Tl tj....2!).j() iet't , anJ on Ih .... 
Ilorlfl\"t"lt f'tl~r· (Ii the ('raler [Curn'e, l!Hj('aJ. 
(flrmm!! uJi :'IfCIWlC dikL'hkf> m:t::":, C!J('mif'dly tlif.: 
f(;('k.; nrc o!tyinc·norm:iu\·c :tJbhuC' t r..t('it~ T.C"l 

(T:IIJ!c.' ~, :.:unlla r to the uit" rNJ LrCi:i:i.,;. Uccl· 
lar IIlotu'lljtPlitf: lhk(·,i lypic..:li of th~ S iPI,j .. io!! 
alk:llin,. I'TUyint'c [Currie ami Fuga.MIIl, 1'1 : 01 
oc('lI r within :tntl 3rt1und the Bf(~lIl c r':Hcr. T heir 
nldir,tllNric tl!!I ' i oi 5.j~ :twl 5,1) ID.\·. L\1. 
Sh:&!j(Vil1ah, UIIP1Ihil~h~1 (bt3, :11'101 ;Jh'l/iqI4!Jal& 
ct (1/. ( l!j';'l) ;, ~rl'c with r1dirmlfUil! thtCi un 
othf' r X ippi;:im: ~tlki ltnc dikr-:, T ile .. :.rLon:H~ 
m:llri .. III brC:(,(:I:'" {rum th". \\ I"'!t s;JI! or the 
Url·1It cr:IH' r yil"l tL4 :-OloO r;J.lio.:; t'h:\ r:\c' lcn .. t lc 
oi f':lrt.nn!l l itC'. 

HnUl lif':i (i tl till' OIl:lW1-HflnnrC'lll'rf' t!:ral"K n 
~~.I(·ru , wi llch itlf':i1in"" Xil 'J.I-il1!! :lIl..,linc m :1Z· 
111:, 1"'111 ICurnt.', 1 ~l i()u]. WIll: lite rxC'rpti'IIl IIi 
~hol'k lIIl't:ltnOrI'IIIFIIl, the ~imihrtty In ",izt..·, 
~h;I I l('. :md petrul h('mHry (Ii Hrr·ll t I f; ch·lr':\f·
hri"IJf'5 uf the t':llbndcr Ihy :11k.:llinr ('umplex, 
.. ~ nllll'':: 10 f hp Wf'::ft , i3 \ I'ry !ol lnLHll!. T it" 
)\('\\fll:lll l ~btll l :dk:tlinc cOl1lpl('x: I~ milt'S \W-l 
nj ( ';llhl1l1.-.r lilY, ('ont:liu <: wilhin it" cral. ·! 
(Inlm ir.j. lT\ M-.,Iuuuu:l ry rl~ks corrc,',lli\c 1:0 
t im,.,. :11 Brl'tH. I II th,. :lh~"IICC oi ~h()("k mN~t · 

morrht~m, Bretll \\'1)1111.1 ('('rl :linly Le r111; ~i fit-rJ 

a ... nn !tlknhn,. izo"'oll ::i ('oflll,l,.\:: \\'lI llin t he 
:'\ ippio:in :! :llk;,lIn,: H!TlroU." rrm m<,c. 

.l / j,t(l.~ t ;1t [. (,!.or ii' an (llIipltC':t1 ('T.iler rllll£:hty 
f1 "y ~II kin. rtlt m:linly intn Itnmw.:t'tJ<"rl1l;;l 3.m::<'n 
c:r:l.1Indiontc [ f '/H' n'c, I Gt~' l, .\ kn:; ni n.non ho· 
I<ill ' w it h m:trt!ln:t1 OI:III£!)'ntc Cf(\~ ... ('5 tllf' {'r:ater 
il'",>if c:lU ... iui!: IIn{'('rl:1inIY in Ihf' {'omr,,~itinn fif 
f(lfk..: \\ilh in lit ... ('r:ltp r . Tin" :\\,ail.lhl.-. dnt:l ~ln. 1 

ht,.'.t c::lim:tlc a r,' ~hown in T .IItle 3_ Cnnt'cDtri(' 
rill~ tllkt" of if!llt'flut ro('k~ rHl ~h,'\C' kf'" I' re'· 
r :lrnl,ri:\O on 11i(' ~hore of IIl1' I ike :'I ud on 3. 

{'1'1I1rai iAtO". _\n:a1yscs oi !tn oJder hlll1lu,!I'n<'-

011 <; finr-t!:r:Jin('t1 rock anel !1 \'f)1ln ~ C'r \ (¥icl lbr 
rtll~k :lfC .~1tf1\\,11 ill T:lhlc :l , It;!!I·t!u r wilh :11'1.:11-
,-, .. fit" ymHa:"r i!.!Il('(IU3 hrf',·t'I·I~ that ('rn~s nIL 

;1 11,1 iul'1 ll ,lc thnn. Th~ J!!nl 'OIIS rrwk..: :lTC !"1!!
nifir;lntly df'plf'lt'ti in ~,h co n, POI!l.Finm. fwd 
mhidlUm «·bli,-c to :l\'c r:\l.!'~ country HWJ..S :lnJ 
:l rc enri"h('d III c.t1cillm alit! 1I1:te:nl':tilltn .. \ 1-
thuII!!.h propnrtillll-t o( cOllntry ruck=- ('ould hr 
:"ljll .. t~1 to m:ltrh the i~nt'OIl5 cl'imp.l::;il1nn 
(T:d,lc 3. cuhllun ;) , it .l::l'C'IIl" \ '('Q" illlprnh;lbll' 
011 fil'hl-Olappinl!' e\·idcDcc th!l t these prop(' rt ion3 
rl'prcs(>nt the o r ig in:t1 rorks wi lhin the ('r:llt~r~ 
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TABLE 3. 

SiOs tiS 3 5:! . O 
TiO) 0 .;)2 O, 4:! 
AI:<)~ 14 .5 27 .:! Fe,o, 7 . 1 
Fe(] 

I.U 
2 ... 2.6 

~I.o 0 .6 J.'~ C.O 1.9 S 9 
:\lnO flU.. i) . f), 
1'",0 4 .0 .i . :J K,o 0; . 7 n.9 
IflO o. (It. 1',0, 0 l.i fI . W 
I:b (ppm) IH:! n 

609 
I.al 

I-I .. j 
4 .:1 
~ 6 
0,) 
4 .. 
O . I~ 
4.0 
.I.:! 
I.:! 

l) :H 
ti:s 

K. L. Co","" 

SiOz 

G.; .,. 
fl . ;,9 

1.-, .8 
1. '1 
2 .9 
U.R 
a.o 
0 .11; 
4.1 
;i .0 

o " 
0 . 17 

131 

l. i 
Ii . . i 
o.o.s 
4 . 6 
2 .0 
I 2 
0 3 1 

:.!t) 

,.6.6 
I.c'O 

17.8 
7.:J 
0 . ' 
1.7 
5. i 
0.09 
4 .2 
1. ;1 
I.S 
0.;13 
nil 

56.9 
O.SO 

20 .9 
2 .3 
3 .9 
1.2 
6,5 
0.07 
4 .6 
2. i 
O.S 

"-
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" ,nU!: 4. Chemical Composilioll of Country I(r/ckJ :llid Igllt..."OUS HocliA Crain the CI£'arwater Lske Crnte~ 

---- ---- ---- & 
9,.t. % wt. o/t- •. d . wl ~o B.d. wt '5'0 s.d. VI' to c~ ... r. f(. VI' l C;C 8.d . " .. t ~;' 

" 0. 6:.1.2 60 .84 6 .0.; Gj .3 7 , 1) 1 (j:! . ~ I.:),' G:t.':; ~7 . '2 G4J '17 I. ~ :I~ . 7 

r~~ 0 . .-.1 IJ . it 0.41 0 .4'1 O . :$~ 0 . '-.0 O.nl u ~!) 0 ,~ U. ; 3 O. l :l 0 . .>1 
Il l), 1.'>.6 16 tIS 1.19 If' .4 ~ . 3:! I: •. /i l.:Ji '11 f) ltl . :! )i !)II o :j~ Jl.tI 
;tiJ, :.LO t .!)!' 1. fJl :! . l Lit; :! . 7 0 . '-'" :1.1 j . t ~ . J:! 1. 2:, 4 :\ 

r..o :! . b 3 . :!U l.j7 :! .ti 1 . ;;'10) I ~ 0 .. 1):, 1.1) 0 . 9 l.IS O.M! 2 . ; 
)t~ 3 . 1 2 .aS los.; 1.:1 1.34 :t . !) O.ti.; J.,j :! . !f :! .U7 O • .j7 J.~. -: 

t'JO :1.3 ·I. b-.! 1.69 30 1.9.j :!.I' 0 .61 2 . 1 -l.a 4A'i O . .j l 3 . 2 
\lnO O.o.'! O.ltJ O . O~ (10 1 n , lO n . !).1 " 14 0 . 11."; O. 'J.; () 01 0.1" 
~t':O 3 . 4 .:11 o ;.1 :I .:IS 1.04 :].11.; 0 .3 1 L. G:, 3 .91 :I.;~ o 4" 1.1~ 

~,o 3. 1 2 3' O. h:? :1 .:16 0 .1,:\ a _ G~ 0 . 14 G 40 3 .-U :1.,;0 0.-1:, 0 . 11 
.11,0 0.9 O. it) 0.27 0 .41 o :1I 'J. :ift 0. ; :; oj :.!l 2.W I . :~I O . ~7 Iii . !) 

p.o, 0.21 0 .2.-; 0 . 18 O. tI 0.07 0.3~ 0.04 U.H 0 .30 U.au O.U') U.3 

Scltdtd Traa-ElclTl/'nJ Dala (in ppm) 

Zn 2,-1 ;0 Zl.j 40 i'-' 20.:; .70 
CII 10 20 30 3 2U 67 IV 
Si 3,j 12 jSfI 90 :!O S c'O 
Co 3n -~ 3 .• 7 &u au 30 
Cr 10 :!O :!OO 10 5 5 
\' 120 6,:; 6., 70 I!<U LJO 100 
Ib &-") 7;0 s.:.o :!OOO 7C'fj 1000 10'.lO 
Zr 9'-. I ~O 100 300 

1. Avernge country rock, (r!'lm f:flFlt ,t ai, linGO!. 
2. Avcrng~ country roC':k, from /Jo.tock I l%~1 ( Hi IUl.'lly~). 
3. :\vemge country rock, cc nlr,d UlllifL of t·:\."l bkc (:!\J !ulLtly'-CS), 
,. A,·er".l~ m~Li ~i\"{' il(l.NIlS rock (rom efL~l bke (l:? I1IUllr~), 
5, A"ernge h: ne.JII~ hrrccltL, f<:l."t.lflke 16 o.n.·.ly..ei). 
6. Avemlite ilU't'OlIif hN""(,Itt., W(''' '' I I~ke (8 an. .... lyses). 
i. Avcrngn m!L.:" jvc ilo: lIroll:J w('k from we..,t lake ( 12 An!llr~). 
8. Aver"'b~ :ltl.."\lr"i.3 of K) ~b.iierou.'1 Ullranlnfic veinlcts frum dnll core~ bcue;lth ~OCI'lt lake (4.f\.,\ lyses). 

bl'l"C('b. I 'Cnelr~ Il' .. l in bore h"ll''', iur iluilllt! 
E}·p5ifl" fOU.';; ~crpC'nlitlc !f':lm;;. :\ lthollch not 
3tl3lyzoo., mincr.lliution in the fonn of m ilieri te
letrahrdril c ~(,:lIn5 is :11 ';0 found in tht-.e (' (m.:". 
The chNnic!l1 r.. ... I1!'!.i :;:hm.- ~i!!'nific:Hll enrich
ment of po' a:l ~ illl1l ;tntl impon· ri.~hml'llt in :)IlIb 
IR ignr oU3 f()(' k.::i rf'bli\'c to cll1lntry ro('k~ , Thl' 
i:neou.:l rOt'k3 in \\' (' ~t (,1t'3 rw~tl"r I.:.ll t" "r.d,' r 
3m eurirhcd in a!kaliC'S nnrl impo\'eri:< hccl in 
m.'!.!'llr.~ium, nir l r l, :'l Ilt !' c)Iru flllUlit c(ttllpa rc d 

I\'jlh Iho .. '"\.' in E a." L (,, 1(" lrw~l j l'r I':l kc I' r'tt, ' r , 
t\'hich, :\t-corcJ in!!' til cnn" t' nlll'lI :t l p"' trllll)!!IC 
th('()ry. wo uld indi,':.t c:\ itom!!\\ haL hi!!il e r d('!!,rcc 

of different ialion. 
Car.9:II:cll crater fomF nn :llmo:<t prorfcl'l cirrlc 

;ro km in di:lI1l('lcr, l·ut thrfll!!':!l J'rot cro ;wic 
. ;:tnil;::tnnr into ('ry:stalli ne rocks (Ctlni e, l!hJtlcl , 
.\ rim 5~ nrlint' 0\ l' r lllrfh"t l away fWIIl tIle 
tenter is bountlt. ... { on bo th sillc:!; by f:lllh :; . The 
teulml core of cry:< tallinc nwks . shock meta 
morpbo5Cd along it:; m:ugin, is scparn.ll.'u from 

til(' rim ~l lId3l onc by If'tl."<:f'S of nplunitic . Ot)\\,
klltrlcd. irntTlI r nt-ch:uJ:cri roc~, ShC:lthM by 
i!!ncvns brl'1"I·I:l. Th('::;c j~IICtiliS rorks a r~ s it::. 
Jllfi" :lntly rtrill'r in pOl:L .. ~ illm :mrl m:a!!l1(',;ulTl , 
:1Iul pilOrrr in glicon :11111 soJiuln 1i&:1U the 
rrY""l :t lhllc roc:·ks. Ii the- s/'ilimrntllry nwk.:; are 
ilJ('illIlC't l, the tbITt'n' nrC:!' 3rt' C,'(,n lar~ ... r . ~h{l( .. k 
IIIf't: ltnnrphl5:In j ... nut fmuIII in thf' ~Nlim('nl:l.ry 
flll ... k..:. even wht·re they onrhc shock-mC'b
mo rphO"('tll,:H'nu'ul rwk.: rCurri~. Iflfi7J , 

The .'-wlbur!1 ,tI'IId"r;", ,j .. kill lOll!! II\' :?~ km 
\\1.1 (' . po.~(-..;z ~H II " I, i Ih(' tltUwult prl1",If'IHS In 

(': III ;ltli ~ln !!rolll!!.\". The grolo~y i3 hi!!hly com
plex und ctlU{ro\'('r~ i :l l, l nd ch('mital d!lt:l :lre 
not JI:lrticubrly :thunthnt. The Sudbury imlp-
11\ f' Ja.lS the form of :1 lopolitltic i=hcct, 1.72 boY. 
old , \\"llo~c mc;,U1 compo ... itulO (T:tble 1) :l.$ com
plltrd br Clll/ iliS rI 01·Q is ~omewh:'lt simil:lr to 
that of it:nt'olls rtwk:i fOllnd ;n otner Can~lfli:Hl 

craters, Lut r:lthcr lhO'l' rcnt from that of large 
g:lhuroic lopolilhs . Tile urupLl\'e i.i on'rIJ.in 
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by a ~heet. of i~nrou;:; breccia (On:.lping- t llff ) 
that d lspby:s shock-me tamorphosed irasz;mentl J/am'colU1!Jan cT'.l ter, an octagonal d 
[French. I!JI>S]. Th. On:tpi.,~ ,uff i3 a III.h l\, 61 km Itcms.;. i.; Cllt in to P",camhri:~"" "'" 
\'ar:c'<l. ,nt! po ,ibl), romf""il •. unit. hut .~ai- """ph Ie. an.1 p,,,"all\' fill"" wilh I mel,. 
) 3" of II . morr 1I"",,,h'. and ullifo rm 1'''''' are 1~n<'OII3 rork,. ,hml"'; which p rojrc: I!'CI; •. ; 

qUI,e slmll t h f I 
t:J IIZ'1I13. r. off~en l c r hl-·k of "'h .k .~ :l rl"t-

~ . :lr 0 t O.:iC 0 t IP. i rruJltl\"f~ (T:t.ole 1) V1. k Of; 
anti ~r -b<lt 0l'. d:t la [ f'airba;m et aI .• 19"8] ,"'~ ph~,"cd .non ho' lle [Currie. 1~'Oc;m~: .... " . 
SU!;I;t:St th~ :." :lme ~urcc. )bn.,' h it!: hh- sl'I,e'" ol»"ct •. ; Iu r.e as 'funicolln~an . the dim;r ~' 
• I f h • # UI a rnnng :It :tn 3' "cm"e co . , UitIC' 

n:l y!ie5 0 t e Ona pmg t uff hn.\'e l"eeo reo r .k. ..... m po.mlOD of COUntn 
ported. bu, lhy npp'e" to Le conWmin" rJ 0< • g .lte. " I" ·,,,u, . Huwe,·cr. eonH'rgenee of .-~)' IIIch.., ,,,n. of qua rtzi l' [Spea •. 10.1,] . 1'1 hOlIlIll~ ,.l un"I£·; (1'.11.10 5 ) rue~",'s Ihat . r" · 
Igncoll. rocb of the SlIdbury struclure a ;~ ore clolllp<n·" llle. 1111<1 the c"lIlpu,cd ' \,e ror· 
mueh lower m polash th:m i.neou, rocb from ~ r'·a'on,.I,ly :,o<ur,lo. CIt··mie.1 data on r:~: 
olll('r C~n!l IJi :m craters, IJIl l the m:.&t ri:< oi the compn-.I.urln 01 pSl11JIJUIf'hy li lc (T able 5) i 
conunoo SlIdbury brccci.L' i3 enricht'l in po- In'" t wu : 10111'-. n ne erollp could r",,,11 f >II 
""' .. um an,1 h e:l\'y metal. comrmcJ lo tbo mrillng 01 ""Ii rocb by friction:U heat [p~~n 
cou;"'y-ro<k IOclll.5 io">. according lo Ihe dal" potu. 1% 4 1. T he olher "rOllp i. much mor' 
of - llCCrg and the (~" :t ,howlI in Tuhle J. fl ·rrom"en~·-i:.n ."1111 .,;,Ielllly e<oniaul. '0 .. ~ 

ll tl.\ turc 01 IOn'l~n m:ucr~d . Cht'mical bnL'lRN! 

T ABLE 5. C hemical Com»O"lilion of Co t I un ry tock." and Igl1eolL'f Itocb fmm the :\w.ni oousgtUl Craler 

7 9 
wt c;o ... to':;, .. t ~ " ' t. C"~ • . d. wt ("c wt ('0 "' l. ~ wt % wt % 

RiOl j ; .91 5.~ , 1 1 5'\ .0.1 ji 047 I 71 ~9. 11 4~ 4'1 47.";7 .. s. !):? 37 .4.1 
T iOI IJ 61 n.:;9 0 .60 o i.fo n os 1. 01 0 . 2 1 0 .2:1 I.Ui O . 2.~ 

AI,o. 20 .77 20. os 21) . :\6 15 .3:1 1.:l'1 17 . •• !) 2:1. 6; 2" .:lG 17 . ,j7 4 .06 
F.,o. 2 . :Ul :! . 1;' 2 . 1R 3.42 0.39 5 ,90 1. 4 1 I. :\,1 4 . 21 9 .51 
F.o 2. 72 2 .M 2 .73 :? 6:l n.:!fI 3 . 9~ O . O~ 0 . 14 5. 10 3. 34 
MoO 2.6:' 2 . . ):\ 2 .• S,1 3 .61 n 6--. ; , ;\.1 4 , 7) 2.80 ~ . 3~ 31.S6 
C.O fi . J,~, 5.: .. " ., .9 1 , •. 7 1 o . ~'! 9 .76 n . ;o-I SO·, S.Ot 1.70 
~ r nO o.m IlW 01]9 0 . 11 Oil:.! o :! I O, O'! 0 .(11 II . IS 0 .27 
:>.,0 4 . ;~:i CI~ 4 . ~S 4 .1)'t O:.!:! :I O:! .f . 76 iL02 3 .0\ 0,43 
K,o z. ;0 2., :l 2 .77 :i , O'.! o :IS ~ . :> 1 0 . :,1 1. 1:"; 1.3S 0 .2S 
H,o OA:! O . 6~ 0 .87 1. 0 1 0.10 '! Hi :l.~~ ~ . b(l 1 . ... ,.1 IOA8 
P.o. 0 . 2:1 0 .:10 O,:!7 O.".!'J 0 .0:, 0 . 19 U. o.1 U.03 0 . 2G O.tH 

Sc.lcdt:d Traa-Elcmrn1 Data (in ppm) 
Ni :!-I 23 23 3 S ;;0 4:1 nil S, Soil) 

Co 7 6 6 t 2·' nil nil !!.'l 120 
Cr 42 ~6 3S 71 320 ;, nil 36 .• 3.;00 
V !J'J 90 9 .• H S 340 5-; 40 nil 450 
B. 12.-11 lito 1200 1510 I I.',() Il OQ 9;.0 14:.0 140 
7" 370 :,2tl 4:.0 O.W 7.-.0 ~c'O :1Il0 I I:, 4.i 
Sr ~GO ·140 4.>0 -ISIl .'<SO (..;0 GOO 8:!;j " Rb '10 46 ·10 .-,9 

l. Ave". .,.,un . ..' 60 nil 
3=j9( hn ge . l l") rock III cr:ller' (n ... ·i\ lm in\t " . ,.. nllllr lM ' <) ~ 

. 2~ ~v:::.n~k:,~::nd J;; r; . <l o<i", coml'lc.). - ' • ,,'e. _0 .• gobb", and m"ti c gue' .... 50;;, ~"'o i". 
2.;(";" ch g ., tr;. z:~rk III cr;tler (:t. ..... .,lI rnin K 20';;' 1\1IO'rlho.sit -r-{O p amockll' • • "d 3:1 ':'. g""'" com pl •• ). c. 1· .0 gnbbm . ,,01 mafic ."ci ... So;;. gr.,,,ile. 

. referretl I\Venl@ of countrY k; ' 
4. Aver-.lj:;c dort' il ic i~nc. ,o !5 ro~ k ~ ~ In crn.~(' r (~S all:\ ly~). . . 
~. Averug. "",flc. pola.s.->ic t"'.,,,I .... ~h~'r.;~ ':~' h "~",b;, 1 deVia tion (3, .... 1)' ... ). 
_' Avernjlre country rock of Il:-C1u.lot!lc h\"lit ,nnn ~:-("'" . 

~ ~~~~~~ :l~::;: ' ;(: ' '' ' t '''~ li '' P--(" do~,;"i\Yli~e(~:t~~~~;::!i. 
9. Av.rnJ{c 1I1t~\m!~~~ i~\l,~~:,~r~,~el~l~~I~ ';: I:-:~i" ~I rom cmter (U fl,nl\t~~). 

"'L' 

.-]lcaln liODS sm!:f!Mit 20--50% a(\(lilioD of picntic 
.lk,1i 1, .,,,11. li'ille",,' [ 1 ~3'] conclud(-U Ih"' 
'Irite h3.d been :l llth·d to YrcJcion psrl.ldo~ 

t.,(hylilt. 
A picritic alkali b:t.<::llt is C::-' fW ,~N:i at ~Iani~ 

rtlU:U;111 in the form of breccintNI plu~s and 
.:'Il1an Icn·;uit.i !:hcet:i int rutt ing and inrl udin~ 
5I.1c\'itic brccci:.t:i. The b'lE:...ltic fiI 'll rix (Table 5) 
t1rries nUUlcrmlS lJiucks oi 3 0 UIIU~I1'.t ultra
b1Slc roc- k COIL .. i 3li n~ of en!'t ~lt iH', phll'i!opitc, 
snd minor oliville nud Uinp:·qdc. The: ell~mtstTY 
ii remio!=c('nt of !=c..me 3lk:tlmc uil r:l\""I.:ic dikc 
EQ.--:IrolS. The.,..e IDclu .. ion;i :1J ,pe:lr to be xeno~ 
htbs of 311 e:t rly CQ'~l:, lI i z ill~ iract ion oi the 
:l.lk;lJjUi" h:U::llt r C tl. r n'c' , 1 'J; Oc}. 

Rou2hly !)C)~ of the i:;m(-ou~ rork.i 3t ) bni
NU.'l~!1 n con~ ist of tW';) s.hl.'t:t:! of Itr~nub r to 
Imchytoi, l brllwnb.h rOt k.; , (.h lil' ring in crain 
SIC nnu nllnualozy oi pym\ l·nC'. The uniformit y 
of chemic:,1 r nmrl'l .. ;tiun (T ahle 5) i., "cry 
!lriking. lI i~h K ,D rout enl ci:L .... .: lfl l -:!J the rocks 
:I!I doreitc. HOt n. nde:;i tC [S(tC kCJ/'/', 19:H}. anu 
the s l\':!lline ch:lr!actcr of Ihe rock i!l ~ho\\"n also 
br tile Jloc-D(III{1!d and l\(l l l l"'& f1~tH ] cb S5'ifi . 
c:nioll . \rllt"1l ('orrd'tf-(l ror dl'lI tt' nc o"\i.l:1tiuo, 
most :\11:\ly~\'5 show nr, rll u ti\ c oli vil1(', C(lm
pnri~o n of thi.~ roc:k with the :n 'cntec Prcc:nu
bri.'ln rork (Tahle 5) fllo\\"'" !" t3 ti!-'lif' :lily :o'iglli· 
fic!lnt diiTf' renccs for 4J of Ihe 11 :tn3I YLCtI 
eiemf'11f.-. An !ldclitietn of l l.it;"'o of pic ritic :.lk:,Jj 
OO' .... 'l.IL would brif'tt t he o,'(-r:l !!(' C'ollnln' rork 
into C'oi ncidence \\ilh the a\'er~H!C i~nt'1lu~ . 
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(3) !i~nificanL amoun ts of ignoous rocks are 
Vre-:cnt iu the fonn of dikes, !:orne hUTldred'i of 
y:trds lOllI! , nod tens of y!lrds deep. 

Imp3ct m<-lum! ~ l lou ld prod uce !l mngtn3 
idelltir~li in chemi.: try to th~ country rocks, 
except fur dlffertDlbl \'obt iliz:\tion [Ta ylor, 
l ~jt.i J, ,,!Iich "ould l~ emllint etl m':tioly at the 
lOP of the b llL3ck brl-cC" i:l. [Robert, 1005]. In 
brJ!;c crlll ('l:I . rlUt(' rcnliul ,'olatiliuti(jn should 
leat.! to d~pletion of volatile cleu:tcnls EUch as 
HL. P , and I\. . Kone or these C1<'Ul~Dt ;! arc de
pict(>J ill noy of t it(' n 'port C'd h.!HCOUS rocks 
excr lJt thO-.:e from ~h:;tastin I .;: .. ke, aod K is 
cnriel ed in most , Aflc_r con~(Jl iJ I't ion or an 
irnp:lCl melt , a iterJ t ion and m(·t!lsoRl:1.lL-.:yn mar 
t !lke JlI!l.ce by cirt'ubliou or ground water 
throll ~h the urecci:l tone [Milton. 1910)_ E"eD 
:.\.~umtng 1 ha l the =1i~ht olren'eu alter3uon is 
ruflicie llt to alter the compo.:i liun, expcrim('uul 
d:lt3 {/-.:muUlol.iCl ct aI., 19(j'j ; nllnJiam, 19G7] 
~1t ow dbl ot.'a r ~uriare hyti roltll' nnal :l!ter.\· 
tion, which consb:u Ol:unly of 1£-!1(:liing or nlk3-
lits 8mi cn richment in siliC:l with in('Te~'£c in 
:\nJ K rat io. does 110l (:l.\L~ the obscr\"cO in· 
crca~ in K. ;" lg. :HlJ he3'-Y mt:ll l:i. The only 
n(':t r-:-ur£:tc:e Ulc1 :150malic proct'~ :t k-:lu i n~ to 
Sl1n ll.l r chcmicnl ch:ln~cs is ftn itizalioD, \\ hleh is 
in":lr!;lhly connc(' tl'tl 'n th nlkalinc m~!ml!\ tign 
Imp:lct m<!lunp; dOf"! not t.' '' pl:un eithcr tbe 
":trte IY oi i~eou:; rock8 found in !ome- crnte)'! 
«(,:lr\oon:ltitc, motlr hiqu itet 1r.I('hyte at Brent : 
mt"lmN'tlltf". b3solt , tloreite 3t :\ l:micount=:m) or 
the humogr ncl ty of other i!!'Ilt'<lu:5 untt s o,,'er 

The c1()!:oe t\.~.socbtion of ij!m:ou ll :tntl ~hock· 
mt t3morpho...-r tl rocks !:l ll!!(!('::il.s t hn -c pn&-iule 
oriJtin~ ior the ij!ne("l\ls rock:.: : (1) e ry~I : l l h1.:ltion 
irom impact mt'11C't1 country rorkE. ( ~) cry ::l al
liz.:ll ion frllm en.-tul!('uir m:l~III :l whO'"C empi:trc
mcnl i~ mechalllcaily or lhl.' nn!l ll y confrollNI hy 
an im p'tet st naclt tn- , or (3) f r)· .. t:IUi1.3 tion rrnm 
an rtl\ lflJ,!C'nic md t wilh whu:o:e empl:H· ... mcll t is 
ru.'5oci!n cd :-li('wk nWlatunrpl l1c phcnollu'n:l , 1-::,..-11 
bypothcsi:i implws sJX'C llic I!('()("hemic!ll nnd 
pb}"~ic~,t con~('t.tuf' Jltcs. Iu 1ddition to the uatn 
summarized in T ilLie 1, \\·c may note physiNd 
factors common to :t il , or most of. the occur~ 
renet's : (1 ) the i$lnrous rocks Q('("ur at t he base 
of tin crater (uf Brl'llt. ~\Hlbun', L.'1ke Sot. 
?-llrtin); (2) D\tlis.i\"c igneous r~k.s a rc gen~ 
erolly fresh and unalte red, and the igneous 
breccias 4re moderately to se\" erely a lt ~red ; 

I!'m~e nreDS. Can imp:lcL ronn homogcnco\1~ mch 
on'r !'qu!'I re mile nrca.s, yet Ic:\ \'c pools or ahcr

rant comp<kltion ? 
The locat ion of is:neous rocks in well· p re

S(:rv('t.l cralrcs 511g~L~l! {h:ll the rocks :t il lie 1\\ 

'he b:lsc of the cmtcr, a po . .:ition quite com
p:ltihlc "'ith int ru:- ion or igT1{'1}')(i rocks into the 
Ln'C of 3. struc tltr:llly wC".)kcnNi lOue. I mpact 
ere:t lt' s long.I!\" ('d di. .. mrb:l. nc('s in pre<l:lUre 3nd 
temperature OWiIH:: to U!lt(' r e'lw: r:wnlion nnel 10-
sul:n ion b}- the breccia bl:\nkcl, but C."l.lC IIl:l

{ions s\1J:2.CSt th:l.t m3 g lll:t generation h~' thi! 
mN'iIrl.Oi:>:nl wOllld take million .... of yea rs, wh('r('~ 
field evit.lence nnn i;:l()topic nj:1! d.~lillg; ~U !!gl-st 
nhno~t id l'ntlc!Il :HtCS fo t" the it:ncoll s rocks fiud 
br{"crb blanket in Con:tdian c.rll.ter3. :\ (C'Ch!l. nieal 
sf rC5~'S assocL'1 tcd With an impact c.ouhl t!tP 
prt'CxlSting magm:l by cracking the cover rock", 
or could create mngma b)- sudden relen-;:e of 



5584 K. L. C~R",E 

p~:-""rf> . Comr~rislln of t"(,mput(.'o !,!I-otherm .os: 
!1hows mt"hlOC; of rnt.~tal rod ... ,IIIP fo f"f 'if':l.~ f' r,f 
pre ..... u rc Li \"f'ry IIf1hkt'i\", (ri. l .fIr/" IIhrllf'lt . 
1970]. )I eltifl~ by pn .. "'nr,. n.·h·:I~" II"J-~f)l) hill 
brlow _"uri:lre is qll\1f' J,bU':iblf', IlIlt :111 tI~,""I1lP

lion th3l a n imp'IC'[ '-lltlici'-n[ to c-.;t";\\·:IIr.. ti ff" 

l:Srcnt crate r, for c-';!tmp!C', ("c/III t1 pmmptiy .. lIrn
moo up itWrou3 rock.: fmm HI(') J...m d()wn !I~nB 
t:ml!l.:tic. 

The ~comet f')' :uul cmllpo-iti"n of tl lf' i!;IlNIlI'i 
rO(ki: (':t n 1)(' txplnin(."C 1 Ity P"\plf)..;i\'l~ "ndl',:!I'niC' 
\'u l (, ~lI i-rn it it j, :1::"'UI Ul,d that the Ol :t'!lII:.t h:I, 
Ullu!u:llIy hi!: h :t", .. irnibt i\·p flowe r.: .... ml' !" (."\ 

plosin's of hh!h l. r i-;': II1(·'" ({,t!'. Il t ) up" pn .... ··nt in 
\·C/lc:.tnic t!:J;;N', 11 St.1·",;;: II n rr':I:O:fln~lJlf' t i l 1o: tl p_ 
pn..e that \·f.lr:'tnit" f" 'i plo.,jnn:o: 1"'~llIlIfl r :11 11";, .. t 
Itlr'!uIY:lIld r:trely prc)lhl("c 51u.If'k pliC'n"mcn:1. 

111c iznmU5 rnrk.o: ill ( ·.In;I''':ln t"r:ITt·r.o: ("a n
nnf 1 ~ cum pl<-lf'h ' C' '\l'bin,.,-1 1,\' nn ~' Ih ..... ln · S" 
br ad\·a IlCt't1. A thC'ilry oi l"'=I'I!,.o: I\·e rlldtl!!"'mr 
\ ·ol(':ulI .o:m s.:It L .. ftf"l'l Ih,. £('O('IJt'mie!11 (1:11 :1. but 
1'1)1')(-::11, 10 2Mln~i l ·:t 1 prl)('(''''~ nor yl't unoft-
5(" rn~ 1. Tm p!lct h ~ pot b("-~ :tprJf'tlf unlik('iy to 
f\-pl:lin the d:lt;i. 

.--t ck"o lr~dfl m€,.t.A . )1. n. J). ·nN'. f>umin ion 
Oh:ll"rI·!II(II"·. J . G . ~l lIrl~lll lo!h :HI'! .1. Hnndflt. Qn,·
IH'"(' J)1'1':tt1rw'nt. f.i :\l inr •. :'I!l, 1 Il . n . ~1 ,.r:II ... . 
l'i:tn ilnl ll\ J)t'pa rt lnl'nt of :\1 ill' ~ :tnd X:tlnr . .1 H . ... 
~urrNl . Ilnn:l!f'd ~p.·ti n1t n'" illr ~n:th-;.-i .. ~1. !-'IIII
flrjl Hl ll ll h \'1'1'" k indly hlluwt't.l 1II1" I" 11-" lin I' II \!' 

li"hcl l m:lI l·ri:t J rolll'rll"'d I,\, U-I. H. 11 . r~,.';I{Jf k 
not only rnnlrihut, d ~I ... ... jm ... tl.o:. hilt ronrnhn ll II 
t o Ih,. TIlt"lhndtlln\!"\' flf lb·' "'I\III\'. 

l'uh h .. :t rinn wa.;·. in p :'l r t. !l;ppor lf.(j hy ::'\ .\~A 
contract X~H o!)-O."il~l. 
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Impact :\/elts 

an~~~e chemical .composition shown by t he two 
)Bt'S quorcd LS one J.Htlc in 3ccord:mC'c \\ith 

all tku PClrogr:lphcT.! 3 r.~ :lel'U!"" med to ~Ird 
:: ~~"??,~ f~r ll!nCOUS ror k:!. , . , Tllc I:l\':.a-r~k 

aDtsJan I has the COl1l{>Q!iUUD oi .3n '1 
1!lC'colu ~~fimcnt rE:ll.ola, Ifl2 l. p. 51.' argl -

~k.ol!t S t houghtful Siudy of the I,...· I 
CUr~5ItY:lt J:ini::jii.f\'j (Y:illi.:-y:in 1) :I~~ooof"" I~.ae 
~ro ~m of 3CCOUOIing ior thc igneou.! rocks 
st1ere 

15 repr('S('nt.3ti\·e of C3rly 1n\'ffillt311nns of 
rllct~~s th!lt later bcc:tmc knol\-n tt5 'c . to

volc3n1c [Buch er, 1!!36] or 'en ' t ,?;;~ , 
(Diet., 1050], - P oexp o_lon 

J~ni3j3n'i it.:clf, nonl! oi l :lke L1d . 
\\;thin the C'.:;:r. d h -. I')g3. IS nQW 
of . .... ~ nn ~'J not been the ~uhj(''Ct 

recent stu~r, IJo\re\'(' r, d!'Spite irs n. b;:f'nc 
from current h::ts of ptl,-:siLle iIDp!lCt sites [Sh ~ 
and BU1Jch, 19l'iS; Freeberg, IOC9' Zotkill o~ 
J;t .. e~~.ov~ 19;OJ . there c:l n be littl~ dou~) t. t~:t 

:1lI1$J:l n -1 ~('lo~g3 to the sc[cct ~rollp or ~truc
tures, I~ l\hl(·h . lg~eous rocks:lTC found in ch:l r. 
acterlStlc :k~C1:lllon with shock-metrunorphosed 

Cop,.ri,1u: e 1911 by the AInCl'ic:an Woph,..ie.aJ Ulliou. 
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rock!. Such nn 8·~~i1 t10n II <II bee ' 
:It tIt -, (i" 1_ n rccoglllZed 

:' e . .... .:In 1O.1 \";tn Inr:l.liuf'S of I..nk!" 1..1 
1l.'1}.ln' , [Lcnti,'rr.. 14"';"0] " -II ' P- ' 
1'11''\] , ' .uc en rSl'~n.uoll 
11~:r)J ll~,J (rlen, [,)t·Cn.~JI<1l, Hl(Jfl; Stan/a,,' 
\\'it~; 'J ~ ,_ ~~ ~'lJlch E~kol.t comrnred closelj: 
groundstUl;;~.:\~~', on flnJctu Tal and fextu raJ 
(ni ' e cr. there src dl~t inC'{ chemical 

, Icr(,uCt·~ betwccn Ille i n{'() 
sircq, , \ 5 l~kol IY t; US Tl)cks .1t the four 
d IT n. reeo_nlzed, to aCCount ior these 

l .. ercnC'<'S. any ,"oic:tllic theo ry of oricin re
q1Ilf('$ the m3.iSi ,"c assi rmht ion oi adiacent 

~untry f?r~~ (Prec:lmhrian micl schists in tbe 
('3SC of J.lIlI.:-J:l n 'i) I.,· !l11\' .. ," . 
llIa;rn;l. " po,,,rul.lh.:d pnmn.ry 

In. the L1St dcc:lde hYl'en'e1ority imP:lct or 
~~,~ml~ ~I'(,s h.1S bP~n, ~[:tbli.:hcd .1S a '"i:lbJe 
r '~ ~I~CI~ for the OTl~!n of struclure$ such 113 

'Oke ISClk-scU by E~kob .. find of tlie igneous 
ro~ 's ,t,lIey conini n [French, 1965a]. The t1 • 

rilca htlny nf h~-Pt' T\·clncif.'" impact theory fo ;:t problem of Interpreting such brge, 4n~'icDt. 
h' ers h:l~ been conc [lI.:in~lr demon"lr:H~ by 

t : a.o3!rs13 or QU3tern3TY crnters ,n w hich the 
:lS30CI!lllon of me teo rit es with shocked 3Dd 

htp .... cr ~1.F.LT3 555,3 

:udled rocks is well documented penur, 
:~: Kininr;cr, 1954; Shotmal:er, l ftf...o]. On 
d:e other hand 10 sneil"l1t, s!lOck-mct:.!llIoq)hosro 
tmlers the pr~e.ncc oi j~neous rocks. in some 
oSC! in b r~'" qutt ntiti""~, h:l'\ let! som~ to ('on w 

unue to adwxntc a \'OIC!Hlic on!!1n nnd to ueny 
the Y:llue of shock mctamnrphi.:m 3S 3 SJ'lf'cific 
entt'rion oi n.1tur!"11 h~lJt' ryclf)('ify imp3('t In 
p3rticul3r {ho~ bolding the volcanic yic'Wpc,iut 
lu\e ort!urd that c('rt':lIn !!('ochcmical data IIIdi
Clte nn intcrnll orlt;"in Cor the ig:nrow: r()('k3 at 
:e,'eul shock-rnetaTllorplto~('4 1 structurrs (f 'u rn'~ 
amJ "",afi'lul/ah, Ifl!;';', l OG.,: Rostock, l~(;n], 

Others have 6u~a:cstcd combin3tioru oi imrJ.ct. 
rod \·olc3ni.onl . l[fI\\'c\'c r. l\'ith the e\.ception of 
the compounrl !tnlcture a t Sudbury [Fn:nrh, 
1965&) the con~istr'n('y oC Ihe rebtioDCbip .. ob. 
ser\'ed .3t y:mOl!:i cr:lters oyer a wllie ntnt!:p oi 
sizes indicates th:lt 3. 5in~le proc('ss ha! pro
duced both cr:tters and their lL"t!ocmted iC:llro{Jus: 
rocks, Dcb:t te therefo re ha! iocu5S<'C1 tm the 
reqUIrement t hat the imp3et hypothm 3C" 

l't)Un t Cor the fOnDS :mrl ,Ii,~ltion of mrlt 
rocks in shock-m('13m"rpho~.Il"'In1C'1Ure.!: thei r 
lextnff'S: t hri r cOlllpocJlinn, wIHe'h. !thhtlilch 
genc r:tlly ~imib r to !1djarrnt count ry rurk:;, 
aho,,"3 !i!!nific:mt di iiefcncrs 10 clellul; !lnd thcir 
"'ppuE'nt \'olume rd3li\·c to cr!Iter dimen!ions. 

OccrRREXCE.5 

0:1 the b!l~is of stnlc\l ITc and tlir J'lT1"~nre of 
shock mcttlmorrh~m, ~ome !i'\:t~· trrr~lrhi 10-
cltiitit"s tlrC no,,' incIudro in t he prime list of 
hrprrvclocity imp:1ct ~itea. ,\ lmo.:t forty of tiaN'e 
nrc k-nown to COll!3j n ~1:lSSCS or i!::llf'Ou.; rocks. 
nnd in 311 ca:::es these 5tructn res :l re empbced 
in predomimmtly qU1rtzo.iddsp.,thic count ry 
rocks (plutonic or ~t"rli.mrn l:HY). Tbe nppn. rent 
bck of mel led nuterL1ls :1t the rem!l ininc: sites 
Cln IX' :lttnhul(.'(i in some in"I~Hlc(,'i to dcpth of 
tro.:,ion or I:u'k of dN3;!.,,, inw· .. ric:ntion. In 
m.1n\' C3<i:N. how(' \'cr, tlte ah.::('nf·e of mch prob
:1htr-n. r i<lles from the C:l Thnn:J.l r -ri<"il cb3r:tCler of 
the country rock5, ,\t l.ic:h shork p r<'5SlIft s such 
rocks m!lY be expC'Cteti to dissocia.te l\'ith e\'o
lul ion of CO: instc.ld of p roducing sitrnific:J.ut 
qtl!l ntitie! of melt. 

The cmter:r thnt h:we 3 .. ~i3ted melts n.re 
lis ed in T :lble 1. 3.tr!lngro :lccording to size 
:lnd T<'bti\'c drpth of l'ro:;:ion, Depth of ero.
sion gcnernlly incrro!cs wit h increasing 3!:C. It 
has been shown that Cf'J.ter structure !llso 

chflng-:s with size and with the character oj the 
country rock. In thl> case of ('r3ter3 formed in 
p redominantly cryst!lllinf' silic..Itc rock!, 83 (lfe 
most oi the cr:lt<.-r3 in Table I. tIJo::-(' mbllcr 
th!!.n o.bout .; km hoxe u !imple bowl form. as 
excmpJific.'d by the B:lrringcr !l nrl Brent cr:tters. 
LHgcr craters are complex, h:n' in~ 3 (,POI T3 1 

upUt th4t becomrs more promiucnt \\; t h in
Cfe:l"ed cr:ller size, .:md the bn:: (,~ l CT!lters (>~5 
J.. .. m) h;n'c :to di5tinct nO!::: !lruClure. with or with
out. 3. prtJmineDt cl'nlf3.1 p<-3k [Dt1lU, Inn.";, 
I ~GS1, 

F OR;'! AS» DJ'STRl,Bl"IO~' OF ~I£LT ROCKS 

Yl r i.a.t ioll! in craler structUtc, as outlinoo 
!loon-. :ue "ccomp:mied by \':, rI3tioI13 in t he 
fiistrillUtinn of DWl! rock!. which ('3n ht- illus
tr=tlt"'il hy r('fpre-nee to the beltC'r known rT:lV' r .: 

in T:.}'le 1. :\((,'It rnrk~ OCCll r in four main ion"s 
II I th~ different rr:lten: f 1) :IS l!ol3ted j:!; ltl'::5Y 
'bomo!!: (T ilLIe I , column) ); (2) !IS Jr l:t:osy or 
recryst:tWzed IIl3=:C:es in mL'(cd b rcC'ci3S (T:.ibl~ 1. 
column., 2-11): (3) M thick ~ht'eu of klll'ous 
rock (T :\},Jc I , columns 4-{;); (..J) :u minor dtkes 
and Irrr",:ub r mtru!ioll! into the b3scm .... IH oi 
Ih(" ('ratrr (TRI.le 1. enlumnll Ii ntld 7) . 

1. Glany ooml». lsobll·d t!bs-~y bnmh~ or 
imp3ctite slnc:s rSpcllcer, 1 !l~:l; .\'ini~ !1! r, I{).:H] 
Corm fU rl oi the ullconrolid:lted ejE"CT3 (ouOII 
in :s od orf\uod the L1r~cr rnC1I'Qrite C:":'liers of 
R("'C{'nt S!;e, Indh;dll31 hromh.3 m!ly be ~n C' m or 
more 3eTOSS, :sre C'cncl.llly hi:hly Y('~iCIII.I T . 3nd 
cr.mmnnly show cont!l.min:uinn wi th mel('oritic 
m3tcrbl3 [Ta ylor and Kolbe, 19f"l); Brett. 
1 ~67]. fl.S wcll 3S i.Jlclusions of shocked count ry 
rorks, 
~. Glau!/ or rcrn,rtalliud mm.tl".r in mir rd 

bn.'cciru . Th(' lIoromoli·i:tf('d nc~ir! 3no their 
a,s,ioci!lte.-l meTcorite frnc::mcnls nre 5t ri rrcd ofT 
by even s lic::ht erosion. In the somcwlmt more 
d('{'ply erndcJ cr!ltcrs (T:thlc 1. column 2) mph 
m'llt'n:us rae pr ~('n'ed on t he Cl":'tlt"f rim m 
l'!ltche3 of mnre or I~s eC',,;;m)ul:\fed rock. in 
which the melt ocellrs !lS t: b~..ty or 3phsnitie 
m35Sf'S a....~O{'i:\ted wi th .!"hock-mr t:101orphoN'd 
rock 3nd miner:l l fra~llI('nts to form mixed 
breccins. 

Breech a.cs()("htion~ of this type :Ire prob
ably the most di~t incti \'c lit holo~ic u nit in 
1'lhock-metamorphoSCtl stnu~t urcs and Imxc J:'pn~ 

('rally been c:llIed 'rnc\'ite.' Suevi te at the h'pe 
ioc!ltion of the Ries cr!l ter [ von Ellgclhcrdt 

-
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~frCJ-r."EL R. DF.xcy. 
TABI.E 1. Cr:l.le~ Wilh Shock EfTeclls :uuJ )lelL Rocks 

Cruter 
DiAmeter 

CI:I~"ifiCA[iOI' hy J!t'61 iVI: Eroe-icJO Deptl) 

100 WtLbar 
meters Henbll ry 

Aouelloul 
Monter..t.flui 

1 km Barringer 

(Wolf 
C .... k) 

Tenoumer 
Kor.1s (f:olUir L .) Ifotlf'(ordt 

Xu. Qw:lx-c ' \\'. rb~'k L, t 
Drentt 5 km 

Bosumtwi 

10 em o..pDny f 

P ilot. L.' 

L. Wannpitci- L, ~rierl' t 
Lie Couture' 

E , Cle:t.rwntert 
Steen Ri"'ert Strangway 

Nicholson L. 
L. Dt:llen 
){och(."('hotmrt 
Lnppnjt, rvi 
(J ani:. ja.tvi) 
L. ~I bl!Uitin 
G.,.,.. Bluff 

20km MIln.50n t 

30 km Ries 

50km 

100 km 

Parenth,,",cs indic.'1fe cnUf!f'!II n t w/.i I 

.t al., 1969J fonn- fi · I I . ( , '" o:u r ('1:1 C ('PIl~lts "1' t l) f rn~ 
o llINer~ rl uck flud i~ di';trillU led bOlh in .. id~ 
an~1 outs lilc rhe cr:1I('( rim. Thr rc i.: .... t, .'. 
endpnc J I •• I1!1u.Jnt 
'FJ ~', lat I It.' c:la 'i:$Y m:l 'NCS ('homhs' or 

ad_f.'n) In the !!re:lt majori ty of Riel!: melt 
d,e~:I;tsbc werc 3crodynamiC':d ly sh:lpcd anrf 
ell C( (ore dcpOlS ition in th ' 
(}flirz, 1905J. c OJCC [~ blanket 

Alixcd breeci;.,i in whi('h gl:u:..:es :1 ro ' 
ated ," h' k ,- :'l~::OCI 
, h " ,It ~,Ior 'rd fragillents nrc 3.'~n dew'loper) 
;~. t e IIlt('T1o r of cra.ters :lmollg tile rCl('k.s under
,}tng the crater floor , and so arc onh' eXJl<l;:ed 
~J mo~e deeply eroJed Cmlf'rs, :'11C"it" :IS' \\·:~t 

en r\\ :lter Lttkc [von Eflf;clhardt and D ence, 

L. St. Martin t 
W. CIl'nrwlloter 

l\Innicoll.!lg.u.l 

C:lflSWeU 
Siljtln 
Charlevoix 

Sudbury Vredcfort. 

J!'71I, In fht'_..:e breccias the fresh or rrcrys
t :1Jhz~1 2'la:~rs ~ho\\' intriC':lte intru ... j' -e rcL,
~lOf,ISlll~)S \\ llh t h(' enclosil1l! fr:urmcnt!l l rO{'k; 
HI~JI!'::~ 1It1! that I h(' 011<'·("5 (.)f melt ",err incor~ 
r:1 ('I I mfo the /.N'c('t;t while still hot 3nd mobile, 
Tn some ("'Ises br. . ( be . ~ CCla r:l~meJlts arc ent rained 
~ 't\\'('en b~er8 of gl:tss to Eh'c n lund/'ll fabric. 
~uch b reccJ:l-1. h:l\,c al::o bcCIl c:\Urd ':'1JC\'it~,' 

Ink fl l~ term 1;1 more prop('rlr !lpplied anI" to 
r;x.~s, Ike t he Hies materi:", in which· the 
I!; n ... ~,\ nt!l·';~S .'lre of the }-bdcn t\'pe In cm
fcrs of ~f~ a l/ t? in1ermedi::tte size (up t ~ IO km') , 
the rel:ltIonsll1ps of brecei:1S t\'ithin the ('rater 
nms nrc gel1ernJJy complicated by slumping, 

'; SubllOrizontai ~heet$ oj igneoU3 rock. In 
,; craters the melt occllr.; prc',lfmlin:m iy :1S 
-'t' !hcels of i:!IICULIS rQ('k. T he shcet:! nrc 
.~rlbuted nithin the cr:ttcrs 35 30 nnnuiu; 

• !"I>I1nd onc or morc I'cukz (J i tlie C'clltral lIrlift, 
.~ 5l>('n ::It the We:::1 Cle:t rwntc r L Ike :lIHI ~I:t ni 

v'J.1gln occn rrcnCC3. ~bpral,lc '-~ riations in the 
-::t!<'OU3 rork5 in both st ructures 3.rc m!l.illly 
~Cl'd on difi(:rcn('('s in gr~in ~ize and in the 
C\lDtent of inc 1m ions th!l t proiluf'c dUierence3 
in itlttccra of jointinr;-. 

."t "fest C1C!lrw!\ter L:tke. for c'\3mt,I<" the 
following 5uccC'S;;:iCln h!ls bc('n recn~izeJ 011 the 

. rrug of L'iI:lTltI.i [Dt"1iU . I ttti4; Bo-irlCk . l!IG!l): 
(,,) fractured !In(1 \H'akly shocked b!l3Cment 
(nei3Ee3 o\'erlain hy {b} up to -to mNers or 
miwt brct'cias wiT h !!b.::;:y fr~lgmen{S , oyerbin 
in turn, f! tll('r'l ily with sh:trp Cnnf:lt\, by (c) 1\ 

unit, 8\"Cr:u:in!! 30 m(,lcrs in I hil'kn~s, of fine~ 
fflined ignN)IH ruck with al,uJlllant ElI'lCked 
indusion;; (rh!J(> rtn t hft'('('U or DO:ltockl. The 
btter unil kt3 !1 well~cnlo[X'1 1 \'crtir:tl jOinTLDg 
rimil!lr to jointin!! dC'\'elfltl('l l in w('lllcd hrnim
brires, with which 11.c Ckl rw!lre r rorks h1\'e 
been comp3rctl [Krom'k olld Si,.rloir, I ~t;'1]. 

The fille-~r,tint '(1 rnf'l..-s Irr:ule upw:url into (Ii) !l 

ro3rser-t::r:.iu('t! , Ol!1-.,i\·C , wC'!Ikl~' jointc'd ph:l!c 
in whith inl'llI ~inIl3 :i re t:;f'Ilf' r:llly incon"piclIou! 
(quntz bti'c of }If,stock). 

Simib r " :ariatinns on :'l brJ:!.'r r !C'~ le h!l\'c been 
mapped :1t )hnic'/1I1:I !:' ln f.' furt mll1h "lid ( 'urn'f:. 
1009]. wherr·, nonrlhrlf"'O! , p:liC'Olf\;I:!nrt ic me:t5~ 
uremenlS ~how that tin" il!n C'(H l3 rork .. hl'h:l.\'('fl 
IS tl !int::lc cnolin~ 111l it :tifr f 'h"i r fnrm:lfiOIl in 
the Tri;l~si" [nol}' rt.4lJn, Imi; : l .nrtJchrlfc and 
Ourrir, IfiGil The prf""'f'r \'f'fi itrIlCIIU;; sf'r lion nt 
West Clcarw!lt('f is:1s mllt'h n~ J10 mct('r~ fhick: 
at ~bni cl)lIIl !!' n il i ... t",i~ !l:;: thirk .. \ t hoth 
Ct:Hers :111 ~llm:'lIrd 51) nll'Il'r~ or more of SCC~ 
lion ha~ l){'('n rr'monvl ll\' rfo:;:ion. Iht' mi!'5in~ 
m.'lt{'riaI prohahly Orifl!! 1'lInil.1T to tht" finf'
J[r.lil1{·~ I . w· .. icllJ.tr. inc1l1"j(lII-r i('h jc:nr(I1I': rocks 
~on'rPd h,' 4l rilhn!! lw·low ~dim('nt :1 n' fill in 
E.,~t Clf'!lrw!ltrr L.,ke [Dnffc rt nl., Ifln.=)] , 

The filII i:ltC'f:ll ext I'll t of Ihr i!:!lt'Olls rock 
shoot:; can only he :;lInni~('t 1 from thl? prc.;;{"n-ed 
f{'('o rc! , A cnOlp:t ri;;on of the more completrly 
pt'('~n'C4 1 et .lters ~lI!:!!,('StS th:l t with in('f('3sint; 
crater size. the thick it::IlCOIl3 ::hccls :'I fe more 
extcmi"cly ! pre!ld o\'er the cr!ltc r noor !lncl in 
the br~e~t cr!ltcfS may e\'en on~rlnp the rim 
of the primary cr:lter [:ts defined in Dellce, 

_ . 
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1965 j. Thus at W,-;! Clo3rwoter (D""e<, 1~65J 
and L:lke St, ) r:..rtin fJ !cCabe artd Bannatyn t! , 
ID; O} C'ri3lers thc t"irk umcolls shens !Ire con
c(·n lCnh·d on the inll t r side or :l r i!,t; upli ft o( 
crystallille b3::C'menr rocks 20 km in lli:tmeT<:'r . 
At ) l:micouii; j n, on the other h~nrl . the r:ng 
st ructu re b:ls a di3mrter of al>fmt 4.; km :mtl i:! 
c')mploc-tely con~red by the 200-metcr-thick !h~t 
oi it;'flcous rock.:, They e-x1end r:ldially for :1 

furth er 5 to 10 km well into the peripheral 
tro'l!!h th.:!. t m::trks the d01\'n-droppeJ cr!lter r im . 
)h:~h'e i!!nf'hlL'i r(~ks h:\\'c not l)('en rt

('onlcd at thi.: Hi"s. whf're the r in!! uplift is 12 
km in Jinnlc'tl"r, hilt ~t ron l! m:l!!nc' ie nnom31ies 
within the cr;,':,t'J llinc ring [PoM and . I n?~"~ 

h e;~ter, l lJG!)] m1r iuci ic:lte ('oncentratjrm.:: oi 
rndt ('(.mp:1rahle to those 3t the C:tn:td i:tn en.
leTS. T he (-''t(llt.';U~ of c ry~t :t llille \,1'lIic'114r 

i!!ltcous rocks !It roL-infcn nml Amcrb1ch on 
the (,!lrt side or the er:\ter [ t'on Engelhardt et 
oJ" I%D1 are prohJ.hly outlying tongucs of lhe 
inferrc'" i~n ('OlI5. !:iheet. 

4, D·lt3 of melt on" brtcrifl in baumt"nt 
rach, TIle iOllrlh fn rm in whidl i=nrolli ro<'b 
:)("rur :It !hockcd stmcturN is tll~ oh"f' r\'c<! st 
)bnir(l ll~ t!nn in d('('p ~u llit~ th:H di!'=('rt the 
cratf'r rim, T hrn' ,:m:l 1I dikM of I! I~~'I; tlnrl b !'ec~ 

ci!l ('li t t he rr:..ctllroo oo"'('mf'nt roc'k.l!. TI~(' dlkM 
Il re ~mibr in cnmpocltion, lexturr. :\lul !I!:'e to 
the o"('rl~'in::r !=hC'Cts of i!!nroott..: rN"ks Ant i brcc
ci.IS tl.ntl orf' apP1Tentir derin'fl i rom tht'r.l :t! 

ff":l.ctllrc filli"e3 dunn2 the Llu'r l!1:1zr; nr c-ratrr 
innll!ltinn .. \ 1 the mOilt (I f.'Cpl~' crl)clcd ~nlr~ 
til 1'('': , <:urh 3!'l thf)~e Ii.<:teJ in tolumn 7 of T 3ble 
1. minor intm~ions or this t,\'t>C 3re the only 
m1niir:it!ltion:;: oi the more (''Xlr('n1r conrliiior\.i 
of ~t r:lin tinct trmper!ltnrC' til3t "'N t" :ltlrnrbnt 
nn thf'ir fonn3tion. Rrprc~"n t!1li \-e nccnrrrnr~ 

indl1df' ,he mcl t mrh ann hr('f'rj1 'J from C!mr
h' ,'ni:'( [Romint, 1 9fi~ ] 3nd C."tI'S\\"rll [Currit'. 
IfIfi!"1 rr:t tcrs !lnd Ihe enlll!ltit(' I!r:lOnrh~' rf' "ik~ 
M YrC'l l",fnrt [lI' iflrmje. IIJ:t';']. p.;:,-..tIllol:!"}~\' lil,," 
, 'ril :<;: fOllnd :'I t :I numhcr of th~ cr:th~r.: ar .. 
nnt cono: j.lrred 10 be tL form of the 1I\C"1t Tnch. 
hilt !lre inlCrprert"f1 :15 re_~ultin: irom fril"lion'U 
mf'ltin!!; of mohilizctl bn .. r tncn t rocks. p:trticu
brly tho~c in \'ol \'ed in the C'cntral upl ift. 

Tc:tTt'Tu:s 

The considerable te:dnrnl vnriety e,;hi liitaE 
by the i!!;neOllS rocks or sho('k-Dletnmorrho~t 

struetur('! is nttributlblc to two betors : (l 

-

Ii 

II 

II 
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the dive .... it}· or inclu!it)Q3 in ,'arinus !t:t~P5 of 
shock OIclamfJrtJhl"m, I"fcrYsl ~liiz:\Tion or as
simil:uioll j 5.nll (~J the \':lria.'ioll from CT:itf'r to 
crater in fheir bulk compo.'.:itirm. TI1(: first i:lf~. 

tor i..i rC':HJily ttpp:trcnt in rn"ks {Ii It h'l\"e been 
chilled so lh3t their m!\l cices arc d;\~<:1"" or 
aphanitic; the s('('ond is mntl" apparent in roclG 
th3.t h.:ne cool<:u more sIowh', 3lJowin~ homo~ 
gcniz3tion. 3~imil3tion and tCt' ry ... t!'llllz:tlion to 
proceed. The gl:1.s~y tOt'ks are rcpn'-:(,llt1lU\'C of 
initinl m3Ztn.'l condinon". :IS inllir:1!N iJy crn.ters 
such %'IS WC'6t CI'-ar,\3tcr Like. '" hf'f~ (11(' te\1.· 

ul':\l evolution from !;I:L~Y to the mo;;t cOlT?c1y 
crystalline hrncou3 rock! C:1n he 1(:\('cd in rock.! 
that show little ,~rii.l tion in bulk C'orupo~ition 

(see section beluw). 
T he gbs.-ry to finc-t!raiJlI!(I il!'n('ollS rod3 com· 

manly Cf)nl1in ir:1rnH'nt~ or thf' counlt;· mf"k! 
in such .:tbllntbnre That ,h('\' In,)' l)l! «,",lll!d 
brcccbs with ienf'O'F m:'II net's r c~. B()~t ()('J:, 

1%91. Th,t:li!,·.) stUlliN of rrt'~h cJ;1"'('S (Chao, 
1%1: t 'MI. Enntlhardt, 1%7: rnn f:n~dhardt 
and De-nre, 1971] h:n-c !lhO\~ .. n th'\t Ihe inrlu· 
sinn, exhHlit ~1l c.:r!1ti"S of Fhev-k mr·t:un"rplllml 
rChnn, JC)t;~: v"n £'/'1rl'mrrlt fIn,l .51S,."0', 
10(5). Such :;hf)('keti inl~nv'n'! nrc a.:o.:(}t'ialro 
.. irh contltrtru inrill::ion5 :tnd ~c h!i,.ren of Icch. 
atclicritc. iU!lf'd r('l,j-pl~. !Infl 01 hcr ph.:1':C!, 
3[1 or wbirh tt':="lify to tcmpt'r:'ttllTrs wt"11 nhm'e 
thO!e of nonnal m:lIrrna.~ rFrenrh, 1%Q:o : lion, 
19G5J. Furthc'rmore. lhc cnmpl('le !lh~rnre oi 
phenocry!r~ in the t:'b.:!I'l'.;; indie:1lr~ 111.11 ('ofllinl!': 
norl, in th,. aph'lniric rocks. crY"'talliz;l1ion (lid 
not bf'zin !lntil the m!lzmn~ norre \'irtll:llh' 3t 
~t. Flo\\' b;ln-iine. whrrt' SN'n. i.: dl'\'cloJlf'i1 :\.3 

ff3ins of !m:lll inch~i ... ns or ~b.;,.\, !I'('hlirr~n. in 
some C.1S('! ('mph:\.~izM by (lrirn l~d \,('<;tjrlr,. 

Li ttle rr:1Clion is r\'iftent ix>lw('{"n inrlu<;tion!l' 
and mltrix in fhc c:b<;t~· nnd :1ph:lnitir i!!nf'OlI' 
rocks [FrrPlch et al'9 IniO], hut in mort:" slowly 
cooled rock:'l Tr:tctinn :111rf'Ol(,3 commonly d~ 
"dop. not:lhh- around silir', fr.1cllu:-n1s [TfJ!linr 
ond Dena. 1!1f'i0j. nnrl incill-inn..: nn' p!ufi:1l1y 
or complefC'ly mcliN, ns·imila ted, or TCf'rystal· 
liztd. Thc most I'!'lron:h- shorked inf"lusinns are 
mo~t \'ulncr!lhle to :l~;miJntion. so th!lt in rock! 
in which the m:ttrix t!r.nin ~ize :t\·l"r.:l!!r~ 0.1 mm 
or CO::l~(>r onJ~· 1 he Ian:C'st nr m(l",t wcnkly 
shocked ind\l:::inn~ Me r rr-:C'",·1'(1. H owe\,cr, s'1ch 
rock.! genrr:\lIy c\;hihit 3. dEtinct irr('!!ubrly 
mottled texture pmrluccrl by ynrintions in ~rain 
size and by clustering of minC'r:!i specics, form· 

ing the 'ghosti: of completely ~orbt'il it. 
&.ion,. The g-re.:tt eIiccllvcr.e:os of the: reso~. 
proCCS3 is uu~ to the ori!!in::d ruperhC31(".d ~ . 
of the melt, rtnd 10 the hjt!'h intern!]1 tI'r' 
oi the inclmions, n" lu th in varying dC'!:rt:t ;:~ 
be::ncd as well as dj"onJered by the shock pr . 
es; [ClulI), IQGSJ. 

It sJIf)uld be cmp!ul.-1zed Ul:lt the I:ur ' 
j~cous botJir>s ba\-e not been fomlcd by 3m. 
J;am~hon and welcling: of discrete fragments arJ 
sh:J:rd.'!. :l~ in wcldrd izoimhritcs, but h:l.\·e I.,. 
empilctOfi .1Q; C'Jmp3Cl s!Jef"ts or pool3 or IU.'l!!t:!.. 

Placid, ne:u !'.lTbce conditions of Cry.'St3I1iz1Ii". 
nllow ,t!r3in ~iz~ 10 r(':lch 0.2 to 05 mru in I! ' 

larger bodies. The mineC'3IOC!y is nomul an!! 
whcre the ~,ulk romp<"r"irion is npprOpm!~ 
(oUo,,"s B()wcn's eI:J.~~ic rp:Jction serie3. F€Id..~3~. 

::how !::irnplr. norm,1 "lonint!'. in which ('Or(>! I ( 

pI3~ocl:13e :1ff" rimmf'd ~nth !llk:tli f('ld9~r~ , II 
some C3<;.es where the m"lt has Neh norm:lth 
feJ(l~p~r :lncl feltl..;:j)3r iorlu£ions are common 
o\'cnrrowths nn thr inclu.:inn.'l m:.y eh'e the mrk 
~ mlr rnfY>rphyrilic :1ppt'!lrnnrc. How('\'cr, Ihm 
1.0: eel'rr:llly little dlllir"lty in tf"istin!!lIi.:hi:::g S1lrh 
o\'cr,g:rowths rrom nonn'il phenocrysts. 

Co),[PO::moss 

From the sn'llys('9 nnd soure<"llisted in T:lh!" 
2 the compnqtinru of iI::ncolis rocks from 6iteen 
crntcn h3\'t' heen c:1lculnted in tf'm13 oi tht 
tern!'lry T3tios, norrn:'lth'e qllnrtz (Ql: nonn:!· 
ti"e pi.'l!!i'ltinc:c (Ab + An): normntire pof:'t!h 
(el<l-p" (Or) ,no totnl .Ik.lis (A): iron (F): 
m~cncsium (:\f), Simiin r c:1lcllbtions were enr· 
ried nut for country rock! .:ldjoinin~ ~\'en oi 
the crntt'ts. 

~1:1rtz :lnd fcld;:-p~r CC1mposc 75r-;. to ~% or 
the tltHTn:1th·c conslitll('nts (trith the e\;ception 
of 6~~ for Ri...., s:1mple nnJ). 50 fh!lt tem:lry 
plots of Q-Or-(Ab + Anl show thr moin ies· 
tllre5 of these rocks (Fi,,,,e ll. Th •. IF).' 
di ... er~l :n {Ft~llre 21 prm'jdr,; l1dditinn!l1 inforTn!l
Tion on \':lrt:lfinns in Ihe :1O'\h-0:~<;. The Ol:lin con
c1urions from n. consider:\tion of t.he.:-c !lnaly~ 
src: 

1. There is considernble ~entter in the com
po.'iitions of the melterl ro('k~ rrom the fifl('('n 
Cr:lrc~ (Fi!:!'uce 1). N'orlD:lti\'e qll:lrtz nnd pb
ciocl:l'::e shou', in t!rneml. in\-cr.:c cnrrcl9 tion. but 
pot!l:sh fcldsp:l.f vnrif'.5 less rt:-~ub rl~· . 

2. The country and . melt rocks for scme 
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hrr.\CT ~l£LTs 

. I . or Cr.t.t,e t Hocks 
TA.DLE 2«. ChcDtlcnl Aru)o~ IiMh.~.) 

- (:\e.,.. aU:llytiot.":i or tlven\~l.u .-
l.3.kf! 

Bn:ul. 

Cbemi~t 
IlC llF 13 IJ:'] 

COOlpt>llent. 

~9.6 55.4 57.5 
,;0, 

0 .7 0.8t 0 .8 
1io, l!LS 15.a L7..t 
,u,O, 

5.0 5.0 6.5 
ferOJ ,1.0 3 .8 ~.O 
yeO 

\.2 1.8 4A 

}'~ :L:) 1.7 UA 
C.O 4 .3 2.'1. U.4 
N:t:O 

'-•. 0 b . 1 !J .7 
KP U. 15 0.16 U. OO 
}[nO 

U.c'9 O.'.H p.o, 
I.I>t Z. l :! ']. 0 

H,o+ 
H,o-
CO, 

100 . IS tllO 00 101.16 
TOlal 

-TotAl Fe!\.'! Ft...() , 

WC-F WC-C 

50 .6 57 .00 

0 .8.> U 7.0 

I G.~ 1;J .X\ 

3.7 2 .!H 
1.3 2.3 1 

2.5- 3.14 
4 .5~, 4 .0 

4 .2 :L;,l 
a') 3.:,0 

u .U7 uUi 
U.1"J o.:!7 
1.40 4 .(;:\ 

I.IG 

tl7.9 1 9'J .9:1 

WC-Il 

:'7 .?.! 
O . ; ~ 

15 .&7 
5 .50 
0 .&1 
3 . :/0 
4 .4.; 
3 .7U 
3 .7tj 
O.os 
O.4'! 
~.Uj 

os 4:1 

Wan:Ltll :.ei 
W 

75 .10 

9 .3:1 

91.;6 

t Q I' simibr in compositioD, 
cr:te:_ ~: 0~1~;; }crateri thl'}" diITcr cor.sid· 
"b

r
, ·(t.··!!Ure 1). Three \ ~ri:lttons occur: (Il) 

rrt y r10 . t' ·c qU3rU 

tash e.n riclune.nt (Figure 
show the strongest po . nri,'hul(:nt 
1b nnel c) . llvwc\'rr , :\S there 15 ~{Jd· I d 

. I ' lk tis cotbum 13 cp (.'le . 
:lpp:trent In lOt3 J 3. .' -. • eel ani \' in lbe 

5 Iron enrichment 1S mdlc3t iI b . 
the melt rorks arc lower In norW:l 1\ • 

than the country rocks (lIr:nbury !1 n.l \ L.'l~: 
Clearws.tcr); (b) lhe melt rochs ~ rc riC l~~'c_ t 
[Altash feld~plr th:tn the country roc~ (bo::'h 

~ oi' Hrl:llt 3T13h-se.i. lhou~h the en I ur)l 
c 15.' would o;;huw:\ ;Imitar trend if.l.he 3n;} ys~ 
~:d not been ltlljll;:,tcd ror meteonuc cont!UtU-

Cle:uwalcr and " bnlcolI:U;~lII); or {c) t 

conditi()n;; hnJ.1 lCarS\\\·n. Brent, !\nd some 
tnal"Sf!! irom the Rics rr.ltcr) . 

3) 1'1 \ F\l plots I FII!urc 2) ::oh!)w con-
sid~rllbh:\t'~ ~c:ltter th31l the ~O ~lll!ltl\'C ~10~~ 
(F re- 1). ~luch or the vnnatton :h,,~\n t. 

19t1cd hy the onsly:::cs of the Rl"'~ cr;lter 
tn~~ ti re 2al, which ~ho\\' n (li~lin(,l H.end . :c ani !richmen1 in :llknlis rcbu\·c to Iron 
ln~ rna e::inOl irom p:lsssy roc~ (T.ll to 
, :.talli~ rocks (T3). The trend IS re\crsed, 
fJ.. . he 5tron!!h- :lltcrcd I;b<tS from the 

ho\\e\er,. \~ t clrill h~tc (DB!), which :ihow! 
d~~ Demu~'!~n nt in iron nnd ru3t;n c~ i\lnl ret· 

~l~~C!Oen8~~~:~ aswcb.ted ,,-itb depiction in 

silica (Figure la). . h ,\FM plots sholv 
i.. For olhcr crn.tcr.l! t e. r r' rocks 

n1 r ht differences between count )- . 
Q Y ! 1& \[ ~ rnruon is .l rcl~tl\'c 
II.nd igneous rocks. - ~~L C~n the i nCOllS rocks 
enrichmenL in lltn.gncslUm ) . g lk::lI is The 
'liilh in some cases. a decrease m n . the 
grea;est ma"'nesiulll enrichment is 5ho"b'~ b

l 
Y Iso 

analyses [0; CtlfSwell and Brent, w Ii: 1 a 

• > 

nation [Toy/ur, 1007) . 

. I he melt.. rocks and ttb!.S~ in 
In sunllD .. 'l r). show ~rc!\tc.r 

shock·melllDlor\lho-cd 5t:~Cttlr:s rt'3cent coun
similarity to the composlllon or :1 ) her of 
t v rocks thnn to c.!'\ch other. In :1. num 
r. I ' s m3ten:'lls !lie en· 

C:\SC3, howcn:r, I Ie I:;nto\l I 'd J ('plcted 
. hM· m:,"'n~i:L .:tnd pol351 an . 

:~c SI1ic~n and' ~od(\ relalih'<C 10
1 
~h~~c r~~p::~~: 

t • T('r('k~, 'Those " . a ;1(' nco ... 1 
cou~ r) .' for these structures hll\'c mtmrnllC< 
gentc ~r:gJ~ . r o;;hockint! and fusint! large 
the dlfficu lies 0 - .k by the exptf'~ion of 

u!lntitie:; oj counlry ro< ., in 
q3.~Ci5 (D06 tnd..·. a11jO) ('m:\n:ll\lIt:', .they m3rri~ 
g . _ ,Ilk \Iie ulUllbasic m.:lteT1:.Js [eu 
tom, Hom. . . d the\' h!l.ve 
and S-hafiqulfah. lQ6S1; UlsH"a " snd 

cd n tlte (ltITc reDcc5 between countr) . 
~ocuc ~ockS Thc!C differences lhey conSIder 
IgneoUS . . . I impact ori!!:in and there-
mcomp..'luble." I~ 1 ~n c<! .o;('~ted terres. 
fore a de~lr !O,-hennon of ~.d p. _ inn.. 
trill origin. This ebiro rcqUlrcs cIOS(,~ exn~ an 
tion in the light of the sequence oE e\ ents 1D 

imP3cl e\·cnl. 
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TADLE 2b. D C5criptiOll3 of HfiCks Analyzed And Data Sources 

~;bmple 

lJe,;lgll8lion D~cripti(JIl and I.hb. ~ource 

Be Cmr-cit-gmillcd phll .. ~ of JJrf'fll melt .. \ II!.dy~i.s by H. Winldin. 
fif' Fin"''''gr:lIucd pfw-c fir BrcHt m,·h .• \1":111 til !1uaiyses by It. Wirtlilin 

unIt Currie and Shafi'll.l .'l'ln {lUti;:. 
n~,j2 )Iixf'" Im·cci!l. wIth 11It:ltt·,J IWitri:.: in ccnlrnl hllie 1-:;9 of Brent 

ernter, !Ji~ (t lK-Iuw eulJar of hole. Annl~ .... is {rum Currie and Shafi
fJullah l1!J(jjj . 

\YC-F Avcrtqu: (If 5 31l!lly.!l('<J or fine-grained, inclusion-rieh mt:lt ('coherent 
breccil1,' from Bostock [l~(j!.llJ. 

wC-C .-\n."lly~i~ of fresh Lbck gi.a.sJ with slll!lll inclusions, (rom t'0'l Engel. 
ilardi and D."1Ice !IVill. 

wc..n A\,t:t"'.1.).!'c of ,j :In.dy,.~ of mi'«(-d bn.'c('i:t.5 nidi shockf'd (tllfrnlcnts. 

AH!l.ly~ of lJo!JtOC'/.; !I~tj~J -a; LOn Hfly,Omrdl a,ilI U"",, {1!.J7 1] -2, 
W Electron micropn"I.oe nrudY::I:i of frcs'l J(h .. "'.!t m!1tox (rfml mi"cd 

breccia .. \ tud).s~ by P. li. HCJl.ierL-.on, (rlJlI\ J)C1W' orid j"OIH.(ur (1971). 

Sourer. for ()lhtT Dula (in. Figure. I Gild S) 

301, 303 

Ti,l':.?, TJ 

T3W 

1,-hl, l oN 
DB!. 

II .... .; 
27 
G 
CAll 

EC 

)I.\S 

Il 

we 
WC-,\I 
C 
[) 

J 
)1 
S'l 
y 

G3rnet-biOlile.~J'l(:i.'\i of )L.aihir.l.!en and Appets!.o(en. Possible 
SOu rce rock.s (or Hies g~ (ton l:RlJdAardt tl at. , 1!Jti~, Tub}cs 10 
an+! 11 1. 

AW!.r!lge cumrKhiti'JIli Qf (fe-h, plll'li!llly l('cryslaIliu~u nnu reo
cry~lllllizeJ Hies ~1..L."-4"i (lim t.'nrjllJi ,,,dJ, l !.llj j', T:dJle til, 

:\vl'mr.:e COtnptr.. ill'JIl ~t ~cr)'..;t:lllized J.!I'L~ (nJm \\'unutzostbeim 
drill holl..' , ('OR EngrlJo(lrdt, 1%:, T:lble 6!, 

CrY1t.ulllllc 51tcvite o( .\f1ll'rbach Iron En!1r1"ardt, )%j', Table 5). 
Alt~red :mevite g~~, lJf'inin"en dnll h"lc ;CJU-3.j(J mel('r.! (For'i'IIU, 

1%7, 'LI,I. II, 
:\\·cnll.:c !!lIbl:reY\\'3('kc- IT',,,:,,r, 1!J(jj', T:\I,lc :11. 
TllrI)\\-f"tltt .!ubf,:rcywtlcke ITmdor, l!J1i7, Tul,le 3], 
A~·cr.I~e gi:ls.s 11',1', 'or, 19Gi, Table II, 
An'rnL:e CI)unuy rock and mcil[Currie 0"'[ Shil.'iq ullaJl, I~Gi, TAble 1 

(4: :and aJ). 

A\'cruJ,."'C conntry rod: nnd m~Jt lCurrit" and SIIaJiq1JllIh, 1068, 
T!1h!e I {CI 3nd aJt, 

rh cr:lI;C OOllfltry rock nud melL ('doreitc') [C"krrie nlli1 Shujiqulfah, 
19f1.'i, T:\lJlc 1 (c nnd 01 -) / • 

.. h<:ras.:C' ctJllnlry mc!.:, (Currie aYid Slw/i'llillaJa, l00j', Table 1 
1,1, +"1 ,1, 

:hcr.J,~e mnntt')· rod:, rBo.~tock, 1009, T r.Lle 11. 
A\'er:llo:c lJ.:nrou.'f rock ('quart? Iatil(~') fNo, .. twk, l!1ti!:l, T:sble 5J. 
A\'er:lJ{(' melt rock ('jmp:tctil(" J {/(",.rlol, J~itj:;l. 
' ''I\''''"~ rock ('!Inde-.itc', 11-:;.1..,/", Ht!I/. 
JI!:I\f'(lIllt ruck C'd!\CH("') 1f..'.sA-oia, 1!1.!IJ. 
J ~IIe.lIliS trlt'k ('rhyfllnc') IRd.ola, 10'.?1). 
I ~IIM\LOII r(\c!.: [Curri" I!ItitiJ, 
A \"Cntgf' Cll!'It!1tite grjnophyre, Pf' Ilkt1U~, 1037J, 

hrrACT )rnDEL 
Gault .t 0/. [J%S] "nli Drncc rIOG,], for the 
eX(":WaIIOn SI ,'l!!(! of !Such 3 cr.lle rmt:' cvcnt. is 
pr('.::cmcd, ,'\Uf'ltl1!1linn of Ihe ~hf)("k W:l\·C is 
b:t.5'cd on :m initi:tl imp:l('t prf":).511rc oi 300Ut 5 
:\[b :lnd :10 indic:Hcd !ihock p r('S;;;u rc oi about 
~OO kb immrdl3tcly below thl! region oi deepest 
exc:l \'!l.lion. The lhC'Orr indicates th.:lt, for a. 
Ion' porosity, polymincralic m:Jlerial such as 

Thc thrnry of hypen'f'lorlfy impnrt [lJjflr/.', 
1061; Gault ami llcitrlfl';t, wn:3] , slIppnrft"fJ hy 
c~rimcnt rShot mrlkcr et (II., 1%.1]. ~ho\\'~ th:tt 
(or typi(,31 tcrrcstn:tl imp:IN \"('IO<"ities of J5-20 
km/sec !1>ienific:tnt quanti ties of both the tareet. 
mn.teri:J.1s nnd t he projectile will be Yoporizcd or 
fused, In Figurc 3 a model, modified from 

b:.Ii!llt or gr:.lIIite, mfJiit (Jf the ~:Jrgct shockeu 
,!Jove !lhOUl ~ .:\Ib \dll be Y:tptmzed: !inti mo:~t 
~hockCtI to bctwC<'n 05 ane! 2 )11> wll! IJc fll~ed 
~r paniltlly fu~cu. The ~h?~k-~lelted ~latcnaLi 

'U be gi\'cn JI~ rlitlc \'elo"IIJ('~ III tite r1!rcl'tluu:J 
~~ic:1fCd by the ,lrrO\r3 in FI!!'ure :1 !l.1I.t \\11\ 

(,llguJf less strlm~ly ~hockctl :Ind 3c('t!i'r:J~eI"l 
m!lteri.1l~ In the olltf'r parIs u~ the ~fI)wlng 
tratcr, The imp:l.I·liClt; lK,w,ly will \1nol"r2'o ,3 
~imila r ~eq llenC"c or shock c.-n:'ut:J !lnu \\ III In 
~ rt be rnixell with the meltcd l:lr!!et rn:Il(·rt:li!-l, 
~rob!lbIY rcmaininz conrcnlnlted in the Uj11~r 
p:ll't5 nC !!uch a m('lt. . \ p4.Jrl ilill or I he mr.l~ Will 
be ejt:t;tC'll :15 indicatcII, 1(';1\ 1I1~ die rcm:llndcr 
as :l lining of the c:wity \\ Inon J!rowth c~·~!C':i. 

The r('latIn:l), thin Jiuing ,\\111 ~h('n cnn~13t of 
melt o\'e rlying mixCiI brl"("cla , with the prr,por-

... - A l ES 

tion or breed:.&. to melt inc reasing towarJ the 
crater m.·H~in. 

The cr;iter !it thi~ st.l~e h:as heen c:tI!ed thp. 
primary crater! DenCf' , Itll~t.l hut m:ty .:t ! op~Iy 
fJ(; tl'rltlf:U lhC" lrWMi,mt CUL'tt,/ to err;pha.:-IZp 
thp IOlcrI'rct~(ti(tJl tku :1. T.J.pid re:JdJu.'";tm~m 

t:lkc'S place to ~i\'c Ih~ finnl Cr!lle r (nnn. 1 hI? 
ttcne-r:tl ~qucnce IJf c\'ems, :15 pr('~I.t,..d by 
Del/('e [l!)ti~J, i~ illu..:rr:ll(,d in Fignr: -t . Sm:J.U. 
simple craU .. rs ~He formed "~'. ~Iurnplll!; of tbe' 
er:ltt'f w:dl=i (Figure 4aL In d1loS ('!l~e the me!too. 
,tnd br('C'l"'i!ltcd w=l{j ·r i:lls linin~ the t!'a n::lent 
~:\\ It\' 3rc SW('pt uno the ce;ntcr oi the crJter 
\\;111 ~Itlrt!;e amollotj) of we3.kly shocked matcnai 

frllm tile CT:Jl(:r w.dhJ to fonn a lem . oi com
plexly mixed hrtc:c:il.S, :\Ielt ,!l.nd brec~la a,t the 
bottom of th(" tr:mswnt e~ \' l ty are o\ er-Tldden. 

, , 
,CAR 

\ 

'. 

f I f D rm·\t ivc f(U'lrtz <Q> : pb.~ioc1a.sI' CAb + ,\ n) : Fil.C, 1. T ern:\I:r plols. for fi teen ern C'f'S,0 0 . [Borth 1962J Sourt,;cs Ilnd dl'lCriptioDS polD!-Ih (('I(I!t}l:l r (Or). t':&!rubled DS B:ulh ('ntQ.nornu I • 

of annl)~~s gl\'~n in T :llJ le 2. 
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Fig. 2. T ernlHY plots, for fifteen erMerS'. of the I1Itio iron (F) : moltDcsium (M) : alkalis (A). 
Sources !tDd description of ano.ly~ ginn in T!l.ble 2. 

and remain relati\"eJr und.ist urbed. I n large 
craters cnlbpse oi the upliited r im m!lteri:tls 
init iates deep sliding. ,,·hich results in uplift 
of t he crlter floor in tbe center !lnd down rlrop 
of the crater rim (Figure 4bl. The crotter linim!: 
hB.! a p3ssi\'e role in these events :lnd l:lrgcly 
retsin! its origin!!1 relationships, except in the 
center 1\"here it is pit'cerd by pc~ks of the cen
trs l prominrncf'. l\ Icil !lnd breech Will, howenT. 
fill frac tures that m!1Y open up in the under
lying b.:ts('ment rOl'ks in the fio.:tl st::lgcs of 
adjustmont. 

T he model pro \'idcs four rncchani.rn)s by 
which t he composil ion oi the consolid:ltcd melt 
rocks m3Y differ from hat of the ndj ~tc('n t 

country rocks: (I) ndditiun of meteoriric m:l
tcri:d to Ihe melt; (2) aelCtlivc mcltiu~ of 
low-melt ing-poilll compon('nts of coun t ry rock; 
(3) differences bI.'tWf"CD the composition of the 

tnrgct rock 3ctu:J.lly melted nnri the menn or 
c31cub.ted cnmpo~i[i(ln oC the adjaccnt CQUOIry 

rotk.i; (4) lllter~lion during the {ollo\,-wg con
~olirbtion. 

Differential ' -:lporlut ion clo~ to the point or 
imp:1ct has also been !ug~ested . but such vapor
ized materials a.re likeh- to be ,,-ideh- dispersed 
~nd need not be con.sicie red in this d-iscU5~ion_ 

1. Contamination by ulct£"oritic moUnf". 
This process leads 10 enrichment of the melt 
rocks in nickel. cob.1lt, iron, snd, in the elSe of 
chonririt('i, m.:lcnC5ium, !IS well 3.S in ccrt:1in 
trnee clemcnts. Of thc.5:c nickel, being tWO Of 

th ree orders of m!lgnitude more ~bund:H1t ill 
meteoritC'S th~n in 3\"er!1ge crustal rocks, i~ 
potentially the most ll~eful indicator of met.:'
aritic cont:uuin:.ll1on. Xickrl-iron nooID!1lics :1fC 
well known in gins£('s from Henbury and other 

btl':\('-T l\1£:LTS 

SHOCK WAvE 

~ \ z.. 
\. o~ .. 

Peok PrCUyf. 02 --
In M_9cb\on...-/' ........ 

-... --

SSGl 

SCAL E FOR 8 RENT 

. ft. leal tcrTt.'!lri!ll h\'pcr'\'c1ocity impact ('f3t.cr 
Fig:. 3 .. ~f OtH of thC.UI;Il \·ahOO.Sl.'lgr.Bo A ~lI'r o~ lIlc ri!ht. S[!UCCS in the e:xca\-llliOu 

b!lS('d m:unly on an :l IY!!l~ of dtlt~ ,Iwm . ",ot r~e G~ tli l ct ol ll%~J On the left are £hown 
rue dcpil:"t. J Wilh " I'ctor.s of pnli(" (' "101i00 11 r _ . . . . 
ihe COfTcsrl)o rliug positioD! of the 3.acollnllOS shock 'IU\ c_ 
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Quaternttry sites [Spencer, IfJ.33 ; Taylor, 1 ~16i] 
and hive been clearly related to the n;:~orJatcd 
meteorites. Among tlH! older cral('c,;, d lSlitlct 
nickel enrichment La; bc-cn reported for l l lp. 

mcJt rocks at E:Ft C1c;tn\'~He r Lake [Cu,.ne 
alul SJwfiqullaJ(, H.I'J~J [Iud from Lapp:.j:i nJ 
[Lehtillen, 1070] tltlU Strangway.:; [Brett et ai., 
10iOJ. :\t Cle:tn\:ucr Lake tIle 3n:.1ly~('.s of the 
adjoin irlg :lud UPP!lfcntlr COntcmpor:lneou.i C3~t 
and "'CSt cratef'; .show br~c dilIcrc:nccs in the 
nickd content of tl lci r rc~pl'cth'e melt CI)('k.". 
Th is effect m:ly rcflt'f"r dIlTl·rc:nt len'/..:; of E;.m. 
pIing. A.t Eist Cle3""!itcr Lake Cr-.. llCf, uriJlmt: 
sampled the upper le\'cls oj the rud t rock where 
meteoriric cOntamill :UilJ!l could be C\pct."tro to 
be tOl1Ccntr:llcu. At the \\'~l cr:Hcr the cqui\'. 
alent le\'c13 IHl\'C becn rCIIIO\'CU by erusion, 
and the rcm3inder ct)nt!1ins no ap p.1 rcnt ('on-

. Centr:Hlun of nickel, 

aging dl.a rge numb"r of frpS'1! s!tJnplcs or <'01,1". 

roch f;i \ 'e~ l <" lqICi.srngly s:nisfuclo ry rCsIJ:l' 
/C':t.st fllr br!Z'(' 1'(:ller.." For cx~ruplc, tllr ,. 
:ldJoinilig CJI."Jrw:.tfC'r L'lke tr;llers nrc lfOd .. 
bill D)' the ~rlle f;IlCi. ... i complex. Howevcr, L: 
rOL'ks :lppcjr to be ml')n~ :lbunrbnt untler II, 
\n.:~t crate r than ullde r the east, :lnd this ~ 
rcO,'Cred not emi)' in tile .!l \ t ragc compasilJo~. 
0; the COlllllry rocks hut aLso i.n the coml)(',;, 
tioll.:f 0; uU: jgne<Jus rocks in the rCS'pc<:th. 
cr:n(·r.s (Fl~urc 1& and I e) , 

On the othr'r hand . at Brent the distinr: 
rJilielY'nces Uelween toP mel,n composition lIi 
the gn l·t ... ... ic Count ry r(){:ks ::lIId of the fll'!he~ 
P:lrt. of tlte In' '/[ ·zonc rOf·kg (nc, Fi~res Ie 
:t nrf ~(") m!ty ":1\'c a mulT iple expla nation. L'hrn, 
m:dic :l:lnij ll c t.lik"d: of Cuubri1n :ll!e CIIL the 
1'n.'r" trnhn'In gflt..'I~_"C" in tilt! "Icluity oC the 
(' r:lf (l r :md Of'('ll r :IS lIH'lu.!i'ln; in the bretcUs 
:lJld the m(·l l ruc~, The d,k,· .. :lre at Ie.,st 
100 O1 .y . old,'r til:ln tlie ('r3rt' r [llartung et aI., 
In;"l] awl arc only II t<.'idt' llI /\· 1I1\'oh-ed in the 

(' r:jfNlJJ ~ pr'.1C( ....... , Tile alla'y~ oi Currie and 
Sha,fiqlth'ah [I!ltiiJ inti.ll':lle lfl3t lip to 5% 
:tfniiitc molY be locnrp(lr.l lcd UlIO Ihe melt, the 
T,:nP°rllOn h('in!! Ct)IIIC1J/J('d hy the d.1t3 for 
'f,U;. CtlO, Cr, :lIH! \ . In p3rru'lIl:i r . all of "'h ich 
3re mUt'h more alllllld.lOt III the !ilni,ite tha ll in 

2. Sdcctit'e md tilll), E\'cn aft e r corrt'C ti fJ n 
for mett'Oritic COIll3rnm.lli" n tJ,e a\'c r~!{e com. 
POSition of gl~s.:; from thc JIcnbury Cf31 cr3 
shows dist inctly ll.'!:i norm:ui\'c qua r tz: th:m ..10 
the sub!;,f(')'w!tck('s f'jcct{'d imrn Il le lU:lin Cra ll: r. 
Compl tQn and TO!J!',r [l!:Uj!JJ 11:1\'1.' otif'rcd two 

J>al~i l,fe ::KIlulions: ( I ) th:ll the Lins r<::wli.s frmu 
prcferC'nli:il mcftim; oj tbe chlorite-<I:IY nl1lrix 
of Ihe p:Hental uwks, or (~J Ih!'l t thr Sf)(;cific 
P':U('D[ rock Was nrl!t' r ill m:nri.x minCr.1ls ,h.1 n 
" 'ere :lny of the suh~r('rw:lckc ~; tmpl('S 3113 Iyzc't i. 
The first su!:'eC'.:ilion n'CCI \'~ .5llppon from I he 
sturly of fre.~h f:1 t'S 1!1:J ~('s ("1") flt' Tl of T.lhlc 
2), " 'hich 3re found If) eont:lIn n mur h his:ht' r 
proportion of indusioll3 of silica ph:I.~CS, :..I I 

ytlrinw st:t!!f'if of shuck met:InHlrphi"m . th:m of 
other mincr.1ls [ l'(m E IlgcJhnrdt , E"j ; , 1~~1]. 
10 such c:tscs iln:t!\'!!\':S millie nn eb".:cs from 
which int hl$ions h:l~'('. 3.;: fil r M p(l.:~;b l t'. hi-en 
rcalO\'("(j will tenJ to IX' hj:l~('(l in tile jlin'(, liQn 
of JOwer con tent of s illc.1 titan the parent m3. 
terL'l1. This eITcrt is unhkf'ly to be .lpp:lrrnt in 
br~cr, more ~JHwly cl)oll."" JcrlC'OI1~ m:t,,,.:!c ... in 
wh icb most ill('II I.~ilJns \\ill h:l\c bcl:u 3siirn i. 
bled. 

3. Comp{)~jtioll 0/ laruet rocks actl.wlly 
melted. Thr dimClIlt tl~k of rf('(ermining t he 
composition of the t.:lCcllI:..z1 rocks is. of cnur~c, 
CODlmon to 3. 11 cr:l ler.s :mJ is r,urIy :unenable 
to djceet sollition, The d:II:1 lor Clc:l rw:Hcr L:tke 
and :\I:tnl("otl:lgnn SUg'!;est that. Where 3. prccj .:e 
reconstruClion of rock dist ributions prior to 
cratcring is not possible, the method of aver. 

the .l!nf'i ... scs. II rn"c\{'r ~llCh ,'1 mi'XlUrc of gneiss 
:tnd :dnullc Je:n',,,.1 clt·tlOCI Xl enrirnmcnt and 
,l I"li!!Jlt Fl' enrichnH .. m 111 tb" melt rocks, sug. 
,t:('''' l illl: rh:lt the nl('1L rock.., II:tvc Hlsa IJeell con. 
r:lIllill:Ucd b\· I1lc[cortlic m~ltt' rhl. 

The ~roIJ T; of Hr(ln l :1n:tl~ ~f~ :11,," pro\-idl'5 
d:l[.l on r.owsh cu rll'hml'lI t (F!(!U re l c). The 
T(·pi:.tCClnCnt of X '1 hy l\ i:i ('\'idcOl, not only 
in Ihe finc·~!c:1iJlI"\l P,lCl.i of fhe melr zone (BF) 
::Inri in the 11!1IC'f)U.s CrllllPOllcnu ot' Ihe orecria.; 
(B!),5Z ). but af..;o in inclll:"ions in "'hieb .shncked 
pl':-thirll' fdtbp1r. reraut riwi r nn!!IIl.11 If'xture. 
Tht' ''''tllr('<3: "h,,,,· ' h~" the PftfllS"lr ('harnctt'r 
of the rocks rcsllh'll:t r!!'rh- from fl'pl:1cemeot of 
plagioclase oJ pOf:tS'h fdcispar [ l!urlUIUJ et aI., 
.19711, lh rough Ihe aClion ot ~ohJllOns heated 
by tile residual IIc!H in rhe crafer. The effect 
m:ly be cnmp!H('d WHit liyJrothem131 :tllcnllion 
of rhyolit ic gl~I S:lCS u('scnbcd by Fenner (ID3G]. 
The nHitler puta .. h cnrichmrllt of apparently 
fresh igneous rocks :I.t olher Cr:ltcrs is of a 
simlinr chAracter. At:'nin, The rcJnti"e cnrich. 
went in Dlngnesium shou"n by many of the same 

hIP,'CT ' ~[ELTS the r .. t ""in~ dis. 
' melt zone [Dena. 1%3], b ' '\t W .. t 

rocks is comp,rable to m'~O""lUm en· per>«! in tbe upper , n" xed r~'C1";.~ter pro. .""ou., "tz norrmti"e rocks of the Ben Clc""" tcr ,nu ~I'nlcou,.an l nc ~ , 
,hmenl m qu.J - 't"dbv lla.<:/am [1!ilj ] . T he " f lhe nldled r(\r.ks ~l t"J.ch cmt(;f . i:i complt'~ "f>:<:cn J~ , k~ m portion 0 h r the 
\'.\ , '". tl·(10 dj!t~ r:lIll ot Tbe t, U!.. r roc':; co. • . 1;: bhorizl.otnl ShCCT5 I at CO\'{' \~ ~r \:lei 'k r 10'leu occurs 10 the ~u I . k The volume ' cio'ely to tl".l of tloe Il.e. rOt: 'S " crater noor oround the cent ro P' " , 1 
,,1'5 • on Ib,bm ,\t ri!,ulcs the trend to of mcll '0 di, ,,i!'ulcd at ~I!l nico","on 15," .CU' 

" F,"'trC ~ ~ of ",ntcr",,"uralCd m'gm, under L,teu "Uowinl' ior ero.ion. lO I", 4(XHm " I 
""t,U"."o "r! re'sure of oX),l'eo. as would It ',ppears lhal a ~re3le r pro

P
","on;, : '~ "i1''"~\~c'~~.lill~ m'"I11~ "'ere ill rOIl"',C l w.~h , . er \' is ",,,,,nd .. 1 35 he, t:an '" 

,,'rur I "hcre, Simibr con<iilions dunn; 1 e :::~c~/~heg'rC_lI lti;'~ melt r.m,in.) hnin~ ~:I: 
,he .'mo.p of Ihe Hi<'S rorks WI're su".e;'e<i , noor in lhe br~" c,"le" t IOn In , 

(,)','"U"'.llon" it (I0tii] The slron.l, 0'"' """ Ire Cr.lle r3 . re I .... eflirt.nll), 
by VOIl Enf)f!.I'"h

r

., ' r" ";'lfin~ izneou1;1t rorks from sm311~r. Th~t :l ~ , .cJ I ' the ('xtc~i\'c 
,'cd "ure 01 ,.. I exc'I\',"c,1 is 31,0 HI.;'"'' ,) , " } 

IZ n r' lO'Pli •• r wilh ,hei r ,(ntelu," ,Iis:riblll ioll oi .hock mN:unorphl-m III ',e ,,,,,,,t .role. 1- I do bt IIL' t alml"phenc k ' the Cha rlc,'olX [n.,bert.on , 
position, le:1.n"s, " "'I'I~ 10 upro"'l<lc conditioJns of b:p:ement rOC.5 10 I t h d Currie 

:\ \ :\1 I' 0; I~, , 1 !In..1 ~l:lnlC(j":l !.! :tr l fJ ltr aUf) an , o,;ygcn \\ :l: .. ," ' 1 to thIJ':c rfceq-riLed by 
tn'Stalliz=t.tlon ~IIT\I a r ' f m If

'
G9J emlcr!. 

H' L m It f(.III)w~ that nn em:\n~ tlons co , 
as t . , n I to cxpl:un their ('omposi. d('pth ;.Ire rcqlll r ... , , . 

lioMl \·:-tnnt ion!, 

VOI.t'~If.-rRIC COSSIOr.R.\TIOSS 

- . fO<'k3 in s-hO<'k· The \'ollime at HIneous 'ci 00 
mct.'1morpho"'( .. 1 . .,tm(' lurc.s hilS hfocn com!1 er 
br fir'l!." [J !'hi.i]. S}'l)Tt [ 1!'lf.:>1. an:1 Dcncc 
[i9f,s] who :dl f'flncllJdecl Ih:1t mo..4 If not s;1 
of' the' i!:nt1"lll3 rock.s ol,~cr\'('(1 ~t er!'llr·r;: £1JC 1 

Herol Cl":l r\\'~t(· r . :tori )bOlCnl1:I t!:l n COUI~ 
~ :U·j·(,t:nte-tl rnr hy ::hock mt'lIin~, Fr('1fr 

[If'li. bl on tht' olh,. r h:1nrf, ('nl~rlllClrrl th~t 

in; ~rl ~,elli" " ,j,-,nc wns inSll ~C1Cnt tn ~C~: 
er:l~c dlC' mu ,·11 b r!!t' r \'olllmcs or H!nl.'OU3 rOC K 

at ~lIdbury. " .. 1 k' "lit' cncf1!'\' of 
Th(' p:1rtifi n ll ll1 l:: u f nn211l:1 lOt.. • , .c-

the pmjN'til" h:t~ hrrn :o-lllc1ied f; r I~P~~t ami 
lociti,..,.. of fi .~ .~ to li ,~r, kill ""rc '!. ,a" cal-
IIriloll'it rHlr,.::q :lnd UrfLi'luII [I!Ji.OJ. , ho , 

I I 11) In "(j('" 01 the MH.no:l1 cncTg) 
fublN I l:lt: - 0 f't 3.:: W'1~ I " h,,:lt from 
\\':\~ Trl:linm In til., t :lr~ \\';\'e The 8pplic~tion 
nff ("mmtion nf rhe s/in<'k ,. i dim. 
of th,,"" rt'~1I1r.; 10 I:lrt::(' n:thl r~ 1 (' ra tt'~ Sit 

I I .. I -(' oi tilt' nnl'l'rrnin tl f'S of c\trllpO :\ • 
~~If! t;;'i'n:';:l.t.t \'('il"lcilks Of. I.'i-,-t{) klil/~~ or 
mnrr nnd tn cr:l ler dimcn"',lnns ~\'e_ o rde~" o£ 
m:1trniTucle brt!cr th:Hl the (hmen:;!on" of cr.lters 

iorm(lll in the Ilhoratory . hie differ. 
On the olh<" r h:wcl. t he re 1.5 :l not:'!. r. 

I f n tllp po"ltlon nnd fl' la!!\ c propo 
l'nrc >e \\Cf' 'k" !It Brent nnu at the 
fmns or the melt roc!') ' nt onll ahout 1% of 
("'0 inT[!C'r cra t rrs. At ~re('mt of j .... ncous rock 
till' oh;;;eT\'NI 5 X 10 t" d ' he 
(bMed on drilling results) IS concentr:tte 10 t 

:;& ~ W¥'O 
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t ion of f:hocked indu~;ons. :l.1Iri the prn('I'~~C5 (If 
chemical \'n ri:nioll. I"r)tojli~ !:twlic'.'i have al 
rc:ady made:\ cQnlril ,Illj',Il. TI!(' ... ·lIlh of :"r':'11\ 
dislribu 'ion in <;hnrk.·" fl}l'h d'ow5 '\ di~rjnct 
correlaTion ".-itl! ~r:\(Je of sl,l)ck mct."imnrph i::m 
nnd with t he dr!!rce of !"N:ombn' ... !tcr~ltion 
[llarl un!1 tt aI., ] '1j1]. The r.llir) ~{ ~trontillm 
isotopt."5 IIns bc-cn ,If ff nnilll'fI !it !'="n'r:ll rr'"r'r;:, 
(or cX:lmple. Jlcnhll rr rClJ1np,tlln allff T fl'ljior, 
1%9] !!Od T rnomnf"r rFrl'nch et al, l~inl11nd 
h3! been :::hown to be !lrni'~ r in melt nnd 
count ry rnc~, 93 c:OO:p<'Ctcd under the impact 
hyporh~is. 

Furthrr thl"Ofcti('al !:tlldiro 3fe n{'cd(~1 in 
wh ich th,. !!ctdir~ of the ctrr'l't!lh of tar:!et 
matcrClts is mor,. ililly comirlcr~d. The il"!{lir.1-
t ion t h:tl brtre cr~lt('r.!' ('(.nl:1In mnn." m"lt. reh
,h'e 10 ,.r:lItr (l!mf'n~ifln::. th tn '"111:.11 cr'\Trr-> 
implies :t urcr'C:l!'e of c~":l\";Hion cflieiency with 
incre:\~n~ cr.'Her .!ize. ,\ 150 :l l:U!!N propoTlion 
of the me-It ~ nnt e.i('rt('t1 "U~ r r'!11:'tins in the 
cr:Upr :lS !\ rontinnrms lini nt!" of Ih~ c r~I" r fl"tl r 
:lntl ",,:.1' '" Ii !lmihr rf>!:Hinn-h ir'" hn!d on the 
m'mn, b r~" !ur.:l r c!':tl('rs cllrh :'I~ T q'ho, if 
fnrmrd by irnr:l~t. .. l,quId be fl 'lOfed hy 'I sh"Ct 
of .shock·mf'ltl'tl rflt'k ccw' r:ll htint/ rNi m('tr fS 
tbir k. whirh in ili.lJly ,,"oult! h1 \'C ('~('nll('1 J up 
to or C\'cn o\"(~r tilP cr:ltcr rim. P.npitl. rI('('[l 

flirtin!! t() form tit,. "('n lr!}l uplift nnd tcrr:arint: 
of lhc rim wOllld tli~T11pt the !'hf"f·t !,\flrl pn.;c ihly 
Irrul to tlow nnd pnndin!; of !till fluid imp:ld 
melt. 
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