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Chemieal anualyses of igneous and country rocks from Canadian craters show that the |
= igneous rocks are consistently richer in potassivin, moagmesium, snd heavy metals, and
poorer in sodium and slicon than their wssociuted conntry rocks. Grochemical bulanee cal-
culations suggest that 20-80 per cent of the meous rocks wre composed of material not

e sn L

found in the country rocks, commonly a potassic busie to ultrab:

in the cruters Brent, Municousgan, and Clearwater, Low-grade
Brent. These data are not compatible with ongin of the 1gneous roc
ing. or impact-induced voleanism. The data suggest exp 1k

ongin of at least some of the rocks

Igneous rocks, that is, rocks crystallized from
a melt, coexist with shock-metamorphosed

e rock, sich us those ex-~
tization ocvurs at
by either shock melt-

icanism for the

Commonly there is gradation from one to the
other, suggesting that they formed wvirtualiy
[ Iy, but in a few cases, where

rocks in at least 13 of the 17 known Canadi
craters (Figure 1). The ignrous rocks may be
divided into four types, namely (1) massive,
(2) igneous breceia, (3) pseudotachylite, and
(4) eognate inclusions.

Massive igneous rucks form shect and vein
systems. apparently emplaced beneath a breecia
cover. Country rocks in contact with them are
hornfelsed.  Igneous breeeins, comprised of
country-rock fragments and rare igneons frag-
ments in a matrix simular to the massive igneons
rocks, form flow-textured veins and lenses in
altered and brecciated eountry rocks. Rarcly,
they form small sheets, or steeply-plunging
pipelike masses. Psendotachylite, a glassy or
aphanitic matrix charged with rounded, abraded
fragments of country rocks, occurs in com-
plexly anastamosing dikes, rootless pods, and
other unmsual forms, commonly displaying
strong flow banding and compasitional layenng.
Inclusions or dikes of unusual ultrabasic rocks
of alkaline affinity are found within the massive
igneous rocks and the breccias of the craters
Brent, Manicouagan, and Clearwater. The rela-
tions between the igncous rocks and the breccias
displaying shock metamorphism are very close.
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exposures are fav ble, (eg. Al

Mistastin, and West Clearwater), the igneous
rocks can be seen to intrude and cross cut the
breeeia,

The igneans rocks have been sampled doring
detailed mapping of the craters and were
chemically analyzed by rapid methods in the
Geological Survey of Capada laboratories under
the direetion of 8. Courville. Maximum per-
centage errors for an individual analysis by
these methods are discussed by FEade ot al.
[1966] but in general do not exceed 27 of the
amount present for major elements, and 109
of the amount present for minor elements.

In comparing groups of analyses, a Student’s
t test, corrected for small sample size, has been
used where more than 5 analyses in each group
are available, and differences are termed siznifi-
eant if they would ocenr randomly less than
1¢% of the tume. Where fewer than 5 analyses
are avalable, the standard deviation of the
larger group is computed, and compositions are
termed significantly different if the difference
exceeds three times the standard deviation.
Where the average composition of country rocks
in a crater is referred to, the average has been
computed by measuring the areas underlain by
various formations on the geological map, ex-
tended where necessary by extrapolation, and
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w<ing these areas to weight the appropriate
homical analyses, T‘ince this procedure '1-1 oh-
ously inaeeurate, in the most cuses estimates
of limiting eompositions are also given,

GeocHEMISTRY OF INpivipraL Cratens

Although some information on the chemistry
of the igneous rocks is available from 11 of the
13 eraters, -information on the chemistry and
petrography of the accompanying breeciss and
conntry rocks is available for only 7 craters.
All data are summarized in Table 1. Remarks on
individual eraters follow.

Brent is a bowl some 2000 meters in di-
~ameter and %0 meters deep. filled by some
450 meters of breceiated Preeambriun rol
overlain by Ordovician sedimentary erater fil
[Milbman et al., 1960]. The Precambrian granite
goeisses surrounding the erater are quite uni-
form in eomposition, permitting unu=ually ac-
curate determination of the roek eomposition
previously filling the erater. Tuble 2 shows the
data used in estimating thiz composition.

Much of the breeein filling consists of almost
unmetamorphosed  fragments of the country
rocks. Thin shock-metamorphosed zones [ Dence,
106S] display a characteristic greenish ecast,
which is also found in breccia screens aronmd
the erater ont to a distance of S0 feet, Anulyses
of these rocks (Table 2) show that they depart
progressively from the eampeasition of the Pre-
cambrian rocks toward that of the iencous
rocks (Figure 2). Stronely metasomatized rocks
contain anorthoclase and chioritized richeckite
and aegirine.

Fine-grained, red, vesieular trachyte ocenrs

Fic. 1. (Opposite) Known sites of shork meta-
morphism in Cananda, In the following number
key, a reference documenting the ocearrence of
igneons rocks is given where such rocks are known.
(1) New Queher emter [Curmie. 19661, (2)
Lac Couture, (3) Mistastin Luke [Currie, 1968q1,
() West Clearwater Lake erater [Boste
(5) East Cl vater Lake erater [Curre
Shafiquilah, 19681, (6) Municonagan [Crrrie,
19%70¢]1, (7) Charlevoix [Rondot Currie
106951, (8) Holleford, (9 Brent [Currie and
Shafiquliah 19671, (10) Sudbury [Colling 1934;
Specrs, 19571, (11) West Hawk Lake erater
- [Short, 10701, (12) Lake St Martin [Currie
197061, (13) Deep Bay, (14) Carswell [Currie
1960¢], (15) Steen River [Carrigu. 19681, (16)
Pilot Lake, (17) Nicholson Lake [Dence et al,
15681,

-

o]

OntGrx oF IoxEoUs Rocks i
below the center of the Brent erafer at depths
of 1100 feet, and 2716-2530 fect, and on the
northeust edge of the eruter [Currie, 1960a],

forming an arenate dikelike mass, Chemieally the
rocks are clivine-normutive alkaline trachytes
(Table 2) similar to the altered Lreeeiss, Ocel-
lar monchiquite dikes typieal of the Nippising
alkaline provinee [Currie and Ferguson, 1970 ]
ocenr within and around the Brent crater, Their
radiometrie ages of 558 and 576 m.yv. (ML
Shafiqullah, unymbiished data, and Shafiqullah
et al. [1WiS]) agree with radiometrie dates on
ippising alkiline dikes. The ecarhonate
matrix of breecins from the west side of the
Brent eruter yields #0770 ratios characteristic
of earhonatite., .

Brent lies on the Otrawa-Bonnechere groben
system, wlich localized Nippising alkaline mag-
matism [Currie, 1970a]. With the exeeption of
shock metamorphism, the similanty in size,
shape, and petrochemustry of Brent 1o eliarac-
teristies of the Callander Bay alkaline complex,
42 mik= to the west, is very stnking, The
Newman T-land alkaline eomplex; 12 miles west
of Callander Dy, eontains within its erater
Ordovician  sedimentary  rocks correlative to
those at Brent. In the absence of shock meta-
morphism, Brent would certainly be classified
us an alkaline igneous complex within the
Nippising alkaline igneous provinee.

Mistastin Lale is an elliptieal erater ronghly
13 by 20 km. eut mainly into homozeneous augen
eranndionte [Currie, 1963]. A lens of anortho-
site with marginal mangenite crossez the crater
itsell ecausing wncertainty in the composition of
rocks within the erater, The available data and
hest estimate are shown in Table 3, Coneentrie
ring dikes of igncous rocks ent shocked Pree
cambrian on the shore of the lake and on a
central island. Analyses of an older homogene-
ous fine-grained rock and a younger vesienlar
rock are shown in Table 3. together with anal-
yses of yomnger igneous breeeins that eross cut
amld include them. The izneous rocks are sig-
nificantly depleted in silicon. potassium, and

rubidium relative to average country rocks and
are enriched in caleium and magnesinm. Al-
thongh proportions of country rocks could be
adjustedd to mateh the igneous eomposition
(Table 3, column 7), it scems very improbable
on field-mapping evidence that these proportions
represent the original rocks within the erater.
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Fig. 2. Projection of i
. ojecti chemical an
:::l s:\'lu-m SiO-~N BANIO-KAIRIO,, Crosses show
ci“‘:u: averaged in Tuble 2, with the i, nufication numhber of
1ows the avernge composition of the countpye roc
composition of the potassic trachy e, & ik
the Si0; corner toward the average

the position of

& composition of potassic trachyte,

TABLE 3. Chemicul Composition of Country

ks; the open ci
o r : ircle s
Note the strong linear trend of the analyses away from

M
KAISiO,

alyses of altered bmecias from the Brent crater into

each of the 11 individual
each analysis. The solid
0WS average

Onricry o IoNeots Rocks 5581
\BLE4. Chemical Composition of Country Rocks and Igneous Rocks from the Clesrwater Lake Craters

2 3 4 7
1 5 6
wt % wt %% sd. wt O, sd. wtSp sd. wt 9 wt G wt% sd. wt 9
sy 63.2 60.84 2.8 1.34 63.5 37.2 60.37 1.88 38.7 i
o 0.51 0.71 0.8 0.5 0.73 0.13 0.51 ‘
Al 15.6 16.68 7 210 16.2 1590 0.5% 11. |‘
},:L), 2.0 1.9 3.1 5.1 4.12 4.
ny 2.8 3.2 z 1.9 0.9 118 0.8 2. I
MgO 3.1 238 1. . 1.34 1.5 2.9 267 0 15.
a0 3.3 4.852 1.69 0 1.95 2.1 4.6 448 0.31 3. !
Mn0 0.05 0.0 0.08 V.04 — 014 0.05 005 0.01 0.
Na:0 3.8 431 033 3.3% 1.04 1.65 3.91 3.78 040 1.1 '
O 3.1 235 0,82 3.36 0.8% 6,40 3.41 360 045 0.
L0 0.9 0.76 0.27 0.41 031 2 75 421 2,06 1.33 0.87 10, '
Pl 0.21 0.25 0.18 0.27 0.07 0.32 0.04 0.41 0.30 0.30 0.05 O. {
Sclected Trace-Elemint Data (in ppm)
In 25 50 235 07 205 .7 |
On 10 20 30 3 20 67 19 |
Ni 35 12 S0 90 20 5 20
Co 30 5 35 7050 M 30
Ce 10 20 200 10 5 5 5
v 120 635 65 70 180 110 100
Ba 850 70 550 2000 720 1000 1020
Ir 95 130 150 300

1. Average country rock, from Eade et al. [1966].

2. Average country rock, from Boxtock [1969] (16 analyses).

3. Average country rock, centrul uplift of east luke (20 annlyses).

4 Average massive igneous rock from east lake (12 unalyses), ‘
3. Average igneous brecein, east lake (6 anslyses). ‘
6. Average igneous breecia, west luke (8 analyses).

7. Average massive igneous rock from west lake (12 analyses),

Rocks and Tgneans Rocks from the Mistastin Lake Crater
1 2 3
v ©

" wi'r o 6 7
- ‘e wt wt G
Si0, 68.3 52.0 -
TiO; 0.52 0.42 56.6 56.9
2!:(» 14.5 i) 5.8 L2 0.50
Fo 2 1.0 1.3 8 2.9
e 2.5 2.6 5y 7.3 2.3
& 0.6 1.5 08 0.4 3.9
“M(’) 1.9 89 a0 L2 1.2
Mag 005 0.01 0.03 5.7 6.5
KMU 4.0 5.3 1 0.09 0.07
"lO 5.7 0.9 50 4.2 4.6
P:O 0.4 06 b'“ 1.3 27
I"O. 015 0.16 0.17 1.8 0.8
b (ppm) 162 0 ”i 0.33 0.23
nil 41
1. Average augen granodiorite (4
S i nalvses).
2. Average anorthosite (3 snnl_\-.«e:).“ o)
2- A:VENKP mangerite (3 analyses),
4 i P, T .
10 analyses), we P an rock in cruter (776 analysis 1 4 120, analysis 2 + 119, analysis 3;

5. Average massive

igneous rock (6 analyses),

6. Average igneons breccia (4 analyses),

7. Mix of Precambri
2 + 407 analysis 3).

iun rocks closest in eomposition to igneous rocks (9% analysis 1 + 5195 analysis

8. Average analysis of gypsiferous ultramafic vein!

breecia penetrated in bore holes, ineluding
gypsiferous  serpentine seams. Althoneh not
analyzed, mineralization in the form of millerite-
tetrahedrite seams is also found in these cores.
The chemical results show signifieant enrich-
ment of potassinm and impoverishment in soda
in igneous rocks relative to country rocks, The
imeons rocks in West Clearwater Lake erater
are enriched in alkalies and impoverished in
magnesium, nickel, and chromium ecompared
with those in Fast Clearwater Lake crater,
which, according to econventional petrologic
theory, would indicate a somewhat higher degree
of differentiation.

Carswell crater forms an almost perfect circle
30 km in diameter, cut through Proterozoic

-sandstone into ervstalline rocks [Currie, 1969¢].

A rim syncline overturned away from  the
center is bounded on both sides by faulis. The
central core of crystalline rocks, shoek meta-
morphosed along its margin, is separated from

lets from drill cores beneath west lake (4 analyses).

the rim sandstone by lenses of aphanitic, flow-
banded, fragment-charged rocks, sheathed by
izneons breecin. These igneous rocks are sig-
mificantly richer in potassinm and magnesium,
and poorer in alicon and sodium than the
cry=talline rocks. If the sedimentary rocks are
inelnded, the differences are even larger. Shock
metamorphism is not found in the sedimentary
rocks, even where they overlie shock-meta-
morphosed hasement rocks [Currie, 1067].
The Sudbury structure, 35 km long by 22 km
wide, poses some of the difieult problems in
Cunadian geolozy. The geology is highly com-
plex and eontroversial, and chemical data are
not particularly abundant. The Sudbury irrup-
tive has the form of a lopolithic sheet, 1.72 b.y.
old, whase mean composition (Table 1) as com-
puted by Colling [1934] is somewhat similar to
that of igneous rocks found in other Canadian
ceraters, but rather different from that of large
gabbroic lopoliths. The irruptive is overlain

2 ———
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by a sheet of i i i
gneous breccia (Onaping tufl) 7
S o ping tu Manicouagan crater,
[Frmc:x;pl.;‘i‘.:]shc:lc‘:\ ma:lamorphosed fragments 61 km across, is eut 'ixoog:‘io“n}l’ depressioy
P. . api i | Cand ‘
o ',md l,‘,&ii),l;.em,,,.;,iu‘:ﬁ. mﬁ.'lab:.\ lughnl_\' morphics and partually filled :!i:’hn:;‘ g
. b - site, unit, but anal-  izneous < + whi il
i 37 7169 u zneons rocks, throuzh whic j
ok su;;:ﬂr:x?w':u. sive :mz.i uniform parts are  tanzular, off-center blockl";:l :;:’Ome iy
. Qr.i_.mop:d- [oser ;:( .ll;;a irruptive (Table 1), phosed anorthosite [Currie lb'm();k‘mctaxm\r.
sy su;xe nmu::: m\rll: :‘f a}ln,g :\?f@ll.;l-o objeet as large as .\Xunitnun;:m, ‘thc];li£:|:lt‘u
ee. Muny v silicic  in arriving o { \positi -
et e o ; ing at an average composition
i e ”,:. :f t|;1ﬂ'b"h::u.a bee.n re- r_m-!u are obvinus. However, r:om‘vrgo:::o ‘;mry
s R Dr,quunz:“e s " com::!.nmmnd limiting estimates (Table 5) mgms's'u Lt
el af i & m.spccrl. 1957]. The are compensatng, und the com; cdm =
e poms: urll bury sfruv:lure are i3 reasonably accurate, Cbr-micn}rm(llatanvemu
R e ':::'mt;:o:;:‘h ffru}:n composition of |w-udularh\'lile. (Table gl; ;:‘i
E 2 : of the nto two B y
B i L " . groups. One group co S|
couunmﬂum b )hg‘ hmcusL is enriched in po- melting of wall rocks by I‘Sc:‘iol::::ll fh?-mh fmgx
— ‘n:‘ 'y metals co‘mpsmd to the potts, 1964]. The other group i e
i andnt;;u(hm:s, ;\cc:.)rd_mg to the data  ferromugnesian and evidently pm:t:lu':h e
a shown in Table 1. mixture of foreign material ‘Clu-mi::ls I?:ln:d.
- e

TABLE 5. hemi mposition ntry Rocks an eous Rocks from A couagan Crater
Ci e
cal Co of Country Rocks and [ Rocks fi the Mani Crat

1 3 )
s -
wt% wtS, wt¢, wt¢ sd. wt 7% "16‘5, wl.‘ vzs“’ vt9‘7
8i0; 57.01 3801 5 : = - :
! Ol 3801 58.03 57.47

80, 7 5 TAT L7101 4843 47T
T, Q6 o ng.t;.g o7 008 Lot o om 4?‘?3 117):‘
0 0 2008 207 ; 132 1759 2567 2836 17.3 0
FeO 236 213 glj: 342 03 500 o 1m l:s':.{ 851
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1. Average country i i

R e ry rock in erater (assuming 257 i

3‘,;/; ‘c\hnmockue, pr - e cmn;\lc‘ )mg 25¢; anorthosite, 20C; gabbro and mafic gueiss, 555 granite,

. Average country i i Jo :

" ch;m::k' ntry t:u.r'l‘c‘m erater (assuming 205 anorthosite, 157 gabb: i i
3-, £hes rre,dn.e, and 337, gueiss complex), S S L R
& Ave;;ge d[t:::il;"\l:?:nr muntrykrocks in crater (38 analyses),

equs rock in crater, with standard ciati 7 .
i. izmge mafie, potassic psemlula('h):hll! 6 nn::l':'n e
oy o rage country rock of psendotachylite (8 analyses
8: A erage nlnm,nuns. sodie prendotachylite (2 a:mlvw«')
s Avemge alkali )»:t:ﬂl: from crater (4 analyses), o
. Average ultramafic inclusion in alkali basalt from erater (9 analyses).

OriGiN OF LGNEOUS Rocks
(3) significant amounts of igneous rocks are

salcalations suggest 20-80% addition of picritic
Jkali basalt. Willemse [1935] concluded that  present in the form of dikes, some hundreds of
yards long, and tens of vards deep.

qorite had been added to Vredefory psendo-
wehylite.

A picritie alkali basalt is exposed at Mani-
ouagan in the form of brecciated plugs and
anall lensoid sheets intruding and ineluding

Tmpact melting should produce a magma
identical in chemistry to the country rocks,
except for differential volatilization [Taylor,
1966, which would be emplaced mainly at the
evitic breccius. The basaltie matrix (Table 5)  top of the fallback breeeia [Roberts, 1965]. In
blocks of an unusual ultru-  large craters, differential volatilization should
Jead to depletion of volatile clements such as
Rb, P, and K. None of these clements are de-
pleted in any of the reported igneous rocks
swarms. These inclusions appear to be xeno- except those from Mistastin Lake, and K is
fiths of an early erystullizing fraction of the enricied in most. After consolidation of an
ylkaline basalt [€ urrie, 1970c]. impact melt, alteration and metasomatism may

Roughly %05, of the igneous rocks at Mani- take place by circulation of ground water
conagan consist of two sheets

of granular to through the breceia zone [AMilton, 1970). Even

trachytoid brownish rocks, differing in grain  assuming that the slight obeerved alteration is
sze and mineralogy of pyroxene. The uniformity  sufficient to alter the eomposition, experimental
of chemical compasition (Table 5) is very data [ Ermanovics et al., 1967 Burnham, 1967]
striking. High K.O content classifies the rocks show that near surfance hydrothermal altera-
a5 doreite, not andesite [Nockolds, 1954], and  tion, which consists mainly of leaching of alka-
the alkuline character of the rock i shown also  lies and enrichment in silica with inerease in
by the MacDonald and Katsura [1964] classifi- Na/K ratio. does not cause the observed in-
eation. When correeted for deuteric oxidation,  erease in K, Mg, and heavy metals. The only
most analyses show pormative olivine. Com- near-surface metasomatic process leading to
parison of this rock with the averaze Precam- similar chemieal changes is fenitization, which is
brian rock (Table 5) chows statistieally signi= invariably connected with alkaline magmatism.
fieant differences for 9 of the 14 amalyzed Impact melting does not exphun ¢ither the
elements. An addition of 167% of picritic alkali  variety of igncous rocks found in some craters
basalt would bring the average country Tock (earbonatite, monchiquite, truchyte at Brent;
info coincidence with the average igneous. meimechite, basalt, doreite at AMunicouagan) or
the homogeneity of other igneous units over
Jarge areas. Can impact form bomogeneous melt

The close association of igneous and shock-  over square mile areas, yet leave pools of aber-
metamorphosed rtocks sugzests three possible  rant composition?
origins for the igneous roeks: (1) erystallization The location of igneous rocks in well-pre-
from impact melted country roeks, (2) erystal- served eraters suggests that the rocks all lie at
lization from endogenic mazma whose emplace-  the base of the crater, a position quite com-
ment is mechameally or thermally controlled by patible with intrusion of igneous rocks into the
an impact strueture, of (3) erystallization from base of a structurally weakened zone. Impact
an endogenie melt with whose emplacement is  creates Jong-lived disturbances in pressure and
associated shock metamorphic phenomena. Yach  temperature owing 10 crater excavation and in-
hypothesis  implies specifie - geochemieal and  sulation by the breccin blanket, but ealeula-
physical consequenees. Tn addition to the data tions suggest that magma generation by this
summarized in Table 1, we may note physical mechanism would take millions of years, whereas
factors common to all, or most of, the occur- ficld evidence and otopic age dating suggest
rences: (1) the igneous rocks oceur at the base almost identical ages for the igneons rocks and
of th> crater (of Drent, Sudbury, Lake St. breeeia bianket in Canadi craters. Mechanical
Martin); (2) massive igneous rocks are gen-  stresses associated with an impact could tap
erally fresh and ur ltered, and the ig preexisting magma by eracking the cover rocks,
breceias are moderately to severely altered; or could create magma by sudden release of

carties pumerous
tasic Tock consisting of enstatite, phlogopite,
and minor olivine and diopsule. The chemstry
s reminscent of some alkaline ultrabasic dike

DISCUSSION
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pressure. Comparison of computed geotherms
shows melting of erustal rocks due to release of
prezsure is very unlikely, [ef. Lackenhruch,
1970]. Melting by pressure release 100-200 km
below surfuce is quite plansible, bnt an assumyp-
tion that an impact sufficient to exeavate the
Brent crater, for exumple, could promptly sum-
mon up igneous rocks from 100 km down seems
fantastie,

The geometry and eoniposition of the igneous
rocks can be explained by explosive endogenie
voleani=m if it is assumed that the magina has
unusually high as<imilative powers. Sinee ex-
plosives of high brisance (e.. 11,) are present in
voleanie gases, 1t seems unreasonshle to sup-
pose that voleanie explosions eannot at least
loeally and rarely prodnee shock phenomena.

The igneous rocks in Canadian eraters can-
not he completely explained by any theary s
far advanced. A theory of explosive endogenic
voleanism satisfies the geochemical data, but
appeals to geological processes as yet unob-
served. Tmpact hypotheses appear unlikely to
explain the data.
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Almost forty terrestri
§ t strial structures are k i i
. ! r now vhich igne.
un(gﬁc:u.hrero::z ‘h;'“l;l]‘ shock deformation, l: :n .
parti oubtedly impact melted occur
"D e Sddieg, elted. At older, larger craters, j d
o bundmds'o{ mr;z:((‘:llntz’:;iku:':rl‘m:q glass in mived bp ceins; (2;’.51:‘:;‘;1?;1}150:(‘:;?“
ment. focks e ik ¢ cading on cruter size; and (3) dikelike intrusi e
s e o veg oy N rater floor. These igneous rocks are disnngyi g Sy
. ! Soor, 0 : nguished fro
o ke, 4 lAur eterogeneity, shundung inclusions of S
el <o’ i ) < of shocked country rocks
et - ey agree closely in comyasiti, 11, i < g )
ehtmicnll' -‘J.(i'r;:{:?"i are relatively enriched in K and .\li:’;i::lo:c‘;-!:~ald!”:m B i)
¢ al;"e'u.:!(‘rxbuf!nvj 0 reaction with vapors and Pr;ah:'vi‘::s. ‘ :x’nd e Theu
are euriched, sugsesting ;«:e::tl; u:;-;? 10 ttmospheric oxveen. In some r::.lv:'\c'?l?d?in)}‘u
Koo ey g tes amination. No contnbutions from deep -t
hmcn'eloeily imip: explsin the chemistry of the melts o oAt
pact as epplied to i T ity 1o oes
angie AL it natural terrestrial evens satq 1 y et
05 of 1he gpan o tet satisfaetorily accounts the
conionn 2y o Clios. sy - The large volumes of ininnct. i ot
: ' . o roap=i Hpact melt in terrestrial
g o Suzg: a strength of turg, ateriy idered
polating cratering theory to unpacts of such dxx.m::n:ln;“ ";l: ?l,ll‘!ﬂhe roam‘l'zn.-d
i 4=} the floors of large

lunar craters, For exam, v A¥eho. of of impact origiy, o ouid be underlain 1y 3
pls l)h.fillll!!l‘OIN. hould be derlain Iy several hundred

ous rocks or gluosses g 2550
Lo '3 =
ustemary craters, glasses containing Ni.Fe

‘The chemical composition shown by the two
analyses quoted is one little in accordance with
all that petrographers are acensomed to regard e
as m:np._ml for igncous rocks, -« The lava-rock i
of Jinisjirvi has the composition of an argil
laceous sediment [Eskola, 1921, p. 8] -

!;s'r.ol:'s thoughtful study of the geological
curiosity at Jinisjirvi (Yinisyirvi) and of the
pmblc.m of accounting for the igneous rocks
there is representative of carly invest izations of
llmct?ms that later became known as ‘erypto-
voh_:nmc' [Bucher, 1936] or ‘cryptoexplosion’
[Dietz, 1059]. P
.Jﬂ."l!jﬁﬂ'i it<elf, north of Lake Ladoga, is now
within the USIp and has not been the ’mhjcct
of recent study. However, despite its absence

current lists of possible impact sites [Short
and Bunch, 1968; Frecberg, 1969; Zotkin and
Tn'.etfau., 1970], there can be little doubt that
ﬁms;fmn belongs to the sclect group of strye-
tures. in which igneous rocks are found in char-
acteristic iation with shock-met phosed

Copyri .
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rocks. Sueh an association has been recognized

]n,'qn" [Lchh:nu:. 19707, Dellen [Svensson
]:'M:'IJ and .\l'xen. [Svensson, 1960, Szan/an.
0 60], f". f’f which Eskola compared elosel,
with Jinisjirvi on Structural and te_'mmz
grounds. However, thers are distinet chemical
d.zﬁercuc&-s between the igneous roeks at the four
sxvu"t. As Eskola Tecoznized, to aecount for these
dtf_Tcu-nccs. any voleanie theory of origin re-
@ures the massive assimilation of lﬂjatent
:;m?r‘,rt.lr‘ksm(l’.mcambﬁ:m miea schists in the
".”;"t:l- amsjarvi) by ang postulated primary
In.lhe last decade hypervelocity impact of
;nﬂmlc bodies has been established as npt'iablc
,\'povht“sm for the origin of structures such as
those discussed by Eskola, and of the ;gneous
ro.cks fyhey contain [French, 1968a). The g
plicability of hypervelucity impact .thmrv ::
the problem of imerprctiné such large .au;'ient
craters has been conciusively demumtl;n!ed by
the npa!ysis of Quaternary eraters nz.wl.ﬁch the
100 of meteorites with shocked and

at the Scandinavian localities of Lakes Lap- .
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aelted rocks is well doc ted [Sp ,  changes with size and with the character of the
1033: Nininger, 1954; Shoemaker, 1900]. On  country rock. In the case of craters formed in
e other hand in ancient, shack-metamorphosed  predominantly crystalline silieate rocks, as are
craters the presence of igneous rocks, in some most of the craters in Tuble 1, those smuller
cases in large quantities, has led some to con-  than about 5 km have a simple bowl form, as
tinue to advoeate & voleanic orimn and to deny  exemplified by the Barringer and Brent eraters.
the value of shock metamorphism as a speeific  Larger craters are complex, having a central
eriterion of matural hypervelocity impaet. In  uplift that becomes more prominent with in-
particular those holding the voleanic viewpoint  creazed crater size, and the largest eraters (>25
have arzued that certain geochemieal data indi-  km) have a distinet ring structure, with or with-
cate an internal origin for the igneous rocks at  out a prominent central peak [Dence, 1065,
several shock-metamorphozed structures [Currie  1968].
and Shafiquilah, 1967, 10638; Bostock, 1969].
QOthers have suggested combinations of impact Forxt axp Drstrisuriox of MeLt Rocks
and voleanism. However, with the exception of Variations in crater structure, as outlined
the compound structure at Sudbury [French, above, are accompanied by varationz in the
19685] the eonsistency of the relationships ob-  distribution of melt rocks, which can be illus-
served at various craters over a wide range of  trated by reference to the better known eraters
sizes indicates that a single process haz pro- in Tuble 1. Melt rocks oceur in four main forms
duced both craters and their associated igneous  at the different eraters: (1) as isolated glassy
rocks. Debate therefore has focussed on the ‘bomhs (Table 1, column 1}; (2) as glassy or
requirement that the impaect hypothesis ac-  recrystallized masses in mixed breecias (Table 1,
eount for the forms and disposition of melt columns 2-6): (3) as thick cheets of izncons
rocks in shock-metamorphosed structures: their  rock (Table 1, columns 4-6) ; (4) as minor dikes
textures; their composition, which, althongh  and irregular intrusions into the basement of
generally similar to adjacent conntry rocks, the erater (Table 1. eolumns 6 and 7).
shows significant differences in detail; and their 1. Glassy bombs. TIsolated glassy bombs or
apparent volume relative to crater dimensions.  impactite slags [Spencer, 1933; Nininger, 1054]
form part of the unconsolidated ejecta found
in and around the larger meteorite eraters of
Recent age. Individual bombs may be 20 em or
more across, are generally hizhly vesienlar, and
commonly show contamination with meteoritie
materials [Tawlor and Kolbe, 1965; Brett,
10677, as well as inclusions of shocked country

OCCURRENCES

On the basis of strueture and the presence of
shock metamorphism, some sixty terrestrial lo-
calities are now included in the prime list of
hypervelocity impact sites. Almost forty of these
are known to contain glasses or igneous rocks,
and in all cases these structures are emplaced  rocks.
in predominantly quartzo-feldspathic country 2. Glassy or recrystallized masses in mired
rocks (platonic or sedimentary). The apparent  breceias. The nnconsolidated deposits and their
lack of melted materials at the remaining sites  associated meteorite fragments are stripped off
can he attributed in some instances to depth of by even slight erosion. In the somewhat more
erosion or lack of detailed investigation. In  deeply eroded craters (Table 1, column 2) meit
many eases, however, the absence of melt prob-  materials are preserved on the crater rim in
ably arises from the earbonate-rich character of  patches of more or less consolidated rock. in
the country rocks. At Ligh shock pressures such  which the melt oceurs as glassy or aphanitie
rocks may be expected to dissociate with evo- masses associated with shock-metamorphosed
Intion of CO. instead of producing significant rock and mineral fragments to form mixed
quantities of melt. breccias.

The craters that have associated melts are Breceia associations of this type are prob-
listed in Table 1, arranged aceording to size ably the most distinctive lithologic unit in
and relative depth of erosion. Depth of ero- shock-metamorphosed struetures and have gen-
sion generally increases with inereasing age. It erally been called ‘suevite.’ Suevite at the type
has been shown that crater structure also location of the Ries crater [von Engelhardt

—
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TABLE L. Craters with Shock Effects and Melt Rocks

P Classifieation by Relative Erosion Depth
Diameter 1 2 3
4 - \‘
100 Wabar : < 7
meters Henbury
Aouelloul
Monteraqui (Wolf
1 km Barringer Sesld
Tenoumer (Lonar I, )
€ L ) Holleford
Kofels New Quebec* W, ;}:'rk'l..y
5 km Brentt
Bosumtwi
Pilot L.+
‘ L. Mien®
) L. Wanapitei* T
. ke B Lac Couture*
Nicholson L.
]I{ Dellen
] E. Clearwater oclwgglnqart
Steen Rivert Strangway } &m{:‘rzl)
20 ki Mansont é‘m‘“b‘x‘i‘;’l
. u
30 km e
L. St. Martint
W. Clearwater
Carswell
- Siljan
. Charlevoix
Manicouagan
100 km
Sudbury  Vredefort

Parentheses indicate ¢

F Taters at which shock effy i ifi

‘ ;\'::{: rrz;cc:s ll:nown mainly or only from glncinﬁ{z:\};ﬂm e to b entified.
3 known mainly or only from diamond dr;lljnx.

::_ :::g:r{?} lfr;(rms su}rﬁmgl r?vym«its up to tens 1071}
ol o e e el
I s ater rim. is i i i
'e}\:,ldf‘nc,e t.hat the ghissy m:m:(r,‘-:e ("::::;d“:: :'0]“5’"‘"‘ i i i,
adgn) i the great majority of Ries melt e
?osns were nemrlynnmimll;‘ slmmﬂ m(x'd
chll!cd before deposition in the ejecta blank,
[Hrz, 1065]. e
Mmrd breccias in which glasses are associ-
.nted w.nh s.hm-kvd fragments are also (lc\'ﬂl(;pe(l
in the interior of craters among the rocks under.
}yiug the crater floor, and so are only e'cpn:ed‘
n more decply eroded eraters, such a‘; West
Clearwater Lake [von Engelhardt and Dem.:e,

tallized glasses show intrieate

In some cases breccia fragments
between layers of glass to give a

but the term is mo:

_ Te properly a
rocks like the Ries maiorin)l.
glassy masses are of the Fladen

In these breccias the fresh or recrys-

intrusive rela-
gmental rocks,

o th:.nt the masses of melt were incorpo-
rated into thé breceiu while still hot and mobile.

are entrained
banded fabric.

Such breccias have also been called ‘suevites!

pplied only to
in which the
type. In era-

ters of small to intermediate size ( k
t_he relationships of hreceias willup e e
nims are generally eomplicated

hin the crater
by slumping.

e —
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3. Sublorizontal sheets of igneous rock. In
e craters the melt occurs predominantly as
- sheets of igneous rock., The sheets are
apbuted within the craters as an annulus
,und one or more peaks of the central uplift,
s en at the West Clesrwater Lake and Muni-
-nagan occurrences. Mappable variations in the
ncous tocks in both structures are mainly
sed on differences in grain size and in the
wontent of inclusions that produce differences
in patterns of jointing.

At West Clearwater Lake, for example, the
following succession has been recognized on the

- ring of islands [Dence, 1964; Bostock, 1960]:

{a) fractured and weakly shocked basement
eiszes overlain by (b) up to 40 meters of
mixed breecias with glassy fragments, overlain
in turn, generally with sharp contact, by (¢) a
wnit, averaging 30 meters in thickness, of fine-
grained igneons rock with abundant ehocked
inelusions (eoherent breceia of Bostock). The
latter unit has a well-developed vertieal jointing
smilar to jointing developed in welded ignim-
brites, with which the Clearwater rocks have
been compared [Kranck and Sinclair, 193],
The fine-grained rocks grade upward into (d) a
coarser-grained, massive, weakly jointed phase
in which inelnsions are generally inconspicuous
(quartz latite of Bastock).

Similar variations on a larger seale have been
mapped at Maniconagan [ Murtauih and Currie,
1969]. where, nonetheless, paleomagnetic meas-
urements show that the izneons rocks behaved
88 a single cooling unit after their formation in
the Triassic [Robertson, 1967; Larochelle and
Currie, 1967]. The preserved igneous seetion at
West Clearwater is as much as 130 meters thick:
at Municouagan it is twice as thick. At both
craters an ?“lﬂlin(‘d 50 meters or more nf sec-
tion has been removed hy erosion, the missing

bly being similar to the fine-
grained, icular, inclusion-rich i = rocks
recovered by drilling below sedimentary fill in
East Clearwater Lake [Dence ¢t al., 1965].

The full lateral extent of the igneous rock
sheets can only be surmised from the preserved
tecord. A eomparison of the more completely

‘preserved eraters sugeests that with inereasing

crater size, the thick ignenus sheets are more
extensively spread over the crater floor and in
the largest craters may even overlap the rim
of the primary crater [as defined in Dence,

1968]. Thus at West Clearwater [Dence, 1965]
and Lake St, Martin [McCabe and Bannatyne,
19707 craters the thick igneous sheets are con-
centrated on the inner side of a rirg upliit of
erystalline basement rocks 20 km in diameter.
At Manicouagan, on the other hand, the ring |
i

[

)

—

structure has a diameter of about 45 km and is
completely covered by the 200-meter-thick sheet
of igneous rocks. They extend radially for a
further 5 to 10 km well into the peripheral |
trongh that marks the down-dropped crater rim.
Massive igneous rocks have not been re-
corded at the Ries, where the ring uplift iz 12
km in diameter, but strong magnetic anomalies
within the erystalline ring [Pokl and Angen- ’
heister, 19691 may indicate concentrations of
melt comparable to those at the Cunadian era- é
ters. The exposures of ervstalline vesicular |
igneous rocks at Polsingen and Amerbach on |
the east side of the crater [ron Engelhardt et |
al., 1969] are probahbly outlying tongues of the
inferred igneous sheet. ‘
4. Dikes of melt and breccia in basement |
rocks. The fourth form in which izneons rocks
aceur at shocked structures is also observed at
Municouagan in deep gullies that diszect the
crater rim. There small dikes of glass and bree-
cia eut the fractured basement rocks. The dikes
are similar in eomposition, texture. and age to
the overlying sheets of izneons rocks and bree-
cias and are apparently derived from them as
fracture fillings during the later stazes of erater
formation. At the most deeply ernded s rie-
tures, such as those listed in eolumn 7 of Table
1. minor intrusions of this type are the only

manifestations of the more extreme conditions |
of strain and temperature that were attendant (
on their formation. Representative oceurrences .
inelnde the melt rocks and breeeias from Char- {\

levaix [Rondot, 1963] and Carswell [Currie.
1060] eraters and the enstatite granophyre dikes
at Vredefort [Willemse, 10371, Pseudotachylite
veins found at a number of these craters arm
not considered to be a form of the melt rocks
but are interpreted as resulting from frietional
melting of mobilized basement rocks, partieu-
larly those involved in the central uplift.

TEXTURES

The considerable textural variety exhilitec
by the igneous rocks of shock-metamorphoses
structures is attributable to two factors: (1

e e
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the diversity of inclusions in various stages of
shock metamorphism, reervstaliization or as-
similation; and (2) the variation from crater to
crater in their hulk composition. The first fac-
tor is readily apparent in rocks that have been  of the inclusions, which in varying deer,
chilled so that their matrices are glassv or  heated as well as disordered hy-lhe shn:-‘:w >
aphanitie; the second is more apparent in rocks  ess [Chao, 1068]. s
that have cooled more clowlv, allowing homo- It should be emphasized that the Jgp..
genization, assimilation and reervstallization to  igneous bodies have not been formed by ::
proceed. The glassy rocks are representative of  gemation and welding of di fragment ,..
initial magma conditions, as indicated Ly eraters  shards, as in welded ignimbrites, but have l:
such as West Clearwater Lake, where the text-  emplaced as compact sheets or :;ools of ma
ural evolution from glassy to the most coarsely  Placid, near surface conditions of crvstalli oo
erystalline izneous rocks can be traced in rocks  allow grain sizes to reach 02 to 05 mm in‘xly.
that show little variation in bulk eomposition larger bodics. The mineralogy is normal nnli
(see section below). where the hulk mm:v:siliot; is nppmprin';
The glassy to fine-grained izneons rocks com-  follows Bowen's elassie reuction series. Fcldsm‘.-\
monly cantain frazments of the country rocke  show simple normal zoning. in which cores (¢
in such abundance that they mayv be ecalled  plagioclase are rimmed with alkali feldspars, 1)
breccins with igneous matriees [eg. Bostock, some cases where the melt has high nonnn;i\-
1969]. Detailed studies of fresh glisses [Chan,  feldspar and feldspar inclusions are common
1967; von Ewaelhardt, 197: von Encelhardt  overgrowths on the inclusions may give the rock
and Dence, 1971] have shown that the inclu-  a micraparphyritic appearance. ﬁowe\'er, there
sions exhibit all grades of shock metamorphism s geverally little diffieulty in distingnishing suel
[Chan, 196S: wvon Enaclhardt and Stifler, overgrowths from normal phenocrysts.
1968). Such shocked frugments are associated
with contorted incluzions and schlieren of lech-
atelierite, fused feldspars, and other phases,
all of which testify to temperatures well ahove
those of normal magmas [French, 19%a; Harz,
1065). Furthermore, the eomplete absenee of
phenoerysts in the glasses indieates that eonling
and, in the aphanitic rocks, crystallization did
not bezin until the magmas were virtually at
rest. Flow banding. where seen. 1= developed as
trains of small inclusinns or glassy sehlieren, in
some cases emphasized by oriented vesicles,
Little reaction is evident between inclusions
and matrix in the glassy and aphanitic izneous
rocks [French et al, 1970], but in more slowly
cooled rocks reaction anreoles commenly de-
velop. notably around silica frogments [Tevlor  diagram (Figure 2) provides additional inferma-
and Dence, 1960]. and inclusions are partially  tion on variations in the analvees, The main con-

or pletely melted, ilated, or recrystal- Tust from a ideration of these analysss
lized. The most stronalyv shocked inclusions are  are:

most vulnerable to assimilation. o that in rocks
in which the matrix grain size averages 0.1 mm
or coarcer only the largost or most weakly
shocked inclusions are preserved. However, such
rocks generally exhibit a distinet irregularly
mottled texture produced by variations in grain
size and by clustering of mineral specics, form-

ing the ‘ghosts’ of completely resorbed 3,
sions. The great effectiveness of the rcsn:r‘-
process is due to the orizinal superheated ..
of the melt, and to the kigh interna] enee

CoxtrosrTioNs

From the analyses and sourees listed in Table
2 the compositions of igneous rocks from fifteen
craters have been caleulated in terms of the
ternary ratios, normative quartz (Q) :norma-
tive plagioclase (Ab 4 An) :normative potash
feldspar (Or) and total alkalis (A) ziron (F):
magnesium (M), Similar ealeulations were car-
ried out for country rocks adjoining seven of
the craters.

Quartz and feldspar eompose 757 to 92% of
the normative constituents (with the exception
of 637% for Ries sample DB1), so that ternary
plots of Q-Or-(Ab 4+ An) show the main fes-
tures of these rocks (Fizure 1). The AFM

There is considerable seatter in the com-
positions of the melted rocks from the fiffeen
eraters (Fizure 1). Normative quartz and pla-
gioclase show, in general, inverse correlation, but
potash feldspar varies less regularly.

2. The country and,melt rocks for scme

o - :

Iscpact MeLTS
TABLE 2a. Chemical Analyses nl“ﬁmtzr Rocks

(New aualyscs of avernged analyses.)

est Clearss Lake
sl Brent West Clearwater Lake \Van:x_pnei
i - T ‘- . B ‘\
Gt BC BF Bu32 WO.F | WeC  WC
campunem - ~ —
59.6 55.4 57.5 3.6 7.9 T2
e 7 0.84 0.8 0.85 0.5 on
TASO’,,o, 158 15.5 174 16.2 153 5.57
30 5.0 6.5 3.7 2ot 5.58
g 10 3.8 2.0 13 241 X
i 12 1.8 1.4 2.5 3.1 3.20
us 23 1.7 0.4 16 5 5
o i3 2. 0.4 4.2 3.5 3.
-7 19 5 9.7 3.2 3.5 376
- o5 0. 0.06 0.07 0 07 0.08
MuO 0.15 5 oo 0_27 ’n;
w0 o 2 2.0 1.40 4.63 20 o
HO+ 1.64 2 20 1.4 =0 . :
he= e i . . =
° oL el wm B8 01.76

+Total Fe as FeO.

aaters are  closely similar in ,:omposm?::
whereas at other craters thyy differ cu.ns(x)
erably (Figure 1). Three v_:matmm occur .:;
e melt rocks are lower in normative gua
‘han the country rocks ( Henbury :\qd Lnst.
Clearwater) ; (b) the melt rocks are nchvr_ u:
potash feld<par than the country rocks (\‘\,:sh
Clearwater and Maniconagan); oF (€) t
conditions  hold (Carswell, B)rmt, and some
from the Ries crater).

m:“?he AFM plots (Figure 2) sl\‘nw cor:—
sderably less scatter than the .normnm'e ]"slo ts
(Figure 1). Much of the variation :chm\n is
encompassed by the analyses of the Ries crater

rocks (Figure 2a), which show a distinet trend

toward enrichment in alkalis relative to iron
and magnesium  from glassy tnck.f. ( T})ml;’
erystallized tacks (T3). The trend is revel ‘;
bowever, in the strongly altered x;hss.fmrf\ thi
deep Deininzen drill hole (DB1), wlucl_\ ;hmvls
digtinet enrichment in ivon and magnesium rel-
ative to alkalis, associated with depletion 1n
“1';-3 (:.;5“::1\? craters the AFM plots sho‘\;
anly slight differences between country F:\-e
and igneous Tocks. Most common 1§ & 1::: v lk
enrichment, in magnesium n the~ igneous mchs
with, in some cases, a decrease I alkalis. The
greatest magnesium enrichment is shown by tl 1;
analyses for Carswell and Brent, which al

Total 100.18 10006 A

show the strongest potash mﬁchment _(F:gur:
15 and ¢). However, as therg s na enrluvhzwn
apparent in total u‘nk:\hs., sodxum s dc;z cle .u,e
5. Iron enrichment 1S indicated only mb

case of Brent analyses, though .lhe Hen‘\.xry
gluss would show a similar trend ;I_ghe analyses
had not been adjusted for meteoritic contami-
nation [Tavlor, 1967].

In summary, the melt rocks and glasses in
shnck-memmonvhnse\l structures s?.now greater
similarity to the composition of adjacent !:eoun-f
try rocks than to each other. In & n}xm' r of
eases, however, the igneous materials a.e‘ :-;
riched in magnesia and potash qnd deplet .
in silica and soda relative to their respccl:;‘:
country rocks. Those who n(l\'omfe :\_n.er;u‘d
genic origin for these stm?lums have gumn; i
the dificulties of shoeking and l'u?mgj S E,f
quantities of country tocks by _lhe explosion |
gases [Bostack, 1080] emanating, 'ﬂ]xcy[ g:‘:\r;n;
tain, from alkalic ullmbas;? materials I
and Shafiquliah. 1068); instead they -
focused on the differences between cm'm(ry :3 i
igneous rocks. These differences She) fio?:‘ue.
incompatibie with an impact origin xml o
fore a clear indication of :\.dccp—!enm -te oo
trial origin. This clam requires closc\: exami >
tion in the light of the sequence of events in
impact event.

S
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TABLE 2. Deseriptions of Rocks Analyzed and Data Sources pasalt or granite, most of the turget shocked tion of brcgciu to melt increasing toward the
§ 2 Mb will be vaporized, and most  erater margin. 5 .
Sample P ahovo shaot AD ‘:)5 l"P{Ih will be fused The erater at this stage has been ealled the
. e i e A B e e e ml" 1 Ited muaterials  primary crater [Dence, 1965] but may as aptly
— artially fused. The shock-melted r?:t erl 3 ; it to semuhacize
Brent BC Coarcest-grained phase of Brent melt, Analysis by R. Wirthlin, o.ltu}’be given particle veloeities in the directions be l(_-nned rhe. transient cav.:fv."l] ) d'u.lvmt-nt
RE 1?2.“‘“"‘-‘““"; ':,};“'." "f,'}{f;‘,j{!‘,”“' Aean of amalyses by . Wirthlin ;:dimed by the arrows in Figure 3 and will  the m'tl'rx‘":“"".n ti:' t:;‘n':’ld;:'nt::“fnjrn'l The
and rrie and Shafigu!la i i e olor ~ 0 ve the { e
B952 ..\lix:vl breecia m'xhl melted “,‘1“ X in central hole 1-59 of Brent engulf less gtongly: sliocked and h"rdl m,u: "::tzur us:';uc)n:: of events, as presented by
crater, Y32 ft below collar of hole. Analysis from Currie and Shaf- materials in the outer parts Ufillt e ’f""“"’ gI)cnre [1965], is illustrated in Figure 4. Small.
qullah {1967, . The impacting body will underzo a ’ 21, 1S S N ¢ ke
wer b i ufsmml“:“ soop < Ermined, inclusion-rich melt (‘coberent :n,:'xll:r "cqucncc. of shock events and will in  simple eraters are formed by slumping of the
recciu,’ from Dostoc [1969]). S b
West Clearwater
Lake

WwC-B
Lake Wanapitei w

Ries 301, 303
source rocks for Ries glasses 16
amd 11),
TL, T2, T3 Averuge composit
crystallized Ries glusse
T3W Average composition of ree
153, 135

Henbury H-s
.27
G

Carswell CAR

(cand a)].
East Clearwater EC
Lake
Manicouagan MAN
Brent B .
tdy 4 dy)).

Garnet-biotite-gneiss of Maihi

Average count

Average count;
Table 1 (¢, and a

Average country rock and melt (‘doreite’) [Currie and Shafiqullah,
1968, Tuble 1 (c and a,))

Average count

we-e Analysis of fresh black glass with small inclusions, from von Engel-
hardt and Dence [1971),
Averuge of 5 analvses of
Analyses of Bostock {106Y]
Eleetron microprobe annlysis of fresh
breccia. Analysis by P. B. Lobertson,

Sources for Other Duta (in Pigures 2 and 3)

mixed breceias with shocked fragments.

=3; von Engilhardt and Dence [1971] -2,
lass matrix from mixed

from Dener and Popelar [1971),

ngen and Appetshofen. Possible
on Engclhardt ol al., 1969, Tables 10

ions of fre<h, partially recrystallized and re-
n Engethardl, 1967, Table 6).

rystallized glasses from Waornit zostheim

drill hole (von Enge thardt, 1967, Table 6.
Crystalline suevite of
DB1L. Altered suevite glisses
1967, Tuble 4},
Average subgrevwacke [Taylar, 1967, Table 3).
Throw-out subgrevwacke (7
Average glass {Talor, 1967, Tuble 1.

ry rock and melt [Currie and Shafiqullah, 1967, Table 1

Amerbuch lvon Engelhardl, 1667, Table 5).
, Deiningen drill hole 330-350 meters [Foratner,

ulor, 1967, Table 3].

1y rock and melt [Curric and Shafiqullah, 1968,
N

ry mock, [Curric and Shafiqullah, 1967, Table 1

West Clearwater wo Average country rock, [Bostock, 1969, Talle il
ke WC-AI Average igneous rock (‘quartz latite') [Bostock, 1969, Table 3).
Charlevoix C Average melt rock Cimpuctite’) {Rondot, 19658,
Dellen D Igneons rock (‘andesito’) [Eskala, 1021).
Janisjirvi J Tgneons rock (‘dacite’) [Eskola, 191,
Lake Mien M Igneous rock (‘rhyolite') |Eskola, 1921).
New Quebec NQ Igneous rock [Currie, 10066,
Vredefort v

Average enstatite granophyre, [ illemse, 1937].

Intract Moben

The theory of hypervelocity impact [Bjork,
1961; Gawlt and Heitowit, 1963], supported hy
experiment [Shoemal-er et al., 19637, shows that
for typical terrestrial impact velocities of 15-20
km/sec significant quantities of both the target
materials and the projectile will be vaporized or
fused. In Figure 3 a maodel, modified from

Gawlt et al. [1968] and Dence [19G5], for the
excavation stage of such a cratering event is
presented. Attennation of the shock wave is
based on an initial impact pressure of about 5
Mb and an indicated shock pressure of about
200 kb immediately helow the region of deepest
excavation. The theory indicates that, for a
low porosity, polymineralic material such ss

part be mixed with the melted target materials,
probably remaininz concentrated in the upper
parts of such a melt. A portion of the m'-q will
be ejected as indicated, leaving the remuinder
as a lining of the cavity when growth ceuses.
The relatively thin lining will !hen consist of
melt overlying mixed breceia, with the propor-

erater walls (Figure 4e). In this case the me%(w.l
and breceiated materials lining the trunsient
cavity are swept into the center of the crater
with 'lurze amounts of weakly shocked material
from the erater wulls to form a leue..of com-
plexly mixed breecias. Melt and breccia a{t the
bottom of the transient cavity are over-ridden

A~ RIES
+ COUNTRY ROCKS

4 GLASSES B WELT mOCKS,
® sRECCiAs

HENBURY
CARSWELL

EAST CLEARWATER
MANICOUAGAN

avedn ot Ayvan
O- OTHER CRATERS

or
C~- BRENT
WEST CLEARWATER

x
Abean i)

Qor

Fig. 1. Ternary plots, for fifteen erators, of normative quartz (Q) : plagioclase (Ab 4 An) @

tash feldspar (Or), caleulated as Barth
2? analyses éi\'cn in Table 2.

[Barth, 1962). Sources and descriptions

B oy
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A~ RIES

+ COUNTRY mOCws
LASSES B MELT ROCKS
® ERECCIAS

B~ HENBURY
CARSWELL
EAST CLEARWATER
MANICOUAGAN

D- CTHER CRATERS

C~- BRENT
WEST CLEARWATER

Fig. 2. Temary plots, for fiftcen craters, of the ratio iron (F) : magnesium (M) : alkalis (A).
urces and description of analyses given in Table 2.

and remain relatively undisturbed. In large
craters collapse of the upliited rim materials
initiates deep sliding, which results in uplift
of the crater floor in the center and down drop
of the crater rim (Figure 4b). The crater lining
has a passive role in these events and largely
retains its original relationships, except in the
center where it is pierced by peaks of the cen-
tral prominence. Melt and breceia will, however,
fill fractures that may open up in the under-
lying basement rocks in the final stages of
adjustment.

The model provides four mechanisms by
which the ecomposition of the consolidated melt
rocks may differ from that of the adjuicent
country rocks: (1) addition of meteoritic ma-
terial to the melt; (2) selective melting of
low-melting-point components of country rock;
(3) differences between the composition of the

target rock actually melted and the mean or
calculated composition of the adjacent country
rocks; (4) alteration during the following con-
solidation.

Differential vaporization close to the point of
impact has also been suggested, but such vapor-
ized materials are likely to be widely dispersed
and need not be considered in this diseussion.

1. Contamination by wmetcoritic material.
This process leads to enrichment of the melt
rocks in nickel, cobalt, iron, and, in the case of
chondrites, magnesium, as well as in certain
trace elements. Of these nickel, being two or
three orders of magnitude more sbundant in
meteorites than in average crustal rocks, is
potentially the most useful indicator of mete-
oritic contamination. Nickel-iron anomalies are
well known in glasses from Henbury and other
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SCALE FOR BRENT

i vati i ial hyperveloeity impact crater
3. Model of the excavation stage of a typical terrestrial hy 2 ort
bu}s:(gl m inl;xnn analysis of data from Brent erater. On the n:hl.. stages in the exca\dn:uon
are depicted with yectors of particle motion after Gault et al. [1968]. On the left are shown
the corresponding positions of the attenuating shock wave.

i i istori i  erater. (@) Slumping of
ig. 4. alternative post-excavation historics of an impact era mying.
rhglg\;n:ﬁr ’\I:-:lcl's to give a sinp\{:‘le erater of the Barringer-Brent tvpe. )llcgt a|ndl btm; 1:;\30‘1’1;!1:’7
cavate rity are disrupted and incorporated into a centrul bowlshaped BO
;hrzc:{;;n\(;a;(ll)zzl‘;azated sliding of the crater walls to give a central tuph.(v,;rx;:ng uf(l:rnl.i uai:?g
d i i 3 e Cles er-Manicouagan type. The cra

rim, as in & complex crater of the Clearwater- e e ¢ 4
f:;ﬁr;f:d lurg;:ly intact but fills fracturcs in ﬂ'}e underly ing basement rocks. Limits of shock
deformation of the basement rocks shawn by inverted V's.
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Quaternary sjtes [
) en 933: g 3
and have been clvf:ugy ::Ir:t;;gfy ]Tﬂyfuf. ey i e number of froh Sk
meteorites. Amoang the ‘H 0 the fssociated  rocks gives o urprisingly satis sty
ket p-F 1,.-- older craters distinet e t for large craters, 'FM e
v e e ) J()'l been reported for the adjoining Clearw: t rﬂf Lnr e e ¢
ast Clearws e [ U 0! £k :
o el o ; “\:ldr:r Lake [C urrie lain by the same gheiss ;:mpl(LL How
BakGoe 1o 8] rom Lappajirv  rocks appear to b s b
ki '( 70] and Steanguays (Brett o v 0 be mare abundung under 11
0], ! 3 7 S 5 : s
adjoinmgt;mlf:?m":r Il.al\c the anaivses of the reflected not only i
parently contemporaneous east i 1 s
.Pdk west craters show large differences il’i ll;L‘ g Vg e
;l: el content of their respective melt roeks
b :ag el::clh miy reflect different levels of =4.m-.
. S ast C ¥ ak il
LS umi..l:-:‘m.\.:mr Lake cruter, drilling On the other hand
meteoritic con(amiu;‘t;\ - u;e melt rock where  differences between the P
on expee g e ition o7
be concentrated. At the u‘i‘t’ grnl.‘t‘aerktim‘xcd.‘° the gneissie eountry mcksl:r‘l‘:i :;n:f:lfm; B
alent levels hay, . 1€ equiv-  pary of th i ey
ave been ’ e e mrlt-zone rock ", Fi
and the remainder comairsm:v:fd b." crosion,  and 2c) may h‘"'""""“"-1'il"'l;sl“‘”'xﬂ(;l’ :‘%'“l'fs )
EnteMion o Sy apparent con-  mafie alniite dikes of ('-uml:;-iZn :lﬂn. L‘hr;-
2. Selective meitin o . Preeambrinn gneisses | i 2 vi %ot
for meteoritic w;m;iy';mli:‘cr:h:hcr o ouon - erater and ocenr as i""lnu :v,:;q ‘i:‘;l!‘:eybnr =
= averuge com- 1 ) i
Position of glass (o g and the melt rocks, The dikee
o ottty s nr:m::lcivltlenf)ury craters 100 m.y. older than the cmr:{;—l\'[ll m:: vy
the subgreywackes ejected € quartz than do  1971] and are oyly ineidently o o &
o el ’J d rom the wain erater, Cratenn procese, Th v invelved in the
yl 3 ave off .. o > myses of Curri
sihle soluliuns-q.; l'r EL"MJ hf‘c offered two Shafiquiiah [197] i:l '1““"‘ T
pp(:fen‘mi;.l mcl;i;, )_v |;t the h!ns results from  alnilite may be m,;nrp,‘rr:"? e 5
i e ,-,,,g-k:l ;re('t;'hh);'uo—d:l_\- nnl»rix praportion being cnnlr:“::i llm<° ':e roved
SRSttt nrh«;- o m. ‘: that .tlm speeific  Tio,, Ca0, Cr. and V in pamm.n"l. " cll d?[ahﬁ:
i 4NN minerals than e kst
eivayre A I are much more gl ant i ii i
ms)! s:; ;:; ili:’l:r:yﬁ\;ckc samples analyzed,  the neisses, Hn?r::l\l-:.rh::cll o e e
zes Ceeives support from 1) dite } ot N . gt
shisdy of ek 1 eivel 8 m the  and alngite leaves i Vi 1
2), which are ff;.l::f.h\w’ CLspe T1 of Table 4 siehs Fo emchmenn 1oy Tehment and
Pt g oo to conl_.'un' a much higher gesting that the melt ’:’. oo le‘“ i
i bl ;hrs‘r:na of silica phases, at taminated by "vmm”:‘im' ‘- l;u\.clalso .
st shoek metamorphism, th y g
other miners 0 i et Tie g0 d s ;
il l::::s 15:1(;‘11 Engd/;nrlll. 1967, 1971).  duta ong {;I(::s:t (lx::"f: -"":'.‘ .F ol e
L analyses maq ass Sl i
which inchisioyy iy 13";': :;:ﬂpsl-l-\cs _rcvhcvmem. of Na by K Iis fuﬁ::f ::Eo)t. :!:7:'
removed will tend to be binsed in (1o in the fine-grained parts of 1 :
. o s nl';]:: :;: the direction  anq in the I!nmuspcnmpz:.lo::fs“(:::“ﬂzm;e (B'F)
terial, This effeot 1y e b: parent ma-  (B952). but also in inclusions lin wl "g ‘,l'efi_l:;
reer, more slowly cooled izneou vﬂx;Pirvm o perthitie feldspars retamn their nnwil:l-cll :::‘cum
which most inclusions wi i e e i charsser
ST et sy show thur ¢4 s
by Il have been assimi- of the rocks results Inr:-nl\-lt?r:r;ll:fr:qu r);‘::w;
3. Composition o Eiiiechueg 1ge e rtung e
’ 3 ) a ¥ potash felds
melted. The dimcult/tm-‘;\-m:fl d’(:ds _actually 10711, through the action p:n‘r fnl,l‘dft'l"ﬂhet‘ aeld'
T of 'mrm}ul kn ermining the by the residual heat in the cx:'xr mo’.{‘,fs o
common to all eraters and Imc “ w: of course, - may e compared with h\‘dm(h;ncr:.l ,“3 eﬁ'm
it e i d:m i s (r:-;rol) amenable  of thyolitic glasses drscrif)cd by £ e lc‘m_"""'
- Moo o s or Clearwarer Lake  The milder potash enrichmen Pl o
o Manewgan m i(‘a;'thax', i ol s i l;lm\nl of apparently
. ek distributions proc. ; res other craters is of a
W S g ro prior to  similar cha i i i
S Is not possible, the method of aver- ment in mn;:::f:;{:::: . l:hc rclmx\f'ehennch-
0 by many of the same

;he average compogiyjg,
: but also in the
¢ v comps;.
tions of Fh'“' ‘gneous rocks in the reg —
eraters (Figure 15 and Ic). S

ners are und,-.

west erater than under the east and thi
) s 1

. most craters, together with their structural
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melt zone [Dence, 1903], the rest being dis-
persed in the upper mixed breccias, At West
«.vis complex deseribed by Haslam [1968]. The  Clearwater and Manicouagan the greater pro-
\FM variation diagram of the lutter rocks com-  portion of the miclted rocks at euch erater
.ures closely to that of the Ries rocks plotted  occurs in the subhorizontal sheets that eover the
= erater floor around the central peak. The volume
of melt so distributed at Manicounagan is ealeu-
lated, allowing for ero=ion, to be 400 km®.

It appears that a greater proportion of the
impact energy is expended as heat and that
ystallization of the Ries rocks were suzzested  more of the resulting melt remains lining the
by von Engelhardt [1967]). The strongly oxi-  crater floor in the larger craters than in the

dized nature of the crystalline izneous rocks from  smaller. That large eraters are less efficiently
excavated is also suggested by the extenzive

distribution of shock metamorphism in the
basement rocks in the Charlevoix [Robertson,
10637 and Maniconagan [Murtaugh and Currie,
1969) craters.

.geous rocks i3 comparable to magnesium en-
ument in quartz normative rocks of the Ben

u Figure 2a. Huslam attributes the trend to
crystallization of water-saturated magma under
wpstant partial pressure of oxygen, as would
eour if the conling magma were in contact with
the atmosphere. Similar conditions during the

position, leaves little doubt that atmaspherie
oxvgen was available to provide eonditions of
erystallization similar to those deseribed by
Haslam. Tt follows that no emanations from
depth are required to explain their composi-
tional variations.

CoxcrrstoN

The position has been presented that the
distinctive igneous rocks found in shock-
metamorphosed structures are the product of
impact melting. The theory of hypervelocity
impact aceounts for the distribution and bulk
composition of the rocks and. with the exeep-
tion of Sudbury, is in reasonable agreement
with their observed volumes. The most distine-
tive features of the rocks, heterogeneity, abun-
dant inclusions of shocked fragments of conntry
rocks, and lack of phenocryvsts, are relatively
independent of eomposition. They are mast com-
pletely preserved in fresh, glassy rocks but can’
commonly be observed even in the more coarsely
crvstalline rocks in which assimilation and
locitics of 625 to 636 km/see by Gault and  erystallization have obliterated many features
Heitowit T1903] and Braslau [10707, who cal-  Although the theory suggests that the melted
culsted that 19 to 267 of the original energy  rocks may differ in composition from their
was retained in the farget as waste heat from  parental rocks by the addition of & mefeoritic

attenuation of the shock wave. The application  contamination and by selective fusion of com-

of these results to large natural emters is diffi-  ponents with relatively low melting points,
enlt hecanse of the uncertainties of extrapolat-  secondary effects introdueed during  eooling
ing to impact velocitics of 15-20 km/sec or  amd crystallization by cirenlating vapors and
more and to crater dimensions five orders of  solutions may lead to significant changes in com-
magnitude lareer than the dimensions of craters  position. The effects are similar to thase ob-
formed in the lahoratory. served in voleanie rocks erystallized under near-
On the other hand, there is a notahle differ-  surface conditions of water saturation and high
- ence between the position and relative propor-  partial pressure of oxygen due to access to the
tions of the melt rocks at DBrent and at the  atmosphere.

two larger craters. At Brent only about 14 of Further investigations will be concerned with

the ohserved 5 x 10" em' of izneous rock elucidating the crystallization history of the

(based on drilling results) is concentrated in the  melt rocks, the assimilation and reerystalliza-

Vorvyetric CONSIDERATIONS

The volume of igneous rocks in shock-
metamorphosed structures has heen considered
by Beals [1%53], Short [1965], and Dence
[1965], who all conclnded that mast if not all
of the izneous rocks ohserved at eraters such
33 Brent, Clearwater, and Municonagan could
be aceounted for by shoek melting. French
[1968h], on the other hand, coneluded that
impact melfinz alone was insufficient to gen-
erate the much larzer volumes of izneous rocks
at Sudbury.

The partitioning of original kinetie enerzy of
the projectile has been studied for impact ve-

|
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