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ABSTRACT

The Manicouagan-Mushalagan Lakes structure is an area of
anomalous geological features in the Grenville Province terrain
of northeastern Canada. Three features of this structure have
bbeen revealed by geological studies:

(1) The Grenville gneisses and anorthosites which loutcrop
in the area between the arcuate lakes have been shock metamorphosed.

(2) The shocked CGrenville gneisses arc covered by a thin,
discontinuous layer of shock breccia and thin ocutcrops of Ordovician
limestone.

(3) An anmular-shaped body of Permo-Triassic, igneous,
andesitic rock, which shows no signs of shock metamorphism, overlies
the shocked gnelsses, Lhe shock breccia and the Ordovician limestone.
This rock (monzonite) is 800 feet thick at a maximum,

The shocked basement rocks in the structure were most
vprobably caused by the impact of an extraterrestrial body, but the
origin of the igneous rock unit is not completely understood. This
latter unit has been hypothesized to be either (1) a shock-melted
breccia or (2) a later, secondary igneous event occurring at the
crater site due to disruptions of the earth's thermal regime around
the impact site. A geochronological study of this structure was
made to determine which, if either, of the above modes of formation

for the igneous material is likely.
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40

Ar -Kéo data for the igneous material and rock units
related to it yield a well-defined crystallization age of 210vi 4 m.y.

Ar40_A1_39

data for this unit indicate that it has experienced no
subéequent metamorphism. Argon isotopic ages obtained for a series
of shock-sequence anorthosites do not indicate a well-defined time
of shock metamorphism; ‘the ages could characterize a system shocked
at any time between 320 and 210 m.y. ago which then suffered a
secondary gas loss. It is shown that anorthosites yielding ages
between 280 and 320 m.y. probably underwent complete or nearly
complete outgassing at the time of shock. These latter ages should
therefore yield a good impact age. The time interval within which
the impact took place is thought to be 280-320 m.y. ago.

The ArZ*o/Ar39 data show unexpected evidence for the occurrence
of a secondary event at about 100-110 m.y. which affected the anortho-
.sites in the crater but not the igneous monzonite.

Since it is not possible to say with certainty when the
meteoritic impact took place, the difference between the monzonite
formation time and the impact time is unclear. The suggested impact
time is, however, significantly earlier than the crystallization time
of the igneous material. This suggests that a secondary formation
mode for this material is more likely than an impact melt formation

mode. A secondary mode is also compatible with evidence that the

monzonite formed in a subsurface enviromment with po, < 0.2 atm.
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This study is the only case where the hypothesis of impact-
melt formation of igneous rocks has been subjected to careful
" scrutiny. The fact that the observed da;a does not obviously
conform with and may contradict the predictions of this theory
suggests that the theory should be subjected to closer scrutiny.

The Ar40—Ar39 studies clearly show that the shock-metamorphic
process produces a very complicated series of changes. It is also

showvn that a simple model of thermal outgassing of a shocked system

is inadequate to explain the results observed,
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INTRODUCTION

" The Manicouagan~Mushalagan Lakes area (51031'N latitude,
68w longitude) was originally recognized to be a region of aberrant
geology by Hammond (1945). Hammond noted extensive outcrops of
"volcanic''-appearing material between the two lakes. The unusual
rock deformations, which are present in the area, were not observed.
The original theory that the structure is meteoritic in origin was
probably inspired by the circularity of the two lakes when viewed
on aerial photographs. Beals et al. (1963) originally suggested
that the Manicouagan-Mushalagan Lakes area was of meteoritic origin.
Rose (1955) had previously considered a meteoritic impact origin for
the area, but he thought it to be untenable, Subsequent investi-
gations have revealed that "shock"~deformational features, similar
to those found in other meteoritic impact sites, arc indeed present
in the basement complex exposed in this structure (Currie, 1964;
Dence, 1965; Wolfe, 1966; Bunch et al., 1967; Murtaugh and Currie,
1969; Wolfe and Horz, 1970), Further study of the "volcanic"
material, however, has revealed none of the plamar features, partial
vitrification or extensive fracturing normally observed in shocked
materials, This poses a dilemma: the most likely origin of shock~
deformation features in terrestrial rocks is the impact of a large,
meteoritic mass. Although such an event would explain many of the
anomalous features of the Manicouagan-Mushalagan Lakes structure,

it does not explain how the apparently igneous or “volcanic" material
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originated. It is primarily this question which has prompted
the research for this thesis.

The earth has experienced, during the last 70 years,
the impacts of two large extraterrestrial bodies whose masses
exceeded 105kg. The effects of these hint at what could be
expectéd to occur during impacts of still larger bodies. The
Tunguska meteorite in 1908 was probably a small, cometary object
(Rrinov, 1966) whose mass has been estimated at about 107kg
(Krinov, 1963). Effects from this comparatively small body
were wide ranging and violent as summarized by Krinov (1966)
in his book, Giant Meteorites. They included the observable
passage around the earth of an atmospheric pressure pulse
(recorded at about 0.2 milibars in England), a seismic tremor
recorded as a mild shock 900 km away, and the blowing over of
many objects and people 60 km away. The most spectacular
optical effects were the passage of the fireball through the
atmosphere and the remaining dust train. Subéequent "white
nights" probably resulted from stratospheric dust from the
comet's tail and ablated from the body. The Tunguska object.
disintégrated aerially near the ground, probably due.to its
small size. Although it produced no craters, large areas of
trees were blown over in the impact area due to the explosion.

In 1947 a small shower of iron meteorites fell in
eastern‘Siberia. The estimated size of the original body was

about 105kg. This meteorite broke up in the atmosphere and
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produced only small craters, the largest being about 30 meters in diam-

eter, Noise, dust, and slight seismic disturbances accompanied this
fall; however, the magnitude of the effects produced was much less than
that observed for the Tunguska body (Krinmov, 1963),

These two objects are small, indeed, when compared to the 108kg
body which probably formed Meteor Crater (Shoemaker, 1963). They appear
even more insignificant when compared to the estimated 1012kg body
which would form a feature like Manicouagan (see Part I , Chapter 1).

Bodies impact the earth at between 10 and 70 km/sec; hence, the
amount of energy dissipated is proportiomal to the mass of the body
(within a factor of 50). It can be assumed that, regardless of the
" kinetic energy of an impacting body, energy is similarly partitioned
between the processes which take place in the impact. From this
one may conclude that an impacting 1012kg body would produce air waves
about 105 as energetic as those of the Tunguska body, and earthquakes
would be universally felt., The dust cloud remaining would be at least
as dense, and probably demser, than that produced by the Tunguska body
since the impact would scatter much fine dust or water high into the
atmosphere, If the impact site were located in an area covered by
water, a significant amount of energy could still be transmitted
to the underwater surface, and a tremendous quantity of water would
be blown up into the atmosphere, Ice crystals formed from this
water would temporarily refrigerate the earth by reflaecting solar

energy and, in the long term, deluge the



wlym

earth in the polar regions. The great water wave traveling
outward would be responsiﬁle for inundation of large areas.

The extent of the effects which would be produced
by such an impact is largely speculative. It is very possible,
however, that resultant air waves could kill much of the existing
fauna on the earth's surface, earthquakes would be triggered and
produced worldwide, and dust in the atmosphere could result in
major climatic changes. Dust or ice and clouds mantling the
earth might sufficiently reduce solar flux, thereby producing
a continental glaciation or extended pluvial periods. For these
"immediate effects", one might be able to find evidence of
glaciations, climatic changes, or mass faunal extinction in
the sedimentary record.

In addition to the "immediate effects" discussed
briefly above, one might ask what the long-term disturbances
produced by a very large impacting body would be. These effects
can be inferred from the present-day appearances of craters
which presumably appeared quite differently at an earlier time.

The Nardlinger Ries is presently expressed as a
shallow basin with a rim about 400-500 feet higher than its
reasonably flat bottom (HSrz, 1965; Bucher, 1963). Large craters
initially resemble wide, flat~bottomed basins. Such basins could
be expected to become centers for sedimentation due to the inward
drainage from the rim. Outside the rim, drainage would be away

from the crater. In large craters, sediments may be preserved
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in impact-originated basins during periods when the rest of the
area is being denuded. Circular, isolated outcrops of sediments
in old meteorite basins can be.found in certain areas. Many
younger craters (Meteor and Wolf Creek) contain pluvial lakes
(Baldwin, 1949), and the Rieskessel contains Pleistocene lake
beds (Bucher, 1963). Flynn:Creek:Crater in Tennessee contains
"preserved" sediments (Roddy, 1968). For very large craters

( > 20 miles in diameter), a logical post-impact event would

be an isostatic uplifting of the central area and a flattening

of the crater profile ( Dence, 1965 ). As the central part

of the crater becomes uplifted, sediments would be removed from
the center; however, evidence of the original drainage directions
should be preserved. The drainage divide on the rim produced
shortly after the original basin was excavated would probably
persist long after the originai crater was uplifted, provided the
platform it formed on remained reasonably stable.

Perhaps the most interesting long-term effect likely
to result from an impact is the production of a "lava'-like
material which lies on the crater floor. Such flat-lying,
extrusive-appearing units have been known for a long time to line
lunar craters (Dietz, 1946 ); however, Sudbury (French, 1967) and
Manicouagan are the only suspected terrestrial craters which show
any closely analogous material in the crater. At present, the
only real evidence that these materials are related to the impact

events is that the "lavas" are spatially confined to vicinities
- y
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immediately surrounding the areas of highly shocked rocks. The origin
of these lava-like materials is a very interesting question
because its resolution would yield some real data on a terrestrial
event which has, as its root cause, interactions of the earth with
other bodies in the solar system.

The problem of whether or not terrestrial effects
of large meteorite impacts are pér:esent is the most interesting
question which the information in this thesis can touch on.
In general, geological arguments tend to assume some initial
cause or event, the extrusion of lavas, the intrusion of a large

batholith or the breaking up of a primitive proto-continent s

and describe the sequence of resulting effects. The reason for
the initial event is not generally considered. Impacting objects
may be partly or totally re;ponsible for such events. If so,
the facﬁ that the earth is part of the solar system will once
again be emphasized. It has been suggested that continental drift
was initiated by an impact event (Kelly, 1955). Whether or not
this is true remains to be seen, but the idea raised is an
intriguing one, and the interaction of the earth with the solar
system is a subject for further research.

Two modes of formation of the extrusive units mentioned
above have been suggested:

(1) That they arise from shock breccias and shock
melt collecting in the crater, melting together and then

crystallizing to produce the material presently observed.
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(2) That they are due to the extrusion of terrestrial,
magmatic material into the crater. The emplacement of this material
is strongly affected or controlled by some feature of the impact.

The suggestion has also been made that the material in the
crater is a terrestrial, volcanic rock, and that an explosive phase
of the volecano which erupted the lava formed the crater. This theory
is discounted because no known terrestrial explosions attain
sufficient intensity to produce the observed deformations (Roddy,
1968) .

Based on consideration of the above, in May of 1966 this thesis
problem was formulated in which the author undertook to answer the
following questions:

¢H) vAre the evidences of "shock" deformation at Manicouagan
real? Stated otherwise, have shock waves deformed the basement?

I1f so, what else have they done?

(2) At what time did the deformations take place?

(3) At what time did the monzonite body crystallize?

(4) 1Is there a time difference between the crystallization
of the monzonlte and the deformatiom? If su, what is 1it?

The method of attack can be described as twofold:

(1) A study of the petrographic nature of representative
samples from the rock units exposed in the crater in order to
determine whether or not this structure really imvolved shock
processes in its formation and what insights into its origin
could be obtained. This part of the work is described in Part I

of the thesis.
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(2) A geochronological study of deformed samples
was made in an effort to determine the time of deformation, A parallel
study was made of the apparently igneous "lava" exposed
in the crater in order to determine its time of formation.
The hope was that these two ages would be unambiguously
indicated,and that the second, third, and fourth questions
posed above could thereby be answered. The efforts to resolve

these questions are described in Part II of this thesis,
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CHAPTER 1

Geology of the Manicouagan-Mushalaegan Lakes Structure

Introduction:

The Problem ~-

In the northeastern part of Quebec, southeast of the Grenville
Front, two narrow, arcuate lakes outline a polygonal or roughly
circular area about 36 miles in diameter in which outcrops atypical
of the Grenville Province are present. The center of this feature,
termed tﬁe Manicouagan-Mushalagan Lakes structure, is located about
600 miles northeast of Montreal (68°30'W long, 51°30'N lat) in the
subarctic belt of Canada.

Outside the two large lakes, calcareous or quartzo-feldspathic
metasedimentary and metaigncous gneisses of amphibolite and granulite
grade can be found over distances of 200 miles in any direction
from the structure. Potassium-argon isotopic ages determined for
rocks external to the crater indicate that major metamorphism of
these rocks took place about 955 m.y. ago (Stockwell, 1970).

Interior to the two lakes, extensive outcrops of a Triassic igneous
rock are found. Basement gneisses inside the crater display
umesual microscopic deformation features which are not found in
other regionally metamorphosed terrains. Along the interior margins
of the two large lakes, small outcrops of fossiliferous Ordovician

limestone occur.
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The contrast between the rock types imside and outside of

the two large lakes strongly suggests that the geological processes
operative within the structure have been very different from the
processes involved in the development of the rocks external to

the structure.

Previous Work --

The presence of the two lakes is not indicated on the 1865
geological map of Canada. Map 91A (1913) shows the two large
lakes as lying in an area of undifferentiated Grenville-type
gneisses. _Although easily visible on global maps, the extremely
poor knowledge of the area both cartographically and geologically
delayed the first serious investigations of the area until 1945
when W. P. Hammond (1945) undertook a study of the area in a
master's thesis. Hammond was prompted by the prospecting work
of W. I. Keith for the Mining Corporation of Canada (unpublished
report) as well as by some preliminary reconnaissance work along
the shore of Manicouagan Lake done by C. Faessler (1933). 1In his
study, Hammond noted that there were outcrops of "Proterozoic lava"
within an area limited to the interior of the two lakes. He
recognized that these lavas were different from the surrounding
Grenville Province rocks, and that small, isolated outcrops of
Ordovician limestone occurred on the interior margins of
Manicouagan and Mushalagan Lakes. Hammond attributed these
peculiarities to subsidence of a dome of extrusives in an area
interior to the lakes. He felt that the interior of the lakes

had been a basin in which the thin Ordovician limestone had been
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preserved. He also felt that the original basin was formed by
a caldera subsidence.

Prompted by the circularity of the two lakes, the
Dominion Observatory of Ottawa cmployed E., R. Rose to geologically
investigate the structure. In his preliminary map, Rose (1955)
discounted a meteoritic theory of origin for this structure but
realized that the rock interior to these two lakes was very
different from the Precambrian gneisses and anorthosites and
resembled a younger intrusive or extrusive. Rose interpreted the
anorthosite in the center of the structure and the trachyandesite
(his terminology for the younger intrusive) as being part of one
and the same post-Paleozoic intrusive unit which was intruded
into the gneisses of Grenville Province. He believed that the
andesites and anorthosites intruded and had originally overlain
the Ordovician limestome and hence were younger than it. He
interpreted the present expression of the structure as having
been caused by erosion along fault and joint planes around the
resistant igneous intrusive.

In 1959 the Quebec~Cartier Mining Company commenced iron
mining operations on a recently discovered metamorphic iron shale
outcrop 40 miles to the northeast. A mining settlement, Gagnon,
was built on Barbelle Lake. Developmental plans for the area
included a hydroelectric power plant. In 1960 construction began
on a 700-foot hydroelectric dam at the southern juncture of the_

two lakes. Subsequent flooding of areas marginal to the lakes by
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the impounded waters of the Manicouagan and Mushalagan Lakes
prompted a geological survey of the shoreline edges of the

lakes by Jean Berard in 1962. Previous preliminary maps of the
lower area of the Hart Juane River (which flows into Manicouagan
Lake) by L. Kish (1962) covered an area of the "trachyandesite"
outcrops inside the lakes.

From 1962 onward an impetus was provided for the study of
meteoritic impact sites (suspected or provenm) by the Apollo Project,
as well as by questions raised on contradictory conclusions drawn
by previous investigators, The Manicouagan-Mushalagan Lakes area
then became an activé site for further research by numerous
investigatoré, including teams from the Dominion Observétory of
Ottawa (Dence, 1965; Beals et al., 1963; Beals, 1965).

In 1965 after arrangements for appointment as a temporary
field geologist with the U. S. Geological Survey in Menlo Park
had been made by E. M. Shoemaker, the field investigations for
this thesis commenced. Subsequent field work was done in the
summers of 1966 and 1968. In 1968 a large collection of samples
was made for geochronological study which was already in progress
under the supervision of G. J. Wasserburg.

The Manicouagan-Mushalagan Lakes area is located in the
northern subarctic belt of Canada. Geological work is limited
by snow cover to the period of May 15 through September 15,

The ground'is permanently frozen from a level of about two feet
below the surface, causing surface drainage and swampy conditions

to be prevalent.
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Extremely thick vegetative cover consisting mainly of stunted
black spruce, birch, tamarack, alder, and moss make travel
difficult and limited to foot and canoe. The area is completely
devoid of roads or permanent settlement. The nearest town,
Gagnon, lies 40 miles to the northeast. Gagnon was founded in
1958 and has a population of approximately 3500. The residents
are mostly resettled French Canadians employed nearly exclusively
by the Quebec-Cartier Mining Company. In order to pursue
geological investigation, the most effective method is for an
individual to arrange for chartered light aircraft (i.e. Beavers)
to deposit him with enough supplies for a ome- to two- week tent
camp on the shores of one of the modérately sized lakes near a
region of interest. One can then make foot and canoe traverses
over a four- to six- mile - area around his site. Frequent heavy
rainstorms (one day out of three) and clouds of biting insects
further complicate geological field work.

The Setting of the Manicouagan-Mushalagan Structure in Grenville
Province:

Grenville Province in a Broad View --

In Fig. 1 the location of the Manicouagan-Mushalagan Lakes
structure is $hown. The structure occurs in an area of the
Canadian Shield known as the Grenville Province. Grenville
Province appears as a roughly elongate area of the Canadian
Shield. On the northwest, Grenville Province focks yield to
rocks of tﬁe Superior and Nain Provinces, The boundary between

these provinces is a fault zone, or zone of rapid change in
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metamorphic grade, known as the Grenville Front. Grenville

Province borders the St. Lawrence River on the southeast, It
has been suggested (Kumarapeli and Saull, 1966) that the St.
Lawrence flows in part of a rift valley system. A series of
normal faults which form the north wall of this rift valley

also mark the southeastward limit of rocks of Grenville Province.
This line of normal faults,which extends to the south along the
eastern side of the Adirondack Mountains, has been referred to
as the Laurentian Escarpment (Kumarapeli and Saull, 1966).

On the southwest, Paleozoic sediments cover the Precambrian Shield
rocks, The Atlantic Ocean forms the geographic boundary of
Grenville Province on the northeast. The rocks of the province,
however, may extend as far as Greenland and possibly Nerway
(Kutp and Neumann, 1961).

Although Grenville Province is defined above in a restricted
sense, it has been forcibly argued by many workers that Grenville-
type rocks are quite widespread (see Wasserburg et al. (1962)
and Wasserburg (1966)).,

Rocks of Grenville Province -~

Metamorphie: The majority of Gremville Provimce rucks are
metamorphic., These rocks are gneisses, both metasedimentary
and metaigneous, with bodies of anorthosite,granite and gabbro.
Although trends are highly variable, a general N-§ or NMW-SE trend
is exhibited by the fold axes, planes of shistosity, and gneissosity.

In contrast, the trends of such features in the Superior Province
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north of the Gremville Front are predominantly E-W and NE~SW.

Folding tends to be tighter with steeper dips in Grenville
Province than in Superior Province. As a whole, folding and
gneissosity trends are extremely variable in Gremville Province.
In the Manicouagan area, however, NW-SE directions are dominant.
- The gneisses of Grenville Province are typically of amphibolite
to granulite grade. Some of the rocks are granitic or seyenitic
plutons. Extensive discussions of the metamorphic rocks of
Grenville Province can be found elsewhere (Stockwell, 1970).
Isotopic ages obtained for Grenville Province rocks
(mostly by K-Ar methods) cluster reasonably tightly around 955 m.y.,
althoughba spread from 800-1100 m.y., is seen. The time of the

Grenville Orogeny is taken as 955 m.y. (Stockwell,'1970).

Igneous: The Canadian Shield is largely free of Paleozoic or

younger igneous activity. The Gremville Orogeny is the most recent period

of extensive igneous and metamorphic activity omn the shield.

Minor igﬁeous activity has, however, taken place on the shield,

This activity is widespread in location and in times of occurrence.
Large areas of the shield, especially Superior and Churchill

Provincés, have been intruded by diabase dike swarms (Fahrig et al.,

1965; Fahrig and Wanless, 1963). These dikes, which mineralogically

resemble tholeiitic basalts, are vertical or steeply dipping bodies.

Individual dikes may extend for over 100 miles with widths exceeding

500 feet (Fahrig et al., 1965)., Fahrig and Wanless (1963) have

obtained potassium~argon ages ranging from 2500 m.y. to 600 m.y.

for dike swarms in various localities of the Canadian Shield.
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Diabase dikes of Paleozoic and younger ages appear southeast
of the St. Lawrence River. 1In particular, a dike with a 207 m.y.
age is located 500 miles southeast of the Manicouagan area on
Prince Edward Island (Poole, 1970). Ah E~W trending diabase
dike with a 194 m.y. age occurs in southern Nova Scotia (Wanless
et al., 1968). Another diabase dike which is 138 m.y. old can be
found on ﬁhe north shore of Anticosti Island (Wanless et al., 1967).
The Monteregian Hills east of Montreal represent another set
of intrusive rocks of Mesozoic age which are adjacent to the
shield. On the basis of rubidium-strontium studies, Fairbain et al.
(1963) have suggested that these bodies were intruded about 113-~124
m.y. ago. An intrusive body at Oka,west of Montreal, intrudes a
Precambrian outlier of Grenville Province (Gold and Vallee, 1969).
Fairbain et al. (1963) have obtained a 114 m.y. age for the carbon-
atite body at Oka and suggest that this complex is contemporaneous
with the intrusives of the Monteregian Hills. It is probable
that Paleozoic intrusive bodies exist in other localities within
Grenville Province.

It has been proposed by Fahrig and Wanless (1963) that
diabase dikes may have been originally feeder dikes for plateau
basalt flows. They suggest that these flows have been eroded
and were originally much more extensive than they are today.

If this is true, then the present appearance of the shield which
is largely devoid of Paleozoic extrusive rocks may be somewhat
unrepresentative of its previous appearance. The presence of

large numbers of diabase dikes with very different ages, as well
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as intrusive complexes with Paleozoic and younger ages, suggests
that igneous events (at least small-scale events) occur on the Shield.
Sedimentagx: Paleozoic sedimentary rocks are present in Grenville

Province, but such rocks are rare. Extensive outcrops of

Paleozoic sedimentary cover are found on the southeastern and
southwestern borderlands of the Canadian Shield and on the Hudson
Bay lowlands (Norris and Sanford, 1968). Paleozoic cover on the
shield proper, however, occurs only in a limited nmumber of
localized depressions.

It is genmerally thought (Williams, 1970) that some time
during the Middle Ordovician. a shallow sea covered the area
which currently comprises the Canadian Shield. Deposition of
the marine limestones, characteristic of the Middle Ordovician
‘ in southeastern Canada, also took place at this time., Sedimentation
on the shield and in Hudson Bay and Moose River Basins continued
until a gfadual uplift of the shield areas began. This uplift was
followed by erosional removal of the sedimentary cover from most
of the shield. Sedimentary deposition continued to the south of
the shield and in Hudson Bay and Moose River Basins. There are
about a dozen localities on the Canadian Shield where Ordovician
sediments are found lying uncomformably on Precambrian Grenville
gneisses. These include: Lake Temiskaming, Lake St. John, Gilmour
Lake, Clearwater Lake, Lake Nipissing, Mattawa River, Waswanipi
Lake, and Manicouagan-Mushalagan Lakes (Norris and Sanford, 1968;
Kranck and Sinclair, 1961; Williams, 1970). The outcrops of Lake

St. John, Lake Nipissing, and Lake Temiskaming are thought to be
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segmeﬁts down~dropped in graben faults and thereby protected from
erosional removal (Kumarapel:i. and Saull, 1966) . The reason for
existence of the other outcrops is more opeﬁ to question. Brent
Crater (Gilmour Lake), in which the thickest sequence on the
shield is found, is thought to be a meteorite crater im which
the Ordovician sequence was debosited and preserved,

The period during which part or all of the Canadian Shield
was covered by Paleozoic sediments is difficult to ascertain.
The thinnest sequence observed, that at Clearwater Lake, contains
only Upper Ordovician limestones. The thickest sequence of
Paleozoic sediments, that found in the Moose River Basin, has
members of Upper Ordovician to Upper Devonian ages (Norris and
Sanford, 1968). The best statement which can be made is that a
Paleozolic sedimentary cover existed on some part of the shield
from about 470 m.y. (Middle Ordovician) to about 360 m.y. (Upper
Devonian). (Age-stratigraphy correlations after Wanless et al.,
1970) . The lowermost member of these sequences is invariably
Middle oxr Upper Ordgvician in age.

| Summary: The vast majority of rocks outcropping in

Grenville Province are high~grade metamorphic rocks with bodies
of cogenetic igneous granite, seyenite, and gabbro., These rocks
yield a rather consistent isotopic age of about 955 m.y., the
time of the Gremville Orogeny. Younger igneous rocks in Grenville
Province are diabase dikes and some alkaline intrusive stocks.

Paleozoic sediments are presently limited to relatively few localized
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depressions.
Rocks of the Manicoanan-Mushalagan Lakes Area (A Broad View) -~
Metamorphic: The basement units of the area are rock types
which are very commonly observed in the Gremville Province. They
include: granitic gneisses; amphibolitic gneisses; hornblende~
biotite-plagioclase gneisses; granulitic gneisses; anorthosites;
gabbroic anorthosites (sce Fig. 2¢)., The gnecisscs display
extensive variations since they are generally composed of mafic~
rich bands alternating with rocks rich in quartz and potassium
feldspar. A typical variation in the gneisses would be from a
quartz-feldspar-biotite gneiss in quartz~ and feldspar- rich
bands to a biotite-hornblende gneiss with minor plagioclase
(see Appendix)., Amphibolites are frequently interlayered with
the biotite~hornblende-plagioclase gneisses. The granulite
facies gneisses also show large variations in mafic mineral content.
The gabbroic anorthosite and anorthosite which occur in the area
are more uniform in mineral composition, although these also have
mafic-rich bands.

The Grenville-type basement rocks are subdivided, partly
on the basis of composition and partly by metamorphic grade, into
five units. Units #1, #2, and #3 are gneisses with variable
compositions which are characterized by different metamorphic
grades. Units #4 and #5 are anorthosite and gabbroic anorthosite,
respectively; these units are fairly homogeneous in character

throughout the areas in which they outcrop (see Fig. 2¢).
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A sketch map of the Manicouagan-Mushalagan Lakes structure
is shown in Fig. 2. This map iﬁcludes data from Murtaugh and
Currie (1969), Murtaugh (1968), Berard (1962), and Kish (1962).
The major features of the area are shown in Figs. 2a, 2b,
and 2c,

The gneisses of the Manicouagan area exhibit steeply
dipping or vertical, N or NW trends in their foliations. These
trends are fairly consistent, although E and NE trends have been
observed by Murtaugh and Currie (1969). Original sedimentary
layering, where observable, parallels the gneissosity
(Murtaugh and Currie, 1969).

Basement rocks in the region of the structure show a
general increase in metamorphic grade in a NE direction, West
and just east of Mushalagan Lake, quartz-plagioclase-biotite gneisses
bf the almandine-amphibolite facies occur. (Facies definition
after Turner and Verhcogen, 1960). (Units #1 and #2, Fig. 2c)
Granulite facies gneisses and anorthosite occur in & broad band
of outcrops through the center of the structure (Units #3 and #4,
Fig. 2c).

On the eastern edge of the map area, extending somewhat
into the interior of the lakes, extensive outcrops of gabbroic
anorthosite and norites are found (Unit #5, Fig., 2¢). This massif,
which ranges 40 miles east of Manicouagan Lake has been mapped
by Kish (1962, 1963, 1965). Well east of this area (just south

of Petit Lac Manicouagan), the gabbroic anorthosite massif contains
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an olivine-pyroxene rock (Kish, 1965) which may represent

eclogite facies metamorphic grade.

The most recent gravity map of Canada shows a regional
positive Bouguer Anomaly (Bouguer Anomaly Map, 1970) which coincides
with the eastern extremity of the gabbroic anorthosite. It is
possible thaﬁ the eastern end of the massif is underlain by an
extensive body of dense, high-grade metamorphic rocks.

A whole rock potassium~argon age of 932 m,y. was obtained
for an anorthosite exterior to the ring of the lakes (Part II,
this work) . This age is close to the time generally accepted
for the Grenville Orogeny (955 + 50 m.y.; Stockweli, 1970) .

The siﬁilarity of the anorthosite age with the time of the
Grenvillé Orogeny supports the correlation of this rock with
other rocks of the Gremville Province, A correlation of the
whole series of cogenetic basement gneisses and anorthosite in
the area with Gremville Province rocks has already been inferred
from structural and petrographic evidence. The 932 m.y. age
provides further support for this correlation,

-Superimposed on the variations in metamorphic grade and
composition, the rocks interior to the two lakes show evidence

of "shock"#* deformation ranging from barely detectable to extremely

* The use of the term, "shock", involves an inference which has
yet to be justified. In the interest of verbal economy, however,
the term will be retainmed in this general description and will
be justified in the section involving specific descriptions

of the rock units.
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severe, along with varying amounts of contact metamorphic
effects. Shock effects include: extensive microscopic
fracturing of the rock; development of macroscopic shatter cones;
development of micrascopic, closely spaced planar shock lamellae;
partial or complete isotropization of isolated grains of
minerals within a rock without evidence of melting or flowage
in the rock. Thermal effects observed range from slight
oxidation of mafic minerals to complete recrystallization of
the rock. Both extreme shock deformation and heating lead to
the same end product, i.,e. molten rock, It is often difficult
therefore, to decipher which type of deformation has been
predominaht. When the deformations due either to shock effects
in the materials or to thermal effects are small, the original
material can generally either be identified or its identify
inferred, This situation often holds in the stream cuts and
eroded openings in the monzonite body, thus making identification
of basement types under the body possible. In some cases, however,
the original nature of the rock within the lakes is undiscernible.

Sedimentary: Hammond (1945), Rose (1955), and Berard (1962)
observed fossiliferous Ordovician limestone outcrops

.along the inner margins of the two lakes, Murtaugh
and Cufrie (1969) have mapped these bodies and observed minor
outcrops in the mouths of nearly all larger stream valleys which
join the two large lakes. They have also observed that the

maximum thickness of stratigraphic section in any outcrop is
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about 75 feet. Murtaugh and Currie (1969) have stated that the
limestones have been tllted and deformed and lie unconformably
on the Precambrian basement., Fossils within this unit are of

Middle Ordovician age.

Igneous: Large regions interior to the two lakes are covered
by an irregular, flat-lying sheet of massive, completely crystalline
igneous méterial (monzonite). This substance either lies directly
on the Precambrian basement or is separated from it by a thin
layer of reddish breccia. The monzonite is a fine- to medium-
grained, plagioclase~sanidine~augite~hypersthene rock which
mineralogically somewhat resembles a tholeiitic diabase., The
rock is significantly more potassic and acidic than most
tholeiitic diabases and could be classified as a trachybasalt
(Table 4, Appendix).

Potassium~argon age studiec of this rock yield an age
of 210 + 4 m.y. (Part II). This Triassic age is not obviously
correlative with any igneous feature in Grenville Province proper.

Wanless et al. (1968) have reported an age of 665 m.y.
for a smali diabase dike which occurs on the outer edge of
Manicouagan Lake. Murtaugh and Currie (1969) have mapped other
occurrences of similar small dikes. They interpret these as being
members of a minor diabase dike swarm. These features are

distinctly older and appear unrelated to the monzonite.
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The Manicouagan-Mushalagan Structure (Typical or Atypical

of Grenville Province)--

AIt is worthwhile to consider in more detail whether or
not the features present in the Manlcouagan~Mushalagan Lakes
structure are really unmusual to Grenville Province.

‘Paleozoic intrusive rocks and Ordovician sediments are
found elsewhere on the Canadian Shield, These features, therefore,
cannot be considered too uncommon., Sediments and igneous rocks are
widely dispersed in Gremville Province, and the isolated occurrence
of either type of rock is not, per se, unexpected. The coexistence
of igneous rocks and sediments is more distinctive. Igneous
rocks are found coexisting with Ordovician liﬁestone only at
Clearwater Lake, Lake Nipissing, and Brent Crater.

The deformational features found in the basement gneisses
are highly distinctive. Features.similar to those found at
Manicouagan are observed only in a relatively small number of
localities thmughout the world, In these localities, basin-like
depressions occur with umusual microscopie deformation features
in the rocks exposed. These localities are thought to be
meteorite impact sites. The theory that the Manicouagan area
is of impact origin has gained favor chiefly because of the
presence of microscopic deformation features in the basement

rocks.
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Paleozoic igneous activity in other parts of the shield
consists of diabase dike swarms, alkalinme stocks and plugs and
carbonatite complexes. Although the igneous body found at
Manicouagan might be forced into an association with the
diabase dikes, this body neither closely resembles an alkaline
intrusive stock nor a diabase dike. The age of the Manicouagan
body, 210 m.y., is distinctly different that the ~ 115 m.y.
age of the Monterregian intrusives or the 560 m.y. age of the
intrusive body at Lake Nipissing., Diabase dike swarms of Triassic
age have not been reported in Gremville Province. As previously
pointed out, however, dikes approximately 200 m.y. old are found
just outsidé the Grenville Province in Nova Scotia and on Prince
Edward Island,

It has been suggested (Dence, 1965) that the igneous rocks
at Manicouagan are totally melted impact breccias. This mode-
of origin for these rocks does not imply any relation between the
Manicouagan igneous body and other igneous bodies found on the
Canadian Shield.

The sediments preserved in small blocks on the inner margins
of Manicouagan and Mushalagan Lakes are Middle Ordovician in age.
During the Middle Ordovician, most or all of the Canadian Shield
was an area of sedimentary accumulation. The Ordovician sequence
preserved at Manicouagan is rather thin (75 feet), as opposed
to the rather thick (504 feet) sequence preserved in the Gilmour

Lake (Brent Crater) outlier. The thin sequence suggests that
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previous to the Middle Ordovician, Manicouagan was not a structure
in which a thick, carbonate sequence could have accumilated. The
existence of limestone at Manicouagan, however, implies that

the area became a structural low before the carbonate sequence
had been erosionally removed. The latest period during which
sediments were present in this part of Gremville Province is
difficult to determine. This period, however, was probably not
too much later than Upper Devonian. Upper Devonian ( ~ 350 m.y.)
sediments are the youngest sediments found in sequences on the
margins of the shield (Norris and Sanford, 1968). This suggests
that a major uplift of the shield and the beginning of erosional
denudation dates back to this time, The scattered outcrops

of deformed, tilted, and brecciated liméstone present at
Manicouagan were probably part of a thin, sedimentary veneer
present on the margins of the impact site previous to the impact.
They have since been preserved on the margins of the basin

produced by the impact event.
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Manicouagan-Mushalagan Lakes Area ~- A Detailed Description:

General Statement ~~

Fig. 2a is a generalized geological map of the Manicouagan-
Mushalagan Lakes area. This map is a composite of Figs. 2b and

2¢ . Fig. 2b is a topographical map of the area. Fig. 2c
is a map of Precambrian units exposed in the area, and the
distributibn of Paleozoic units is displayed in Fig. 2a. The
rock units present in the structure are discussed in terms of
(1) Precambrian basement units and (2) Paleozoic and later units.

Precambrian Basement Units ~-

General Description: Fig. 2c shows the inferred configuration
of the basement rocks exterior to the lakes and under the monzonite
body. The qontacts among the Precambrian units are gradational;
those shown are approximately located.

Units #1, #2, and #3 are all highly variable in composition,
For the purpose of this map, these units are distinguished’on the
basis of metamorphic grade., Units #4 and #5 display a much greater
degree of homogeneity than Units #1 through #3. Although some
variation in the mafic mineral content between outcrops in Units
#4 and #5 is observed, they are mapped as single units.

In the map area, metamorphic isograds more or less follow
a NW-SE trend. This trend parallels the general trend of foliations
in the gneisses exposed. The metamorphic grade increases from

west of Mushalagan Lake toward the central anorthosite body. The

grade then decreases somewhat east of this body. Continuing
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northeastward, there is an abrupt increase in metamorphic grade
as the gabbroic anorthosite massif is approached. As mentioned
previously, the eastern end of this massif coincides with a regional
positive Bouguer gravity anomaly. This anomaly is possibly
indicative of a subsurface body of dense, high-~grade metamorphic
rock. Occasional surface exposures of eclogite~grade, garnet-
pyroxenites in this area provide some support for the above
hypothesis,

Unit #1: Unit #1 is a quartz-feldspar-biotite gneiss,
It outcrops over a broad area west of Mushalagan Lake (Fig. 2c)
The rock is fine- to medium~ grained, grey or pinkish-white
in outcrop with layers enriched in mafic minerals forming bands
1l em to 1 ft, wide. In hand specimens, bands (about 1-2 mm in
thickness) rich in fine-grained biotite impart a gnéissic texture
to the rock. Rocks of this unit are highly variable and range
from granitic gneisses to biotite~rich rocks and amphibolites.

Typical assemblages which occur are: (1) quartz, plagioclase
(An25_30), microcline, and biotite; (2) plagioclase, quartz,
biotite, hornblende, and chlorite. Garnet is rare but has been
observed in some rocks from this unit (Murtaugh, 1965). The
assemblages of this unit are characteristic of the kyanite-
almandine subfacies of the almandine-amphibolite facies (defined
according to Turner énd Verhoogen, 1960) . Quartz observed in
rocks from this unit sometimes appears strained but shows no
closely spaced, parallel, shock lamellae (see Appendix: Samples

#1 and #NT-8).
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Unit #2: Unit #2 occurs in a narrow band along Mushalagan
Lake as well as in an arcuate area east of Mont de Bé,bele In
hand specimen, rocks from this unit are fine- and medium- grained
with white quartz and fqldspar interbanded with black biotite.
Biotite bands define a gneissosity, and medium-grained, reddish
garnets are scattered throughout the rock.,

Unit #2 is a medium-grained, quartz-feldspar-biotite~garnet
gneiss. Rocks from this unit display highly varieble amounts
of potassium feldspar. Proportions of mafic minerals, compared
to quartz and feldspér, are also quite variable. Typical assemblages
observed are: (1) quartz, orthoclase, plagioclase, and minor
amounts of hornblende and garmet; (2) quartz, plagloclase, biotite
and garnet; (3) quartz, orthoclase, plagioclase, biotite, hormblende
and garnet. Plagioclase in these rocks is An25n30. Potassium
feldspar is present as orthoclase. Ortﬁoclase sometimes contains
59—100 FL blebs of exsolved sodium feldspar. Large, anhedral
garnet grains (up to 4 mm in a dimension), which contain numerous
inclusions of quartz and plagioclase, comprise 15% of the mode
of some rocks. Quartz from rocks near the contact of this unit
with Unit #3 has a lensoid, elongate habit, In other areas,
quartz grains are generally equi-dimensional.

The assemblages observed in these rocks are characteristic
of a slightly higherlmetamorphic grade than that observed in
Unit #i. The grade corresponds to the sillimanite-almandine-
muscovite and the sillimanite~almandine-orthoclase subfacies of

the almandine-amphibolite facies (defined after Turner and



Verhoogen, 1960).

‘Unit #2 is microscopically distinguished from Unit #1 by
ﬁhe presence of orthoclase rather tham microcline. The coarser
grain size and larger content of garnet found in Unit #2 rocks

compared to rocks from Unit #1 provide macroscopic distinguishing

features.
Rocks from outcrops of Unit #2 in the area east of Mont de
Babel show abundant '"shock'-deformational features as well as
contact metamorphic effects due to the monzonite body. Some
samples from outcrops in the band just east of Mushalagan Lake
show these effects also. These features are discusséd below
in the sub-section deseribing deformations. (See Appendix also:
Samples #NT-1, #13-8~4, #24-7-5, Shatter cone, #25-20-3, and #4-20-1).

Unit #3: Unit #3 ouﬁcrops in a broad band extending

through the center of the structure. Outcrops of this unit occur
between Unit #2 and the anorthosite., This unit mantles the
anox thosite,

Unit #3 is a medium~grained, grey or yellowish, pyroxene-
bearing, granulite-grade gneiss, In hand specimen, the rock shows
a foliation defined by the segregation of mafic minerals into
1-3 mm bands several centimeters apart. Macroscopically, Unit #3
appears somewhat different from Unit #2. The plagioclase appears
greyish or yellowish in hand specimens of the unit; this contrasts
with the whitish appearance of feldspar and quartz in hand specimens

of Unit #2. Microscopically, the presence of pyroxene is a
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diagnostic, distinguishing feature,

Unit #3 is highly variable in composition, as are Units
#1 and #2. Assemblages which are observed in this unit include:
(1) quartz, orthoclase, plagioclase, garnet, and hormblende;
(2) quartz, orthoclase, plagioclase, biotite, garnet, diopside,
hornblende, and hypersthene; (3) plagioclase, biotite, garnet,
horhblende, diopside,and minor scapolite. The first assemblage
is sometimes referred to as a é%yeﬁitic gneiss. Charnockitic
gneiss and anorthositic gneiss are terms frequently applied to
the second and third assemblages, respectively. Most rocks
observed from the central part of the structure tend to conform
to the third assemblage, although some gneisses conforming to
the first assemblage are also observed. Rocks from the southeastern
part of_the structure and southeast of Manicouagan Lake contain
both hypersthene and diopside and conform to the second assemblage.
On the microscopic scale, garnet in tbis unit occurs in subhedral
.to euhedral grains which contain noticeably fewer inclusions than
thé garnet in Unit #2, Potassium feldspar is orthoclase perthite,
which often contains sub-equal amounts of host and exsolved phase
(meéoperthite). Plagioclase is generally An30_3S and shows better-

developed albite twinning than plagioclase from Units #1 or #2.

Quartz is elongate and lemsoid rather than equant.
The assemblages from this unit conform to the pyroxene
hornfels subfacies of the granulite facies of regional metamorphism

(defined after Turner and Verhoogen, 1960). Pyroxene is sometimes
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present in minor amounts in rocks which are transitional from
Unit #2 to Unit #3.

An extensive area of outcrops of Unit #3 lies within the
two lakes. Rocks in this area contain microscopic deformation
features found in other suspected meteorite impact sites. They
also display contact metamorphic effects which are due to the

overlying monzonite. The observed shock effects will be discussed

in the section on deformation., Thermal effects observed mainly

include: (1) oxidation of mafic minefal phases (garnet, hormblende,

biotite, and pyroxene) to black opaque forms pseudomorphous after

the original grain; (2) partial or total recrystallization of

quartz and feldspar to masses of crystallites. These thermal effects
often make it difficult or impossible to infer the original

nature of the rock (see Appendix: Samples #12-20-8, #NT-7 and |

#15~7-3) .

A 1érge percentage of the rocks found in Units #2 and #3
consists of calcareous gneisses. These gneisses consist of about
60-80% of plagioclase, very little quartz of potassium feldspar,
and 20-407 mafic minerals., In Unit #2, mafic minerals found are
garnet, biotite, and hornblende. In Unit #3, the mafic minerals
garnet, biotite, hornblende, and diopside appear. The calcareous
gneisses from Unit #3, with 80-85% plagioclase and 15-20% mafic
minerais,.are essentially equivalent to rocks of Unit #4. These

gneisses are in gradational contact with rocks from Unit #4.
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Unit #4: Unit #4 is the anorthosite which outcrops in

an elongate, pinched-in body. The southern end of this body

lies approximately in the center of the two lakes. This anorthosite
is a medium~ to fine- grained, plagioclase-garnet-pyroxene-scapolite
rock. The unit generally appears as pinkish, whitish, or greyish

in outcrop with banding on a scale which varies from one centimeter

to several feet. The mafic~rich bands are composed mainly of

garnets and pyroxene with some minor amounts of biotite and
hornblende. Rocks rich in biotite and hornblende are more common
near the edges of the magssif. These "border" phases.contain
 about 20-40% mafic minerals and are transitional to rocks of
Unit #3. Rocks from this unit are somewhat variable in composition.
For the purpose of this work, however, the biotite- and hornblende-
rich phases occurring near the edge of the massif are lumped
together with the "normal" anorthosite which contains about
85~95%fp1agioclase and 5-~15% mafic minerals. The anorthosite
unit forms prominent highlands, both inside and outside the
crater. These highlands are probably due to the fact that the
anorthosite has greater resistance to erosion than the surrounding
gneisses have,

Macroscopically, Unit #4 is differentiated from Unit #3
by its smaller modal percentage of mafic minerals. Along transition
zones between the units, in which the mafic mineral contents of
rocks are about 15-25%, it is difficult to distinguish between

the two units. Microscoplcally, the two units are distinguishable
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by the lower mafic content of Unit #4 compared to Unit #3.
The plagioclase in Unit #4 is andesine or labradorite; oligoclase
is present in Unit #3.
In thin section, the anorthosite is typically about 85%

albite~twinned plagioclase, An, About 157 of the rock

50-55°
is composed of garnet and pyroxeme (diopside) with accessory
scapolite, hornblende, and some sphene, The plagioclase occurs

in 1 mm grains with intergranular, sodium~ or potassium~ rich
feldspar in strings or elongate blebs between thé grains, The
assemblages present in rocks of Unit #4 are characteristic of

the granulite facies of regional metamorphism. This anorthosite
appears to be a product of high-~grade, regional metamorphism of
calcareous gneisses, rather than an intrusive body.

The_southern end of the anorthosite body lies approximately
in the center of the two lakes and contains rocks displaying the
microscopic deformation features characteristic of '"shock"
metamorphism. The textures observed in these rocks provide
strong evidence supporting fhe impact origin of the structure.
These textures are discussed in the section oﬁ deformation.

Contact-metamorphic textures are not observed in rocks of
Unit #4 within the central massif. On the east and southeastern
margins of the massif, anorthosite is locally in contact with
monzonite. In these areas, recrystallization of plagioclase and
blackening of mafic minerals can be observed. Thermal alterations
are also observable in anorthosite northwest of the central block.

These alterations can be seen in the rocks from the narrow band
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of outcrops between the two parts of the body.

Unit #5: Unit #5 is a gabbroic anorthosiﬁe, This unit
outcrops marginally west of Manicouagan Lake. It also outcrops
in a more or less rectangular massif, south of the Hart-~Juane
River, exteﬁding eastward from Lake Manicouagan. Rocks of this
unit are very resistant to erosion and the highest peaks in the
map area occur in the gabbroic anorthosite massif.

In Hand specimen, rocks from this unit are medium~grained
with yellowish or greenish-yellow plagioclase and black pyroxene. They
are composed of about equal amounts of mafic minerals and
lighter plagioclase., Most of the outcrops appear massive and
unfoliated.

The characteristic assemblage of this rock is plagioclase,
hypersthene, and diopside, Some rocks contain minor biotite and
quartz. Kish (1962, 1963, and 1965) has observed garnet in rocks
from this unit, but garmet is markedly less abundant than in

other units, Plagioclase is about An Some samples show

55°
abundant calcite in thin section. A border phase of this rock
contains large (3 mm), irregular grains of hypersthene and

small (0.2 mm) grains of diopside in a ground mass of 2 mm, equant
Ang, grains, Kish (1962, 1963, and 1965) has mapped the gabbroic
anorthosite from Manicougan Lake to its eastern extremity, southwest
of Petit Lac Manicouagan. In the eastern part of the massif, high-

grade, gramulite-facies assemblages and intrusive olivine gabbros

are present. These assemblages may represent the highest regional
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metamorphic grades in this sector of Gremville Province,

Unit #5 is fairly easily distinguished from the other unité
in the field area by its relative lack of foliation and its higher
content of mafic minerals,

Some samples from this unit have bent plagioclase grains,
unduloﬁs extinction, and cataclastic textures but lack the
closely spaced, parallel fractures observed in rocks from the
interiors of the lakes. Kish (1963) has mapped a large fault
along the course of the Hart-Juane River and observed mylonitized
and chloritized rocks in the massif, The shearing observed in
the samples studied is probably due to the Hart-Juane River
fault,

The above units comprise the Precambrian, Grenville-type,
metamorphic rocks in the Manicouagan~Mushalagan Lakes area. The
Manicouagan-Mushalagan structure is unique because of (1) the
unusual microscopic deformations observed in the Precambrian
rocks and (2) because of the unusual Paleozoic rock sequence
present in the area,

Paleozoic and Younger Rocks of the Structure -~=-

Ordovician Limestone: Along the inner margins of Manicouagan
and Mushalagan Lakes, numerous, isolated outcrops of Ordovician
limestone occur. Major outcrops of limestone are indicated in

Fig., 2d.
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During the course of this work, only two of these outcrops
were sampled. Murtaugh and Currie (1969), however, have mapped
numerous occurrences of the limestone. Outcrops range in size
from about 100-200 yards up to a maximum of about a mile. The
maximm_n vertical thickness of any outerop is about 75 feet.
Outcrops of Ordovician limestone are limited to within two miles
of the inner lake shores; no outcrops have been observed in the
central part of the structure. The outcrops are located near
the original inner shorelines of the two lakes and are limited
to regions below 1200 feet in elevation. At present, they are
submerged by water which has been impounded as a result of the
hydroelectric dam at the mouth of Manicouagan and Mushalagan Lakes.

Individual outcrops of the limestone unconformably overlie
the Precambrian basements. Bedding planes in the outcrops strike
in variable directions (NW-SE to E~-W) and frequently dip away
from the structure at angles of 25-80° (Murtaugh and Currie, 1969).
Mnrtaugh.and Currie also noted that the rocks have been filted
and deformed. Sandstones and shales were found by these authors
at the basal parts of some limestone sequences.

Some outcrops of this unit are overlain by fine-grained,
igneous material. Kish (1965) observed a large block of limestone
surrounded by fine-grained monzonite, and Murtaugh and Currie
(1969) show some outcrops of the limestome overlain by the igneous

material,
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In hand specimen, the limestone is fine- or medium- grained
and ranges from a dark grey to a dirty cream color. The material
has beds from 1 in. to 4 ft, thick and is fairly fossiliferous
(Berard, 1962). Murtaugh and Currie (1969) interprct the fossils
present in the limestone as a fauna transitional between that common
in Ordovician outcrops around Lac St, Jean and an "Arctic Ordovician"
fauna found at Clearwater Lake (Kranck and Sinclair, 1963).

In thin section, the limestone consists almost entirely of
fine-grained calcite., Some cryptocrystalline quartz is present
in shell casts. In general, calcite does not display shock damage as
well as silicates . since it tends to yield plastically by gliding.
Shock-deformed calcite, however, develops microscopic twin lamellae
within grains (Roddy, 1968). Twin lamellae have been observed in
calcite from this limestone (Roddy, personal communication). No
microscopic planar features were observed in the occasional
quartz,

Ordovician limestones present both .at Lac St. Jean and
at Clearwater Lake are of Middle Ordovician age (Kranck and
Sinclair, 1963). The Middle Ordovician era corresponds to a period
of about 440-460 m.y. ago (Wanless et al., 1970).

Shock Breccia: A thin, discontinuous layer of rock-fragment

breccia occurs underlying the monzonite in the central part of the
structure. The thickness of this layer, when present, is variable
and ranges from a few feet up to 60 feet in a few localities. The

layer appears in a roughly annular ring around the central anorthosite



46

massif and thins out completely near the western, eastern, and
southern extents of the monzonite. Where the breccia is absent,
fine-grained members of the monzonite unit either lie directly

on the basement anorthosites or are in contact with the Paleozoic
limestone. The shock breccia is exposed more extensively west of
Mont de ﬁabel than it is to rthe east., Several spectacular outcrops
occur east of Lac Chastelaird. The areal extent of the shock
breccia is indicated in Fig. Zé.: The most extensive outcrops of
this rock occur around Lake Chastelaird.

A typical outcrop of this unit appears as a jumbled mass of
rock fragments enclosed in a matrix of fime-grained, reddish
material. These fragments of rock range in size from several
meters down to a few centimeters. Some fragments observed are
rounded, some are angular; others are contorted, elongate, and wavy.
Most of the fragments display a foliation similar to that of the
basement gneisses and the foliations of the fragments are oriented
randomly in an outcrop. Boulders of shock breccia are extremely
common along the shore of Lake Chastelaird. They can also be found
in the sovuthwestern part of the crater,

The breccia is generally in gradational contact with under-
lying basement rocks. In an outcrop, the size of the included
rock chunks continues to increase downward until more or less
homogeneous basement rocks are observed. Where observable, the
upper contact of the breccia with the overlying monzonite is alsou
gradational. The lower layers of the monzonite contain many

inclusions; at successively higher levels in a breccia outcrop,
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the reddish, inclusion-rich matrix of the breccia appears to grade
into the black, inclusion-rich, fine-grained monzonite.

In hand specimen, rocks of tﬁis unit appear to be composed
of a reddish, fine-grained matrix enveloping contorted (1-10 cm)
fragments of lithic material. Closer inspection of the reddish
matriz which envelops and surrounds the rock chunks reveals that
the matrix itself is a breccia on a finer scale. The matrix
consists of 0.5 to 5 mm pieces of white rock enveloped in an
aphanitic, reddish material,

In thin section, the rock fragments within the unit are
seeh to reflect the mineralogy of the underlying basement,
although the fragments are often nearly unrecognizable., Quartz
and plagioclase in these fragments are generally tan to brown
and frequently exhibit the closely spaced, parallel fractures
observed in the other shocked rocks, Mafic minerals in fragments
appear as black, opaque grains pseudcmorphpﬁs after hornblende,
biotite, garmet, or pyroxene from the unaltered basement rock.
Microscopically, the reddish matrix is an aggregate of particles
ranging in size from 0.1 to 2 mm which are enveloped in material
that is too fine-grained to distinguish. Identifiable fragments
in the reddish matrix are small, contorted rock fragments, individual

nmineral grains, or groups of grains,
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Igneous Material, The Monzonite :

(a) Areal extent. The monzonite is the igneous rock
present in the Manicouagan-Mushalagan Lakes structure. Rocks
of this unit outcrop in a roughly annular-shaped area between
the cgntral anorthosite massif and the inner shores of the two
large lakes (see Fig. 2a). Within this annular area, the
monzonite‘body has a very irregular form. The present irregular
form is probably due to erosional dissection of a more complete,
annulai, sheet-like mass. Vertical thickness of outcrops in
this unit range from a few feet to about 700-800 feet.

A series of high, steep cliffs occur along the inmer shores

of the two lakes. These cliffs are the outer limit of the
monzonite body. Outcrops of this material are limited to the
interior of the lakes. Most outcrops have the form of high,
N-S, elongate hills with steep northward- or southward- pointing
snouts.

(b) Appearance. In hand specimen, the material is a black,
massive, fine~ to medium- grained, equigranular, plagioclase-
pyroxene~quartz rock, The material weathers brown or yellow-brown.
In the upper levels of this unit, some coarse-grained rocks can
also be found,

(¢) Similarities to an extrusive, Most of the features
of the Maniéouagan igneous body are similar to those expected for
a material which cooled on the earth's surface. Lower layers of
the body contain fine-grained and glassy phases indicative of rapid

cooling along chilled contacts. On the outer edge of the body,
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where thin layers of igneous material overly shocked basement
rock, the rock contains abundant vesicles and has a rounded,
irregular surface resembling that of pahoehoe flows. The vesicles
are strongly suggestive of gas exsolution from the material im a
low-pressure, surface enviromment., No evidence of any rock unit
which originally covered the monzonite has been found on the
exposed upper surface of the body.

Although many features of the material suggest surface
cooling, it is medium~ and occasionally coarse~ grained. Such
large grain sizes are most frequently observed in rocks from
intrusive bodies rather than in surficially cooled material.
While referring to this rock as monzonite is somewhat misleading,
the term emphasizes the large grain sizes present.

(d) Sub-units, The macroscopic textures of rocks from the
unit vary somewhat. The unit can be subdivided, mainly on the
basis of grain size, into three sub-units: (1) a fine-grained,
inclusion-~rich, lower sub-unit; (2) a medium-grained sub-unit;

(3) a coarse- and medium~ grained upper sub-umnit.

Currie (1965) has referred to "several distinct flows" in
the igneous material., Murtaugh and Currie (1969) consider the
igneous material to be composed of two units with an "abruptly
grad ational contact". The obsarvations made in this study
suggest that the sub-units of the monzonite are in gradatioﬁal
contact, If the sub-units of the monzonite are composed of different

extrusive flows, then the flows must have occurred over a
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short enougﬁ time span such that most of them did not cool
sufficiently rapidly for fine~grained rocks to form.

‘Every outcrop of monzonite sampled in this study showed
an upward increase in grain size, but the relative thickness
of fine-, medium~, and coarse-~ grained material varied petween
outcrops. Near Lake Mushalagan, in the southwestern part
of the structure, a 700-ft.-thick sequence is observed, 1In
this sequence, about 15 ft. of fine~grained, inclusion-rich
material grade into about 600 ft., of medium~grained material.

The upper 125 ft. of the sequence is medium- to coarse- grained.
An outérop on the south shore of Lake Du Chenouy, in the interior
of the structure, contains oniy about 25 ft. of fine~ to medium-
grained material emveloping blocks of basement rock . The
fine-grained rock grades into 300 ft. of medium-grained, inclusion-
free material.

The size of inclusions observed in the lower layers of the
monzonite seems to be smaller in outcrops near the large lakes
than in outcrops nearer the center of the structufe, Included
fragments near the outer lakes range - from a few centimeters
to a meter., Nearer the center of the structure, however, fragments
range in size from a few centimeters up to 10 meters.

The'lower layers of the fine-grained unit contain many
inclusions and vesicles. Some outcrops of this material display
almost columnar jointing. In a large stream valley in the

northwestern part of the structure, pods and small stringers of
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a conchoidally fracturing, black, holohyaline material occur in
the fine-grained sub-unit.

The medium~grained material contains a few inclusions, but
they are extremely rare. GCoarse-grained rocks, occasionally
exposed on the tops of the highest hills in the interior of the
structure, contain no inclusions.

(e). Thermal effects. The thermal effects of the monzonite
on the rocks it is in contact with appear to be much more extensive
near the center of the structure than near Manicouagan or Mushalagan
Lake. A l-cm inclusion of basement rock in an outcrop of the
fine~grained sub-unit near the edge of the structure shows only
nminor blackening of mafic minerals and very little recrystallization
of the quartz and feldspar. Near the center of the structure,

a l0-meter inclusion of anorthosite, surrounded by monzonite,

is nearly completely recrystallized (see Appendix, Anorthosite
Hornfels) . Near contacts of the monzonite with énorthosite, in

and around the central anorthosite massif, the anorthosite j35 peen
recrystallized to a hard, aphanitic hornfels up to 40 feet from

the contact. Murtaugh (1970) has described what he interprets

as dikes of monzonite in anorthosite (northeast of the central
massif); around the monzonite dikes, anorthosite has recrystallized
for distances of more than five times the dike width from the dike

contact,
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(f) Structural relations. The monzonite body is essentially
flat~1ying_with a maximum thickness of about 800 ft. Monzonite
overlies Precambrian gneisses and Ordovician limestone near the
margins of the structure. In the central part of the structure,
monzonite overlies a thin layer of shock breccia or rests directly
on shocked Precambrian basement. The contact of the fine-grained
sub~unit of the monzonite with the underlying gneissee occurs at
about the 1300-ft, elevation near the lakes. The shock breccia-
monzonite contact occurs at the 1500-ft. level near Mont de Babel.
The contact of ﬁhe monzonite with shock breccia appears gradational
near the center of the structure. Near the inner shores of the
two large lakes, where fine-grained monzonite is in contact with
lightly shocked gneisses, however, the monzonite contact is quite
sharp. .

The monzonite is massive and structureless, and its black color
contrasts with the underlying units.

(g) Mineralogy and lack of “shock''~deformational features.
Rocks from this unit have a very consistent mineralogical mode.
Minerals present are invariably plagioclase, sanidine, augite,
hypersthene, quartz, and magnetite~ilmenite. Hydrous phases such
as biotite or hornblende have not been observed.

Compositions of minerals from rocks of all three sub-units
are very consistent. Plagioclase, both in the cores of rimmed
grains and when sub-ophitically enclosed in augite, is about

near the

An52_55. Sanidine rims of feldspar grains are about Or50
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edge of the plagioclase core and about Or70 on the outer edge of
the rim., Augite has the composition Ena7F518W035, Both hypersthene
and pigeonite have the composition En58F838W04 (see Appendix,
Sample #5-32~1). Compositions determined for pyroxenes in all three
sub~units are closely similar. Grains of an altered iron-magnesium
silicate are present in coarse- and medium- grained rocks, This
material has an Mg:Ga:Fe ratio similar to pigeonite in the rock
but contains significant A1203 and H20. This mineral may be
altered pigeonite or olivine, perhaps iddingsite or bowlingite.
Microscopic textures observed in the unit vary somewhat
between sub~-units but all roecks lack evidence of shock. Apart
from the inclusions which are found in the fine-grained, lower
levels of the monzonite, none of the rocks from this unit display
the microscopic deformational shock features which are so common
in the shocked basement rocks. Some rocks in the fine~grained
unit are isotropic. These rocks are voleanic glasses and not diaplectic
(shock~formed) glasses, They are completely glassy and do not contain
isotropic phases coexisting with crystalline phases as is the case
with the maskelynitized anorthosite. No closely spaced, parallel
fractures were observed in grains of quartz or plagioclase.
Fracturing of individual mineral grains is limited to the normal
cleavage directions.
(h) Microscopic textures. The texture which is fairly
characteristic of the monzonite unit as a whole is developed best
in the medium~grained sub-unit. In this rock, laths of plagioclase

feldspar which are rimmed by an overgrowth of sanidine form a
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groundmass containing intergramular augite, hypersthene, quartz,
pigeonite, and magnetite~ilmenite grains. Augite grains are

larger than hypersthene grains and sub-ophitically enclose ynrimmed
plagioclase laths, The medium-grained member of this

unit is holocrystalline and has few or no inclusions of basement
rocks (see Appendix: Sample 5-32-1).

The coarse-grained and medium-grained members of the
monzonite unit have similar fabrics and differ mainly with
respect to grain sizes, Both units lack inclusions of basement
rocks.

In contrast to the above two sub~units, the fine~grained
sub~unit contains numerous inclusions of basement rocks. Some
inciusions are rounded, some angular and, in many instances,
they are contorted and distended. Many of the inclusions display
microscopic shock deformation features such as extensive fracturing
and development of planar shock lamellae. Apart from the inclusions
present, the fine~grained sub~unit has a somewhat different fabric
than the other sub~units. Some fine~grained rocks near the lake
consist of a few phenocrysts of quartz and sanidine in an
aphanitic groundmass. In thin section, the volcanic glasses from
this unit have holohyaline textures with perlitic cracks, Other
rocks from the fine-grained unit consist of intergranular
hypersthene, augite and magnetite in a groundmass of plagioclase
laths,with some intersertallalkali feldspar. Phenocrysts of

hypersthene, augite, plagioclase, sanidine, and quartz-sanidinc



~-55-

intergrowths are also present.

(1) Chemical composition and variation. Chemical analyses
for the medium- and coarse~ grained sub-units are given in Table 4
of the Appendix; two analyses of rocks in the fine-grained sub~unit
are given in Table 5. Analyses for all sub-units of the monzonite

are falrly close in composition. The rock contains about 59%
8102 which classifies it (using fine~grained, extrusive rock
terminology) as andesitic, Its K20 content is much higher than
most andesites, and its A1203 content is slightly lower (Larsen,
1938).

All sub~units of the monzonite have quartz in the norm,

and normative feldspar for all the rocks is about Ab Or

478, 2607 27°
Neither the medium~grained rock nor the coarse-grained rock analysis
contains normative magnetite, although cubic (spinel~series) iron
oxide is evident in the magnetite~ilmenite intergrowths present in
these rocks. One fine-grained rock does contain magnetite in

the norm. The presence of hematite in most norms suggests fairly
oxidizing conditions during formation of this material,

The monzonite body has not undergone extensive differentiation
during its formation. Sio2 contents show an increase of about 2-3 %
from the fine-~grained to the coarse~grained material., The Kzo
contents show only a 10% increase, i.e. 3.0 to 3.3 %, between the
fine-grained lower iayers and the coarser~grained upper layers,

Mg0 contents of the lower layers are 4,67 as compared to 3.2%

for the uppermost layers of the body, By contrast, rocks from the
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differentiated Palisade sill of New Jersey show a 3007 increase
in K20 content and a 607 decrease in MgO content between extreme
rock types (Turner and Verhoogen, 1960) . The thicknesses of both
these bodies are comparable; the Manicouagan body is 700-800 ft.
thick while the Palisade sill is about 1000 ft. thick.

Shock Deformation Features in the Basement Complex -~

General statement: Rocks from the Manicouagan-Mushalagan

Lakes structure exhibit a general set of microscopic features
unlike those normally observed in regional or contact metamorphic
enviromments. These features inciude: (1) kinkbanding in biotite;
(2) devélopment of extensive microscopic fractures in mineral
grains within the rock; (3) development of closely spaced, parallel
fractures along planes of specific crystallogréphic orientation

in quartz, feldspar, and seapolite; (4) partial or complete transform-
ation of plagioclase to an isotropic material (diaplectic glass),
The transformation of plagioclase to diaplectic glass takes place
without destruction of grain textures, change of chemical
composition, or destruction of the textures of coexisting pyroxene
and garnet , Features similar to those described above have been
observed in laboratory shock-loading experiments (HOrz and Ahrens,
1969; Horz, 1968; Short, 1968; Milton and DeCarli, 1963) as well

as in rocks around nuclear explosion craters (Cummings, 1965;
Short, 1968; Carter, 1965). The occurrence of diaplectic glasses,
however, has not been observed in experiments other than shock-
loading experiments. The textural observations suggest that

basement rocks of the Manicouagan-Mushalagan Lakes structure
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have been subjectéd to shock wave deformation.

The purpose of this section is to detail evidence indicating
the presence of shock deformation and to present as much
quantitative information as possible concerning the intensity of
shock-metamorphic effects present.

A chart showing microscopic shock~deformational features
observed in different minerals is presented in Fig. 4. The shock
pressure regimes at which various phenomena are thought to occur
are also shown in Fig., 4, Features present in rocks from the
Mhnicouagan-Mhshalagan area are compared with features observed
in shocked materials from other localities. Detailed descriptions
and photomicrographs of samples are presented in the Appendix.
Sample locations are indicated in Fig. 3.

The microscopic deformation features are displayed best
in Unit #4, the anorthosite. Deformation features are less evident
but observable in both Units #Z‘and #3. The latter two units
display blackening of mafic minerals and recrystallization of quartz
and feldspar, probably due to heating by the overlying monzonite.
Both of these alterations of textures tend to obliterate evidence

of microscopic shock features. Most anorthosite samples have

not been thermally altered.

Description of Textures :

(a) Unit #1. Rocks from Unit #1\oudérdp outside the crater
and show no unusual textures. Quartz sometimes digplays undulous
extinction, but this feature is frequently observed in metamorphic

terrains. In the rocks studied, biotite is unbent and shows no
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kinkbands.

(b) Unit #2, Sample #13-8~4. Rocks from Unit #2 outcrop
both east and west of Mont de Babel. Some gneisses in Unit #2 are
overlain by the monzonite body and show contact-metamorphic textures
in addition to unusual deformational features.

Sample #13-8-4 is an autobreccia. In hand specimen, the rock
is an aggregate of fragments of fine- to medium~ grained gneiss.
These fragments range from 1~5 cm in size, and the gneissosity oi
individual fragments is oriented randomly. The material enclosing
the gneiss fragments is somewhat finer grained and contains a
larger percentage of dark minerals then gneiss fragments contain.

In thin section, the individual fragments are seen to be
quartz-~orthoclase-plagioclase~biotite gneisses, The material
between the fragments is a melange of fine quartz, biotite, garnet,
plagioclase, and orthoclase grains. There is no preferred orientation
of mafic grains in the inter-fragmental material. This contrasts
with the regular orientation of biotite and hornblende within
individual grain fragments.

Mineral grains in the inter~fragmental material are jumbled
together, and biotite is frequently bent. In the gneiss fragments,
biotite is unbent. Plagioclase grains are not extensively
fractured, and brownish, low-index material is absent. Closely
spaced, parallel fractures are absent from quartz, both in the inter-

fragmental material and in the gneiss fragments.
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(¢) Unit #2, east of Mushalagan Lake. Rocks from Unit #2
which outcrop in the area east of Mushalagan Lake display some
closely spaced, parallel fractures in quartz and some bending
of biotite. Most rocks from this afea also show some degree
of alteration due to the overlying monzonite. This alteration
consists of blackening of the mafic minerals and slight
recrystallization around the edges of quartz and feldspar.

(d) Unit #2, Sample #20-7-5. Sample #20-7-5 is from
just east of the central massif, This rock exhibits alterations
due to the monzonite body and microscopic deformational effects.
Black, opaque grains, pseudomorphous after garnet and biotite,
comprise the mafic minerals, Most quartz grains have a rim of
recrystallized material and also show at least one set of closely
spaced, parallel fractures. Almost every quartz grain in the rock
exhibits at least one set of closely spaced, parallel fractures,
and some grains contain as many as four intersecting sets. Poles
of these fractures, measured in 20 grains, averaged 18-25° inclination

from the c~axes. Plagioclase is about An it is in the high~

25°
albite structural state. In contrast to the quartz, plagioclase and
orthoclase do not display closely spaced, parallel fractures. Kinks

in the blackened, biotite~shaped grains may exist but cannot be seen,

(e) Unit #3, in genmeral. Rocks from Unit #3 flank the central
anorthosite massif. Over a large part of the area in which these
rocks outcrop, they are overlain by monzonite., In areas overlain

by the monzonite, rocks show blackening of the mafic minerals and
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recrystallization of the feldspars. These thermal alterations

conceal the microscopic deformation features which may have

exigted within the grains previous to the monzonite formationm,

In some rocks, however, thermal alterations are minimal, and
microscopic deformation features can be observed. These deformational
features include: bending and kinking of biotite; fracturing of
plagioclase grains; development of closely spaced, parallel

fractures. The parallel fractures are more frequently present

in quartz but are also occasionally observed in plagioclase.

Partial isotropization of grains is observed in some rocks from

the unit.

(f) Unit #3, Sample #12-20-8, Sample #12-20~8 (from a
small island in the southeast part of Lake Chastelaird) is from
an erosional window in the monzonite and illustrates deformational
features frequently found in Unit #3. The outcrop itself exhibits
rock structures described by Dietz (1959 and 1963) as shatter
cones, - |

In thin section, the mafic minerals in the rock are not
blackened, and the rock texture does not appear to have been
thermally altered. Plagioclase, garmet, and hornblende show many
more fractures per unit area than do grains of these minerals in
rocks exterior to the lakes, Many plagioclase grains contain
numerous, closely spaced, parallel fractures. In some albite-
twinned grains, the fractures are developed only in one set of
twin orientations. Areas with extensive development of parallel

fractures often merge into tamnish, low-index areas. Plagioclase
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grains frequently contain regions of this tannish or brownish
material; both its index and birefringence are lower than in
the host grain. Sometimes the brownish material is
isotropic. The tan regions sometimes occur over whole grains
with the adjacent grains being unaffected. In other cases, the
regions are limited to one set of albite twin orientatioms.

Quartz is not present in this sample. In other rocks
from Unit #3, quartz displays closely spaced, parallel, fractures.

Biotite, when orientéd edgewise, displays bands
approximately 30° to the cleavage which have a different extinction
position than the main part of the grain. These features are
similar to kinkbands (Cummings, 1965).

The microscopic, deformational features observed in
anorthoesites from the central massif are illustrated by the set
of samples discussed below. Complete petrographic descriptions
of these rocks are found in the Appendix. Locations of these
samples are shown in Fig. 3.

(g) Unit #4, Sample A. Exterior to the two lakes, the
anorthosite appears to be fresh with few fractures, Fractures in
plagioclase occur mainly along the (001) plane. The plagioclase
has uniform, non~undulating extinction,and no closely spaced,
parallel fractures are present. Scapolite displays normal
birefringence, non-undulous extinction and has no closely spaced,

parallel fractures.
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(h) Unit #4, Sample D . Sample D illustrates the least
intense deformations observed in the anorthosite suite., In
hand specimen, this sample is indistinguishable from unshocked
anorthosite. In thin section, grain boundarles are preserved,
and plagioclase exhibits non-undulous extimction. Fractures within
grains are more extensive than in plagioclase from anorthosite
exterior to the lake and occur along both (001) and (010). A
tan or light brown material occurs either in patches around
mafic grains or as isolated patches within individual plagioclase
grains, This material has an index of 1,509 which is distinctly
lower than the mean index of 1.560 of the plagioclase enveloping it.
The tan and brownish material is either isotropic or has a lower
birefriﬁgence than the host plagioclase. Microprobe beam scanning
pictures suggest that this material has about the same chemical
composition as the plagioclase (see Appendix, Sample D). Parallel,
closely spaced fractures appear in plagioclase with traces of the
fractures aligned parallel to the albite twin composition plane.
These fractures are frequently limited to one set of twin
orientations. One set of twin lamellae in a grain is often densely
packed with parallel fractures and may appear tannish and isotropic.

No maskelynite is observed in this material. Garnets show
strong fracturing but are chemically homogeneous (see Appendix).

(i) . Unit #4, Samples B and C. Samples B and C are totally
maskelynitized anorthosites. In these samples, the grain boundaries

of the plagioclase can be discerned, although the grains themselves
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have been transformed to a water-clear, isotropic glass, n = 1.537.
The index of this glass is gréater than the 1.533 index of

refraction for a plagioclase glass of similar composition (AnSS) which
has quenched from a melt. Grain boundaries are visible

because the albitic feldspar on the edges of the plagioclase

grains is birefringent. The albitic feldspar often shows closely
spaced, parallel fractures. General fracturing and closely spaced,
parallel fractures are absent in maskelynite. Parts of some
maskelynite grains are birefringent plagioclase and display both
albite twinning and closely spaced, parallel fractures.

Garnet in the maskelynitized anorthosite is a darker
red-brown and more heavily fractured than garnet in anorthosites
exterior to the structure. It.is also also isotropic and displays
no heterogeneity in composition.

A detailed study of the scapolite defurmations present
in Saﬁples B and C is presented in Chapter 2, Two results of this
study show (1) that the isotropic plagioclase (maskelynite) has
the same chemical composition as the plagioclase in other
anorthosites from the massif and (2) that closely spaced, parallel
fractures occur in the scapolite of this rock (see sample
descriptions in Appendix). Scapolite from this rock shows no
chemical heterogeneity on a 100}L scale.

(j) Unit #4, Samples E and F. Samples E and F do not
exhibit brecciation in hand specimens. Neither sample displays

macroscopic signs of melting or plastic flow.
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In thin section, plagloclase in these rocks is birefringent -
with uniform, non-undulous extinction. Albite-twinned grains occur
infrequently compared to Sample D or anorthosite outside the lakes.
Closely spaced, parallel fractures, similar to those observed
in Sample D, are extremely rare. Plagioclase has a composition of
An55 (see Appendix, Table 3) and a mean index of refraction of
about 1.552. A series of curved,éoncentric fractures is present
in some plagioclase grains. Optical properties of this
material are anomalous: a 2V of 0 to 30°(+) is observed in contrast
to the 2V = 85°(+) characteristic of normal plagioclase (Deer et al.,
1963). The interiors of grains have peculiar branching strings of
IO}L bubbles. Brownish material with a lower refractive index
than plagioclase occurs both between grains and as isolated patches
in some grains. This brownish material is isotropic or has very
low birefringence. No maskelynite is present in this sample.

Scafolite in the rock is charged with inclusions; individual
grains are composed of mosaics of fine crystallites with differing
optical orientations. The sulfur content of these scapolites is
extremely heterogeneous. A single grain contains well-defined
20 - SO}L domains. Some domains have chemical compositions
similar to scapolite from Sample A. Other domains within the same
grain have very different chemical compositions than scapolite

(see Appendix, Sample E).
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Grains pseudomorphous after garnet\f;om other anorthosites

it
v

material is isotropic and has a composition similar to the garnet
from other anorthosites in the massif (see Appendix, Sample E).

These grains may be garmet, but no x~ray data is available to
determine their crystal structure. Regions, 20 - 50FL in a dimension,
display concentrations or depletions of Fe, Mg, Ca, Al, and S5i
compared to other regions of the grain (see Appendix, Sample E).

The heterogeneous distribution of elements within a single grain

is not observed in the garnets of Samples A, D, B, or C.

(k) Unit #4, Samples G and H. Both Samples G and H are
breccias which occur in isolated pods and lenses within the
central anorthosite massif, These pods and lenses are not discerniblv
related to the monzonite and do not appear to be pipes of volecanic
brececia. In hand spceimen, these breceias appear as jumbles of
whitish rock fragments ih a reddish or (less frequently) greyish
matrix., Both rounded and angular fragments are present in the
breccias, and some fragments have elongate, distended forms.

Bands of mafic minerals in the fragments appear twisted and bent.

Thin sections of Samples G and H contain contorted grains
of reduced birefringence plagioclase in a matrix of aphanitic,
reddish or greyish material. The contorted plagioclase frequently
displayé undulous extinction but no closely spaced, parallel

fractures. Plagioclase "grains" are actually domains of ZO-SOFL
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plagioclase crystallites. These domains are about 0.5 - 1 mm in
a dimension and are pseudomorphous after plagioclase grains from
other anorthosites, Crystallites within each domain are in more
or less uniform aligmment and are probably part of the same
original grain. No maskelynite is present in these rocks.

Fuhedral, isotropic garnet grains such as those occurring
in other amorthosites from the massif do not exist in either
Sample G or Sample H. Opaque grains pseudomorphous after garnet
are found in the breccias. Electron beam scans of these opaque
areas in Sample G reveal small blebs of iron and magnesium oxide
surrounded by material of highly variable but approximately garmet
composition. Electron beam scan studies of Sample H reveal a large
number of slightly nickeliferous,iron sulfide balls,
both in the matrix material and imbedded in garnet pseudomorphs
(see Appendix, Samples G and H). The significance of these
iron sulfide balls is unclear, although El Goresy et al. (1968)
have reported pyrrhotite spherules of similar composition imbedded
in glasses from the Ries Basin in Germany.

Aphanitic matrix material comprises about 50% of both
Samples G and H. Contorted mineral fragments are frequently
observed in the aphanitic material.

Correlation of Observed Deformational Features with Shock
Features -~

The features described above are identical to those

produced in laboratory shock-loading experiments and those
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observed in naturally shock-loaded materials occurring at suspected
meteorite impact sites, Similar features have also been observed
in rocks subjected to intense stfess waves produced by nuclear
explosions.
Some of the features observed in these samples have also been
observed in rocks subjected to the static loading conditions

found in geological tectonic enviromments. In contrast, all

of the above-described features have been observed in shock-loaded
materials. Microscopic fractures, kinkbands in biotite, and planar
features in quartz fall into the former category. Diaplectic phases
and planar features in plagioclase have been observed only in shock-
loaded material.

Increases in the frequency of fractures within mineral
grains of experimentally shocked rocks have been observed by Short
(1968). An increased density of microscopic fractures is also
obgerved in shock~metamorphosed rocks from the Ries Basgin in Germany
(#. v. Engelhardt and St8ffler, 1968). Kinkbands similar to those
described in Sample #12-20-8 have been observed in tectonic environ-
ments as well as in laboratory shock experiments (HSrz and Ahrens,
1969). The closely spaced, parallel fractures which were observed
in quartz from Sample #20-7-5 are identical to the planar features
produced in experimentally shock-loaded quartz (Horz, 1968). Fractures
similar.to "planar features" have ‘ been observed in tectonically
deformed rocks and statically loaded quartz (Carter, 1965). Extensive
development of planar features in quartz, however, occurs only In

shock-deformed rocks (Carter, 1968). Plapar feature poles in
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experimentally shocked quartz occur most frequently at angles

of about 23° to the quartz c-axis (Horz, 1968). Planar feature

pole angles to the c-~axis in quartz from rocks of suspected

meteorite impact sites also peak at about 23o (Robertson et al., 1968).
Angles of planar feature poles to the c-axis in quartz measured

in Sample #20-7-5 peak at about 23°.

The closely spaced, parallel fractures observed in plagioclase
from Sample #12-20-8 and the anorthosite (Sample D) have been
observed in rocks from the Ries Basin by Engelhardt and St¥ffler
(1968). These authors have also observed the peculiar tendency
for parallel fractures and low-index material to affect only one
twin orientation of an albite~twinned plagioclase grain. Closely
spaced, parallel fractureé in plagioclase grains have not been
reported from tectonically deformed areas.

Textures such as those observed in the maskelynitized
anorthosite have not been observed in tectonic or volcanic
enviromments. Glasses of roughly plagioclase composition may
be found in rocks that have been completely melted and rapidly
cooled. These volcanic glasses, in which the entire rock is
melted and quenched,are distinctly different from the maskelynite-
bearing rocks found at Manicouagan. In the maskelynitized anorthosite,
non-crystalline plagioclase glass (Bunch et al., 1967) coexists
with crystalline minerals which have retained their original
textures and optical properties. Volcanic glasses are holohyaline

rocks with no crystalline phases.
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In Chapter 2, studies of scapulite which coexists with
maskelynite in the maskelynitized anorthosite are described, The
scapolite is crystalline, apart from containing "planar features"
frequently found in shocked tectosillicates, and exhibits unaltered
optical properties. The fact that scapolite, which incongruently

melts at 860°C (Deer et al., 1963), is ummelted and coexists

with maskelynite of composition An53 suggests that the maskelynite
formed at temperatures below 850°C., Material of An53 composition
must be quenched from temperatures of about 1300°C in order to
form a thermal glass. The apparent low temperature indicated for
maskelynite formation suggests that thés meterial did not result from
" thermal processes., Textures similar to those found in

maskelynitiéed anorthosite from Manicouagan have been produced
by shoqk-loading a specimen of gtillwater gabbro (Milton and
DeCarli, 1963). After having been shocked, the plagioclase of
the gabbro was entirely transformed to a clear, vitreous material.
This vitreous material coexisted with fractured but otherwise
unaltered mafic minerals, Plagioclase glass, coexisting with
unaltered mafic minerals, has alsu been observed ln rocks from
the Ries Basin in Germany, as well as in other suspected meteorite
impact craters. Since maskelynitized rocks are easily produced
by shock processes but are not known to result from thermal processes,
their presence strongly suggests shock deformation.

The striated, conical fractures observed in many of the rock

outcrops in the Manicouagan-Mushalagan structure are identical
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to the "shatter cones" (Dietz, 1959, 1963, and 1968) frequently found at
suspected meteorite impact sites.

The similarity of the microscopié¢ features present in
Manicouagan rocks to the high=-strain-~rate, high-pressure
deformations produced by shock waves very strongly suggests that the
basement rocks of this structure have been subjected to shock-wave
metamorphism. As will be discussed later, the most likely terrestrial
source of shock waves is the impact of a hypervelocity, extra-
terrestrial object. Strain rates in geological tectonic environments
are much smaller than strain rates during shock deformationms.
Extensive microscopic fractures, kinkbands in biotite, and
microscopic planar features in quartz occur predominantly in
shock wave-deformed rocks, but they may also be found in
tectonically deformed rocks. The presence of the features mentioned
above in rock minerals is, therefore, mot incontrovertible evidesce
that the rock has experienced shock-wave deformation. Macroscopic
shatter cone development in rocks and microscopic planar features
in plagioclase, however, have only been observed at suspected
meteorite impact sites (Dietz, 1963; Engelhardt and StSffler, 1968).
Maskelynitized rocks are limited to (1) probable impact sites
where shock metamorphism is suspected to have occurred and (2) to
laboratory shock-loading experiments where the rocks are known to
have been shock metamorphosed. In the basement rocks of the
Manicouagan-Mushalagan Lake structure, the presence of an association
of features which are either (1) known to be exclusive products

ol shock~wave deformations or (2) known to be associated with
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shock~wave deformation leaves little doubt that these rocks have
been subjected to shock metamorphism.

Sevaeral quartz~bearing, shocked gneicses from Units #2 and
#3 were examined for traces of coesite and stishovite using x-ray
diffraction techniques. No traces of these minerals were found.
Such high-pressure polymorphs of quartz might not be present
at Manicouagan because most of the highly shocked rocks (i.e.
those shocked to pressures > 200 kb) are non-quartzose. Thermal
metamorphism of shocked rocks by the overlying monzonite may have
caused any polymorphs origimally produced by the impact to
transform to @@ ~quartz,

E.stimation of Shock Intensity:

(a) General statement., The experimental shock studies
which have been made on various minerals permit at least a semi-
quantitative estimation of shock intensity experienced by a rock
based on observed microscopic features. Fig. 4 is a compilation
of data which pertains to the estimation of shock intensities from
observed deformations. The sources of information are discussed in
the caption. The shock pressuyre estimates based on these features
are shown in the lower entries of the table.

(b) Sample A. The anorthosite exterior to the crater
show no visible signs of shock. It has a fracture density
comparable to that of rocks 40 miles distant from the structure,
The few biotites present displayed no kinkbands. This sample

probably experienced shock pressures lower than 10 kb.
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Bhock Prassures (kilobria)
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FIGURE 4

Correlation of Known Shock Features with

Deformations Observed in Manicouagan Rocks and Minerals

(a) Deformation scheme of Engelhardt and St¥ffler (1968); based

on shocked plagioclase from the Ries Basin,

Stage I, 100~-300 kb: Plagioclase displays bending, undulous extinction
and extensive micro-fracturing. Planar features and regions
of lowered birefringence develop along plarnes (001), (010),

- (100) and (120).

Stage II,'250-550 kb: Diaplectic phases develop. One set of
albite twin lamellae in albite~twinned grains becomes
preferentially isotropized.

Stage III, 500-650 kb: Normal thermal glass, often containing

‘ vesicles, 1s produced,.

Stage IV, 600-1000 kb: Melting of the rock, with development of
heterogeneous rock fragment-melt breccias (Fladlen).
Vaporization of the rock also ocecurs in this pressure range.

(b) Data of Ahrens et_al. (1969). Transformation to maskelynite

in oligoclase begins at about 180 kb; complete transformation to

maskelynite during shock takes place at 417 kb, Post-shock
temperature at 417 kb is 330-400°C.

(c) Observations of shocked stillwater gabbro, Milton and DeCarli

(1963) . Plagioclase (An80) transforms completely to maskelynite at

250-350 kb, At 600~-800 kb, shocked rock contains vesicular thermal

glass quenched from melted plagioclase. Temperatures implied at

600-800 kb by the melting are 1300-1700°C.

(d) Temperature revision of temperature values in (b), Ahrens (1971).

Post-shock temperatures are 209, 606 and 953 °¢ at pressurcs of 180,

272 and 417 kb, respectively. These are probably overestimates of

the post-shock temperatures,

(e) Deformation scheme of Chao et _al. (1970), based on recent

shock~loading experiments with plagioclase, and post-shock temperatures



~75«

in (b). 0-250 kb: microfractures, extinction variation, and mechanical
lamellar twins. 200-300 kb: planar features form in birefringent
plagioclase. 250-350 kb: partial transformation to diaplectic glasses.
Transformation often takes place selectively along one set of twin
lamellae in albite~twinmed grains. 275 - « 600 kb: complete
transformation to diaplectic glass occurs, =+ 500- +~ 1000 kb: flowed
and vesicular plagioclasé glasses occur, 700 - =~ 900 kb: melted rock,
(f) Preferred scheme. Based on the scheme of Chao et al. (1970)
for low pressures but including other data in the pressure region
above 400 kb, 0-200 kb: fracturing, mechanical twinning, and
extinction variations. 200-300 kb: planar features. 200-350 kb:
partial vitrification, transformation to diaplectic phases along one
set of twin lamellae. 250~400 kb: formation of maskelynite.
400~500 kb: ? Disappearance of planar features and development of
low 2V plagioclase. 450~650 kb: local development of thermal glass,
minor plastic deformation, softening and incipient flowage. Based
on the temperature revisions of Ahrems (1971), the softening range
of plagioclase (temp. — 700°C) is probably 500-600 kb rather than
600-700 kb as suspected by Chao et al. (1970). 600-800 kb: plagioclase
melts and flows. Thermal glasses with and without vesicles occur.

> 800 kb: melts and vaporized melts of the total rock,
(g) Quartz deformations after the scheme of Engelhardt and Stoffler
(1968) . Stage I, 100-300 kb: planar features, lower densities and
refractive indices, Stage II, 250-550 kb: transformation to diaplectic
phases., ‘Presence of coesite and stishovite in some glasses.
Stage IIL, 500-650 kb: melting of quartz production of thermal glasses
with or without vesicles. Stage IV, 600-1000 kb melting and flowage
of quartz. Production of fladlen.
(h) Data from HOrz (1968). Planar features in quartz form only above

162 kb shock pressures.
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(i) Quartz deformation scheme of Chao (1968). 0-100 kb: normal
and fractured quartz., 100-200 kb: planar features. 150-350 kb:
planar features with some partially isotropic quarte, 350-450 kb:
diaplectic quartz. 450~600 kb: melted quartz and quartz glass
(lechatlierite), > 600 kb: melted and veslicular quartz,
Lechatlierite: vaporized quartz at highest shock pressures.
(j) Data from HSrz and Ahrens (1969). Lower pressure limit for
the formation of kinkbands is about 9 kb.
(k) Biotite deformation scheme after Chao (1968)., 0-50 kb: normal
biotite. 50-350 kb: biotite with kinkbands and lowered birefringence.
400-500 kb: oxidized, opaque biotite and mixtures of magnetite and
glass. 450-600 kb: chemical 1y heterogeneous mixtures of magnetite,
glass, and melted rock. » 600 kb: melted and vaporized material.
(1) Probable sequence of deformations in garnmet. 0~450 kb:
fracturing of grains occurs. (Planar features observed in this
pressure range in quartz, feldspar and scapolite have not been found
in garnet.) 450-600 kb: the residual temperature of the garmet is
high enough to cause breakdown of the garnmet and cause individual
grains to decompose to a chemically heterogeneous mixture of phases.
Chao (1968) observes similar effects in shocked biotite and
amphibole. Above 600 kb the garnet melfs and flows yielding
distorted grains.
(m) Probable sequence of deformations in scapolite. A parallel
sequence of deformations is observed in scapolite. 0-300 kb:
grains are micro-fractured. 300-450 kb: planar features develop in
scapolite (Wolfe and Hbrz, 1970). 460-600 kb: The scapolite shows
chemical heterogeneity. Scapolite melts incongruently at 860°C
(Deer et al., 1963), hence the post-shock temperature of scapolite
in the pressure range 450-600 kb must exceed this value.
> 600 kb: scapolite grains melt and decompose. Flowage distorts
and elongates grains,

Shock pressure ranges estimated for some of the samples petrograph-
ically studied are indicated in this figure. The pressure assigmments

are discussed in the text.
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(c) Sample D. The slightly shocked anorthosite contained
no maskelynite but displayed abundant micro-fractures and planar
features., Many albite~twinned plagioclase grains with one set
of isotropic or low-index, twin lamellae were observed. This
sample has probably been shocked to between 150 and 250 kb. These
limits correspond roughly to the regime of planar features in
plagioclase suggested by Chao et_al. (1970).

{(d) >Samp1es B and C. Both Samples B and C are totally
maskelynitized anorthosites. Planar features occur in plagioclase
which has not been transformed to maskelynite, but they are absent
from the maskelynite, No flowage or vesiculation is present. Both
scapolite and garnet are chemically homogeneous. Thesé maskelynitized
anorthosites have probably been shocked to pressures between 300
and 400 kb, Three-hundred kilobars is the lower limit for
maskelynite formation (Chao et al., 1970). Although the upper
shock pressure limit of 400 kb, shown in Fig. 4, is somewhat
uncertain, this upper limit is probably less than 500 kb.

Thermal glasses are present above 500 kb (Engelhardt and StBffler,
1968) , and no thermal glass is present in this sample. The data

of Ahrens et al. (1969) suggests that ahove 400 kb the post~shock
temperatures of plagioclase will rapidly increase to > 900°c.
Since scapolite in the rock probably did not reach 90000, the upper

pressure limit for this rock is believed to be about 400 kb,
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(e) Samples E and F. In hand specimen, Samples E and F
show no signs of flowage or wvesiculation. Both of these samples
contain material which has plagioclase composition but very small
optical 2V, This anomalous plagioclase is not maskelynitized,
and no planar features are found. Garnet and scapolite in this
anorthosite both display chemical heterogeneity on a 100’.L scale.
The chemical heterogeneities observed in these minerals are not
observed in Samples A, B, C, or D (see Appendix).

An estimation of the shock pressure experienced by Samples
E and F is difficult to make since the features observed in these
samples have not yet been reported in samples from areas other
than Manicouagan. (Dworak (1970) has also observed similar
uniaxial plagioclase from Manicouagan.,) The shock pressures experienced
by Samples E and F must be higher than those experienced by the
maskelynite samples; the chemical heterogeneity present in garmet
and scapolite implies that these samples experienced higher
temperatures than the maskelynite. The higher temperatures are
presumed to be due to greater shock pressures. A rough assigmment
of the shock pressure is 450-600 kb, The lower pressure limit
of 450 kb is about the upper limit for maskelynite formation;
the uppeir pressure limit of 600 kb corresponds to the pressure at
which significant flowing and vesiculation begin to occur

(Engelhardt and Stoffler, 1968) (see Fig. 4).
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(f) Samples G and H., On a hand specimen scale, both
Samples G and H (breccias) are composed of elongate mineral
fragments which appear to have been softened, These fragments
suggest plastic flow of the rock.

Microscopically, both breccias show textures similar to
those observed in Fladle from the Ries (Engelhardt and Stoffler,
1968). Some grains of plagioclase are decomposed into clusters
of small crystallites, a texture which suggests recrystallization
within the grain. Other plagioclase grains are elongate, bent,
and display undulous extinction. Garnet in these breccias has
apparently undergone quite extensive decomposition during the
shock process.

These features suggest temperatures high enough to softem
plagioclase and decompose garnet but not high enough to produce
total melting and vesicular plagioclase glass. The shock pressure
experienced by these samples is roughly estimated at between 500 and
800 kb. Post~shock temperatures at 500 kb are 700 - 800 oC, the
temperature range in which plagioclase begins to soften (Chao et al.,
1970) . Eight-hundred kilobars is an approximate upper limit for
the shock pressure. At 800 kb, melting and vesicular thermal
glasses would probably be more extensive than they are in these
samples. These samples have textures similar to the fladle of the
Ries. Fladlen are believed to have exerienced shock pressures

of between 600 and 1000 kb (Engelhardt and Stoffler, 1968).
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(g) Sample #12-20-8. Sample #12-20-8 displays planar
features in plagioclase and some isotropic or low-index, brownish
plagioclase, Albite-twinned plagioclase grains often have one
low-index set of twin lamellae. Biotite shows kinkbanding. These
features are roughly comparable to the deformations found in
Sample D of the anorthosite (i.e., deformations which appecar between
150 and 250 kb shock pressure.

(h) Sample #20-7-5. Sample #20-7-5 shows planar features
in nearly every quartz grain, No low-index or isotropic quartz
is present. The planar features are predominantly oriented with
poles incldined about 23° to the quartz c-axis. Planar features
are absent in plagioclase. Chao et al. (1970) suggest that about
200 kb is the lower limit for planar feature formation in
plagioclase. HOrz (1968) observed planar features in quartz
shocked to greater than 162 kb, Based on these observations,
Sample #20-7-5 must have experienced a shock intensity of between
150 and 200 kb.

(i) Sample #13~8-4, Sample #13-8-4 is an autobreccia.
Biotite from this sample is bent and frequently displays kinkbands.
Planar features are absent from both quartz and feldspar. This

rock probably experienced shock pressures of less tham 50 kb,

Correlation of Shock Effects with Position: The center of
the structure is indicated in Fig. 3 with an "X", The underlined
numbers in Fig. 3 are the shock intensities believed to have been
experienced by the sample shown. The shock effects observed in the

basement rocks tend to become more extreme as the point "X" is
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approached. Shock pressures of over 600 kb have been experienced
by some rocks in the central massif, while gneisses on the inner
shore of Manicouagan Lake appear to have been shocked to less
than about 50 kb, Sample #1, which is from an outcrop about four
miles northwest of the morth shore of Mushalagan Lake, experienced
a shock pressure of only 10 kb or less. Samples located more than
five miles from the outer lake shores have no detectable shock-
metamorphic effects. It appears that the outer shores of the two
lakes mark the limit of deformations due to shocks greater than
= 10 kb. Shock pressure isobars in the basement rocks of the

structure probably form concentric rings around the central massif,
An exact correlation of sample location with deformation intensity
cannot be made, however, because of the limited sampling in this
study.

Samples which have been severely deformed often occur only
a short distance from others which show only moderate deformation.
This is especially true of the rocks from the central anorthosite
massif. The variability in shock effects over small distances is
probably due to variations in the effective shock impedance of the
anorthosite massif, Such variations could result from joint planes
and mafic mineral bands.

The general localization of intense shock-metamorphic effects
in the central part of the structure strongly suggests that the
energy source which produced the deformations was centrally

located in the structure rather than being dispersed throughout
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the structure. This centralization of deformations is a requisite
feature of craters which have been formed by meteorites.

Structures, Faults, Joints, and Possible Meteoritic
Material --

Detailed studies of structures in the gneisses and
anorthosites were not made. It was generally observed that the
basement rocks in the area tend to show a rather consistent NW-SE
pattern of toliation. The foliation 1s steeply dipping or vertical.
Alternation of mafic-rich layers and leucocratic layers in the
gneisses is a widespread phenomenon.

It has been suggested by Currie (1965) that Manicouagan and
Mushalagan Lakes are located in fault valleys, The fault valleys
are supposed to be part of a ring fault which surrounds the
structure. The basement rocks near these lakes, however, do not
display cataclastic features, It is therefore thought unlikely
that such a ring fault exists.

Kish (1962) has mapped a very large, normal fault along
the banks of the Hart-Juane River. Some samples from the gabbroic
anorthosite massif just south of the river resemble cataclastic
rocks,

Jointing in the area produces traces which weather prefer-
entially. Preferential weathering aléng joint planes is probably
responsible for the predominance of c¢cliff escarpments with strikes
near 025, 335, 300, and 230 °.

No fragments of meteoritic iron have been found associated

with any of the rock units exposed in the crater, Microscopic
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fragments of Ni-rich iron may occur in the matrix of the shock
breccia unit which underlies the monzonite. In reflected light,
thin sections of this material sometimes show SO}L , spherical,
highly reflective materials., The chemical composition of

these materials, however, is unknown.

As mentioned previously, one anorthosite breccia (Sample H)
contains balls of slightly nickeliferous iron sulfide, The
composition of these balls was determined to be: 50% S, 39% Fe,

1% Ca0, 4% Si02, 5% A1203, and 1% Mg0. (Values as wt. %) This
material is about 93 atomic percent Fes, with about 7 atomic percent
of the material composed of a silicate. The Ni content of these
balls is less than 1%.

It is unclear whether or not this iron sulfide is of extra-

terrestrial origin. E1 Goresy et al. (1968) reported the presence
of a somewhat similar material in glasses from the Ries Crater.
They have observed material of approximately FeS composition
with 0.97% nickel. FeS2 was not found in other anorthosites from
the massif,

Summary of Stratigraphic Relations --

The Structure in General: Units within the Manicouagan-

Mushalagan structure are exposed in an essentially horizontal
sequence. Gremville~type gneiss and anorthosite form the basement
complex of the structure. A thin, discontinuous layer of shock
breccia and limestone blocks unconformably overlies the Precambrian

basement. The thickness of this layer does not exceed 70 feet.



The limestone blocks occur along the interior of the two lakes,
while the shock breccia layer occurs in an annulus which rings
the central massif. Limestone blocks always occur on the
Precambrian basement and have not been observed resting on shock
breccia. The monzonite forms a much thicker layer, up to 800 ft,
thick, which overlies both the shock breccia and the Ordovician
limestone as well as the Precambrian basement gneisses.,

The Monzonite Body: The lower sub~unit of the monzonite

contains many inclusions and appears to grade downward into the
shock breccia. The contact between the monzonite and the
Precambrian basement is sharp and easily distinguishable. On the
outer margins of the monzonite sheet, flow structures are visible
along the contact of the Precambrian gneisses and the fine-grained sub-
unit of the monzonite. The medium~grained monzonite overlies the
fine-grained sub-unit, and it, in turn, is overlain by coarse-
grained monzonite. The upper sub-unit of the monzonite appears to
be the top of the monzonite sequence. No blocks or patches of
non-igneous material, other than glacial till, are found stratigraph-
ically above the monzonite, Glacial boulders of monzonite are

found on the top of the amorthosite body, suggesting that the upper

surface of the monzonite was exposed and being eroded 10,000 years

ago.
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Implications of the Detailed Observations:

General Statement ~--

A broad, regional picture of Grenville Province and a
detailed description of the rock units found in the Manicouagan-
Mushalagan Lakes Structure have now been presented. With this
information, some features of the history of the Manicouagan-
Mushalagan structure can be deduced. In this section, three
questions will be comsidered:

(1) What are the implications of the shock-metamorphic
effects? '

(2) What are the age relations which can be deduced from
the presence of the Ordovician limestone along Manicouagan and
Mushalagan Lakes?

(3) What is the nature of the igneous body of the Manicouagan-
Mushalagan Lakes structure?

Implications of the Shock~Metamorphic Effects --

Meteoritic Impact:

Arguments have already been given which relate the
microscopic, deformational features in the basement to
high-strain-rate, shock~wave deformations. An extraterrestrial
body impacting the earth's surface at velocities of from 10-70 km/sec
will produce shock deformations in rocks around the impact point
(Shoemaker, 1963). For this reason, the presence of shock-deform-
ational features in the basement rocks of the Manicouagan-Mushalagan
Lakes structure suggests that this area has been impacted by a

meteorite, Some considerations, however, should be given to
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the question of whether or not meteorite impact is the only

process which can produce the deformations observed.

The question posed above is essentially the question which
must be answered in determining the origin of the"ecrypto-volcanic"
structures on the earth. These structures are non-volcanic, circular
depressions where no evidence of meteoritic matter exists. Examples of
Yerypto=volcanic” structures in the United States include Wells
Creek, Middleboro, Howell, Sexrpent Mound, and Lhe Manson structure
(Baldwin, 1963). Rocks from these structures show no shock deforma-
tions , but the basins have structural similarities to meteoritic
impact basins. For the purpose of this paper, meteoritic impact
basins are considered to be basins in and around which meteoritic,
nickel-rich iron exists., The meteoritic, nickel-rich iron can
exist either as microscopic, metallic fragments in glass, or in
the form of nickel-iron fragments lying on the ground around
the crater. The Ries Crater in Germany is an example of the first
type of occurrence of nickel irom (El Goresy et al., 1968) while
Meteor Crater in Arizoma is probably the best-known example of the
second type of occurrence (Shoemaker, 1963).

The origin of “erypto-volcanic" structures has been
considered in detail by various authors. Several comprehensive
reviews of this subject are available (Baldwin, 1963; Bucher, 1963;

Dietz, 1963b). No attempt will be made here to comsider all the

mechanisms of formation which have been proposed for the origins
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of these structures.

Three points should be considered if one is to make the
assumption that an internal source of shock waves produced the
rock textures observed at Manicouagan-Mushalagan:

(1) The maskelynitized rocks at Manicouagan would require
pressures of at least 250 kb for formation (Chao et al., 1970;
Milton and DeCarli, 1963). Other rocks from the structure would
require even higher formation pressures.

(2) Pressures of 250 kb are not known to occur in any
surface or near-surface terrestrial'environment. Pressures of
this magnitude are fouﬁd within the earth only at depths of about
1000 km where temperatures are thought to be - 2200°¢C (Stacy, 1969).
The maximum tensile stremgth of any rock is about 25 kb
at 20°%¢ (Clarke, 1969). The tensile strength of all materials
decreases with increasing temperature. It is difficult to see
how pressures of 250 kb, which are prevalent only at depths of
1000 km within the earth, could be contained in any geological material,
transferred to the surface, and suddenly released.

(3) Diatreme formation most closely resembles the elusive
"explosive" eruptions described by Bucher (1963) aﬁd Currie (1965).
Such eruptions are supposed to be the causes of "crypto-volcanic"
structures, Diatremes result when high-pressure gases from vola-
tile~-rich mégmas are ventedvat the earth's surface. The typical
surficial expression of a diatreme is an irregular pipe or plug

of breccia., This breccia contains fragments of the rock which
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the gases have "cored" through during their ascent to the surface
(Shoemaker et _al., 1962).

The observed features present in diatremes are significantly
different from the features observed in "ecrypto-volcanic' structures.
Neither the wall rock around the breccia pipe nor the wall rock
fragments within the breccia display microscopic, shock-metamorphic
features. Exposcd breccia pipes of known diatremes do not cxceed
two miles in diameter; most are less than one-half mile in diameter.
Surface outlines of diatremes are often highly irregular (Wyllie,
1967) rather than nearly circular as are the “crypto-volcanic"
étructures.

It is concluded that no process other than a meteorite

impact produces in surficial rocks the high-pressure,
high-strain-rate deformations which are naturally associated
with meteorite impacts. 1In view of this, it follows that the
rocks of the Manicouagan-Mushalagan Lakes structure have been
shock metamorphosed by the impact of an extra;terrestrial body,

Dimensions of the Original Crater: The present diameter of

the Manicouagan-Mushalagan Lakes structure is about 60 km when
measured between the outer shores of the two lakes. The original
diameter of the structure was larger than its present diameter as
the present erosional surface corresponds to a level below

the original surface of the crater, It has been suggested that
this structure was originally about twice the present diameter

(Murtaugh, 1970; personal communication).,
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The original floor of the crater corresponds roughly to
the bottom of the shock breccia layer. This stra;igraphic level
topographically occurs at about 1300 ft. The shock breccia
layer of Manicouagan now extends discontinuously as far as the
inside of the lakes, i.e. the present shock breccia layer was
originally a continuous layer ~ 46 km in diameter. Using
Brent Crater in Ontario (Dence, 1968) as a scaling model, one
can estimate that the original crater was around 70 km in
diameter. This estimate of the diameter is compatible with the
observation that shock intensities of less than 10 kb were
experienced about 37 km from the structure center, i.e. at the

location of Sample #1.

Since impact craters have similar morphologies (Baldwin,
1963) , estimates of dimensions of the original crater at
Manicouagan can be made by using appropriate scaling laws and
dimensions of well-exposed craters.

Using the depth~to-diameter relation of Baldwin (1949) and
assuming a 70~km original diameter of the crater, the original
depth of the Manicouagan structure must have been about 3.4 km.
Baldwin's revised (1963) depth~to-diameter relationship suggests
an original depth of 5.1 km for a 70-km structure. Beals et al.
(1963) have shown that well-preserved Canadian craters fit Baldwin's
1949 curve more closely than his revised curve. The estimate of

3.4 km for the original depth of the structure is thought most

accurate,
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An order of magnitude estimate for the energy of the body
causing the original crater can also be made. Using the scaling
technique suggested by Shoemaker (1963), which involves scaling
the dimensions and explosive energy of a nuclear explosion crater,
a kinetic energy of 2.5 x 1027 ergs is indicated for the impacting

body. Baldwin (1963) suggests scaling from the known parameters of

chemical explosive craters, His scheme suggests a value
of about 4,7 x 1027 ergs for this enmergy. An estimate of about
4+ 2 x 1027 ergs for the kinetic energy of the impacting body
causing the original 70-km diameter Manicouagan Crater seems most
reasonable.,

Meteorites impact the earth at speeds ranging from
10 km/sec to about 70 km/sec (Millmann, 1963), and an average
speed of an impacting body is taken as about 30 km/sec. Using the
above estimates of energy, the mass of the impacting body can be
inferred to be between 0.25 and 4 x 1015 gm; an average value of
0.9 x 1015 gm is appropriate.

About 92% of the metéorites impacting the earth are stones,
while only 7% are iromns (Brown, 1960), These types of bodies have
densities of 3.6 and 7.8 gm/cm3, respectively, Considering the
above parameters, the body which caused the original Manicouagan
Crater must have been between 0.2 and 0.64 km in radius. A stone
meteorite traveling at 30 km/sec would have been 0.4 km in radius.
If a cometary object impacted the Manicouagan area, this object

was probably about 0.3 km in radius.



-91~

Age Implications of the Ordovician Limestone ~-

The Ordovician limestone which occurs in the Manicouagan-
Mushalagan structure suggests a time "window" during which the
metearitic (or cometary) impact must have accurred.

In the earlier discussion of the Canadian Shield rocks, it
was pointed out that remmants of more extensive sedimentary cover
occur at about a dozen localities on the Canadian Shield. These
sedimentary remmants invariably contain a lowermost member of
Middle or Upper Ordovician age.

Present locations of Ordovician limestone are indicated
in Fig. 5. It can be seen that this limestone occurs on the
borderlands of the Canadian Shield as well as at various localities
throughout the shield. The pattern of occurrence strongly suggests
that the Paleozoic sedimentary outliers on the shield are part of a
once -continuous cover of Ordovician limestone over the shield and
the borderlands. This cover has since been mostly removed from
the shield. The original thickness of this cover and the period
before which the material was erosionally removed is a matter
of speculation.

The existence of the Ordovician limestone at Mamicouagan
attests to the fact that during the Middle Ordovician the sea,
from which deposition took place, covered the present site of
the Manicouagan~Mushalagan Lakes.

The limestone at Manicouagan comprises a rather thin

sequence (75 ft, thick). The outcrops of limestone have been

brecciated and deformed; the bedding
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planes in individual outcrops generally dip away from the center
of the structure at angles ranging from 20-70° (Murtaugh and
Currie, 1969). Microscopically, these limestones show increased
grain twinning which is known to occur in shocked limestone.

The thin, scattcred, ar;d deformed limestone sequence present at
Manicouagan contrasts to the thick, undeformed, horizontally bedded
sequence which would be expected if there had been a meteoritic
impact basin pfesent at Manicouagan previous to Middle Ordovician
time. For example, the Ordovician limestone present at the Brent
Crater (Gilmour Lake) in Ontario forms a flat~lying sequence with
a maximum thickness of 850 ft. (Beals et al,, 1963), The Brent
Crater sequence is what would be expected if the sediments were
deposited in a previously formed impact basin. Limestone outcrops
at Manicouagan were probably once part of a thin, sedimentary
veneer present on the Precambrian surface at the time of the
impact., Although limestomne blocks occurring on the margins
of the impact basin were tilted and deformed during the impact,
they were not moved very far from theilr original locations, The
deformed blocks may have subsequently slumped into the crater, or
they may have been the downwarped part of a ring anticline such
as that present at the Odessa Crater in Texas (Roddy, 1968). In
any event, they were stratigraphically lowered during the impact

and thereby preserved from the general erosion of the surrounding

areas.
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Based on the above considerations, the impact event at
Manicouagan must have taken place after Middle Ordovician time.
The earliest time at which the Manicouagan impact could have
taken place, however, is not very well defined. The sequence at
Manicouagan is quite thin and could have been deposited over a
short time interval, probably less than 15 m.y. (Poole et al.,
1970). It is not clear (1) whether the sediments
present at Manicouagan at the time of impact were the
eroded remnants from a more extensive sequence or (2) whether
the limited succession comprised all that had been originally
deposited after Middle Ordovician time, Since it ie unknowm which
of the above two conditions prevailed, the duration of the time
interval after Middle Ordovician,before which the probable
pre-impact configuration of the rocks at Manicouagan was present,
is unknown. About the best statement which can be made concerning
fhe impact time, on the basls of Lhe stratigraphic evidence, is
that the impact took place after the end of the Ordovician era,
i.e. less than 430 m.y. ago.

The Igneous Body (Monzonite) at Manicouagan --

Association with Shock~Deformed Rocks: The body of igneous

rock present in the Manicougan-Mushalagan Lakes structure forms

a layer up to 800 ft, thick. Its original volume was probably

greater than 700 km3. The igneous rock outcrops entirely within

the circle defined by Manicouagan and Mushalagan Lakes. Since
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these lakes also mark the outer extent of shock-deformational
features, there is a strong suggestion that the shocked rocks and
the igneous rock are genetically related, The nature of this

relationship, however, is not entirely clear.

Stratigraphic Age: Within the crater, the igneous material
sometimes overlies the shock breccia. In other cases, it
overlies scattered outcrops of Ordovician limestone or unconformably
overlies the Precambrian basement rocks. Since the body overlies
the limestone, its age must be less tham 430 m.y. In Part II,
a study of the potassium~argon age of this rock yielded a value
of 210 m.y. which 1s compatible with this stratigraphic age.

Other Igneous Bodies: As was pointed out previously,

Paleozoic, igneous, intrusive or extrusive rocks are not extensive
on the Canadian Shield. Localities at which igneous rocks

( = as rocks solidified from a melt) with ages between 100 and
300 m.y. occur, on and near the Gremville Province, are shown

in Fig. 5. Igneous rocks represented are of very divergent types;
rock types are not differentiated in this figure. Three igneous
occurrences, i.e. Manicouagan-Mushalagan Lakes, Clearwater Lake,

and Mistastin Lake,are other sites of suspected meteorite impacts.

The Question of Extrusive Rock Association: The igneous
materiél ét Manicouagan is not easily classified on the basis
of normal extrusive rock classification, although many cxternal
features of an extrusive, igneous body are exhibited, These

features include: (1) flow structures at its base;
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(2) vesicles in the lower layers of the rock; (3) lack of
evidence along its top of any material that it could have been
intruded into. If this rock is classified according to its
silica content (59%), it could be considered equivalent to an
andesite or a latite (Williams et al,, 1958). The material

at Manicouagan is quite different from andesites or quartz
latites,which are generally encountered, for three reasons:

(1) There is a general lack of porphyritic textures; most

rocks from all of the sub-units appear more or less equigranular.
(2) Although the SiO2 content of the rock is appropriate for

an andesite, its K20 content is much higher and its A1203 content
somewhat lower than the values generally observed in basalt-
andesite~rhyolite associations such as those of the Western
Cascades (Peck et al., 1964). The indications of "dry" conditions
during the crystallization of this “monzonite" include both the
presence of pigeonite and the lack of hydrous phases. Dry
conditions are atypical of the calc~alkali(basalt»andesite~
rhyolite)rock series (Kuno, 1968).

(3) There is an extreme variation in grain size over the 800-ft.
thick section of this rock which is exposed. Fine-grained sub-
units contain holohyaline rocks, while the stratigraphically
higher sub-units contain medium~ and coarse- grained rocks. The
general predominance of medium~ and coarse- grained rocks is
more characteristic of shallow-intrusive rather than extrusive

rocks. Medium- and coarse- grained textures are especially
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anomalous in a surface-cooled material with a SiO2 content (60%)
appropriate to an andesite, The"monzonite" term was chosen for
the rock mainly because of its similarities to a shallow-intrusive

rock.

Theories of Origin of the Body: The fact that the igneous

material present at Manicougan-Mushalagan is limited to the area
bbetween the two lakes has been generally recognized in the theories
of origin suggested for this material. All of these theories are,
naturally, tied to theories concerning the formation of the
depression within the two lakes which the monzonite is confined to.
Four modes of formation have been suggested for the monzonite:
(1) Dence (1968) has suggested that this material may represent
a remelted mass of brecciated and shock-heated rock which collected
in the crater at the time of the meteorite impact. 1In addition to
lightly shocked rocks, which remained relatively cool during the
impact, the breccia is supposed to contain a significant proportion
of material shock heated to super-geological temperatures. The
total thermal energy in the breccia is thought to be sufficient
for complete remelting of the mass. Subsequent cooling and
crystallization of the mass would then produce the igneous material
presently observed,
(2) Another mode of formation has been suggested by Dietz
- (1964) as well as others. In this mode of formation, a magma
is presumed to have ascended along weaknesses in the crust caused

by the meteorite impact. This magma would then have been extruded
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on the floor of the crater within the basin, forming a flat-
lying pool of melt covering the crater floor. The magma then cools
and crystallizes on the surface.

(3) Currie (1965) suggests that the igneous material is a
magma which was extruded during the last phase of violent,
"phreatic", volcanic eruptions. The initial volcanic explosions
which occurred during these eruptions are presumed to have
produced the shock-metamorphic deformations observed in the
basement rocks of the crater. According to Currie, the basin
presently seen resulted frdm the down~dropping of a ring graben.

A more recent, thoughtful discussion of a mechanism similar
to Currie's has been presented by Bostock (1969). Bostock's
discussion deals with the formation of the Clearwater Lake Crater.

(4) Both Hammond (1945) and Rose (1955) believed that the
igneous material at Manicouagan was the result of normal volcanic
processes. Both felt that the structural basin at Manicouagan
resulted from caldera subsidence after the extrusion of the
volcanic material.

The theories of origin for the monzonite body, proposed by
Hammond and Rose,do not account for the presencé'of the shock
deformations found in the basement rocks and must be discarded.

As pointed out earlier, no known geological process other
than meteorite impact can produce conditions necessary for the
formation of the shock deformation features in the Manicouagan

basement rocks. The "phreatic" explosions described by Currie
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(1965) imvolve an unknown geological process, These explosions
do not satisfactorily account for the shock-deformation features
present in the basement rocks. Since the "phreatic" eruptions do
not account for the observed features at Manicouagan, this theory
of formation must be rejected.

The first two suggested origins of the body are the most
probable, Both imvolve the impact of a meteorite, and this
accounts for the shock-deformational features present in the
basement rocks at Manicouagan. The two mechanisms differ,
however, concerning the extent to which the impact is involved
in the formation of the igneous body. In the first case, the
meteoritic impact supplies the energy which brecciates, mixes,
and melts the rocks in the crater to form the monzonite. In
the second case, the molten monzonite is produced by terrestrial
thermal processes, but its emplacement is controlled by features
which are due to the meteoritic impact.

Implications of the Shock-melt Origin of the Monzonite: If

the assumption is made that the Manicouagan body resulted from
the collection, melting, and recrystallization of shock breccias
within the crater, then: (1) The composition of the igneous
material should represent the average composition of the

original basement rocks excavated from the crater. (2) The
impactite melt would be expected to contain some partially assimi~
lated inclusions of shock-deformed basement rocks, especially in
the more rapidly cooled lower parts of the body. (3) The

monzonite would not necessarily be related to other igneous
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rocks on the Canadian Shield. (4) The mineral sssemblage
present in the igneous material should represent an equilibrium
mineral assemblage, crystallized from a pool of completely molten
rock, under conditions of 1 bar total pressure and 0.2 atm partial
pressure of oxygen. The initial temperature of this melt is

a function of the amouynt of energy generated by the impact and

is not dependent upon the thermal regime of the earth. The melt,
therefore, may have originally possessed a temperature significantly
greater than the 1000-1200°C temperature which is typical of
extrusive lavas. (5) The crystallization age of the igneous
material would closely represent the time of the meteoritic

impact and shock metamorphism. There could be a time difference
of a few million years, at most, between the impact time and the
age of the body. This time would be required for the cooling of
the impactite melt from its original temperature to an argon-

retentive temperature,

Implications of the Impact-induced Volcanism Origin of the

Monzonite: If the monzonite of Manicouagan is derived from a
magmatic material whose emplacement is affected and not caused
by the meteoritic impact, then: (1) the composition of the body
might or might not resemble the composition of a melt derived
from excavated country rocks. One might reasonably expect the
body to resemble igneous material commonly observed at other
locations on the Canadian Shield, e.g. tholeiitic diabase. The

composition of the original magma, however, could have undergone
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significant alteration by assimilation of rock near the crater
during its emplacement. (2) The crystallization age of the
body could be more than a few million years younger tham the
time of shock mctamorphiesm. (3) The age of the monzonite
would probably be more or less contemporaneous with other
extrusive rock found on or near the Canadian Shield. Some
tectonic feature which controls the emplacement of both the
Manicouagan body and other contemporaneous igneous bodies
would probably be present but might be difficult to recognize,
(4) The mineralogy of the monzonite would probably be similar
to the mineralogy of extrusive volcanic rocks and would represent
subsurface equilibrium conditions., Initial temperatures of
the material would fall in the 1000~1200°¢ range.

Evaluation of the Evidence: It is difflicult to assess,

with the information presently at hand, which set of features
listed above best describes the igneous material at Manicouagan.
Part of this difficulty is due to the fact that much uncertainty
exists concerning the formation conditions of magmas and impact
melts. The temperatures and oxygen fugacities which exist in a
cooling impact melt may not differ significantly from those
which exist in an extruded magma cooled on the earth's surface.
If this is true, the two different mechanisms of formation

suggested for the monzonite would yield very similar rocks.

In spite of the above difficulties, an evaluation of the monzonite

with respect to the above criteria will be attempted.
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An average composition of the rocks which would have been
excavated from this crater during a meteorite impact has been
determined by Currie (1971). Currie claims that the composition
of the monzonite differs significantly from the average of bascment
rocks in the crater. The compositional differences which he
alludes to are small, and insufficient data are presented with
which to fully justify his conclusion. The chemical composition
of the monzonite is much more silicic and potassic than that of
tholeiite which is the most frequently observed igneous rock on
the Canadian Shield, It is possible to imagine some process
whereby material of originally basaltic or tholeiitic composition
assimilates granitic rock and changes in composition until it has
a chemical composition close to that of the monzonite. There is,
however, no a priori reason to believe that this mechanism took
place.

The lowermost layers of the monzonite contain abundant
inclusions of shock~deformed basement rocks. These are enveloped
in a matrix of fine~grained, igneous material. The inclusions are
_interpreted by advocates of the ""shock-melt" hypothesis as being
shocked rock fragments which have been only partly assimilated
in the rapidly cooled part of the body. It is also possible
to interpret these inclusions as being fragments of shocked rock
entrained by the first extrusive flows of the igneoﬁs material.

In principle, it should be possible to distinguish critical

features of the history of the monzonite body at Manicouagan by
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the mineralogy of the monzonite., In practice, however, this is often
difficult to do. Mineralogical studies of this body have not been
extenéively pursued, and further work along these lines may clarify
the nature of this body.

Although the three sub-units of the monzonite have different
grain sizes, they have uniform mineralogical compositions. Feldspars
consist of laths of plagioclase (An55) jacketed with sanidine
(Or50 - Or70). Pyroxenes consist of augite, pigeonite, and
hypersthene; the latter two are chemically identical. Magnetite-
ilmenite intergrowths and quartz are secondary phases. The
Mg/Mg + Fe ratio for pigeonite and hypersthene is about 0.67,
while for the augite this ratio is about 0,73. These values
of the magnesium distribution coefficient fall on a curve of
distribution coefficients determined for coexisting pyroxemes in
extrusive and intrusive rocks (Kretz, 1963). The above values
are compatible with a crystallization temperature of 900-1100°C
for the monzonite. The pyroxene compositions are compatible with
the original formation of the monzonite body, having taken place
in a subsurface enviromment similar to that in which other
intrusive and extrusive rocks form. It is not known, however,
whether pyroxenes of these compositions could also crystallize from
a melt that formed and cooled entirely on the surface.

The igneous material at Manicouagan contains abundant magnetite-
ilmenite intergrowths. Magnetite-lUlvospinel, solid solutions are

the original forms of these magnetite~ilmenite intergrowths.
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The original solid solutions form under very low oxygen fugacities

present in the crust (Buddington and Lindsley, 1964). Hematite
would be the stable iron oxide if the monzonite had crystallized
on the surface exposed to atmospheric oxygen (MacChesney and
Muan, 1959).

Horz (1965) has shown that impact breccias from the Ries
Crater undergo a rapid oxidation of FeQ to FeZO3 when heated in
the atmosphere. Shock breccia aggregates would be expected to
contain mostly Fe+3 iron since these have been at an elevated
temperature, during cooling, while exposed to atmospheric oxygen.
Chemical analyses of shock breccias from Manicouagan show a
much higher Fe+3/Fe+2 atemic ratio than do the original basement
rocks from which the breccias form ( see Currie  (1971), his
pseudotachylite = shock breeccia ~- Table 4). These observations
suggest that shock breccias in real craters will contain iron
predominantly in the Fe+3 oxidation state and hematite as the
normative iron oxide, The fact that magnetite exists as a stable
phase in the monzonite suggests that the original formation
of this material took place in a subsurface enviromment with
PO, ~ 10~10 atm rather than at the surface where PO2 = 0.2,

When observed in the field, the presence of magnetite rather
than hematite in the monzonite body is evidenced by the black,
not red, color of rocks from this unit. The underlying shock
hroceta, which cooled on the surface, is red suggesting that the

fron oxide in the shock breccia is hematite rather than magnetite.
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The possible association of the Manicouagan body with other
igneous occurrences on the shield is 2 matter for debate. The
sites at which igneous activity occurred between 100 and 300 m.y.
ago are shown in Fig, 5. Crosses with dots below them indicate
activity in the 190-220 m,y. range. There seems to be a weak
clustering of Triassic events around the southeastern edge of the
shield, but no compelling correlation existe between the Manicouagan
igneous body and other Triassic events,

Triassic and Jurassac intrusive diabases are widespread
along the eastern edge of North America and along the western
edge of Africa (May, 1971). May has correlated Triassic dikes
in eastern North America as far north as Nova Scotia. His correl~
ation can be continued further mnorth to the 207 m.y. dike on
Prince Edward Island (Poole et al., 1971). An extension of the
dike pattern even further northward may become evident with new
data on the Arctic regions, Although a correlation of the igneous
material at Manicouagan with this widespread system of Triassic-
Jurassic intrusive bodies is possible, such a correlation is
presently speculative.

Mistastin Lake in Labrador, which is another suspected
meteoritic impact site, contains igneous material which overlies
shocked basement rocks., The structure has a diameter of about
26 km and presents many similarities to the Manicouagan structure
(Taylor and Dence, 1969)., The Mistastin Lake igneous material

has a chemical composition only slightly less silicic and potassic
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than the Manicouagan monzonite (Currie, 1971). The igneous

rock at Mistastin Lake has a potassium-argon age of 202 m.y.
{(Taylor and Dence, 1969). As is the case with Manicouagan, this
igneous body might also be hypothetically correlated with the
diabase dike system suggested by May (1971).

An attempt has been made to determine the time of shock
metamorphism of the basement rocks. This attempt is discussed
in the second part of this thesis., The data suggests that
the shock event took place between 70 and 100 m.y. before
the monzonite crystallized, but it was not possible to uniquely
define a shock age. Extreme values obtained for the shock age
could be interpreted as indicating that the time of shock
metamorphism and the crystallization age of the monzonite are
the same, If the shock~metamorphic event and the monzonite

have discernibly different ages, then the monzonite must
have originated from volcanic processes with its emplacement
controlled by crustal weaknesses caused by fhe impact. If the
age determined for the shock metamorphism and the monzonite
crystallization age appear identical, then formation of the
monzonite from an impact melt seems most likely. In the latter
case, the possibility still exists that the monzonite was extruded
very shortly after the impact, Considering the precision of
the potassium~argon analyses, an interval of ~ 10 m.y. between

the two events would not be discernible.
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Possible History of the Crater: A reasonably complete

geological history of the structure can be constructed with
the information currently available, Unfortunately, several
important details of this history still remain uncertain.

After the regional metamorphism during the Grenville
Orogeny, and subsequent erosion, a thin layer of limestone
was deposited at the site of the present structure. This
occurred about 440 m.y. ago (Middle Oxdovician). At some time
between 210 and 440 m,y. ago, the site was impacted by an extra-
terrestrial body. This impact left a flat-bottomed basin about
70 km in diameter with a central depth of about 3.4 km. On the
inside edges of this basin, an irregular band of brecciated
and upturned limestone remained from the previous sedimentary
veneer,

Opinions diverge concerning the appearance of the crater
after the impact. Advocates of the "impact melt" theory
claim that the floor of the crater was partly covered with a
pool of melted rock about 1 km deep, According to this view,
there was a central uplift in the central part of the crater,
and the pool of melt formed an annular ring around this.
Subsequent cooling and crystallization of the melt pool produced
the igneous rock which is presently found within the crater,
Erosion has deeply dissected the monzonite, and drainages which
developed around the edges of the melt pool presently form

Manicouagan and Mushalagan Lakes.
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An alternative theory of the crater history after the impact
which is thought to be more likely follows. Some aspects of the
crater history according to this view are speculative and must be
inferred from scanty evidence. This view of the crater history
postulates that the original breccia layer which covered the crater
floor was much thinner (about 50-100 meters). This breccia layer
contained some shock-melted material but was not totally molten.
After the impact event, the resultant basin may have bhad a central
uplift and probably became a large circular lake. Isostatic
uplift of the structure which took place over a period of -105 years
resulted in this lake becoming progressively shallower at its
center. Concurrently, valleys were being cut in the original crater
rims by streams draining both into and away from the original basin.
At some time well after the impact event, these valleys
had become deep enough so that drainage out of the basin occurred.
The breaching of the crater rim caused drainage of the lake
then present, and erosion of the newly exposed crater floor began.
Central parts of the crater were more heavily eroded since
isostatic uplift was greater in the central regions of the basin
than along the margins of the basin.

According to the "impact-induced volcanism”" theory, the
impact took place sbout 280-310 m.y. ago, and erosional and isostatic
modification of the original crater took place for some unknown
period after this. During this period, the original basin was

modified to a ring-shaped depression which resulted from the
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central floor of the original basin bulging upward.

At around 210 m.y. ago, a fairly large amount of tholeiitic
magma was mobilized below the crust. This is evidenced by the
large number of Triassic intrusive bodies along eastern North
America. Some of this magma ascended along structural weaknesses
below the Manicouagan Crater site. During its ascent this magma,
which may have been tholeiitic originally, assimilated a fairly
large amount of crustal, granitic composition material; the
final composition of the material became andesitic. The
Manicouagan magma reached the surface about 210 m.y. ago, probably
with a large proportion of the material partially crystallized,
Initial flows of the material entrained fragments of the shocked
Grenville Province basement rocks; these flows cooled rapidly
.and formed the lower, fine~grained sub-~unit of the monzonite,

The fissures from which these flows were erupted were located
in the central part of the structure, Subsequent flows of
"monzonite" overlaid the original flows. The flows were
confined to a roughly anmular depression around the central,
uplifted part of the original crater floor.

After the emplacement of the monzonite, erosional dissection
of the original body began.

Much of the drainage in the crater was away from the central
part of the structure; the drainage out of the crater developed
along a set of valleys between the outer limit of the monzonite
body and the remains of the inner walls of the originmal crater

depression, These valleys have persisted to the present and today
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form the elongate, arcuste Manicouagan and Mushalagan Lakes. These
two elongate lakes,which are essentially wide, deep rivers,

have developed preferentially.along joint directions common

in the region. This preferential erosion along joint plamnes
resultéd in the present, roughly octagonal form of the lakes.

The Geochronological Problem: The previous discussion

presents sufficient background to raise the question which is
fundamental in deciding between the (two) formation modes
discussed above; At what time were the Gremville-type basement
rocks'deforméd, and how does this time compare with the
crystallization time of the monzonite? The experimental effort
made to answer this is discussed in Part II., In brief, it involves
(1) the selection of various samples of deformed basement rocks
which had been apparently unaffected by the thermal effects of
the monzonite and (2) the subsequent determination of their
isotopic ages. The age comnverged upon by the most highly deformed
samples is presumably the age of this "shock"~deformation event.
Rocks from the anorthosite massif, which has the best~defined
sequence of deformations, were used for the "shock sequence",
Rocks from the anorthosite unit also display the least visible
thermal effects due to the monzonite. This "“shock" age was then
compared with the isotopic age of the monzonite. The relationship
betwéen the ages would hopefully enable an accurate and complete

discussion of the history of this crater to be made.
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CHAPTER 2

*
Shock Effects in Scapolite

Various minerals, when subjected to the high
pressures and strain rates of shock waves, develop unique
deformation features so far not observed in any endogenous
or exogenous geological process but meteorite impact. The
generél trends of progressive shock deformation have been
well documented, and various stages of shock metamorphism
can be established (StOffler, 1966; Chao, 1967; Dence, 1968).
Tectosilicates such as quartz.and feldspar exhibit a variety
of deformation features which are used as diagnostic criteria
for the degree of shock damage. However, detailed knowledge
of other mineral species is either scarce or completely missing.

In order to more specifically study the deformations
observed in basement rocks of the Manicouagan structure, the
maskelynitized anorthosite was closely compared with anorthosite
exterior to the crater which appears extremely similar in mincral
textures and mineral composition. In the maskelynitized anortho-
sites,closely spaced parallel fractures occur in some untransformed
regions of plagioclase grains and in some scapolite grains. This
chapter describes some deformation features in scapolite from the
central anorthositc of the Manicouagan-Mushalagan Lakes structure

in Quebec, Canada (see also Dworak, 1969). This mineral was

* Most of this chapter is taken from "“Shock Effects in Scapolite"
by Stephen H. Wolfe and Fred HO6rz, Amer. Mineral. 55 (1970),
1313-1328.
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investigated, using standard universal stage, electron microprobe
and Debye-Scherrer x-~ray techniques; the enveloping maskelynite
was also microprobe analyzed and compared with plagioclase from
exterior anorthosites as part of this study. The gemneral features
of the unaltered anorthosite and the maskelynitized anorthosite,
in which these scapolites are found, are described in Chapter 1.
Sample Description:

Fig. 2 (Chapter 1) shows the géneral geological
setting of the Manicouagan structure, as well as the locations
of the anorthosites studied. The geology has been discussed as
well as the regional setting of the anorthosites. Anorthosite
from both inside and outside the structure is about 85% plagio-
clase (AnSS-SS)’ the grains generally showing a bimodal size
distribution with means about 0.5 and 1.5 mm. Larger grains are
mostly albite and Carlsbad twinned (see Appendix -- Samples A, B,
and C). Clinopyroxene (approximately Ca‘4 Fe.zMg.4 Si03) is
present in l-mm grains which are often rimmed by subhedral or
euhedral grains of garnet. Feldspar, of more potassic or morc
sodic composition, is present in minor amounts as small, elongate
grains along the edges of the plagioclase. Scapolite is a
rather frequent accessory mineral with rounded, subhedral
grains generally 0,5 to 1 mm in size. Apatite, as well as some
hornblende and biotite, are present in minor amounts.

Anorthosite ihside the crater shows all stages of

shock metamorphism from the merely fractured to the shock-melted
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stage. In a few localities in the central anorthosite massif,
the material is strikingly altered (Wolfe, 1966), and about 99 %
of the plagioclase has been transformed to a water-clear glass
of high refractive index, i.e. maskelynite (Tschermak, 1872;
Duke, 1968), "diaplectic" feldspar glass (v. Engelhardt et al.,
1967) , or "thetomorphic" feldspar (Chao, 1967). This Manicouagan
material has been described by Bunch et al. (1967).

Optical Studies:

About 50% of the scapolite which occurs in the
isotropic material from the center of the structure exhibits
closely spaced sets of planar features resembling those known
from shocked quartz and feldspars, This scapolite is optically
very uniform with no evidence of reduced birefringence or
extensive fractufing, although undulous extinction is sometimes
observed. For the most part, scapolite from both inside and
outside the crater appears nearly identical. Measurements of
refractive indices obtained on isolated grains with immersion
techniques are listed in Table 1. An appreciable amount of
scapolite in the central anorthosite exhibits sets of plamar
features. .One and two sets occur frequently (both shocked
grains used for index determination displayed two sets of planar
features), while grains with three sets are rare; These
features (see Fig. 1) are identical to "planar features"
(Carter, 1968), "planar elements" (v. Engelhardt and Bertsch,

1969), or "shock lamellae" (Chao, 1967). They are of the
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undecorated type. As in quartz and feldspar (see French and
Short, 1968; Stoffler, 1967), most of the measured inclinations
of planar feature poles to the optié (c-axis) in scapolite
coincide with angles of rational crystallographic planes (Fig. 2).
The majority of planar features in scapolite occur along planes
of thé general crystallographic form (001), {102}, {10Q and
{100} .

| "~ In order to identify the specific crystallographic
directiéns of these features, inclination meésurements and
angular relations in the aximuth plane have been plotted on a
stereonet.for grains with two or three sets of planar features
(Fig. 3) (about 65% of all the measured grains). Grains showing
only one set of features were omitted since their azimuth
values are ambiguous. Plots for grainé with two or three sets
of planar features retain the angular relations between the
measured elements, Unfortunately, these scapolites displayed
no prominent cleavage which would have allowed orienting each
individual stereoplot with the (100) pole (the prominent
cleavage direction of scapolite). We, therefore, arbitrarily
decided to have at least one of the measured features coincide
with the qu] zone; the measured inclinations to the optical

axis suggested preference of the [bld] zone over the Bld]

zone.,
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Accordingly, we could demonstrate (éee Fig. 2) that planar
features in scapolite are parallel to the planes (100), (101),
(102), (001) or their symmetrically equivalent forms. The only
features parallel to planes of the Elé] zone seem to be of the
type (110). Table 2 shows the absolute and relative frequencies
of planmar features using the data reduction scheme of v. Engelhardt
et al. (1968).

Chemical Composition:

Chemical compositions of coexisting scapolite and plagioclase
in boﬁh shocked and unshocked anorthosite were determined using
an ARL-EMX electron microprobe. Both phases were analyzed in each
of three shocked and two unshocked rocks. For samples #41-#44, three
scapolite and two to three plagioclase grains were analyzed, while
for samples #48 and #50 only one grain of each phase was run.
Each analysis consits of data averages from approximately six
ZOFLZ areas of the grain; mineral standards were used and oxide

contents were determined (for SO, anhydrite with 58.81 % SO3

3
was the standard used). Data obtained, after correcting for
backgroyund and deadtime, were reduced to oxide contents using the
procedure of Bence and Albee (1968).

The averages of the grains analyzed in each sample are
shown in Table 3, as well as standard deviations (in percent)
calculated from the observed variations among grains in the same

sample, The scapolite data are also shown in terms of the

normalization: Si + Al = 12,00 atoms, as suggested by Evans et al.
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TABLE 2.

*
Frequencies of Planar Features in Scapolite

A B c D E
{100} 135 35 50.0 25.9 36.5
{101} 140 8 11.4 5.7 7.9
{102} 140 17 24.3 12.1 17.1
(001) 34 9 12.9 26,5 37.4
{110} 136 1 1.4 0.7 1.0
70 100.0 70.9 99.9

For data reduction scheme, see v. Engelhardt et al. (1968).

A = Number of observable planes after correcting for blind
¢ircle of universal stage.

B = Number of actually observed planar features.
C = (B/ZB) . 100 = Apparent frequency.

D = (B/A) - 100 = Unnormalized probability.
E = (D/ZD) * 100 = True frequency or probability.
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(1969) . The number of Ca, Si, Ca + Na + K (= S W site) and S
atoms, as well as the meionite contents, are also shown. These
values are averages of values observed for grains in the same
sample. The 002 values shown are not measured, but they are

estimated from the stoichiometry proposed by Evans et al. (1969)

(C+8 = (Ca ; Sr) )

This procedure is used in order to estimate the total oxide
content, exclusive of HZO; contents of from 0 to 1.3 percent
are indicated. The analyses indicate a value of Me72n79 which
is in good agreement with the réfractive indices and the

29400 - 29112 calculated from the Debya-Schefrer patterns
(see Table 1).

These analyses, with the exception of #41, #48, and the
low sulfur areas of #50, are in good agreement with the stoichiom-
etry of Evans et al. (1969); #48 and #41 show somewhat lower W
site summations than those normally observed by Evans (3.92 - 4.06),
but #50 is quite anomalous.

Sample #50 is an anorthosite which appears to have been
more severely shocked, or at least to have attained a higher
temperature, than either #41 or #44 (see Appendix -- SampleE).

It was analyzed to check for selective volatilization at higher
shock intensities.” The plagioclase appears to have melied and
produced a thermal glass along the grain boundaries, and the

plagioclase grains themselves display anomalous optical character-

istics with 2V ranging from 30 to 0 degrees (cf. normal An55 has
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2V ~ 800). The garnets in this sample are very heterogeneous
with localized concentrations of Fe, Ca, Mg and Al on a ZO}L to
50 }L scale. The scapolite grains are also heterogeneous with
areas 10 H to 40 v in dimension containing 7.5 % 50, ("high s"
areas in Table 3), while other parts of the grain ("low S" areas)
have non~detectable 303 concentrations., This heterogeneitry in
the scapolite and garnet is not observed in the unshocked anortho-
sites or in the maskelynitized samples (#41, #44 and #48). The
high sulfur areas of the scapolite in #50 conform well to the
stoichiometric relations, but the low sulfur areas do not. It
is not clear what these low sulfur areas are; they may represent
some intermediate breakdown stage of scapolite.

Sample #48 is cut from a chip adjacent to #41 and was
analyzed to see if the anomalies in #41 are real; they appear
to be.

From this data, it is evident that the compositions of
plagiociase and scapolite, in both the maskelynitized and
unshocked anorthosites, are not grossly different and, in fact,
are quiﬁe similar. The differences that exist do not appear to
be systematic. The lower Na,0 and SO, contents of #41, compared

2 3
to #42 and #43, might be attributed to some process of selective

volatilization, but the KZO content is not lower, and the
scapolite SO3 content in #44, which is similarly shocked, is
higher than in #42. 1In #50, both Na,0 and K,0 contents are

similar to the unshocked rocks, and heterogeneities in 503 content
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rather than general volatile losscs are observed.

A more likely interpretation of the data would be that
the composition of phases in both the shocked and unshocked
rocks are roughly similar and that the variations observed are
mainly due not to the shock metamorphism but to preexisting
variations in the anorthosite massif. Any selective volatili-
zation at shock intensities which produce maskelynite has,
at most, marginal effects on chemical composition. Production
of heterogeneous phases seems to occur before systematic
volatile loss takes place.

Experimentally produced shock waves of 300-450 kb
amplitude are known to produce isotopic feldspar phases
(Milton and DeCarli, 1963). Neither the short "in-shock"

temperature pulse of 400-500°¢C (Ahrens et al., 1969), nor the

residual temperature of the material ( ~ 10000) is sufficient
to selectively alter the composition of these minerals
(see, also, Duke, 1968)..

Cell Parameters and Other X-Ray Data:

Scapolite grains werc picked from shocked and unshocked
anorthosite and crushed to a fine powder. X-ray patterns were
obtained using Cu KCl radiation in a 1l4-mm camera. These
photographs are shown in Fig. 4. It can be seen that shocked
and unshocked material appear quite similar except for the
abscnce of high-angle "back™ reflections in the shocked material.

The weakening or disappearance of back reflections is observed
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in cold-worked metals (Cullity, 1959), as well as in shocked
quartz (Chao, 1968; Dachille et _al., 1968; Bunch, 1968) as a
result of destruction of the crystal's long-range order. The
cell parameters for both the shocked and unshocked materials
are given in Table 1. The values are near those reported for
the meionite and member of the series and, as such, agree with
other parameters observed for this material.

Discussion and Conclusions?

As has been mentioned earlier, anorthosite inside and
outside the crater is believed to have formed at the same time
and to have been shock metamorphosed at a later time. Scapolite
is probably primary, having been formed during the Grenville
metamorphism and was present previous to the shock event.

The presence of planar features in the plagioclase and
pyroxenes and the presence of diaplectic feldspar phases
(v. Engelhardt, 1967) is felt to be convincing evidence that
the anorthosite within the structure has been shock metamorphosed.
The closely spaced planar features in scapolite afe identical
to those reported from other silicates, the shock origin of
which has been demonstrated in the laboratory by Short (196€8),
Miller and Defourneaux (1968) and HOrz (1968).

Recovery shock experiments by Milton and DeCarli (1963)
on feldspar (250-350 kb) and equation of state data of Ahrens
et_al., (1969) indicate that diaplectic feldspar glasses form in

response to shock pressures in the range of 300-400 kb. Ahrens
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et al. give 300 kb as the lower limit for the formation of
diaplectic glasses and 450 kb as the pressure at which melting
begins. Genuine melting was not observed in samples #41, #44
or #48,., These data and the highly fractured condition of the
coexisting pyroxenes (Carter, Raleigh and DeCarli, 1968)
indicate that the anorthosite was probably shocked to about
400 kb. Compared to plagioclase, which is completely trans-
formed to diaplectic giass at these pressures, scapolite shows
only minor shock damage., This is quite surprising; one might
expect it to show similar behavior since scapolite and plagio-
clase have many structural similarities,

Both tectosilicates are composed of tetrahedra of four
coordinated Al and Si atoms. If scapolite is viewed along
the c-axis and plagioclase along a direction parallel to the
a-axis, they are both seen to consist of stacks of four-membered
rings of AlO4 and SiO4 tetrahedra which are linked in directions
perpendicular to the stacking axes. The Ca, Na and K ions
are located approximately on planes which run parallel to the
stacking axes and between adjacent rows of stacks, When viewed
in these directions, scapolite displays its fourfold rotation
axis, and plagioclase is seen to have very nearly tetragonal
symmetry. The rnai.n difference between the two structures is
that in scapolite alternate stacks of rings are found to consist
of only one-half as many four-membered rings in the stack. The

resulting cavities in these stacks are filled with ions such as
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c1”, ¥, Co,, S0, (Fapike and Stephenson, 1966; Papike and
Zoltai, 1965; and Deer et al., 1963). 1In contrast to plagioclase,
shocked scapolite in Manicéuagan anorthosite is not vitreous
and shows essentially unchanged cell parameters,vindices of
refraction, birefringence and chemical composition. As far as
can be ascertained, the only changes that took place during
shock deformation were development of planar features and erasure
of the back reflections in the Debye-Scherrer powder patterns.

Three possible explanations for this apparent anomaly are:
(1) There might be a gross shock (acoustical) impedance mismatch
between scapolite and plagioclase such that scapolite actually
experienced much lower shock pressures than did the enveloping
plagioclase.

(2) It is possible that scapolite is more resistant to shock
deformation than is plagioclase, with the ionic sublattice
acting as a "stabilizer",

(3) The presence of ionic bonds (i.e. Ca - CO3 or Na - Cl) in
scapolite tends to make the mineral behave in a plastic fashion.
These bonds would ease gliding and increase recrystallization
rates, thus preventing total lattice breakdown.

In view of the underlying structural similarities of
scapolite and plagioclase and the small density differences
(about 27), the first explanation seems unlikely, but it cannot
be discérded until elastic constants and equation of state data

for scapolite are known. These data are not presently available.
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TABLE 4

Frequencies (Count %) of Planar Features

in Grains Displaying One, Two, or Three

Sets of Planar Features

No. of Crystallographic Orientations

Grains {100} {104 {102} (001) {110} Irrational

1 set
2 sets

3 sets

17 71 6 23 0 0 Q0
25 36 12 18 14 2 18
4 50 8 25 17 0 0
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Structural similarities and similar hardnesses seem to exclude
large strength differences between the two, an indication that
the second suggestion is unlikely as well. Due to the lack of
more information about scapqlite, the last explanation seems
most likely at the present.

It has been shown (Miller and Defourneaux, 1968;
Robertson et al., 1968; HOrz, 1968) that quartz develops
‘differing sets of planar features with differing shock pressures.
The data for scapolites, presented here, indicate that this
mineral may also show such behavior. If the reasonable assumption
is made that in a given rock progressively fewer grains experience
shock pressures of increasing intensity, theﬁ the data of Table
4 suggest that,as scapolite undergoes progressively higher
shock pressures, planes with face poles at lower inclinations
to the c-axis become populated with planar features, i.e.

(101) and (102). This behavior is similar to that observed
in quartz. If scapolite were an abundant rock-forming
mineral, it might conceivably be used to establish a shock
metamorphic subclass in the 300 ~ 400 kb range with planes
parallel to (100) appearing first, followed by a variety of‘
other planes.

The data in Table 5 for scapolite, plagioclase and
quartz strongly suggest that there is a basic difference
between the formation mechanisms of cleavage and planar

features. Various authors (Carter, 1968; v. Engelhardt and
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Bertsch, 1969) have discussed the optical characteristics
which distinguish these two types of planar elements. In
scapolite it is observed that cleavage takes place along
planes with low numbers of Si-O bonds per unit area.
Planar features, on the other hand, oécur frequently along
planes with high Si~0 bond densities. This behavior is
similar to that observed in plagioclase (Stoffler, 1967)
and quartz (Robertson, et al., 1968; H&rz, 1968) . Table 5
lists the relative tendencies for formation of frequently
observed cleavages and planar features iIn scapolite,
plggioclase and quartz, and bond densities along the planes
involved.

Some authors have suggested that slip or glide mechanisms
are responsible for the formation of planar features (Chao,
1968; Carter, 1968; v. Engelhardt and Bertsch, 1969). This
theory is compatible with the experiments of Horz (1968) and
Miller and Defourneaux (1968) who found that in quartz,
planar featurcs form only under shock pressures of amplitudes
greater than 120 kb, Therefore, their formation occurs outside
the elastic region of quartz (Hugoniot Elastic Limit ~ 100 - 110 kb,
Wackerle, 1962). This hypothesis is supported by the obser-
vation that,for silicates, planes with high Si-0 bond densities
are, in general, planes along which the lattice repeat distance

is the shortest, and, in analogy with metals, slip would be
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TABLE 5,

Cleavages, Planar Features, and Si~O Bond
Densities for Scapolite, Plagioclase and Quartz

Plane Cleavage ilgggies Si;goBEn?S/
(Data from this paper)
(100) Excellent 34 3.01
(110) Good 1 4.26
SCAPOLITE (001)  None 38 5.44
(101)  None 10 4,62
(102) None 16 5.23
T (Data from Stoffler, 1967)
(100) None 10 6.62
(010)  Good 11 3.84
PLAGIOCLASE.  (001)  Perfect 25 3.82
(120) None 10 4,35
(110) Poor 0 3.85
A B A B
(0001) 37 26 31 22 9.60
(1010) 4  -- 2 - 7.55
QUARTZ (0iz) 5 2 % 15 8.15
(1013) 3 2 38 44 8.90
(1071) 19 47 6 5 5.90

A = Data from Horz (1968); B = bata from Robertson et al. (1968).
*
Cleavages are normal (static) cleavages.

&k
Cleavages are shock induced.
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expected to occur in these directionms.

In accordance with this hypothesis, and on the basis
of their optical investigations, v. Engelhardt and Bertsch
(1969) have suggested that planar features are the traces of
high pressure phases which nucleate, preferably along these
planes, due to the increased dislocation densities caused
by the gliding procesé. These high-~pressure polymorphs convert,
upon pressure release, partially or completely to disordered
phases (Miller, 1969; Horz, 1968).

According to the data in Table 5, some other mode of
formation seems probable, Since planes with high bond densities
are also the planes with the highest densities of silicon and
oxygen, they would be logical nucleation sites for high-pressure
polymorphs. ‘Such planes might also show short-range order
analogies to the dense phases. The data of Ahrens_et al. (1969)
indicate that a phase change takes place in quartz at approximately
120 kb, i.e. just slightly above the Hugoniot Elastic Limit,
This is also in agreement with the observed minimum pressures for
the planar feature formation. According to this hypothesis,
compression only without gliding is required for the formation
of high~pressure phases,

On the basis of the existing data, it is difficult to say
which, if either, of these two hypotheses is correct, Both lead
to high-pressure polymorphs along crystallographic planes which,

upon pressure release, relax to highly disordered phases.
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Summary:

Planar features observed in scapolite of the Manicouagan-
Mushalagan anorthosite are oriented principally along symmetrical
cquivalents of the planes (100), (001), (102) and (10l1) in that
order of frequency. Shocked scapolite is chemically very similar
to unshocked scapolite and shows very little structural damage.
Scapolite in shocked rocks might conceivably be used to define

a shock-metamorphic subclass in the 300-400 kb range.
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APPENDIX

UNIT #1
Sample #1:: Granitic Gneiss

This material is a fine- to medium~ grained, grey or pinkish
grey, gneissic-appearing rock. The rock is composed mostly of
fine~ to medium- grained feldspar and quartz. Some fine-grained
black biotites, segregated in bands, give the rock a gneissic
texture,

In thin section, the rock is composed of about 35% of fine-
to medium~ grained quartz; about 207% of fine-grained microcline;
about 10% of fine- to medium~ grained orthoclase perthite; about
20% of fine~grained plagioclase (An25"30) and about 15% of fine-
or medium- grained biotite. Quartz is generally 0.5 to 1.5 mm
and frequently shows undulatory extinction. Potassium feldspar
exists both as 0.25-to 0.5~-mm irregular grains of crosshatched-
twinned microcline and as orthoclase with exsolved stringers of
albitic feidspar. Plagioclase is about 0.5 to 1 mm, generally
rounded with poorly developed albite twinming. The biotite is
brawn'and generally elongate. Traces of chlorite are intergrown
with some biotite.

The tekture of the quartz and feldspar-rich bands of the
rock is granoblastic. The biotite segregates into bands,

and these give the rock an overall gneissic texture.
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Sample #NT-8:
Quartz-Feldspar-Biotite Gneiss

In hand specimen, this material is a fine~grained, grey
and black gneissic rock. Bands of fime~grained, black, flaky
biotite alternate with bands of fine~grained,white or grey quartz
and feldspar. The banding defines a foliation in the rock.

In thin section, the rock is composed of about 20% plagioclase,
40% quartz, 15% hornblende, 15% biotite and 10% chlorite. Plagioclase
is fine~grained, anhedral and about An30 in composition., Quartz is
fine~ to medium~grained, anhedral and shows no planar features or
undulatory extinction. Hornblende may be either elongate or equant.

It is fine- to medium~ grained and green or brown. Biotite is
fine-grained, elongate and displays no kinkbands. Chlorite is
fine~grained, elongate and displays an anomalous blue under crossed
polarizeré.

The texture of the rock is gneissic. Bands (about 1 mm wide)
contain predominantly biotite, hornblende and chlorite. These bands
define the foliation of the rock, The mafic~rich bands alternate
with 1~ to 2~ mm bands of equigramular quartz and plagioclase. Biotite,
chlorite and hornblende are elongated along the direction of the bands,
while in the leucocratic bands quartz and plagioclase are mostly
equi-dimensional. A few quartz grains in the leucocratic material

are elongated along the direction of foliation.
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UNIT #2

Sample #28-7-7:
Quartz-Plagioclase Blotite-Garnet Gneiss

Macroscopically, the sample is a medium~ and coarse- grained,
grey and black gneiss. It appears to be composed of about 45% of
fine- to medium- grained, greyish or whitish quartz and plagioclase
and about 457 of medium~grained, black, flaky biotite., Medium~
and coarse-~ grained, reddish garnets make up the remainder of the
rock.

In thin section, the rock is seen to consist of about 35%
of fine- and medium~ grained quartz, 207 of medium-grained plagioclase,
35% of elongate, finme~ and medium- grained biotite, and about 107
of medium- and coarse- grained garmet., Trace amounts of orthoclase,
muscovite, and apatite are present,

The rock has an approximateiy equigfanular gneissic texture.
Biotite is  segregated into bands with its elongation along
these bands.

The quartz in the rock occurs as small, rounded, 0.1l-to 0.2-mm
grains which are included in plagioclase, and also as larger, 0.5-to
2-mm, irregular, aphedral grains. The quartz is unstrained and
shows no closely spaced parallel fractures. Plagioclase occurs
in equant or slightly elongate l-um grains, These grains show
well~developed albite twinning and are about An30~35 in composition.
Biotite is generally elongate, about 0.5 x 1 mm. The biotite is

unbent, brown, and often contains small zircon grains. Large
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(up to 3 mm), subhedral or amhedral, neutral-colored garnets
which contain inclusions of mmscovite plagioclase and quartz
are scattered throughout the rock. Some muscbvite is intergrown
with the biotite. Very minor amounts of orthoclase occur as
0.1-mm equant grains included in plagioclase grains or interstitial
to the quartz and plagioclase.

Sample #13-8-4:
Granitic Gneiss Auto-breccia

In hand specimeﬁ, the rock is a breccia composed of
fragments of grey and white, fine~ and medium~ grained gneiss.
Fragments range in size from about 1 cm up to about 10 cm, with
the foliation of different fragmehts within the breccia oriented
in different directions. Individval gneiss fragments contain
l1-mm bands of fine-grained, black biotite and hornblende alternating
with 1-3 mm bands of fine- and medium=- grained, white quartz and
feldspar. A few large porphyroblasts of garnet are seen in the
hand specimen.

In thin section, the rock is composed of about 25% of fine-
grained orthoclase, 25% of fine-grained plagiociase, 257% of fine-
and medium~ grained quartz, 15% of fine- and medium- grained horn-
blende; 10% of fine-grained biotite, and a few percent of medium-
and coarse- grained garmet. Orthoclase is anhedral, equant and
non-perthitic. Plagioclase is anhedral with some grains being
equant and some being elongate ; albite twinning is well developed.
The plagioclase does not contain planar features or low-index

lamellae. The composition of the plagioclase is about An25_30‘
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Quartz is anhedral; both elongate and equant grains are found.

Some undulatory extinction occurs in quartz, but no plamar features
are observed. Hornhlende is anhedral and elongate; Biotite is
subhedral and elongate. A few biotite grains are bent, but most
are not. Many biotite grains contain poorly developed kinkbands;
grains with well-developed kinkbands and grains without kinkbands
also occur,

The rock texture congists of two elements: the gneise
fragments and the inter-fragmental material. Gnelss fragments
consist of nearly undeformed,gneissic—textured rock fragments.
Fragments about 0,5 to 1 cm in a aimension occur in this thin
section. Gneiss fragments consist of a granoblastic matrix of
quartz, plagioclase and orthoclase, with bands of biotite,hornblende
and garnet in the matrix. Biotite and hornblende are oriented with
theirlelongation along the extension of the bands, Fragment

m;nerals are unbent, unfractured and show no planar features.
Biotite in the gneiss fragménts frequently displays poorly
developed kinkbands.

The inter-fragmental material is made up of plagioclase,
orthoclase, quartz, biotite, hornblende and garnet grains of widely
divergent sizes. Very small grains and a low-index pore filling
occur in the interstices between larger grains. Mineral grains
are oriented randomly in the inter-fragmental material; biotite

‘and hornblende show no preferred orientation_such as they do in
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the gneissic fragments. Quartz in the inter-fragmental material
sometimes displays undulatory extinction but no planar features.
Inter~fragmental biotite is often bent and occasionally displays well-
developed kinkbands,

The minerals of this sample do not show extensive microfracturing,
although kinkbands are often present in biotite. No planar features
or isotropic material is present in the rock. The above features
suggest that the rock has probably experienced shock pressures
greater than 10 kb but less than ~ 50 kb, More extensive micro-~
fracturing would be expected to occur if a shock pressure greater than
50 kb had been experienced.

The mafic minerals of the rock are undarkened, suggesting
that heating and oxidation has probably not occurred.

Sample #24-7-5:
Plagioclase~Hornblende~Biotite~Orthoclase~Quartz Gneiss

In hand specimen, the rock is a fine- to medium~ grained, grey
and black gneiss. The rock contains layers a few centimeters thick
which consist predominantly of fine~grained hormblende and biotite.
These layers altermate with layers, also a few centimeters thick,
which contain mostly white and grey feldspar. Bands of fine-grained
biotite and hornblende in the mafic-poor layers define a foliation
which parallels the layering of the rock.

In thin section, the rock is composed of about 35% medium-
grained plagioclase, 15% fine- and medium~ grained orthoclase, 10%

fine~grained quartz, 15% fine-grained biotite, 207% fine~ to medium-
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grained hornmblende and about 5% fine- andlmediumr grained garnet.
Plagioclase is equant, anhedral, and shows well-developed albite
twinning. The composition of the plagioclase is about An25~30; it
exhibits no planar features. Orthoclase is roughly equant,

anhedral and contains a few 10-20 [L blebs of exsolved plagioclase.
Quartz is equant, anhedral and occurs as interstitiél grains between
feldspars. The quartz is unstrained and exhibits no planar features.,
Biotite is elongate and subhedral, Biotite grains are unbent but
display well-developed kinkbands. Hornblende is generally elongate
and anhedral. Hormblende is typicall