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ABSTRACT

Chagnon Mountain is located near the southern end of.the Baie
Verte-Brompton Line in the Eastern Townships of southern Quebec. The
lithologic units in the area of study, from west to east and going up
structure, are: gabbro, quartz-diorite, diabase, volcanics, the St.
Daniel Formation and the Peasley Pond Conglomerate of the Glenbrooke
Group. All these rocks have been metamorphosed to the greenschist
facies. Contacts between the plutonic rocks are irregular and grada-
tional indicating only one parent magma. Diabase dikes are present in
the diabase unit and in the volcanics indicating the dikes acted as
feeders to the volcanics. Geochemical analyses on several samples
supports a tholeiitic origin for the maric rocks and infer this magma
to be from an ocean floor setting.

The St. Daniel Formation lies structurally above the volcanics
with the contact in some places conformable and in others, unconformable.
The contact between the two could be a norma.i fault or set of faults
which would give rise to a situation where sedimentation of muds would
occur onto surfaces existing before faulting in some places and onto
degrading fault scarps in others. The Feasley Pond Conglomerate was
deposited after emplacement of the Baldface-Orford-Chagnon (BOC) ophio-
lites. It is a basal conglomerate which unconformably overlies the
volcanic rocks and the St. Daniel Formation in the Chagnon Mountain
area. The sediments of this unit contain chromite grains and silicic

volcanic clasts indicating sources both the northeast (BOC source) and

southwest (Ascot-Weedon source).
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CHAPTER 1

INTRODUCTION

PURPOSE

A long narrow zone containing mafic-ultramafic complexes extends
irom south of Brompton Lake in southern Quebec to Baie Verte, Newfound-
land (see Figure 1). This zone has been named the Baie Verte-Brompton
Line. In general, rocks and structures west of the line record the
evolution and destruction of the ancient continental margin of eastern
North America, while ocean crust generation and volcanic arc sequences
are recorded to the east (Bird and Dewey, 1970; Williams and St. Julien,
.1978).

In the Eastern Townships of Southern Quebec, three relatively com-
plete stratiform ophiolites, Thetford Mines, Asbestos, and Orford, 1lie
southeast of the Sutton-Notre Dame Mountains in a 250 km long zone known
as the Serpentinite Zone(Lamarche, 1972, 1973; Laurent, 1975, 1977;
Winner, 1981). Some dismembered ophiolites, peridotite lenses and sheets
are found scattered thrc.:-out this zone. This is especially true near
the international border where only isolatzd occurrences of meta-igneous
rocks are found (Cooke, 1950; Cady, et al., 1J63; St. Julien and Hubert,
1975; Winner, 1981).

Rocks of two volcanic suites could be present in the Chagnon Mountain
area. The possible existence of two chemically different parent liquids
has been proposed for the line of ophiolites of the same age and tectonic
setting to the north (Laurent, et al., 1979; Winner, 1981). These parent

liquids may both be of ophiolitic derivation {including off-axis intra-

plate basalts) or tholeiitic and calc-alkaline island arc volcanics.




Figure 1: Map of the Appalachians of sout..:stern Quebec showing the main
structural zones and the major ophiolite lo.::.ities along the Baie Vertc-
3rompton Line (after Laurent, 1980}. 1, Precambrian crystalline basemeat;
2, Sedimentary cover of the St. Lawrence platform (mainly Ordovician);

3, Cambro-Ori-vician outer zone or Appalachian allochthon; 4, Cambro-
Ordovician irr:r zone or Notre Dame schist belt; 5, Ophiolites; 6, Early
Ordovician St. Daniel Formation (melanges); 7, Lower to Middle Ordovician
Formations of Weedon and Ascot; 8, Middle Ordovician flysch of the Magog
Group; 9, Siluro-Devonian belt of the Gaspe-Connecticut Valley snyclin-
orium; 9, Devonian granites; 11, Mesozoic alkaline syenitic and gabbroic
intrusive rocks of the Monteregian Hills.




Hence, one purpose of this study is to map this Cambro-Ordovician age
ophiolite and to determine if this ophiolite is composcd of two geochemi-
cally distinct units. In addition, some debate has arisen over the
nature of the contact between the ophiolite and the overlying metasedi-
ments. Hence, another aim of this research is to look at the St. Daniel
Formation, an olistostromal black slate unit, and a.:acent Silurian rocks

of the Glenbrooke Group.

LOCATION AND ACCESS

The study area occupies an area of approximately 3 kn x 2.5 km and
is located between North Road on the south and the southern side of
Chagnon Mountain which is about 2.3 km south of Lac Orford (Figure 2).
Access to the northern third of the area is gained by heading east from
Eastman, Quebec approximately 3.5 km. On the right is North Road which
heads south. Follow North Road for 2.6 km until a road on the right
leading to Webster and Malaga Ponds appears. Take the south left fork
of this road, which leads to a summer cabin development that occupies
most of the northern third of the study area. Access to the southern
two thirds of the area is gained by taking North Road south until the
first main crossroads, approximately 3.6 km. Turn right and follow
this road (also marked North Road) for 2.8 km until you reach a small
side road on the right leading to a scout camp. Head north on this road

for access to the study area.

PREVIOUS WORKS

various studies of the Serpentine Belt in southeastern Quebec have

been undertaken during the past seventy-five years (Figure 3). In 1906,

Dresser published one of the earlier papers where, in referring to the
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volcanic and plutonic rocks he noted (p. 514) '"...the probability of
all being differentiation products of a single primary magma...". He
envisioned the volcanic rocks to be the oldest, followed by the serpen-
tines, and then the diabases and gabbro-diorites. Age constraints for
these rocks were left vague, ranging from Cambrian to late Silurian.
Fairbairn (1933) studied the metabasalt situated along the west
side of Lake Memphremagog in Southern Quebec. On the basis of chemical
analyses, he indicated the presence of two lithologic types, denoted
by him as a uralite rock and ankerite (CaCoS-rich) rock. He claimed
the uralite rock made up the greater portion of the metabasalt and
graded into the ankerite type which showed an irregular distribution.
In 1934 T.H. Clark published work involving the area south of Mcnt Place
and north of the international boundary. He interpreted the metagabhro
as the intrusive equivalent to the metabasalt and termed both of these
rock types the Bolton Igneous Series. He also included metaperidotite
in this grouping; however, the possibility of it being genetically dis-
tinct was mentioned. Clark suggested the Bolton series to be middle to
late Ordovician in age. He felt the intrusives penetrated and thc vol-
canics flowed out on top of the Magog slates which now includes the St.
Daniel formation as well as fossiliferous, medial Ordovician Beauceville
Formation of the Magog Group. Silurian strata, including a basal con-
glomerate which rests unconformably on both the Bolton series and Magog
slates, confined the upper age limit of the metabasalts and metagabbros
to older than Silurian. Other Silurian units include sandstones, shales,
and a dark carbonaceous limestone containing an abundance of corals,
finally succeeded by a light colored limestone (Clark, 1934). In 1936,

Clark and Fairbairn repeated much of Clark's 1934 paper. They, however,

renamed the Bolton Igneous Series to Bolton Igneous Group and strongly




denied that the volcanics were interbedded with the Magog slates.

In 1942, Ambrose, whose work was also largely south of Mont Place,
assignad the volcanics of the Bolton Group a Cambrian to Ordovician
age based on their pre-Middle Ordovician fnld pattern and conformable
nature with the Brompton slates and quartzites. Unlike earlier workers,
however, he assigned the gabbros a post-Devonian age although he noted
they only cut rocks supposed to be of Cambro-Ordovician age. He further
confused the matter when he stated the volcanics and gabbros wére co-
genetic. Furthermore, he felt the serpentine was younger than the gabbro
and, hence, also at least post-Devonian in age.

Fortier (1945) congradicted Clark and Fairbairn's earlier work by
stating that the volcanics were interlayered with the shales thus giving
a Cambrian to Ordovician age. He recognizel differences in the ultra-
mafics and separated them into dunites, peridotites, and pyroxenites.
Fortier also noted the serpentinite was brecciated and reasoned that
differentiation of the ultramafic rocks happened in situ at depth. Based
on the straight map pattern the intrusive rocks exhibited and on their
internal brecciatcd nature he asserted a post-Ordovician (Taconic) pre-
Devonian (Acadian) age for them.

Cooke investigated the area from Mont Orford south towards the inter-
national border. He published two reports (1948, 1950) in which he asserted
the "Bolton lavas" were post-Devonian in age based on field relations just
north of Peasley Pond, in this study area. Here, rocks of the Glenbrooke
Group (Silurian) were mapped as cut off by a fault, with Beauceville
slates (Magog slates of Clark, 1934; now known at least in part as the
St. Daniel Formation) outcropping across the fault. The volcanics are

unbroken by the fault and are continuous across it. Cooke felt that

although the gabbro might be the intrusive equivalent of the volcanics,




that the intrusion occurred after the lava was folded and faulted,

and thereby he restricted use of the term "Bolton'" to the lavas only.
Cooke also states that the Bolton lavas of previous workers are actually
two separate units; some of the lavas being part of the Caldwell group
(Cambrian). Moreover, Cooke states Fairbairn (1933) did not differen-
tiate between the Caldwell lavas and what Cooke calls Bolton lavas

when distinguishing uralite type and ankerite type volcanics since

all of the ankerite type are found solely within the Caldwell lavas
(Cooke, 1950). 1In addition, he assigned the peridotites, an Ordovician
or older age based on the assertion that they were intrusive only into

Cambro-Ordovician sediments. Also, because he interpreted the gabbro

to be intrusive into the serpentine, he designated them as of post-
Ordovician pre-Devonian age.

Ambrose published a second paper in 1957 where he reiterates his
earlier findings; "...the 'Bolton' lavas belong with, and are interbedded
with Ordovician (?) slates...The 'Bolton' lavas are, therefore, not post-
lower Devonian, but are interbedded with and form part of the Ordovician
(?) series in Memphrenmagog district." (p. 170) Ambrose questioned the
presence of a disconformity by which Cooke justified his separation of
Bolton from Caldwell volcanics. He further indicates that the metamor-
phism of both lavas to greenschist facies indicates a similarity of his-
tories. Finally, Amborse asserted the intrusive rocks were younger than
the volcanics because they cut folded volca:iics. Hence, he thought it
improbable that they were co-magmatic.

H.S. de Romer (1960, 1963) worked in the Chagnon-Orford area as part

of his Ph.D. dissertation research. He interpreted the mafic-ultramafic

complex as a laccolith which had undergone differentiation by crystal




settling thus producing the cbserved zonal arrangement. In addition,

he outlined a sequence of events whereby an undifferentiated magma chem-
ber extruded large volumes of basaltic lava by feeder dikes. Upon this
lava, the "Beauceville slates' (which includes the pre-Beauceville St.
Daniel formation) was deposited. Sometime later, a large sheet-like
body probably from the same source was intruded into the Cambrian sedi-
ments and the previously extruded basalts acted as a roof to this body.
Differentiation resulted in peridotite at the base, through pyroxenite
interlayered with peridotite, to gabbro, and finally to the leucocratic
rocks at the top.

Poole, Boland, and Wanless (1963) substantiated a middle Ordovician
minimum date for the ultramafic rocks of the Serpentine Belt. K-Ar
determinations on muscovite from two granite bodies entirely enclosed
by the ultramafics in the Thetford Mines-Black Lake area gave dates of
477 and 481 m.y.

Lamarche (1972, 1973) was the first to recognize the allochthonous
nature of the mafic-ultramafic complexes and describe them as ophiolites.
Furthermore, he interpreted the contact between the ophiolite cor 'lexes
and the overlying St. Daniel formation as conformable. He also asserted
that the slates of the St. Daniel were unconformably overlain by the
Magog slates which contain graptolites of the Nemagraptus graéilis and
Diplograptis multidens zone. (Castle Brook and Cherry River localities,
St. Julien, 1967; Riva, 1974).

M.K. Seguin and R. Lavrent (1975, 1973) studied the magnetic proper-
ties and petrologic features of ophiolitic (Thetford Mines) and continental
margin (Caldwell) pillow lavas from southern Quebec. They found the ophio-

litic lavas could be divided into two groups: a) a lower group consisting

of metabasaltic lavas, pillow breccias and tuffs with a sedimentary cover
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of red cherty argillite, and b) an upper group containing b..altic
lavas, pyroclastic agglomerates and breccias, siliceous volcaniclastic
tuffs and mudstones. In the lower volcanic group, two types of lava
were chemically Jistinguished, a high Mg-low Ti type (olivine metatho-
leiite) and a low Mg-high Ti type (metatholeiite). In addition, it was
shown that the ophiolitic pillow lavas were texturally zoned and had a
consistent N.R.M. vector. The Caldwell pillow lavas, however, were
homogeneous and richer in iron than the ophiolitic lavas. Furthermore,
the magnetic signature of these two formations was different (Seguin
and Laurent, 1978).

Laurent (1975, 1977) continued his study of the southern Quebec
ophiolites and compared them to the Vourinos ophiolite of Greece; 'The
stratified sheets of Thetford Mines, Asbestos and Orford...have a simple,
regularly layered structure and no well-developed sheeted-dike complex.™
(Laurent, 1975, p. 443). Laurent also presented field relationships
between the ophiclites and the pre-Ordovician country rocks in addition
to geophysical data which strongly supported the allochthonous character
of these meta-igreous mafic-ultramafic bodies. Moreover, he provided
generalized petrologic and petrographic descriptions of each unit in the
ophiolite complexes. In 1979, Laurent attributes the schistosit) nresent
in the pre-Ordovician Notre Dame rocks but not in rocks of the St. Daniel
or Magog Group to a pre-Taconic orogenic episode related to the tectonic
emplacement of the ophiolites. He reasoned that since the ophiolites
were "...partly recrystallized in a greenschist regime of low pressure
and moderate temperature', that they were not subducted into a trench
but obducted onto the continental margin (1977, p. 29).

Regional correlations of the Quebec ophiolites with those from New-

foundland led to the proposition of a suture zone known as the Baie Verte-
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Brompton Line (St. Julien, et al., 1976; Williams, et al., 1977; Wil-
liams and St. Julien, 1978). The ophiolitic rocks of the Quebec Serpen-
tinc Belt are bounded on the northwest by the Sutton-Bennett Schists,
a quartzo-feldspathic mica schist and phyllite, metagreywacke, greenstone,
and carbonaceous phyllite assemblage belonging to the North American
continental margin (Doolan, et al., 1982). To the east, they are
followed by finely laminated black slates with olistostromal horizons
{the St. Daniel Formation). Farther to the southeast lies a calc-
alkaline volcanic sequence known as the Ascot and Weedon Formations.
Laurent, Herbert and Herbert (1979) and Lanurent (1980) proposed a
primary magma for the Quebec ophiolites of picritic or komatiitic
affinity. Major element chemistry shows a differentiation trend typical
of a Mg0-Ca0-rich and FeO-poor magma. In addition, chemical compositions
of the volcanics confirmed the presence of two distinct magmatic suites,
an olivine metatholeiite and a metatholeiite both of which are similar
to basalts erupted at spreading ocean ridges (Laurent, et al., 1979).
Doolan and others (1982) have conducted studies along a sixty km
segment of the Vermont-Quebec ultramafic belt. They have recognized five
major correlative tectono-stratigraphic units aid have postulated a
common origin for the ultramafic rocks across the International Border.
They suggest these rocks represent ophiolites and ophiolitic fragments
which were obducted as a result of oblique collision of a volcanic arc
complex and ocean crust during the Ordovician. Winner's work (1981) on
the comparison of ultramafic, gabbroic, and volcanic rocks near North
Troy, Vermont with the allochthonous and presumably ophiolitic rocks of

Chagnon supports the work of Doolan and others (1982). 1In both localities,

the mafic-ultramafic complexes were found in fault bounded contacts with
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serpentine melange. In addition, volcanics from the North Troy area
were petrographically and chemically similar to the upper volcanics

from Chagnon Mountain.

RECIONAL GEOLOGY AND TECTONICS OF QUEBEC

Introduction

In order to fully understand the geology in the Chagnon area, a
knowledze of the regional geology must be obtained (Figure 1); Varios
authors have made attempts to synthesize the regional geology of the
Quebec Appalachians into a general tectonic framework (St. Julien and
Hubert, 1975; Laurent, 1975, 1977, 19su; Osberg, 1978; Laurent, et al.,
1979; Doolan, et al., 1982). As such, they recognize the lithostrati-
graphic units present as continental shelf, slope and rise deposits,
ocean crust, and island arc assemblages. Following the terminalogy of
St. Julien and Hubert (1975), the Cambrian and Ordovician rocks ma)y be
grouped into three major tectonic domains: the autochthonous domain,
the external domain, and the internal domain. These divisions are
analogous to those of Bird and Dewey (1970) where the autochthonous and
external domains correspond to their Logan Zone and the internal domain
is the western or northwestern part of their Piedmont Zone. Each of these,

in addition to later overlying units, are discussed below.

AUTOCHTHONOUS DOMAIN

Eleven lithostratigraphic groups have been recognized in the Quebec
Appalachians (St. Julien and Hubert, 1975). Three of these; shelf,
flysch, and regressive sequences, are present in the autochthonous domain.

The shelf and flysch also occur in the external domain. The shelf sequence

is composed, from base to top, of the Potsdam Group, basal Upper Cambrian
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sandstones, overlain by the Beekmantown Group, Lower Ordovician dolo-
mites, the Chazy, Black River and Trenton Groups, Middle Ordovician lime-
stones (Clark, 1972; St. Julien and Hubert, 1975). These units succes-
sively overlap each other and rest on the Precambrian barement north-
eastward.

The flysch sequence contains the Middle and Upper Ordovician Utica
Shale; sandstones, shales, and mudstones of the Lorraine Croup; and part
of the Cloridorme Formation (Enos, 1969). The sandstones in the seyuence
are generally lithic, contain fossil debris, and have the characteristics
of turbidites (Bouma, 1962; St. Julien and Hubert, 1975). Breccia, con-
sisting of limestone, sandstone, and mudstone fragments which resemble
lithologies contained in the nappes of the external domain, are set in
a black pelitic matrix. This breccia has been interpreted by St. Julien
and Hubert (1975) as wildflysch whose deposition is synchronous with
the emplacement of the nappes in the external domain.

The Becancour Formation, which consists of red and green shales
alternating with thin sandstone beds, is the only unit in the regressive
sequence (Clark, 1964; St. Julien and Hubert, i-73). It is thought to
be of latc Upper Ordovician age and, therefore, post-orogenic. St. Julien
and Hubert (1975) have noted two localities where the basal portion
is involved in the thrust-imbricated structures of the outer part of
the external domain. Hence, they feel this indicates the lower part of
this sequence may be synchronous with the development of these structures
in the external domain and that the imbricate thrusting of the external

domain continued into the late Ordovician.

EXTERNAL DOMAIN (PARA- AND/OR NEO-AUTOCHTHON)

The external domain consists of two belts: an outer belt of thrust
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imbricated structures and an inner belt of nappes. As previously men-
tioned, the shelf and fiysch sequences which occur in the autochthonous
domain are also present here. A1l of the units, except the Potsdam
sandstones of the shelf sequence, are found aicng major thrust faults
where they are brought to the surface in the thrust-imbricated belt
of the external domain (St. Julien and Hubert, 19757} .
The inner belt of nappes contains three lithostratigraphic sequences:

~mbrian shelf-feldspathic sandstone, Upper Cambrian-Lower Ordovician
shale-limestone conglomerate, and Middle Ordovician shale-argillaceous
limestone assemblages. The Cambrian shale-feldspathic sandstone assem-
bluge constitutes the bulk of the Chaudiere, Granby, and Lower St. Lawrence
Valley nappes. These sequences contain rocks c¢f the Charny Group, Anse
Maranda, Granby sandstone, Mawcook slate, the St. Roch Formation, St.
Damase Formation, and have strong similarities to the Sillery assemblage
(St. Julien and Hubert, 1975). Some of the units are fossiliferous and
give a Middle to Late Cambrian age (Rasetti, 1946, 1948a, b; Hubert, et
al., 1969).

The shale-limestone conglomerate of Upper (ambrian-Low¢: Ordovician
age occurs in several nappes near Quebec City (2.g., the Pointe-de-Levy,
Bacchus, St. Henedine, Stanbridge, and Lower St. Lawrence Valley nappes).
The limestone conglomerate is polymictic in composition with the limestone
clasts clearly derived from a shallow carbonate shelf (Osborne, 1956;
Hubert, et al., 197" Dendroids and graptolites contained in the shales
of this sequence indicate this assemblage is partly Tremadoc, partly
Arenig, and partly Llanvirn in age (St. Julien and Hubert, 1975). Rocks
contained in this sequence are the Levis Formation, the Pointe-de-la-

Martiniere Formation, the St. Henedine Formation, the Stanbridge Formation,
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the Kamowaska Formation, the Ladriere Formation, and the Cap-des-
Rosiers Formation (St. Julien and Hubert, 1975).

The Middle Ordovician shale-argillaceous limestorne assemblage in-
cludes the Quebec City Formation in the Quebec Promontory nappe, the
Deslandes Formation, and part of the Cloridorme Formation (St. Julien
and Hubert, 1975). In addition, all the rocks of this sequence are
very fossiliferous and are from the Nemagraptus gracilis and Diplograp-

tus multidens zones (Riva, 1974).

INTERNAL DOMAIN (ALLOCHTHON)

The internal domain is made up of allochthonous wnitsincluding Lower
Cambrian clastic carbonate, Cambrian shale-f-ldspathic sandstone, Middle
Ordovician shale-argillaceous limestone assemblage consisting of the
Oak Hill sequence, the Bonsecours and Sweetsburg Formations which make
up the core of the Sutton Mountain anticlinoria. The only known fossili-
ferous units in this assemblage come from the Gilman quartzite and Dunham
dolomite units of the Oak Hill, which give an Early Cambrian age (Clark,
1934; Osberg, 1965), and from the Sweetsburg Group on the west side of
the Anticlinorium, which gives a Late Cambrian age (Doolan, 1982, written
communication). Because of the lithologic similarity of the Rosaire Group
coring the Notre Dame anticlinoria to parts of the Oak Hill of the Sutton
Mountains, these sequences have been correlated (St. Julien and Hubert,
1975). 1In addition, the Oak Hill has been traced into Vermont where it
appears to rest unconformably on Precambrian, Grenville-like basement
(Doll, et al., 1y61). Hence, St. Julien and Hubert (1975) argue that
the same situation exists in Quebec.

The Cambrian shale-feldspathic sandstone, as previously mentioned,

occurs in nappes in the external domain and is also found as inliers in
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the internal domain. The rocks are similar in both domains, although

in the internal domain they are a“metamorphosed'assemblage with inter-
calations of basic volcanics. These units include rocks of the Manson-
ville Formation, part of the Brompton Formation, the Caldwell Group, and
the Armagh Formation, and are found alcng the eastern flank of the Sutton
and Notre Dame anticlinoria (St. Julien and Hubert, 1975). Unlike the
shale-feldspathic sandstone assemblage in the external domain, the
corresponding rocks here are unfossiliferous.

The tuffaceous pelite in the lower part of the Magog Group is laterally
equivalent to the shale-argillaceous limestone assemblage of the external
domain and to part or all of the Mictaw Group on ChaleurrBay (St. Julien
et al., 1972; St. Julien and Hubert, 1875). As in the external domain,
the shale-argillaceous limestone assemblage of the internal domain is
very fossiliferous and belongs to the Nemagraptus gracilis and Diplograp-
tus multidens zones (Riva, 1974).

Ophiolitic sequences occur only in the internal domain and are
composed of harzburgite, dunite, pyroxenite, gabbro, diabase, and mafic
volcanics (Riordon, 1953; de Romer, 1960; Lamarche, 1972; Laurent, 1973,
1975, 1977, 1980; Winner, 1981; this study). It is believed they repre-
sent fragments of oceanic crust and upper mantle obducted onto the con-
tinental margin in early Ordovician time (Laurent, 1975, 1979; St. Julien
and Hubert, 1975; Doolan, et al., 1982; Winner, 1981). In addition to
these massifs, there are several thin peridotite sheets (e.g., the
Pennington Dike) that appear to have been tectonically intruded in
Cambrian aged rocks of the Oakhill, Rosaire, and Caldwell Groups.

Laurent (1975) believes they may be the result of branching off from

the basal peridotite of the larger ophiolitic bodies. St. Julien and

Hubert (1975) feel they are remobilized masses of ultrabasic rocks as
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they are always located in major thrust faults.

The St. Daniel Formation is a shale melange assemblage which is

restricted to the internal domain. The black and grey slate is typically
laminated and chaotically deformed and is frequently interbedded with
graywacke or quartz arenite beds identical to those of the Caldwell/
Brompton Sequence (Smith, 1981). The melange is composed of shale, silt-
stone, graywacke, quartz arenite, with locally occuring serpentinite
blocks (St. Julien and Hubert, 1975). In the Chagnon 2rea, only slivers
of scrpentinite have been noted (Doolan, et al., 1882). This assemblage
occurs on the southeast side of the Quebec ophiolites and is apparently
a consistent horizon along the entire Baie Verte-Brompton Line (St. Julien,
et al., 1976; Doolan, et al., 1682). Doolan and others (1982) claim the
brecciated nature of these rocks are the result of both an unstable
depositional environment and tectonic imbrication or argillites, shale,
and graywacke with dismembered ophiolites. The nature of the contact
between the St. Daniel and the basic volcanics of the ophiolite suites
appears to be unconformable or tectonic. In places, however, a transition
between the two units has been repcrted with intercalations of basic flows
in shales or breccia (St. Julien and Hubert, 1975). No fossils have ever
been found in the St. Daniel Formation. However, graptolites of the
Nemagraptus gracilis and Diplograptus multidens zones have been found
in the overlying Magog Group (Riva, 1974). Thus, the age of the St.
Daniel can only be approximately defined as pre-Middle Ordovician.

The Magog Group, which lies in the St. Victor synclinorium, is com-
posed of the Beauceville Formation and the St. Victor Formation (St.

Julien, et al., 1972). The Beauceville includes graphitic slate, tuffa-

ceous sandstone, and chert units, in addition to pyroclastic material.
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Riva (1974) identified graptolites of the Nemagraptus gracilis and part
of the Diplograptus multidens zones in it thus giving it a Middle
Ordovician age. The overlying St. Victor, which also contains grapto-
lites belonging to the Diplograptus multidens zone, is characterized
by thick and thin silicic tuff bands in a flysch sequence; and like the
Beauceville Formation, it also contains abundant pyroclastic material
(St. Julien, et al., 1972). This has led St. Julien and Hubert (1475)
to propose that these two units are synchronous with the Ascof-h;egon

calc-alkaline assemblage.

CALC-ALKALINE ASSEMBLAGE (ASCOT AND WEEDON FORMATIONS)

A calc-alkaline volcanic assemblage is found east of Lake Memphre-
nagog in the Stoke Mountain Anticlinorium. This assemblage is seemingly
conformable with underlying graphitic phyllite-melange assemblage. This
melange assemblage has been correlated with the St. Daniel Formation by
St. Julien and Hubert (1975). The calc-alkaline assemblage, or the Ascot
and Weedon Formations, consists of felsic and intermediate metavolcanics,
chloritic schists (metabasic volcanics}, iron formation, cherts and
metavolcaniclastics, and are interpreted as a Lower to Middle Ordovician
island arc sequence (St. Julien and Hubert, 1875; de Romer, 1979; Doolan,

et al., 1982).

SILUR-DEVONIAN METASFDJMENTS AND INTRUSIVES AND THE CRETACEOUS MONTEREGIAN
HILLS

In southern Quebec, the Silurian metasedimentary rocks of the Gaspe-
Connecticut Valley synclinorium (the Glenbroocke Group) lie in two narrow

infolds parallel to the axis of Lake Memphremagog and in a third belt

(The St. Francis Group). According to the SOQUIP line, St. Julien claims
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that the S5t. Francis Group is thrust over the metasedimentary rocks

of the Ascot and Weedon Formations along'the Bunker Hill thrust (Personal
communication to B. Doolan, 1980). The Glenbrooke Group,which contains
the Peasley Pond Conglomerate, the Glenbrooke Slate, and the Sargent

Bay limestone, . .erlies the St. Daniel Formation and the Magog Group
with angular unconformity (Doolan, et al., 1982). The St. Francis

Group, which lies to the east of the Glerbrooke Group, is characterized
by calcareous slates and limestones. Late Devonian granites,.related

to the Acadian orogeny, cut the Silurian strata of the Gaspe-Connecticut
Valley synclinorium. These intrusive bodies appear epizonal, have con-
tact aureoles, and contain xenoliths of the Silurian metasedimentary
country rocks (Doolan, et al., 1982). Finally, Cretaceous alkaline,
syenitic, and gabbroic intrusive rocks of the Monteregian Hills cut
indiscriminantly, albeit in a west-northwest trend, through rocks of

the autochthonous, external, and internal domains, and through the
Siluro-Devonian metasediments of the Gaspe-Connecticut Valley synclinorium

(St. Julien and Hubert, 1975).

TECTONIC MODELS

With the advent of plate tectonic theory in the late 1960's, an
abundance of literature speculating on possible tectonic models for the
Quebec ophiolites arose. St. Julien and :ui:rt (1975 proposed a model
for the tectonic emplacement of southern (uebec ophiol:ites (Figure 4).
Their model envisions sedimonts of the Caldwell Group deposited on the
continental rise. These sediments, along with Cambrian-aged ocean crust
of the marginal basin, were emplaced onto the continental margin in

early Middle Ordovician time and were imbricated and folded by the end

of the Middle Ordovician. These events would coincide with the Taconian
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Figure 4: Tectonic models for southern Quebec. 4A, after St. Julien and
Hubert, 1975; 4B, after Laurent, 1975; and 4C, after Doolan, et al., 198Z.
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orogeny in the New England Appalachians. The presence of calc-alkaline
volcanic rocks of the Ascot and Weedon Formations to the southeast of
the Thetford Mines, Asbestos, and Orford complexes led St. Julien and
Hubért to conclude they represented an island arc system related to a
westerly dipping subduction zone. By lithologic correlation with thc
Tetagouche Group of New Brunswick, they inferred a Middle Urdovician
age for the calc-alkaline volcanics.

In 1978, Osberg looked at the regional geology in the New England
and Quebec Appalachians. He presented a plate tectonic model based on
his division of four basement domains. He envisioned a westward dipping
subduction zone under northeastern North America eventually failing with
obduction of oceanic crust in the lower Ordovician. At the same time,
he explains the formation of the Ascot-Weedon volcanics by & eastward
dipping subduction zone.

Unlike Osberg (1978), Laurent and others (1979) and Laurent (1980)
did not use a westward dipping subduction zone under northeastern
North America as nc intrusive and extrusive calc-alkaline rocks of late
Cambrian and early Ordovician age are present on the Canadian continental
margin. Since Ordovician island arc volcanics of the Ascot-Weedon lie
to the southeast of the ophiolite complexes, a southeastward-dipping
subduction zone was assumed. Seguin's work (1979) based on gravimetric,
aeromagnetic, and magnetotelluric surveys, supports the obduction rather
than intrusion hypothesis of origin for these ophiolites.

Doolan and others (1982) also derived a plate tectonic model for
southern Quebec which attempts to explain the present distribution of

rock units as resulting from a diachronous collision of volcanic arcs

against an irregular continental margin. They envision a shallow eastward
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dipping subduction zone under the Ascot and Weedon volcanic arcs with
closure of the ocean basin marked by ophiolite obduction onto the ancient
North American continental margin (Figure 4c). Subsequent collision of
the Ascot-Weedon arc with the ophiolite imbricated margin changed the
plate interaction from subduction tc left lateral transform tectonics
thus producing the sideways-driven transform splinters of Dewey and

Burke (1574) and further dismemberment of the ophiolitic sequences

(Figure 5).
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Plate tectonic inspired model for the Eastern Township-Vermont

ultramafic belt depicting diachronous island arc-continental margin colli-
sion (from Doolan, et al., 1982).




CHAPTER 11
FIELD RELATIONS, PETROGRAPHY AND

STRUCTURAL GEOLOGY OF THE CHAGNON AREA

INTEODUCT I N

The Chagrion Mountain area was mappcd on aerial nhotographs during
the summersot 1580 and 1981. The northern third of the area was mapped
at a scale of 1:10,000 and the southern two thirds was mepped at a scale
of 1:20,000. The map areas were then fitted together at a scale of
1:20,000 and placed on a topographic base enlarged two and one-half
times from its original scale of 1:50,000 (plate A). Continuity at the
adjoining boundary was checked in the field.

The rocks in the area of study include, from west to east, an ig-
neous complex: consisting of massive gabbros, quartz-diorites, diabase,
and volcanics; and the overlying metasediments: consisting of the St.
Daniel Forratiorn and the Glenbrooke Group. In general, contacts are not

exposed and overall outcrop abundance is less than 10-15 percent.

FIELD RELATIONS AND PETROGRAPHY

The ignecus complex is discussed first and the overlying metasedi-
ments subsequently, which is in order from west to cast and also up
structure. For the sake of consistency with ongoing research in the
area (Winner, 1981; Doolan, et al., 1982), rock names will generally be
that of their protoliths. Reference to samples identified in the text

by numbers can be located on the outcrop map (plate A).

IGNEOUS COMPLEX

Rocks contained in the igneous complex at Chagnon Mountain, from west




to east, are sheared ultramafics (serpentinite), massive ultramafics,
massive gabbros, quartz-diorite and trondhjemites, diabase, and mafic
volcanics. The sheared ultramafics and serpentinite, massive ultra-
mafics, and massive gabbros are found west of the area studied in this

report. Further information on these units can be found in Winner (1881).

MASSIVE GABBROS

Gabbroic rocks are the least abundant rock type in the area ¢f study.
They appear massive in outcrop, are bluish-green on a fresh surface and
weather gray. The gabbro is reported to be a moderately east dipping
fault bounded unit which narrows to the north as imbrication becomes
more severe (Winner, 1981). This unit is northeast trending, is in
fault contact with the underlying ultramafic units, and has a variable
contact with structurally higher units. In the area Winner (1981) mapped
to the north of this study's area, the upper contact is thought to be
structural on the basis of observed faults and truncation of gradational
gabbro/trondjhemite bodies by upper units. In the field area of this
report, the gabbro/quartz-diorite contact is indeterminate due to the
paucity in the volume of gabbro. Gabbro is believed to lie largely to
the west-northwest of the quartz-dioriie forming as a late-stage magmatic
differentiate, or the quartz-diorite is intrusive into the gabbro and
diabase units of the Chagnon massif. As the quartz-diori*es are not
known to be intrusive in any of the lower units (ultramafics), and as
the gabbros that are present in the field area appear gradational to
the quartz-diorites, it is likely they formed as late-stage magmatic
differerntiates of the gabbro.

Petrographically, the gabbros appear medium grained hypidiomorphic

granular and show ophitic texture. Cataclastic zones containing
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chlorite, clinozoisite, and carbonate are often present. These gabbros
characteristically contain plagioclase, clinopyroxene, and ilmenite

with varying amounts of quartz. The plagioclase is lath shaped, has
relict albite twinning, rare deformation twinning, and is strained.

It has undergone saussauritization by chlorite, clinozoisite, M sericite,
! carbonate. Clinopyroxene occurs as subhedral t» anhedral grains and is
augite in composition. Actinolite is sometimes fouud altering the clinn-
pyroxene at the edges. Rarely, subhedral to anledrul chloritized olivinc
is found. When present, these grains are partially enclosed by the
clinopyroxene.

Quartz is present in increasing abundance with proximity to the quart:z
diorite body. It occurs as anhedral grains showing undulose extinction.
Accessory minerals include: skeletal ilmenite partially altered to leuco-
xene, opaques (probably magnetite) and sphene(?).The order of crystalliza-
tion of the gabbro is plaéioclase-olivine-ilmeniLe—clinopyroxene : magnetite-
M quartz. Metamorphic minerals include fibrous actinolite altering clino-
pyroxene, chlorite after olivine, clinozoisite, chlorite, carbonate and
some haematite stain in cracks and cataclastic zones. Modal estimates

are given in Table 1.

QUARTZ-DIORITE AND TRONDHJEMITE

Quartz-diorites make up the volumetrically most important rock type
in the northern portion of the field area but are absent in the southern
portion. They are presumed to have a gradational contact with the under-
lying massive gabbros; however, this was not observed in continuous
outcrop in the field area. It is reported that they do not intrude the
metasediments (Miller Pond Formation) underlying the Chagnon massif (de

Romer, 1960). Therefore, they cannot post-date emplacement, and are

L
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probably genetically related to the Chagnon complex through differen-
tiation processes. Field observations reveal the irregular quartz-
diorite/diabase boundary to have an intrusive rather than faulted or
thrust imbricated contact with a few screens of diabase in its upper
portions. In some areas near the contact, blocks of diabase 0.3 - 0.6m
in length are seen in the quartz-diorite (location A, location B, and
location C; plate A). 1In these places, the quartz-diorite has a 2 mm
chill margin against the diabase blocks. These blocks could represent
stoping of a diabase roof into the felsic or upper portion of a differen-
tiated magma chamber. The quartz-diorite generally is exposed where the
terrain becomes steeper. It gives a knobby appearance to outcrops due
to the abundance of medium to coarse grained (up to 6 mm) quartz grains.
Fresh surfaces are a grayish blue color while weathered surfaces are a
milky white.

Texturally, the quartz-diorites are xenomurphic granular with quart:z
and plagioclase feldspar the predominant minerals. These rocks appear
compositionally gradational to trondhjemite:. as defined by Strekeisen
(1976), where a trondhjemite is defined as having oligoclase or andesine
plagioclase, quartz present as 20 percent or more, alkali feldspar as
10 percent or less, and color index of 10 or less. Barker (1979) defines
trondhjemitic rocks chemically giving the following six criteria:

1. SiO2 ca. 68 percent, usually 75 percent;

2. A1203 typically 15 percent at 70 perc-nat SiO2 and 14 percent

at 75 percent SiOZ;
3. (Fe0* + Mg0) 3.4 percent, and FeO* : MgO commonly is 2-3 percent;
4. Ca0 ranges from 4.4 - 4.5 percent in calcic trondjhemite to

typical values of 1.5 - 3.0 percent;
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5. Na20 typically is 4.0 - 5.5 percent; and

6. K20 ca. 2.5 percent, and t)pically 2 percent.

Tae rocks mapped as quartz-diorites in this report contain no
orthoclase feldspar (electron microprobe analyses yield an average
chemical composition of Anz), but do have a variable amount of mafic
constituents (0-35% Cpx, O - 5% chloritized OJivine, 0 - 20% actinolized
hornblende), and thus can be seen as gradational. However, these
two rocks types are indistinguishable in the field and show no consistent
pattern of outcrop for a boundary between them to be drawn. It appears
probable that the differences between the ''quartz-diorites' and the
"trondhjemites" reflects local variations of mafic mineral cortent in
the magma chamber and are not the resu&t of two separate magmatic differen-
tiates. Hence, they are both labeled quartz-diorite for the remainder
of this report and are described as a single rock type below.

Plagioclase occurs as subhedral to anhedral lath-shaped grains. It
is severely altered to and overgrown by chlorite, clinozoisite, zoisite,
carbonate, and actinolite. Relict albite and carlsbad twinning are visible
and occasionally the albite twinning is seen kinked. A combined albite-
carlsbad twin gave an An content of 43 indicating the plagioclase was
originally andesine. However, measurements on a number of albite twins
gave results around An 0-5, indicating albitizaticn. Saussauritization
is slightly more intense toward the core and in some cases a clear albite
rim encloses the altered feldspar. This indicates the core may be calcic
and the plagioclase might be slightly normal-zoned. The albite rim 1s
probably a secondary overgrowth due to spilitization. The quartz in

the quartz-diorite is anhedral in shape, strained, and exhibits deforma-

tion bands and subgrain development. Rare clinopyroxene inclusions are




enclosed by quartz indicating quartz crystallized after clinopyroxene.

It is overgrown slightly by actinolite, clinozoisite, and chlorite.
Both the quartz and feldspar usually have a brecciated or shattered
appearance with chlorite, clinozoisite, zoisite, and haematite filling
the cracks and bordering the grains.

Clinopyroxene (augite) is rarely observed although it may locally

be abundant (up to 35 estimated modal percent). When it occurs, it is
strained, shows simple twinning, is marginally altered to actinolite,
carbonate, zoisite, and chlorite, and in places is cored by chlorite.
Primary amphibole, where observed, shows good prismatic shape and cleavage.
It is less commonly present than the clinopyroxene and is probably horn-
b. de (pleochroism ranges from green to yellow green to bluish-green

.4 extinction angle ranges from 31 - 40°. Actinolite is comron as an
alteration mineral and occurs in fibrous masses. It rims the primary
amphibole and has overgrown much of the original pyroxene. Pleochroism
of the actinolite is o = light green, B = olivine green, ¥ = blue
green, and extinction is less than 200. Accessory minerals in the quartz-
diorite include sphene, carbonate, opaques, and rare apatite. These rocks
crystallized according to the sequence: plagioclase-augite-hornblende-

quartz. Modal estimates are given in Table 1.

DIABASE

In the Chagnon area, diabase appears structurally up section or east
of the quartz-diorite with the quartz-diorite apparently intrusive into
it. The diabase appears homogeneous in outcrop, is bluish-green on fresh
surfaces, weathers greenish-gray to tan, and sometimes gives a vague dike-

like appearance. A few recognizable dikes can be found intruding the

overlying volcanics and a few are also observed in the gabbro and quartz-




diorite within the field area. H. de Romer (1960) mentions the presence
ct some discontinuous diabase dikes a few inches to three feet in width
filling steep north or south dipping longitudinal and cross icints in
the upper portion of the gabbroic unit. Although the diabase lacks
sheeted structure now, it may originally have been sheeted and this
structure obscured by subsequent metamorphism and dismemberment of the
Chagnon complex.

Veins of quartz and quartz-diorite are observed cutting the diabase
in a few places, especially in proximity to the quartz-diorite contact.
For example, in one outcrop'(location D, plate A) volcanic, diabase, and
quartz-diorite units are all present. Where the volcanic and diabase
units are in contact, the volcanics show a 15 cm thick chill zone and
the diabase a 2mm alteration zone. The quartz-diorite is present, for
the most part, as veins trending approximately N4SW and dipping 70°S.
Additionally, it shows a 2mm alteration zone against both the volcanic
and diabase. Finally, minor right lateral faults offset contacts of
all of the rock types by a few centime:s-s (Figure 6).

Petrographically, the diabase is fine to medium grained and dis-
plays an intergranular to subophitic texture. Often, granulated zones
ere observed with a nematoblastic texture developing adjacent tu them.
The diabase is composed primarily of plagioclase (saussaurite), clinopy-
roxene, actinolite, and quartz; quartz becoming more abundant as the
quartz-diorite body is approached (see Table 1 for modal estimates).

Piagioclase, for the most part, is saussauritized, overgrown by
chlorite, clinozoisi*e, zoisite, actinolite, sphene, and sericite.
Saussauritization is relatively uniform and of moderate intensity al-

though relict carlsbad and albite twins are still visible. Albite is

cbserved rimming some of the lath-shaped feldspar and may result from




Figure 6: Outcrop of northwest trending quartz-diorite veins cutting diabase and
volcanic (diabase and volcanic are not distinguishable in the photograph). Also note the
presence of minor faulting. Silva [compass] for scale.
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recrystallization.

The clinopyroxene in the diabase is augite and occurs as sub-to
anhedral grains of brownish red color. Some simple +wins and slight
zoning may be seen; however, much of the augite is overgrown by actino-
lite, clinozoisite, and sphene. Amphibole alteration around the edges
of grains is especially common. Actirolite shows 2 fibrous to acicular
crysta! form with infrequent simple twins. It is found 1imming primary
hornblende, rimming to replacing clinopyroxene, and as fibrous bundles
in the groundmass. Extinction is from 15 - 20° and its pleochroic
formula is « = green, B = olive, ¥ = bluish green. Quartz, when present,
is subhedral to anhedral in shape, is partially resorbed, exhibité undu-
lose extinction, and is slightly overgrown by actinolite and chlorite.
Quartz overgrowths on resorbed quartz are not UNCor”on and are detectable
where slightly dirty quartz is surrounded by clear quartz. Myrmekitic
relationships of quartz with plagioclase are also observed. Accessory
phases in the diabase include sphene, opaques (pyrite), chloritized
olivine, apatite, and ilmenite altered to leucoxene. Chlorite, clino-
zoisite, haematite, and carborate are often found filling microscopic
fractures. The order of crystallization is augite-hornblende-plagioclase-

quartz.

MAFIC VOLCANICS

Mafic volcanic rocks comprise the single most abundant rock type
in the area studied. Uncommon diabase dikes in the volcanics indicate
the dikes acted as feeders to the overlying volcanics. In addition,
screens of mafic volcanics are seen in the diabase near the volcanic/
diabase contact. In the field, the volcanics are most commonly massive,

homogeneous units. However, basalt breccia and pillow lavas are common.
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The pillow structure of some of these volcanics attests to a submarine
extrusive origin. In addition, mafic volcaniclaétic sediments are pre-’
sent in the southern portion of the map area. All of these volcanics
are bluish-green on fresh surface and weather grayish green to tlack.
An increase in the amount of disseminated and vein-filling carbonate

is noted as the contact with the overlying St. Daniel Formation is
aprroached.

In thin section, the volcanic rocks are more severely altéred than
any of the structurally underlying rocks. such c¢f the minerals present
are secondary, suggesting, as de Romer (1960) notes, that the volcarnics
were subjected to strong deuteric action or were permeated by hydro-
thermal solutions. Despite this fact, primary igneous features are
preserved in nearly all of the thin sections studied. Winner (1981)
notes the presence of two petrographically and geochemically distinct
volcanic groups on the north side of Chagnon Mountain. One he calls
an olivine metatholeiite characterized by chloritized olivine pheno-
crysts, and the other is termed a metatholeiite characterized by pheno-
crysts of plagioclase and amphibole/chlorite pseudomorphs after clino-
pyroxene. The volcanics on the southern slopes in this study area
appear to be of only one variety. They are often hiatal equigranular

in texture and are plagiocase * clinopyroxene * chloritized olivine

phenocrystic.

The massive mafic oceanic rock type is characterized by plagioclase
phenocrysts with a lesser amount of clinopyroxene phenocrysts set in a
fine-grained chloritized groundmass containing some plagioclase, clino-

pyroxene, and rare olivine pseudomorphed by chlorite microlites. Basaltic

breccia, which is found only north of Trouserleg Pond, appears texturally

fine grained with numerous cataclastic zones. Plagioclase and clinopyroxene




are both present as phenocrysts, and with olivine in the chloritized
groundmass. Calcite, clinozoisite, and hcematite stain are also present
in the groundmass. Pillow lavas on Chagnon's southern slopes are ellip-
soidal in shape measuring 0.3 - 0.5 meters in length by 0.2 - 0.3

meters in width with 7.5 - 10 mm thick chill margins. They are deformed
and attenuated in outcrops on the west side of Trouserleg Pond. This

is possibly related to their proximity to an east-west trending fault.
The pillow lavas are characterized by phenocrysts of olivine pseudo-
morphed by randomly orientated chlorite, by plagioclase laths set in
chloritized groundmass of plagioclase and chloritized olivine microlites,
and they exhibit good basaltic textures (Figure 7).

As mentioned above, mafic volcaniclastic sediments are found only
south of Trouserleg Pond. They occur in low abundance (less than 10
percent) and appear interbedded with the massive volcanics. Previous
workers in the area (e.g., Cooke, de Rumer, Lamothe) have failed to
recognize them possibly because they appear similar in outcrop to the
massive volcanic unit which is so abundant in the area. Texturally,
the plagioclase, clinopyroxene, and chlorite pseudomorphs after olivine
and pyroxene mineral grains are breoken to somewhat rounded with plagio-
clase in sub-parallel alignment. In addition, cataclastic zones are
locally common. The mineral fragments are set in a very fine grained
matrix which consists largely of chlorite, feldspar, and quartz. Many
of the volcaniclastics show, by grain size distribution and degree of
roundness, some degree of sorting by weathering and water processes.
The volcaniclastics are made up not only of mineral grains but also
of rock fragments. The mineral grains appear similar to those found

in the other volcanic units in the field area. Hence, individual mineral

descriptions for the different volcanic subtypes are grouped together
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Figure 7: Top is a photomicrugraph of a typical massive
volcanic from the Chagnon area (crossed polars). Note
the plagioclase microlites and clinopyroxene phenocrysts.

Bottom photograph shows elongated pillow basalts located
approximately 0.25 kilometers west of Webster Pond. Silva
for scale.
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Figure 7: Photomicrograph of a typical massive volcanic from the Chagnon area
(crossed polars). Note the plagioclase microlites and clinopyroxene phenocrysts.

Figure 7b: Photograph shows elongated pillow basalts located approximately 0.25
kilometers west of Webster Pond. Silva [compass] for scale.
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and given below. The rock fragments appear, for the most part, com-
positionally like the nearby massive and pillowed volcanics. However,
rare clasts of dacite (ts. 81-19-P), and polycrystalline quartz also
occur.

In all of the volcanics in the area of study, plagioclase feldspar
is present as lath-shaped and moderaztely saussauritized gruins. It
occurs both as phenocrysts which arc in some cases strained and also
as a groundmass phase. In some rare instances, the plagioclasé is re-
placed by prehnite (ts. 80-04-0, 80-06-0, 80-11i-0, 81-20-P). However,
chlorite, clinozoisite, actinolite, and, to a lesser extent, sericite,
tremolite, cummingtonite, and carbonate commonly replace the feldspar.
Relict albite, carlsbad, and pericline twinning may still be seen and
measurements on relict albite twins indicate the plagioclase is albite
(An 0-5). H. de Romer (1960) reports original calcic plagioclase of

An labradorite, from microlites in a volcanic glass. Albite appears

60’

as a thin clear zone rimming many of the plagioc.:.: laths and is pro-

bably a result of spilitization. When quartz is present in the volcanic

unit, myrmekitic texture is seen with the plagioclase. In places it

occurs in polycrystalline mosaic patches but is most commonly seen as

a groundmass phase, The quartz is anhedral in shape, exhibits undulose

extinction, and is slightly dvergrown by chloiite and actinolite.
Clinopyroxene occurs as euhedral to subhedral crystals often

mantled by secondary a:tinolite and chlerite. Well-developed twins

are comr’ in :-2se faintly reddish brown grains. The clinopyroxene

is augit- 2V = 70°, optic sign positive) and is subophitic with plagio-

clase. t -irtue of this relationship and the fact that in a few in-

stances plagioclase is found contained within the augite, the cliropy-

roxene must have crystallized after plagioclase feldspar. Olivine
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pscudomorphed by chlorite is rare as a phenocrystic phase, occurring

as such only in the pillowed volcanics. Generally, it is present in
accessory amcunts in the ground mass. Rare apatitc is also sometines
present. Alteration minerals include chlorite, clinozoisite, zoisite,
actinolite, tremolite, cummingtonite, carbonate, quartz, prehnite, and
haematite stain along fractures and cataclastic zones. Good euhedral
crystals of chlorite, zoisite, and clinozoisite are seen as vein-filling
minerals along with the massive variety of chlorite. Modal estimates
are presented in Table 1. The mafic volcanics crystallized according

to the sequence plagioclase % olivine * clinopyroxene % quartz-groundmass.

LATE DIKE

One dike (81-06-C) in the area is apparently distinct from the rest
of the igneous rocks. It cuts a plagioclase-phyric dike in quartz dio-
rite associated with the Chagnon complex and is not cut by calc-silicate
alteration stringers as is the earlier dike. The later dike appears
black on both fresh and weathered surfacs: and consists of medium-
grained plagioclase phenocrysts set in an equigranular aphanitic ground-
mass. The subhedral to euhedral plagioclase is lath-shaped and is di-
verse in crystal orientation. It ijs slightly overgrown by chlorite,
clinozoisite, and hornblende. Baveno, albite, and carlsbad twinning
are still recognizable. Plagioclase also occurs in the groundmass as
fine laths. Here it is severely altered by carbonate and chlorite.
Other groundmass phases include subhedral to anhedral clinopyroxene,
subtedral to anhedral chloritized olivine, subhedral to anhedral opaques,
and subhedral sphene. The dike crystallized according to the sequence:

plagioclase-groundmass (plagioclase-clinopyroxene-olivine-opaques). Later

metamorphic minerals inciude amphibole, chlorite, clinozoisite, zoisite,
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sphene, and quartz. Table 1 gives estimated modal percentages of the

various mineral constituents.

OVERLYING METASEDIMENTS

Metasediments of the St. Daniel Formation and the Glenbrooke Group
are found structurally above the Chagnon igneous complex. One of the
aims of this thesis is to determine the nature of such contacts, espec-
ially that of the St. Daniel to the volcanics. In general, rocks of
these units are found in low-lying and often swampy areas. OQutcrop is
poor and less than five percent is exposed. In addition, glacial debris
is most abundant in these low-lying areas and further obscures field

relationships.

ST. DANIEL FORMATION

In the Eastern Townships of Southern Quebec, the St. Daniel Formation
lies to the east and south of the BOC (Baldface-Orford-Chagnon) complex.
Doolan and others (1982) have divided it into three lithotectonic sub-
units: 1) chaotic black and gray slate; 2) serpentinite-black slate-
tectonic melange, and 3) black and gray slates interbedded with volcano-
genic metasedimentary rocks and volcanic flows. The St. Daniel in the
area studied in this report is of the first subtype. It consists of
gray to black slates with a well developed cleavage. The rock is iuch
fractured, making samples difficult to obtain. In places, the slates
appear laminated with alternating carbonaceous and silty horizons.

Thin sections from various locations in the field area reveal con-
sistent petrographic features. These rocks have very fine-grained equi-
granular matrix and ¢ 2ib‘t lepidoblastic texture due to the subparallel

alignment of various minerals and lithic clasts. Quartz, muscovite,
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sericite, opaques, plagioclase, and chlorite are the main components

of the matrix. Accessory amounts of zircon and sphenc are also present.
The chlorite appears to be a metamorphic or secondary mineral as docs
actinolite, and the epidote and clinozoisite are found overgrowing the
otherwise clear quartz. Haematite often accompanies chlorite as a
stain in anastomosing fractures found in the thin sections.

Lithic clasts found in the St. Daniel black slates usually are gray-
wackes, although quartzites, argillites, and shale fragments are also
common. No ophiolitic detritus was found in the map area. However, to
the south of Place Mountain, clasts of mafic metavolcanics, metagabbro,
and serpentinite believed fo be ophiolite-derived are reportedly con-
tained in the St. Daniel. Doolan and others (1982) propose that these
changes denote a ''pre- to syn-ophiolite emplacement character north of
Chagnon Mountain to a syn- to post-ophiolite emplacement age south of
Chagnon Mountain,"

Local folds are also sometimes present, ranging from approximately
10 mm to 0.45 m in half wavelecngth. Folds of similar dimensions have
been reported in the area by de Romer (1960). Although de Romer des-
cribes the slates as interbedded with gray quartzites of uniform grain
size, he reports only one area where this may be seen. This area is
the swampy region between Trouserleg Pond and Malaga Pond, adjacent to
the north end of the map area. In the map area, on trend to the south,
an arenaceous subunit of the St. Daniel was found. In outcrop, it
appears gray and exhibits a moderately good slaty cleavage. Petro-
graphically it consists of angﬁlar quartz and plagioclase grains in a
fine grained matrix (Figure 8). Quartz occurs in mosaic clots and much

shows deformation bands and wavy extinction. The plagioclase grains

are usually smaller and anhedral in shape. White mica (sericite and
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Figure 8: Photomicrograph of the arenaceous submember of the St. Daniel Formation
(crossed polars). Large black triangular clast is pyrite.
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muscovite) is the predominant mineral in the matrix. Other matrix con-
stituents include quartz, plagioclase, zircon, and rare pyrite.
Chlorite and clinozoisite arc found as secondary minerals. This
mineralogy is similar to that reported by de Romer (1960) for the St.
Daniel quartzites with one exception; the quartzites he reports to the
north appear to be relatively pure (quartz approximately 85%) whereas
the arenites (strictly wackes) south of Trouserleg Pond are found with
a substantial amount of matrix material (quartz approximately 35%, 10%
plagioclase, 55% matrix).

South of Trouserlcg Pond, a finely recrystallized lime mulstone is
found interbedded with slates in the St. Daniel. It occurs in beds ap-
proximately 0.3 m in thickness with thinner dark slate interbeds in two
adjacent outcrops (locality E). This occurrence is significant in that
it has never before been reported in the Eastern Townships. It is not
clear whether the limestone is present in continuous beds or if it is
a large block emplaced by olistostromic mechanisms. In outcrop, the
limestone is dark gray in color with light gray and dark gray laminae
in 5 mm bands and has small local tension gashes. Petrographically,
this unit contains predominantly subhedral shaped carbonate grains,
with lesser amounts of subhedral to anhedral quartz, opaque, and seri-
cite. A sample of this rock was given to New York State Paleontologist
Ed Landing to be chemically disaggregated for insoluble microfossils
in the Lope of accurately dating the limestone. In his report, no macro-
fossils were recovered in hand cracking prior to processing in acid,
none were observed on sawed surfaces, and no conodonts were found in
the insoluble residue (Ed Landing, written communication, 1982).

The contact of the St. Daniel Formation to the structurally lower

volcanics of the Chagnon area appears to be tectonic or unconformable.




Observations on the nature of the contact show the following charac-
teristics:

1. The St. Daniel overlies mafic volcanics in the northern portion
and volcanics and volcaniclastics in the southern portion of
the study area, indicating a period of faulting and/or erosion
before its deposition or structural juxtaposition. On a re-
gional scale, the St. Daniel lies above various units of the
serpentinite belt (e.g. volcaniclastic, volcanic, diabase,
gabbro, pyroxenite, peridotite) where present, ana above thLe
Sutton-Notre Dame schist belt where the '"ophiolitic' rocks
are not present.

2. This contact is not straight in map pattern, therefore several
generations of faulting may be involved in its formation.

3. Ophiolitic detritus is not found in the St. Daniel in the map
area except for locally large blocks of volcanics present south
of Mont Place ou*side this study area.

4. No obvious fault features are found adjacent to the contact
in either the volcanics or the St. Daniel, However, the smallest
gap between outcrops was approximately 4 meters and the actual
contact in outcrop was never observed.

5. No basal conglomerate is developed in the map area or anywhere
else in the St. Daniel (this does not include the Coleraine
breccia at Thetford Mines which is probably not equivalent
to the St. Daniel Formation).

The immediate implications of the above points arc:

1. The contact is either an angular unconformity, a fault, or
perhaps both. If partly or wholly faulted, the jagged nature
might suggest several episodes, although normal faults often

have a jagged outline.
%
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2. It is unlikely to be an ordinary erosional angular uncon-

formity because no typical basal conglomerate is seen and
volumetrically little detritus from the ophiolite is seen
in the St. Daniel.

3. It is unlikely to be z thrust as this should bring structurally
lower material above originally higher material. This is
obviously not the case with sediments over ophiolitic volcanics.

4. It could be a submarine normal fault, or more likely a set of
faults, whereby sedimentation of muds occurred onto the surface
existing before faulting in some places, but onto dJegrading
fault scarps in others. Therefore, the sediment deposited on
top of the blocks would appear locally conformable while that
which draped the fault scarps would be unconformable. On this
hypothesis the large igneous blocks in the St. Daniel represent
pieces spalled off the upper steep parts of the scarps onto
the lower parts accumvlating muds (see Figure 9). Throw on
the fault can be increased to expos¢ deeper levels of the
ophiolite, but most blocks in the St. Daniel appear to be high
level, at least in this area. Also, the fault or faults are
not necessarily downthrown to the east, the important point

is deposition on a degrading submarine scarp.

GLENBROOKE GROUP

Near Peaslev Pond, two members of the Peasley Pond Conglomerate
of the Silurian-age Glenbrcoke Group are found. The lower member is a
conglomerate, and the upper one an equigranular sandstone¢. As no mention
of a sandstone member could be found in the literature, it is hereafter

referred to as the upper sandstone member. In the field area, these rocks
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are well exposed (approximately 15 percent outcrop) just northeast of
Peasley Pond; exposure decreases (less than two percent outcrop) east-
ward as the terrain becomes low-lying and swampy. The contact between
rocks of the Glenbrooke Group and those of the St. Daniel Formation

is an angular unconformity; elsewhere (to the north) the Glenbrooke
Group also overlies the volcanics of the Chagnon massif on the same
angular unconformity (see Plate 1).

The Peasley Pond Conglomerate is a.basal conglomerate unit. Pebble
conglomerate contains angular to subangular clasts of quartz, chert,
black shale, and some argillite set in a matrix of gray grit. This
lithology fines upward into a quartz pebble sandstone and then into a
relatively pure sandstone. This sequence is found repreated throughout
the area approximately every three meters and is especially noteworthy
on a long ridge just north of Peasley Pond (Plate A, location F; and
Figure 10).

In thin section, the lithic clasts of the Peasley Pond Conglomerate
are set in a predominantly micaceous matrix with some chloritic and
haematitic components-(Figure 11). The clasts themselves are more
diverse than outcrop appearance indicates. In addition tc chert, shale,
argillite, and graywacke, clasts of feldspathic diabase and silicic
volcanic rocks (equant potassium feldspar in a chloritic quartzofelds-
pathic matrix), though rare, are present. Mineral grains of quartz and
chromite also occur. The presence of chromite indicates erosion of the
ophiolitic masses was occurring during the deposition of the Peasley
Pond Conglomerate and indicates somc sedimentaticn was coning from the
northwest. Silicic volcanics, however, are not known to the northwest
but are present to the southeast (Ascot-Weedon Beit). Therefore, sediment

was also being fed from the southeast.

L
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Figure 10: Schematic drawing of repeated sequence (conglomerate,
gradational sandstone, sandstone) of the Peasley Pond Conglomerate
at location 12-P on plate A. Beds trend 290° and dip 63° SW.
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Figure 11: Photomicrograph of the Peasley Pond Conglomerate. Note the small red
chromite grains between the lithic clasts of chert (plnae polarized light).
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The upper sandstone member is found east of the Peasley Pond

' Conglomerate and continues to the northeast wheré it comes in contact
with the St. Daniel Formation in the low-lying areas south of lirouser-
leg Pond (see Plate A). Outcrop is poor with much of the terrain
covered by swamps and glacial debris. The outcrops are usually no more
than 1.5 m in length by 1 m in width. The upper sandstone member ranges
in appearance from a gray relatively pure equigranular arenite to an
extremely weathered reddish brown sandstone. Its relationship to the
conglomerate appears to be either a depositionally restricted unit (i.e.
by transgression, paleotopography, etc.), a fault contact, or most likecly,
a facies change of the conglomerate into the sandston=.

In thin section, samples of the upper sandstone member of the
Peasley Pond Conglomerate are composed of subangular to rounded quart:z
in a fine grained matrix (Figure 12). The quartz is present in amounts
ranging from 40 - 90 percent and the boundaries between these clear
quartz grains are sutured. Haematitic clots typically 0.35 mm across
are characteristically present in amounts varying from five to ten
percent and contain corroded grains of quartz (which are much smaller
than the quartz grains not enclosed) in addition to minor amounts of
chlorite and sericite. Presumably these clots represent bits of
lateritic soil which has had some of its alumina and silica-containing
minerals leached out. The upper sandstone member also contains accessory
opaques;magnetite (less than one percent) and rare detrital zircons
(less than one percent). The micaceous matrix makes up 2 - 50 percent
of the sandstone and consists predominantly of muscovite and sericite

with minor amounts of chlorite and haematite.
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Figure 12: Upper sandstone member of the Peasley Pond Conglomerate. Note the
sutured quartz grain boundaries and lateritic soil.
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TABLE 1: AVERAGE ESTIMATED M™. AL PERCENTAGES
OF THE IGNEOUS ROCKS FROM THE CHAGNON
AREA
Gabbro Quartz-Diorite
Saussurite 45 Quartz 44
Augite 12 Saussuritized Plagio-
Tremolite-Acti- S:jjﬁj;itized Ortho- 46
nolite 11 clase
Quartz 4 Clinozosite/
Hornblende 5 Epidote 5
Chlorite 5 Chlc-ite
Ilmenite 5 Haematite 1
Clinozosite/ Augite <1
Epidote 3 Apatite <1
e aaee 2
Calcite - Actinolite <1
Sphene 1 Opaque (magnetite) <1
Albite 1
Apatite <1
Diabase Volcanic
Saussurite 45 Saussurite 49
Actinolite 22 Actinolite 8
Quartz 17 Clinozosite/
Chlorite 6 Epidote 6
Augite Chlorite 5
Clinozoisite/ Calcite 5
Epidote 2 Augite 5
Opaque (pyrite) 2 Chloritized Olivine 4
Opaque (ilmenite) 2 Opaque (pyrite) 4
Calcite 1 Quartz 3
Haematite 1 Tremolite 3
Sphene <1 Haematite 3
‘ Albite <1 Sphene 2
Opaque (ilmenite) 1
Albite 1
Sericite <1

L
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STRUCTURAL GEOLOGY

The Chagnon Mountain area has a northeast trending Qtructural
grain. This is consistent with Winner's (1981) findings for an area
northwest of the field area studied in this report. He notes the
metasedimentary rocks of the Miller Pond Formation, the serpentinite
separating these rocks from the igneous complex, and the igneous complex
itself all have a north-northeast trending dominant foliation. The

same is true near Trouserleg Pond where rocks of the igneous complex,

the St. Daniel Formation, and thc Glenbrooke Group occur.

In the field catzciastic foliation, slaty cleavage, pillow struc-
ture, bedding, joints, and faults are the major structural features
found. Most of these structures :re restricted to specific lithologies;
however, trends are consistent across lithologic units.

Two structural domains are reccgnized in the Chagnon area. The
first includes the gabbro, quartz-diorite, diabase, and volcanics of
Chagnon Mountain and will be called the igneous domain. The second do-
main includes lithologies of the St. Daniel Formation and the Glenbrooke
Group. This domain is referred tc as the metasediment domain. The
igneous domain occurs west of the metasediment domain, is structurally
lower, and is characteristically massive. Rocks of the metasediment
domain show good foliation.

Structural features in the igneous domain include cataclastic
foliation, pillow facing, bedding, joints and faults. Cataclastic
foliation is found in two locations where the diabase and quartz-diorite
are in contact. The boundé;; between these two units is irregular with
' the foliation developing in the diabase adjacent to the contact and
trending N46°E, 55°S. A two mm thick alteration zonme was noted in

the quartz-diorite, nore was observed in the diabase. This indicates

e
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the diabase was still warm when the quartz-diorite was intruded into
its basal portions and that the diabase 'flowed" around the hot acidic
magma. Another structure commonly observed is the presence of silicic
veins apparently of the same composition as the quartz-diorite body.
These veirs are observed cutting diabase and volcanic rocks in the
northern portion of the study area, and in closc proximity to the
quartz-diorite body. They generally trend northwest-southeast and are
frequently offset in & east-west direction by right latera! offsets.
Left lateral offsets of these veins are l¢ss prominent. It is pro-
bable that these silicic veins are genetically 1eclated to the quart:z-
diorite body and, as such, probably formed from late stage magmatic
fluids.

Cataclastic foliation is also observed within the massive volcanics
and volcaniclastics, where it trends north-nertheast, changing to east-
northeast as the contact of the volcanic unit with the overlying meta-
sediments is approached (see Plate A). This foliation is apparently
due to deformation (see Figure 13). Bedding is also found in the vol-
cariclastics south of Trouserleg Pond, but is often poorly developed.
Three measurements were taken and give an average of 35-40° and dip
moderately to steeply southeast. The volcanics in the Chagnon area
in places show pillow structure. Orientation determinations of the
pillowed volcanics were made in seven locations and in all places way
up is to the eas:i-southeast.

Joints are found throughout the map area but only in the northern
portion do they form a consistent joint sct (Figure 14). Minor changes
in their orientation may be observed in rocks of different lithology.
In addition, two faults were recognized in the field. One is a minor

fault trending 290° with left-lateral offset as determined by slicken-

L
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slides. The second fault is more extensive, again left lateral with

a small amount of dip slip motion. Slickenslidés give the direction

of movement as 130°, 12°W. 1In addition, minor right lateral offsets

of diabase dikes and silicic veins which trend 280° are common in the
area. A lesser amount of minor left-lateral offsets (also approximately
east-west) of the diabase dikes and felsic veins are present. It seems
likely, based on the similar trend of the joints and faults that they
are genetically related aﬁd possibly the result of obduction processes.

Structural features in the metasediment domain include bedding,
minor folding, and slaty cleavage. Bedding is discernable in a few
places in the St. Daniel Formation, and is rarely clearly indicated in
the Glenbrooke Group. Slaty cleavage in the St. Daniel slates and
spaced cleavage in the Peasley Pond Conglomerate generally trend north-
east with vertical to steep east or west dips. The poles to these
foliations are plotted in Figure 15, and, although somewhat scattered,
tend to cluster. This indicates that these units have undergone one
deformational event and the bedding is broadly warped. Minor folding
in the St. Daniel rarely occurs in the map area. These folds are
steeply plunging open folds of the parallel class of Ramsey (1967),
and possess a poorly developed axial plane cleavagc.

The rocks of the Chagnon area may be divided into two structural
domains, both of which display a dominant northeast trending foliation
and steep to vertical dips. The igneous domain include: the gabbro,
quartz-diorite, diabase, and volcanic rocks. Its structural features
include cataclastic folaition, silicic veining, pillow facing, bedding,
joints, and faults. The metasediment domain shows bedding, slaty
cleavage, and minor folding. From pillow structure and bedding rela-

tionships in both domains, the units young to the southeast. A stereo-
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Figure 13: Poles to foliation in the igneous domain (upper
left stereonet).

Figure 14: Poles to joints in the igneous domain (lower
stereonet).

Figure 15: Poles to cleavage and bedding in the metasediment
domain (upper right stereonet).
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graphic projection of poles to foliation in both domains indicatcs

the bedding in this area is broadly warped (Figures 13 and 15). In
addition, the poies in the metasediment domain tend to cluster about

a diffuse maximum while poles in the igneous domain seem to girdle

along the same trend. Although the structural data is insufficient

to be conclusive, this perhaps indicates the igneous domain has suffered
two deformational events (Sn and Sn + 1) ard the metasediment domain
one (Sn +1). The first event in the igneous domain may have been
related to its formation. The second event, which is common to both
domains, apparently caused the dominant northeast trending structural
grain of the area. It is interesting to note that a stereoprojection
of poles to joint and fault surfaces shows them to be approximately

90 degrees to the foliation poles. Perhaps these brittle features formed
at right angles to the foliation (or parallel to the approximate direc-

tion of compression) during the same deformational event.




CHAPTER III

METAMORPHISM

As mentioned in the preceding chapter, all rocks in the Chagnon
area have been metamorphosed to the greenschist facies. Although a
description of metamorphic recrystallization products has already been
given, it is reiterated here in brief in order to relate metamorphic
mineral growth to deformation. Textural criteria used for defermination
of pre-, syn- and post-kinematic (deformation) recrystallization follows

that of Spry (1969).

IGNEQUS COMFLEX

The rocks in the igneous complex from west to east and up structure
are gabbro, quartz-diorite, diabase, and mafic volcanics. These rocks
are apparently genetically related to a single mafic magma chamber and
are analogous to ocean floor lithologies. They have been metamorphosed
to the chlorite zone of the greenschist facies and are characterized by
the assemblage chlorite-clinozoisite-actinolite-albite- % quart:z %
sericite * calcite * sphene (mineral growth and deformation history are
summarized in Figure 16). This assemblage is similar to that described
by Miyashiro and others (1971) and Coleman (1977) for ocean floor (hydro-
thermal) metamorphism.

Few gabbroic rocks are found in the study area. However petro-
graphic observations reveal syn- to post-kinematic growth with respect
to the cataclastic foliation. Actinolite is c.ear to pale green in color
and rarely present. It occurs as randomly orientated (post-kinematic)
aggregates, as alteration of plagioclase feldspar (syn-kinematic) and

as a reaction rim on clinopyroxene (syn-kinematic). Chlorite and

N
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clinozoisite/zoisite are usually intimately associated, and are also

| syn- to post-kinematic. Syn-kinematic chlorite is present in the form
of parallel aligned olive green coliored flakes. Clinozoisite/zoisite
grains are randomly orientated and granular. Secondary albite is found
as a very thin clear rim on altered feldspar. It possibly forms as a

result of spilitization and is post-kinematic. Post-kinematic actino-

lite, chlorite, and clinozoisite all can be observed in these rims as
well as in the feldspar cores. In addition, some syn- to post-kinematic
sericite is observed overgrowing the feldspar in generally random al-
though sometimes parallel aligned orientation.

The quartz-diorite bodies in the northern part of the Chagnon arez,
like the zabbros, have a syrn- to post-kinematic metamorphic mineral
assemblage with respect to the cataclastic foliation. Textural rela-
tionships allotriomorphic granular with sutured grain boundaries)
demonstrate that th. iuartz is igneous not metamorphic. The subparal-
lelism of subgrain boundaries and undulose extinction in the quartz,
however, may have developed syn-kinematically. Chlorite and clinozoisite/
zoisite are syn-kinematic with somc of the flakes and prisms in parallel
alignment while others are random in orientation and granular. Sericite,
like chlorite and clinozoisite, is found overgrowing quartz and felds-
par. In the feldspar, however, it is found only in the core and in
random orientation. But, as plagioclase phenocrysts themselves resist
deformation, the sericite is probably syn to post-kinematic. Albite

occurs as clear narrow rims on some of the altered feldspar, and is

post kinematic in the quartz-diorites (no sericite is seen in these
rims). Rare actinolite forms as alteratioun of the feldspar (core and
rim) and quartz. It occurs as randomly orientated clear to light green

necdles and is post-kinematic.

L
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Diabase generally occurs as a massive homogenous unit in the
study area. It is characterized by the assemblage actinolite-chlorite-
clinozoisite/zoisite-albite. The actinciite occurs syrn-kinematically,

as parallel aligned fibrous overgrowths which rim to entirely pseudo-

morph pyroxene. It is also found in bundles bending around the plagio-
clase feldspar, and as randomly orientated, post-kinematic stubby cry-
\ stals which alter the feldspar. Chlorite and clinozoisite both occur
t as post-kinematic minerals; chlorite as olive green granular m;sses
l and as randomly orientated with berlin blue birefringent crystals, and
clinozoisite in random orientation associated with the chlorite. Very
thin reaction rims of clear albite on altered plagioclase feldspar are
sometimes present and have overgrowths ol randomly orientated actinolite
and chlorite indicating that the actinolite and chlorite are post-
kinematic.

The structurally highest unit in the Chagnon massif is the mafic
volcanic unit. It can be subdivided intc massive flows, basalt breccias,
pillow basalts, and volcaniclastics. All of these have been metamor-
phosed to the greenschist facies. Chlorite occurs syn- to post-kinema-
tically where it has pseudomorphed olivine in parallel aligned flakes.
Since both sericite and actinolite are found in random orientation,
sericite overgrowing the core of the plagioclase and its albite rim and
actinolite in the groundmass, both are considered post-kinematic. Rare
prehnite crystals are found associated with the haematite stain and

carbonate which fill cracks and they are, therefore, considered a

very-late stage alteration fcature.

ST. DANIEL FORMATION

The St. Daniel Formation is found structurally overlying the vol-

L




canics of Chagnon Mountain. Both the slate and the sandstone are
characterized by the assemblage: muscovite-chldrite-actinolite. The
dominant foliation (Sn + 1) is defined by these minerals in addition
to black carbonaceous material in the matrix. Furthermore, these
minerals also wrap around the graywacke, quartzite, and opaque porphy-
roclasts and are therefore pre- or syn-kinematic. The graywacke and

quartzite porphyroclasts are elongate parallel to the foliation. However,

sericite orientated at high angles to the foliation (Sn + 1) is observed
in the graywacke. The Sn + 1 foliation is, in rare instances, folded
(Sn + 2) but no new mineral growth was observed with this deformation.
Pyrite has been found with the long dimension of its prism aligned

|
parallel to the Sn + 1 foliation and is, therefore, also syn-kinematic. 1

GLENBROOKE GROUP

The two members of the Peasley Pond Conglomerate occur south of

Trouserleg Pond in the Chagnon area. The foliation present in these |
units is a spaced cleavage and is not as well-developed as that of the
St. Daniel but may be observed both in the field and on thin section
scale. Petrographically, the foliation is defined by the elongate
nature of quartz grains and by the alignment of muscovite and minor
chlorite in the matrix. Post-kinematic chlorite is also found and has

a granular texture. Later addition of carbonate and haematite between

grains is evident.

DISCUSSION ‘

In order to understand the metamorphism cf the mafic rocks of the
Chagnon area, an understanding of the metamorphic minerals themselves,

is needed. These rocks are characterized by the following assemblage:

‘-________——————————————————————————————————;::--III------------..-.-....
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epidote group-actinolite-albite- 2 sericite * calcite * sphene. The
following discussion attempts to outline the necessary conditions (T, P)
for this metamorphic grade to be reached and the resulting properties
the characteristic minerals should exhibit.

Chlorite first appears in the prehnite-pumpellyite facies and
persists into the lower epidote amphbolite facies (Figure 17). It is
a magnesian-rich mineral, Fe2+/(Mg+Fe2+) = 0.1 to 0.5 and is usually
green with low birefringence. In the Chagnon area, its birefringence
is very low (generally around 0.0025). This clearly indicates that it
is Mg-rich. (Miyashiro, personral communication, 1961).

Epidote, clirozoisite, and zoisite are all found in the Chagnon
area. These minerals first appear in mafic rocks in the prennite-
pumpellyite facies and persist into the lower amphibolite facies. They
are the predominant calcium-aluminum silicate in low temperature zones
(Miyashiro, 1973). Epidote is usually higher in iron content than
either zoisite or clinozoisite. In the study area, clinozoisite is
the most common mireral of the epidote group, followed by zoisite and
minor amounts of epidote. This seems to indicate a paucity of iron in
the overall rock and, hence, the formation of clinozoisite/zoisite occurred
in preference to epidote.

Calcic amphiboles may be divided into two groups: the actinolite
group and the hornblende group. The actinolite group first appears in
the upper prehnite—pumpeliyite‘facies and contains a spectrum of com-
positions from tremolite through actinolite to ferroacrinolite. This
group persists into the lower epidote-amphibolite facies. Members of
the hornblende group appear in epidote-amphibolite facies and persist

into the lower granulite facies. Tremolite-Actinolite group amphiboles

are relatively poor in alumimm and sodium compared to those of the
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hornblende group. In the Chagnon area, actinolite and minor amounts

of tremolite are observed in the metabasic rocks; and hornblende, when
present, occurs as a primary {igneous) phase. In addition, to the
calcic amphiboles, rare occurences of cummingtonite (Mg, Fe, Al)7 (Si,
Al)8 OZZ(OH)Z’ are observed with actinolite in diabase (81-08-P), vol-
canic (81-18-0), and volcaniclastic (81-04-C} rocks. Cummingtonite
reportedly occurs from the upper epidote amhibolite facies to the lower
granuiite facies. It is also found, but in minor amounts, in many low
pressure Ca-poor metabasites (Miyashiro, 1973). Its presence in some
of the mafic rocks from Chagnon is problematic.

Metamorphic plagioclase first appears in the upper zeolite facies,
is albitic in composition, and persists to the lower epidote-amphibolite
facies. Slightly below the greenschist/epidote-amphibolite facies boun-
dary, oligoclase crystallizes and continues to do so until the upper
amphibolite facies where ancrthite forms (see Figure 17). Miyashiro
(1973) notes that albites in low-temperature metamorphic rocks are mostly
water-cleér, untwinned, and unzoned; and with rising temperature, twinning
tends to increase. The’ mafic rocks in the Chagnon area characteristically
have clear albite rims around moderately altered plagioclase feldspar.

In one thin section (81-08-P, diabase) the secondary plagioclase is
twinned, and has an anorthite content of Ans (albite). This albite is
found rimming opaques, sphene, and cummingtonti: which themselves appear
to be replacing pyroxene.

Sericite, biotite, sphene, ilmenite, magnetite, naematite, and
pyrite are present in a few of the mafic rocks studied. Sericite is
found altering feldspar and is known to form in greenschist facies

metabasites and exist into the lower epidote-amphibolite facies.

Biotite is observed in only one thin section (80-29-u, pillow basalt)
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overgrowing chloritized olivine. It reportedly occurs from middle
greenschist to lower granulite facies. Calcite forms in the lower zeo-
lite facies and continues to form into upper amphibolite facies meta-
morphism. Miyashiro (1973) notes haematite (Fe203) is stable at high
PO2 and, as PO2 decreases, magnetite forms. Tn the mafic rocks from

. 24 3+
the Chagnon area no magnetite (Fe Fe2 04

closed in chloritized olivine (t.s. 80-29-0). However, ilmenite is

) is found except where en-

found in the gabbro, diabase, and in some volcanics but only rarely
in the diabase,
A typical tholeiitic basalt contains plagioclase with an anorthite

content of An 0° clinopyroxene (usually augite), and may or may not

40-7
contain olivine. The mafic rocks from Chagnon Mountain had an original
mineralogy consisting of plagiocalse, clinopyroxene (augite), minor
amounts of olivine, * ilmenite. These mafic rocks have been matamorphosed
to the greenschist facies as defined by the assemblage: chlorite-epidote
group-actinolite-albite * sericite * calcite * spiiene. Upon metamorphism,
the anorthite component in the plagioclase probably was taken up in the
formation of clinozoisite/epidote thus lowering the An content of the
plagioclase. Hence, a narrow rim of water-clear albite formed around
the altered feldspar by postmagmatic rerlacement (spilitization). This
view is supported by Gilluly (1935), Vallance (1969, 1974), Coombs
(1974) and Turner (1981). Chlorite was probably formed by the hydro-
thermal alteration of pyroxene; and quartz, sericite, calcite, and
pyrite were also probably derived by hydrothermal fluids circulating
through the rocks at low metamorphic temperatures.

In general, the igneous complex contains no prehnite or pumpe]iyite

and no metamorphic hornblende. Even though low pressure metamorphism

is assumed, the temperature of this metamorphism can be crudely bracketed
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between approximately 350° and 500°C. The lower temperature is defined
by the reaction: (pumpellyite + chlorite + quartz = clinozoisite +
actinolite) at pressures above four kbars. This reaction defines the
boundary between the prehnite-pumpellyite facies and the greenschist
facies (Winkler, 1979). The upper temperature limit of 500°C is defined
by the formation of hornblende. This temperature rises only slightly
with increasing pressure (Winkler, 1979).

In some thin sections, rare overgrowths of prehnite on plagioclase
feldspar are present and thcore is the association of prehnite with hae-
matite and calcite in cataclastic zones. Although experimental work
done by Hinrichsen and Schurmann (1969) and Nitsch (1971) show prehnite
(with or without pumpellyite) existing at high and medium pressures, its
formation is generally attributed to decreasing temperatures and may be
representec by the reaction: (clinozoisite + actinolite + water =
prehnite + chlorite + quartz at temperatures near 340 * 20°C and 1 kbar
water pressure (Winkler, 1979). Hence, the formation of prehnite in
the mafic rocks at Chagnon likely occurred during the waning (retro-
gressive) stagés of metamorphism.

As these rocks are similar in lithology to oceanic crust, a brief
comparison of ocean floor metamorphism with that observed on Chagnon
is made here. In general, previous studies indicate the metamorphism
is static and caused by hydrothermal circulation of seawater within the
spreading center (Miyashiro et al., 1971; Elthon and Stern, 1978; Stern
and Elthon, 1979; Bonnati Ei.il;; 1975; Cann, 1979). Descriptions from
dredge hauls reveal the rocks to be homogeneous with primary textures
and phases preserved. Recrystallization is often incomplete and meta-
morphism is usually to the greenschist or amphibolite facies. This is,

in texture and assemblages, similar to what is observed in the mafic

A




68

Apnis sTyL

Apnis siy3y ‘s

L]

JdusIazey

$9/61 ‘siayijo pue uIals f//61 ‘uewd[o) {661 ‘uue)

0s¢

0S

0s

0s

00¥-0S¢

0S

0S¥-00Z
0s¢-002

Do

v

14

v

14

L

22+ z3byauaydsz - 1da+
(snoaqry ‘ayed) °3d0V+°qV+°TYD

(¢3w +) *11/°x0onar+-1do+
(snoaqry ‘ared) *3dV+ qv+° YD

*01q3°* 11/ 8ew+ (psaoyod

9saeod pue ‘ared ‘snoaqry
yjoq) -3de+(og uy)‘*3eid el

*20+'01q3°yds+(a1ed §
snoaqry) *3oe+(og uy)-3erd en
‘yds+* 308+ 1da+ qy+ YD

‘yds+°30e *1de+°qy+ 1Y)

*yds+-1do+qv+ 1Y)
*Z23bz yds+ 1o+ 1da+qv+° TYD

adeTquassy

‘1861 ‘IoUUTIM - ¢
*8/61 ‘uxais pue uoyilq - g

"1L61 ‘oxTysed1n
‘S/61 ‘saayjo pue 13jeuuOog - |

(dTUED[0A) 3ISTYOSUIAIY

(oxqqed) teUOTIITSUEBIY

a31Toutloe Jaddn

931T[O0UTIOE JaMO]
@3110qydure

a3110qTydure pue 3ISTYOSUISLS
usaamlaq [BUOTITSUBI]Y

ISTYISUIaIH
3ISTYOSUIAIH

satdoeq

(1861 ‘Iouuty WOIy PaTyTPOW) NIVINNOW
NONOVHD LV @3AYISH0 SHOVIEWASSY HLIM ATUVAWOD WSIHAHOWVIHIN 400T1d NVID0 40 SIOVIEWASSV :Z F18VL




69

rocks of the Chagnon area. In addition, Winner (1981) compiled a table
of metamorphic assemblages derived through ocean floor metamorphism
(Table 2). When comparing these to the assemblages from Chagnon Moun-
tain, strong similarities are noted. Furthermore, information in this
table indicates the temperature of the metamorphism probably ranged from
near 450°C for the gabbroic rocks decreasing to approximately 350°C
for the volcanics. It is suggested here that the metamorphism of the
mafic rocks from the Chagnon massif was an ocean floor event and that
this metamorphism caused the spilitization and was associated with the
development of the cataclastic zones (Sn in structure section) in the
rocks. The second deformational event (Sn + 1), which gave rise toc the
northeast-trending foliation and metamorphic mineral growth in the St.
Daniel is related to the emplacement of the orhiol. e upon the ancient
North American continental margin. This event (Sn + 1) had no apparent
ffect on the matamorphic mineral assemblages in the ophiolite, but

did cause structural telescoping of the section ..e Chapter V).
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CHAPTER 1V

GEOCHEMISTRY

METHODS

Geochemical analysis was done in order to establish whether there
are more than one group of mafic volcanics in the Chagnon area. Rocks
were selected that appeared homogeneous in the field, with special
attention to select those with as little veining as possible (Figure
18). Since these rocks have been severely affected by spilitization,
the selection process was often difficult. Moreover, in this section,
hydrous minerals are abundant indicating the conditions were ideal
for maximum mobility of many elements. Eight samples were chosen
based on hand specimen and thin section appearance. These were pre-
pared following procedures outlined by Bendei1 (J.F. Bender, personal
communication, 1981). To begin, rocks were broken down to 5 to 10 mm
sized particles with a sledge hammer on a steel plate. Next, wea-
thered surfaces and vein material were removed. The sample was then
rolled back and forth on paper for approximately fifteen minutes and
split into four equal fractions. At this point one fraction was taken
and pounded with a steel mortar and pestle to a coarse powder. Ano-
ther split was taken from this and put into the '"'shatter box'" for
ten minutes. This material was then removed from the '"shatter box"
and ground by use of an alumina mortar and pestle to 200 mesh size.

To guard against possible contamination, the steel mortar and
pestle were cleaned between samples by first using compressed air to
blow out any loose particles and then by grinding yuartz (Ottawa sand)

spiked with the next sample. The same cleaning procedure was also

A



Figure 18: Location map of samples in the Chagnon Area analyzed
geochemically. Numbers are reference numbers to the samples.
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done with the alumina mortar and pestle. Here, however, an acetone
rinse coupled with distilled water treatments was done. In addition,
after every third sa =, the alumina mortar, with pestle sitting
inside, was filled with hydrofluoric acid and left to stand overnight,.
They were then rinsed with distilled water, then acetone, and dis-
tilled water again befcre being dried by heat lamp.

Sample preparation for major element analyzes began by placing
a portion of powder in a platinum crucible at 1100°C for thirty-five
minutes. 280 mg of anhydous sample was then combined with 1500 mg of
"spex" brand flux and put into platimm crucibles for a six minute
baking at 1020°C. Every two minutes the crucible was takeu out and

swirled to insure homogenity of the melt. At the end of the six

minutes, the melt was poured out on a graphite disc and pressed with
an alumina plunger. Two quenched discs were made for each sample
and analyzed on a Siemens automated x-ray iiuorescence (XRTF) unit

at the University of Massachusetts. For trace element analyses,

25 mg of sample backed with 50 mg of boric acid was pellitized under

vacuum in a 31 mm evacuable die at 11 x 103 kg. Two pressed powder

1 pellets were made of each sample and analyzed by XRF on a Philips

| AXS automated spectrometer at Woods Hole.

1 Analytical precision on the major elements was checked by running
the BCR-1 standard in the last chamber. In addition, the duplicates
for each sample were looked at for consistency. If the values ob-
tained for BCR-1 were consistent with known values and if the values

! between duplicates were consistent, then machine error and error in
sample preparation techniques were considered negligible. When the
duplicates had SiOz values within one percent, they passed screening

(the greatest difference in weight percent should be found here) and

W




73

were averaged. According to Dr. J. Rhodes of the University of
Massachusetts, their analyses have a relative error of one to two
percent. Trace element values on the duplicates were averaged to-
gether and accepted. Precision here was again checked by running
USGS standard BCR-1 and accuracy for the trace elements generally
ranged from one to five percent. Aralytical results and the results

for the standard are given in Table 3.

ANALYTICAL RESULTS AND INTERPRETATIONS

Major and trace element chemistry of four volcanic rocks, one
mafic breccia, one volcaniclastic arenite, one gabbro sill, and one
late mafic dike are given in Table 3. These parameters were plotted in
various combinations in order to see if one or more magma types are
present. While a case can be made against the ability of a ''discrimina-
tion" diagram to identify the correct tectonic environment of a sample
(i.e. ocean floor, calc-alkaline, etc.) they have proved useful as a
means for distinguishing different magma types in a single area
(W.S.F. Kidd, personal communication, 1982). In general, the appli-
cation of discrimination diagrams to igneous rocks of unknown tectonic
environment is restricted to the volcanics as they are believed to be
closer to true liquid compositions. The plutonic rocks are not used
as thcy are often too strongly fractionated (Winner, 1981).

In this section various discrimination diagrams are used and some
of these have been used by others to infer magma type and tectonic
setting. The various samples discussed in the text will be referred
to by reference number (see Table 3). The diagrams used to determine
magma type are NaZO+K20 - FeO (total) - Mg0 (Figure 23), (N320 + KZO) -

[(Ego ) x 100] (Figure 24; Hughes, 1973), a simulated trace element

NaZO#KZO

%




TABLE 3: CHEMICAL ANALYSES OF IGNEOUS ROCKS FROM THE CHAGNON

MOUNTAIN AREA

Type of Rock: volcanic
Geochemical

Sample No.: 2
Hand Specimen

Sample No.: 81-01-C

Element weight%

SiO2 50.99
A1203 14.66
Fe203* 11.84
Mg0 5.53
Ca0 9.74
NaZO 5.06
KZO 0.07
TiO2 1.78
MnO 0.17
PZO5 0.21
Mg# 0.49
ppm
Sr 153.6
Rb 1.4
Y 40.8
Zr 106.8
Nb 3.4

volcanic

81-11-D

50.26
14.77
12.30
7.52
8.23
4.19
0.27
1.71
0.19
0.14

0.55

334.7
14.3
39.3

118.2

3.2

volcanic

81-15-P

47.
18.
13.
.61
.89
.78
.37
.30
.24
.20

O O N N DN oo

122,
34.
27.

143.

v N Y ©

85
57
92

.55

volcanic sill

81-08-P

ty v 3 00 O

o O = Ik

. . . .
S I~ N o R e

.59
.46
.24
.46
.86

.14
.03
.09
.14

.64
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TABLE 3: CHEMICAL ANALYSES. . .(cont'd)

Type of Rock: flow breccia volcaniclastic  gabbro sill late dikc
Geochemical
Sample No.: 1 3 5 4

Hund Specimen
Sample No.: 80-06-0 81-04-C 81-02-P 81-06-C

Element weight%

$i0, 46.34 55.07 48,87 48.75
‘ A1203 15.10 18.59 18.46 17.30
Feq03* 14.44 7.96 8.98 10.27
MgV 7.05 4.73 7.71 6.90
Ca0 9.77 6.45 9.82 10.74
Ma,0 3.94 6.08 4.13 4.13
K,0 0.54 0.71 1.09 0.44
Tio, 1.99 0.56 1.14 1.54
MnoO 0.24 0.10 0.14 0.17
D 1=
‘205 0.19 0.09 0.10 0.17
Mg# 0.49 0.54 0.653 0.93
ppm
Sr 156.7 327.4 454.0 115.2
Pb 13.0 14.2 18.9 10.7
Y 36.5 16.1 25.1 30.4
r 118.0 88.6 92.8 122.4
Nb 4.9 4.3 1.1 5.2



TABLE 3: CHEMICAL

Type of Rock:

Geochemical
Samr ' = No.:

Hand Specimen
Sample No.:

Element - ight%

Sio2
A1203
Fe2*0
Mg0
Cal
Na,0

2

KZO

Tio
MnO

P0g

3

2

Mg#

ppm
Sr
Rb
Y
ir
Nb

ANALYSES.

volcanic
standard

BCR-1

54.64
13.59
13.44
3.39
7.01
3.37
1.69
2.25
0.18
0.37

329.3
46.6
37.3

181.0

. (cont'd)
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plot (Figure 25; Sun et al., 1978), TiO2 - Zr (Figure 26; Floyd and
Winchester, 1975), TiO2 - Y/Nb (Figure 27; Floyd and Winchester, 1975),
and TiOZ - FeO (total)/MgO (Figure 28; Miyashiro, 1975). Flcts uscd
to infer tectonic setting include: K20 - TiOz- P205 (Figure 29; Pearce
et al., 1975), Zr - Nb (Figure 30; Bass et al., 1973), Zr/Y - Zr
(Figure 31; Pearce and Norry, 1979), Zr - Ti/100 - Y x 3 (Figure 32,
Pearce and Cann, 1973), and Zr - Ti/100 - Sr/2 (Figure 33; Pearce and
Cann, 1973). First, however, four figures will be used to attempt

to show the relative amounts of alteration, differentiation, and/or
crystal accumulation as these parameters will affect where the samples
plot in many of the various discrimination diagrams.

A plot of MgO vs Al O3 (in wt %) indicates four things (Figure 19).

2
First, it appears sample 2, which is a volcanic, 1s altered and thin
section shows this sample has abundant (~ 10 percent) carbonate stringers
and up to 10 modal percent clinopyroxene. Although care was taken in
sample preparation to remove all secondary vein material, enough pro-
bably passed through to significantly affect the result. Second,

sample 5 (a gabbro sill) shows slight crystal accumulation of plagio-
clase and clinopyroxene and 8 (a volcanic) of plagioclase and olivine
affected their chemistry as can be seen in increasing content of both
A1203 and Mg0. This also is confirmed in thin section. Sample 3
(volcaniclastic) shows low Mg0 and high A1203 contents indicating

large amounts of plagioclase are present. Petrographic examination of
this sample reveals ~35 modal %. The remaining samples generally plot
between 6.75 and 8.0 wt percent Mg0 indicating that differentiation

by accumi:.'ion processes did not significantly affect the chemistry

in any one sample more than the others.

On a plot of FeD/Mg0 vs Al 03 (in wt percent), three of the samples

2

L
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plot at a relatively higher Fe/Mg0 ratio and lower A1203 value and
hence appear slightly more differentiated (Figure 20). These samples
(1, 2, 7) are not the same samples that appear to be marginally
differentiated in Figure 1. However, sample 2 (a volcanic) was

shown to have abundant carbonate stringers and 10 modal percent
clinopyroxene. Petrographic study of sample 1 (a flow breccia) shows
10 modal percent calcite in veins and finely disseminated in the
groundmass. It also reveals up to 36 percent chlorite replacing
mainly plagioclase feldspar and also totally pseudomorphing olivine
and clinopyroxene. Thin section study of sample 7 (a volcanic) shows
27 modal percent clinopyroxene. A plot of Mg number versus strontium,
a mobile element (Figure 21), and zirconium, an immobile element
(Figure 22) reveals first, that with the exception of the late dike,
the Mg numbers from the Chagnon massif have a limited range (.49 -
.64); and second, strontium has a wide range in abundance (50 - 475
ppm, approximately a factor of ten) while zirconium is relatively
consistent (85 - 145 ppm, approximately a factor of two). Differen-
tiation of a mafic magma toward a more silicic magma should result in
the depletion of strontium as plagioclase separates out (Carmichael,
et al., 1974). In this study, strontium abundance is highest in the
gabbro (sample 5), shows a decrease in the volcanic (sample 7) and
volcaniclastic (sample 3) and is lowest in the remainder of the vol-
canics, in the flow breccia, and in the late basaltic dike (samples
1, 2, 4, 6, and 8). A consistency in Mg numbers and zirconium abun-
dance would be expected in a massif of a single parent or related
parent magmas.

The rocks from the Chagnon area generally appear thole:itic. A




80

2.0
o
)
)
< 1 : s
s 1
§ .
3 . 5
1.0 .
0.5
L 15 1 7 8 19
M‘,.O3 (wt Pcran*)
Figure 20: Fe0/Mg0 versus A1203 (weight percent)




1.0

0.9

08

0.1

ob

05 X

o4

0.3

0.2

81

30 j00 200 300 400

Sr (ppm)

Figure 21: Mg number versus Sr (ppm)

500




82
1.0 ‘
0.8
L s ¢
"\0‘ M
> S B
c 9
04
(o ¥}
o 5o oo T 200
Zr (ppm)

Figure 22: Mg number versus ZIr (ppm)




| moderate tendenc: toward iron enrichment in the voicanics as compared
| to the volcanic sill, gabbro sill, and the volcaniclastic is seen in
Figure 25. Samples 3 (volcaniclastic) and 6 (vcolcanic sill) tend
more towards the calc-alkaline field. This, however, is probably
due to plagioclase accumulation and KZO enrichment (see Table 3) in
the volcanic sill and to sedimentation and weathering in the volcani-
- clastic (see Figures 19 and 20).

A plot of total alkalis versus alkali ratio of the mafic rocks

from the Chagnon area shows a significant amount (= 100-150%) of

alkali enrichment has occurred (Figure 24). These samples, which

petrographically are mafic (basaltic volcanics, plot either above

tre tholeiite field or in fields which the petrography and geochemis-

try do not support. Clearly, alkali metasomatism has affected the

protolith of these samplés. Furthermore, a trace element plot using

| normalized chondrite abundances from Sun and others (1979) and from
Wanke and others (1974) shows K, Sr, and Rb have wide variability and
appear enriched (Figure 25). This plot also suggests apart from these
trace elements that the Chagnon mafic rocks have an ocean tholeiite
trend. Floyd and Winchester (1975) discrimination diagrams utilizing
trace elements rather than major elements were used to check the
vaiidity of the above assumbtion (Figures 26 and 27). In both cases,
the rocks plotted in the tholeiitic rather than alkali basalt field.
In addition, a plot of Ti vs Y/Nb (Figure 27) indicates they are
largely ocean tholeiites rather than continental tholeiites.

The geochemical suggestion of only one basaltic magma is inferred

in the discussion up to this point. Excluding the late dike (sample
4), the differences between the samples can be attributed to crystal

accumulation via magmatic processes or via sedimentation processes

A
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Figure 25: Plot of normalized incompatible element aburdance
patterns for mafic rocks from the Chagnon area. Abundances of
Ti, Sr, Y, Zr, Nb are normalized using condrite abundances from
Wanke and others (1974). Abundances of Rb, K, P are no.malized
using condrite abundances from Sun and others (1978).
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(sample 3). In addition, alkali metasomatism of the rocks gave rise
to their high sodium and potassium contents. Furthermore, thc trace
element plot suggests an ocean tholeiite trend and this 1s supported
by the trace element discrimination diagrams of Floyd and Winchester
(1975). All of the samples in this study, with the exception of the
volcaniclastic, have TiO2 values greater than one weight percent
(Figure 28), thus also suggesting only one parent =i ma. These
samples plot in the range of Winner's (1981) tholeiites while the
volcaniclastic in this study plots with his olivine tholeiites.
Previous workers have claimed to be able to define tectonic
environments using a large data base of fresh rocks from known tectonic
settings (Pearce and Cann, 1973; Bass et al., 1973; Pearce et al.,
1975; Pearce et al., 1977; Pearce and Norry, 1979). Use of diagrans
derived from such studies allow the original tectonic setting to be
inferred for rocks of the Chagnon area. Pearce and others (1975)

plot KZO - TiO2 - P20 in order to distinguish oceanic basalts from

5
continental basalts. This diagram has limited value, hawever, as

these rocks have been shown to be alkali enriched. Rocks from the
Chagnon area plot in both fieldson the KZO-TiO2 - P205 plot (Figure
29). It should be remembered from the discussion of magma type that
samples 5 (gabbro sill) and & (volcanic) are affected by plagioclase
and clinopyroxene/olivine accumulation, sample 6 (volcanic sill) by

K20 enrichment, and sample 3 (volcaniclastic) is affected by sedimen-
tation and weathering processes. In addition, Pearce and others (1975)
note metamorphism and weathcring result in basalt compositions plotting
outside the oceanic basalt field; those that remain undoubtedly are of

oceanic origin. As trace elements are less mobile, Zr and Nb contents

of samples from this study were plotted on a diagram following Bass
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and others (197: All c: the rocks in the Chagnon area plot com- m
pletely within the .cean ridge basalt field (Figure 30). -
A Pearce and Norry (1979) Zr/Y - Zr diagram was used to infer

! tectonic environment. Most of the samples, again, plot within the
mid-ocean ridge field (Figure 31). Samples 4 and 8, however, plot
just within the in-plate basalt field. Some overlap between the
mid-ocean ridge basalts and within plate basalt fields does occur ;ﬁ
on Pearce and Norry's original diagrams. The samples from the Chagnon H
area were also plotted on two Pierce and Cann (1373) diagrams; Ti/100-
Zr-Y-3 (Figure 32) and Ti/100-2Zr-Sr/2 (Figure 33). Samples 3 and 5,
the volcaniclastic and the gabbro respectively, plot in the calc-
! alkaline field in both figures although sample 5 in Figure 32 actually

is within the area of overlap between ocean floor basalts and calc-

alkaline basalts. The other samples generally plot as ocean floor
' basalts. From these figures it can be inferred that one basaltic magma

type is present in the Chagnon massif, and it is very likely to have

been ocean floor basalt. |

DISCUSSION

Samples from five volcanics, one volcaniclastic, one gabbro sill,
and one plagioclase phyric dike were analyzed and piotted on various
discrimination diagrams in order to infer: 1) If one or more magma
types is present in the Chagnon massif; 2) what was the nature of
the magma(s); and 3) what was the original tectonic environment of
the magma(s). Although the number of samples is small, some infer-
ences can be made. First, a spatial separation of the volcaniclastic

' (3) and often the volcanic sill (6) from the other samples occurs on !
the various diagrams. This is attributed to sedimentation and wea-

thering processes in the case of the volcaniclastic and to alkali

« T
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Figure 31: Plot of mafic rocks from the Chagnon area using
Pearce and Norry's (1979) Zr/Y - Zr (ppm) discrimination diagram.
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enrichment in the volcanic sill. However, only one magma typc is

believed to be present. This appears
which has been enriched in alkalis as

high values for NaZO, K.0, Rb, and Sr

2

presence of tholeiitic magma suggests

at a oceanic spreading ridge.

to be an ocean floor tholeiite
suggested by the znomalously
(Figures 24 and 25). Finally,

the Chagnon massif was formed

98
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CHAPTER V

EVALUATION OF THE CHAGNON AREA

SUMMARY

The Chagnon Mountain area consists of six major lithologic units
which, from west to east and going up structure, are: gabbro, quartz-
diorite, diabase, volcanics, the St. Daniel Formation and rocks of the
Glenbrooke Group. All of the rocks have bteen metamorphosed to the
greenschist facies; how:ver, primary textures and minerals are often
well preserved. Field relations between the gabbro and quartz-diorite ‘
indicate a gradational boundary. In addition, quartz-diorite has never
been reported as intruding into the structurally lower units to the
west (the peridotites of the igneous complex and the metasediments of
the Miller Pond Formation). This suggests the quartz-diorite may be
genetically related to the gabbro througt the process of differentiation, |
or may represent a later partial melt.

Diabase lies structurally above the quartz-diorite and apparently
formed the 1id to the magma chamber as indicated by the irregular nature
of the contact in map pattern. Additionally, diabase shows a well-
developed cataclastic foliation where in contact with the quart:z-
diorite, and the quartz-diorite shows a thin alteration zone. Further-

more, blocks of diabase are present in the quartz-diorite near the con-

tact, indicating stoping, and veins of silicic composition (probably
quartz-diorite) intrude the diabase and volcanics near their contact
with the quartz-diorite.

Some diabase dikes are unquestionably present in the diabase unit

and also in the volcanics. This indicates that these dikes acted as

feeders to the overlying volcanics. That more dikes are not clearly




discernable in the field is not a major argument against the hypothesis

that the diabase unit consisted entirely of dikes as this area has under-
gone deformation and related metamorphism and, in addition, presently
has limited exposure. Thus, these features, if originally present,
may easily have become obscured.

A mafic volcanic unit consisting of massive volcanics, breccias,
pillow lavas, and arenaceous volcaniclastics caps the igneous sequence
at Chagnon Mountain. Petrographically the volcanics are similar to each
other and also the diabase and gabbro suggesting a common parent magma.
The presence of pillow structure demonstrates the submar®he extrusive
origin of these volcanics. However, because of the occurrence of vol-
caniclastics, the mafic assemblage at Chagnon cannot be described as
a "normal" (mid-ocean ridge) ophriolitic fragment. The arenacoeus
volcaniclastics, which are found in the southern portion of the area,
are interbedded with the massive volcanics, and their presence seems
to suggest the existence of a nearby island arc.

Petrographically, the gabbros, diabases and volcanics appear similar.
All have plagioclase, augite, and olivine with accessory amounts of
magnetite, ilmenite, and apatite as primary phases. These mafic rocks
have been metamorphosed to the chlorite zone of the greenschist facies
and are characterized by the assemblage: chlorite-clinozoisite-albite
+ quartz * sericite * calcite 2 sphene. This metamorphic mineralogy
ijs consistent with the interpretation of these mafic rocks as spilites
formed by hydrothermal circulation of water through the rocks.

Although an original stratigraphy comparable to some kind of oceanic
crust (inter- or intra-arc, or mid-ocean ridge) is preserved at Chagnon,
the section has been apparently telescoped. Similar rccks (peridotites,

gabbros, quartz-diorites/troundjhemite, diabase, and volcanics) at
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Thetford Mines give a thickness of 5 km; at Asbestos, 2 km; at Orford,
over 1 km; and at Chagnon, less than 1 km (Winnér, 1981). Hence, a
structural thinning to the south seems indicated.

Geocnhemical analysis of eight mafic rocks from the Chagnon arca
was done in order to determine if one or more parent magmas was Tespon-
sible for the complex. Although the number of samples may be statisti-
cally too small for a comprehensive statement to be made; magmé type
and environment, however, still are indicated. Five of the eight samples
are volcanic (four massive volcanics ancd one basalt breccia), one 1is
a mafic volcaniclastic arenite, one is from a gabbro sill and the last
is from a late plagioclase phyric dike. All but the voléaniclastic
seem to be of tholeiitic affinity and from an ocean floor setting.

The St. Daniel Formation lies structurally on top of the volcanics
in the study area. This formation is made up predc-.nantly of gray to
black olistostromal slates containing graywacke, quartzite, argillite,
and shale fragments. Minor sandstone and unfossiliferous limestone are
also present. Ophiolitic fragments are reported in the St. Daniel
slates south of Place Mountain; and, in the map area, large blocks of
massive volcanics locally occur. This could b explained by block
faulting of ocean crust with ophiolitic fragments spalling off the
scarps and into the olistostromic sediment. These sediments would be
deposited draping the scarps and give rise to locally conformable but
overall unconformable contact with the ophiolite.

The St. Daniel slates consist of predominantly angular quartz and
plagioclase set in a micaceous matrix. Zircon is present in accessory
amounts, and clinozoisite, chlorite, actinolite, and pyrite occur as

alteration minerals.




The Peasley Pond Conglomerate is a common marhker horizon for the
base of the Glenbrooke Group throughout the Eastern Townships. It occurs
in the Chagnon area as a basal conglomerate urconformably overlying the
volcanics, volcaniclastics, and the St. Daniel Formation. Above the
conglomerate is the upper sandstone member, a relatively pure, equigranu-
lar sandstone (see plate A). The conglomeratc pinches out along strike
in the map area and the sandstone directly overlies the St. Daniel
Formaticn. It mainly contains quartz, chert, and shale fragments at
the base tc a nearly pure quartz sanc:.one at the top. Chromite is
present in the Peasley Pond Conglomerate, as are clasts of silicic vol-
canics and clastic clots of probable lateritic soil. Metamorphism of
this unit resulted in the growth of chlorite and sericite in the matrix.

The rocks in the map area can be divided into two structural do-
mains: the igneous domain and the metasediment domain. Both have a
dominant northeast trending foliation and young to th. southeast.

Poles tc foliation in these domains indicate the bedding in the area

is broadly warped. Furthermore, the poles to foliation in the igneous
domain tend to girdle along the same trend as the poles in the metasedi-
ment domain cluster. Although the data is insufficient to be conclusive,
there is indication that the igneous domain suifered two deformational
events (Sn and Sn + 1) while the metasediment domain incurred only one
(Sn + 1). The first event, Sn, in the igneous domain may have been
related to its formation. The second event, Sn + 1, is common to both

domains and caused the dominant northeast-trending structural grain of

the area.

TECTONIC MODELS

A tectonic model of the Chagnon area must take into account the
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following critical pieces of evidence:

1)

2)

3)

4)

The igneous rocks of the Chagnon massif represent an ocean CTus-
tal fragment (ophiolite) that was obducted onto the ancient
North American continental margin during the closing of the
Tapetus Ocean. Petrologic features indicate this complex was
formed by a single parent magma which evolved by the process of
differentiation (crystailization of plagioclase, olivine, and
clinopyroxene). The resulting mafic rocks are of thoieiitic
ocean-floor affinity.

Mafic volcaniclastic arenites, which contain rare pieces of
silicic volcanic rock, are found interstratified with the vol-
canics in the southern portion of the map area. They do not
overlie all of the volcanics and they are not wholly separated
from them. Several of the samples used for volcanic analyses
are south of and presumably stratigraphically above the volcani-
clastic sediments.

There is an abrupt discontinuity at the St. Daniel-ophiolite
contact. In addition, the arenites in the St. Daniel are
quartzose, unlike those in the volcanics.

The Magog flysch units are also quartzose and contain tuffs
suggesting a connection with the Ascot-Weedon arc. Although
St. Julien and Hubert (1975) interpret an unconformity between
the St. Daniel and the overlying Magog Assemblage (which con-
sists of giaphitic slates, tuffaceous sandstones and chert

at the base, overlain by a sequence of well graded sandy tur-
bidites, black slates, and silicic tuffs), examination of the
contact (Castle Brook locality) revealed no evidence of an

erosional surface between the two (Personal communication,
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W.S.F. Kidd and Barry Doclan, 1981). Fossils found in the

basal Magog at this locality, Nemagraptus gracilis, and

Diplograptus multidens, date the underlying St. Paniel Forma-

tion as early-Caradocian in age. According to Casey (1980,
p- 130): "The contact appears gradational, and at best, repre-
ser a disconformity resulting simply from changes in sedimer-
tation processes rather than a long period of non-ceposition
or erosion. The top of the St. Daniel Formation is, thereforc,
regarded [here] as only slightly older than the Llandeilian-
Caradocian Magog Flysch."

5) The presence of quartz in the St. Daniel and Magog arenites
requires a continental source (perhaps recycled deep sea sedi-
ments in an accretionary prism, but ultimately eroded from a

_continent) be feeding the Magog depositional basin.

From the foregoing discussion, two models appear feasible (Figures

34 and 35): The first model envisions subduction of the ocean floor under

the Ascot-Weedon arc. The Magog flysch was deposited in the fore-arc

basin, with basement to this basin not now exposed. The St. Daniel was

deposited as subduction melange generated from the same kind of sediments

as the Magog flysch. The BOC ophiolite was then accreted to the base
of the St. Daniel melange and the main thrust zone moved to the west
of it with Brompton/Ottaqueche sedimentation and disruption being a
later melange representing thrusting below the BOC ophiolite slice.
This implies a thrust-type tectonic contact between the St. Daniel and
the ophiolite, which is entirely possible; its nature may have been ob-
scured by later faulting. In this model, the mafic volcaniclastic
arenites in the ophiolite are explained by erosion from a tholeiitic

"intra-plate" type volcanic accumulation on or very near a main ocean

]
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Plate tectonic model of the BOC ophiolite including "intra-
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spreading axis (Iceland-type model).

The second model sees the formation of the BOC ophiolite by intra-
arc spreading, perhaps in the fore-arc region of the dominantly mafic
Ascot-Weedon arc. The arenaceous mafic volcaniclastics are interpreted
here as resulting from erosion from the arc volcanoes synchronous with
the formation of the ophiolite. Subsequent sedimentation of quartzose
fiysch adjacent to the arc would have covered the fore-arc region,
including the BOC ophiolite. Then extension and block-faultihg of the
fore-arc region (possibly by dominantly strike-slip faulting), olisto-
stromic disruption of the St. Daniel and deposition of it, in part,
over degraded fault-scarp generated surfaces in the ophiolite occurred.
This was folloied by further sedimentation, without disruption, of the
Magog flysch over the St. Daniel and ti: -ubsequent obduction of the
whole package over the Brompton slates.

Finally, the deposition of the Peasley Pond Conglomerate of the
Glenbrooke Group occurred in the Silurian (see discussion of fossil
control in Chapter cne) after the emplacement of both the Chagnon
ophiolite and Ascot-Weedon arc, and after a period of erosion. Further,
the sediments of this unit were apparently fed aleng strike and had source
terrains both to the northeast and southwest as is evidenced by the pre-
sence of chromite grains (Thetford-Chagnon source) and clasts of silicic

volcanics (Ascot-Weedon source).




108

BIBLIOGRAPHY

Ambrose, J.W., 1942, Preliminary map, Mansonville, Quebec: Geol. Surv.
Can. Pap. 42-1.

Ambrose, J.W., 1557, The age of the Bolton lavas, Memphremagog district,
Quebec: Naturz:iste Canadien, v. 84, p. 161-170.

Barker, F., 1979, Trondhjemite: Definition, enviromment and hypotheses
of origin, in F. Barker, ed., Trondhjemites, dacites, and relatcd
rocks: Elsevier, New York, p. 1-12.

Bass, M.N., Moberly, R., Rhodes, J.M., Shih, €., and Church, S.E.,
1973, Volcanic rocks cosed in the central Pacific, Leg 17, Deep
Sea Drilling Project: Initial Reports Deep Sea Driiling Project,
v. 17, Washington, D.C., U.S. Government Printing Office, p. 429-
503.

Bird, J.M., and Dewey, J.F., 1970, Lithosphere plate-continental margin
tectonics and the e .lution of the Appalachian orogen: Bull.
Geol. Soc. Am., vol. 81, p. 1031-1060.

Bonatti, E., Homnorez, J., Kirst, P., and others, 1975, Metagabbros from
the mid-Atlantic ridge at 06°N: Contact-hydrothermal-dynamic meta-
morphism beneath the axial valley: Jour. of Geology, vol. 83,

p. 61-78.

Bouma, A.H., 1962, Sedimentology of some¢ flysch deposits; a graphic
approach to facies interpretation: Elsevier, Amsterdan, Nether-

lands, 168 pp.

Cady, W.M., Albee, A.L., and A.H. Chidlester, 1963, Bedrock geology
and asbestos deposits of the upper Missisquoi Valley and vicinity,
Vermont: United States Geological Survey Bulletin 1122-B, 78 p.

Cann, J.R., 1979, Metamorphism in the ocean crust, in M. Talwani,
C.G. Harrison, and D.E. Hayes, eds., Deep drilling results in
the Atlantic Ocean: Ocean crust: American Geophysical Union,
Maurice Ewing Series 2, p. 230-238.

Carmichael, I.S.E., Turner, F.J., and Vernoogen, J., 1374, Igneous
Petrology: McGraw-Hill, New York, 739 p.

Casey, J.F., 1980, Geology of the Southern Half of the North Arm
Mountain Massif, Bay of Islands Ophiolite Complex, Southwestern
Newfoundland (Ph.D. dissertation): State University of New York
at Albany, 622 p.

Clark, T.H., 1934, Structure and stratigraphy of southern Quebec:
Geol. Soc. Am. Bull., v. 45, p. 1-20.

Clark, T.H., 1964, Yamaska-Aston Area: Quebec Dev:t. Nat. Resources,
G.R. 102, 192 pp.




109

Clark, T.H., 1972, Montreal Area: Juebec Dept. Nat. Resources, G.R.
152, 244 pp.

Clark, T.H., and Fairbairn, H.W., 1936, The Bolton igneous group:
Trans. Roy. Soc. Canada, v. 30, ser. 3, p. 13-18.

Coleman, R.G., 1977, Ophiolites: Springer-Verlag, New York, 230 pp.

Cooke, H.C., 1948, Age of the Boiton lavas, Memphremagog district,
Quebec: Trans. Roy. Soc. Can., v. 42, ser. 3, p. 17-27.

Cooke, H.C., 1350, Geology of a southwestern part of the eastern
townships of Quebec: Geclogical Survey of Canada Memoir 257,
142 p.

Coombs, D.S., 1974, Spilite-Rocks, in C. Amstute, ed., Springer-
Verlag, Heidelberg.

de Romer, H.S., 1960, Geology of the Eastman-Crford Lake area, eastern
townships, Quebec (Ph.D. thesis): Quebec, McGill University,
397 p.

de Romer, H.S., 1963, Differentiation im Chagnon-Orford-Intrusiv-
Komplex, Sudostteil der ¥r vinz Quebec, Kanada: Geologische
Rundschau, v. 52, p. 825-835.

de Romer, H.S., 1979, Cambro-Ordovician stratigraphy and tectonics
south of Sherbrooke area: Geciogical Association of Canada/
Mineralogical Association of Canada, Annual Meeting, Quebec,
Guidebook for Excursion A-12, 17 p.

Dewey, J.F., and Burke, K., 1974, Hot spots and continental breakup:
Implications for collisional orogeny: Geolcgy, vol. 2, no. 2,
p. 57-69.

Doll, C.G., Cady, W.M., Thompson, J.B., Jr., and Billings, M.P.,
19¢1, Centennial geological map of Vermont: Montpelier, Vermont
Geol. Survey, scale 1:250,000.

Uoolan, Barry L., Gale, Marjorie H., Gale, Peter N., and Hoar, Robert S.,
1982, Geology of the Quebec re-entrant: Possible constraints from
early rifts and the Vermont-Quebec serpentine belt, in Pierre
St. Julier, ed., Geol. Assoc. Canada, Special Paper 24.

Dresser, J.A., 1906, Igneous rocks of the eastern townships of Quebec:
Geol. Soc. Am. Bull., v. 17, p. 497-522.

Elthon, D., and Stern, C., 1978, Metamorphic petrology of the
Sarmiento Ophiolite Complex, Chiie: Geology, vol. 6, p. 464-
468.

Enos, P., 1969, Cloridorme Formation, Middle Ordoviciar~ Flysch, Nor-
thern Gaspe Peninsula, Quebe:: Geol. Soc. Am. Spec. Paper 117,
66 p.



110

Fairbairn, H.W., 1933, Chemical ¢:.anges in metabasalt f{rom southern
Quebec: Jour. of Geol., v. 41, p. 553-558.

Floyd, P.A. and Winchester, J.A., 1975, Magma type and tectonic setting
discrimination using immobile elements: Earth Planet. Sci. Lett.
27, p. 211-218.

Fortier, Y.D., 1945, Preliminary map, Orford, Eastern townships,
Quebec: Geol. Surv. Can. Pap. 45-8, 5 p.

Gilluly, J., 1935, Keratophyres of eastern Oregon and the spilite
problem: Am. J. Sci., vol. 29, p. 225-252, 336-352.

Hinrichsen, T. and Shurmann, K., 1969, Neues. Jahrb. Mineral. Monatsh.
1969, p. 441-445.

Hubert, Claude, St. Julien, Pierre, Lajoie, J.., and Leonard, M.A.,
1969, Flysch Sedimentology in the Appalachians: Montreal, Geol.
Assoc. Canada, Guidebook 1, 38 p.

Hubert, Claude, Lajoie, J., and Leonard, M.A., 1970, Leep-sea sediments
in the Lower Paleozoic Quebec Supergroup: Geol. Assoc. Canada
Spec. Paper, 7, p. 103-125.

Hughes, C.J., 1973, Spilites, Keratophyres, and the igneous spectrum:
Geology, v. 109, p. 513-527.

Lamarche, R.Y., 1972, Ophiolites of southern Quebec, in Irving, E.,
ed., The ancient oceanic litnosphere: Department of Energy, Mines
and Resources, Earth Physics Branch Publication, v. 42, part 3,
p. 65-69.

Lamarche, R.Y., 1973, Geologie du complexe ophiolitique d'Asbestos,
Cantons de L'est: Quebec, Quebec Department of Natural Resources
Geology Report 28558, 9 p.

Lamothe, D., 1978, Analyse structurale du melange ophiolitique du
lac Montjoie (M.S. thesis): Laval University, Quebec, 67 p.

Laurent, R., 1973, The Thetford Mines ophiolite, Paleozoic '"flake"
of oceanic lithosphere in the Northern Appalachians of Quebec:
Geol. Soc. Am., Northeastern Sec., Allentown, Abs., p. 188.

Laurent, R., 1975, Occurrences and origin of the ophiolites of southern
Quebec, northern Appalachians: Canadian Journal of Earth Science,
v. 12, p. 443-455.

Laurent, R., 1977, Ophiolites from the northern Appalachians of Quebec,
in Coleman, R.G. and W.P. Irwin, eds., North American ophiolites:
Portland, State of Oregon Department of Geology and Mineral In-
dustries Bulletin 95, p. 25-40.

Laurent, R., 1980, Environment of formation, evolution and emplacement
of the Appalachian ophiolites from Quebec, in Panayiotou, A.,
ed., Ophiolites-Proceedings International Ophiolite Symposium
Cyprus 1979, Ministry of Agriculture and Natural Resources
Geological Survey Department, p. 628-636.



Laurent, R., Hebert, R., and Hebert, /., 1979, Tectonic setting and
petrological features of the Quebec Appalachian ophiclites in
Malpas, J., ed., Ophiolites of the Canadian Appalachians and
Soviet Urals: St. John's, Memorial University of Newfoundland,
Department of Geology Report 8, p. 55-77.

Miyashiro, A., 1973, Metamorphism and metamorphic belts: George
Allen and Unwin, London, 492 pp.

Miyashiro, A., 1975, Classification, characteristics, and origin of
ophiolites: Jour. of Geol., vol. 83, p. 249-281.

Miyashiro, A., Shido, F., and Ewing, M., 1971, Metamorphism in the
Mid-Atlantic Ridge near 24° and 30° N: Phil. Trans. R. Soc.
Lond., Ser. A, vol. 268, p. 589-603.

Nitsch, K.-H., 1971, Contr. Mineral. Petrol., v. 30, p. 240-260.

Osberg, P.H., 1965, Structural geology of the Knowlton-Riclmond Area,
Quebec: Geol. Soc. Am. Bull., vol. 76, p. 223-250.

Osberg, Philip H., 1978, Synthesis . f the geology of the Northcastewn
Appalachians, U.S.A., in IGCP Froject 27, U.S.A. Contribution
no. 1, Caledo: ian-Appalachian Orogen cf the North Atlantic Region,
Geol. Surv. Canada Paper 78-13,p. 137-147,.

Osborne, F.F., 1956, Geology near Quebec City: Naturaliste Candien
vol. 83, p. 157-223.

Pearce, J.A. and Cann, J.R., 1973, Tectonic setting of basic volcanic
rocks determined using trace element analyses: Earth Planet. Sci.
Lett. 19, p. 290-200.

Pearce, T.H., Gorman, B.E., and Birkett, T.C., 1975, The TiOZ-KZO—
PZO5 diagram: a method of discriminating between oceanic and
non-oceanic basalts: Earth Planet. Sci. Lett. 24, p. 419-426.

Pearce, Julian A. and Norry, Michael J., 1979, Pctrogenetic implica-
tions of Ti, Zr, Y, and Nb variations in volcanic rocks: Contrib.
Mineral. Petrol., vol. 69, p. 33-47.

Poole, W.H., Beland, J.R., and Wanless, R.K., 1963, Minimum age of
middle Ordovician rocks in southern Quebec: Geol. Soc. Am. Bull.,
v. 74, p. 1063-1065.

Ramsey, John G., 1967, Folding and fracturing of rocks: McGraw-Hill,
New York, 568 pp.

Rasetti, F., 1946, Cambrian and Early Ordovician stratigraphy of the
Lower St. Lawrence Valley: Geol. Assoc. Am. Bull., vol. 57,
p. 687-706.

Rasette, F., 1948a, Lower Cambrian trilobites from the conglomerates

of Quebec (exclusive of the Ptychopariidea): Jour. Paleontology,
vol. 22, p. 1-24.

o




112

Rasetti, F., 1948b, Middle Cambrian trilobites f{rom the conglomerates
of Quebec (exclusive of the Ptychopariidea): Jour. Paleontolog:,
vol. 22, p. 315-33S.

Riordon, P.H., MS, 1953, Geology of Thetford Mines-Black Lake Area,
with particular reference to the Asbestos deposits (Ph.D. Dissertation):
McGill Univ.

Riva, J., 1974, Revision of some Ordovician graptolites of eastern
North America: Paleontology, v. 17, p. 1-40.

Seguin, Maurice K., 1979, Structure of the ophiolite belt of the Quebec
Appalachians analysed by teophysics, in J. Malpas and R.W.
Talkington, eds., Ophioiites of the Canadian Appalachians and
Soviet Urals: Memorial university of Newfoundlard Dept. of
Geology, report no. 8, p. 79-94.

Seguin, M.K., and R. Laurent, 1975, Petrological features and magnetic
properties of pillow lavas from the Thetford Mines ophiolite
(Quebec): Can. J. Earth Sci., vol. 12, p. 1406-1420.

Seguin, M.K., and R. Laurent, 1978, Magnetic signatures of ophiolitic
and continental margin pillow lavas from the Quebec Appalachians:
Arch. Sc. Geneve, vol. 31, fasc. 3, p. 179-204.

Smith, Gerard T., 1982, Bedrock geology within the Baie Verte-Brompton
Zone, Eastman, Quebec (M.S. thesis): Burlington, University of
Vermont, 100 p.

Spry, Alan, 1969, Metamurphic textures: Pergamon Press, New York, 350 pp.

St. Julien, P., 1967, Tectonics of part of the Appalachian region of
southeastern Quebec (Southwest of the Chaudiere River), in
Appalachian tectonics: R. Soc. Can. Spec. Publ. 10, p. 41-47.

St. Julien, Pierre, Hubert, C., Skidmore, B., and Beland, J., 1972,
Appalachian structure and stratigraphy, Quebec XXIV: Internat.
Geol. Cong., Montreal 1972, Guidebook 56, 99 pp.

St. Julien, P., and Hubert, C., 1975, Evolution of the Taconic orogen
in the Quebec Appalachians: Journal Sci., v. 275-A, p. 337-362.

St. Julien, P., Hubert, C., and Williams, H., 1976, The Baie Verte-
Brompton line and its possible tectonic significance in the nor-
thern Appalachians: Geol. Soc. Am. Abstracts with Programs, V. 8,
p. 254-260.

Stern, C.R., deWit, M.J., and Lawrence, J.R., 1976, Igneous and meta-
morphic processes associated with the formation of Chilean ophio-
lites and their implication for ocean floor metamorphism, seismic
layering, and magnetism: Jour. of Geophys. Res., vol. 81, p. 4370-
4380.

Streckeisen, Albert L., 1973, Plutonic rocks: Classification and nomen-
clature recommended by *he IUGS subcommission on the systematics of
jgneous rocks: Geotimes, October 1973, p. 26-30.




1153

Sun, Shen-Su, Nesbitt, Robert W., and Sharaskin, Anatoly Ya., 1979,
Geochemical characteristics of mid-ocean ridge basalts: Earth
Planet. Sci., p. 119-138.

Turner, Francis J., 1981, Metamorphic petrology: mineralogical, ficid,
and tectonic aspects: McGraw-Hill, New York, 524 pp.

Vallance, T.G., 1969, Spilites again: Some consequences of the degrada-
tion of basalts: Linnean Soc. *:w South Wales Proc., vol. 85,
p- 8-52.

Vallance, T.G., 1974, Spilitic dcgradation of a tholeiitic basalt:
Jour. Petrol., vol. 15, p. 79-96.

Wanke, H., Baddenhawen, H., Palme, and Speitel, B., 1974, Cn the chemistry
of the Allende inclusions and their origin as high temperature .~n-
densates: Earth Planet. Sci. Lett. 23, p. 1-7.

Williams, H., Hibbard, J.P., Doolan, B L., Williams, D.W., and Williams.
A.H., 1977, Tectonic lithofacies map of the Appaiachian orogen:
St. John's Memorial University of Newfoundland, Department of
Geology, Map number 1.

Williams, Harold and St. Julien, Pierre, 1978, The Baie-Verte-Brompton
line in Newfoundiand and regional correlatiorn: in the Canadian
Appalachians; Current Research, Part A, Geol. Surv. Can., Paper
78-1A, p. 225-229.

Winkler, Helmut G.F., 1979, Petrogenesis of metamorphic rocks: Springer-
Verlag, New York, 348 pp.

Winner, P.S., 1981, Petrciogy of Chagnon Mountain, Quebec, with implica-
tions to selected ultramafic, gabbroic, and volcanic rocks near
North iroy, Vermont (M.S. thesis): Burlington, University of
Vermont, 253 p.




	harrisatxt001
	harrisatxt002
	harrisatxt003
	harrisatxt004
	harrisatxt005
	harrisatxt006
	harrisatxt007
	harrisatxt008
	harrisatxt009
	harrisatxt010
	harrisatxt011
	harrisatxt012
	harristxt001
	harristxt002
	harristxt003
	harristxt004
	harristxt005
	harristxt006
	harristxt007
	harristxt008
	harristxt009
	harristxt010
	harristxt011
	harristxt012
	harristxt013
	harristxt014
	harristxt015
	harristxt016
	harristxt017
	harristxt018
	harristxt019
	harristxt020
	harristxt021
	harristxt022
	harristxt023
	harristxt024
	harristxt025
	harristxt026
	harristxt027
	harristxt028
	harristxt029
	harristxt030
	harrismsf6p31001
	harristxt032
	harristxt033
	harristxt034
	harrismsp35007
	harrismsf7p36004
	harristxt037
	harristxt038
	harristxt039
	harristxt040
	harrismsf8p41008
	harristxt042
	harristxt043
	harristxt044
	harristxt045
	harristxt046
	harristxt047
	harrismsf11p48012
	harristxt049
	harrismsf12p50013
	harristxt051
	harrismsbwp52-91.pdf
	harristxt052
	harristxt053
	harristxt054
	harristxt055
	harristxt056
	harristxt057
	harristxt058
	harristxt059
	harristxt060
	harristxt061
	harristxt062
	harristxt063
	harristxt064
	harristxt065
	harristxt066
	harristxt067
	harristxt068
	harristxt069
	harristxt070
	harristxt071
	harristxt072
	harristxt073
	harristxt074
	harristxt075
	harristxt076
	harristxt077
	harristxt078
	harristxt079
	harristxt080
	harristxt081
	harristxt082
	harristxt083
	harristxt084
	harristxt085
	harristxt086
	harristxt087
	harristxt088
	harristxt089
	harristxt090
	harristxt091

	harrismsbwp52-91.pdf
	harristxt052
	harristxt053
	harristxt054
	harristxt055
	harristxt056
	harristxt057
	harristxt058
	harristxt059
	harristxt060
	harristxt061
	harristxt062
	harristxt063
	harristxt064
	harristxt065
	harristxt066
	harristxt067
	harristxt068
	harristxt069
	harristxt070
	harristxt071
	harristxt072
	harristxt073
	harristxt074
	harristxt075
	harristxt076
	harristxt077
	harristxt078
	harristxt079
	harristxt080
	harristxt081
	harristxt082
	harristxt083
	harristxt084
	harristxt085
	harristxt086
	harristxt087
	harristxt088
	harristxt089
	harristxt090
	harristxt091

	harrismsbwp92-113.pdf
	harristxt092
	harristxt093
	harristxt094
	harristxt095
	harristxt096
	harristxt097
	harristxt098
	harristxt099
	harristxt100
	harristxt101
	harristxt102
	harristxt103
	harristxt104
	harristxt105
	harristxt106
	harristxt107
	harristxt108
	harristxt109
	harristxt110
	harristxt111
	harristxt112
	harristxt113




