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»  ABSTRACT .

S'yatematié variations in illite crystallinity (re,

. 350 samples) and mean random reflectance of asphaltic

.pyrobitumen (R,, 95 samples) in Cambro-Ordovician deep-

Qgter shales of the Taconic Belt of Gaspé Peninsula are
closely correlated and show nearly_ identical patterns.

A thermal dome of espimetamorphic and higher grade condi-
t’x.ons (Ic < 1.9mm; RQ F 5. 0%) forms a halo \around the
Devonian McGerrigle Mountains pluton in the centre of the
study area. Wes;,‘north, and east of the dome the epimeta-
morphic zone passes into the anchizone (1.9 < 1c < 3.3mn;
2,7 < Ry ( 5.0%) which eastward and westward gradeg' further
inﬂta the late diat‘;eneti? zone (IC 7 3.3mm: Ro £ 2.7%) . .

The unusually large width (16—20km) of the epizone

, aropnd the McGeri'igle Mountains pluton . (Bkm) is easiest’

to explain by the extension of the pluton beneath the epi--
zone at shallow sub-surface levels. The bulging (30km) of
the epizone toward north~east may reflect a’subsurface
trand ©f the intrusive l_:)ody in that direction.-

Wast of the thermal dome maturation level decreases

northward with decreasing age. Here pre-orogenic diagenqtic

grade reached during sedimentary burial at the original

- gite of deposition may have been preserved.

* East of the thermal dome,- the diagenetic grade increases
northward to anchizone conditions in progressively youxiger

sediments, it is unlikely to have been induced by stratigraphic

&\burial and is possibly syn- to postorogenic in nature.
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A depth of burial of 6km for the Lower \Ord,oviciaq

=
Tourelle Formation has been estimated assuming a geothermal

.

gradient of 30°C/km: This implies that a thickness-of .5 km
¥

.

of the Tourelle Formation or younger unitsk has been dcnud}ate&}.

A depth of burial of ékm for the Cap-des-Rosiers Group .\

\
\

appearé@:easonable from the field observation. = | \

: \
Isotopic composition of ferroan dolomite concretions

varies from +7,57 to +0.88%,, 813C and -1.74 to -6.61%.
518 (PDB) betweén core and rim. Porosity also decreases
from B5 (core) to 65% (rim) of the concretions. These

values suggest that decomposition of organic matter by mcthane

i

P ‘odu'cing bacteria may be responsible for the carbonate

oncretions. Probably they began to develop just below

P

the sediment-water interface and contjnued to grow at
J

greater depth with sedimentation.
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Une tres bonne correlation existe entre les varistions
systématiques dans la cristallinité de 1'illite (IC, 350 spécimens)

et de la réflectance moyenne du pyrobitumine asphaltique (Ro , 95 spécimens)

"dans les argiles Cambro-Ordoviciens deposés en eaux profondes de 1la

ceinture Taconique de la péninsule de la Gaspésie 6 et les deux variables
indiquent une zonation presque identique. Un dome thermique de

grade épimetamorphi‘que et plus (IC l‘../ 1.9mm; Ro d 5.0%7) forme une
aur"éole autour du plutan de la montagne McGerrigl'é (Dévonien) au

centre du 1nieu de 1'étude. A lw'ouest(, au nord et a 1'est du dome

la zone &pimetamorphique passe dans 1'anchizone (1.9 & IC > 3.3mm;

2.7 ¢ Ro & 5.07) lequel cof%tinue,é l'est et a 1'ouest, de passer dans

la zone diagenétique (IC > 3.3mm; Ro & 2.77).

-

La largeur inhabituelle (16-20 km) de 1'epizone autour du pluton
de la montagne McCerrigle (8 km) est facilement expliquée par 1'extension
du pluton sous la surface a des niveaux peu profonds. ‘La structure , A
gonflée (30 km) de l'epizone au Nord-Est réflete une extension de

1'intrusion dans cette direétion. - .

A 1'ouest du dome th(;rmique le niveau de maturation décroit au .
nord en meme temps que 1'age des roches diminue. Ici, un grade dia-
genétique pré-orogénique atteint durant un enfouissement sédimentaire au
site original de déposition aurait peut-étre Eté& préservé. ‘

A 1'est du dome thermique, le grade diagenétique augmente au

nord jusqu'a 1'anchizone mais les s&diments deviennent plus jeunes,

il est peu probable que ceci soit du a un simple enfouissement, Au con-

traire, 1'augmentation de grade avec une diminution de 1'age est peut-etre

~ \

syn-a post—orogénique.

Supposant une variation geothermique de 30°C/km, 1a profondeur
d'enfouissement de la formation Tourelle de 1.'Ordovicien inferieur
serait 6 km. Ceci implique qu'une épaisseur de 5 km’'de la formation
Tourelle ou d‘es unités cadetes a &té dénudée. Une profondeur d'enfouis-
sement de 6 km pour le Groupe Cap-des—Rosiers parait raisonnable d'apr'és
les observations sur le terrain. )
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du centre aux marges.
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La composition isotopique des concretions de dolomite ferrique

o N ~ . 18
varie de +7.57 3 +0.88 °/,, 57°C d& L4 & -6.61°/ 80 (

PDB)

La porpsité diminue aussi de 857 (centre) a 65% N

(marges) . Ces chiffres suggérent que la décomposition des matiéres
organiques par des bacté&ries produisant du méthane peut etre res- "
ponsable pour la.génése des concretions de carbonate. Probablement,
ceux-ci ont commencés a croitre 'immédiatement sous 1'interface

sediment-eau et ont continués & croitre a des profondeurs Plus grandes.
5
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, CHAPTER ONE )
INTRODUCTION . -

- During the last decade. progress has been maée in

ap

establishing stages of diagenesis and low-grade meta-

—— =

.morphism in sedimentary sequences. Progressive thermal

-y o

maturation of clastic rocks witn increasing time and
. . L0 . . ' <
depth of burial results in the transformation of organic
and inorgjanic compounds. During tne sixties, sedimentologists

were mainly looking at\Qpe inorganic components, especially
' in sandstones, to establisﬁ\diagenetic changes. This was
\
due to lack of communicafion between sedimentologists and

/
4

(» ' coal petrologists, w.ao bad long back estaplished coal ranks

-

‘as a scale for taermal maturation of coal seams and associated
sedimentary deposits. A£§Q, tne usefulness of clay minerals
as indicatoé/of diagenetic gréde in the“60's had been recog-
nised but/was not yet widely known. This has changed pro-
foundly in the 1970's.
l Recognition of the progressive transformatioin of ) .
tarough mixed layer clay hinerals to illite and

smectit

finall

to dioctahedral mica has provided the impetus for
diagepietic studies of pelitic rocks. Since these diagenetic
ch ées are influenced by a number of factors not necessarily
related to b;¥ial depth, interpretation of regional matura-
/ tion patterns as well as correlation of results between
i //// o differ?nt regions is difficult. Maturation of tne dispersed

qﬁganic matter in shales is &éinly temperature dependent,
4 :

\
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i.e., reactions are iess controlled by pressure.
Déspite various limitations that have been recognised
recently, application of diagenetic studies to orogenic
~ belts has provided significant results.hOrganic matter
reflectance, illite crystallinity and fluid inclusion data;
. are presently used as tools for mapping regional variationé
in maturation and establishing a zonation in diagenetic
and low-grade metamorphic terranes. This zonation is similar
to the mappiﬁg of isograds in higner-grade metamorpnic
belts. In several orogenic belts the stud§ of the'tne;mal
. maturaéion of shales has lead to interesting and surprising
£indings. For instance in the Taconic Belt of the Québec

ﬁppalachians the occurrence of preorogenic inverted dia-

genesis has been recognised (Ogunyomi et al., 1980). In-

BRI verted diagenesis has also beeh reported from the external

parts of the Alps in Switzerland and France (Frey et al.,
1980; Kibler et al., 1979) and from the Nortnern Apennines
in/Italy (Reutter et al., 1978).

The first objective of this study was to obtain es-
timates‘fon the stratigraphic thickness of the parauto- o
chthonous Cloridorme Formation on eastern Gaspé Penin-
sula. Enos (1969) estimated it to be about 7km thick, but
admitted thaévthis could be in error by as much as 100%,

If preorogenic diagenesis is preserved, the thermal matura-
tion of organic matter will provide evidence on burial

deptﬁ. i.e. maximum thickness, Ogunyomi et al., (1980)
4

estimated maximum burial temperatures and corresponding

4
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(depths‘frorn the reflectance values in Cambro-Ordovician

flysch deposits in the ngbec City area by assuming paleo-

geot@ermal gradients equal to present day averagé gradients.

The nfaturation parameters used in Ogumyomi's study (reflac-
tance of organic matter and illite crystallinity) were not
at that time calibrated in terms of paleotemperatures and
paleopressures. Calibration is now possible, however, by
using methane-bearing fluid inclusions as an inldependent
geothermometer and geobarometer (Mullis, 1979). The burial
depths of sedimentary rocks provides information useful
not only for hydrocarbon exbloration but also for Zn
unéerstanding of the regional patterns of subsidence of
ancient éontinental margins such as the lower Paleozoic
continental margin of North America. -

Sampling was started in the most external part of
the Taconic Belt of Gaspé Peninsula along the shorelines
of the Gulf of St, Lawrence. Initial results showed that
within the parautochthonous Cloridorme Formation the
youngest ¥ -members - those lying north of the Devonian
granitic McGerrigle Mountains pluton ~ are in general
much more .mature than the older ﬁ -members, Also,
in the K-members there is a belt of highly matured rocks
not showing any obvious relqﬁ:}.}onship to burial depth. To
explain these abnormally high maturation levels it was
necessary to extend the ;tudy over the entire Taconic belt |

7/ . .
of eastern Gaspe Peninsula in order to obtain a broader

picture of the regional maturation patterns.

Vi
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In this study information on the earlier stages of .
diagenesis at the time of formation of carbonate concretions
was also 6btained; Close asgociation of &ertain k;lack shales
and carbonate concretions suggests that the decomposition

of organic matter plays a significant role in the concre-

tion-forming ’process by providing the carbonate alkalinity

»

. hecessary for the inorganic precipitation of carbonates.

:Esotopic composition of tihe concretions records some of‘
the changes in interstitial water compositior} of the sedi-
ments as the concretions grew. Thi{s information on water
composition may help in obtaix:ting a more complete insight
into the various stages of alteration which initially are
strongly affected by the oxidation and break-down of or-
ganic matte\is—aad ultimately (at higher levels of ‘
maturation) are reéorded by the reflectance of organic

[}

matter and illite crystallinity.

(R CIT THCI NSRS
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: _ CHAPTER TWO
GENERAL GEOLOGY

The synthesis of strat{graphic and structural data
for the Northern Appalachians has resulted in a number
of tectono—ntratigraphic schemes (e.g. Z%n. 1967, 1972;
Rodgers 1968 ), Since 1970 these schemes have been
based on plate tectonic concepts (Bird and Dewey 1970;
Caéy 1972; Dewey and Kidd 1974; St. Julien and Hube;t‘ :
1975; Poole 19765 Rust' et al. 1976; Ruitenberg et al.

1977; Schenk 1978; Williams 1979). For the Quebec Appala-
chians the tectonic classification of St. Julien and
Hubert (1975) is most elaborate and is adopted here as

it encompasses the study area of this thesis.

St. Julien and Hubert (1975) have suggested a thraee-
fold tectonic subdivision of the Northern Appalachians in
Quebec: 1. the Autochthonous Domain; 2. the Externaf Domain
of the Allochthon comprising an'outer belt of thrust;
imbricated strucéures and an inner belt of nappes; and
3. the Internal Domain. These domains correspond to funda-
mental subdivisions recogn;sed in many orogenic belts;
that is, relatively undeformed sediments in the more ex-
ternal parts (Autocthonous Domain) and more highly deformed
and metamorphosed rocks in the internal axial zones.

The Taconic structural domains of St. Julien and
Hubert (1975) comprise Cambro-Ordovician sediments

derived from different portions of a former continental

oo

sy
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margin. The Autochthonous Domain consists of sadiménts

deposited on the continental shelf bordering and over- e
lying the crystalline basement that was formed by the
Granville Qrogeny. The stratigraphic auccesaion‘of the
Autochthorious Domain is made up of Cambro-Ordovician con=

tinental and shallow marine siliciclastic rocks (Potsdam R
" :‘“»:l'iz:‘

Sandastone), of Lower to Middle Ordovician shallow marine

carbonates (Beekmantown, Chazy, Black River, and Trenton

"Groups) overlain by marine black shales (Utica Shale).

and a regressive sequence (Queenston equivalents). The

External Domain is dominantly made up of deep water

flysch sediments. The rocks of this domain were deposited ,‘

partly on the outer continental shelf, and partiy in
adjacent deep-water areas interpreted‘ag continental

slope and rise environments. The deep water fiysch of

the External Domain appears to be quite thick. This implies
a rapid aub;idence of the Early Paleozoic passive continental

-

margin. In the Internal Domain sediments were depouited‘
”éartly on oceanic crust represented by the Eastern Townships
ophiolite complex. In addition to the ultramafic bodies

of Mt. Albert and Thetford Mines, the Internal Domain is
characterized by the occurrence of shale melange, tuff,

and calcalkaline vplcanic sequences. The principal differ-
ence between the Internal and Exterﬁal Domains is the
involvement of basement in the deformation of the Internal

Domain. In the External Domain the tectonism is confined !

to cover rocks. . ‘ |
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The study area extends from the St. Lawrence River

southward for 10 to 40 km to include the Quebec Group
(Logan, 1863) . This group comprises the Middle Ordovician
Cloridorme and Deslandes Formations (Normanskill) and the
Lower Ordovician to Upper Cambrian Tourglle Formation and

Cap—deslaosie;s Group (Deekill) rocks (McGerrigle, 1959).

. It extends from Les Mechins in the west to Cap-des-Rosiers

at the eastern tip of Gaspé Peninsula. This region includes

the eastern part of the Taconic Ee{p. The age of the

Taconic Orogeny, based on K/Ar determinations on hornblende

from the amphibo;es of Mount Algert and Mount Serpentine,

is 443 + 18 Ma and 437 + 20 Ma, respectively (Wanless et

al, 1973, 1972, quoted in St. Julien and Hubert, 1975).
Structurally these rocks occupy the External Domain

of S8t, Julien and Hubert (1975) and in part Logan's zone

of Bird and Dewey (1970).“Schenk (1978) adopted Williams"®

(1976) terminology for the tectono=-stratigraphic zones

of the Canadian Appalachians,afor the purposgyof comparing

Québec and western Newfoundland. The Lomond Zone is equiva-

. lent to the parautochthonous Cloridorme Formation and

the Pleur de Lys Zone is equivalent of the Marsoui River
Nappe and Ste-Anne River Nappe of the study area.

The most important thrust in the study area is Logéh's
Line which separates the parautochthonous Middle Ordovician
Cloridqrme Formation (zone of thrust imbricated structures,
8t. Julien and ﬁngert, 1975) from the nappes in the south.

The nappes with older rock assemblages rest on the younq-r”

\f; -
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T FIGURE 1 .
Tectonic units of the Quebec Appalachians. Stippled area
represents study area,(From Ogunyomi: 1980, modified
after St. Julien and Hubert, 1975) . B
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?ai:'autochéhonous unit, '
Anotfxer impor.tant tectonic feature of the study area
is the McGerrigle Mountains pluton. Accorciing to K/Ar dates
) the pluton has post-kinematically intruded éhe Cambyro-~
Ordovician rocks around 350 Ma (Late Devonian) (de Rb mer,
,\5977) . One sample has provided an exceptionally young age "
of 319 + 10 Ma (early Mississippia&). <
The southern half of Gaspé Peninsula consists ofsthe
Acadian orogen comprising the Ga;pS-MetapeQia-Aroostook
Anticlinorium and Gaspé-Connecticut Valley Synclinorium.
The main phase of deformation during the Acadian Orogeny

here occurred during Early Devonian time (Rast et al,

- 1976 b). ' ; "
A

In the next section the stratigraphic subdivisions

of dach of the major units in the study area, i.e. tine . l o
Middle Ordovician Cloridorme Formation, ,‘ ’
’ Middle Ordovician Deslandes Formation, '
; Lower Ordovician Tourelle Formatibn,
. Lower Ordovician Cap-Chat Melange, )
£ Lower Ordovician to L
N Upper Cambrian Cap~des~Rosiers Group

are described in detail.
,'rtinere are continuous and ;pectacular exposures,
;apecially of the Cloridorme and Tourelle Formations
along the coast. Inland, however, outcrops of Cambro-

. ordovician rocks in eastern Gasp@ Peninsula are scarce

T

and widely scattered. Table 1 shows the stratigraphic ™

’ b N o wm—————
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; Table 1. Lithology and Structure of the Various
! Stratigraphic Units of the Cambro-Ordovician-Rocks, Gaspé . ,, .
Peninsula, modified from McGerrigle (1959); Riva (1968); o !
\ Biron (1974); St. Julien and Hubert (1975,); Hiscott (1978);
Pers. Com. Biron (1b80)., \ .
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ralationship between the various formations.

I

o

- LOCAL GEOLOGY L

Cloridorme Formations:

The Cloridorme Formation is expogsed along the southern

shore of the St. Lawrence River \‘in the eastern part of
Géspé Peninsu]\.a. It has been divided into three structural
blocks, i.e. the eastern, central, and western blocks,
respec\tively, by Enos (1965) . The Cloridorme Formation
is assigned to the 'Orthograptus truncatus intermedius
zone' of Late Wilderness and Trenton age from the grapto~-
‘lites collected by Enos (1965) and identified by Berry.
Later stuc@ies of .graptolites by Riva (1968) from’samples
collected by himself, McGerrigle (1954) ., and éteveng
(1968) show two. distinct and in'p;art cc:;eval sequencés
in the c1°ridor;xe Formation. The first sequence consists

of Enos' p-a}gd J- menbers along the coast east of Marsoui

. to Pointe Jaune. It contains Canajoharie and Lower Utica

e ] R M A el = 42

graptolites, such as Climacograptusg spiniferus and others.

These are characterigtic for the “‘ ~-members west of Gros—
Morne. Upper Canajoharie Orthograptus ruedemanni (Gurley)

is most common in the ¥ -members near Gros-Morne. Oortho-

graptus calcaratus, c.f. var. basilicus Lapw. of Early

Canajoharie age is dominant in the ﬂ-members. The second

segquence comprigses Enos' o< —members and yields Normanskill,

post-Normanskill and Lower Utica graptolites (e.g. Nema-

1]
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' graptus gracilis) . The fault west of Grand Vallge marks

\

the bo&tjdary between the ¥ -members in the western block

against’ the @-members in the central block. This fault
and \the one west of Cloridorme (affecting the ﬁ -members)
are the major faults reported for the area by Enos (L969).
In the field, the effect of the latter is clearly visiple.
The c10ridorme Formation consists of 60% da:.jk slaty
argillite. Interbedded are coarse graywackes (15%),
calcareous wackes (3%), and calecisiltite (20%), dolomite,

limestone, volcanic ash and silty dolomitic argillite

(Enos, 1969) . The rocks. are often faulted, tightly folded,

and overturned, but have not suffered extensive metamor-

phism, Enos (1965) referred to them as lower green-schist
v

The Cloridorme Formaéiorx is best descrnj;bed as typical
flysch, both from a sedimentological and a tectonic point
of view, i.e., it consists of a thick succession of marine
turbidites deposited in an elongate trough just px:ic:»r:w (i.e.
pretectonically&) to the main (Taconic) orogeny. Paleocurrent

directions indicate predominantly axial transport by tur-

'bidity currents, i.e., parallel to the axis of the present

structural belt which probably corresponds to an elongated
foradeep trough (Enos 1965).

Table 2 shows the lithology of the different members in

T

the Cloridorme Formation. . -

et v b o e
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ORDOVICIAN

P
3

7

1175

AGE BLOCK MEM- ESTIMATED LITHOLOGY BN
X BERS THICKNESS .
l IN METRES /
LOWER Yy 510 Predominantly graywacke,
UTICA interbedded with shale and
- calecisiltite.
UPPER 13 475 Black shales, dolomitic shales,
5  calcisiltite, calcareous wackes,
e minor- dolostone. )
7
E
CANA~ 1& 800 Graywacke, black shales,
JOHARIE : little calcisiltite. .
o ]”1 550 Dolomitic silty shale, black
shale with less abundant graywacke.
37 " 835 Predominantly graywacke, inter-
bedded with black shales.
LOWER
36 255 Black shales, thin bedded
CANA- calcisiltite, dolostone.
JOHARIE
’5 80 Graywacke, calcisiltite, shale.
p4‘ 78.5 Black shale, calcisiltite,
S > calcareous.wacke nearly absent.
| & .
2 § '
=R p3 43 Shale, calcisiltite, graywacke, base
defined by first occurence of
¢ graywacke.
pz 490 Shale, calcisiltite, calcareous
wackes less abundant near the basé.
‘1 Shale, graywacke, calcareous wacke,

caleisiltite, dolostomnes.
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Deslandes Formation: ) . ’
The. eastern block comprising tae e -menbers of Clori-
aorme Formation of Enos (1969) has been renamed Deslandes
Formation by Biron (l1974). It is characterized in larger
part by a monotonous rhythmic turbiditic association of '
sandy, silty and argillaceous beds. Regionally the Deslandes
Formation extends for tens of kilometers across strike with

a wmaximum width of 15kia. It also occurs in small outliers -

west of Marsoui (Fig. 2).

Tourelle Formation

The Tourelle Formation is of Late Arenigian to Early
Llanvirnian age as determined from tne occurence of Glyp-

tograptus dentatus (Riva, 1968 ). This is equivalent to

zone D of the Levis Formation at Quebec City (Raymond,
1914 quoted ia Hiscott, 1977). Tne formation ocutcrops be-
tween Les Mechins in the west ;nd Ruisseau Castor in tue
east (Biron, 1974), although correlative units extend as
far west as Riviere-du-Loup in Quebec. Accordinj to “Hiscott
(1977) predominantly thick, coarse graded sandstone i;y;rs
of the Tourelle Formation represent deposits on a series

of small coalescing submarine fans wnich formed in front

of moving allochthons, du;ing taoe early phase of tae
Taconic orogeny. The formation is believed to be 500 to

1000m thick; the top is not exposed, being truncated tec-

tonically or by erosion (Hiscott, 1977).

0
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Cap-Chat Melange:

The Cap~Chat Melange extends from Marsoui in the east
t}o Cap des Mechins in the west and is moderately to intense-
ly deformed. Liard (1972) described a similar zone of mélange .
beneath tHe M&tis Formation south of Matane. In the Cap-
Chat Melange blocks of various sizes are embedded in an
argillaceous matrix in a chaotic manner. The Cap-Chat Melange
is believed to represent the disintegrated debris of the
upper part of the Ste-Anne River Nappe (Cap-des-Rosiers Group) .
Accoxrding to St. Julien and Hubert (1975) this melange
is a gravity induced Qgcumulation of debris at the front
of the thrust sheetS8. These chaotic masses consist predom-
inantly of green and black shales. The Cap-Chat Melange
is unconformably overlain by the Tc?urelle Formation and
the former tectonically overlies the Cloridorme Formation »
near Marsoui (Biron, 1973).

e

Cap~-des—-Rosiers Group:

‘ﬂ) o
The Cap-des-Rosiers Group of Upper Cambrian to Lower

Ordovician age, is exposed both along the coast and inland
in the 'Ste~Anne River Nappe (Biron, 1974). This group con-
sists of black and green shales or’slates. limestones, and
,&'s\ome-quartzites. According to St. Julien and Hubert (1975)
it is a slope type deposit, characterized by coarse lenses
of quartz arenite and limestone conglomerates and occurs

throughout the Québec Appalachians (Lévis Fm., Pointe-de=-

la-Martinidre Fm., St. Hénédine Fm., Stanbridge Fm.,
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Kamouragka Fm., Ladridre Fm.). Similar bank-£oot limestone
breccias occur throughout most of the Appalachian fold
belt, and give a rough estimate of the location of the
former continental margin in Late Cambrian~Early Ordovi-
cian time (godgers, 1968) ., The Cap-des-Rogiers Group has
been folded repeatedly and is at places overturned (Biron,

1974) O © - ' S

Shickshock Group: - S

The Shickshocg Group forms part of the Internal Do~
main of St. Julien and Hubert (1975). It is a 6 to 1lékm
wide zone of basgic volcanic and pyroclastic rocks, inter-
stratified with metasedimentary rocks. Here the ultramafic
rocks of Mount Albert and Mount Serpentine are interpreted
as obducted slicés of oceanic c¢rust (Laurent 1975, 1978).
The Shickshock Group occupie; the highest structural unit.
Its relaghon with the Cap-des-Rosiers Group is not clear.
There is evidence of a faulted contact between the two

groups (de Rémer, 1977).

McGerrigie Mountains Pluton:
The McGerrigle Mountains pluton is a northerly elongate

discordant body of leucocratic rockg of approximately 130km?2
areal extent., It represents a multiple intrusion and con-

. giats of hybrid granitic rocks complexly invading an earlier
basic phase (de Romer, 1977). Radiometric dating (K/Ar)

of porphyritic granite, biotite granodiorite, and a coarse




- - e e e

red jranite indicates that the pluton hag post-kinematically
intg;ded the Cambro-Ordovician rocks around 350m.y. (Late
Devonian). However, the dating frop a hornblende-b;otite
netasediment shows ; younger 319 + 10 m.y., i.e. Early
Mississippian age (de R&mer, 1977). Isolated outcrops of
nearby plutonic bodies of Mount Hog's Back and Mount

Valliers-de-Saint-Réal in the Acadian belt aldg show an

'early Devonian age of .emplacement. The McGerrigle Mountains

pluéon has produced a 1.5 to 3km wide high-gréde metamorphic
O
aureole in which metamorphic grade reaches the potash-

cordierite horqfels facies.

/ o
- /l ~ ‘ _ \
j/.
/ ) SAMPLING PROCEDURE K
; Sampling was done in successive stages during 1979

i

In Jhe early summer of 1979 the most external part of the
T&cénic Belt of Gaspé Peninsula along the south shore of
£E$é4Gulf of St.LLawrence was sampled. This region is readily
accessible and héé*reparkably well exposed outcrops. In b
late summer and fall 1559 samples wé&e collected from 4iff-
N
erent north-south sections across strike of various forma-
tioAs in order to establish a broader picture of rejional
maturation patterns. Continueus sampling from the nportnern-
most parts of the External Domain to the Internal Démain
of the Taconic Belt in tue south was difficult due to .

]
scarcity of outcrops and limited accessibility of the area.

In the final stage, sampling was concentrated on areas of

e o e e e i mm -
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special interest. The sampling interval depended to a
large extent on the a;vailability of outcrops. Sample in- ¢
terval ranges from 10 to 20 m whefe shales are thick and
abundant (e.gi in the cloridorme'Formation) . Sampling
distance is reduced to around‘IOm where the shales are
thin and less abundant (e.g. _in the Cap-des-— Rosiers Group) .
In the vicinity of local fold structures, fault\s\, and
across thrust boundaries detailed sampling was carried

= out. A total of 350 samples were collected for thermal.
maturation studies from 20 north-south séctionsoand one
east-west section along the coést (Fig. 9) . The number of
samples taken from indjvidual sections ranges from 5 to 20.
Most of the samples are black sh‘ales with a few green (11)
and red (3) shales. All samples were processed for clay

,mineralogy and of these 145 black shales were also processed

for reflectance studies. ‘
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CHAPTER THREE

CLAY MINERALOGY AND .ILLITE CRYSTALLINITY
¢ ¢
Quantitative and semi-quantitative determinations -~

of the clay mineralogy and crystal chemistry ‘provide the
fastest and most easily useable tool for asséssing dia~-
génetic 'grade. In t}uié study the following parameters \were
measured: i‘l.rl.ite crstallinity, intensity ratio of illite
peaks 002/00;.9 and 004/003 peak intensities (Brindley,
1961) and the illite 002/ chlorite 004 ratio.

o

. 4 [ 1] ->
Two important changes occur in clay minerals

-during diagenesis. The first is the transformation of

smectite to illite or chlorite through a sequence of>
mixed layer'clay minerals that begins with random inter;
stratification, ther} proceeds to short—range ordering
and later long-r:ange :argering of the illlite { or chlor-
ite) and smectite layers (Weaver, 1958: Dunoyer de
Segonzac, 1970; Perry and Hower, 1970) . Secondly, .at
higher grades illite is transformed into well crstal-~
l1ized dioctahedral mica (Maxwell and Hower, 1967; Frey
et al., 1980, Kisch, 1980). -
Transformation of poorly crstallized illite into
well developed dioctahedral mica results in.increased
sharpness of the illite (00l) diffraction peﬁak at 10 R.

The sharpness of this peak was first used as a parameter

of maturation by Weaver (1960, 19615. The width of the

e =




_of illite crystallinity (Kibler, 1967, 1968) and is now

B

illite (00l) peak at haif height -is taken as a mea;sure/, :
y
widely used as a method of establishing the degree of -
clay mineral diagenesis. Ti-xe‘higﬁer the’ thermal dfa\:genesis
the better is the crystallinity, the narrower the peak
and the lower is the index ’c;f cryst:aliinit'y: A second

method used for inferring diagenetic grade is the E{prcent of

smectite . in mixed~layer clays. The expandibility of the

mixed-layer illite/smectite can be determined.from the
shift of the characteristic illite 108 reflection upon
glycol saturation (Reynolds and Hower, 1970). Zero per-

cent expand;b:.l:.ty corresponds to 100 weight percent

A

.illite and 100 pex:cent'j expandibility corresponds to 100

weight percent smectite.
In generai].. the mineralogical changes 'durﬂin:g bufial
diagenesis in shales under alkaline conditions can be

represented by the reaction: ° o

3 -

1

Smectite + K-feldspar = Illite + Quartz # Chlorite

.

\ . (Hower et al, 1976).

Hovaer et al.(1976) emphasjzed that shales at different
stages of clay dlagenesis behave essent:.ally as chemically
closed systems with respect to J.ron. magnes:.um, S8ilica

and aluminlum. However, these authors do not discuss the

significance of the cements that may be transferred in

-pore water into the interbedded sandstone units during C

‘compaction of shales’ when interparticle pore water as well

as interlayer water from montmorillonitic clays migrates

v ’ 1
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- possibly dolomite.
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fio§n -the shales 't’:o the sands‘”. The conversion of smectite

to illite involves an increase in net negative layer charge

~of the expandable layers either due to tetrahedral substi}u‘;

tion of Al3t* for Sid+ or hy substitution of Fe, Mg for \
) ‘ ’ “ T - 0 ’ /
a1t in the octahedral layer. The balancing of the nega-

tive layer charge can be achieved by incorporation of K¥* -

in interlayer posiéions. The aluminium and potasgihm,for

-

this conversion may be provided by the breakdown of K-feld- ..

sparmer mica. During this transformation of smeétite to

illite, there is a release of silica. The excess of silica
may form quartz overgrowths in intercalated sandstones.

Iron and magnesium relsased during illitization of ‘smectite‘

probably forms chlorlite (Hower et al, 1976) . The question

still remains whether or ‘ot decomposition of K-feldspar

necessary for illi\tiization‘ is also an .adequate source

for th§ formation of chlorite. Boles and Fr-anks {1979)
gstated that algminious smectite layers are preferentipally
converted tc: illite, leaving behind the more iron-~ and
magnesium-rich smectite layers. These smectite 1ayers:,

when tranafgrmed to illite, release iron and magnesium T o
which would lead to the formation of late diagengtic
chlorite and carbonates. Another possible source\'of. Fe

and Mg for chlorite formation is the decimpoaition of .

¢

dpt_rital biotite, and other mafic minerals as well" as

Other ‘factors besides thermal maturation may influ-

‘ence illite crystallinity, i.e., (i) pﬁgvious weathering

©
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history, (ii) lithology of the shale, particularly the
amount of organic matter, (iii) the chemical composition
of pore fluids, and (iv) tectonics. Dnring ‘continental \
weathering potassium is leached from micas and illitéa
and mixed-iayex" clays are forined. '-Block‘i.m-;' of tfz; open
sheets of either illite or swelling minerals by either
qrganic matter or metallic elements may inhibit the pro- )

cess of illitization. Also, the oxidation of organic matter

"in black shales creates an acidic environment which appears

to be unfavourable to illitization. An insufficient supply
of potaasium in calcareous ‘shalgs. low é:orosity and per-
meab:iijlity may also hinder the process of illitization.
Dur:ingi \s‘j‘(ndefozjmational recrystallization, on the other
hand.} illite crystallinity increases from the flanks of
anticlines to hinges (Kalkreuth, 1979). Due to these fac-
tors, t:hoe reactions involving the disappearance of cert;ain
clay minerals (e.g. kaolinite, allevardite, atc.) pr. the
appearance of new ones (e.q.( illite, pyrophyllite, para-
gonite, chlorite, margarite, etc.) during progressive
diagenesis does not always take place under the same

physical conditions. The reactions involved in these pro-

cesses have recently been discussed by Frey (1978) in a ~

A

. study of the progressive diagenesis 'and metamorphism . of

TLiassic black shales in Switzerland (in a cross-section
from the Jura Mountains to the Swiss Central Alps). One
of his reactions is iisted‘below:

Kaolinite + Quartz — Pyrophyllite + H0.
(diagenetic condition) (anchizonal condition)




The circulation of dilute acidic solutions favours the
diagenetic formation of kaolinite, especially n sandstones
.(DunOQer de SegonZac, 1970) . Reactions of pyro hyllite
with calcite leads to the formation of margar;te in the

\ S — —_

apxmatamorphic zone, Finally. at higher metamorphic grades

2

margarite is consumed by a contznuous reaction producing e
plagioclase (Frey, 1978). ‘

‘ In x-ray diffractio& instrumental factors affect the
analysis of illite crystallinity. Therefore, results of.
different laboratories can be compared only to a limited
extent.‘;oma of the differences due to ﬁhe g niameter,
(scanning) and chart speeds can to some extent e 'normal-
ized' by’ exprassing the peak widths at half heights in
degrees A2€ , rather than in mm. For identical slit
‘settings. time constant, radiation, and scale factors,
the peaks (in 20 ) tend to be broadened for 'a faster
scanning rate. Weber (1972) used a quartz standard to

determine relative illite crystallinity:

001) illite (mm
Hy (001) quartz' (mm)

x 100
Hp = peak width at half height.
This method reduces inatrument effect and would render
mcasure;ents comparable betwaeen different 1aboratorxes.
Also, the crystallinity of the quartz standard has to be
., the same for avery laboratory. ( '
The main advantages of using illite crystallinity

as a diagenetic indicator are speed of determination and

= 1
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relatively low expense. If the disturbances caused by other

factors mentioned above are kept in mind, illite crystal-

linity can be applied to discern differences in the degree

‘0of diagenasis and lowest-grade metamorpfmim as a consequence

"of thermal alteration (Frey et al, 1980; Kisch, 1980).

N ORGANIC MATTER ‘MATURATION
" Modertn sediments rich in organic matter_‘includle
sapropel and g;t:tja. The terms refar to se'dimanf.:s-formed
under reducing and oxidizing conditions in the bottom
;vatex.;s. regpectively. Red shales indicatq oxids{inng &ondi—
tions' within the sediment and have a low content of organic L
m'atter.l Absence of molecular oxygen from bottom waters
ﬁa‘irours the accumulation of organic matter rich (sapro-
pelic) black muds. In the Quebec Appalachians, quantita-
tive analyses have shou;n that the black shales have an
organic carbon content (0.90 - 1.45%) an order of magni-
tude higher than that of green shales (0.10 - 0.28%),
whose organic carbon, .im turn, is an order of magnitude
higher than that of x:ed shales (0.02 = 0.05%) (Ogunyomi,
1980) . Studies of 800 sSamples of black shales from different
localities of North America, however, show an average of
3% organic carbon content (Vine and Tourtelot, 1970). Ul e
According t;o Dow (1977) 0.4% organic carbon is a minimum
value required for “potentdial source rocks to generate

any signific;.nt amounts of petroleum.
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.'l'he stages before, during, and after the generation
‘of commercially signifi:cant hydrocarbons' coireapond to 3
facies of organic mattef fraturation: (1) the immature,
(2) mature, and (3) supermature zones, respectively. How=
aver, the appearance and disappeargmce of liquid and
gaseoﬁ;s hydrocarbons is m;t sharply defined in terms of
subsurface temperature depending on type of organic matter,
the age of tha sedimentary basin, and to some extent on analy-
tical techniques. During the initial stages of diagenesis,
the most important chemical progenitors of petroleum
which include humic acids, fulvic acids, amino acids,
fatty acids etc. derived from lower grganisms (i.e. algae, .
animal plankton, bacteria etc.) are incorporated into |
kerogen. Kerogen is a higher molecular weight,' insgoluble,
complex polymeric material. From the beginning of the
mature facies the proportion of kerogen in sediments pro-
gressively decreases during burial as liquid and/or gaseous
products, especially hydrocarbons and an insoluble carbon
‘rich resgidue are formed. Natural kerogens are usually classi=-
fied into four groups whji.ch vary greatly in composit;ion.
Pig. 3 shows kerogen tybes ax;d principal products of kerogen
avolution. Humic kexrogen will yield mostly dry gas and
Co, at high maturity levels although very small quantities
of liquid petroleum may' alsoc be formed but not expelled
(Teichmiller, 1974). Liptinite kerogen will yield a full
suite of hydrocarbon products, while algal kerogen will
generate predominantly oil and very little CO, and Hp0

; -
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0 {;} j
FIGURE 3 ¢ |

Four~-fold subdivision of kerogen or coal. :
Modified from Bostic (1979) and Tissot et al.(1980). ’ - ‘

Pennsylvanian coal (Hardwood, 1978).

Arrows show directions of change with increasing thermal
maturation (Tissot et al,.1977).

0, Formation of oxygenated products (céz. H20, heavy hetera-
tomic molecules) plus Nj. |

P, Formation of petroleum.

G, Formation of wet gas C2Hg to CgHj4. s : ‘
. \

Go, Formation of dry gas.
In advanced stages of thermal maturation, the characterization
of the original type of kerogen becomes difficult, because ‘)
the chemical compositions of the different kerogen types
converge. -
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Alginite;sapropelicsoilyslipid
rich, amorphous kerogen; com-

monly deposited in lacustrine
sediments.

Liptinitic kerogen; amorphous
and structured organic matter;
commonly deposited in marine
environment,

\

Humic kerogen; carbohydrate-
lignin rich; Commonly deposited
in continental oxidized
environment,

Residual organic matteriiner-
tinitejPennsylvanian coal;
commonly oxidized subaerial
environments and/or recycled
from older sediments.
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because of its low initial oxygen content (Tissot et al,

1974).

Coal petfologiats long ago establzfshed coal ranks as
a scale for the thermal ‘maturation of coal seams. This
scale has been used over the entire range from lignite
to anthracite. The beginning phases of maturation as well
as concluding phases in kerogen ciosely parallel those'
of c;oal. The wealth of data that exists on coal maturation
can be applied to kerogen maturation (Stach et al., 137’3) .

Recently (Frey et al, 1980; Kisch/}

1980) the concept of
thermal maturation of kerogenr has 'been applied in the realm
of low-grade metamorphism.

The techniques used to define kerogen types and levels
of thermal maturation are based on optical and chemical |
char acteristics of extractables (e.g. hydrocarbons) and
nonextractables (kerogen). Scales established by optical
means from the study of: organic matter reflectance and
spore and pollen coloration have been applied in this study
of nonextractables.

Changes in the kerogen with burial {(mainly dependant:‘
on temperature and heating t::.me) are expressed in its chem-
ical and physicaly appearanc;. The simplest indicator of
thermal maturation is the color of kerogen in transmitted
light. The opacity of kerogen varies directly with the
degree of thermal alteration. A related technique involves
color changes in conodonts. Epstein et al, (1977) have shown

that conodonts taken from rocks which have undergone only
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shhlloﬁ burial are generally light yellow in color. With
increasing depth of burial conodonts progressively darken
th}ough golden yellow to brown (mature) and finéIly to

black (post-mature). According to Correia (1967) amorphous
kerogen is the most suitable material for determination

of levels of thermal maturation of organic matter, Other“//>
materials that can be used, in order of preference, are _ /
miospores, acritarchs, chitinozoans, and woody tissue
fragments. The~maximum level of organic maturity of the
authigenic kerogen can be obtained from the lightest colored
kerogen in prepared samples. Elemental analysis is a useful
method of iéentifying and comparing kerogen types and coal
macerals. Tissot et al. (1974) have defined pathways for
different types of kerogen applying Van Krevelen's- diagram
(1961), in which the atomic H/C ratio is plotted against

the atomic 0/C ratio of coal macerals, to kerogens. To S\ __>>
date, this serves as the most effective tool of predicting
maturation level, oil and gas potential, type of organic
matter, and facies variations in sediments.

Microscopic study of organic matter in reflected light,
has shown that the progressive carbonization’of organic
matter Qith depth of burial may be viewed as analogous
to the gradual increase of the optical reflectance of wvit-
rinite, Vitrinite owes its origin to the carbohydrate-rich
woody tissue of higher plants, all of which contain con-
siderable quantitieas of oxygen. The ‘reflectance' (R,) ©of

vitrinite is used to assess the thermal maturation of or-
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ganic matter because (i) of its predictable behavior and
and because (ii) vitrinite has a relatively uniform com-—
‘position. The term 'R,' stands for ‘percent reflectance
in oil', The limitations of this technique have been dis-
cussed by Jones and qdiean (1978) and Heroux et al. (1979).
In pre-Devonian sedihents raflectance is measured on
asphaltic pyrobitumen owing to lack of vitrinite in these
deposits. The lack of higher plants in pre-Devonian sediments
means that the fossiliferous sediments of this age do not
contain any guantities of lignin and its derivatives.
Bituminous substances which decompose before melting are
called pyrobitumens (Bell and Hunt, 1963). Low-oxygen ( < 5%)
pyrob}tumena are called asphaltic pyrobitumens. For a more
datafléd genetic classification of orga;ic matter see
Rogers et al. (1974). |

‘ Robegt (1973) ;nd Ammosov et als (1975) have tried
to establish an R, scale for asphaltic pyrobitumen. They
assumed that reflactance values for pyro%itumed{and vitrinite

‘are the same with increasing temperature in the range of

1.0 to 2.0 Ry (mean), although reflectance values from

pyrobitumen show a greater scatter than those from vitrinite
of equal rank. The influence of each type of asphaltic
pyrobitumen (elaterite, wurtzilite, albertite, impsonite,
and anthracolite) or ‘asphaltic pyrobitumen-like' fragments
(acritarchs, chitinozoans, graptolites, etc.) on reflectance
?s not yet fully understood. Sikander and Pitton (1978) .

have found that organic matter from Cambro-Ordovician

=
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platform rocks of Quebec Appalachians closely resemble
vitrinite. In the light of Abraham's (1960) work these
authors des;ribe this vitrinite-like organic matter as
dispersed asphaltic pyrobitumen. The organic mattef from the
study area is mainly in the form of dispérsed asphaltic pyro-
bitumen. Organoclasts like black fragments, diépersea amor-
phous particles, chitinozoans, and graptolites are also present.
Achab (per;. comm, , 1980), reported similar types of organig\
matter from different localities in the Quebec Appalachians.
Organic matter reflectance is more reliable than illite
crystallinity for determining the thermal méturatéon that de-
fines low-grade boundary of the anchizone (and lower grades),
however, it is less reliable for the higher-grade boundary of
the anchizone. It is less sensitive to 1ithology ar pore fluid
chemistry .than illite crystallinity. Reflectance values !

can also be calibrated with temperéture provided that  the

duration of heating is known (Karweil, 1956).

&
INDICATORS FOR THE LEVEL OF DIAGENESIS AND LOW GRADE

-~

METAMORPHI SM .

B

Tisgsot et al. (1974) used 'diagenesis' for rocks containing

im&tat;ure kerogen, i.e., those having reflectance values R, € 0.5%. -

This stage is characterised by the production of CO2, Hy0 and

CH4 owing to the oxidation of organic matter and the break down. -
of the C=0 bond. This zone is equivélent to the early diagenetic

zone of Foscolos et al, (1976) and extends from the surface down

&
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to 1000-1500m (50°C) depth., In the mature stage hydrocarbons are
formed, the H/C ratio drops, and there is a decrease in aliphatic
bonds. frhew 'oil window?®, wet gas, and gas condensate zones |
constitute the so-called mature stage. This stage constitutes
the 'middle diagenetic zone' of Foscolos et al (1976); refléc-
tance ranges from 0.5 to 1.5%. This middle dia/genet'ic zone
where most hydrocarbons are geénerated ‘is also called cata-
genesis zone. The latter iswd.efined by Tissot a@ Welte (1978)
with reflectance values ranging from 0.5 to 2.0. For cata-
genesis 'pissot and Welte (1978) have suggested a temperature
range of 50°C and 150°c. Hunt (1977) extends[catagenesis
tc/:; 200°, near t;he end of the dry gas zone. According to
Winkler (1975), a temperature of approximately 200°C also marks
the boundary between 'diagenesis' and 'very low-grade metamor-
phism' (Laumont:ite—prehnite-::;uértz facies; pumpellyite—érehnite-
guartz facies etc.). A temperature of about 300°¢ (biotite
isograde, 300°C) defines the boundary between 'very low-grade
metamorphism' and ‘true regional metamorphism' (green schist
‘facies).

Shales subjected to conditions less intense than true regional
metamorphism react sluggishly and are sensitive to the chem-
ical environment. Seemingly, no sharp boundary exists be-
tween the realms of diagenesis and metamorphism. The
transitional zone between diagenesis and metamorphism
(epimetamorphic zone) is calléd the anchizone. This zone ‘
generallyrma.rks the end of dry gas generation (Kisch, 1975; Frey
et al., 19803 Kibler et al., 1979; Heroux et al., 1979). The term
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FIGURE 4

Scales of thermal maturation of organic matter based on

¢

different parameters.
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anchimetamorphism was first used by Harrassowitz (’192], 1

1928) and later popularized by Kibler (1967). Various

other terms have also been suggestéd to define this Stage. ;

e.g.: incipient metamorphism (Wilson 1926); metagenesis

(Kossovskaya and Shutov 1958); buriEul or very low stage

metamorphism (Winkler 1975); eometamorphism (Landis

1967) etc. o

I%.isch‘(lseo) noted that in normal circumstances the

development of anchizonal illite crystallinity corresponds

with coal ranks near the semi-anthracite/anthracite

boundary (2.6 to 2.7%, io,max)- This result is in agree—

ment with that obtained by Foscolos and Kodama (1974)

and Foscélos et al. {1976) in the Lower Cretaceous sedi-

ment of north-east British Columbia. There the anchizonal

illite grystallinit}y is associated with reflectance of 2.5

to 2.7% Ro,nax. On the other hand Wolf (1975) observed a

mich higher reflectance wvalue, 5% Ry, max (high-rank anthra-

cite) in rocks with anchizonal illite crystallinity values

in areas that underwent heating by deep seated plutons.

Infthis study the maturation zones are denoted by

‘the terms diagenetic zone, anchizone, and epimetamorphic

zone. The boundary between the diagenetic zone and anchi-

zone is defined by a reflectance value of 2.7% and an illite

crystallinity value of 3.3mm. The boundary between the

anchizone and epimetamorphic zone is defined by a reflectance

value of 5,0% and illite crystallinity value of 1.9mm.

Illite crystallinity is a better parameter to define - — -+~
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the boundary between anchi-and epimetamorphic zones because .
of its consistent and predici:able behavior at this level

cf' maturation. On the other hand, organic matter reflectance
b;tter defines the boundaries between various stages of
d.\:i.agenesis'L and ~anchimetamorphism. Beyond the.diagenetic |
zone, \organic matter reflectance values show high anisotropy.
Figures 5 and 6 show correlation of % R (mean) and illite
crystallinity with zones of diagenesis, anchimetamorphism

and epimetamorphism.

~

MBS R AL Aareragly rnﬂrrwﬁr\ﬁh‘m o n e
3

one

3 mvanen

e e s A Kt ST 2 .
N

—p e e

e

pna—




_— S

[

[U——

~ 1 4
_¢ 42 |
- | | ©
. , 1 FIGURE 5 :
Correlation of -3? Ry with zones of diagenesis, anchi-
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FIGURE 6 *
Correlation of illite crystallinity with zones of diagenesis,
anchimetamorphism and epimetamorphism (modified after Fos—

colos and Stott, 1,4-975) .
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(Mud{liud afler roscolos and Stott, 1975).
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FIGURE 7
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Boundary between diagenetic zone, anchizone and epimeta-

morphic zone by illite crystallinity.
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CHAPTER FOUR

RESULTS

The study area has been subdivided into three diagen~-
etic to low-grade metamorphic zones on the basis of asphaltic
pyrobitumen reflectance (95 samples) and illite crystallinity

\\(350 samples) . These zones are: (i) the epimetamorphic

zone (mean reflectance 7 5.0%; illite crystallinity < 1.9mm)g¢
(ii) the anchizone (2.7 £ Rg< 5.0%; 1.9mm < Ic $3.3mm); ‘
(iii) the late diagenetic zone (ﬁo <2.7%; Ic > 34.3mm) . "\
(Fig. 8, 15).

Assuming the reflectance values are controlled primarily
by temperature the maturation pattern based on reflectance
values consists of a broad central thermal dome, east-of
which a trough with a thermal low at the centre extends
to the eastern tip of the peninsula, and west of which a
thermal slope with progressively lower isotherms f£rom south )

to north occupies the western part of the study area (Fig. TN \
15). Similar general patterns of maturation are obsgerved \
using illite crystallinity, however, with some modifications
in detail (Fig. 8).
The central thermal dome displays a concentric array
of zones around the McGerrigle Mountains pluton. These
.zZones comprise the anthizone, epimetamorphic zone, and
higher grade metamorphic zones in the immediate contact ,

aureole around the pluton. The epizone forms a broad thermal

halo which averages 16 to 20km in width. Toward the north-
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east the zone is even wider extending as far as 30km from
the pluton. The westward extension of the epizone west of
the halo;i.e. north of the Shickshock Group, is only about lkm
wide. The epizone compriges mainly the Cap~des-Rosiers
Group and Deslandes Formation, as well as a small part

of the Cloridorme (¥-members) Formation to the northeast.
The anchizone in this area to the north of the epizone, ‘
has an exposed width of 3 to 5km along the shoreline of
the St. Lawrence Ri\;er. It is mo\stly developed in the
Cloridorme Formation, a small part of the Cap-Chat Melange
in the west and a part of the Deslandes Formation to the
south,

East of the thermal dome the latea diagenetic zone
attains a width of 8 to 14km. Here both the anchizone »
and diagenetic zones are developed in part of the Cap-
des-Rosiers Group, Deslandes and Cloridorme Formatior,m.

In the area west of the thermal dome, the late dia-

" genetic zone extends to the western boundary of the study

area at Les Mechins. It includes the late Ordovician Tourelle
Formation, Cap-~Chat Melange and outliers of the Deslandes
Formation. In this region, the anchizone encompasses the
Cap-des~Rosiers Gr.:oup and a part of}the melange.‘

The resulta of illite crystallinity determinations
and pyrobitumen reflectance values are discussed separately
under the following headings: (i) central thermal dome
around the McGerrigle Mountains pluton; anchi- and 1at:e’

é‘iiagenetic zones (ii) east, and (iii) west of the central
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thermal dome."

. ILLITE CRYSTALLINITY
Illite crystallinity values were determined for 350

samples. From these data, an isopleth map of the area was
constructed (Fig. 8). The contour intervals range from

0.2 to 0.5 mm. In detail, the shape of the isopleths is

" affected by local variations in illite crystallinity and

availability or accessibility of outcrops, wl}ich ig the
reason for using differant contour intervalsin different
parts of the map.

In t;he central thermal dome. illite crystallinity
improves radially inward towards the McGerrigle Mountains
p;uton from anchizonal to epizonal gconditions. Immediately
east of the north-south trend of the McGerrigle Mountains
pluton an) anomaly has been noted with few samples showing
relatively poor crystallinity (1.4 to 2.6mm) in the
Rividre Claude section (Pig. 10, Section 12). I-Iowev‘ner,
best ”crystallfhity (1.0mm) has been noted in this section
just north of this ano}naly.

In the late diagenetic and anchizone, west of the
thermal halo the isopleths are reqular and approximately
northeast trending as contrasted with the concentric
patterns in the thermal dome. The thermal slope (systematic
imp:o;rement: in crystallinity perpendicular to strike)

becomes less steep from the eastern Ste-Anne-des-Monts I
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FIGURE 8
Isopleth map of illite crystallinity (mm), Taconic Belt,
Gaspé Peninsula. The value of IC in mm can be converted

to 2% notation by multiplication by 0.13.
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Selected sections in the study area.

1. Anse—au-Griffon

3, Petit Cap

5. Cloridorme

7. Grande \‘Iallé'e
,/9. Anse Pleureuse

ll. Mont~St-pierre

13. Marsoui

15\ Tourelle

17. —Ste-Anne-cIes-'Monts IT

9. Cap-~Chat IX

\ +
N

s FIGURE ¢
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R.:i.yi,ére- au-Renard
f?ame poing
Pointe-a—-la-Fregate
Manche-d '-Epee ‘
Mont=Louis
Rividre~a-Claude
Ste~Marthe ’
Ste-Anne-des-Monts I
Cap-Chat I

Les Mechins.
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up to five analyses.

DL = Deslandes Formation

TR

Tourelle Formaﬁion
cM .= Cap Chat Melange
CR'= Cap-des—-Rosiers Group

1
SH ‘s Shickshock Gr.

y 7

Pl SN
w:,,c%)

()




tti

i N

¥ 3

4.0 4

3.0

°2.04

Lod

L
)

> UL\, UK

5.0 1

4.04

4 3.0

OJ
o

°

L

*

Q
"

"

2.0

.o

o~

e Ay o

[
T ks et s



v

W RN W OWE oy s s e 9 | m 08 e el b ) R ETTTH TERIER v v, T

Pame

ILLITE CRYSTALLINITY IN mm

<

} »
: ‘ \
4 L .‘ o
[ * . '
; .
X X XXX X XXX-XX XX xxxx‘F
XX XXXXXXXKXXXXXXXX X
‘SHy\
X X -
xxxxxxxxxxxxxxxx?"'
X% XXXXXXXX XXX X XXX
4
' r
s
B ittt B E SORY ‘—-—-M. .




Q)

ILLITE CRYSTALLINITY IN mm

6.01
8.04
. a,0{

I5
3.0

58

5.0
4 .04

6 3.0

4.0+

Ton e Sk s N 5

VoM




B Y

b Arr i EYIOA % U . s ot o it o

|

{
U OU SpUUS i

1

J

S R

59

FIGURE ‘11 ‘
Illite crystallinity vs, illite 062/001 intensity ratio
west of the thermal dome. Degree of thermal maturation
increases from the younger sequencesg in the north (Des-
landes Fm,, Tourelle Fm,, and Cap~Chat Melange) to older
Cap-des—Rosiers Group in the south. Some samples in the
Cab-des—Rosiers Group exhibit relatively poor crystallinity.
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A4
o FIGURE 12 4
Ic vs. illite 002/001 internsity ratio east of the thermal
dome. Thermal maturation is™hi st in the youngest forma-

tion (Cloridorme Formation) thus contrasting with the
results west of the thermal dome, Note that a few samples

from the Cap-~des-Rosiers Group show higher maturity.
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FIGURE 13 '
b
IC and illite 002/001 intensity ratio in the Tourelle For-
mation showing positive correlation (i,e. IC improves with

increasing I1002/1001 ratio).
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FIGURE 14

kS

IC and éllite 002/001 intensity ratio in the Cap~Chat
melange. Illite crystallinity improves in the eastern
outcrops (closer to pluton) compared to the westerﬁ out-
crops of the melange. However, best cryétallinity is ob=

served in the immediate vicinity of thrust boundary.
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i s.ac:t::i.t'.n;C (6.5 to 1.8mm) to the western Cap~Chat II section
(5.5 to 2.6mm) (Fig. 10, Section 16, 19). Also from the
former towards the latter section the epizone gradually
digsappears. Oval or agg~-ghaped local anomalies of improved
crystallinity were observed in some green and red shales
and with samples in the vicinity of the thrust separating
the Cap-Chat Melange and Tourelle Formation from the Cap-
des-Rosiers Group (Fig. 10, Sections 16,19). Similar small
anomalies were noted in some of the carbonate and organic
matter rich black shales (Fig. 10, Section 16).

In the laté diagenetié zona and anchizone east of
the thermal dome, isopleth patterns show a thermal trough

with a central thermal low. As an example, in the Grande c\

Vallée section.illite crystallinity improves from 5.0 .

= 4.0mm (Cap-des~Rosiers Group) to 2.5mm (Cap-dea—Roqieés

Group) in the south and 2.7 to 3.4mm (Cloridorme Formation)

in the north (Fig. 10, Section 7). However, a number of
b
., complexities in the maturation trend/Acated by illite

crystallinity data for t:ﬂi“@ region. This produces rapid
local variations, which ha\;&\been plotted as oval-shaped

anomalies on Fig. 8.

~

PYROBITUMEN CE . -
Pyrbbitumen reflectance values of 95 samples were ° )
used to construct the isopléth map shown in Fig; 15, in oo

order to corroborate the maturation patterns established
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on tho basis of illite crystallinit:y. The pattern of the
raflmt:ancs isopleth lines is nearly identical to that
producad by illite crystallinity values. mimum reflectance
observad is 6.06% in the Deslandes Formation (Mont Louis
section) . The minimum is 1.56% (Tourelle Pormation, Cap-
Chat section).
. In the central thermal dome, .reflectance values dis—
tinctly r:'epeatathe north-eastarly bulge of the epizone L
shown on the illite crystallinity map. The anchizone in
t:he thermal dome which lies north of the epizone is charac-
terized by a uniform level of maturation of R, = 3.7 to
4.0% (Cloridorhe Formation) . In the ea#t, §°1 increased to
-4.41% near Anse-Pleureuse while in the west reflectance
abruptly decreases at Logan's Line, i.e. from Ry of 4.0%
miasured in the ¥ -4 member of the Cloridorme Formation
east of Logan's Line to Rg = 2.96% in the outlier of the
Deslandes Format;ion to the west (Fig., 16, section 9, 13).

. In the late diagenetic zohe and anchizone we;st of
the thermal dome reflectance values show fewer anomalies
than the illite crystallinity values for the same area.
Alorg the coast, rveflectance‘value,s are uniform (R =1.6.
to 1.7%). Towards the interior reflectance values increase
from approximately 1.7% in the north to 5.0% in the south. ‘
West of the Tourelle gsection (15) the w:ifdth of the anchizone
increases markecuy at the expense of the epizone. This
is’ indicated by the rafiectance and illite crystallinity
maps. The epizone still continues westward with a width

. ( e

5




N

1("

‘ 6

w\ 4 "

. of approaci_ma\tely lkm. This wastwa.;:d extension of the epi-
8 zone .is not|seen on the illite cry-stall.inity map. Across the
thrust £fault separating the Tourelle Formation and Cap-Chat
- Melange from the Des].’ah;les Formation and Cap-des-Rosiers
Group there is a;. jump in reflectance from values of I'io = 2.0%
(Cap-Chat Melange)p to 2.99; {(Deslandes Formation) in the
&  Ste-Amne-des-Monts I section and from R o 1+7% (Tourelle ‘
Formation, and Deslandes Formation) to 2.30% (Cap~des-
’Rosiers Group)‘ in the Les Mechins section (Fig. 16, sections-
lé, 20). In the late diagenetic and anchizone east of the ‘
thermal dome reflectance isopleths show a thermal trough
6: lunate pattern exhibiting a thermal low. However,
towards mofe easterly sections, such as Rividre-au—-Renard
(2) and Fame Point (4) the trough seems to disappear. East
of the thermal .dome, changes in reflectanc¢e values in each of

the sections are distinct and more systematic than those -~

recognized by illite crystallinity data.
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FIéURE 15
Isopleth map of pyrobitumen reflectance of the Taconic

Belt, Gaspe/ Peninsula. /
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.~ FIGURE 16
The following are north-south cross sections showing plotted
values of pyrobitumen reflectance in the study area. For

location of sections see FIGURE 9. Each point in the section

repregents one to three values,

CL = Cloridorme Formation

DL = Deslandes Formation '
TR = Tourelle Formation -

CM = Cap Chat Melange

CR = Cap-des—Rosié‘rs Group -

'SH = Shickshock Gr.

[




[
B T U

73

3.5

2.

2

13

VDT \UH\

[ 9

?

3.59

2.5

TR

X

-
uw. o
F\
b
>

v /

&)

\.

/.

. 3
V B
(D

&

D .
I - S N S
T m N - 0 ¢ M o -

~ (o))

(uoaw)oy o, ¥

tenanrt g bt s e

[ "SR



) e SR IR R PRI

15

I6

©

m\
% Ro {(mean)

20

O

5.5+

4.5+
3.54

2.5

5'5
4.5
3.5

2.5

T S R SH\)\

/

74

COMSX___CR

MR




3 ~
e O — A e b Y S RS T L (Y ST VML T R R e ey OO e g .,
75
6.51 l/“x»“ﬁy_k‘ ¢
/
LY 5.5
4.5+
12
3.5+
H
2 .5+
F.
1.5 = A
, CL N _cp s
XX X X X X X x X Q‘?
= ! X X X X XX X XX X X X X X®
= X X X XX X XX X %X X X xx xXxF
o 4
€ .
, -
C -
v ‘{ “ W
. %,
' .54 ‘ _f
TCINE_ DL NS CR O\ SH x
S \F(t 4
XX X %X X X X x 09 K
; XX X X XX X X X x xX-°°
- B ) X X X X XX X X
\* ’
¥
{




— P - ~. hd
— o : Lo
_/3 - . - - i 8 Kt e e WEOMARY 3 Vel PTG i g T T TR 2 W R § 9 G g St pempytn v b e
i > P ity
e ' /

s /

“I// - 5 *
B

\\/) : 76

—

CHAPTER FIVE

INTERPRETATION

Isopleth maps of illite crystallinity and organic -
matter reflectance provide a framework for understanding
the formation and spatial distributior; of various regional
diagenetic and metan{orphic facies. Metamorphism due to
depth of burial should increase downward in response to
the normal gradients of temperature and pressure. However,
this relationship does not seeméto apply in many orogenic: .
;elts and the same i3 true here. The maturation patterns
"in the study area pose several questions as to the source
of héat. How is the central thermal _dome, which is unusu-
ally wide for a contact metamorphic zone, related to the
McGerrigleu Mountains pluton? How can the anomalously poor
illite crystallir.xity in the immediatewcontact zone east
of the pluton be explained? Are the "thermal slope" in
thg wegt and the “therm.al' trough" in the east related tog ,
the maximum depth of sedimentary burial at the original
site of deposition or to regional heating associated with
the ?’Taconic Orogeny? Did the Murdochville intrusive bodies
in the Acadian.belt, south of the study area, also have
an effect on the thermal matux;ation in the Taconic belt,
at least in the south? How can other local maturation anoma-
liés besides the onesmentioned above both for illite crystal=-

linity and reflectance, be explained? In attexqpting to

answer these questions the results of this study are dis-
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cussed beginning with the mdst highly matured rocks of
the central thermal dome,

The concentric configuration of isopleths about the
McGerrigle Mountains pluton indicates that the pluton is
the focus of heating during metamorphism. The effect of
the intrusion is seen in a zone (epizone and hilgher meta-
morphic grade) three to five times the width of the intru-
sion. Factors controlling the extent to which sedimeﬁts
are affected by contact metamorphism include (1) pluton
size, width, the depth of emplacement, permeability, and
rate of cooling, (2) temperature differences between the
intrusion and intruded rocks, (3) the composition and per-—
meability of sgdiments, and (4) net motion of Hzo.

From the study of small dykes and sills it is known

that the contact metamorphic effects of an intrusion may

extend from about half the width of the intrusion (Bostic

1971; Perregaard and Schiener 1979; Peters et al. 1978) to
éwice (Dow 1977), or even more than four times this dis-
tance (Degens et al.1978). On the other hand, the. effects of
iarge intrusive bodies on organic matter are noticeable
over distances of gseveral thousands of meters. The sensi-
tivity of coaly material to heating is well exhibi‘ted by
the aureoles of high rank coal around the deep-seadted
plutonic intrusion in the Bramscher Massif in North-West
Germany (Stadlexr and Teichmiller, 1971 in:Teichmiller and .

Teichmiller, 1978). In the vicinity of plutonic intrusions,

cOnivective heat transfer by the circulation of fluids may

{ ' "
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plredominate over conductive heat transfer thereby affecting

sediments to several kilometers (Norton and Knight, 1977).
The unusually large width of the epizone around the

McGerrigle Mountains plutdéng is easiest to explain by tﬂe

extension of the pluton beneath the thermal dome at shallow

\sub—surface levels. The bulging of the epizone toward north=

eagst may reflect a subsurface trend of the intrusive body
in thatldirection. The isolated plutons of Hog's Back,
Mont~Valliers-de-=St.~ Real etc. in the Siluro-Devonian
rocks are all located along this trend line but south-
west of the main intrusion. These plultons are thought t\o g
have been emplaced at the same time as the McGerrigle
MO\.;ntains pluton (de ROmer, 1977). .
West of the’ t:;ﬁermal dome, the trend from less mature,
yoﬁnger rocks ih the tectonically deeper units to the north
to more mature ovexlying older rocks in the se.\auth suggests
that the maximum level of maturation /in this area may have
been achieved by burial. Thus it may have occurred. before
nappe transport as in the thrust imbricated zone and the
outer belt of zone of nappes in the Québec city area
(Ogunyomi et al, 1980) . The younger ourelle Formation
shows @ Ry, range fxrom 1.56 to 1.70% and IC range from 6.6
to 4.lmm. For the Cap~Chat Melange R| ranges from 2.2 to
1.7% and IC ranges from 4.6.to 2.7mm. {In the older Cap~
deg-Rosiers Group, reflectance values range from 2.2 to

5.0% and illite crystallinity ranges from 4.4 to l.9mm. A

systematic increase in maturation level with increasing
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age of the sediments suggests that the rocks attained

their maximum maturatilon during sedimentary burial, and boa
were subsequently transported with the nappes. Further N
support for this idea is supplied by the fact that the

isopleths closely follow tectonic boundaries. The phenomenon

of ‘'transported diagenesis' has also been reported from

the Swiss Alps (Frey et al, 1980; Kubler et al, 1979; .

Mullis, 1979) and the Appenines (Reutter et al, 1978). f

In the late diagenetic and anchizone east of the ther=

mal dome, the central east-west elongated thermal trough

3

in the older Cap-des-Rosiers Group is puzzling. Northward
from this thermal low there is a progressive increase

in maturation in the youndger Deslandes and Cloridorme
Formations. Since the level of thermal maturation increases
ﬂnorth’ward with decreasing age, it is unlikely to be induced
by stl‘::atigraphic burial and is possibly syn-~ to postorogenic

in‘ nature. This enhanced thermal maturation north of the

trough may be due to a continuation of the McGerrigllen'Moun- ‘
tains pluton trend axid to‘heat generated by tectonic burial .

of older units. Oxburgh and Turcotte (1974) have demonstrated
from their study in the Alps that in thrust belts there

are thermal effects aajociated with tectonic movementsg

which could account for regional men,tamorphism of ydunger P
rocks under thrust planes. This anomalously high metamorphism

occurs 'despite the fact that the main post-thmusting restora-

tion of thermal equilibrium takes millions of-years. South of the ,

central Eh’erma"l: trough the increase in thermal maturation may be

e
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related to post-orogenic activities. In the Acadian belt -
{south of the study area), there are several Devonian igneous .,
intrusivés around Murdochville which may have supplied .
the heat necessary for this éxlomaly. In the far eastern

part of the study area, the central trough becomes less
distinct. This may be due to the absence of igﬁeous activity
in the Acadian belt south of the study area or to thé limited

idth of outcrop area,

BURIAL DEPTH
If pre-~g rogenic levels of diagenesis have been pre-
served then the thickness of tectonic or stratigraphic unit;arl
can be worked out using organic matt:er' reflectance. This

problem can be tackled in two stages. The first gtage

. involves the determination of paleotemperature. Reflec-

tance values can be related to temperature provided the .
effective heating time is known. Effective heating time

is defined as the time during which the temperature is ..
within 159C of the maximum attained (Karweil, 1956). The
second step is the determination of the actual geothermal’
gradient of the basin. Lack of conclusive information on
both geothermal gradients and effective heating times for
the Taconic belt makes burial depth estimates; for any tec-
tonic unit rather gpeculative. The regionaf "nia;turation
pattern reveals that the study area in general has been
affected by additional heat from igneous intrusions and

dynamothermal metamoxrphism during and after the Ordovician
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Taconic: orogény\. The north-western and south-eastern thermal
lows in the late diagenetic zone appear to be unaffected

by external heat sources, however-, Therefore an attempt

has been made to arrive at some burial depth estmgtes

for the rocks in these areas. .-
Geothermal gradients vary from place to place

throughout the world, depending upon the gueological environ-

nent. Geologically active regions give r:txse to adivers“e .

ragional metamorphic environmentsg because th‘eu Earth's thermal
structure is digturbed in these regions. In the high~
temperature/low pressure metamorphic belts of mobile regions,
the heat flow is240°C/km (Pyfe, 1973). Conversely, areas

(L;} ’near;active trenches are characterized by a low gradient,"

' . caused by the downward deflection of isothermal surfaces
‘(McKenzie. 1969 ; Minear and Tozsoz, 1970; Oxburgh and a
Taxrcotte, 1970) . The pre;ence of plutonic intrusions is
usually inferred where isothermal surfaces form "d;nmq-

v like" thermal surface(s (Turner1968).

Ogunyomi et al. (l\QQO) estimatgd the maximum burial 3
temper‘atures and corresponding depths from tha) reflectance . , ‘

' values in the Québec Appalachians, in the vicinity of Québec
W ‘ City, assuming a paleogeothermal gradient of 30°C/km, which;//f
&

/
/

is equal to present day average continental gradients.

Hadrynian rifting has initiated the development of an Early , !
o K
Paleozoic Atlantic~Type continental margin in the Québec
e Appalachians where thick sequences of Cambro-Ordovician
'§ " .

rocks were deposited. The lower Ordovician Tourellé For-




-~

B
)

mation has been interpreted to have heen deposited in the
foredeep trough during the period 'of subduction (Hiscott,
‘lé80) . The up‘per Cambrian to lower Of;dov‘ician Cap-des-
Rosiers Group, ‘on the other hand, appears to be related
to deposition on a subsiding passive continental margin
(Fig. 18) . In the Internal Domain, the Eastern Townships

ophiolite complex near Québec ' City and the ultramafic

bodies of Mount Albert and Mount Serpentine in the Gaspé

PeninSula,pr‘:ovide evidence that a cycle of ocean growth
and destruction was involved in the evolution of the
Appalachian System, The ;:lose énalogy between the
Early Paleozoic continental margin in the Québec City
area and that in the current study area justifies the
assumption of a paleogeothermal gradient of 30°C/km ‘for
the study area. Calculationé using gecthermal gradients
of 20°C and 40°C/kn are also.presented (Fig. 19) for ;;ur- )
poses of comparilsor;. The effective heating time has been
assumed, in this study, for the Tourelle Formation,  to be
35Ma. This is based on se‘}\grgl iines of reasoning.

(1) The age of redional metamor:phism in the-.area has
been dated at 443 + 18 and 438 + 20 Ma (K-Ar determination)

from bornblende in amphibolites of Mount Albert and Mount

Serpentine, respectively (Wanless et “al., 1973, 1972, quoted

in st. Julieﬁ and Hubert, L9?5). Muscovite from a brecciated .

granite which is probably associated with the serpentine

N L
found in the western part o\f the Magereau Group, yielded

.

a K/Ar date of 442 +°'20 Ma. These dates on the metamorphosed

\
1

—
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rocks wh:i:ch ‘overlie the sialic crust in the Internal Domain
demonstrate that the dynamothermal metamorphi;m must have’
been completed ip earliest Silurian time. From these data
‘the pea}K of the regional metamorphism in the study area

is estimated to be 440 Ma.

(2) Nappe transport must have occur:r e before. net znor-
phism because tﬁe tectonic elements of the late diagenetic |
zone fxave escaped the regional, synorogenic thermal event, "’

(3) The denudated top of the Tourelle Formation is
about 475 Ma (Fig. 17). Hence, nappe transport should A)?ave
occurred between 475 and 440‘ Ma. This gives a timespan of
35 Ma for the ma;imum heating time. As sedimentation cont-
inued beyond n’+?5 Ma, the time available for the maximum
heating time should be less than the proposed 35 Ma, Also,
effective heating. tim.e could be consideraﬁly shorter

because the time of -regidnal metamorphism can not be dated

exactly. For our purpose we have taken 25 Ma as the maximum

"effective heating time, For comparison purpose, estimates

of heating time are presented in the Fig. 19. With an
effective heating time 6f.25 Ma and measured mean reflectance
of 1.5% near the base of the Tourelle Formation, a 'ma:.cimtym‘
paleotemperature of 171% is estimated from the'd‘ﬂiagr"‘ams:
prepared by Karweil (1956) and Hood et al (1975). These
paleotemperatﬁr.e values correspond to a depth oi: burilall of
approxim;ttely 5.7 km for the Tourelle Formation. The

present stratigraphic thickness has been estimated to be
approximately one kilometer for this formation (Hiécot;t. £9??).
The burial .figure implires. that about 5 km of overlying

younger sediments have been eroded. This figure would

L}
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. FIGURE 17 ) . - L
Stratigraptiic table of\various Cambrian and Or8ovician ¢

o

stratigraphic units in the Taconic Belt of Gaspé Peninsula.

1. bParautochthon; 2 to 6 separate thrust sheets. Struc-

f

|
?
tural init 4 is the Rivieré Ste-Anne nappe. The Cap-Chat - {i
Melange is lithologically identical to the upper part of i
_the Cap-des—Rosiers Group (Mod:f.fied from Hiscott, 1977 ). '

\, !
L5

- ‘ |
-~ N




R

4 - S A - I
R ’ - Ll f
\l L
’ Tt ) \ 85 ‘
1 & ’ ‘ » . @
oy I -
. F
-»
- ) “3’
~ ‘ ,(L ".‘7
t > *
v "1 - 13 r W, !
' ’ ) N 20 . N ; :
. base + - e 3mf O
presmem——- £ M . G n N N . v @
' Structural - - Tyt g
my. units 1 1 2 . 3) 4 | 5 > 6 .
T .- & - - N 3 “
. Ashgithan § . B & 1 e | ) VRS
- |as0 8 | rerg g REGTONAI] 4-—=-*1 METAMO#PHISM ,
Caradocian =" = *E - :_; g , ; “
4501+—— CLORIDORME E 9. g o :
Liandeilian o FM " hal ﬁ Q“: .-qt‘-'-’ N
- 4601 37 a ‘;!3 P
0 | DESLANDES | -« E . - .
8 470 Llanvitman 2 FM ﬁ o N
Q o% 8§
S B Q 54
8 D TOURELLE FW F ?
x 4801 Arenigian __C-‘ L d
O Al g CAP CHAT CAP 'DES ULTRAMAFIC
1004 Bl 3 MELANGE AOSIERS AOCKS
" 2 , GROUP (x/Ar}
Tremadocian . I
] ?
C Upper 9 # o ’ .
Z 5201 o ? l .
. E < M'dd'e X N Q‘R‘, jHlC&
& |z404 e ) | SRICKRNOGE.
2 GROUP
= :
= Lower .
o 5601 . ' ? &
PRECAMER. . .
Y
~ -‘%‘ N
o ' }T
r 1 N w 2
Y g
£
&
) ff
, \ N .
7 h
- . £y
i3
. ¥
A
. . .

o ARV L g a e

€

v ."f&’



o :
. S, 3 f, .
~ s“* . X
!’ . Y 2 ‘ ‘l;;}‘ <t
» "lj ' e '
FIGURE 18

The upper Cambrian to lower oOrdovician Cap-des-Rosiers
Group, is relatad.to rifting on a passive cpntinental
margin. The lower Ordovician"l‘ouralle Fctrmation is de-
posited in the foradeap trough during the period of

subduction (Modified after Hiscott, 1977). J
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.o FIGURE 19 )
Estimates of temparatures and burial depths for the Tourallae
Pémation and the Cap-des-no-iefa Group. Assumed paleogeo-

thermal gradient 30°C/km. S
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| © Base of Toyrelle Pormacion E (mesn) 1.50%

: Estimated ‘Paleo—

Estimated .Dépth of-

Estimated Assuned =  temperature in °C Burial in km
Effective Paleo- S
. Heating Geothermal After " After - After After
Time in Gradient Ka Hood et al. Karweil . Hood et al.
M. Yrs. *C/kn ‘ 956y~ . (1975) (1956) (1975),

25 " 20 \(\““’giimd T3 8.5 8.6
. 25 30 170 . 173 5.7 5.8

25 40 [ 1io0 173 4.2 4.3

35 20° ‘ 154 155 7.7 1.8 .

35 30 154 155 5.1 5.2

35 40 T 154 155 3.8 3.9

//"{{‘
) /~ - t

s
<’(.)""

Base of Cap~des—Rosiers Group
R, (mean) 2.20%

30 20 190 186 9.5 9.3
30 30 190 186 6.3 6.2
30 40 190 - 186 4.7 4.6
40 . 20 . 180 182 . 9.0 9.1
40 30 . 180 182 6.0 6.1
40 40 180 . 182 4.5 b6
™ “ i \ .
‘ y - y




FIGURE- 20 e

Relationship between reflectance, time and’ temperatﬁre. ?//j

Modification of Karweil's nomogram (1956) using Teich=-
miller's (1971) reflectance values. Vertical dashe@ines
ir;dicate the reflectance values from wnich the maximum '
temperatures were obtained for thé Tourelle (TR) Foxrmation

and the Cap~des-Rosiers (CR) - Gyoup by using various

~effective heating time curves. -
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: o FIGURE 21

The rela'tionlnip betWeen'rqflegtfance (Ro) ’ fxiaximum rock
temperature -and burial time from Hood et al \(1»97‘75) . R
"Effective time" means the duration of burial of ;rock
within 15°C of the maximum temperature in its history.

' TR = Téprelle Formation, CR = Cap-des—Rosiers Group.
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changeﬂsignificlzantly if there were a change in' either

paleogeothermai gradient .or effective heating time (Fig.

19) . .
An effective heating time of 40 Ma has been estimated for -~ |

the base of the Cap-des-Rosiers Group. This figure is based on
the fact that sedimentation of this formation vcea.secl around
480 Ma kFig. 17) and that, as already mentioned, the age

of the dynamothermal metamorphism is taken to be 449 Ma,
From the mean reflectance value of 2.2% and an effective '
hgating time of 40 Ma, the maximum temperfature to which the
bise of this group may have been subjected is estimated to ‘be
approximately 180°C from the curve, of Karweil (1956) anq l
from Hood et al (1975) . If the- average geothermal gradient

is taken to be 30 C/km a burial depth of 6 km is calculated
for the base of the group. Structural complexrties and a lack
of detailed geological mapping in the area, make the actual
thickness of the Cap-des-Rosiers Group unknown. Field obser- q__-
vation suggests a thiclmess of 6 km for the Cap-des-Rosiers

Group is reasoable. T b ‘-'

.
3

EFFECT OF FOLDING ON ILLITE7CRY’STALLINITY

In the main anticlinorium of eastern Sauerland, in
the Variscan fold belt of Germany, tectonic deformation

has little effect on_coalification but illite crystallinity
~

increases from the flanks to the hinges of anticlines

t

suggesting syndeformational recrystallizaéion (Kalkreuth, i

1979). On the other hand, Kibler (1967b) and Gruner (1976)

[l
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found no correlation between illite crystallinity and schistosity -
and folding. Teichmiller et al. (1979) noted that the time rela=-
tionship between temperature increase and deformation determinesV

wheth‘er illite crystallinity will be affect\ed by deforma\tion or not

An attempt was made to evaluate the possible effect of
folding and faulting on illite crystallinity in the Clori-
dorxpe Formation in order to be able to interpret ‘some
local anomalies. Ié}Ehé western tectonic block of the Clori-
dorme Formation, the Y-members are tightly fold’ed forming
a major asymmetrical anticline (appr. 40km in length)
efctendingx, from the Madeleine River in the east to Mont
St. Pierre in the west (Fig. 22; Biron, Pers..comm., 1980). -
,In the Anse Pleureuse section, better illite crystallinity
was observed in the hinge (l1.7mm) than in either limb of )

¢ the anticline (2.6 to 2.0 northern and 2.2 to l.7mm scuthern
limb.‘ respectivelyl}. A‘ similar trend was deter‘gnined in
the Mont Ln‘m;i:s ség:_}:ion.\ Insufficient reflectivity data
are available to cons.tr;:ct a profile from hinge to limbs.

On the southern limb the reflectivity increases from 4.9%
(¥ 3-member) to 5.5% at the base of the ¥ o-member. It is
possible, theréfore, that illite crystallinity is, in part,
controlled byuvarying stress regimes in different parts |
of the fold. However, regional maturation studies in this
regiox;x (p. 78) "suggest that much of the matur?tion :higﬁt

_be due to high heat flow from the inferred 'subsif;face'
Agneous intrusion, and”i:his may havew been channelled into

ant:y\:linal crests. Increasing burial depth may alsa account

4
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FIGURE 22

96

Effect of foi_;ding on illite crystallinity (IC),Cloridorme

Formation ( ¥ =Mmembers).
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for this higher maturation from limbs. to hinge. Synclines- - '/
showing a similar trend of improved crystallinity from
limbs to hinge would supp@rt the idea that folding enhances
illite crystallinity, éfkce the hinge ef‘a syncline isx
at a shallower burial depth than the limbs.

Fig.23 illustrates a-syncline near Pointe Seche, Ba§e
. St. Yvon; an anticline with the no&therhlliﬁb overturned
L A and southern limb steeply dipping (dip 70°) near Le Brule:;
and an overturned syncline with its hingé;at Longue Pointe,
west of Petite-Vallée (Enos 1965). These structures are
well exposed along the coast of the St. Lawrence River.
The maturation level of the area lies within the anchizone.
The results from each of these folds are discussed separ—
atel§ as along the projected cross section (~, 20km) there
/isvconsideraple variation in maturation levels., Near Le
Brule, illite crystallinity is best developed in the hir{ge
(2.4mm) of the anticline in the ﬁl—member. Crystallvinity\
decreases towards thé_eastern limb from 2,6mm (@\3) to
3.2mm (p:,;) a;: distances of 150 and 250 meters, respectively, N\
from the h?hge. A similar result is obtained from an oveg- ‘ A
turned syncline at Longug Pointe where crystallinity becomes
less well developed from the hinge (2.5mm, 67-member)
at a distance of about 300 meters. Reflectance values remain

almost the same from the hinge (R, = 3.05%) to the limb

- (R, = 3.10%) . This suggests that illite crystallinity is,

in part\. controlled by varying stress raeagimes in the diff-

erent parts of a fold, while reflectivity values are not

TSy
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? FIGURE 23
‘Effect of folding on illite cryst;llinit:y (xc), and
reflectance (% Ry mean), Cloridorme Formation (ﬁ ~members) .
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' towards the eastern limb (2.45mm, ﬂ4 member). Here during

F

 t "
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affected. However, at the Baie St. Yvon syncline, the
crystallinity trend-is raversed. Illite crystallinﬁty improves
from the hinge (3.4mm, PS member) within a digtance of 100m

folding, stregn may not have been sufficient to enhance
illitization.

"In the late‘diaganqtic zone west of the central thermal
dome, illite crgltallini£§ improves near the thrust separ-
ating the Cap=Chat Melange and the Caé-doa-kogiqrs Group
(S€te-Anne-das-Monts I and Les Mechins sections, Fig. 10,
sections 16,19). Illitization can be accelerated by the
shear stress.and concentrated frictional heat generated
during faulting, Thus, to evaluate the causes of local
variation in illite crystallinity, the contribution of -
each of thoJfactors such as folding, tectonic activitiﬁgr
intrusions, etc. should be considered.

~
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CORRELATION BETWEEN ILLITE CRYSTALLINITY AND

- . REFLECTANCE .

The best correlation coefficients (-1.0) are achieved
when illite crystallinity and rafleétanceﬂa:c affected*
primarily by temperature. Linear correlation coefficients
between mean reflectance :pd illite crystallinity were
determined for the followings - /
(1) Different zones Sf maturation within a formation.

(2) Pormtions as a whole. , o

. . / ‘ b s
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(3) Altaration zonol as a whole. ‘ - - Co
Figures 24 to 26 illustrate these ralation-hips. Illite ) S

crystallinity vs. reflectance plots show significant Qaria- - Ty

tions in correlation coefficients, for the 4}££orent maéuration
-20nes within a formation. Large variations also exist for a‘

¢ »> < ,
given maturation level in different formations. In the late

diagenetic zone, good correlation eiistn with}n the Cap-ChSt i
Mslahge (r = -=0.91) and Tourelle‘Formation (r = -0.69). A
Correlation is poorer in the Cap-des-Rosiers Group (r = -Q\34) S

and coefficients show no significant correlation in the Del— '

landes (r = -0.07) and Cloridorme (r = +0.16) Formations.

The reason for the lack of corraritioh\in the cloridorms and

Desl andes Formations may be the high carbonate content in

many shale samplesf Thia is indicated by X-ray analysis of o
the.2 to 16 Mm fraction. An inluff;cient suﬁply 9f potassium
and aluminium in the calca;aous shales "along with low poros-
ity may have inhibited the process of illitization. Alterna-
tivaly, it may be that either organic cémpoundn or metals
havc acted to block off the open aheets of illite or

-welling clay minerals. Also, black shales are generally \'
rich in organic matter. The oxidation of organic matter

in black'lhaio- can create a weakly acidic environment thgh
is unfavourable for illitization. In a previous study

in the Quebec City area (Ogunyomi, i680) gorrelaﬁion co-
efficients of -0.56 and -0.83 betweer illite crystall-

inity and mean reflactance have bean established for ‘the

middle and late diagenetic zones, respectively.
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" In the anchizone, a good correlation exists for the =

Dnllgﬂdul Formition (r = 40.65) whereas correlation is
' -

poorer in the Cap-des-Rosiers Group (r = -=0.24) and Clori=-

dorme Formation (r = -0.14). The raalon; for these wide
vari&tibnl in correlation between illite crystallinity =~
and rctlactanc; are manifold. In the Cloridorme Fprﬁ;tion,
illite crystalliln_j.ty and refiectnnce may have been influ- '

enced in a different way by differential stress during

‘(gdldinq (as discussed on pagegs ) which could be responsible

for poor gorrclation. A poor correlation (r = 40.057) in
the anchizone has been reported from the Quebec. Appalachians

(Ogunyomi, 1980) . Frey et al. (1980) reported poor cbrré-

“'lation between illite crystallinity and reflectance from

very low-grade matamorph1c<rocks -0f the -external parts of-. —
the Centr?l Alp-. Poor correlations have been attributed

to the ihfluéhce of lithology (1) on illlte crystallinity,

(2) differential tectonic stress on illite crystallinity,

- (3) the prasence of mixed-layer muscovite/paragonite wbich

ES—

causes a broadening of the 103 peak, and (4) the increase

- of reflectance anisotropy by shaar stress at the beginning

of the anthracite stage (R,mean = 2,5%). The absence of
pa:aéonite from the study area suggests, a different mode

of mineralogical transformation compared with that seen ]
in the Central Alps. As such, it is di!ficulé to compare
these two araas.

" 8ince the éorrolation coefficients in the‘late diagonotic/

zone (r = -0.37) and anchizone (r = =0.31) are not very
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good, the positive corralation in the epizone is surprisingﬁ
This correfation may be due to the anisotropy qf the orzanic
matter reflectance, i.e., hiéhqé deQiation of the mean

from minimum and maximum reflectqnée values, A few irregu-
larities in the illite crystallinity (retardation or even )
retrogradation due to hydrothe;mal fluids) codid also’be’

a factor. The overall correlation (r - =0.67) in the study

area is reasonably good.
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., - FIGURE , 24

s
Correlation coefficient of IC vs. mean reflectance for

different formations and zones.
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<
CORRELATION COEFFICIENTS (r)
r'o,mATloh\ LATE DIAGENETIC EPIMETAMORPHIC  FOR EACH FOR THE.
\ ZONE ANCHIZONE - ZONE, FORMATION | STUDY AREA
# ]
CLORIDORME +0.18 -0.14 - -0.42
DESLANDES ~0.066 -0.68 +0.38 -0.78
. ‘
TOURELLE -0.09 - - ~0.89 -0.67
CAP-CHAT-MELANGE —-0.91 - - —0.41
CAP-DESROSIERS | — —0.34 ~0.2¢ R ~0.59
. \ ~ .
r FOR EACH ZONE -0.37 (7 ~0.31 +0.28

CORRELATIO EFFICIENTS (r) IN DIFFERENT MATURATION
ZONES IN DIFFERENT FORMATIONS.
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. FIGURE 25 '
Correlation of illite crystallinity (IC) and mean
reflectance (% ‘io mean) in different formations,
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FIGURE 26 :

Correélation of ill:.te crystallinity (IQ) vs. mean

reflectance (% Ro mean) in different maturation zones,
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CHAPTER SIX

o

-~ @

¥

> + DIAGENESIS OF CARBONATE CONCRETIONS
Although empnasis in this study has been on tne
evolution of late diagenesis, anchi- and epimetamorphism

AN
in deep water shales of the Taconic belt, some information

. on early diagenetic reactions related to the breakdown of

organic matter has been obtained from carbonate concretions.
The precipitation of carbonate concretions is a function

of temperature, pressure, pH, PCOz’ and ionic concentra-
tions. Carbonate concretions‘consist of an authigenic ce=~
menting fraction and a detrital component related to the
original host sediment. Low magnesian calcite, dolomiée.
siderite and rhodochrosite are tne most common carbonate
cements in concretions, although vaterite has recently

also been discussed for Ordovician concretions in Québec

(Fong et al., 198l) . ,

v

It is argﬁed that the volume p ent of the authigenic
fraction of tne concretion is related to tne host-sediment
porosity at the time of concretion growtn (Lippmann,l1955;
Raiswell, 1971 , 1976; Oertel and Curtis, 1972) . Thus
various ét;ages of concretion formation.ma-y be related to
proéressive sompaction of the host-sediment “vgitn-in_creasing
burial‘nbased on tne proporti::n of cement materiald,

Close association of certain black shales and car-

bonate concretions suggest that the decomposition of organic

matter plays a significant role in the concretion-forming

«
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process by providing the carbonate alkalinity (HCO3 . + 2003—)
necessary for the inorganic precié?tation of carbonates.
Carbonate alkalinity is defined as the total concentration
of the dissolved bicarbonate plus-égfce the concentration
of the d%ssolved carbonate species (Berner et al, 1970)..
DeveloPmeﬂt‘of a high bicarbonate concentration may be
seen as an intermediate step toward carbonate precipitat%Fn
as long as the bicarbonate can later be dissociated. A
relatively high pH is required for the dissociation bf
bicarbonate into H' and CO3"2 but the exact numerical
value depends oﬁ temperature. Weeks (1957) suggested that
the decomposition of organisms produced a&monia as the
tissue decayed, creating a microenvironment with relaﬁively
high pH. Such an increase in pH would precipiﬁate calcium
carbonate from the pore fluids and form a nodule around
the organic matter. Later workg by Raiswell (1976),, Dick-
son and Barber (1976) and Hudson (1978) also recognized
the‘importance of an isolated microenvironment with high
pH producin? co2- io;s, from which’ carbonate can precipi-
tate. Recenfxg, Fleet (1980) from the study of carbonate
nodules at DS R\Site 503 in the eastern Equatorial Pacific
Ocean concluded ‘that the nodules probably formed. from
the decay of organic matter which was concentrated in
burrows.

Commonly recognized depth-related reaction =zones
involving breakdown ofi organic matter are as follows:
(1) Bacterial degradéti n proceeds quickly and efficiently

-«
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in aerobic oxygen bearing wateri ] An equation for this

reaction is: ‘
(CHy0) + oz—é—»coz-+ Hy0 ‘

where the first term represents organic matter.

W‘hen the dissolved oxygen becomes exhausted; oxidation .

of organic matter by anaerobic bacteria uaing 'nit;'ate '

as a source of oxygen (electron acceptor) takes over

according to the generalized formula:

(CHQO) + 4NO3————>» 6CO, + 6Hy0 + 2N2

2
Once nitrate has been depleted, degradation of organic
matter continugs by anaerobic bacteria using sulphates

as the oxidant. The reaction can be repr‘esantea by

the equation:

(CH,0) + S04——*CO, + H0 + H,S.
The next step im the oxidation 6f organic’matter is
achieved by carbonate reduction:

2(CHYO) + 2H,0——$2C0; + 4H,

4H, + HCO3 + H'——CH, + 3H,0

COy + H3O —sHCOy + at
" Z(CHy0)- 3CH, + €O,

¢

After inorganic compounds (03, NO3, so’,;. and HCO3)
are exhaustegl. degradation of organic matter is achieved
by methanogenic bacterial fermentation:

2(CHy0) + HyO————>CHy + HCO3 + H.

Organic matter degradation by bacterial fermentation

j:s accelexated by removal of hydrogen, which in turn

e e e R G e

depends on availability of suitable electron acceptors,
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4such as CO,, NH3. If there is sufficient orgar;ic’ m;tter )
" (i.e. more than 0.5% organic carbon) and there ia no

significant biogenic co, productio;l then methane~productiox'1

tends to raise the pH (by using H+) and thus favours precipi-

tation of carbonates, Carbonate precipitation is also favoured

by the increase in pH dQue to the release of NHy during Yy

fermentation (Giaeskes, ‘1975) . An equation for this is:
]
M
3(CH0) + 3H;0— co, + BH,

6H, + 2Ng=——————+tNH; -

3(CH0) + 2N; + 3H0—4NH, + 3CO,.
The above early diagenetic reactions involving organic
matter can affect the source rock potential for the genera=-
t'ion of hydrocarbons, At deeper zones, thermally induced
organic matter degradation occurs at least in two stages: (6a)
dehydration, dacarboxylation:\ (6b) cracking. to produce

hydrocarbons.

During biological fractionation, isotopic composition /
- -

of the pore water varies greatly so that s[;ecific source re=
actions can be identified in certain cases. As for example,
unlike at other stages, cog' produced at the fermen%ation
stage is characterized by heavy c;nébon isotopes (up to

+15% PDB) . Here the lighi;er carbox; isotope is removed in

13

mathane at a fastar rate resulting in a marked C anrich=-

ment in the residual interstitial water bicarbonate . An
example of this kind has been documented by Rosanfeld and

J -
Silverman (1959) from an anoxic fjord of British Columbia,
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25 is removed at a

where during methane formation, HC 3

rate of 7% faster than ac13o§.

_ FIELD DESCRIPTIONS

Ellipsoidal shapad carbonate concretions with average
diameters of 50 to 200cm are embedded iri.organic matter
rich black shales of the Cloridorme and Desiandas Formations.
Sometimes two or more concretions are connectad by’a small
naeck during ;rowth but stil‘l retaining their hllip;oidal
shapé. The concrations cqnsizt of micritic doloq}ﬁa{and
are dark in color. Their length is usually 3 to'4 times
their width. The long axis of these concretions liaes :i.n
the bedding plane. The shale beds containing these concre-’;#;
tions have a thickness of 1,2 to l.5m, and often grade
into silty dolomite to graywacke. The cores of the concre-

tions often contain abuindant shrinkage cracks. These /

fracture planes are often filled by calcite and/or quartz.

N ot
¢

i

SAMPL ING:

A total of 6 carbonate concretions was samplead in,
the ‘6-and “~members of the Cloridorme Formation (Pig. 27). >
Prom each concretion five samples were taken for petrographic

and isotopic analyases as indicated in Fig. 28.

REQQLTS: — 0 ‘
The concretions consist of f}ﬁZ, dolomite. They
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\ Locations of carbonata concretion samples, Cloridorme
Formation, .
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FIGURE 28 .

' The sampling pai:tern of concretions for laboratoryﬂstudiqs.l
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react very weakly to HCl and display a brown weathering 7
surface indicating tae presence of small amounts of Fe
in solid solution. x;ray diffraction values for the prinhci-
pal 8(211)-peak range £from 2.884 to 2.9023. as compared
witn 2.886 R for an ideal dolomite. This discrepancy can
be explained by both partial replacement of MgH' S‘y Fe' T
and excess of catt in the structure (Lippman, 1973). Upon

- staining with potassium ferrocyanide, a typical light .blue
color develops, indicating tneir ferroan nature (Fre dman,
1971).

Fig. 29 suows the paercent of total carbon, carbonate
carbon, organic carbon, and carbonates in the various parts
of e‘aen concretion. With few exceptions the percentages of
the above constitdents show a deci'ease £from the core to

tne periphery of each concretion.

CARBON AND OXYGEN ISOTOPES .

During the last decade, various workers began to appre=~
c¢iate the potential value of isotopic analyses of carbonate
concretions' to monitor some of the changes in the inter-—
s,ti,tia:t water composition of the sediments as the concretions
grew and the timing of E)oncretion growth, Isotopic composi-
tions of diagenetic carbonatés in sediments reflect the
variation of the isotopic a)mposition of c03" in pore water ®

e during diagenesis (Galimov et al.1968; Murata et al., ‘

1972; Pearson, 1974; Irwin et al. 1972; Curtis,1980).

The analytical results of C and O isotope atudies

i v sk oo %

~
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. Table 3. Percentage of carbon and oxygen isotopes,

and carbonate and organic carbon contentAef/tlé concretions. .
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HEMBER SAOLX . TOTAL |CARBOMATE | CARBONATE | ORCANIC el sl8o
R CARBON X | CARBON X | . 2 cn:ml /es(PDB) | */=e (2D}
A-1(mpf .72 s.19 42.58 0.53 2 | -6.22
A-2 11.03 10.20 86.82 .97 |* - -
A= 3 (Comt) 11.29 10. 46 86.82 0.83 5.58° | -2.60
ﬁ A -4 11.38 10.35 #5.90 1.03 5.65 | -3.64
: 7 A=-S (Ba 8.2 7.42 61.59 0.81 2.35 | -6,016
Y
. B -1 (Top)]  9.20 8.80 73.04 0.40 . 6.10 {322
B-2 11.44 10.57 87.73 0.87 6.8 |%2.79
ﬂ B3~ 3 (Cent}) 10.88 10.32 85.66 0.56 7.57 -1.7 '
6 B=-4 12,00 11.20 89.60 0.80 | %.91 -z.o?\
x B-5 (Ba) 10.27 9.77 81.0% 0.48 s.46 | ~3.49
E - : :
g - k]
2 - —
- c -1 (Top)| 9.00 8450 70.55 | o.50 0.88 | -6.61 -
g ’ c -2 10.09 8.50 70.55 | 1.59 4,88 |-3.31
= ﬂz C~ 3 (cenz}) 10.40 | 9.40 78.02 1.00 5.5 | -3.02
g c~ 4 » 4.62 | -3.57
. . . -
D~ 1 (top){ 8.80 8.35 69.30 o.bs@ .
° D~ 2 10.80 10,40 86,32 ;| 0.40 6.62/ | 72.33
46 D~ 3 (Cont}) 10.72 9.30 77.19 L.42 7.2 -2.00
2 - 10.40 10.10 83.8 0.30 -] -
D~ 5 (Btm) 8.69 8.28 68.12 0.41 - -
l‘ i
v T
g -1 (Top) 11.14 9.77 -81.09 1.3 3.30 | ~4,89 |
o - Lo k-2 11.52 10.48 | 86,98 10w, 3.99 | .19
~ ’_&'L:J——F—W 3.83 81.59 |° 1.13 3.67 | 3.29
-+ g - & (Conth) 11.52 9.98 82.83 1.84 3.97 -3.19
o 3 )
:
< F ’ )
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Variations of carbon and oxygen isqtdpes, and carb

and organic carbon content of the conéretions.
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are conventionally reported in tha"delta“*(S) notation

as per mil deviation from a standard.

Ssample = [ Rsample ' -~ } 103 !
Rgtandard )
- where R is the ratio of mass -of 46 to 44 + 45 in the case
of 180 and the ratio of mass 45 to 44 in the caée of 13c;

Stable carbon isotope values ( SlBC) vary from +7.57
to +0.88% (PDB) from the core to the rim of the concretions
suggesting simultaneous Coz'and CH, production by bacterial
fefmentat{?n of organic matter. This fermentation zone is
zOne III of Irwin et al. (1972). It corresponds to the car-
bonate reducing and bacterial fermentation zones of Clay-
bool and Kaplan (1974). According to Irwin et al. (1977)
this bacterial fermentation is characterized by production -
" of héavy carbon ﬁﬁving 5130 values up to +15% cqmp?red to
-25% at shallower zones (bacterial oxidation and sulphate
reduction zones) and =10 to -25%&(PDB) in deeper abiotic
reaction zones, However, they ignbre theibossibility of
carbon fractionation between methane and carbonate at
depth. Claypool and Kaplan (1974) suggest that sulphate
reduction and methane'production are, to a large degfee,
‘ mutually exclusive. According to these authors when sulphate
concentration goes to zero, the onset of'pethane production

* {

is reflécted in decreaged titration alkalinity and \

I - Y e S
2° During this

early stage of methane production;icbmmonly observed changes

13 -
"increased ) C values of total diss?lved Cco

are a'decreabe in dissolved bicarbonate from 30 to Smmol/kg

f




x N
AN ~ “ 127 .
) « . ’
a§a~§h increase in §13c'from =23 to about,+5%.(Clay§bol
ar;d Kaplan, 1974). The 813C values in this séudy averagé
close to +3%. . This implies that decay of organic mattexr
by microbial oxidation and methane production may be re-
sponsible for the carbonate jin the concretions.
Oxidation of organic matter after burial in the sedi-
ment provides a lzC-enrichment of dissolved cagbon (av. Of
-28%. , Holser et al.1979) which may contribute to lighter .
l3c cements. Organic material can also produce substances
such as C2HgOH, CS, NO2, and C3Hg, which have molecular
masses in the same range as the important isotopic species
of carbon dioxide (mass 44-46) and thus produce a moleculat
mass ratio wh;chlﬁoes not reflect the isotopic composition
of cop ( Urey, 1947 ). Studies by Scholle aﬁd Arthur
(1980) reveal that carbonate carbon to organic carbon
ratios of less than 7:l1 in’thg interstial sediment may
lead to unreliable results. Table 3 shows that the ratioa‘
of carbonate carbon to organic carbon in the concretions
are greater than 7:1. Thus the possible contamination due
to the presence of organic matter (0.4l to. 1.59% of organic
carbon ) in the samples is insignificant. If there is con-
813

C values

»

would be more positive than the present value obtained
4

tamination by organic carbon then the carbonate

without prior removal of C,.,.. Thus the precipitation of -

g
the concretions is interpreted to be due to bacterial fer-

mantation. N
Ed

The oxygen isotope values for all concretion samples

<~

|
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¢
FIGURE ' 30
Schematic diagram showing depth-related reaction zones
involving breakdown of organic matter in an area of
fairly rapid deep water sedimentation where organic matter
is little affected by aerobig and sulphate reduction zone

processes (modifiéd after élaypool and Kaplan, 1974; Coleman

et al., 1979; Demaison and Moore, 1980; Curtis, 1980).
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are distinctly negative (Table 3). The values range’ from

~1.74 to -6.61% & 180 (PDB). Oxygen isotope values become

. increasingly lighter from the centre to the periphery of’

the concretions. This trend is interpreted as reflecting

a continuous post-depositional equilibration of the pre-

‘cipitated carbonates with isotopically lighter fluids

and possibly higherotemperature pore waters at depth. The
major isotopi® d#ffect of diagenesis on pore water is de-
pletion of 180 associated with formation of diagenetic
minerals enriched in that isotope. The concentration of
018(5.018) in carbonates is controlled by the 018:016
ratio in the fluids and the temperature.at which reaction
occurs. However, temperatures of carbonate precipitation
derived frbﬁ 185 values may not always fit into the geol-
ogic history of a given rock sequence (e.g. Yeh and Savin
1977; Walis et al; 1979; Dickson and Coleman 1980). In this
study the estimated porosity of the host sediment at the
time of concretion growth decreases from 85 (core) to 65%
(rim); depth and temperature most likely increases simult-
aneously. )

aThus. the carbon isotope values and porosity data
suggest that decay of organic matter may be responsible
for the carbonate in the concretions. These concretions
are multigeneration products. Probably fhéy began to
develop just below the sediment-water interface and cont-

inued to grow at greater depth with sedimentation. .
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CHAPTER SEVEN

CONCLUSIONS
The atudy are; has been sub-divided into three dia-
genetic and low-grade metamorphic zones on the basis of
.aspnaltic pyrobitumen reflectance (95 samples) and illite
crystallinity (350 samples): (i) Ebimetamorphic zone (meaq*%/&f/

reflectance » 5.0%; illite crystallinity  l.9mm);

(1i) Anchizone (2.7 € Ro < 5.0%: 1.9 < Ic & 3.3mm); s
+ (iii) Late diagenetic zone (R, < 2.7%, Ic 2 3.3mm). Two

processes account for this regional variation in matura-

tion: (1) maturation during pre-orogenic burial and ‘

1(2) thermal maturation associated wita syn- and post-orogenic -

activities, The most striking aspect of the study area

is a thermal zone of epimetamorphic and higher grade condi-
w

tions whica forms a nalo' around the Devonian McGerrigle

Mountains pluton. Since the apimetamorpnic halo around

i s o o e O —chirnnst,

this pluton is more tnan twice as wide (16-20km) as the
pluton itself, the igneous rocks probably extend over a
'mucn larger area in the subsurface. The bulging (30km)

of the epizone toward nortn-east probably refl;cts a sub-
surface continuation of thne intrus{ve body in that direction. .
The isolated plutons of Hog's Back, Mont-vValliers—de-St-

Real and others in the Siluro-Devonian rocks which lie'.

along a line to the south-west suggest a NE-SW line of

intrusives. Just east of the McGerrigle Mountains pluton,

an anomaly in the illite crystallinity-values is observed.
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This retardation in crystallinity may be attributed to "
hydrothermal £luids. A

West of the thermal dome, less mature, younger rocks
occur in the tectonically deeper units. Within individual
nappes, the degree of thermal maﬁuration increases with
increasing stratigraphic age. Isopleths, here, closely
follow tectonic boundaries. These observations suggest
that the pre-orogenic grade of‘mééuration reached during
sedimentary burial, has been subsequently preserved in
the transported nappes.

In the late~diagenetic zonekand anchizone east of
the thermal domé an easﬁ;west elonggted thermal trough
is noted. North of this trough maturation %s'"upside . s
down"” since it increases with decreasing age. This matura-
tion)pattern suggeat; syn- to post-orogenic origin. South
of the thermal trough, the increase in thermal maturation

might be attributed to post-orogenic igneous activities

_around Murdochville.

Correlation of illite crystallinity and reflectance - -

data sghows a wide range of values within and among
formations. A similar range is also observed amoné matura=-
tion zones. The best correlaﬁion coefficient (-O.78)lhas
been noted in the Deslandes Formation. This @s followed
by the Tourelle Formation (-0.69), the Cap~des-Rosiers
Group (-~0.59), the Cloridorme Formation (-0.42), and the
Cap-Chat melange (-0.4l). As for maturation zones, the

late diagenetic zone has a correlation coefficient ‘of -0.37,
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which gets poorer in the anchizone (-0.31) and epikone
(+0.25). These wide variations in correlation coeffitients
of illite crystallinity and reflectance data suggest that
illite crystallinity and refiectance values are influenced °
by different factors. Thése factors probably include tec-
tonics, plutonic activities, lithology, organic matter
content etc., Each is important to a greater or lesser extent,
A deptﬁ of burial of S5km for the lower Ordovician Z\
Tourelle Formation has been eséimated assuming' a normal
geothermal gradient of 30°C/km. This implies that about
4km of the Tourelle Faémation or younger ;nits have been
eroded. On the other hand, burial depth of 6km for the

Cap-des-Rosiers Group appears reasonable from the field

observation. \

,
Carbon isotope values ( 813C) of ferroan dolomite —

concretions §ary from +7.57 to +0.88%kPDB) from the core
to the rim, suggesting simultaneous Caz and CH4 production
by bacterial fermentation of organic matter., Oxygen iso~
tope values becomes increasingly lighter from the centre
(~1.74%. % Ole(PDB)) to the» periphery (-6.61%. 8018 (PDB))
of the concretions. This trend is interpreted as reflecting
a continuous post-depositional equilibration of the pre-
cipitated carbonates with iso;opically lighter fluids and
possibly higher temperature pore water at depth. Porosit&
decrease of the host sediment from 85% at the beginning to
65% at the end of concretion growth implies depth and

temperature to increase together. Thus the carbon isotope
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values and porosity data suggest that decay of organic
matter by methane produt;ing bacteria may be responsible
for the car‘r;onate' concretions. Probably they began to
develop just below the sediment-water interface and ﬂ
N continuedlto grow at greater depth with sedimentation.

&
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CHAPTER -8

SUGGESTIONS FOR FUTURE WORK
| During the last decade thermal maturation studies of
pelitic rocks have elucidated many assacts'of diagenesis
and low-grade metamorphism but at the same time have opened

up some new questions. from the results of the present study

~ the following suggestions are made for future work:

(
(1) The orogenic belt of the Canadian Appalachians has

numerous intrusive badies. Detailed studies of organic

matter reflectance and ilfiteﬁerystnginity surrounding

these bodies may exhibit the extent and possibly subsurface

trends and,;nténsity of contact metamorphism on the host
rock. This may have significant implications in the explor-
ation of base metals, -° , \ u
{2) Fluid inclusion studies fram quartzvveins should be
helpful to verify the temperaturesﬂobtained from reflec-
tance studies and to determine paleopressures. Accurate
determinations of paleotemperatures and paleopreséures‘
during thermal matura?ion providg} a means of assuming
paleogeothermal”gradients anékthus of establishing actual
burial dépths and delineating boundaries between'§arﬁous
stages ofldiaganesis and low-grade metamorphism.

(3) Presently correlation between the thermal mafﬁration
charpcteristics of pre-Devonian asphaltic pyrobitumen and
those of vitrinite in younger rocks has only tenta;ively

LY

been established. South of the study area, the Devonian
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Wl .
Acadian belt of Gaapé Peninsula presumably contains both

types ‘'of organic matter. Coal ﬁacefals can be charaéterized
by their maturation pathways. Thus reflagtance studies

on each of the pyrobitumen type (elaterite,‘wurtzilite,ﬂ
albertite, impsonite, i?gramite, anthraxolite) or organo=-

clasts (chitinozoans,"grartolites,igcribarchs, etc.) could

- -
———

\EIVé/some insight about their individual maturation path-
ways. ‘
(4) At higher maturation levels (ﬁ'o 7 2.0%) anisotropy_

of organic matter becomes ;ignificant'be;ause of complete
disappearance of éliphatic carbon chains, the beginning

of an ordering of basic kerogen units and a rapidly.increasing
production of high, temperature  methane. The anisotropy !
of the organic matter if related with their structural
changes may provide'additigpal information in defining

A

various maturation»levels.
(5) Correlation between illite crystallinity and organic
matter reflectance sho;ld be carr%gd out in different parts

! of Québgc Appalachians to evaluate the effect of structural
complexitiesﬁ igneous intrusions and lithologic differences..a
(6) To my knowledge, the determination of pgogressive'sandf
stone diagenesis as a function of maguration levels estab-
lished by reflectance, illite crystal%}nity and fluid in—~g
clusions has not yet been carried out anywhere. This type
of study would give valuable further insight into the post- ~=
depositional history of sedimenéary basins, P/im\gq

(7) Thermal maturation studies of the organic matter in




v e

af™

°

14

in cai:bonat;e concretions should be carried out in order
%o compare H_thh the_ 9fganic ﬁatte;' in shales. “

(é) Finally isopleth maps of illite crystallinity and
organic matter reflectance Déhéuld be -constructed for the ﬁ
Québec Appalachians. This would give a quantitative picture

of the regional heat source and mechanisms of thermal matura=-

E ) o

tion, Regionai therm?lgmaturation trends if  incorporated
int\o the fi;\dings from the plate~tectonic studies would
';ead to a better undc;rstanding of the tectonics of this
region. Thus studies of this kind may providé a useful

maans of solving some of the problems mentioned above,

™~ )
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PLATE 1

Structure and Rock Types in the Taconic Belt, Gasp& Peninsula

‘(a)

(b)

(e)

-

Minor Fl1 fold overturmed to the south. The axial plane of
the minor fold is sub-horizontal. ¥ 2 member, Cloridorme
Formation, Gros Morne.

[y

L3 . ! .
Competent beds are chaotically folded, oli/scrostroms,.weac of Marsoui,

\
‘Alternation of black shales, graywacke, calcisiltite etc.®
characteristic of the Cloridorme Formation. Note the elipsoidal

shaped carbonate concretion. h member, Grande Vall&e.
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Carbonate Concretions from the Cloridorme Formation, Gaspé& Peninsula

(a) Carbonate concretion embedded in shale with its long axis

x
O]

-

lying in the bedding plane(photo: R. Hesse)

v

(b) Concretion showing shrimkage cracks in the gore(photo; R.Hesse) .

.+ . (e) Plan view of the concretion(photos R.Hesse)
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PLATE 3

Organic Matter in Transmitted and Reflected Light .

from Cambro—~Ordovician Shales of Gasp& Peninsula

- H .
Photomicrograph of amorphous organic matter from the

Lower Ordovician Cap Chat M&lange in parallel polarized

transmitted light. Re mean : 1.70%.

Photomicrograph of dispersed organic matter (Chitinozoan
of the genus Comochitina;

Graptolite periderm showing ornamentations) from tfe
Lower Ordovician Tourelle Formation in parallel polarized

transmitted light. 1.70%.

R® ‘mean :
Photomicrograph of asphaltic pyrobituman from the Middle
Ordovician Cloridorme Formation under reflected light.

Ro mean : 3.20%

Photomicrograph of asphaltic pyrobitumen with framboidal
pyrites from the Lower Ordovician Tourelle Formation under

reflected light. Re mean : 1.69%. l o L
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’ APPENDIX 1 )
SAMPLE PmMION AND ANALYTICAio TECHNIQUES
FOR CLAY MINERALOGY |

The samples were washed, dried and then crushed into
small pieces (about 8mm) in an iron matar. About 40-g of
the material is placed into 125ml piastic bottles and
washed 2-3 times in distilled water. ﬂ‘l‘he samples are dis-
integrated by f£illing 2/3 (Of the bottle with distilled
water and shaking with small metal balls in a paint mixer
for 7 minutes; The fine-graiﬁed suspended matérial is
poured into 50ml test tubes and centrifuged for 7 minutes
at about 1500 rpm. If the water is clear Qhen it is thrown
away without draining any of the finer particles. To pre—-‘
vent flocculation of the finer particles,:small spatula-
full quantity of sodium hexamet aphosphate is addedVand
mixed’thoroughly either by a mechanical mixer or by a hand
stirrer. Samples were centrifuged for 5 minutes at 700
rpm after which only the less tha# 2 um fraction remained
in suspension. The process was repeated (normally 2=3 times)
until all the particles’ less than 24 m were extracted.
This is confirmed by the appearance of clear‘Qater as a
result of settling of the grgatger than 2Am particles at the
bottom of the test tube. About 2/3 of this clear water is
thrown away. The settled particles are then thq;oughly
mixed and theltast tube is filled with distilled water.

The teat tube is allowed to stand for 5«7 minutes to con-—
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cfntrate the 2-16 #m fraction in the upper half of the
tube. Oriented samples of the 1ésg than 24 m and 2-16/m

are prepared on glass slides using g pipette and sub-

&

sequently air drying.
/ CT\‘ . . -

»
-

, X-RAY DIFFRACTION a

X-ray diffractograms were run on all samples with
a Phillips PW 1060 diffractometer using a Hewlett—-Packard
XY' recorder. The characteristics and the settings of ‘the

system are the following:

X-rays
Slits

Discrimination

Time constant.
Goniometer speed
Recorder -
Y sensitivity

X sensitivity

*”

CuKyx , 50KV and 32Ma.
1° - 0.2, Ni, 19,

attenuation 1, heig 1560 (counter)

Threshold: 1.65V, Channel° 3V, v

(1]

[ L]

..

,
(1]

0.4 seconds. e ' &

-

>

position 2, potentiometer 4.31.

2.4%/min,

4 x 103 (pW 4620), 1mV/cm. .

All samples were scanned unglycolated éhrough 20 anéles

of 29 to 33°.

&fs
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_ tant to neutralize the sample, otherwise calcium fluoride

react‘&iolently'at this st'age, the acid is added in 100ml

<’ o . R 162

SAMPLE PREPARATION AND PROCED%RE FOR

REFLECTANCE MEASUREMENTS

.

Palynologlsts were the first to process shales to isolate

organic matter. A flow hart for the isolation of organic matter

_ is shown in Fig. 31, which is a modification from Brass and

Williams (1973).

ware énalyzed. In 90 samples, tﬁe amount of organic matter

One hundred and fourty-five black shales

was sufficient, in 12 samples fair to good and 43 samples

contained insufficient amounts of organic matter.

» 1 -
The samples are first wasled, dried and crushed to
9 " R

digmeter. Samples (150 to 200.jms)

N

chips of about lcm

-

are placed in 1000ml plastic beakers teﬂbe treated with 300
to 400ml of HCcl (l0%) for-the removal of carbonates. Occa-
sional agitation witn a polypropylene stirrihg ;od will

allow the ac1d to penetrate the entire sample. After 3 hours
e

. the HCl is carefully decanted to av01d any escape»of fine

-

partlcles. The residue 1svneutrallzed by washing 3 to 4

L]

times with water, allowing the residve to settle for an

N ¢ - .
hour, and decénting as much water as possible. It is. impor-
crystals will form in the sample on addition of hydrofloric
acid. About 200ml of HF (70%) is added and stirred occa-.

3

sionally with a polypropylene rod. Since some residues

portions. The HF breaks down the residues by removing - .

. R SR
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 tion into two fractions is achieved. The organic matter’

163 /

the silicaltes.\ The mixture is left at least eight hours. 4

Upon complete breakdown of the sam:plezfmaterials, the acid ~.
is decanted and the residue washed unt;il neutral to litmus
paper (3 to 5 times). The residue is then transferred to

two 50ml centrifuge tubes. Centrifuging is carried out for

] minutes at 1500 rpm. The clear water is drained out as

mch as possible. The residue is thoroughly mixed with

zj(’pc chloride (sp. gr. =.2.0g/cm3) for the se‘aparation of
q;iﬁnic and inorganic material. Upon centrifugation at N

1000 rpm for 12 minutes in“flexible plastic tubes, separa- -

will be pgesent‘ in the supernatant. The nonorganics will
settle-out. The supernatant, with the organic matter, is
removed by pinching the tube with pliers. Thé organic matter -
is thoroughly washed (3 to 4 times) wibth distilled water

to remove traces of ZnCl;. Finally the organic matter is
washed twice with ;nethanol and dried.

Organic matter is embedded in eppxy-résin mixed with
hardener (5:1 ratio) and formed into a cylindrical p)ellet.
Care is taken to concentrate the organic matter on one
face of the pellet by centrifuging at high speed (20,000
rpm) for about 12 minutes. The pellet is allowed to harden
for 6 hours at room temperature.

The sample mount is then polished with 600 grit in _
water on a carbumet surface followed by G/Am and l/um diamond .
powder on a texmet surface mounted on a slowly revolving

automatic polishing lapidary wheel. The final polishing

- .- - — - -
e [ L. o /\ B e o e tnr -y - R U s o NERIRSAERIAG: 5 e leR
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FIGURE 31 -

Flow chart for organic matter and clay mineral analyses. 164
) Outcrop Shale Sample
: |
[ ¢ . Y Wash and Dry

|
Crush
(Chips 6mm)

’ : 30-40 'grams ) 200 grams L
. l ! Carbonate Free
HC1 (1 ) rs.
.+, Wash 3 times in ‘
distilled water l
DECANT
( Wash 4-5 times ) :
Disaggregation = 1 00mg=—m
in distilled HF (70%) 50~100m1 . DRY
water by paint Wait 5 minutes . :
’ mixer .
. | s HF (70%) 150-200ml
Centrifugal - 10 hrs. PULVERIZE
b Sedimentation + .
| DECANT

5=10ml of so- » | Determine

C; Aium metaphos= Wash 4-5 times total or-
phate to pre- , | ganic carbon
vent floccula- ZnCl, (2.0g/cm>) by combus-
tion tion in a

¢ I Lecog Furnace

_Collection of
suspension Wash floating organic matter 3-4 times
= Fraction 2 with distilled water
Repeated 2-3 Wash once with methanol
times r s
Collection of Mount organic DRY RESIDUE
2-16 4m frac- matter for
tion s g, Elemental
) t?ansmz.t'ted analysis

Oriented slide, light micros- (c.H,N,0,S8)
2 and 2-16 /m copy

pipette on ‘glass Make pellet (embedding
technique . organic matter in epoxy)

GRIND AND POLISH PELLET

-
REFLECTANCE MEASUREMENTS

B T st P s
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is done with 0.05 pm alumina powder. Polishing compounds
are removed by gentle ultrasonic treatment between the
polishings. The final polish is very -important. The sample

must be highly polished, free of scratches. After the final

polish;, thesample isdried at room temperature £Or 6 hours

and is then ready for reading.

This process leads to the recovery of the main part
of the organic matter, but the disadvantage is that the
particles are finely comminuted, so that the orgar;ic particles

may disintegrate, resulting in difficulty of diagnosis..

REFLECTANCE MEASUREMENTS -

Reflectance is measured with a Zeiss photomicroscope II
equipped with a voltage stabilizer, RCAl - P28 model photo-
multiplier, HTV R-446 model microphotometer and a Zeiss -
digital display unit. Other ch;r;cteristics 6f the micros-
cope are:

Objective : X40 epiplan oil immersion objective.

Optovar 1.25 )

Diaphragm : 160 microns

Diameter of measuring aperture: approximately 3 microns.ﬁ

Light and Filter: Tungsfen 3050°K, 546mm wavelength

Vertical illuminator type H.P. Pol Zgiss. N

Immersion oils: Carg“il-l oil, refractive index, n = 1.515.
For standardization of the photomultiplier,\glass

standards with refractive indii.ces of 1.694 and 1.856

1

(1.02% R,) were used. After standardizing the photomultiplier
5 .

¥
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traverses spaced lmm apart were made on polished surface
selecting and measuring 50 grains of asphaltic pyrobitumen

per sample. After 25 measurements, the photomultiplier was

' restandardized. The random (unrotated) reflectance was

recorded. Statistical parameters like mean, standard devia-
tion and skewness of the reflectance data were calculated
for each sample with the aid of a computer. The data are '

presented in Appendix 8.
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APPENDIX 3

DETERMINATION OF TOTAL ORGANIC CARBON -

i
In shales the element carbon usually occurs as car-

oy

bonate‘carbonz solid insoluble carbon (kerogen) ; carbon
in organic bases, numic materials, or biéumens; in liquid
hydrocarbons; and gases (CO3, CH4). The insoluble organic'
carbon is mainly kerogen. Roberts et al. (1973) showed
that 9 to 17% (or more depending on acid strengta and tem=-
perature) of the organic carbon in modern carbonate sedi-
ments can be solubilized and lost during mild acid treat-
ment. The more thermally matured samples probably show
lesser effects of non-kerogen organic carbon because with
iﬁggeasing diagenesais there will be less volatile or soluble
organic matter present.

Total carbon is determined by Leco apparatus, whicn
combusts the sample in oxygen at about 1400°C. The carbon
in the sample is converted to CO,. A catalyst in the furnace
converts any CO to CO,. The COz gas is meas%red by a highly
acidic Led solution in a buret by titration. As a gas is
being analysed, and as ga;es change volume witn temperature
and éressure. a factor determined from the barometric pressure
and gas temperature is multiplied by the final buret reading.
This gives the gmount‘of total carbon. Carbonate carbon
is also determiﬁed by the same Leco apparatus which combusts
the sample in oxygen at about 1400°C. Organic carbon by-

difference is obtained by éubtracting carbonate carbon
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%

value from the total carbon value. The organic richness
. of rocks is customarily expressed in terms of weight per-
cent organic carbon.

Fifteen shale samples (13 bkack, 3 red, 1 green) were

initially analyzed quantitatively for their total organic
carbon content (Table 4)? A few samples are very poor in
organic carbon (0.19 - 0.32%) , however, on the average, N
the organic matter content (0.95%) is sufficient for

reflectance studies.
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- Tgble 4, Organic carbon content of black, green and
(:‘“ | red shales, Taconic Belt, Gaspé Peninsula. .
) g \
" Sample Total Carbon % Organic Carbon %
PF 73 Black 1.08 0.37
FP 69 " 0.59 0.38 )
LE 67 " 2.23 1.86
AP 06 " 1.69 0.85
ci 10 " ’ 2.30 1.75
GR 72 2.31 0.32 { .
2P 06 " . 1.69 0.85
MO 32 " 2.12 0.19 N
C‘ - MO 07 " 2,01 1.37
FP 08 " + 1.95 1.56
AP 59 " 2.40 2.06
ap 61 " 1.69 0.62
J aM 93 " 2.31 0.32
° Av. 0.95 |
\
CM 10 Red 1.08 0.15
SAS 31 Greem " 1.06 0.21 J
~ a \
@ | \
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APPENDIX 4

’

ANALYTICAL TECHNIQUES FOR ISOTOPIC ANALYSIS
* The procedure follqwed for isotopic analysis is thét
outlined by McCrea (l9i:':0) . Finely powered samples were
reacted with 100% phosp}%nric acid overnight. THe evolved
CO, was purified by passage through a dry-ice acetone

trap. This was then analysed by mass spectrometer. All

values are reported as parts per thousand,

L4
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APPENDIX 5
y o )
I\DENTIF‘I‘CATION OF CLAY MINERALS
The clay minerals are identified by x;ray diffraction
aqaiysis as de;cribed by Brown (1961), wWarshgw and Roy (1961),
and carrol (1970). Illite (clay-sized minerals of m%ca
group) is identified by 10, 4.96, and 3.348% peaks on X-ray
diffractograms of oriented slides. Samples with 108 peak
slightly skewed. towards the lower angle (209 ) may imply that
;ﬁ&x€e/smect1te mixed layering is assoc;ated with illite.
any ¢hange of this 108 peak upon glycol saturatlon suggests
the \presence of mixed-layers (Reynolds and Hower, 1970).
Chlorite is recognized by the 14.1% (dooi) 7.08% (dOOZ)'
4,73% (dOOB)' and 3.533% (doou) peaks. Chlorite can be
confused with kaolinite on x-ray diffractograms gecausé

of doo) spacing of kaolinite (7.152) is close to the doo,

spacing of chlorite, and the 3.58 d-spacing in, both the '

minerals is similar (Brindley, 1961). However, if heating

of the sample up to 600°C followed by slow cooling does not
result in destruction of this peak then kablinite is not
present. Chlorites consist naturally of Fe-chlorites, intef‘l
mediate, and Mg-chlorites. Brindley concluded from the

x-ray data that all chlorites have essentially the same

type of layer structure and that compositional variations arise
mainly from isomorphous substitution of cations. Works by Brindley

and colleagues (Brindley, 1961) have shown that the relative

{intensities of diffraction peaks are related to the chemical
(
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composition. The ratio of even refleétion over the odd one
enables to see if there is any variation in chemical com-
position of chlorites. Chlorites rich in iron give rela-
tively weak (001), (003), and (005) reflections and strong
(002) and (004) reflections. Magnesium chlorite (clinochlore)
is stable up to temperatures of 670°C to 820°C over the

range of PHoO from 1 to 7 kbar (Fawcett and Yoder, 1965)

and is more common in metamorphic-rocks. On the ot;her

hand chlorites common to most pelitic rocks are rich in Fet’
and Al3+ and disappear with progressive metamorphisi at

a temperature range of 580°C to 620°9C at 4 kbar (Hoschek .,
1969) . ; " '

\

VARIATION IN ILLITE 002/001 PEAK INTENSITY RATIO

“Two elements have a méjor role in the orderinglof
the illite lattice: the level of aluminium in the oéta—-
hedral layer; and the level of. interlayer! sodium or potassium.
As for the first one Esquevin (1969) used‘éonﬁ intensity ratio
of the 5% and 10% illite (002/001) peaks to indicate the "
chemical composition of the octahedral layer. He concluded
that the 'crystallinity indices' of illite, and muscovite/
phengites with high 002/001 ratios are better indic;tors
of degree of maturation than those with low ratios. That
is, aluminous illite is further recrystallized than ferro-

magnesian illite of same maturation grade. Dunoyer de

Segonzac (1970) used the same technique and plotted illite
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crystallinity versus illite 002/001 peak intensity ratio.
j'l.‘hisjresulted in five types of relationships representing
different atages of progressive maturation (Fig. 32). It

is important to note that aluminous illites attain good
crystallinity more rapidly than Mg-Fe rich illites provided |
the illite 002/001 peak intensity ratio is greater than
0.26. { ¥,
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APPENDIX 6

\ CLAY MINERALOGY

Clay mineral analyses were done on the less than
2 microns fraction (fine fraction) and on the' 2 to 16/4m
fraction (coarse fraction) . Samples were scanned unglycolated
through 26 angles of 2° to 33°. Some samples were re-
scanned after glycolation. All samples ( 2ym) investigated
contain illite, chlorite, and quartz. Additionaliy calcite,
dolomite, and feldspar were noted in most cases. The x~ray

diffractogram of the coarser 2-16sm fractions help fto de-~

tect the préesence of the latter minerals. . r

PERCENT OF MIXED-LAYERS WITH ILLITE L
The (001) diffraction-peak maxima of illite for the
-ZInm fractions are almost invariably located at 19-10.28.

Some samples from late diagenetic and a few samples from

the anchizone show slightly asymmetric peaks toward the -

higher d-spacing side. These tails are generally guite gradual,
without marked shoulders, smggesting that the percent of

148 layers in the mixed-layers is usually low. Glycolated
samples were run which, however, do not show any significant
shift in the 10R peak towards higher side (Fig. 33). This
suggests that the percent of mixed layers is negligible

-

to zero.
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CHLORITES
Relatively higher positive value of chlorite 002/001
peaks of -%am and 2 to lG/Am fraction in the study area

suggests that the chlorites are rich in iron.

ILLITE-CHLORITE RATIO .

The illite/chlorite relative abundance ratio is based
on a measure of the peak height ratios using 4.95% peak
of illite (002) and the 3.53R% peak of chlorite (004),
Rupke and Stanley“(l974). Nearly all the samples (< Zﬁm\
fractions) exhibit these two characteristic illite (002)
peak and chlorite (004) peak. The ratio greater than one

means that chlorite is minor in amount. In the study area

rillite (002) and chiorite (004) peak ratio range from o

0.20 to 4.1. However, no correlation exists between this

illite/chlorite ratio and degree of thermal maturation.

e
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Figure 32. Types of relation between illite crystallinmity

and illite intensity ratio (1 (002) / 1 (001) (from Dupoyer de

Segonzac, 1970).
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Figure 33. After glycol saturation (b) no ahifti;xg of ' i
the 10 A peak (illite, 001) is obsarved, aug}es:ipg that the '
percéht of mixed layers is zero. Note that tpe illite 001 peak
is tiaz:rower (IC = 3.7 mm) in the coarser frqcéion, (2-16 jgm)
compared to the finer fractions ( 2Am) (IC = 5.0 mm). Finer
fractions }epreunt: au'th.igenic .illite. X-ray diffractogram !
of the coarser (fractions help to detect the presence of carbon~-

.ates (calcite, 104).
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. Figure 34, Natural sample (a) shows a slightly asyumetric
101 peak (illite 001) towards the higher d-spc'éing side. Glycolstion
of the same sample does not show any significant shift in the 101
peak suggesting that the percentage of mixed—~layers is negligible.
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Figure 35. X-ray diffractograms of four samplass
" immediately esast of the McGerrigle Moumtains pluton in the

Riviers Claude Section (Section, 12). Sampld (a) shows the

best crystallinity (1.0 mm = 0.13° 28) in the study arsa.
South of it (e.g. b.c.d.) IC gets nnou'loully poorer. Note
in the sample .(b) chlorite is absent and in sample (c) there
is a possible presencs olf Kaolinite. o )
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APPENDIX 7
i

DIFi’ERENCES IN CRYSTALLINITY BETWEEN VARIQUS SIZE FRACTIONS

interpretation of illite crystallinity data is difficult
because of the possible inherited characteristics of illite.
These characteristics need to be differentiated from the
ones acquired after burial. To overcome this problem in
some samples crystallinity, indices are measured on lthe
fine fraction ( < 2um) as well on the coarse fraction
(»2-16[Am). The narrower peaks when presont in the coarser
fractions compared to finer fractions implies admixture
of unweathered clastic mica of igneous and metamorphic
ori@?iner fractions represent authigenic illite formed
during.diagenesis. The differences in crystallinity indices
aon thesé two size fractions which are noted in the late
diagenetic zone, decrease markedly in the lower grades
of the anchizone and ultimately disappear in the higher-
grade anchizone and epimetamorphic zone, Table 5. Differ-
ences in crystgllinity in the late diagenetic and early
anchizone obviously indicate the gersistence of coarse,
relatively unaltered clhastl micas in a fine authigenic
matrix. It seems that in the la diagenetic zone the burial
diagenesis phenomenon has’ not', been sufficient enough to
mask the effects of detrital material and this affects most of
the material in the coarse fraction. In the 'higher grade anchi-
zonal samples the peak widths of coarser as well as finer frac-

>
tions appears to be similar. This indicates the progressive

| .

o
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crystallinity’ increase of the fine authigenic micas, and

the gxtonlim of the recrystallization Froco-l to t}tl coarsar
clastic micas. Above obiorvation{lugg.-t the presencs of
inherited illites in these samples. However, t:l:u cryst;lqg
linity indices for both fractions indicates that the tiho

fraction illites have been more sénsible to the diagenetic

effacts. ’

. N
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Table 5. Illite Crystallinity of natural
(<«24m and 2-16 um) and
Glycolated (<2 um) Sample
Maturation Sample Illite Illite Illite
Zone No. Crystallinity Crystallinity Crystallinity
£ 24m 2-164m L2Am
mn mm Glycolated
mm
DL 1-4 5.0 2.0 3.5
@ DL 1-9 5.2 3.5 4.8
3 DL 1-13 f 4.5 3.5
o CL 5-65 S35 1.5
%‘ CL 8-125 ! 3.3 £ 2.0 3.0 |
CM 14-226 - 3.8 1.9
g TR 20-341 ‘ 5.0 3.5
TR 20-343 , 3.7 2.5 /
CL~5-69 ’ 2.6 2.0
CL-5-67 ‘ 2.5 1.2
i CL-7-113 2.8 1.5 »
E DL-13~203 3.0 2,0
8 DL-13-212 1.2 1.2
B DL-13-273 1.3 1.3
£ DL-13-219 . 1.2 1.2
DL-13-222, 2.0 2.0
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APPENDIX 8

Statistical Parameters.

In the sample number column first
num’ber\ ;efers to section number.
CL = Cloridorme Formation

DL = Deslandes Formation

TR = Tourelle Formatibn

CM = Cap Chat Melange

CR = Cap-des-Rosiers Group

b,
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Sample | No. Oino(maan‘ Stan~| Skew= Varia-,' Stand- | No. of

Number [observ dard | ness tion '|ard De-| Modes
tions Devia-| Coeffi-| Coeffi4viation
t.ion cient cient jof Mean

cR-1-2{ 50 2.52 0.211*{-0.243 0.083] 0.030 ’ 1
DL-1-4| 58° 2.60 .+ 0.95 | 0,797 { 0.035| 0.012 2
DL-1-5| 53 2.70 | 0.123{-0.339 | 0.044| 0.017 3
DL-1410:" 9 2.24 | 0.493| 0.916 | .0.217| 0.164 2
DL-2-21| 33 2.66 | 0.154| 0.269 | "0.058| 0.027 2
DL-2-23| 39 2.70 | o0.158] 0.316 | 0.057| 0.025 2
pL-2-25| 4 2.10 - - - - -
CR-2-28| . 6 2.24 0.240| =2.091 | 0.107| 0.107 1
cL-3-35| 50 2.53 | 0.174] 0.717 | 0.069| 0.025 1
CL-3-36| 49 2.44 0.466| 1.731 | 0.190| 0.066 1
DL-3-37| 50 2.41 | 0.049| o0.810| 0.098| 0.081 1
DL-3-42| 50 | 2.62 | 0.144 0.739 | 0.055| 0.020| 1
CR-3-44| 28 “| 2.21 | o.079 =0.177 | o0.036| 0.015 2
‘|pL-3-50{ 53 2.70 | 1.23| 0.339 | -0.044| 0.017 3
CL-4-51| 44 2.73 0.238 0.316 | 0.098 0.54 2
CL-4-54| 23 2.38 | o.18d 0.773| 0.078] 0.038 1
DL-4-55| 41 2.40 | o0.301 o0.612| 0.082| 0.410 1
DL-4-59| 47 2.45 | 0.234 ®.494| 0.047| 0.055 1
CR-4-62| 51 2.24 | 0.124 -0.160| 0.055| 0.017[. 2
CR-4-65{ 50 2.21 | 0.107 -0.231| 0.05 | 0.015 2
cL-5-66] 50 | 2.34 | 0.35] 3.116| 0.151] 0.050 2
CcL-5-67{ 52 2.55.{ 0.282 0.757| 0.110 o.oasH 1
cL-5-70{ 20 2075 | 0.129 -0.171| 0.072| o0.08l 1

cL-5-71| 13 2.52 0.11d 0.275] 0.038| 0.031 1
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Sample No. of Sntand-\ ‘Skew- Varia—-|Stand~ | No. of
Number | observ- R (qead)ard ess Co tion |ard deq Modes
. ations evia- pffici- Coeffi+ via=-
tion ent cient tion of
Mean

CL-5-72 6 3.18 0.454 -0.458 | 0.128 0.203
cL-5-73| 53 2,98 0.265 0.248{ 0.088] 0.036 1
DQL-S-?S 50 3.25 | 0.18)] 0.645( 0.104| 0.087 2
DL-5-80{ 58 2.64 0.27d 0.583] 0.102| 0.035 1
CL-6-87| 19 2.92 0.449 -0.352 0.15 0.103 2
CL-6-88| 48 2.57 0.354 0.714| 0.138 o.osi 1
CL-6-90| 49 2.72 0.234. 0.494| 0.086| -0.033 2
cL-6-92| 53 3,10 | 0.19] 0.015| 0.062( 0.026| 2
cr,-@f.ga 48 3.04 0.114 0.107| 0.070| 0.04L 2
CL-6-95| 45 3.19 | 0.25] 0.078| 0.080| 0.038 1
CR-6-98 7 2.40 0.06q 1.071| 0.25 | 0.030 1
¢L-7-101| 32 3,68 0.564 0.074| 0.154 o.%?o 2
tr-7-102| s0-°| 3.28 | 0.479 -0.044| 0.144{ 0.067] 2
bL-7-104] - so' 3.85 0.387 0.044| 0.103].0.055 2
bL-7-107] . 50 3.05 0.1584 -0.070( 0.052 0.032 2
FR-7-112) 50 2,68 0.84| -0.220| 0.031- 0.012 1
PR=7=-11 50 4,07 | 0.194 -0.088| 0.047] 0.027. 3
CL,—7-12 50 3.39 0.45¢° 0.737| 0.133 0.064 3
CL~-8-12 12 3.77 0.529 0.699| 0.167] 0.093 2
CL-8-12 7 | 3.33 0.110. 0.715| 0.033 0.055 1
CL~8-13 49 3.80 3,03 0.111} 0.089 0.043 3
PL,-8=-13 54 3.95 0.309 -0.387| 0.079 0,043 1
1,~8-13 50 4,00 | 0.419 o0.218| 0.219 0.07 2
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( . |Sample No. of Stand- |Skew- Varia- | Stand-|No. of
\ , |Number | obser-iRy (mean) ard De-qness Co4 tion | ard Modes
vationg “iviatioreffici~ c?effi- ngia—
ent client tion
' l . bf Mean|
f1-9-13¢ 53 4.41 | o.s58| 1.235 | 0.127 [0.077 | 3
FL-9-138 52 5.58 | 1.011|-0.807 | 0.176|0.140 | 2
r1-9-14) 9 || 4.90 | 0.810 —0.151 | 0.201|0.093 | 1
br-o-144 17 . 3.68 | 0.220|-0.688 | 0.059 {0.053 | 1
bR-9-147 49 3.18 | 0.685| 1.172 | 0.223|0.098 | 3
~ CR-9-149 50 2.73 | 0.133| 0.645 | 0.049 | 0.019 1
CL10-151 54 4.09 | 0.361] 0.876 | 0.088] 0.049 | 2
cL10-159 48 4.11| o0.411] 0.819 |-0.039| 0.119| 1
cL10-159 1S 5.25 | 0,529/-0.984 | 0.101| 0.137| 2
C DL10-15% 52 5.56 | 0.644| 0.107 | 0.116| 0.089| 1
- brio-161 35 | 6.06| 0.807| o0.001 | 0.135| 0.136( 2
cL11-168 38 4.16| 0.172] 0.501 | 0.051] 0.35 2
" leniz-177 51 3.77| 0.833| 1.0e8 | 0.220{ 0.116| 3
DL12-179 ' 45 4.85| 0.404] 1.040 | 0.083] 0.060 2
DL12-18 58 5.58| 0.882] 0.700| 0.159| o0.,116| 2
DL13-203 50 2.98| 0.182] 0.853| o0.061| 0.026] 2
cM13-208 50 2.93] o0.193] o0.167| o.086| 0.027| 1
cL13-200 50| 4.01| 0.411] 0.490| 0.802| 0.036[ 1
DL13-21 7 4.68| 0.324 0.039| 0.076| 0.042] 1
DLY3-21 39 5.10| 0,589 0.028| 0.115| 0,094 2
" |oLas<22) 46 | 5.38| 0.33 -0.981 0.063| 0.048f 2
cM14-22B 60 2.20| 0.109 -0.867| 0.055 0.0Iﬁ 1
(ﬂ‘e cM14-23p 47 2.81| 0.201] o0.652] 0.042] 0.03Y 1
i

e
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Sample |No. of St and- | Skew~ Varia- |Stand- | No. of
Number | ooy | Tomeahard | ag8y; 120 | 35305 Modes
tion cient [Eient of Mearn
cL14-233 32 3.70 | 0.227 0.391| o.051| c.061| 2
DL14-238 7 5.10 0.881] -0.418  0.173| 0.333{ 1
TR15-253 50 1.76 0.084| 0.036| 0.048| 0.012 1
TR15-257 14 1.71 0.039| 0.051| 0,021} 0.030 1
DL15-25% 50 2,51 0.337| -0.690| 0.134| 0.047 2
DL15-263 43 4.21 0.764 0.559| 0.181| 0.118 2
cn;s—zsé"zs 5.60 0.613| 0.101} 0.109| 0.116 2
cM16-270 11 2.02 0.268| -0.290| 0.132{ 0.080 2
DL16-27# 50 2.80 | 0.140 -0.082| 0.048| 0.019| 2
CR16-27% 18 3.81 0.450 -0.387| 0.118/ 0.106 3
CR16-28) 63 5.05 0.634 -0.332| 0.126/ 0.080 2
cM17-29D 48 2.26 | 1.247 -1.060| 0.551] o0.181] 3
CR17-295 51 3.48 | 0.337 -0.255| 0.097| 0.047 2
CR17-30B 52 4.83 0.354 0.699| 0.073 0.049 3
DL18-31B 7 1.72 0.27Y4 0.241| 0.029] 0.081 1
DL18-31F 6 1.73 0.284 0.356| 0.03l 0.03] 1
TR19-32R 63 1.55 0.079 0.813] 0.051 0.01Q 1
TR19~-32 56 1.63 0.119 0.924| 0.074 0.01§ 1
R19-3256 51 1.70 0.098 0.022| 0.077 0.014 1
CR19-326 19 2.19 | 0.35¢ -0.294| 0.158 0.079 2
CR19-32B 39 2.84 0.124 -0.135( 0.043 0.019 2
CR19-331 21 3.62 0.400 0.633| 0.11d 0.087 3
CR19-3 28 4.46 0.463 0.247| 0.104 0.08]7 2
.

-

n
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Sample| No. of |Rg (pean)Stand- | Skew- Varia- | Stand-|No. of
Number| Observ- ard De-{ ness tion ard Modes
ations viatior] CoeffiqCoeffi-| Devia-
cient |cient tion
1 of Meap

CR19-33F 25 4.98 0.881 1.944 0.178} 0.275 2
BL20-41 66 1.68 0.132 | -0.115 0.078f 0.016 2
DL20-42 51 1.72 0.174 0.029 0.101 0.024 2
CR20-44 6 2.26 0.381 0.210 0.30% 0.029 1
CR20=47 43 2.10 0.189 1.230 0.093 0.03° 1
CR20-50 25 4.98 0.881 1.944 0.179 0.275 2

= oty i a7



