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~ ;' ABSTRACT 

., 

, . 
Syatematic variations in illite cry~tallinity (De, 

350 samples) and mean random reflectance of asphaltic' 

.py~obitumen (Ro' 95 samples) in Cambro-Ordovician dee~

water shalès of the Taconic Belt of Gaspé Pen1nsula are 

closely correlated and show nearl~~identical patte~ns. 

A thermal dome of ep1metamorphic and higher grade condi-

tians '(lC ( 1.9rnm: Ro :> 5.0%) forms a halo around the 

Devonian McGerrigle Mount'aina pluton in the centre of the , 

study area. West;, 'north,' and east of the dame the epimeta

morphic zone paases into the anchizone (1.9 < lC <: 3.3mm'; 

2.7 < Ro ~ 5.0%) which eastward and westward grades" further 
, 

into the late diagenetic zone (lC ~ 3.3mm: R 4 2.7%). 
, 0' 

The unusually large width (16-20km) of the apizone 

, aro~nd the McGerrigle Mountains plu ton ,(8km) ia easiest' 

to explain by the extension of the pluton beneath the epi-

zone at shallow sub-surf,ace levels. The bulging (30km) of 

the epizon~ toward nort~eâst may reflect a'subsurface 

trend <Qf the intrusive body 'in that direction.-

West of the thermal dome maturation level deereasea 

northward with decreasing age. Here pre-orogenie diagenetlc 

grad~ reached during sedimentary burial at the original 

site of depoaition may have been preserved. 

l 

'East of the thermal dome,' the diagenetie grade increaa8s 

northward to anchizone conditions in progres~ively youngar 

sediments. it, la unlikely to have been induced .by stratigraphie 

~uri~l and ia ~oasibly 8y~- ta po.tor~genic in nature. 
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A depth of burial of 6km for the Lower ,Ordovician , , 

") 

Tourelle Formation haB been estimated assuming a geothermal 

gradient of 30oC/km,~ This impIies that a thickness --bf ,5 km ,. , 
of the Tourelle Formation or ~ounger units has been d~nudate~. 

A depth of burial of 6km for the Gap-des-Rosiers Group , 

appear~easonable from the f ie..l,d obs~rvat:ion. 

Isotopie composition of, ferroan dolomite concre'tions 

varies from +7.57 to +0.88%. 
, " 

13 0 o C and -1.74 to -6. 61~~. 

b 1BO (PDB) betweên core and rime porosity also decreasefii 

from 85 (core) to 65% (r lm) of the concre tions. These 

values suggest that decomposition of orgaoic matter by mcthane 

{o
0dU'Ci~9 bacteri a may be responsib1e for the carbonate 

oncretlons. Probably they began to deve10p just below 
"-

! _ .. ~ ~ • 

the sediment-water interface and cont 
J 
greater depth with sedimentation. 
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RESÙME 

l \ -
Une très bonne correlation existe entre les variations 

syst~matiques dans la cristallinité de l'illite (IC. 350 spécimens)' 

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

dans les argiles Cambro-Ordoviciens deposés en eau;K profondes de la 

ceinture Taconique de la péninsule de la Gaspésie. et les deux variables 

indiquent une zonation presque {dent ique. Un d0l1!e thermique de 

gr,ade épimetamorphi'que et plus (lC ~? 1. 9mm; Ro.. 5.0%) forme une 

, "') auréole autour du plutan_de la montagne McGerrigle (Dévonien au 

centre 'du lieu de i 'ét'ude: A l'ouest. au nord et à l'est _du dome - \ 

la Zone épimetamorphique passe dpns l'anchizone (1.9 1.. lC) 3.3rnm; 

2.7 ( Ra " 5.0%) lequel cofttinuB, à l'est et à l'ouest, de passer dans 
, l' 

la zone diagenétique (lC > 3.3mm; Ra' 2.7%). 

La largeur i,nhabituelle (16-20 km) de l'epizone autour du pluton 

de la montagne McGerrigle (8 km) est faci~ement expliquée par l'extension 

du 'pluton sous 1 a surf ace à des niveaux peu profonds. La structure, 

gonflée (30 km) de l'epizone au Nord-Est réflete une extension de 

l'intrusion dans cette direétion. 
\ 

A l'ouest du dome thermique le niveau de maturation décroit au 

nord en mème temps que l'age des roches diminue. Ici, un grade dia

genétique pré-orogénique atteint durant un enfouissement sédimentaire au 

site original de déposition aurait peut-être été préservé. 

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

nord jusqu'à l'anchizone mais les sédiments deviennent plus jeunes, 

il est peu probable que ccci soit dû à un simple enfouissement. Au con

traire, l'augmentation de grade avec une diminution de l'age est peut-être 

syn-à post -orogénique. 

Supposant une variation geothermique de 30 D C/km, la profondeur 

d'enfouissement de la formation Tourelle de L'Ordovicien inferieur 

serait 6 km. Ceci implique qu'une épaisseur de 5 km' de la formation 

Tourelle ou des unités cadetes a été, dénudée. Une profondeur d'enfouis

s,ement de 6 km pour le Groupe Cap-des-Rosiers parait raisonnpble d'après 

les observat'Îons sur le terrain. 
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La composition iàotop~que des concretions de dolomite ferriqÛ8 

. 0 '13 0 18 
varie de +7.57 à -+0.88 I~o S. C dè -1.74 a -6.61 100 S 0 (POB) 

du centre aux marges. La po~'~sitl3 diminue aussi de 85% (centre) a. 65% ., , 
(marges) . Ces chiffres suggérent que la décomposition des matièrj!9 

organiques par des bact6ries produisaI1t du méthane peut être res

ponsable pour la. g~nëse des concretions de carbonate. Probablement, 

ceux-ci ont commencés à croltre 'immédiatement sous l' interfacè 

sedime'nt-eau et ont continu~s il croltre à des profondeurs plus grandes. 
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CHAPTER ONE 

INTRODUCTION 

During ~he last decade,progress haa been made in 

establishing stages of diagenesis and law-grade meta-

,morphism in sedimentary sequences. progressive thermal 

matur·àtion of clastic rocks witn increasing time and 

.depth of buriar r~"ults in the transformation of organic 

1 

and inor~anic compounds. During tne sixties. sedimentologists 
\ . , 

were mainly looking at'tne inor3anic components. especially 
\. 

"-----in sandstones. to establiS~diagenetic changes. This was 
\ 

due to lack of cornmunica~iod between sedimentologists and 
! 

coal -petrologists, W.10 had long ~ack estaolished coal ranks 

as a scale for thermal ~aturation of coal searns and associated 
\ 

sedimentary depqsits. ~~, tne usefulness of clay minerals 

as indicator lof diaganetic grade in the 60's had bean recog-

niaed but ,was not yet widely known. This has changed pro-

foundly\in the 1970'9. 

ognitiol1 of the progressive transformatioll' of 

smectit tnrough mixed layer clay minerals to illite and 

finall to dioctahedral mica has provided the impetus for 

diage Jetic studies of pelitic rock~,' Since these diagenetic 

ch ges are influenced' by a number of factors not necessarily 

~:':lated to hurial depth. interpretation of regional matura-

/ tion patterns as well as correlation of results between 

~ different regions is difficult. Maturation of tne dispersed 

o;.ganic matter in shales i8 Rl'ainly temperature dependent. , \ ,1 

.< , ....... ~ ~ 
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i.e. , 

,. . 
react~ons are less eontrolled by pressure. 

. DEispite various limitations that have been reeognised 
c , 

recently. application of diagenetic studies to orogenie 

belts has provided significant results. Organic matter 

reflectance, illite crystaliinity and fluid inclusion data t 
,1 

\ are presently used as tools for mapping regional variations 
6 

in maturation and establishing a zonation in diagenetic 

and law-grade metamorphic terranes. This zonation is similar 

ta tne mapping of isograds in higner-grade metamorpnic 
, 

belte. In severai orogenie beits the study of the tnermal 

maturation of shales has lead to interesting and surprising 

·f indings. For instance in the Taconic Belt of the Qu~bec 
, 

Appalachians the occurrence of preorogenic inverted ,dia-
1 

geneais has been r.eeognised (Ogunyomi e,t ~l., 1980). In-:

verted diagenesis has also beeh reported from the external 

parts of the Alps in Switzerland and France (Frey et al., 

" . 1980; I<lIbler et al., 1979) and from the Nortnern Apenn,ines 

in/lta1y (Reutter et al., 1978). 

The first obj~etive of this study was to obtain es

timates fOJ::;i the stratigraph~c thickness of the parauto

ehthonous Cloridorme Formation on eastern Gasp~ Penin-

sul~. Enos (1969) estimated it to be about 7km thiek, but 

admitted that- this could be in error by as much as 100%. 

If preorogenic diagenesis is preserved, the therma.l matura-

tion of 'organie matter will provide evidence on buria! 

deptn, i.e. maximum thickness. Ogunyomi et al., (1980) 
~ 

eatimated maximum hurial temperatura. and corresponding 

1 -, 

i 
1 
i 

'1 
; f." 
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deptha from the reflectance values in Cambro-Ordavician 

flyach deposits in the Qu'bec City area by assuming paleo-
. 

geot~ermal gradients equal to present day average gradients. 
~ 

The maturation parameters used in Ogumyomi's study (reflec-

tance of organic matter and illite crystallinity) were not 

at that time calibrated in terms of paleotemperatures and 

paleopresaures. Calibration is now possible, however, by 

using'methane-bearing fluid inclusions as an independent 

geothermometer and geobarometer (Mullia, 1979). The burial 

deptha of sedimentary rocks provides information useful 

not only for hydrocarbon exploration but alao for an , 

understanding of the regional patterns of subsidence' of 

ancient continental margina auch as the lower Paleozoic 

continental margin of North America. 

Sampling was started in the most external part of 
... the Taconic Belt of Gaspe Peninsula along the shorelines 

of the Gulf of St. Lawrence. Initial reaults showed that 

within the parautochthonous Cloridorme Formation the 

youngest ~ -members - those lying north of the Devonian 

gré!Ulitic McGerrigle MOuntains pluton - are in general 

IIIl1cb .mare .mature tban the plder ~ -membe~_a. Alao, 

in the 0 -members there ia a bel t of highly matured rocks 

not sh~ing any obvioutJ rel~~,tonship to buria! depth. To 

explain these abnormally high maturation levela it was ' 
J 

necessary to extend the study over the entire Taconic belt 

of aastern Gasp: Peninsula in order to obtain a broader 

picture of the regional maturation patterns. 
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In this study information on the earlier stages ot 

diageneais at the time of formation.of carbonate concretions 

wa. alao obtained. Close association of èertain ~lack .ha1 •• 

and carbonate concretions suggeats that the decomposition 

of organic matter plays a significant role in the concre

tion-forming procass by providing the carbonata alkalinity 
, 

. necessary for the inorganic precipitation of carbonates. 

~sotopic composition of the concretions records some of 

the changes in interstitial water composition of the sedi-
,-

ments as the con,cretions grew. This information on water 

composition may halp in obtaining a more complete insight 

into the various stages of al.teration which initially are 

strongiy affected by the oxi.dation and break-down of or

ganic matte~d ultimately (at higher levels of 

maturation) are recorded by the reflectance of organ.1c 

matter and i11ite ,cryatallinity. 
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CHAP'l'ER THO 

GENERAL GEOLOGY' 

The ayntheaia of stratigraphie and structural data 

tor the Northern Appalachian'a has resulted in a number 

of tectono-stratigraphic schemes (e.g. Z~n. 1967, 1972, 

Rodqers 1968 ). Since 1970 ~hesa schemas have been 

based on plate tectonic concepts (Bird and Dewey 1970: 

Cady 1972: Dewey and Kidd 1974: St. Julien and HUbert 

1975, Poole 1976: Rust' et al. 19767 Ruitenberg et al. 
" 

1977, Schenk 1978: williams 1979). For the Quebec Appala-

chians the tectonic classification of St. JUlien and 

atbert (1975) ia most elaborate and is adopted here as 

it encompa~ses theAstudy area of this thesia. 

st. JUlien and HUbert (19?5) have suggested a three

fold tectonic subdivision of the Northern Appalachi~s in 
,~ 

Quebec: 1. the Autochthonous Domain, 2. the External Domain 

of the Allochthon comprising an/outer belt of thrust

imbricated structures and an inner belt of nappes:: and 

3 •. the Interna! Domain. Theae domains correspond to funda

mental subdivisions recognised in many orogenie belts, 

that ia, relatively undeformed sediments in the more ~x

terna! parts (Autocthonous Domain) and more highly deformed 

and metamorphosed rocks in the interna! axial zones. 

The ~aconic structural domaina of St. JUlien and 

HUbert (1975) comprise Cambro-Ordovician sediments 

derived fram differ.nt portions ot a former continental 
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màrgin. The Autochthonous Domain conai.ta of sedimenta 

deposited on the continental she1f bordering and over-

1yin9 the crystall,ine basement that was formed by the' 

Grenville orogeny. The stratigraphic succession of the 

Autochthorieus Domain is made up of Cambro-ordovician con-

tinental and shallow marine siliciclastic rocks (Potsdam 

Sandstone), of Lower to Middle Ordovician shallôw marine 

carhonate~ (Beekmantown, Chazy, Black River, and Trenton 

. Groups) overlain hy marine black shales (Utica Shale), 

and a regressive sequence (Queens ton equivalents). The 

External Domain is dominantly made up of deep water. 

flysch sediments. The rocks of this demain were d~posited 
, 

partly on the outer continental shelf, and partly in 

adjacent deep-water areas interpreted as continental 

slope and rise environroents. The deep water flysch of 

the Ext~rnal Domain app~ars to be quite thick. This implies 

a rapid subsidence of the Early Paleezoic paaai'Te continental 

margine In the Internal Domain sediments were deposited 

- -/c'--partly on oceanic crust represented by the Eastern Townships 

ophiolite complexe In addition to the ultramafic bodies 

of Mt. Albert and Thetford Mines, the Internal Domain is 

characterized by the occurrence of ahale melange, tuff, 
" 

and calcalkaline volcanic sequences. The principal differ-

ence between the Interna! and EXternal Domains i8 the 

involvement of basement in thè deformation of the Internal 

Domain. In the External Domain the tectonism ia confined 

to cover rocks. 
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The study area extend. fram the'St. L~rence River 

southwarà for 10 to 40 km to includ.e the Québec Group 
, 

(Lo9a~ 1863). This group comprises the Middle'Ordovician 

Cloridorme and Deslandes Formations (Normanskill) and the 

Lower Oràovician to Upper Cambrian Tour~lle Formation and 

cap-des~Ro8ief; Groug (Deekill) rocks (McGerrigle, 1959). 
, 

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

at t'he eastern tip pf GaspEl peninsula. This region incluàea 

the eastern p,art of the Taconic Selt. The age of the 

Taconic Orogeny, based on K/Ar determinations on hornblende 

from the amphiboles of Mount Albert and Mount Serpentine, 

i. 443 ± 18 Ma and 431 ± 20 Ma, respectively (Wanless et 

al. 1973, 1972, quoted in St. Julien and HUbert, 1915). 

Structurally these rocks occupy the External Domain 

of St. Julien and Hubert (1915) and in part Logan's zone 

of Bird and Dewey (1910).'Schenk (1978) adopted Williams' 

(1976) terminology for ~he tectono-stratigraphic zones 

of the Ganadian ApPalachians,,, for the purpos~ of 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 moat important thrust in the study area is Logan' a 

Lina which aeparates the parautochthonoua Middle Ordoviciap 

Cloridorme Formation 'zone of thrust imbricated structures, 

St. JUlien and HUbert, 1975) from the nappe. in the soutn. 

The nappe. with ,older rock assemblaqee reet on the younger 
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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). 
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" parautochtnonous unit. 

Another impor-tant tectonic feat-ure of the study uea 

ia the McGerrigle Mountains pluton. According to K/Ar dates 

the pluton has post-kinematically intrtided the Cambra

ordoviCi/rocks'around 350 Ma (Late Devonian) (de Ra mer, 

1977). One sample has provided an exceptionally young age 
- --------------

of 319 Z 10 Ma (early Mississippian). 

The southern half of Gasp' peninaula consista o!~the 

Acadian orogen comprisinq the Ga~p~-Metape~ia-Arooatook 
Anticlinorium and Gaspé-connecticut 'Valley Synclinorium. 

The main pnase of deformation during the A~adian Orogeny 

here occurred during Early Devonian' time (Rast et al, 

1976 b). , 
" ) 

In the next section the stratigraphie subdivisions 

of èach of the major units in the study area, i.e. the 

Middle Ordovician 

Middle Ordovician 

Lower Ordovician 

Lower Ordovician 

Lower Ordovician \0 
Upper Cambrian 

are de.cr jlbed in detail. 

Cloridorme Formation, 

Desl andes Formation, 

Tourelle Formation, 

C~hat Melange, 

cap-dea-Rosiers Group 

, . 
Thare are continuous and spectacular exposure., 

•• pecia!ly of the Cloridorme and Tourelle Formations 

along the coast. Inland, however, outc.rops of -Cambra-

"* l' Ordovician rocks in eastern Gaape Peninsula are scarce 

and widely sc:attered. Table l ShCMS the stratigraphie " 

" 
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Table 1. titho1ogy and Stru~ture of the Vi~;OU8 

Stratigraphie Units of the Cambro-Ordovician<Rocks, Gasp' 

Peninsu1s, modified from McGerrigle (1959); Riva (1968); 

\ Biron (1974); St. Jtl1ien and Hubert (1975); Hiscott (1978); 

Pers: Com. Biron (1980)., 
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LI'l'1IlLOGr 

Black shale. often 
dolcmitic. graywacke. 
calciailt1t •• do1a-__ t-n"--, 

Black shal •• calcisil
tite. graywacka. dola
• ~Qne. 

Black calcareou.' 
analea and .&Od.~one. 
vith dark gray calcL
sLltite and dolomltlC 
l1me.ton •• 

\ 1 
~ 

1";; 

1 

" ,.< 

" TYPE or DEl'OSITS ' 

Turbil'.ic f...:i_ witt. 
predominance of ~ray
vacke. 

Turbldit.. pr.domin
antly alternating 
vith black .hal ••• 

Monotono..l. rhythmic 
eurb1d1tic ~ •• OC1a
t10n of .ilty and 
argl11acaou. bed. 
1I1ghly fhsile. 

Shal. and lithic'sand- TurbiditL •• of sub
.~one a •• embLage. Rad marine channe1 •• ~ 
.n~. ~~ b.... Small ••• ociated lev... and 
pyrite nodule. (4-6mm fan lobe depo.!ts. 
diamet.r). 

Shala and lima.tone 
congloœerate assemb
lage. 

~~q.le li~.~on. con
~~rate assemblage 

~ vith black .hale. tur 
bidite. of .Wbœarine 
channel_. a •• ociated 
Levee. and fan lobe 
depo.ita. 

.. if 

""'l 

Oli.the.tr.,.. 

"7 

Slope type depositsi 
turbl<11t... gravit y 
driven .a •• flow 
depo.its. 

i 

1 

,> 

.... 

STRUCTURE 

Faulted. tlghtly fo1-
<lad and ovartucned. 
one .,t of ~l.av.ges 
and two generation. of 
tolding. 

R~p.~t.dly,fQld.d 
.hal... .ilt.ton •• and 
slates. One .et or 
cleava'']e and two gener
ation~ of folding. 

Fold.d al'. place •• 
One cleavag8 an~ two 
generatlona or ~oldin9 

Chaol'.LC 

- -1 
Shallow pl~nging fold. 
and overturned to 
nprthwest. ln the 
.outharn part there 
are tWQ .. ta of cl.a
vag. and three genera
tions ot toldin~: 
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ralationahip batween che varioU8 formations. 

Loe.M. GEOLOGY 
• J 

Cloridorme Formation: 

'l'he Cloridorme Formation is ex_posed a10ng the southern 

shore, of tQ.e St. Lawrence River in the eastern part of 

Gasp' Peninsula. It has been divided into three structural. 

blacks, i.e. the eastern, central, and western 'blacks, 
.. 

respectively, by Enos' (1965). The Cloridorme Formation 

is assigned to the 'Orthograptus trunçatus intermedius 

zone' ot Lata Wilderness and' Trenton age from the grapto-
t. 

l'ites col1ected hy Enos (1965) and identifisd hy Berr'y. 

Later 8tu~ies of ,graptolites by Riva (1968) fram samplss 

collected hy himse1f, McGerrigle (1954),. and Stevens 

6
(1968) show two distinct and in' part coeval sequences 

in the Cloridor~e Formation. The firet sequence consists 

o Enos' P-~d l-members al.on~ the coast east of Marsoui 

to Pointe Jaune. It containe Canajoharie and Lower utica 

graptolites, such as Climacograptus spiniferus and others. 

These are characteristic for the -6 -members west of Gros-

Morne. Upper Canajoharie Orthograptus ruedemanni (Gurley) 

ia moat common in the Q -members ~ear Gros-Morne. ortho-

graptuB ca1caratus, c.f. var. basilicus Lapw. of Early 

Canajohar ie age i8 dominant in the ~ -members. The second 

sequence comprises Enas' OC -membere and yis1ds Nornaanskill, 

post-Normanski11 and Lower Utica glt'-aptolitea (a.g • .!!!ml-

1 _ 1 

- ' - , 
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./ 
graptus gracilis). The fault west of Grand Vallee marks 

the bO\}~dary between the "'6 -members in the western black 

ag,i-nst!the ~ -members in the central block. This fault 

and the one west' of Cloridorme (affecting the ~ -me~ers) 
, 

are the major fau1 ts reported for. the areël by 'Enos (1969). 

In the field, the effect of the latter is clearly visible. 

The Cloridorme Formation consists of 60% dark slaty 

argi11ite. I-nterbedded are couse qreywackes (15%), 

calcareous wackes (3%>, and calcisi1tite (2Q%), dolomite, 

limestone, vo1canic ash and si1ty dolomitic arqillite 

(Enos, 1969). The rocks. are often' faulted. tight1y fo1ded, 

and overtu,rned, but have not suffered extensive metamor-

~ phisin. Enos (1965) referred to them as lower green-schist 

facies. 

The Cloridorme Formation is best described as typical 

fly.ch, both from a sedimentological and a tectonic point 

of "iew, 1. e., it consists of a thick succession of marine 

turbidites deposited in an elongate trouqh just prior (i.e. 

pretectonically~ to the main (Taconic) orogeny. Paleocurrent 

directions indicate predomin:antly axial transport by tur

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

structural belt which probably corresponds to an elongated 

foredeep trough (Enos 1965). 

Table 2 shOW's the litholoqy of the different; memJ:)erl in 

the Cloridorme Formation. 
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Table 2. Lithology of the ciifferent memhere of the 

Middle Ordovician C10~idO~ Formation, modified' from Enos' 
/ 

Riva (1968) t Biron (197d. , 1 
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AGE BLOCK MEM- ESTlMATED LITHOLOGY -
\ 

BERS THICKNESS . 
/ IN METRES 

LOWER i\ 510 Predominantly graywacke, 
UT ICA interbedded with shale and 

- calcisiltite. 

UPPER f3 475 Black shales; dolomitic shales, 

~ 
, calcisiltite, calcareous wackes, 

lZl minor- dolostone. ., 

l 
l' 

Eo< 
tn -~ 

CANA- 12 800 Graywacke, black shales, 
JOHARIE , little calcisiltite. -

, 

0 il 550 Dolomitic silty shale, black . shale with less abundant graywacke • 

J; 
. 835 Predominantly graywacke, inter-

bedded with black ahales. 

/ 
, , 

LOWER 

'6 255 Black shales, thin bedèled 
CANA- calcisiltite. dolostone. 

~ 
JOHARIE 

..... 
u 

~5 80 Graywacke, calcisiltite, shale. ..... 
Ë) 
~ ", 
0 

~4' 78.5 Black shale, calciailtite, 
~ J calcareou8 wacke nearly absent. 

~ t 
c::I ~ ~ ..... 

-3 
43 Shale, calcisi1tite, graywacke, base ::r: \ 

defined by first occurence of 
~ graywacke. 

• '2 
490 Sha1e, ca1cisiltite, calcareous 

wackes 1ess abundant near the basé • 

~ 1175 Shale, graywacke. calcareous wacke. 
- calcisiltite, doloatones. ( 

il 
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Deslandes Formation: 

Tne, eastern block comprisiu:3 t.1e.c -members of C1ori-

dorme Formation of Enos (1969) bas been renamed Deslahdes 

.' 

Formation by Biron (1974). It is characterized in ~arger 

part by a monotonous rhythmic turbiditic association of 

sandy, silty and argi1laeeous beds. Regionally the Deslandes 

Formation extends for tens of kilometer~ across strike with 
. 

a ulaximum width of lSkHI. It a1so oceurs in s,mall out1iers 

west of Marsoui (Fig. 2). 

Tourelle Formation 

The Tourelle Formation is of Late Areni~ian to Early 

L1anvirnian age as determined from tne occurenee of ~ 

tO;Jraptus dentatus (Riva, 1968 ). This la equivalent to 

zone D of the Levis Formation at Quebee City (Raymond, 

1914 quoted i~ Hiscott, 1977). Tne formation outerops be-

tween Les Mechins in the west and Ruisseau Castor in tele 

east (Biron, 1974), a~though correlative units extend as 

far west as Riviere-du-Loup in Quebee. Aceordinj to "I;.Iiscott 
\ i 

(1977) pre~ominantly_thiek, eoarse graded sandstone 1~1ers 

of the Tourelle Formation represent deposits on a series 

of small coalescing submarine fans wnieh formed i~ front 
'. 

of moving alloehthons, during t.1e early phase of t;1e 

Taconic orogeny. The formation is ~elieved to be 500 to 

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

tanically or by erasion (Hiscott, 1977). 
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FIGURE 2 

Tectonic units of the study area (OF = Outliers of Deslandes 

'Formation) • 
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Cap-Chat Melange: 

The Cap-Chat Melange extenda from Mar.oui in the eut 

t'o Cap des MecJlins in the west and is moderately to intense

ly deformed. Liard (1972) described 'a similar zone of m~lange 

beneath tlte MÉ!tis FC;~mation 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) • 

According to St .. JUlien and Hubert (1915) this melange 

is a gravit y induced accumulation of debris at the front 
'. 

of the thrust sheâtà. These chaotic masses consist predom-

inantly of green and black ahales. The Cap-Chat Melange 

ia unconformably averlain by the Tourelle Formation and 

the former tectonically overlies the Cloridorme Formation 

near Marsoui (Biron, 1973). 

Cap-des-Rosiers Group: 
~ 

The Cap-des-Rosiers Group of Upper Cambrian ta Lower 

Ordovician age .. ia exposed both along the coast and inland 

in the 'ste-Anne River Nàppe' (Biron, 1974). This group con

sists of black and green shales or slates. limestones, and 

~~me quartzites. According to St. Julien and HUbert (1975) 

it is a slope type deposit, characterized by coerse lenses 

of quartz arenite and limestone conglomerates and occur~ 

throughout the Qu'bec Appa1achians (L'vis Fm ... Pointe-de

la-Maitinière Fm., St. aèn'dine Fm., Stanbridqe Fm •• 

, 1 
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" Kamouraska Fm., Ladriere Fm.). Similar bank-foot limestone 

breccias occur throughout most of the Appalachian fold 

belt, and give a rough estimate of the location of the 

for~r continental margin in Late Cambrian-Early Ordovi

cian time (~odgers, 1968). The cap-deS-Ro'iers Group has 

been folded repeatedly and is at places overturn~d (Biron. 

1974) • .. 

Shickshock Group: 

The Shickshock Group forms part of the Internal Do-

main of St. JUlien and Hubert (1975). It is a 6 to l6km 

wide zone of basic volcanic and pyroclastic rocks, inter

stratified with metasedimentary rocks. Here the u1tramafic 

rocks of Mount A1bert and Mount Serpentine are interpreted 

as obducted slicès of oceanic crust (Laurent 1915, 1978). 

The Shickshock Group occupies the highest structural unit. 

Its rela~on with the Cap-dès-Rosiers Group is not clear. 

There is evidence of a faulted contact between the two 

groups (de Remer, L977). 

, 
McGerrigle Mountains Pluton: 

The McGerrigle Mountains pluton 1s a northerly elongate 

discordant body of leucocratic rock~ of approximately L30km2 

areal extent. It represents a multiple intrusion and con-

sists of hybrid granitic rocks complexly invading an earlier 

basic phase (de Romer, 1977). Radiometrie dating (K!Ar) 

of porphyritic granite. bi,otite granodiorite. and a coarae 
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red 3ranit~ indic~tes that the pluton has post-kinematically 

intfuded the Cambro-ordovician rocks 'around 350m. y. (Late 

Devonianr. However, the dating froq:, a hornblende-I?iotite 

metasediment shows a younger 319 + 10 m.y., Le. Early 

Mississippian àge (de Ramer, 1977). Isolated outcrops of 

nearby plutonic bodies of Mount Hog 1 s Back and Mount 

Valliers-de-Sai~t-Réal in the Acadian bel't alJ; shaw an 

early Devonien age of.emplacement. The McGerrigle Mountains 

pluton has produced a 1.5 to 3kaÎ wide high-gr-~de metamorphic 
1\ 

aureole in which metamo.cphic :]rade reaches the potash-

cordierite hornfels facies. 
/ ~' 

. ! 

!. 
1 

1 
SAMPLING PROCEDURE 

samPlin~ was done in successive stages during 1979~ 
In ~he early summer of 1979 the -most external part 0; th~ 
Tae~nic Belt of Gaspè Peninsula along the south shore of 

" , 1 

"f1ë Gulf of St ... Lawrence was sampled. This region is readily 

accessible and has' re~arkably well exposed outcrops. In " 

Late surnmer and fall 1979 samples were collected from diff-
'-

erent north-south sections across strike of various forma-

tions in or der to establish a broader picture of rejional 

maturation patterns. continueu,s sampling from the n9rtnern

most parts of the External Domain to 'the Int~nal Domain 

of the Taconic -Selt in t~le south was difficult due to 
~ 

scarcity of outcrops and limited accessibility of the area. 

In the final stage, sampling was concentrated on areas of 
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special interest. The sampling interval depended to a 

large extent on the availability of outcrops. Sample in

terval ranges from ~O to 20 m where shales are thick' and 

abundant (e. g. in the Cloridorme Formation) • Sampling 

distance is reduced to around 10m where the shales are 

thin and iess abundant (e.g. in the Cap-des- Rosiers' Group)'. 

In the vicinity of local fold structures, fault'à-, and 

across thrust boundaries detailed sampling was carri.ed 

o out., A total of 350 samples were collected for thermal. 

maturation studies from 20 north-south sections and one 

east-west section along the coast (Fig. 9). The number of 

samples taken from indj,vi~ual sections ranges from 5 to 20. 

Most of the samples, are black shales with a few green (11) 

and red (3) shales. All samples were processed for clay 
li 

;mineralogy and of these 145 black shSiles. were a1so processed 
1 

for reflectance studies. 0 
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CHAPTER 'l'BREE 

/~-~~ 
CLAY MZNER.M.OGY AND .ILLITE CRYST.ALLINITY 

Quantitative and semJ.-quantitative determinations ", 

of the clay mineralogy and crystal chemistry 'prcvide the 
1 

fastest and most easi1y useable tocl for assessing dia-
, \ 

gêne tic grade. In t;tis study the fc1lowing parameters were 

measured: illite crstal1inity, intensitY' ratio cf illite 
, 0 

peaks 002/001 and 004/003 peak intenai ties (Brindley, 

1961) and the illite OO~/ ch10rite 004 ratio. 
) 

'l'wo important changes occur in clay minerals 

. during diagenesis. The first ia the transformation of 

smectite to illite or chlorite through a {seqnence 0t' 
mi~ed layer''Clay m.:lnera1s that begins cwith randcm inter-

stratification, then proceeds to shcJ:'t-range ordering 

~d 1ater long-range org.ering of the illite ( or chlor

ite) and smectité ~ayers (Weaver, 1958: Dunoyer de 

~ Segonzac, 1970; Perry and Hower, 1970). Second1y, -at 

higher grades i11ite" ia transformed into well. crstal-

1ized dioctahedra1 mica (Maxwell and Hower 1 1967 ~ Frey 

et al., l:-980, ICisch, 1980). 

Transformat;ion of poorly crstal1ized illite into 

well develcped dicctahedra1 mica results in.increased 

sharpness of the illite (001) diffraction peak at 10 i. 

The aharpness of this peak was first used as a parameter 

of maturation by Weaver (19~0, 1961). The width of the 
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il'lite (001) p_e~ at half height ais taken as a meaaure r 
"o~ i11ite cr,ystal1inity (KÜb1er, 1967, 1969) and 1s now 

widely used as a method of estab1ishing the degree' of 

25 

clay enineral di.aqenesi.s. The' higher the thêrmal di~genesi.s 
the better i8 the c:rysta1linity, thè narrower the, peak 

and the lower i.. the index 'of cr?stalii.nity~. A second 

methOd used for inferring diagenet;ic grade is ~ th, "rcent of 

fJmect:ite ,in mixed-layer claya. The e}Cpandibility of the 

adxed-layer ',~llite/smectite cao bEt" determined ... from the 

.hift of the characl:eriatic iÜite 101 ~ef1ection ~p~n 

~lycol saturation (Reynolds and Hawer, 1970). Zero per-
", 

cent expandibility corresponds ta 100 wright percent 

,i11il:e and 100 percent expandibil.ity corresponds to 100 
- j 

weight percent smectite. 

In general, the mineralog~caJ. changes during burial 

diagenesis in shales under alkali..ne conditions cao be 

represe~ted by the reaction: 

Smectite + K-feldspar :8 :Illite + Quartz .:t Chlorite 

(Hower et al. 1976). 

HOWer et al. (,197.6) emphasized that shales àt: different 
'" ' 

stages of clay ~iagenesià behave essentially as chemicall.y 

elo.ad systems with respect to iron, magnesium, ailica 

and ~uminiWll. HOIIIever, these authorB do not discuss the 

significance of, the cements that may be transferred in 

" , __ --pore water into the interbedded sandstone units during ( 

. compaction of sha1ea' when interpar.ticle pore water as well. 
~ r 

.. interlayer water frolll montmor'i~lonitic clays migratea 

--~ ..... .,--- " -c.,- .. 
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from "the shal.es to -the sandlt. The conversion of smectite 

to illite involves an incr~aae in net negative layer charge 

of th~ expandable 'layera ~ither due to tetrapedral ~ubstif~~.~ 
~ion of Al3+ for Si4+ or J;w substitution of Pe, Mg for \ 

~3'+ ·ih the octahedral layer': The balanci~9 of the n~ga
tive layer charge can be achieved by incorporation of KI" " 

in interlayer positions. The aluminium and potaSAlium.for 

thia conversi.on may be provided by the breakdown of K-f.eld-
- 1 

spar 'Or mica. During tl\is transformation of sm~&tite to

.illite, the,re ia a ,release of si'l.ica. The excea~ of silica 
,; ; 

may form quartz overgrowths in intercalated sandstones. 
, 

Iron and magnesium released during illitization of smectite'> 

probab1.y forma chlorli.te (Hower et al.., 1976). ':qhe question . . -~ 

'-
s~ill. re~ains whether or not decomposition of I<:-fe1dspar 

necessary for i11Lt:ization is a1so an, adequate source 

for the formation of chlorite. Boles and Franks (1979) 
~ 

stated that aluminious smectite layers are preferentially 
~ -." 

convarted to illite, leaving behind the more iron- jUld 

maqnesi.wu-rieh smectite layera. These smecti.te layers, 
< 

when transformed to, illite, release 1ron and magnesium 

which would lead to the formation 0:6. late di.agen!ltic 

ehlorite and carbonates. Another possible' source of Fe 

and Mg for chl.orite formation ls the decomposif:ion of ' 
\.. 

det~1tal. bioti.t:e, and other mafie minerals as well- as 

o 

- po8sibly dolomite. 

Other'factors'basides thermal maturation May influ-

. ance illite crystall.inity, i.e.:,o (i) previous ~èathering 
J-
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hi.tory, (1i) litholoqy of the shale, particularly the 

amount of organic matter, (iii) the chepdc~ composition 

of pore fluidll, and -(iv) tectonics. During 'continental 

weathering pota~8ium is leached fram micas and !llitea 
.' ( - - -

and mixed-layer claya are formed. 1 Blocking, of the open 

sheets of either illite or swelling minerals by either 

organic matter or metallic elementa may inhibit the pro- "-

cess of illitization. Also, the oxidation of ~r9anic matter 

in bl,ack shales creat'es an acidic envir~nment which appears 

to be unfavourable ,to illitization. An insuff'icient supply 

of potassium in.calcareous ahales, Law porosity and per-
, 

meab~~itY May also hinder the .process of illitization. 

During ,syndefo~mational recrystallization. on the other 
J 

hand, illite crystall.inity increases from the fl~s of 

anticlines to hinges (Kalkreuth, 1979). Due to the.e fac-
'" 

tora, the reactions involving the disappearance of certain 

clay minerals (e.g. kaolinite, all.evarditei etc.) ,or the 
.' ! 

appearance of new ones (e.q. illite, pyrophyll.ite, para-

gon~te, chlorite. margarite, etc.) during progressive 

diaqenesis doea not always take place under the SaDe 

phyaical condition's'. The reaetions involved in these pro-

cesses have recently been discussad by Frey (1918) in a 
,.~ 

st~dy of the progressive diageneaisand metaœorphi.m,of 

"Liu.ic bl.ack shales in SWitzerland (in a' cross-section 

frOID the Jura Mountains to the SWiss Central Alpa). One 

of his reactions ia i.iated below: 

Kaolini.te + Quart:z. ~-..-... pyrophyllite + B20. 
(diagan.tic condition) (anchizonal condition) 
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The circulation of diluta acidic solutions ri the 
" di age ne tic formation of kaolinite, especially n sandstones 

(Dunoyer de Segonzac, 1970). Reactions of pyro 
1 

with calcite
4

1eads to the-formation of margarite in the 

epimetamorphic zone. Pinally, at higher metamorphic grades 

margarite is consumed oy a continuoue reaction producing .::'~ 

plagioclase (Prey, 1978). 

In x-ray diffraction inetrum.~al factor. affect the 
"'1 

analysis of i1lite crystallinity. Therefore, reaulta of, 

diffe,rent lab?ratories can oe compared only to a 1imited 

extent. Soma of the differences due to the g~~ioneter 

(8canning) and chart speeda can to SOIIIe extent--be - 'normal

ized' by/ exprèssing the paaJt widths at half heights in 

de'~rees A2e " rather than in mm. For identical slit 

settings, time constant, radiation, and scale factors, 

the peaks (in 29) tend to oe broadened for 'a falter 

scanninq rate. Weber (1972) used a quartz standard to 

'de termine relative illite crystallinity: 

Sb, (001) i1li te (mm) 
lib (001) quartz' (mm) x 100 

Sb • peak width at half height. 

This method reduces instrument effect anà would render 

mea.urements comparable between different laboratories. 

Also, ,the crystallinity of the quartz standard haà to oe 

the Sam8 for every laboratory. 

The main advantages of usinq illite crystallinity 

as a diagenetic indicator are speed of determination anQ 
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relatively law expena •• If the disturbanees cau.ad b~ other 

factor. mentioned abova ara kept in mind, Lllite crystal

llnity can be applied to discern differenees in the degree 

'of diagenesis and laweat-grade matamorphiam as a consequence 

of thermal alteration (Pray et aL. 1980: Risch, 1980). 

" 

ORGiNIC MA'l'TER "MATURATION 

HD4ern sediments rich in organie matte~'include 
, ' 

sapropel and qyttja. The terms refer ta sediments formed 
, 

under reducing and oxidizing conditions in the bottom 
~ . .. - -

~atex:.s, re~·pectively. Red shales ind.i.cate oxidi.zing ~ondi-
ti 'i i he :. h '\ 7. ons w th n t sedl.ment and ~v.e ,a law ,content of organl.c 

matter •. Abs,ence of, molecular oxygen from bottom waters 
. 

f,a:vo~rs the accumulation of organic matter rich (sapro-

pelic) black muds .. 'In the Ouebec Appalachians, quantita-

tive analyses have shawn that the black shales have an 

organie carbon content (0.90 - 1.45%.) an order of magni

tude higher than that of green shales (0.10 - 0.28%), 

whose organie carbon, ~n turn, i8 an order of magnit~de 

higher than that of rad shales (0.02 ~ 0.05%) (Ogunyomi, 
, 

1980). Studies of 800 samples of black ahales from different 

localities of North America, however, show an average of 

3% organic carbon content (Vin@ and Tourtelot, 1970). 

According to Dow (1977) Q.4% organie carbo~ is a minimum 
" 

value required for potential s~urce rocks to generate 

any significant amounts of petroleum. 

, . \ 
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The stages before, during, and after the gen~ation 

'of commerciaJ.ly significant hydrocarbons correspond to 3 

facies of organie matter fllaturation: (1) the immature, 

(2) mature, and (3) supermature zones, respectively. How

ever, the appearance and disappearance of liquid and 
'a 

gaseous hydrocarbons is not sharply defined in terms of 

suhsurface temperature depending on type of organic matter; 

the age of èho lo4imencary basin, and to some axtent on analy

tical techniques. During tne initial stages of diagenesis, 

the most important chemical progenito,rs of petroleum 

which include humic acids. fulvic acids. ami no acids, 

fatty acids etc. derived from 10llier QX'ganisms (i.e. algae. 

animal planktop., bacteria etc.) are incorporated into 

kerogen. Kerogen i8 a hi.gher molecular weight. insoluble, 

complex polymerie material. From the beginning of the 

matu~e 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 reaidue are formed. Natural kerogens are usually classi-

fied into four groups which vary greatly in composition. 
, 

Fig. 3 shows kerogen types and principal products of keroqen 

evolution. Bumic keroqenwill yield mostly dry qas and 

C02 at high maturity lavela although very small quantitiea 

of liquid petroleum ma~7also be formed ,but not axpelled 

(TeichmÜller, 1974). Liptinite kerogen will yield a full 

suite of- hydrocarbon products, while al.gal keroqen will 

generate predominantly oil and very little C~ and H20 
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FIGURE 3 

Four-fold subdivision of kerogen or coal. 
, 

Modified from Bostic (1979) and Tissot et al. (l980) • 

Pennsy1vanian coa1 (Hardwood, 1978). 

Arrows show directions of change with increasing thermal 

maturatio~ (Tissot et 'al., . 1977) • 
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'0, Formation of oxygenated products (C02 , H20, heavy hetera

tornie molecules) plus N2. 

P. Formation of petroleum. 

G, Formation of wet gas C2H6 to C6H14. 

G2, 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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Algini te. sapropelici oilYlllpid 
rich, amorphous kerogen:com
monly deposited in lacustrine 
sediments. 

Liptinitic kerogen: amorphous 
and structured organic matter: 
commonly deposited in marine 
environment. 

Humic kerogen ~ carbohydrate-
1i9nin rich: commonly deposited 
in continental oxidized 
environment. 

Residu~l organic matterJiner
tinite~pennsylvanian coal: 
commonly oxidized subaerial 
environments and/or recycled 
from older sediments. 
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bacausa of its law initial oxygen content (Tissot et al, 

1974) • 

Coal petrologists long ago established coal ranks as 

a séale for the thermal 'maturation of coal BearnB. This 

scale has be~n used over the entire'range from lignite 

to anthracite. The beginning phases of maturation as well 

as concluding phases in kerogen closely parallel those 

of coal. The wealth of data tha~ exista on coal maturation 

• can be applied to kerogen maturation (Sta:ch et aL, l~7/5). 

Recently (Frey et al,., 1980: Kisch,,) 1980) the concept of 

thermal maturation of kerogen has ,'been applied in the realm 
c 

of law-grade metamorphism. 

The techniques used, to define kerogen types and levels 

of thermal maturation are based on optical and chemical 

characteristics of extractables (e.g. hydrocarbons) and 

nonextractables (kerogen). Scales established by optical 

aeans from the study of organic matter reflectance and 

spore and pollen colorat.ion have been applied in this atudy 

of nonextractables. 

Changes in the kerogen with burial' (mainly dependant 

on temperature and heating ti~) are expressed in its chem

ical and physical, appearance. The simplest indicator of 

thermal maturation i8 the color of kerogen in transmitted 

light. The opacity of kerogen varies directly with thè 

degree of thermal alteration. A related technique involves 

color changes in conodonts. Epstein et al. (1977) have shawn 

that conodonts taken from rocks which have undargone only 
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shallow burial are generally light yellow in color. With 

increasing depth of burial conodonts progressively darken 
., 

through golden yellow to brown (mature) and finally to 

black (post-matur'e). Ac:cording 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, ~critarchs, 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 identifying and comparing kerogen types and coal 

macerals. TisBot et al. (1974) have defined pathways for 

different types of kerogen applying Van Krevelen's-diagraœ 

(1961), in which the atomic Hic ratio is plotted against 

the atomic ole ratio of coal macerals, to kerogens. To ~ 

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. 

Microscopie study of organic matter in reflected light, 

has shown that the progressive carbonlzation'of organic 

matter with depth of burial May be viewed as analogous 

to the gradual increase of the optical reflectance of vit

rinite. Vitrinite owes its origin to the carbohydrate-rich 

woody tissue of higher plants, all o~ which contain con

siderable quantities of oxygene The 'reflectance ' (Ro> of 

vitrinite is used to assess the thermal maturation of or-

i , 
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ganie mat~er beeause (i) of it. predictable behavior ana 
l 

and because (ii) vitrinite has a relatively uniform com-

J5 

position. The term 'Ro 1 st,ands for 'percent reflectance 

in oil'. The limitations of this technique have been dis-
, 

cu8sad by Jones and Edison (1978) and Heroux et al. (1979). 
" ' 

In pre-Devonian sediments ref1ectance is measured on 

asphaltie pyrobitumen owing to 1ack of vitrinite in these 

deposits. The 1ack of higher plants in pre-Devonian sediments 

means that the fossi1iferous sediments 9f this age do not 

contain any quantities of 1ignin and its derivatives. 

Bituminous substances which decompose before melting are 

called pyrobitumens (Bell and HUnt, 1963). Low-oxygen « 5%) 

pyrobitumens are cal1ed asphaltic pyrobitumens. For a more , 
• detail~Q genetie classification of organic matter see 

Rogers et al. (1974) • 

Robert (1973) and AmmOsov et al. (1975) have tried 

to establish an Ito scale for asphaltic pyrobitumen. They 
j 

aaaumed that reflectance values tor pyrobitumen'-cmd vitrinite 
" " 

'are the SamG with increasing temperature in the range of 

1.0 to 2.0 Ra (mean), although reflectance values fram 

pyrobitumen show a greater scat ter than those from vitrinite 

of equal rank. The influence of each type of asphaltic 

pyrobitumen (elaterite, wurt~i1ite, aLbertite. impsonite, 

and anthracolite) or 'asphaltic pyrobitumen-like t fragments 

(acritarchs, chitinozoans, graptolites, etc.) on reflectance 

ia not yet fully understood. Sikander and pitton (1978) 

~ave found that organie matter from Cambro-Ordovician 
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platform rocks of Quebec Appalachians closely resemble' 

vitrinite. In the light of Abraham's (1960) ~ork the.e 
" authors describe this vitrinite-like organic matter as 

36 

dispersed asphaltic pyrobitumen. The organic matter from the 

study area is mainly in the form of dispérsed asphaltic pyro

bitumen. Organoclasts like black fragments, dispersed amor-

phous particles, chitinozoans, and graptolites are also present. 
/ 

Achab (pers. comm., 19~0) 1 reported similar types of organi( 

matter from different localities in the Quebec Appalachians. 

Organic matter reflectance is more reliable than illite 

crystallinity for determining the therm;l maturatfon that de-
, . 

fines law-grade boundary of the anchizone (and lower grades), 

hawever, it is less re1iable for the higher-grade boundary of 

the anchizone. It is less sensitive to 1itholOgr or pore fluid 
! chemistry .than illite cryst~llinitY •. Reflectance values 

. 
can also be.calibrated with temper~ture provided ~hatJthe 

duration of heating is known (K~eil, 1956). 

i 

INDlCATORS FOR THE LEVEr. OF DIAGENESIS AND LOW GRADE 

MET AMORPHISM 

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

immature kerogen, i.e., tho~e having reflectance values Ro' 0.5% •. 

,~is 8~age is characterized by tH~ production of C02' H20 and 

c~ owing to the oxidation of organic matter and the break down, 

of the c=o bond. This zone is equivalent to the early diagenetic 

zone of Foscolos et al. (l976) and extends from the s~rface down 
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to lOOO-lSOOm (SOOe) depth. In th. mature stage hydrocarbons are 

formed~ ~e Bic rat~p drops, and there is a decrease in aliphatic 

bonds. The '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): reflec-

tance ranges from 0.5 to 1.5%. This middle diagenet,ic zone 

where m~st hydrocarbons are gènerated 'is also called cata

genesis zone. The latter is v defined by Tissot ~ Wel te (1978) 

'. with reflectance values rangi'ng from 0.5 to 2.0. For cata

genesis ~issot and Welte (1978) have suggested a temperature 

rangè of sooe ant1 1S0oC. Hunt (1977) extend/ catagenesi8 

tb 200oe, near the end of the dry gas zone. According to 

Winkler (1975), a temperature of approximately 200°C a180 marks 

the boundary between 'diagene~is' and 'very law-grade met~r

phism' (Laumontite-prehnite-quartz facies; pumpellyite-prehnite-, 
quartz facies etc.). A temperature of about 300°C (biotite 

isogr~de, 300oC) defines the boundary between 'very' law-grade 

met amorphi sm , and 'true regional metamorphism' (green schist 

. f ael~'é~s) • 

Shales subje'cted to conditions less intense than true regional 

met.amorphism react sluggishly and are sensit.ive to the cham-

ical environment. Seemingly, no sharp boundary exists be-

tween the realms of diagenesis and metamorphism. The 

transitional zone between diagenesis and metamorphism 

(epimetamorphic zone) i5 called the anchizone. This zone 

generally marks the end of dry gas generation {Kisch, 1975; Prey

et al., 1980-l-Kübler et al., 1979. Heroux et al~1979f.--The- term' 
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FIGURE 4 

Scales of thermal maturation of orqanic matter based on 
\ 

different parameters .. 
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anchimetamo~phi~ was first used by Harrassowitz ('1937, 

1928) and later popularized by Küb1er (1967). Various 

Dther terms have also been suggested to define this stage, 

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

(KOssovskaya and Shutov 1958): burial or very low stage. 

metamorphism (Winkler 191?~: eomet~rphism (Land~s 

1967) etc. [\ 

hsch' (1980) noted that in normal circumstances the 
" 

development of anchizonal il1ite crystal1inity corresponds 
, 0 / 

with ~oal ranks near the semi-anthracite/anthracite 

boundary (2.6 to 2.7%, Ro,max). This result is in agree

ment with that obtained by Foscolos and Kodama (1974) 

and Foscolos et al;. (1976) in the Lower Cretaceous sedi

ment of north-east British Columbia. There the anchizonal 

illi-te crysta1linfty is associated with reflectance of 2.? . --. 

to 2.T% Ro,max- On the other hand Wolf (1975) observed a 
.J 

much higher reflectance value, 5% Ro,max (high-rank anthra-

cite) in rocks with anchizonal i11ite crystallinity valüas . / 

in areas that underwent heating by deep seated plutons. 

In this study the maturation zones are denoted by 
!:i • 

. the terms diagenetic zone, anchizone, and epimetamorphi"c 

zone. The boundary between the diagenetic zone and anchi

zone is defined by a reflectance value of 2.7% and an il1ite 

crystal+inity value of 3. 3mm. The boundary between the 

anchizone and eptm&tamorphic zone i8 defined by a ref1ectance 

value of 5'.0% and i1lite crystallinity value of 1.9mm. 

. , 

1 

l ' 

Illite' crystallinity i8 a better parameter to define' ... - ........... _ ........ -..... ----.--.. -'~-
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thè boundary between anch,i,- and ~pimet~rphic zones because . 
of its conaiatent and prediatable behavior ,at this level 

of mat.uration. on the other hand" orqanic matter reflectanae 

better defines the boundariea between various stages of 

~aqenesi.,\ and-anchimetallOrphiam. Beyond the ~diaqen.tic 

zone, orc:fanic matter reflectance values show hi'lh aniaotropy. 

Figures 5 and 6 shoW correlation of "Io(mean) and i11ite 

c:rystal1inity with zone~ of diageneaia" anchimetamorp!\i8lll 

and epimetamarphilllt. 
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FIGURE 5 

Correlation of ,f R.' , ~ith zones of diagenesi.~, anchi-
(me an) . 

matamorphism and~ epimetamorphism. 
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FIGURE 6 

Correlation of illite crystallinity with zones of diagenesis, 

anchimetamorphism and epimetamorphism (modified after Fos-. 

calos and Stott, ~975) • 
"'1 

( 7 
" 

.j. .' 

( 

'. 

-- -;-----'-------... " 

ü· 

( ) 

o 

[. 



-

"--....,, 

Institute of 
Sedililentary 
and Petroleum' 
Geology. G.S.C. 
Philips 1200mm/h 
loi2cm/min 
CoKa radiation 
k satur. samples 
at,SO% R.H. 
(Foscolos and 
5tott. 1975) 

nm 

20.0 

\8.0 

16.0 
14.0 

12.0 
10.0 

8.0 

6.0 
4.0 

2.0 

ZONE 

OF 
· , DIAGENESIS 

· 

ANCHIZONE 

i7.81 
· 
· 

EPIZONE · 

-------,---------- - -

. 

"' 

Weaver (1960) 
Sharpness 
Ratio 

" 
"1 ZONE 

1.5 - Of 
DIAGENESIS 

2.3-

ANCHIZONE 

12.1 
, 

, 
EPIZONE 

- "-W;.~~r·< l,4 ","'" ...".. ... , ..{l~, ...... _-..;:"" 

.~ , , 

~. 

Pau 
{S.N.P.A.)Xly 
a°(.2cm/min 
(Kub1er. 
1968) 

nm 

7.0 _ 

ZONE 
6.0 - OF 

DIAGENESIS 
5.0 _ 

4.0-

3.0 -
ANCHlZONE 

2.0 -

1.0 -

EPlZONE 
. 

I.N.R.S. 
(PETROLE) 
XIY 
2.4°/2cm/J1lin 
CuKa 
radiation 
(this 
study) 

v 

nm 

. , ZONE 

5.0 - OF 
OIAGENESIS 

J.) 

ANCHIZONE 

b9 

EPIZONE 

Correlation of illite crystallinity with zones of diagenesis, 
anch1mctll1110rjlhisIII and epillletamorphi SRI 

(Morllllcd dfl(!r~roscolos and Slolt. 1975). 

-" 

Strasbourg 
X'Y 
241 mm pour 
28· 
2°/2cm/min 
(Dunoyer 
de Segonzac. 
1970) 

-

-
r 

111ft 

9.0 

8.0 

7.0 

&..0 

5.0 

4.0 

3.0 

2.0 

1.0 

!~ 

\ -.., 

.. 

! 
-1 

1 

+: 
\.n 

;t;? 



r' 1 

FIGURE 7 

'Boundary between diagenetic zone, anchizone and epimeta

morphic zone by il1ite crystal1inity. 
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CBAPTER FOUR 

RESULTS 

The study area has been suJ:xUvided into three diagen

etic ta low-qrade metamorphic zones on the basis of asphaltic 

pyrobi~umen reflectance (95 samples) and illite crystal.1inity 

(350 samp1es) • 'l'hese zones are: (i) the epimetamorphic 
" 

zone (mean reflectance ., 5.0%: illite crystallinity ~ 1.9mm) " 

(ii) the imchizone (2. 7 ~ Ro < 5.0%1 1.9m.m <.: lC ~3.3mm) 1 
1 

(iii) the 1ate diagenetic zone (Ro < 2.7%, :re ) 3.3mm) 

(Fig. 8, 15). 

Assuming the reflectance values are control1ed 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 lawer isotherms'from south 

to north occupies the western part of the study area (Fig. 

15). S:i.milar general patterns of maturation are observed 

using i1lite crystallinity, however, with some modifications 

in detail (Fig. a). 

The central thermal dame displays a concentric array 

of zones around the McGerrigle MoUnta.ins pluton. Theae 

,zones comprise the an~hizone, epimetaroorphic zone, and 

higher grade me t amorphi Co zones in the immediate -contact 

aureole around the pluton. The epizone forms a broaO. thermal 

halo which averages 16 to 20km in width. Toward the north-

ft ••• 
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eut the 'lone is aven wider axtending as far aB 30km fram 

t:he pluton. The wastward extension of the apizone west of 

the halo "i.e. north of the Shickshock Group, is only about lkm 

wide. The epizona comprises mainl.y the Cap-des-Rosiers 

Group and Desl.andes Formation, as well as a small part 

of the Cl.oridorme (J"'-members) Formation to the northeast. 

The anehizone in this area to the north of the epizone, 

has an exposed width of 3 to ~km along the shoreline of 
\ 

the St. Lawrence River. It 'is mostly developed in the 

Cloridorme Formation, a small part of the Cap-Chat Melange 

in the west and a part of the Desl.andes Formation to tha 

south. 

East of the thermal dome the late 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 Formations. 

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

, genetie zone extends to the western boundary of the study 

area at Les Machins. lt includes the late Ordovician Tourelle 

Formation, Cap-chat Melange and outliers of the Deslandes 

Formation. In this region, the anchizone encompasses the 

cap-deB-Rosiers Group and a part of the melange. 

The resules of illite erystall.inity determinations 

and pyrobitumen reflectance values are discuBsed separately 

unàer the following headings: (i) central. thermal dome 

around the McGerriqle Mountains plutonr anehi- and late 

d1ag8lletic zones (i!) east, and (iii) west of the central 

• 
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thermal clame. '. • 

gJ,ITE CRYSTALLINITY 

Illite crystallinity values were determined for, 350 

.amples. l'rom theae data, an isopleth map of the area wu 

constructed (Fig. 8). The contour intervals range from 

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

àffected by local variations in illite crystallinity and 

availability or accessibility of outcrops; which is the 
/' 

reason for using different contour intervals in diffarent 

parts of the map. 

In the central the~al dame. illite crystallinity 
-

improves radially inward towards the McGerrigle Mountains 

pluton from anchizonal to epizonal conditions. Immediately 

eaat of the north-south trend of the McGerrigle Mountains 

pluton an) anomaly has been noted with few samples showing 

relatively poor crystallinity (l.4 ta 2.6mm) in the 

Rivi~re Claude section (Pig_ la, Section 12). Howe~er, 

best crystall:inity (l.Omm) has been noted in this section 

just north of this anomaly. 

In the late diagenetic and anchizone, west of the 

therJDal halo the iaopleths ara regular and approximataly 

northeast trending as contrasted with the concentric 

patterns in the thermal dame. The thermal slope (systematic 

improvement in c::rystallinity perpendicular to strike) 

becomee l~s. steep frOll1 the eastern Ste-Anne-dea-Monta l 
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FIGURE 8 

Isopleth map of illite' crystallinity (mm), 'l'aconic Belt, 

Gaspl Peninsula. The value of le in mm can be converted 
.. 

to 28 notation by multiplication by 0.l3. 
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FIGURE 

Se~ected sections' in the study area. 
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Illite crystallinity' plotted along north-south~ , 

cross sections in t atudy ~ea. For location of sec~ions 

ss 

see FIGURE ,rS • 

~ dome. Sections 

and 13 are l:ocated in the thermal 

" 

are located east of the thermal 

dome. Sections r 
• 19 and 20 oceur west of the thermal 

dome. Each point in t e section represent~ the ave~age of 

up to five analyses. 

CL - Cloridorme Formation 

DL = Des landes Formation 

TR = Tourelle FormaUion 
"--, 

CM,= Cap Chat Melange 

CR ',= Cap-des":'Rosiers Group 
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\ SH ~ Shickshock Gr. 
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FIGURE: 11 

I11ite crysta1linity vs. i11ite 002/001 intensity ratio 

west of the thermal dome. > Degree of thermal maturation 

increases from the younger sequences in the north (Des-

landes Fm., Tourelle Fm., and Cap-Chat Melange) to older 

Cap-des-Rosiers Group in the south. Sorne samples in the 

Cap-des-Rosiers Group exhibit reJ.at:i,YJ~l'y __ poor crystallinity'. 
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002/001 inte~ity ratio east of the thermal 

maturation i~st in the youngest forma-

tion (Cloridorme Formation) thus contrasting with the 

results west of the thermal dome. Note that a few s~ples 

frqm the Cap-des-Rosiers Group show higher maturity. 
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F1GURç: 13 

lC and i11ite 002/001 intensity ratio in the Tourelle For-

mation showing positive correlation (i.e. 10 improves with 

increasing 1002/1001 rat~o). 
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FIGURE 14 

IC and Il lite 002/001 intensity ratio in the Cap-Chat 

melange. ~11ite crystallinity improves in the eastern 

outcrops (closer to pluton) compared to the western out

crops of thé melange. However, best crystallinity is ob

served in the immedfate vicinity of thrust boundary • 
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'.{ 
~ section (6.5 to 1.811111l) ta the we.tern Cap-Cha~ II •• ction 

(5.5 to 2.611111l) (J'tg'. 10. Seè:tion 16. 19). Alao fram thé . 
former towarèla the latter ,section the epizone graàually 

diaappears. OVal or egg-shaped local anomalies of improved 

c::ryst~inity were .oDaerved in soma green and red ahales 

and with samples in tl;Le vicin~ty of tl?-e thrust separating 

the Cap-Chat Melange and Tourelle J'ormation from the Cap

dea-Roaiers Gl:oup (Fig. 10. Sect~ona 16,19). Similar small 
, . 

anOlll8lies were nQted in soma of the carbonate ànd ·organic. 

matter rich black ahales (Fig. 10,' Section 16). 

In the late diagenetic zone and anchizone eut of 

the tber~ doms, isapleth patterns show a thermal trough 

witb a centra1 thermal 1ow. As an example, in the GraDde 

Vall'e section'i11ite crysta11inity improves fram 5.0 
, 

- ~.Omm (Cap-des-Rosiers Group) to 2.5mm (Cap-des-Ro~ers 

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

in the north (Fig. 10, Section 7). Howeve~ number of 

compl~ities in the maturation tre~indicated by illite 
...---

crystall,ini,ty data for th~s ragion. This prOduces rapid ., 
local variations. which hav, been plotted as oval-shaped 

anomalies on Pige 8. 

PYROB:I'l'DMEN REI'IeJC'1'NTCE 
o . , 

pyrobitumen reflectance values of 95 samples wel:ie :-

u .. a to conatruct the isop1éth map shawn in Pige 15, in 

arder to corroborate the maturation p~ttern. establisbed 

_---'s.----' . ---' ~--
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QG the bui. of il1J.te c:rystallinity. ?!he pattern of the . , 
reflectance isopLeth Linas ia nearly identical to that , ,.. 

prodUced by illite cryatallinity values. MaXimuIIl reflectance 
" 

abaerved i. 6.06" in the De.landes' rOJ:lliation (Mont Louis 
, 

~tion). The lII1niDmm is 1. 5~ (Tourelle formation, Cap-

Cha~ section) • 

In the central thermal dome·~ ,reflectance values di.-
, 

t!tlCtly repeat the north-easterly qulge of the epizone 

Shawn on the illite c:rystallinity map. The ~anchizone in 

the thermal àome wlti.ch lies north of the epizone is charac::-
- , 
ter!Zed by a uni~orm level o~ maturation of ito • 3.7 to 

4.~ (Cloridorme pormation). In the eût, Ro increased ~o 
. 

~4.4L" near Anse-Pleureuse while in the west refleétance 
. , -

abruptly decreases at Logan's Line, i.e. frODl Ra of 4.0% 
'-'. - . 

meaaured in -the "6 -4 ,member of the Cloridorme Formation 

east of Logan's Line to Ra =: 2.96% in the outLier of thEi 

o.slan4es Formation to the west (Fig. 16, section 9, 13). 
< 

In the Late diagenetic zone and anchizone west of 

the thermal dame reflectanc:e values shoW fewer anomalies '. ' 

than the- illite cryatalLinity values for the same area. 

Alo~q the coàat, reflectanc:e'values are uniform (fto-l.6, 

to 1.7%). Tawards the ;i,ntèrior reflectan~e v"alues, increase 
, 

from,apprpximately 1.1% in the north to 5.0% in the south. 

West of, the Tourelle séction (15) the width of the anchizone . 

increaees markec:Uy at the expense of the epizone. This 

1a' 1nclia-ated' by the ~~fiectance and illite arystallinity 

mapa. The epizone still continues westward with a width 
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. of approximate~y lkm. This vasward extension of the epi
'';'-

zone i. not seen on the il1.ite crystallinity map. Ac:ros~ the 

tbrust fault separati.ng the 'roure11e Formation and cap-chàt 

Melange from the Des~~des Formation and Cap-des-Rosiers 

Group there i8 a jump in reflectance from values of ft .. 2.0% o 
(Cap-Chat Melange) to 2.9% (Deslaildes Formation) in the 

• L 

.. Ste-~des-Mont, l section and from Ro 1.7% (Tourelle 

Formation, and Des1andes Formation) to 2.300(. (Cap-des

Rosiers Group) in the Les .Machins section (Fig. 16, sections ' 
... 

16, 20). In the 'late diagenetia and anchizone _east of thè ". ~ 

thermal dome reflectance isopleths show a thermal trough 

or lunate pattern exhibiting a thermal 1ow. Bowever, 

towards more easter1y sections, such as ,Rivi~re-au-Renard 

(2) and ~aine p~int (4) the trough seems to di aappear • East 

of the thermal. dome, çhanges in reflectaIlè.e values in each of 

the sections are distinct and more systemat'ic than those -'

recognized by i.11ite crYstallinity data. 
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p Û 
FIGURE 15 

Isop~eth map of pyrobitumen reflectance of the Taconic 

Belt, Gasp& Peninsula. / 
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FIGURE 16 

The following are north-south cross sections showing plotted 

values of pyrobiturnen reflectance in the study area. For 

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

represents one to three values. 

CL = Cloridorn'le Formation 

DL = Des landes Format~on 

TR = Tourelle Formation 

CM = Cap Chat Melange 

" 
CR = Cap-des-Rosiers Group 

SH = Shickshock 'Gr. 
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CHAPTER PIVE 

INTERPRETATION 

Isopleth maps of illite crystallinity and organic 

matter reflectance provide a framework for understanding 
J 

the formation and spatial. distribution of various regional 

diagenetic and metamorphic 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 seern \. to apply in man'y orogenie' 
>1- ,. 

belts and the same is true here. The maturation patterns 

in the study area pose several questions as to the source 

of heat. How is the central thermal_dome, which is unuau-

ally wide for a contact metamorphic zone, related to the 

McGerrigle Mountains pluton? How can the anomalously poor 
" .:. 

illite crystallinity in the immediate contact zone east 

of the pl,uton be explained? Are the "thermal slope" ~n 

the west and the "ther~ai trough" in the east related to 
'J', 

the maximum depth of sedimentary burial at the original 

site pf deposi tion or to regional heating associated with 

the ~aconic Orogeny? Did the Hurdochville intrusive bodies 
. 

in the Acadian.beit, south of the study area, aiso have 

an effect on the thermal maturation in the Taconic belt, 

at least in the south? How can other local maturation anoma-

liès besides the ona. mentioned above both for illite crystal~ 

l<inity and reflectance, be explained? In attempting to 

answer these questions the resul. ts of this study are dis-

1 ~ 
! 
1 

! 
l 
1 
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cussed beginning wi th the m6st 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 higher meta

morphic grade) three to five times the width of the intru-

sion. Factors controlling the extent to which sediments 

are affected by contact metamorphism include (1) pluton 

size, width, the dep'th of emplacement, permeabi1ity, and 

rate 0; cooling, (2) temperature differences between the 

intrusion and intruded rocks. (3) the composition and per

meability of s~diments, and (4) net motion of ~o. 

From the study of smal1 dykes and sills it is knawn 

that the contact metamorphic effects of an intrusion ,may 

,extend from about ~alf the width of the intrusion (Bostic 

77 

1971; Perregaard and Schiener 19791 Peters et al. ~978) to 
,r 

twice (DOW 1977), or even more than four times this dis-

tance (Degens et al.1978). On the other hand, the,effects of 

large intrusive bodies on organic matter are notice able 

over distances of several thousands' of meters. The' sensi-

tivity of coaly material to heating ia well exhibited by 

the aureo1es of high rank coal around the deep-seated 

plutonic intrusion in the Bramscher Massif in North-West 

Germany (Stadler and TeichmÜller, 1971 in:TeichmÜller and 

Teichmüller, 1978). In the vicinity of pluto~ic intrusions, 

ccSnvective heat transfer by the circulation of fluids may 

; 
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pred~inate over conductive heat transfer thereby affecting 

sediments to severa! kilometers (Norton and Knight, 1977). 

The unusual.l.y large width of the epizone arourid the 

McGerrigle Mountains plutons i8 easiest to explain by the 

~ extension of the pluton beneath the thermal dome at shallow 

'\ sub-surface levels. The bulging of the epizone toward north

east may reflect a subsurface trend of the intrusive body 

in that direction. The isolated plutons of Hog's Back, 

Mont-Valliers-de-St.- Rea! etc. in the Si1uro-Devonian 

rocks are all located along this trend line but south-
~ 

west of the main intrusion. These plutons are thought to 

have been ~~placed at the sarne time as the McGerrigle 

Mountains pluton (de Ramer, 1977). 

West of the' thermal dome, the trend from less mature, 
1. 

younger rocks in bhe tectonically deeper units to the north 

to more mature overlying older rocks n the south suggests 

that the m-axinnlm level of matùration this area May have 

been achieved by burial. Thus it have occurred.before 

nappe transport as in the thrust 

outer belt of zone of nappes in the 

icated zone and the 

/. "' uebec city atea 

(Oqunyomi et ak, 1980). The younger ourell.eFormation 

shows _ Ro range frQm 1.56 to 1.70% d IC range from 6.6 

to 4.1mm. For the Cap-Chat Melange R rang. from 2.2 to 

1.7% and Ia rangœ fram 4.6. to 2.7mm. In the older Cap-

des-Rolliers Group, reflectance values range from 2.2 to 

5.~ and illite crystallinity rangES from 4.4 to l.9mm. A 

.yatematic increase in maturation level with increaaing 
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age of the sediments suggests that the rocks attained 

their maximum maturation during sedimentary burial, and 

were subsequently transported with the nappes. Further 

support for this idea is supplied by the fact that the 

isopleths c~osely follow- tectonic boundaries. The phenomenon 

of 1 transported diagenesis· has also been reported from 

the Swiss Alps (Frey et al, 1980~ KÜbler et aL, 19797_ 

Mullis, 1979) and the Appenines (Reutter et aL, 1978). 
~, 

In the late diagenetic and anchizone east Of the ther

mal dome, the central east-west elongated thermal trough 

in the older cap-dea-Rosiers Group ia puzzling: Nortllward ' 
-

from this thermal law there is a progressive increase 

c in maturation in the younger Deslandes and Cloridorme 

Formations. Since the level of thermal maturation increases 

northward with decreasing age, it lS unlikely to be induced 
1 

by st'ratigraphic burial and is possibly syn- to postorogenic 

in nature. This enhanced th~m~ maturation north of the 
l ' 

trouqh may be due to a continuation of the MCGerrigle Moun

tains pluton trend and to heat generated by tee tonie burial .. 
of older units. Oxburgh and TUrcotte (1974) have demonstrated 

from their'study in th~ Alps that in thrust belts there 

are thermal effects as~ociated with teetonic movements 

which could account for regional me,tamorphism of ydUnger 

rocks under thrust planes. This an0:IDalously high met~p&û8li1 

occurs 'desp:i.te., 'the fact _that the main post-thlnlstinq rèstora-

t10n of thermal equil;l;brium takes .mil~ions of· years. South' of the 

àentral tllerDl~ t~.é)ùgh tha-, increase. in therma-l mat.:uration may be 

- ~--,j--- .. ~-
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related to post .. orogenie aetiviti~8. In the Acadian belt 

(south of the study area), there are severa1 Devonian igneous 

intrusives around Murdoehv111e which may have supplied 

the heat necessary for this anomaly. In the far eastern 

part of the study area, the central trough be~omes less 

distinct. This may be due to the absence of igneous activity 

in the Acadian belt south 

rwJth of outcrop area. 

of 'the study area or to the limlted 

SORIA!. DEP'l'H 

If pre-orogenic levels of diagenesis have been pre

served then the thickness of teetonie or stratigraph:i,c unit" 
-

eân be worked out using organic matter refleetance. This 

problem can be taekled in two stages. The first stage 

involves the determination of paleotemper'ature. Reflec

tance values can be related to temperature provided the 

effective heating time is known. Effective heating time 

is def1ned as the time during which the temperature ia 

within lSoC of the maximum attained (Karweil, 1956}. The 

second step 1s the determination of the actual geothermal 

gradient of the basin. Laek of conclusive information on 

both geotherma1 gradients and effective heating cimes for 

the Taconic bel t makes burial depth estimates for any tec-
0"> , ' 

tonie unit rather speculative. The regional-'maturation 
9 

pat tern reveal-s that the study area in gener al has been 
, 

af'feeted by additional heat fram igneous intrusions and 

dynamothermal metamorphiam during and after the Ordovician 
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'l'aconic' orogeny,. 'l'l}e north-western and soUth-eastern thermal 

lowe in the late diagenetic zon~ appear ço be unaffected 
, 

by external heat sources, however. Therefore an attempt 

has been made to arrive at some Durial depth estimatea 

for the rocks in these areas. 1 • 

Geothermal gradients Va+Y fram place to place 
~ 

throughout the world, depending upon th.e geo1og!cal environ-

ment. Geo10gical.ly active regions qive rise to diverse 
'f, 

regional metamorphic environments because tl1e Earth' s thermal 

structure is disturbed in these regions. In the high

temperature/low pressure metamorphic bel ts of mobile regions, 

the heat flow is~40oC/km (Pyfe, 1973). Conversely, areas 

near;active trenches are characterized by a low gradient,· 
" 
- caused by the downward def~ection of isothermal. surfaces 

(Mc.Kenzie, 1969; Minear and Tozsoz, 1910 ~ Oxburgh and 
.,. 

'l'Urcotte, 1970). The presence of plutonic intrusions is 

usual1y inferred where isothermal surfaces form "dame-
1 

liketf thermal surfacer (Turner~1968). 

~nyomi et. al. (19~O) estimat~d the maximwn buri al 
) 

temperatures and corresponding depths from the ref1ectanca 

" .1' • i " values in the Québec Appala9hl.ans. n the vicinity of Québec 

City, assuming a paleogeothermal gradient of 30oC/km, WhiCh~(/ 
lo 

ia equal to present day average continental gradients. / 

Badrynian rifting has :in'itiated the development: of an Early 
~ : 

paleozoic Atlantic-Type contine~tai marg:in in tl)e QU~,e'c 

Appalachians where thi.c:k sequences o~ cambro-Ordovician 

rocks were depositad. The lawer ordovician 'rourellé For-
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mation has been interp~eted ta have been deposited in the 
) _ l 

foredeep trough during the perj,od of subduction (Hiscott, 

'1980). The upper ,Cambrian to lower or:dov'ician Cap-des- , 

Roaier,s Group, non tpé other hand, appears te;> be 'related 

to deposition on a !=,ubsidingpassi.ye continental margin 

(Fi.g. 18). In the Internal Domain, the Eastern Townships 

ophiolite comp:Lex near Quêbec' City and the u1tramafic 

bodies of Mount Albert and Mount Serpentin~ in the Gaspé 

Peninsula provide evidence that a cycle ,of ocean growth 
" 

and destr.lction was invo1ved in the evolution of the 

Appalachian System. The close ana10gy between the 

Ear1y Paleozoic continent"al margin in the Québec City 

area and that in the current study area justifies the 

assumption .of a' pa1eogeothex:mal gradient of 30oè;km for 

the study area. Calcul.ations using geothermal gradients 

of '20oC ahd 40oC/km are also o presented (Fig. 19) for pur

poses of compar~son. The ef?ective heating time has ,been 

assumed, in this study, for the Tourelle Formation," te be 

35Ma. This i5 b~ed on sev,~r~.l lines of reasoning. 

Ù> The age of regional. metamorphism in the· area has 

been dat'ed at 443 .± 18 and 438 .± ZO .Ma (K-Ar det~rmlnation) 

f"rom hornblende in amphibolites of Mount Albert and Mount 

Serpentine,' respectively (Wanless et"'jll.~ 197.3, 1972, quoted 

in oSt. JU:Lien and Hubert, 1975). Muscovite from a brecciated , , .. . 
~ . 

granite which is probably associated with the serpantiae 

.. " found in the western part or the Maqereau Group, yie1ded _-

a K/Ar date of 442 ±. '20 Ma. These dates on t~ metamorphosed 
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roc~~ which overlie the sialic crust in the Internai Domain 

demonstrate ,tant ,the dynamoth~rmal metamorphism must hav& 

been completed in earliest Silurian time. From these data 

'the peak of the regional metamorphism in the study area 

is est;imated to be 440 Ma. 

(2) Nappe transport must have occlÎ:=-:-erl before. rnct~.:nor-

phisrn becaus.e the tectonic elements of the late diagenetic; 

zone have escaped the regionall synorogenic thermal event. 

(J) The denudated top of the Tourelle Formation is 
~\ 

about 475 Ma (Fig. 17). Hence, nappe transport should have 

occurred between 475 and 440 Ma. This gives a timespan of 
.' 

35 Ma for the maximum heating time. As sedim~ntation cont-
ft 

inueà be,yond 475 Ma, the time 'available for ~he maximunl ' 

heating time should be less than the proposed 35 Ma. AIso, 

e:ffecti ve heating, time could be considerably shorter 

becausé the time o:f "regional metamorphism can not be 0 dated 

exactlY. For our pj.l'rpose we have taken 25 Ma as the maximum 

. e:f:fecti ve heating time. For comparison purpose, estimates . 
ot he'at~ time are .presente,d in the Fig. 1? Wi th an 

, 
effective heating time of ,?5 Ma and measured me8f1 reflectance . 
of 1. 5% near th!:! base of the Tourelle Fonnation, a ;naximum. 

paleotemperature o:f 1710 c is estimated from the' dJagramso 
, 

prepared b~ Karweil (1956) and Hood et al (1975). These 
" 

paleotemperature values correspond t'c, a depth o:f burial of 

appro:x:imately 5.7 km for the Tourelle Formation." The 

present stratig~phic thickness has been estimated to be 

approximately one kilometer for this :fonnation (Hiscott, 1977) • . 
The burial figure implies, that about 5 km o:f overly1ng 

younger sediments have been ero'déd. This figure would 

• 1 

.... ~ 

1 , 
, ' 



,l, 
o 

-' 

. ' 84 

FIGURE 17 

Stratigrapl)ic table of various Cambri.an and Ot1!ovieian 
\ 

'" ' 
stratigraphie unïts in the' Taeonie Bel t 9f Gaspé peninsul'a. 

1. ~arautochthon7 2 to'6 saparata thrust sheeta. Struc-
'r 

tural unit 4 i9 the Rivieré Ste-Anne nappe. The Cap-Chat 

Melange ia lithologicl11y identical to the upper part of 

the Cap-df!ts-Rosiers Group (Modified from His.cott, ~977) ~ 
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The upper Cambrian to lower ordovician Cap-dea-Roliera 

Group, ia related to rifting on a passive continental 1 . 
margine The lower Orcloviaian Tourelle Formation is de-

po.ited !n the foredeep trough during the period of 

subduction (Modified after Hiacott, 1977). ..J 
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FIGURE 19 

Satimat: •• ot t:emperatur.. and burial depth. 'for "the Touralle 

porm.tion and th~ Cap-de.-Roliera Group. A118wned paleogeo

t:herl\\al gradient 30oc/kiU. 
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FlGURE~ 20 

Relatiot:'ship betwe~n reflectance, time and- temperature. 

Modification of Karweil 'a nomogram (1956) u8ing Teich

müller 1 s (1971) refleètance v~alue8 ;:~ertical daSheOi"néS 

indicate the" reflectance values from wnich the maximum' 

~ 
90 

"" , temperatures were obtained for the Tourelle (TR) Fo.t;mation 

and the Cap-des-Rosiers, (CR)· G:toup by uSi,1g variou. 

effective heating time curves. , , 
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P'IGURB 21 
" 

'l'ha relation.nip between' r~fleçtanc. (Ro>' maximum rOCK 

----temperaturfit 'and burial time from Hood et al (~975). 

"Effective time l' means the duration of qurial of a rock 

1 within 150C «?f the maximum temperature in ita history. 

'l'R • 'l'oj1relle p'ormation, CR. Cap-d~.-Ro8i.ra Group. 
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ch,ange ... significantly if there, ~ere a change in' either 

paleogeotherma1 gradient ,or effective heating time (Pig • 
./ , 
19) • 

An ef"fect! ve heating time of 40 Ma has been est1mated for 

the base of' the Cap-des-Rosiers Group. This figure 18 based on 

the fact that sedimentation of this formation ceased around 
v 

480 Ma (Fig. 17) and that, as a1ready mentioned, the age 

of the dynamothermal metamorphism is taken to be 440 Ma. 

From the roean ref1ectance value of 2.2% and an effective . 

heating time of 40 Ma, the maximum temperature to which the 

base of this grQup May have been Subjeèted 18\ estimated to be 

approximate1y 180°C from the curve. of Karwei1 (1956) anc(! 

,fram Hood et al (1975). If th~' average geothermal gradient 

is taken ta ~e JO C/km a burial depth of" 6 kqa is calculated 

for the base 0 of tÎie group. structural comple.xi ties and a lack 
. ! 

of detailed geological mapping in the area. make the actual 

thickness of the Cap-des-Rosiers Group unknoWllo Field obser

vation suggests a thickness of 6 kD) for the Cap-des-Rosiers 

Group is reasoable. 'U 
.' 

EFFECT OF FOLDING ON ILLITE -CRYSTALLINITY 

In the main anticlinorium of east~rn °r,auerland, in 

the Variscan ~old helt qf Germ~ny, tectonic deformation 

has little effec-t on .coalification but i1lite crystallinity 
"

increases from the flanks to the hinges of . anticlines 

suggesting syndèformationa1 rectystallization (Kalkreuth, 

1979). On the other hand, KÜbler' (1967b) - and Gruner (1976) 

.. 
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found no correlation be~we~n illite crystallinity and achistosity , 

and folding. Teichmüllet et al. (1979) noted that the time rela

tionship be~een temperature increase and deforrnation determines 

whether illite crystallinity will be affeched ~y deformation or note 
'\ l 0 l 

An attempt was made to ,evaluate the ..possible effect of 

folding and'faulting on illite crystal~inity in the Clori-

dorme Formation in order to be able to interpret 'Some 

local anomalies. I~hé western t~ctonic block of the Clori

dorme Formation, the t-members ar~ tightly felded forming 

a major jlsyJDlDetrical anticline (appr. 40km in length) 

extending., from ~he Madeleine River in the east to Mont 

St. pierre in the ~est (Fig. 22r Biron, pers. ,comm., 1980). 

In the Anse Pleureu~e section, better illite crystallinity 

was observed in the hinge (1.7mm) than in either 1imb of 
o 

< the anticline (2.6 to 2.0 northern and 2.2 te 1.7mm southern 

11mb, respec:tively~. A similar trend was deter,~ined in 

the Mont L~~~i sÎ;!E=~ion.' Insuffic.ient _reflectivity data . .' 

are available te construct a profile fram hinge to lirnbs. 

On the southern 1imb ~he reflectivity increases fram 4.9% 

('1' J-member) to 5.5% at the base of the ~ 2-memb~r. It is 

possible" therefore, that illite crystallinity is, in p"â.rt, 
rJ 

controlled ~y varying sttess regimes in 'different parts 

of th~ fold. Howéver, regional maturation studies in this 

region (p. 78) .suggest that much of the maturation ritight 

, be due te high heat flow from the inferred . subsurface 
. ~ 

,igneous intrusion, and "this May have been channelled into 

ant!Fl~nal cre.ta. Increasing buri.al ctepth may alsa acçount . 
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for this higher maturation from 1imbs. to hinge. Synclines' 

ahowing a similer trend of improved cryst~llinity from 
. -

98 

limba to hinge would sup~~rt the idea that foldinq enhances 

illite crystallinity, sinee the hinge of a syncline ia 

at a shallower< burial d~pth than the limbs. 

Fig.!3 illustrates B'syncline near Pointe Seche, Baie 

1 • -, ,( 

'") 
. St. YVon: an anticline with the northern limb overturned 

and southern 11mb steeply dippinq (dip 70°) near Le Brule: 

and an overturned syncline with its hing~: at Longue pointe, 
/ 1 -west of Petite-Vallee (Enos 1965). These structures are 

well exposed along the coast of the St. Lawrence River. 

The maturation level of the area lies within tpe anchizone. 

The results from each of these fo1ds are di~cussed sspar

ately as a10nq the projected cross section (~20km) there 

lis-considerable variation in maturation levels. Near Le . -
Brule, illita crystallinity is bast developed in the hinge 

(2.4mm) of the anticline in the ~l-member. cr~staliinity\ 

decreases towards th~_eastern limb from 2.6mm (~l) to 

3.2mm (p j) a~ distances of 150 and 250 meters, r~spectivelY, \' 
~ 

fram the 'hthge. A similar result is obtained from an over- ..l 

turned sy~cline at Longue Pointe where crystall~nity becomes 
<) 

les8 well developed from the hinge (2. Smm, ~ 7-member) 

at a distance of about 300 meters. Reflectance values remain 

almost the same fram the hinge (Ro. 3.0~) to the 1imb 

(Ro. 3.1~). This sugqests that illite crystallinity is, 

in part. contro11ed by varyinq stresa reqimes in the diff

erent parts of a fold, while reflectivity, values are not 

'l'~ 

• ft' • 
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FIGURE 23 

~ 

Effect of folding on illite crystallinity (rO), and' 

reflectance (" Ro me~n), Cloridorme Formation (~-.rnernbera)~: 
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aff.cted. SOwever, at the aaie St. YVon syncline, the 

cryatallinity trend~i. raver •• d. Illite cr~.tallin~y improve. 

from the hinga (3. 4mm, P 5 member) wi thin a L distance of 100. 

. taward. the aastarn 11mb (2.45mm, ~4 member)-. Her. during 

fOlding, atres. May not have been sufficient to e~hanca 

illitization. 

'In the late diag.n~tic zone west 'of the central tharmal 
~p 

dame, illite cr~stallinit~ improves near the thrust aepar-

ating the Cap-Chat Melange an~ the cap-dea-Ro,iera Group 

(Sta-Anne-d •• -Monts 1 and Les Mechins .ectione, Pig_ 10, 

sections ~&,19). Illitization cao be acce1erated by tha 

shear stre ••. and concentrated frictional beat generated 

during faulting_ ThuI, to .valuate the caus •• of local 

variation in illite cry.tallinity. the contribution of 
each of th. factors auch as folding, tectonic activitie.,~ 

intrusions, etc. should be considerad. 
~~ 

1 

CORR5,A'l'ION BBTWBEN ILLI'l'E CRYS'l'ALLINX'l'Y Nip 

, REfLICTANCE 

o 

• The best correlation coeffici8Qta (-1.0) are achieved 

wh.n illit. crystallinity and ref18ctanc8~ are affecte~ 
priœarily by t~ratur •• Linesr corralation coefficients 

betw •• n mean refl.ctance and illit8 crystallinity waré 
" detarminad for the fo1lowingl 

(1) O:i.fferent zon.s of maturation w.:i.thin a formation~ 

(2) Par. tian. a. a who 1 a • 
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. 
(3) Alteration zones as Il whole. 

\ 

Figure. 24 ta 26 i~lustr~te these relationahips. Ill~te 

crystallinity va. reflectance plots show aignificant varia

tions in correlation coefficient8.for the differ.nt maturation 
" .."zon •• 'within a formation. Large variations alao exiat for a 

• < 
given maturation level in different 'formations. In the l'ate 

diagenetic zone, 'good correlation exista within the Cap-Chat 

Kelange (r • -0.91) 'and Tourelle Form~tion (r • -0",,69) _\" 

Correlation is poorer in the Cap-des-Rosiers Group (r • -~34) 
'\ 

and coefficients ahaw no aignifieant correlation in the Des-

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

The reason for the 'lack of correl-âtio'î\ in the Cloridorme and 
\ ' 

Deslandes Formations, May be the high carbonate content in 
/0 , 

Many ahale samples. This ia indicated by X-ray analyaia of 

the,2 ,to l6 lA m fraction. An inaufficient au~ply ?f potuaium 

and aluminium ,in the calc~eous shales ;a10ng with LaW poros

ity may have inhibited the process of illitization. Alterna-
I 

tivaly, it May be tha~ either organic compounds or metals 

have acted ta block off the open aheeta of illite or 

lIWellinq clay minerals. AlBO, black shales .&re generally 

~ic~ in orgenic matter. The oxidation of organic matter 

in black' shal.a ~.". create a weakly acidic environment whicb 

is unfavourable for illitization. In a previous study 
'.. , 

in the 'Qu.bec City area (Ogunyomi, 1980) ~orrelation co-

efficients of -0.56 and -0.83 between illite cry.tall

init:.y and mean reflectance have been e.tablis~ed for "the 

mlddle and late diaganetiC zon •• , raspe~tiv.ly., 

i ' , 
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In th. anchi~9ne, a good correlation exists for the ... 

~alan4ea porm~tion (r - -0.65) wherea. correlation is ' -poor.~ in th. Cap-de.-Roaiers Group (r • -0.24) and Clori-
o 

" 

dorme Pormaçion (r. -0.14). The rea.on. for these wide 

variation. in c6rrelation ,b.twe.n illite crystal1inity~. 
, 

and retlectance are ~.nlfold. In the C10ridorme p9rmation, 

illite cry.tallinity and reflectance may have been influ- . ... . . . 
enced in a different way by differential stre.s during 

Joldin~ (a. di.eu, •• d on paq.98 ) which could be responsible 

for poor ~orrelation. A poor correlation (r • -0.057) in 

the anchizone has been reported trom the Ouebec, Appalachians 

(Ogunyomi, 1980). Prey et al. (1980) reportad poor corre-. . '" 
'lation between illite c,~ystallinity and reflectance trom 

very_ law-grade metamorphie rocks--of the -external parts of- .

the can~rfl Alp •• Poor correlations have been attributed 
, 

to the ihf1-uênce of lithology (1) on' i11ite crystallinity, 
~~ .. 

(2) ~feren~ial tectonic stresa on illite crystallinity, 

(3) th. preaence of mixed-layer museovite/paragonite whlch , J i 

---~ cau ••• a broaœning of the loi peak, and (4) the inere.e 

. - of ~eflectance ani.otropy by sheu stress at the beginn1ng 

of the anthracite stage (R,mean • 2.~). The absence of 
, ~ ~ 

par.gonite from the study ar.a 8Ug9'e8t8, a dilferent mode 

of mineraloqieal tran.formation compared with that sean 

in the Central AlP8. AB such, it ia di~ficult to compara 

the.. ewo areas. 

Sine. the correlation coefficients in the late diagenetic 

zone (r - -0.J7) ànd anchizone (r - -0.31) ara not very 

-----~-_ .. ~ .. ~. -~-~ -~- -,-~ ---
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1 

good, the R9sitive correlation in the epizone is surprising_ 

This corra'tation may he due to the anisotro-,y of the or3anic 
, -

matter reflectance, i.e _, high~r, deviation of e'he mean 

from minimum and maximum reflectance values. A few irregu-

larities in the illite crystallinity (retardaçlon or aven . 
retrogradation due to hydrothermal fluide) co~ld a1so' he 

1 

a factor. The overall ~or~elation (k = -O.67) in the study 
, 

area 1e reasonably g~od. 
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FIGURE 24 
Jr 

Correlation coefficient of De vs. mean reflectance for 

different formations and zones. 
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PlGURE 25 

Correlation of illite crystall~nity (IC) and mean 

reflectance (%'Ro Mean) in different formationsi 
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FIGURE 26 

Corrèlation of illite crystallinity (IC) vs. mean 
, 

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

Ai;' DIAGENESIS OF CARBONATE CONCRETIONS 

Al though empnasis in thls study has been on tne 

evolu tion of late diagenesis, ancllÎ- a~d epimetamorphism 

"-
in deep water shales of the Taconic belt, sorne information 

111 

on early dia3enetic reactions re~ated to the breakdown of 

organic matt,er has been obtained from carbonate concretions. 

The precipit'ation of carbonate concretions is a function 

of temperature, pressure, pH, PC02' and {onic concentra

tions. Carbonate concretions consist of an authi.:Jenic ce-

mentin3 fraction and a detrital componeht related to the 

original host sediment. Low magnesian calcite, dolomite, 

siderite and rhodochrosite are tne nlost common carbonate 

cements in concretions, althou9h vaterite has recently 

a1so been discussed for Ordovician concretions in Qué'b~c 

(Fong et aL, 1981). 

It is argued that the volume p~nt of the authigenic 

fraction of tne concretion is rela~d to tne host-sediment 

porosity at the time of concretion growtn (Lippmann, 1955: 

Raiswe11, 1971 , 19761 Oertel and Curtis, 1972). Thus 

various stages of concretion formation. may be related to 

progressive ~ompaction of the host-sediment "~itn· in.creasing 
.':) 

buria1 based on tne proportion of cement materiali. 

Close association of certain black shales and car-

bonate concretions suggest that the decomposition of organic 

matter plays a significant role in the conc'retion-forming 

, 
• ! , 

1 , 

.. 
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process by providing the carbonate alkalinity (Heoj, + 2C03-) 

necessary for the inorganic precip~tation of carbonates. 

carbonate alkalinity is defined as -(he total concentration . , 
of the dissolved bicarbonate plu'f1' twice th~ concentration , -
of the dissolved carbonate species (Berner et al, 1970). 

~ 

Developmenb- of a h~gh bicarbonate concentration may be 

seen as an intermediate ~tep toward carbonate precipitation 
4' 

as long as the bicarbonate can later be dissociated·. A 

relative1y high pH isrequirèâ for the dissociation bf 

bicarbonate into H+ and C03-2 but the exact numerical 
~ 

value depends on temperature. Weeks (1957) suggested that 

the decomposition of organisms produced ammonia as the 

tissue decayed, creating a m,icroenvironment with relative1y . , 

high pH. Such an increase in pH would precipitate calciu~ 

carbonate from the pore fluids and form a nodule around 

the organic matter. Later works by Raiswe11 (1976) '1 Dick-
" 

son and Barber (1976) and Hudson (1978) also recognized 

the importance of an isolated microenvironment with high 
\ 

pH producin~ CO~- ions, from which" carbonate can precipi-

tate. Recent\y" F1eet (1980) from the study of carbonate 

nodules at DS;'~ Site 50)· in the eastern Equatorial Pacific 

Ocean concluded \h~t the nodules probab1y formed _ from 

the decay of orga~c matter which was c'oncentrated in 

burrows. 

Commonly recogn'zed depth-related reaction zones 

involving breakdown 0 organic matter' are as f011ows: 

(1) Bacteria1 degradati n proceeds quickly ,and efficiently 

-- , 

• 

" i 
i 

1 
J, 
1 
1 

\ 
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, ... 

in aerobic oxygen bearing wate~ An equation A for this 

rea~tion lB: 

, 
where the first term reRresentB organic matter. 

(2) When ~he dissolved oxygen becomes exhausted, oxidation 
- , 

of organic matter by anaerobic; baateria using nitrate 

as a source of oxygen (electron acceptor) takes over 

- , according to the gener alized formul a: 

(3) Opee nitrate has been depleted, degradation of orgenie 

matter continues by anaerobio bacteria using sulphates 

as the oxidant. 'l'he reaction can be reprèsented by 

the equation: 

(CB:20) + S04 'C02 + B20 + H2S. 

(4) 'l'he nut step in the oxidation df ,organic'mattèt i8 

achieved by carbonate reduction: 

2 (C~O) + 2~20 f'2C02 + 4~ 

4~ + fK:oj + H+ JCH4 '+ 3~O 

çaz + 830 tacOi + a+ 

2 (CH20) . "CB4 + CO2 
*-

. -(5) After inorganic compounds (02' NO!. S04' and acOj) 

• 

are exhauate~, degradation of organic matter ia achieved 

by mathanogenic bacterial fermentation: 

( - + 2 C~O) + a20 .~B4 + He03 + ft • 

Organic matter degradation by bacterial ferm_ntation 

lB accelerated by removal of hydrogen, which in turn 

dependa on availability of suitable electron acceptora, 

o 
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.., 
sucb as CO2 , N.B3. If there is sufficient organic·matter 

, (i.e. more ~han 0.5% organ1c carbon) and there 1a no . 
significant bioqenic CO2 production then mathane production 

tands to raiae the pH {by using H+) artd thus favours precipi

tation of carbonates. Carbonate precipitation is alao favoured 

by the increase in pH due tO'tne ,releaae of NB3 durinq 

fermentation (Giaskas, 1975). An equation for this i8: 

3 (CH
2
0) + 3H20----t6~Ç02 + 6~ 

6a2 + 2N2 t4NH3 

The above early diagenetic reactions involving organic 

matter can affect the source rock potential for the genera-
'il 

tion of hydrocarbons. At deeper zones, thermally induced 

organic matter degradation occurs at leaat in two stages: (6a) 

~ dehydration, decarboxylation: (6b) cracki-ng. to produce 

hydrocarbons. 

ourinq biological fractionation. isotopic composition 
li 

1 

of the pore water varies greatly àO' that specific source re ... 

actiops cm he identified in certain cases. As for example, 

2-
unl~ke at other stages, C03 produced at the fermen1ation 

stage 1a characterized by h.~vy c~bon isotopes (up to 

+l~ PDB). Bare the li~hter carbon isotope i8 remove' in 

m.than. at a fa.ter rate result1ng in a marked Cl3 enrich

ment in the' residual interatitial water bicarbonate • An 
1 

example of this kind has bon documented by Rosenfeld and 
J 

Silverman (1959) fram an anoxic fjord of British COlumbia. 

. ' 

.' 
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j 



( 

_ l 

) 
. f ---- -----7~--· 

11,5 

1 
where during methane formation, lfC120; 1. removed at a 

rate of 7% faste!!' than acl30). 

FIELD DESCRIP'l'ICIlS 

Ellipaoidal 8haped carbonate coner'etion. vith avetag_ 

diametéra of 50 to 200cm are embedded ~rr ,.or9ani~ matter 

ri ch black shales of the Cloridorme and De.land.s pormations. 

Sometimea two or more concretions are connected by a small 
1 , ; 

neck durinq growth but still retaining cheir .lliploidal 
1 

shape. The concretions c~n8i~t of Înicritic dOlom}p. > and 

are Clark in color _ Their lenqt!l la usually 3 to 4 time. . . 

their width. 'l'he long axis of the se concretions lies in 

the beddinq plane. 'l'he shale bed,a containing thes. concre~' 

tions have a thickness of 1.'2 to 1.5m, anq often grade 

inco silty dolomite to graywack.e. Th~ cores of the concre

tions often contain abunda~t shrinkage crac;ka. Theae 

fraoture planel. are often· filled by calcite and/or quartz. 

,.' 

SNgLXNGa 

A total of 6 carbonate concretions was aam.pled in. 

the ~-and 'l'-muibers of the Cloridorme Formation (Fig. 27). "

Prom each concret.d.on five samples were taken for p.trographiC? 

and isotopie analyses atJ indicated in Fig_ 28. 

RESYL'l'S a ftA 

'l'he concrètloDII condlt of ~, 4010lll1ta. -y 
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o 

fIGURB 27 

Loeationl of carbonata concretion lample.~ Cloriàorme 

Pormation. 
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Û ,. 
FIGtiRa 28 

Tbe _amplin; pattern of concretions for laboratory .• tudies. 
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react very weakly to Hel and display a brown weathering 

surface indi.cating the presence of smal! amounts of re 

in solid solution. X-ray diffraction values for tne princi

pal '(211)-peak range from 2.884 to 2.902~, as compared 

witn 2.866 ~ for: an ideal dolomite. 'l'his discrepancy can 

be explained by both partial replacement of Mg++ ~ Fe ++ 

and excess of ca++ in the structure (Lippman, 1973). Upon 

staining with potassium ferrocyanide, a typical light blue 

color develops, indicating tneir ferroan nature (Frie dman, 

1971) • 

Fig. 29 SL10WS the percent of total carbon, carbonate 

carbon, organic carbon, and carbonates in the various parts 

of eacn concretion. With few exceptions the percentages of 

the 'above constittAents show a decrease .irom the core to 

tne periphery of each conér~tion. 

CMBON AND OXYGEN ISOTOPES 

120 

During the lut decade, various workers began to appre

à:i.ate the potential value of isotopie analyses of carbonate 

concretions' to monitor some of the changes in the inter-
,. 
sti,ti'al water composition of the sediments as the concretions 

-.J 

grew and the timing of concretion growth. Isotopie composi-

tionl of diagenetic carbonatel in sediments reflect the 

variation of the isotopie ~mposition of co~- in pore water . ~ 

during diagenesis ('Galimov et ai.1968. Murata et al.., 

19727 Pearson, 1974, Irwin et al... 19721 Curtis, 1980) • 

'l'he ana1ytical results of C and 0 isotope atudiss 
l' 

l , 
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o 
Table 3. Percentage of carbon and oxygen isotopes. 

. - and carbonate and orgQJlic carbon cont~nt~o-f~ concretions . 
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lIIII8D SIoHI'LI • TOtAL CAUOII4T1 CAUOIW't .o~la allc a180 
JIQIIII CADOl! % CAUOII % % CAIJIOII -' .. (POl) ·, .. (PDa 

% 
1 

~ 

, 

A - 1 (Top s.n 5.19 42.58 0.53 2.11 -6.22 . 
A-2 11.03 10.20 86.82 O." > - -

/3., 
A - 3 (c.al ) 11.29 10.46 86.82 0.83 S.5S' -2.60 

" - 4 11.31 10.35 ~.90 1.03 5.65 -3,.64 . 0\ - , (itli. 1.2l 1.42 61.59 0.81 2.35 -6-.016 
'! 

, 

, ! , 
b ,) 

, • - 1 (T.p) 9.20 8.80 73.04 0.40 .6.10 -3.22 
1 

1 - 2 11.44 10.57 87.13 0.87 6.84 '-2.79 l, 

l, l'· 3 (CoDt > 10.88 10.32 a5.66 0.56 7.51 -l':fh ~ 1 , 
1 :. 4 

1 

12.00 11.20 89.60 0.80 li.91 -2.0 \ 
i 

• 1 - 5 (Ita. 10.27 9.71 81.09 0.48 5.46 -].49 
Q 

·i • 
i 

1 - / 
~ , > 

- c - 1 (T.p) 9.00 8.50 70.55 0 • .50 

1 
1 

0.88 -,.61 0 

) 

, 

ft,. C - 2 10.09 8 • .50 70 • .5.5 • 1.59 4.88 -3.31 . 
:il C - l (c.nt ) 10.4b 9.40 78.02 1.00 .,5.51 -3.02 

§ C - 4 ;> 4.62 -3.57 --. 
0- 1 (T.p) 1.80 1J.35 69.30 o O •• ,-$. . , 

0 

o - 2 10.80 10.40 86.32 0.40 6.62/ il." 

Ps. 
, 

" 0- l <C.Dt ) lO.n '9.30 77.19 1.42 1.02 -2.00 

10.10 83.83 0.30 
1 

0- 4 10.40 - -
0-5 (le •• 8.69 8.28 '68.72 0.41 - - f 

\ , 1 

, , [ 
, ! . -w 

-Lü-!--- 1 

1 - 1 (Top) 11.14 9.77 '81.09 1.37 1.lO 

\ 
, 

"t' 1 - 2 11.52 10.48 86 o. o 1.99 -4.19 

! - • 
. . , 

-Lu;iIO <') 9,,83 81.59 1.13 3.67 ~l.29 
0 

.A 1 - 4 (c.nt ) 11.52 9.98 82.83 1.$4 '.97 -3.19 . 
, . 
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FIGURE 29 

Variations of carbon and oxygen is<?topes, and 

and organic carbon content of the concretions. 
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are convantionally reported in thendelta- (&> notatiQn 

as per .il deviation from a standard. 

bsamPle = [RsamPle · -1] 10
3 

Rstandard 

, 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 case of 13c~ 
, ( r 13C) Stable carbon ~sùtope values 0 vary from +7.57 

to +0.88% (PDB) from the core to th~ rim of the concretions 

suggesting simultaneous CO
2 

>and CH4 productipn by bacterial 

fermentation of organic mat~er. This fermentation zone is 
"-

Zone III of Irwin et al. (1977). It corresponds to the car-
I 

, bonate redûcing and bacterial fermentation zonei of Clay-

\>001 and Kaplan (1974). According ta Irwin et al. (1977) '. 

this bacterial fermentation is characterized by production ' 
" 13 

of hèavy carbon having S c values up to +15% c9mp~ed to 

-25% at shallower zones (bacterial oxidation and sulphate 
'-

reduction zones) and -io to -25% (PDB) in deeper abiotic 

reaction zones. HOwever, they ignore the possibility of 

carbon fractionation between methane and carbonate at 

dèpth. Claypool and Kaplan (1974) suggest th~t su1phate 
, , 

reduction and methane production are, to a large degree, 
( 

mutually exclusive. According ta these authors when su1phate 

concentration goes to zero, the onset of methane production 
" 

is reflected in decreased titration alkalinity and 
. . (' 13 p 

1ncreased G C values of total dis~~lved ~02. ouring this 
/ ' 

ear1y stage of methane productioni'~ommonly observed changes 

are a decrease in disso1ved bicarbonate from 30 to 5mmol/kg 
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increaae in ~13c'from -2~ to about,+S%.(Claypool 

Il 

~d Kaplan, 1974). The &L3? values in this atudY average 

close to +3%.. This implies that decay of organic matter 

by microbial oxidation and methane production'may be re

sponsible for the carbonate ~n the concretions. 

OXidation of organic matter after buria1 in the sedi

ment provides a 12c-enrichment of dissolved callbon (ay. ·of' 

-2~, Holser et al.19?9) which May contribute to li~ter 

b13c cements. Organic material can a1so produce substances 
, 

such as C2HSOH, CS, N02, and C3He, which have molecular 

masses in thè same range as the important isotopic species 

of carbon dioxide (mass 44-46) and thus produce a moleèulm: 

J mass ratio wh~ch ',does not reflect .the iso!:opic ~ompôs1~on 

• of C02 (U~y, 1947 ). Stu'dies by Scholle and Arthur 

(1980) revesl that carbonate carbon to organic carbon 

ratios of 1ess than 7:1 in th$ interstial sediment may - " 

lead to unreliab1e results. Table 3 shows that the ratios 

of carbonate carbon to org~ic carbon in the concretions 

are greater than 7:1. Thus the possible contamination due 

to the presence of organic matter (0.41 to,l.S9% of organic 

carbon ) in the sampie. ia insignificant. If there is con-

"" tamination by organic carbon t.hen the carbonate 013c values 

would be more p08~tive than the present value obtained 
;1 

without prior removal of Corgo Thus the precipit.ation of· 

the concretions is interpreted to be due to bacteria1 fer-

mentation. 

The oxygen isotope values for al1 concretion samples 
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FIGURE' 30 

Schemat~c diagram showing depth-related reaction zones 

involving breakdown of organic matter in an ar~a of 

128' 

fairly rapid deep water sediment'ation where organic matter 

is little affected by aerobiç and su1phate reduction zqne ~ 

processes (modifiéd alter Claypool and Kaplan, 1974: C~leman 

et aL, 1979: Demaison and Moore, 1980: Curti's, 1980) . 
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1,30 

are distinctly negative (Table 3).'The values range"from 

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

increasingly lighter from the centre to the perlphery of 

the concretions. This trend is interpreted as reflec~ing 

a continuous post-depositional equilibration of the pre-

'cipitated carb9nates with isotopically lighter fluids 

and possibly higher temperature pore waters at depth. The 
" 

~ajor isotopi~ iffect of diagenesis on pore water is de

p1etion of 180 associated :>th" formation of diagenetic 

mineraIs enriched in that isotope; The concentration of 

018(b 018) in carbonates is controlled by the 0 18 :016 

ratio in the f1uids and the tempe~ature,at which teaction 

occurs. However, temperatures of càrbonate precipitation 

derived from 180 values may not always fit into the geo1-

ogic history of a given rock sequence (e.g. Yeh and Savin 

1977 i Walls et al, 1979 i Dickson and Coleman 1980). In this 

study the estimated porosity of the host sediment at th0 

time of concretion growth decreases from 85 (core) to 65% 

(rim); depth and temperature Most likely increases simult-

aneously. 

Thus, the carbon isotope v.alues and porosity data 

suggest that decay, of organic matter may be responsible 

for the carbonate in the concretions. These concretions 

are multigeneration products. Probably they began to 

develop just below the sediment-water, interface and cont

inued to grow at greater depth with sedimentation. 
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CBAPTER SEVEN 

CONCLUSIONS 

The stu~y area has been sub-divided into three dia

genetric and l'ow-gradè metamorphie zones on the basis of 

aspnaltie pyrobitumen refleetanee (95 sarnples) and illite 

1.31 

erystallinity (350 samples): (i) Epimetamorphie zone (mea~ ___ / 

refleotanee )- 5.0%1 illite erystallinity ~ 1.9mm) ~ 

(ii) Anehizone (2.7 <: Ro <-' 5.0%': 1.9 < le ~ 3 • 3 mm) 1 

'? 

, (iii) Late d:i,ageneti.c zone (Ro < 2.7%, le ) 3.3mm). 'l'Wo 

processes account for this regional variation in matura-

tion: (1) maturation during pre-orogenie burial and 
, 

(2) thermal maturation assoeiated wit~ syn- and post-orogenie 
'S 

aetivities. The most striking aspect of the study area 

is a thermal zone of epimetamorphic and higher grade eondi-

tions whien forms a nalo' around the Devonian McGerrigle 

Mountains pluton. Since the apimetarnorpnic halo around 

this pluton is more tnan twiee 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 reflects a sub-

~ 

surface continuation of the intrusive body in that direction. 

The isolated plutons of Hogls Back, Mont-Valliers-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. 

1 

l-
I 
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This retardation in crystallinity may be attrihuted to . 

hydrothermal fluids. 

West of the thermal dome, less mature, younger rocks 

occur in the tectonically deeper units. Within individu al 

nappes, the degree of thermal maturation increases with 

J increasing stratigraphie age. Isopleths, here, closely 

follow tecton~c boundaries. These observations sugges~ 

that the pre-orogenie grade of maturation reached during 

sedimentary hurial, has been subsequently preserved in 

the transported nappes. 
<-

In the late diagenetic zone and anchizone east of 
\ 

the thermal dome an eas~~west elong~ted thermal trough 
. 

is noted. North of this trough maturation is "upaide 
• 

down" since it increases with decreasing age. This matura-

tion pattern suggests syn- to post-orogenie origine South 

of the thermal trough, the increase in thermal maturation 

might be attributed to post-orogenie igneous activities 

&round Murdochville. 

Correlation of illite crystallinity and reflectance 

data ahaws a wide range of values within and among 

formations. A similar range is also observed among matura-

tion zones. The best correlation coefficient (-0.78) has 

been noted in the Deslandes Formation. This ,~s followed 

1;2 

by the Tourelle Formation (-0.69), the Cap-des-Rosiers 

Group (-0.59), the Cloridorme Formation (-0.42), and the 

Cap-Chat rnelange (-0.4l). As for maturation zones, the' 

late diagenetic zone has a corr,.lation coefficient 'of -0.37, 
t , 

~. , 
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whieh gets poorer in the anehizone (-0.31) and epi~one 

(~O.25). These wide variations in correlation coefficients 
o 

of illite crystallinity and reflectance data suggest that 

illite crystallinity and reflectance values,are influenced ' 

by different factors. These factors probably include tec

tonies, plutonic activities, lithology, organic'matter 

content etc. Each is important to a greater or lesser extent. 
1 

A depth of ~urial of 5km for the lower Ordovician 

Tourelle Formation has been estimated assuming'a normal 

geothermal gradient of 30oe/km. Th~s implies that ~bout 
" ' '-

4km of the Tourelle Formation or younger units have been 

eroded. On the other hand, burjal depth of 6km for the 

Cap-des-Rosiers Group appears reasonable from 'the field 

observation. 

Carbon isotope values ( ~13C) of ferroan dolomite 

concretions vary from +7.57 to +O.88%(PDB) from the core 

! 

to the rim, suggesting simultaneous CO2 and CH4 production 

by bacterial fermentation of organic matter. Oxygen iso

tope values becomes increasingly lighter from the centre 

(-1.74%. b 018 (PDB» to the, periphery (-6.61%. & 018 (PDB) > 

of the concretions. This trend is interpreted as reflecting' 

a continuous post-depositional equilibration of the pre-
Î 

eipitated carbonates with isotopically li3hter fluids and 

possibly higher tenperature pore water at depth. porosity 

decrea~e of the host sedim~nt frbm ~5% at the beginning to 

65% at the end of concretion growth implies depth and 
temperature to increase together. Thus the carbon isotope 

( 

j 

\>. 

) 

1 • 
1 

1 

1 
) 

__ .... "'.." ..... "Mi!EM'1I1 ~t lP.it ........ .,. ..... ~~ ... ~~.- y , 



( values and porosi ty data suggest that decay of organic 

matter by Methane producing bacteria may be responsible 
1 

for the carbonate concretions. Probably they began to 

develQp Just below the sediment-water interf~ce and 

~ continued to grow ~t greater depth with sedimèntation. 

/ 
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CBAPTER~8 

SUGGESTIONS FOR FUTURE WORK 

During the last decade thermal maturation studies of 
.. 1.... 

pelitic rooks have elueidated many aspeet$ of diagenesis 

and law-grade metamorphism but at the same time have ~pened 

up sorne new quest~ons. From the results,of the present study 

the following suggestions are made for future work: 
l 

(1) The orogenie belt of the Canadian Appalachians has 

~ numerous intrusive bodies. Detai1ed studies of organic 
• 1 

matter re~lectance _and illite-_Qryst~inity surrounding 

these bodies may exhibit the~extent and possib1y subsurf~ce 

trenas and,intensity of con~act metamorphism on the host 

rock. This may have significant implications in the explor

ation of base metal.s. -' 

(2) Fluid inclusion stud±es from quartz veins should be 
. . 

helpful to verify the temperatures ·obtained from reflec-

tance studies and to determine paleopressures. Accurate 
. J 

determinations of.pal~otemperatur\s and paleopressures 

during thermal matura~ion provid~ a means of assuming 

paleogeothermal gradients and thus of establishing actual 
.... _~ . 

burial depths and delineating bo~ndaries between ~arfous 
1 

stages of diagenesis ~d low~grade metamorphism. 

(3) presently correlation between the thermal maturation 

characteristics of pre-Devonian asphaltic pyrobitumen and 

tho8~ of vitrinite in younger rocks has only tentatively 
o , 

beep eatab1ished. South of the study area. the Devonian 

1 
b 
!, 
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\J. 
Acadian belt of Gaspé Peninsula presumabl:y contains both 

~ 

types'of or~anic matter. Coal macerals can be characterized 

by their maturation pathways. Thus reflectance ~tudies 
l , 

on eaeh of the pyrobitumen type (elaterite, ~urtzilite, 

albertite, impsonite, ingramite, 'anthraxolite) or or~ano

elasts (chitinozoans, 9ra,tolites,', aerit'arehs, etc.) could' 
"-.....-..../ 
g~ve sorne insight about their individu al maturation path-

ways. 
t 

(4) At higher maturation levels (R 0 ~ 2.0%) anisotropy 
" of organic matter becomes significant' because of complete 

disappearance of aliphatic carbon chains, the beginning 

of an ordering of basic kerogen units and a rapidly,increasing 

production of highttemperature'methane. The anisot~opy 

of the organic matter if related wi'th their ~truélural 

changes may provide' additi~!lal information in defin,ing 

various maturation levels. 

t5) CQrrelati6n bebwe~n illite crystallinity and organic 
'. , . 

matter refleetanee should be carried out in di;ferent parts 
" 

"'-of Que~c ~palachians to evaluate the effeet of ~truetural 

eo~plexities, igneous intrusions and lithologie d1fferenees. 

(6) To my knowledqe, '~e determination of p~ogressive'sand~ 

stone diagenesis as a funetion of maturation levels estab-

lished by refleetance, illite crystallinity and fluid in-· 
, !J !~ 

~lusions has not yet been carried out anywhere. This type 

,-

of study woul~ give valuable further insiqht into the post- ~ 

depositional history of sedimentary basins.,. F/...?-'-,\" 

(7) Thermal maturation studies of the organic matter in 

" 

;' 
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in carbonate c:onere~ions should be carrieà out in order 
o 

to ~olllpare i t wi th the orgenie matter in shBl.es.. 
t -- --- - 1 

(8) rinally isopleth maps of illite crystallinity and 

organic matter reflectance should be"constructed for the , ~ 

Québec Ap~alac~ians. This would give a quantitative picèure 

of the regional heat source and mechànisms' of thermal matura-

t.ion. Regional thermal maturation trends if, incorporated 
o ' 

into the findings fram the plate-tectonic studies would 
( 

, laad to a better understanding of the tectonics of thi's 

reqion. Thus studies of this kind_ mal' provide a useful 

m .. ans of sol vi.ng sOme of the problems mentioned above. 
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PLATE 1 

Structure and Rock Types in the Taconic Be1t, Gaspé Peninsula 

(a) Minor FI fold overturned to the south. The axial plane of 

the minor fold is 8ub-horizontal. r 2 member, Cloridorme 

Formation, Gros Morne. 

, 

(b) 
~ 1 

Competent beds are chaotically folded, olistrostromas,'West of Mareoui., 

\ 

(c) 'Alternation of black shales J graywacke, calcisiltite etc. \' 

characteristic of the Cloridorme Formation. Note the elipsoidal 

shaped carbonate concretion. II, l118111ber, (franda Vall," •• 
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PLATE 2 

Carbonate Concretions from the Cloridorme Formation, Gaspé Peninsula 

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

lying in the bedding plane(photOI R. Hesse) 

" ,.' 

(b) Concretion showing shrinkage cracks in thoe ~ore (photo. R.Hesse) '0 

. (c) Plan view of the concretion (photo. R.Hesse) 

.. 
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PUTE 3 

Orsanic Matter in Transmitted and Refleeted Lisht 

frbm Cambro-Ordovieian Shaies of Gasp' Peninsula 

t 
(a) Photomicrograph of amorphous organie matter from the 

Lover Ordovician Cap Chat Mélange in parailel pOlarized 
-transmitted light. Ro mean! 1.70%. 

(b) Photomicrograph of dispersed organie matter (Chitinozoan 

of the genus Conochitina; 

Graptolite periderm showing ornamentations) from tte 
Lower Ordovician Touretle Formation in parallel po arized 

transmitted Iight. RO ,Mean 1.70%. 

(c) Photomicrograph of asphaltic pyrobituman from the Middle 

Ordovieian Cloridorme Formation under refleeted light. 

Cd) 

Ro mean 3.20% 

Photomicrograph 

pyrites from the 

refleeted light. 

of asphaltic pyrqbit~n with framboidal 

Lower Ordovician Tourelle Formation under 

Ro mean 1.69%. * 
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APpmmIX 1 

SMPLE PREP~ION AND ANALYTICAL TECHNIQUES 

POR CLAY MlNERALOOY 

~60 

The samples were washed, ~ied and then cru shed into 

small pie ces (about 8 mm) in an iron lIIItar. About 4013 of 

the material is placed into 125~ plastic bottles and 

washed 2-3 t~es in distilled water. 'l'he samples are dis-
" , 

inte~rated by fitling 2/3~Of the bottle ~h distilled 

wat;.er and shaking with small metal balls in a ~int mixer 

for 7 minutes. The fine-grained suspended material is 

poured into SOml test tubes and centrifuged for 7 minutes 

at about 1500 rpm. If the water is clear then it ia thrown 

away without draining any of the finer partieles. '1'0 pre

vent flocculation of the finer particles,Cl small spatula

full quantity of sodium'hexametaphosphate is added and 

mixed thoroughly either b~ â mechanical mixer or by a hand 

stirrer. Samples wera centrifuged for S minutes at 700 

rpm after which only the less th~ 2,. m fraction remained 

in s~spension. The process was repeated (normally 2-3 times) 

until al.l the particles lees than 2,1i m were extracted. 
, ' 

, -
This is confirmed by the appearance of clear water as a 

~sul t of settling of the great~r than i!JIm partiales at the 

bot tom of the te.t tube. About 2/3 of this clear water is 

t'brown l!IMay. The settled particles are then th~roughly 

mixed and the test tube is filled with distilled water. 

The test tube ls allawed ta stand for S-7,mlnutes ta con-

'1 
1 
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crntrate the 2-16 pm fraction. in the upper ·balf of the 
~ 

tube. Oriented samples of the les~ than. 2./( m .and 2-16A m 

are prepared on glass slides using • pipette, ·and. sub

seque~tly a!r drying. 

1 

, . 
X-RAY DIFFRACTION , 

X-ray qiffractograms were run on' all samples with 

a Phillips PW 1060 diffractometer using a Hewletf-Packard 

XY. recorder. The charactéristics and the settings of "the 

system are the following: 

X-rays 

Slits 

Discrimination 

Time constant. 

Goniometer speed 

Recorder Q 

y sensitivity 

X sensitivity 

: CuKoc, SOIW and 32Ma. 

: attenuation 1, heig 1560 (counter) 

Threshold: 1.65V, Cha el" 3V. 

· 0.4 seconds. ~ · 
° . 

~ · 2.4 Imin. • 

· position ,2, potentiometer 4.31. · 
': 4 x 103 (PW 4620) , lrnV/cm. [' 

All samples were scanned unglycolated through 2e angles 

of 2° to 33°. 

o 
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APPENDIX 2 

SAMPLE PREP1\lt!lT!ON AND PROCEDURE FOR 
~ 

1 

REFLECTANCE MEASUREMEN~S 

162 

<' , 

Palynologists we~ ,the first to process shales to isolate 
, . 

organic matter. A flow ~~art ,for the isolation of organic matter 

. ois shawn' in ,Fig. 31, which is a modification from Br~ss and 

Williams (127.3). One hundred and foùrty-five black shales 
'. 

were analyzed. In 90 samples, the amount of organic matter 

'was SUffici~nt. in 12 samples fair to good and 4.3 samples 

contained insu-f'ficient amounts o~ o~anic matter. 

The s'amples are 

chi~s of about lcm 

are placed in lOOOml 

t • 

first wasned, pri~d and crushed to 
1 ., • 

dië!meter. Samples '1;.50 t'o 200dffiS) 

plastic b~akers to" b~ treated wi th .300 

to 400m1 of HCt (10%) for-the removal of carbonates. Occa~ 
" " 
5~onal agitation witn a polypropylene stirrïhg . .rod will 

-
allow the acid to penetrate tl;le entire sample. After 3 hours 

, . , /' 
the.HCl is carefully decanted to avoid any escap~'of fine 

• f> ' 
part~cles. The residue is~neutralized by washing 3 to 4 

timels with ,:",ater, all9Wi,ng the residue to settle for an 
, . 

hour, and decan ting a's much water' as' possible. It is. impor-

tant t9 neutralize the sample, otherwise c?lcium fluoride 

crystal~ wil~ form in the sample on addition of hydrofloric 
o 

acid-. About 200ml of HF '(70"10) is added and stirred occa-, 

sionally with a polypropylene rode Sinceosome residues 

react '~iolently 'at this st~ge, the ac.id is added in lOOml 

,por'tions. The HF, breaks down the residues by removing 

'-( , 

\ 
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the silicates. The mixture is 1eft at least eight hours. , , 

Upon complete breakdawn of the sample ,,!Ilaterials, t'he acid 
, 

ia decanted and the residue washed until neutral to litmus 

paper (3 to 5 t~es). The residue is then transferred to 

two SOml cent;-ifuge tubes. Centrifuging le carried out tor 
rr- _ ~ • 

5 minutes at "1500 rpm. The clear
l w~ter ls drained ~ut as 

1 

1 

much a8 possible. The residue ls thoroughly mixed wi th 

163 J 

Z~J1C ~h1or ide (sp. gr. =,2. Og/ cm3) for the s~p ar ation of 

q~ic and inorganic: material_, Upon centrifugation at "-

1000 rpm for 12 rilinutes in flexible plastic tubes, separa

tion into two fractions ia achieved. The organic matter 
. 

will be p~esent in the supernatant. The nonarganics will 

settle-out. The supernatant, with the organic matter, ia 

removed by pinching the tube with pliers. The organic matter -

-r ia thoroughly washed (3 ta 4 times) w~th distilled water 

to remove traces of ZnC12_ Finally the ,organic matter ie 

w8shed twice with methallol and drled., 

Organic matter is embedded in ep?xy-resin mixed with 

hardener (5:1 ratio) and formed into a cylindrical p'e11et. 

Care ls 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 i9 allowed ta harden 

for 6 hours at room temperature. 

The sample mount is then polished wi th '600 grit in ~ 

water on a carb'll.met surface fo1lowed by 6 pm and lfm diamond 

pawder on a texmet surface mounted on a slowly revalving 

automatic polishing lapidary wheel. The final polishing 

" 
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FIGURE 31 
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Flowp chart for organic matter and clay mineral analyses. 164 
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t 

1 
30-40 grams 

1 

« 

Wash 3 times in 
distilled water 

1 
Disaggregation 
in distilled 
water by paint 
mixer 

1 
Centrifugal 
Sedimentation 

1 
5-l0ml of 80-

,Aium. metaphos~ 
phate to pre
vent floccula
tion 

"Collection of 
suspension 
= Fraction 2 

1 
Repeated 2-3 

times 
1 

Collection of 
2-16){ m frac
tion 

Oriented Slide, 
2 and 2-16 Ji m 
pipette on ·glass 
technique 

« • ..a" 

Outcrop Shale Sample 
1 

Wash and Dry 
1 

Crush 
(Chips 6mm) 

1 
200 grams 
~~~~ ____ c~ar~b~onate Free 

HCl.(l rs. 

1 
DEC.ANT 

1 
Wash 4-5 times 

HF (70%) 50-1QOml 
Wait 5 minutes 

lOOmg--, 
DRY 

1 /'" 
BP(7~)150-200ml 

10 hrs. 
, 1 

DECANT 
~ 1 

Wash 4-5 times 
1 

ZnC12 (2 .Og/cm3 ) 

PULVERIZE 

1 
Determine 
total or
ganic carbon 
by combus
tion in a 
LecoiFurnace 

Wash flo~ting organic matter 3-4 times 
with distilled water 

~ 1 
Wash once with methanol 

1 1 
Mount organic DRY RESIDUE 

matter for ~ 
transmi tted Elemen t al 

analysie 
light micros- (C.H,N,O,S) 
copy 

Make pellet (embedding 
organic matter in epoxy) 

1 
GRIND AND POLISH PELLET 

1 
REFLECT1NCE MEASUREMENTS 

1 , 
j 
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i8 àone with O.OSfAm alumina powder. P01ishing compounds 

are removed by gentle ultrasonic treatment between the 

polishinqs. The final polish is very -important. The sample 

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

polish, the saxuple is dried at room tempe a ours 

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 organic par~icles 

may disintegrate,_ resulting in difficulty of diagnosis •. 

Reflectance is measured with a Zeiss photomicroscope II 

equipped with a vol tage stabilizer, ReAl - p28 model photo

multiplier. HTV R-446 model microphotometer and a Zeiss 

digital display unit. Other ch~1cteristics of the micros-

cope are: 

Objective : X40 epiplan oil immersion Objective. 

optovar : 1.25 

Diaphragm : 160 microns 

Diameter of measuring aperture: approximately 3 microns. 

Light and Filter: Tungsten 3050oK. 546mm wavelength 

Vertical illuminator type H.P. pol Zeiss. 

Immersion oil: C~l;l oil, refracti~e index, n = 1.515. 

For standardization of the photomultiplier, glass 

st andards wi th refr active indice s of 1.694 and 1.856 

" 

(1..02% Ro> were used. After stand.ardizing the photomultipliero 

~ 
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traverses spaced lmm apart were made on polished surface 

se1ecting and measuring 50 grains of asphaltic pyrebitumen 

per sample. After 25 measurements, the photomultiplier was 

restandardized.' The random (unrotated) reflectance was 

recorded. Statistical parameters like mean, standard devia-

tien 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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APPENDlX 3 

DETERMINATION OF TOTAL ORGANIC CARBON' 

In shales the element carbon usually occurs as car-. , 
bonate carbon: solid insoluble carbon (kerogen): carbon 

in organic bases, humic materials, or bitumens: in liquid 

hydrocarbons7 and gasea (C02' CH4). The insoluble organic 

carbon ia mainly kerogen. Roberts et al. (1973) showed 

that 9 to 17%, (or more depending on acid strengtl1 and tem

perature) of the organic carbon in modern carbonate sedi-

ments can be solubilized and lost during mi Id acid treat

ment. The more thermally matured samples probably show 

1esser effects of non-kerogen organic carbon because with 
~ 

increasiag diagenesis there will be less volatile or soluble 

organic matter present. 

Total carbon is determined by LecQ apparatus, which 

combusts the sample in oxygen at about 1400oC. The carbon 

in the sample is converted to C02. A catalyst in the furnace 

converts any CO to CO2 • The C02 gas is meas"\rred by. a hi~hly 
o 

acidic red solution in a buret by titration. As agas is 
.; 

being ana.lysed, and as gases change volume witn temperature 

and pressure, a factor determined from the barometriç pressure 

and gas temperature is multiplied by the final buret reading. 

This gives the ~ount'of total carbon. Carponate carbon 

ia aiso determined by the sarne Leco apparatus which combusts 

the sample in oxygen at about 14000 c. OJ:ganic carbon by

difference is o'btained by ~ubtracting carbonate carbon 

- ~--.... ----~-..... -.,......-- ~-- -" -
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value from the total carbon value. 'l'he organic richness 

of rocks is customarily expressed in terms of wèi3ht per-

cent organic carbon. 

168 

Fifteen sha1e samp1es (13 bl:.ack, 3 red: l green) were 

in1t~al1y analyzed quantitatively for their total organic 

carbon content (Table 4) • A few samp1es are very poor in 

organic carbon (0.19 - 0.32%). however, on the average, 

the organic matter content (0.95%) 1s sufficient for 

reflectance studies. 
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(. 
Table 4. Organic carbon content of black, green and 

l, 

red shales, Taconic Be lt. Gaspé Peninsula. 

r 

Sarnp1e Total Carbon % Organic Carbon % 

PF 73 Black. 1.08 0.37 
• 

FP 69 Il 0.59 0.38 

LE 67 " 2.23 1.86 

AP 06 .. 1.69 0.85 

CI-1 10 Il 2.30 1. 75 

" GR 72 .. 2.31 0.32 ( d 

;'2 06 Il 1.69 0.85 
.. 

MO 32 Il 2.12 0.19 

(. MO 07 " 2.01 1.37 

FP 08 Il 1.95 1. 56 

AP 59 " 2.40 2.06 

AP 61 " 1.69 0.62 

1'-..[-1 93 " 2.31 0.32 

0 
p..v. 0.95 

'L 

CM 10 Red 1.08 0.15 

SAS 31 Green 
\.;., 

1.06 0.21 
l' 

" > 
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APPENDIX 4 

ANALYTICAL TECHNIQUES FOR ISOTOPIe ANALYSIS 

. The procedure followed for isot.opie analysis is that 

out1ined by McCrea (1950). Finely powered samples were 
, 

reaeted with 1000,.{. PhOSP~'nric acid overnight. TUe evolved 

CO2 w~s purified by passage through a dry-ice acetone 

trap. This was then analysed by mass speetrometer. All 

values are reported as parts per thousand. 

1 
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APPENDIX 5 

IDENTIFICATION OF CLAY MINERALS , , 

The clay mineraIs are identified by x'-ray diffr'action 

a~a1ysis as de~cribed by Brown (1961), warshfw and Roy (1961), 

and CarroI (197Q). Illite (clay-sized mineraIs of mica 

group) is identified by 10, 4.96, and 3.34R peaks on x-ray 

diffractograms of oriented slides. Samples with 10R peak 

slightIy skewed. towards the lower angle (2
0 9) may impl'Y that 

~e/smectite mixed 1ayering is associated with illite. 

Any !hange of this 1O~ peak upon glycol satur.ation suggests 

the ~resence of mixed-Iayers (Reynolds and Hower, 1970). 

Chior i te is recognized by the 14. l~ (doo 1)' 7. 08~ (do02)' 

4. 73~ (dOO))' and 3.537{ (do04) peaks. Ch:lorite can be , _ 

confused with kaolinite on x-ray Qiffractograms becausè 

of dOOl spacing of k~olinite (7.15~) is close to the do02 

spacing of chlorite, and the 3.5~ d-spacing in,both the 

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

o 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 natural1y of Fe-ch1orites, inter"; 

mediate, and Mg-chlorites. Brindley concluded from the 

x-ray data that aIL chlorites have essentia11y the same 

1) 1 
- 1 

. :) 

type of layer structure and that composi tional variations ari'se r 1-

rnainly from isomorphous substitution oÏ cations. Works by Brindley 1 
) . 

and colleagues (Brindl~y, 1961) have shown that the relative 
., 

iintensities of diffraction peaks are related to the chemical 
( 
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composition. The ratio of even reflection over the odd one 

enables to see if there 18 any variation in chemical com-

position of chlorites. Chlorites rich in iron give re~a

tively weak (001), (003), and (005) reflections and strong 

(002) and (004) reflections. Magnesium chiorite (clinochlore) 

i5 stable up ,to temperatures of 67,OoC to 8200 C over the 

range of PH20 from 1 to 7 kbar (Fawcett and Yoder, 1965) 

and i8 more common in metamorphic' rocks. On the other 

'~+ ' hand çhlorites common to Most pelitic rocks are rich in Fe" 
3 . ~ 

and AJ. + and disappear with progressive metamorphism at 

a cemper ature range of 5800 C to 6200C at 4 kbar (Hoschek 

1969) .. '",-

J 

VARIATION IN ILLITE 002LOOl PEAK INTENSITY RATIO 

." '!'wo elements have a major roie in the ordering of 
, 

the illite lattice: the level of aluminium in the oclta-

hedral 

As for 

of the 

layer; and the leve lof, inter l aye~; S~~ium or pot a.ssium. 

the first one Esquevin (1969) usedt one intensi ty ratio 

si and loi illite (002/001) peaks to indicate the 'li 

chemical composition of the octahedral .lÇlyer. He concluded 

that the 'crystallinity indices' of :i.Ilite. and muscovite! 

phengites with high 002/001 ratios are better indicators 

of degree of maturation than those with ItN ratios. That 

is, aluminous illite is further recrystallized than ferro-

11lagnesian illite of Saine 11latu~ation grade. Dunoyer de 

Segonzac (1970) used the sarne technique and plotted illite 

Il 
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c:rystallinity versus illite 002/001 peak. intensity.ratio. 

This' rasulted in five types of relationships representing 

different litages of progressive maturation (Fig. 32). It 

ls important to note that aluminous illites attain good 

c:rysta11inity more rapidly than Mg-Fe rich illites provideà 

the illite 002/001 peak intensity ratio is greater than 

0.26. . , 
» 
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APPENDIX 6 

CLAY MINERALOGY 

Clay mineraI analyses were done on the less than , 

2 microns fraction (fine fraction) and on the 2 to 16pm 

fraction (coarse fraction). Samples were scanned unglycolated 

, through 26 angles of 20 to 330
• Some samples were' re

scanned after glycolation. AU samples ( 2,qrn) investigated 

contain illite, chlorite, and quartz. Additionally calcite, 

dolomite, and fe1dspar were noted in most cases. Th;e x-ray 

diffractogram of the coarser 2-l6pm fracti~ns help fO de

tect the présence of the latter minerais. 

PERCENT OF MIXED-LAYERS WITH ILLITE 

The (001) diffraction-peak maxima of illite for the 

-2p.m fractions are alm~st invariably located at lj-10.2~. 

Saine samples from late diàgenetic and a fe'h sarnples from 

the anchizone show slightly asymmetric peaks toward the 

higher d- spacing side. These tai ls are generally qui te graduai, 

without marked shoulders, suggesting that the percent of 
, 

14ft layers in the mixed-1ayers is usually low. Glycolated 

sarnples were run which. however, do not show any significant 

shift in the lO5{ peak towards higher .side (Fig. 33). This 

suggests that the percent of mixed layers is negligible 

to zero. 
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.~ CBLORI'lES 

Relatively higher positive vàlue of chlorite 002/001 

peaks of -2JNn and 2 to lSJAm fraction in the study area 

SU9'9411sts that the chlorites are rich in iron. 

r !I 

lLLI'l'E-CSLORITE RATIO 

175 

The illite/chlorite relativ&~ abundanç:e ratio 18 based 
1 

on a measure of the peak height ratios usinci 4. 9si peak 

of illite (002) and the 3. S35t peak of chlorite (004), 
. \ 

Rupke and Stanley, (l974~ Nearly all the samples (~ 2}m 

fractions) exhibit these two characteristic illite (002) 

0' .f 
peak and chlorite (004) peak. The ratio greater than one 

means that chlorite ia minor in amount. In the study area 
<:-

illite (002) and chlorite (004) peak ratio range front .~. 

0.20 to 4.1. Bowever, no correlation exists .between tl1is 

illite/chlorite ratio and degree of thermal maturation. 
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Figure 32. T f 1 'b "Il" ~ Il" " ypes 0 re at~on etveen L Lte cryst~ \n1ty 

and. illite intensity ratio (l' (002) J l (001) 

Segonzac, Î970). 
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Figure 33. Alter glycol saturation Cb) no shifting of 
;r 

the 10 A peak (HUte, 001) is ob •• nad, ,uuesti~g that the 

percent of mixed 1ay81;'1 is zero. Note that the iUite 001 peak . '. 
is narrower (le • 3.7 1IIIl) in the coarser fn.cçion, (2-16 .... > 

comp.red ta the finer fractions (2~m) (le· 5.0 1IIIl). ~iner 

fractions npresent auth,iaenic .ilUte. X-ray diffractogram , 

of the coarser Iractions he1p ta detect the presence of catbon

,ates (calcite, 104). 
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l'igura 34. Matura! laaple (a) .~ a Ili,btly aeY*etric . , 
lOi peak Ullite 001) tovard, the hiaber cI-.pacinl aide. Glyeo l.c ion 

• of tba ... • ...,1, doe. not .bov &Dy aipifieut ,bUt in the 10A 

peak aUIs,eatinl that the pereent.se of IDixad-1ayer. i. DellÏUble. 
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'ipn 3.5. X-ra)' .U.Uract0p''' of tour ... 1 •• 

~cU.t.1,. .ue of the NcGen4..1. MoUDtaiU p lutoft in the 

Uv"re Claud.e s.~t:lO\\ (SaCtiOIl. 1.2). supll <a) .hova the ' 

~.t cry,talUnit? n.o _ • 0.13· 21) in the .tue., ar ••• . 
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APPENDIX 7 

'1 
" 

i, 

DIFFERENCES .IN CRYSTALL.IN~'l'Y BE'l'WEEN VAAIOUS SIZE FRACTIONS 

Interpretation of, il lite crystallin1ty data 18 difficult 

because of the possible inherited characteristics of iUite. 

These characteristics need to be differentiated from the 

ones acquired after bur ial. To overcome this problem in 

sorne s amples crystailini ty. indices are me asured on the 

fine fraction « 2~m) as well on the coarse fraction 

('2-16 f m). The flarrower peaks when pres...!nt in the coarser 

fractions compared to f iner fr actions impl ies admixture 

of unweathered clastic mica of igneous and metarnorphic 

ori~Finer fractions represent authi~ Ulite formed 

during diagenesis. The differences in crystallinity indices 

on these two size fractions which are noted in the 1ate 

diagenetic zone", decrease marked1y in the lower grades 

of the anchizone and ultimately disappear in the higher-

grade anchizone and epimetamorphic zone, Table 5. Differ-

ences in cryst~l1inity in the late diagenetic and early 

anchizone obviously indicate the persistence of coarse, , 

relatively unaltered c1ast~ authigenic 

matrix. It 5eems that in the diagenetic zone the buriai 
.. ' 

diagenesis phenomenon hase not~ been .sufficient enough to 

mask the effects of detri tal ma'terial. and this affects most of 

, • i the material in the coarse fraction. In the higher grade anch -

zonal samples the peak: widths of coarser as weIl as finer frac
) 

tions appears to be similar. This 'indicates the progressive 

) 

/ 

1. 
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( , 

cry.talli~ity·incr .... of th. fine agthig.nic mie .. , aDd 

.the .xt.n.ion of the recrYltallization proc ••• to the COu.er 
" ~ 

cla.tic atica •• Abov_ obi.rvatiotla 8U99 •• t the pr ••• ne. of 
~ 

inheri,t.d illit •• in th ..... pl ••• aowever. the cry.tal~ 

linLty indic •• for both fraction. indicate. that the fin. 

fraction illit~ have b •• n more •• n.ibl. to the diag.netic 

atfect •• • 

" 

'.-• 



Table S.- Illite Cry.tallinity of natura! 

( <2.A( ID and 2-16 lJIII) and 

Glycolated «2 )JIll) SampI. 

Maturation SampI. 
\ 

lUite Illite 
Zone No. Cry.tallinity Cry.tallinity 

~ 2.otm 2-16"m 
DID IIID 

DL 1-4 5.0 "- 2.0 

~ 
DL 1-9 5.2 3.5 

DL 1-13 4.5 3.5 
N 

u CL 5-65 3.5 1.5 
.... 

CL 8-125 3.3 1 2.0 

1 CM 14-226 3.8 1.9 
( n 20-341 5.0 3.5 

Q 

TI. 20-343 3.7 2.5 

CL-S-69 2.6 2.0 

CL-S-67 2.5 1.2 

$ CL-7-113 2.8 1.5 

~ 
DL-13-203 3.0 2.0 

DL-l3-2l2 1.2 1.2 
N 

~ .... 
DL-13-273 1.3 fj 1.3 

= DL-13-219 1.2 1.2 

DL-13-222, 2.0 2.0 

, 
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Il lite 
Crystallinity 
~2.tm 

Glycolated 
!III 

3.5 

4.8 

3.0 

" 

\ 
\ 
\' 
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1 ; 
1 -

1 
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APPENDIX 8 

Retlectance Data and Calculatee! 

Stat~.tical ParameterB. 

In th~ .ample n~r column firBt 
l ' ',-

number refers to section number. 
, 

CL -Cloridorme Formation 

DL -Deslandes Formation 

TR -Tourelle Formation 

CH - Cap Chat 
'! 

Melange 

CR -Cap-dea-Rosiers Group . 

7 • .. c •• * • 
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. 
Nô,. of Sampl. Ro(mean ~ Stan- Skew- Vari~ Stand- No. of 

Number observë .. dard ness tion ard De- Modes 
tions Devia- Coetfi- Coeffi· viation 

tion cient cient of Mean 

, 

CR-1-2 50 2.52 0.211 -0.248 0.083 0.030 1 

DL-1-4 58~ 2.60 '"' 0.95 0.797 0.035 Q.012 2 
. 

DL-1-5 53 2.70 0.123 -0.339 0.044 0.017 3 
1 

IDL-l~lO l' 9 2.24 0.493 0.916 ...D.217 . 0.164 ,2 
, 

iOL-2-2l 33 2.66 0.154 0.269 ' 0.058 0.027 2 

DL-2-23 39 2.70 0.158 0.316 0.057 0.025 '2 
DL-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 l 

CL-3-36 49 2.44 0.466 1.731 0.190 0.066 1 . 
DL-3-37 50 2.41 0.049 0.810 0.096 0.081 1 

( 
DL-3-42 50 ~ 2.62 0.144 0.739 0.055 0.020 1 

1 .. 
CR-3-4 fr 28 .2.21 0.079 -0.177 0.036 0.015 2 . 
OL-3-50 S3 2.70 1.23 0.339 -0.044 0.017 3 

CL-4-~l 44 2.73 0.238 0.316 0.098 0.54 2 

CL-4-S4 23 2.38 o .l8C 0.773 0.078 0.038 1 .. 
DL-4-55 41 2.40 0.301 0.612 0.082 0.410 1 

DL-4-59 47 2.45 0.234 ~.494 0.047 0.055 l 

CR-4-62 51 2.24 o .12~ -0.160 0.055 0.017 2 

CR-4-65 50 2.21 0.107 -0.231 0.05 0.015 2 

CL-S-66 50 2.34 0.35~ 3.116 0.151 0.050 2 

CL-5-67 52 _ 2.55, 0.28:' 0.757 0.110 0.039 1 
, 

CL-5-70 20 '2j75 0.12 -0.171 0.07,2 0.081 l 
-~ . 

CL-5-71 13 2.86 0.11:' 0.275 0.038 0.031 l' 
( 



1 

, 
Sample No. of 
Number observ- Ro(mear 

0 
aHons 

. , 

c 

CL-S-72 G 3.18 

CL-5-73 53 2.98 

çr.-s-75 50 3.25 

DL-S-BO 58 2.64 

CL-6-S7 19 2.9'2 

CL-6-B8 48 2.57 

CL-G-90 49 2.72 . 
CL-6-92 53 3.10 

, 
CL~-93 48 3.04 

CL-6-95 45 3.19 
( --

CR-G-98 7 2.49 
'r 

~L-7-101 32 '3.68 

1=1.-7-102 50' ': 3.28 , 
~7-1Q4 . 50 3.85 

PL-7-107 , 50 ~.05 

~R-7-1l2 50 2.68 

~R-7-1l9 50 4.07 

~-7-124 50 3.39 

~-a-12E 12 3.77 

!=L-8-129 7 
, 

3.33 

1=L-8-l3~ 49 3.80 

l::L-8-13~ 54 3.95 

t::I,-8-13 c 50 4.00 
(. • 

" 

" 
St and- ' ·Skew-

bard pess Co-
evia- ~ffici-

tion ent 

. 
O.4s~ -0.458 

O.26~ 0.248 

O.lBl 0.645 

O.27C 0.583 

O.44C; -0.352 

O.3S~ 0.714 

O. 23~ . 0.494 

0.19] 0.015 

O.llE 0.107 

0.25· 0.078 . 
O.OG( 1.071 

O.56E 0.074 

0.47 c -0.044 

O.3S" 0.044 

0.151 -0.070 

0.84 -0.220 

-0.194 -0.088 

0.451 0.737 

0.52c 0.699 

o .11~ . 0.715 

3.03 0.111 

0.301 -0.387 

'0.41' 0.218 

Varia- St and-
tion ard de-
Coeffi 10 via-

cient . tion 0 

Mean 

0.128 0.203 

O.Oa8 0.036 

0.104 0.087 

0.102 0.035 . 
0.15 0.103 

0.138 0.051 

0.086 . 0.033 
\ -

0.062 0.026 

0.070 0.041 

0.080 0.038 

0.25 0.030 

0.154 o.~o 

'0.144 0.067 

0.103 c 0.055 

0.052 0.032 

0.031 - O.01~ 

0.041 0.021 

0.133 0.06-< 

0.161 0.09..; 

0.033 0.05~ 

O.OSC O.04~ 

0.071: 0.04: 

O.21! 0.07 
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No. of 
Modes 

'" 1 

2 

1 

2 

1 

2 

2 

2 

1 

1 

2 

2 

2 

2 

1 

3 

3 

2 

1 

3 

1 
, 

2 

1 
l 
1 

~ 

J 

l 



\, 

Samp1e 
Number 

No. of Stand- Skew- Varia- Stand- No. of 
obser- Ro (me an ard De- ness Co- tion ard .Modes 
vation - viatior effici- Coeffi- Oevia-

ent cient tion 
~f Mean r . 

~-9~.136 

:1.-9-138 

~L-9-141 

pL-9-14"l 

:R-9-147 

~R-9-14S 

CL1D-1S1 

ct..10-IS~ 

CL1o-1S~ 

DL10-IS e 

DL10-16J 

CL11-16~ 

CL12-17 

53 4.41 0.558 1.235 0.127 0.077 

0.176 0.140 

0.201 0.093 

0.059 0.053 

0.223 0.098 

0.049 '0.019 

52 5.58 1.011 -0.807 

9 4.90 0.810 -0.151 
1 

17 \ 3.68 0.220 -0.688 

49 

50 

54 

48 

15 

3.18 0.685 1.172 

2.73 0.133 0.645 

4.09 0.361 0.876 0.088 0.049 

4.11 0.411 0.819 -0.039 0.119 

5.25 0.529 -0.984 0.101 0.137 

52 5.56 0.644 0.107 0.116 0.089 

35 6.06 0.807 0.001 0.135 0.136 

38 

51 

DL12-l7( \ 45 

DL12-18li 58 

DL13-20 ~ 50 

CMl3-20r 50 

50) 

DL13-21 ~ 7 

DLI3-21' 39 

4.16 0.172 0.501 

3.77 0.833 1.098 , 

0.051 0.35 

0.220 0.116 

4.85 0.404 1.040 0.093 0.060 

5.58 0.882 0.700 0.159 0.116 
. 

2.98 0.182 0.853 0.061 0.026 

2.93 0.193 0.167 0.066 0.027 

4.01 0.411 0.490 0.802 0.036 

4.68 0.324 0.039 0.076 0.042, 

5.10 0~'589 0.028 0.115 0.094 

\ 

3 

2 

1 

1 

3 

l 

2 

1 

2 

1 

2 

2 

3 

2 

2 

2 

1 

1 

1 

2 

5.38 0':33C -0.981 0.063 0.0487 2 

CMl4-22 a 
0414-23 :> 

60 

47 

t 

2.20 

2.81 

0.109 -0.867 0.055 

0.201 0.652 ~ 0.042 

0.014 

0.031 

l 

1 

. -



Samp1e No. of ~éand-
Number Observ- R o (meiUl Il arc;1 

ations bevl.a-
tion 

. 

1cL14-23 32 3.70 0.227 

DLl4-231 7 5.10 0.S81 

TR15-25 50 1.76 0.084 

TR15-25 14 1.71 0.039 

DL15 ... 25 50 2.51 0.337 

DL15-26 43 4.21 0.764 

CR1S-26 P "28 5.60 0.613 

,CMl6-27 P Il 2.02 0.268 

DL16-27 ~ 50 2.80 0.14C 

( . CR16-27 ~ 18 3.81 0.,450 

CR16-2S 17 63 5.05 0.63.!l 

CM17-29D 48 2.26 1.247 

CR17-29~ 51 3.48 0.337 

CR17-30~ 52 4.S3 0.35.! 

DLla-31~ 7 1.72 0.27] 

DL18-31~ 6 1.73 0.28E 

TR19-32~ 63 1.55 0.075 
1 

TR19-3·2~ 56 1.63 O.11~ 

R19-32~ 51 1.70 0.09~ 

; CR19-32~ 19 2 .• 19 O.35( 

CR19-32B 39 . 2.84 0.12~ 

CR19-33~ 21 3.62 0.40C 
, 

CR19-33!4 28 4.46 0.46 

, 

/" , 

Skew- ~aria-

neS! . '~io~ , 
Coe f~- I--0e fi-
cient bient 

0.391 0.051 

-0.41S 0.173 

0.036 0.048 

0.051 0.-021 

-0.690 0.134 

0.559 0.181 

0.101. 0.109 

-0.290 0.132 

-0.082 0.04S 

-0.387 0.118 

-0.332 0.126 

-1.060 0.551 

-0.255 0.097 

0.699 0.073 

0.241 0.029 

0.356 0.031 

0.813 0.051 

0.924 0.07~ 

0.0;>2 0.077 

-0.294 O.lSE 

-0.135 0.04 .. 

0.633 O.ll( 

0.247 0.10~ 

.. 

, 190 

Stand- No. of 
iU"d J;)e- Modes 
v~atlor 

of Mear 

0.061 2 

0.333 1 

0.012 1 

0.030 1 

0.047 2 

0.118 2 

0.ll6 2 

0.080 2 

0.019 2 

0.106 3 

O.OSO 2 

0.181 3 

0.047 2 
. 

0.049 3 

0.081 1 

0.031 1 

O.OlC 1 

O.OlE 1 

0.01< 1 

O. 07~ 2 

O. 01~ 2 

O.OS· 3 

0.08 2 

V 

1 

) 

J 
1 
1 
! 

l' 
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Samp1e No. of Ro(mean Stand- Ske\.,r- Varia- Stand- ' No. of 
Number Observ- ard De- nesa tion ard Modes 

ations viatior: Coeffi- Coeffi- Devia-
cient cient tion 

of Mea 

CR19-33 ~ 25 4.98 0.881 1.944 0.178 0.275 2 

TR20-40 69 1.70 0.198 0.286 0.116 0.024 2 

BL20-41 66 1.68 0.132 -0.115 0.078 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 0.302 0.029 1 

CR20.11047 43 2.10 0.189 1.230 0.093 0.039 1 

CR20-s0 25 4.98 0.881 1.944 0.17e 0.275 2 , 

-

, 

1 
j 

, 

. 
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