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Carte morphostructurale du secteur central du 
chainon Ruby, Yukoi~ 

Mokili K. ~ b u l u ~ o '  et Marie-Anne ~ e u r t s ~  
Division de la science des terrains, Ottawa 

Mbuluyo, M.K. et Geurts, M.-A,, 1997 : Carte rnorphostr~ict~irale ~ L L  secteur central du clzainon 
Ruby, Y~lkon; duns Recherches en cours 1997-E; Commission ge'ologique dzi Canada, p. 1-11. 

RCsumC : L'objectif de cette Ctude est de dCgager par l'analyse des linkaments les structures tectoniques 
qui ont un effet sur la morphologie et l'organisation du rkseau hydrographique dans le sud-ouest du Yukon. 
Selon le caractkre de la dkformation et l'observation des formes de relief apparentees, deux types de tecto- 
genkse sont mis en Cvidence. La premikre tectonique est associCe i la mise en place d'intrusions granitiques 
et est antCrieure au PalCockne; elle est i I'origine du d6me occupant le secteur central de la rCgion CtudiCe, 
d'oh prennent naissance les principaux cours d'eau. La deuxikme tectonique est de type cassant et est postt- 
rieure i la mise en place des granites; elle est responsable de la formation de failles radiales exploitCes par 
des cours d'eau. Au Quaternaire, les glaciers ont Clargi les vallCes formCes prCcCdemment pour leur donner 
leur configuration actuelle. La tectonique cassante est encore active dans la rCgion puisque ses effets peu- 
vent &tre observes dans les dtp6ts quaternaires. 

Abstract: Based on the study of lineaments, this paper clarifies the role of tectonic structures on the geo- 
morphology and river system development in southwestern Yukon. From the kinds of deformation and the 
observation of related landforms, two types of tectonism are recognized. The first one is associated with the 
pre-Paleocene intrusion of granite bodies; the dome at the centre of the study area where the head of the 
major streams are located is related to it. The second one postdates the granites and consists of brittle fractur- 
ing that formed faults which are used by the streams. During the Quaternary, the glaciers enlarged these pre- 
existing valleys. This neotectonism is still active in the region as evidenced by deformed Quaternary 
deposits. 

181, rue Granville, app. 2, Vanier (Ontario) I<lL 6Y3 
UniversitC dlOttawa, DCpartement de gkographie, FacultC des arts, 165, rue Waller, C.P. 450, Succ. A, Ottawa 
(Ontario) KIN 6N5 
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INTRODUCTION 

La rCgion considCrCe dans la prCsente Ctude est limitCe i 
l'ouest par le lac Kluane et i l'est parle Sekulmun (fig. 1). Elle 
appartient ii la partie du sud-ouest du Yukon comprise entre 
les latitudes 61'07' et 61'47' N et les longitudes 137'30' et 
138'42' W. 

Du point de vue physiographique, la rCgion occupCe par le 
chainon Ruby fait partie des plateaux intbrieurs de la 
Cordillbre canadienne. Le chainon s'Clbve B une altitude 
moyenne de 5 000 pieds (1 524 m). Son relief se caracterise 
par de longues cretes profondement dissCquCes par un rCseau 
hydrographique dense. Les traces de l'activitt glaciaire du 
Quaternaire, telles que les cirques, les lacs glaciaires et les 
valltes larges et ?i fond plat sont omniprCsentes et constituent 
les traits morphologiques dominants de la rdgion. 

Le rbeau hydrographique prCsente de nombreuses per- 
turbations dans son tract. S'il est aist d'associer ces perturba- 
tions ii l'action des glaciers qui ont couvert la rCgion durant le 
Quaternaire, il est par contre difficile d'admettre que toutes 
les valldes sont d'origine glaciaire. I1 faut rechercher dans la 
morphologie et l'organisation du rCseau hydrographique les 
traces estompCes des autres facteurs morphodynamiques, en 

Lac Sekulrnun '-\ 

I Muane 

Figure 1. Carte de localisation de la rkgion d'ktude. 

I'occurrence 1'Crosion fluviale et la tectonique, pour expliquer 
la formation et 1'Cvolution des differents reliefs et bassins 
hydrographiques. 

Le sud-ouest du Yukon est reconnu pour son instabilitC 
tectonique. C'est, en effet, la rCgion du pays qui connait le 
taux de soulbvement le plus ClevC, qui slClbverait ii 2,4 cm par 
an selon Vanicek et Nagy (1981). Si cette Cvaluation s'avkre 
exacte, la reaction du socle B un tel soulBvement a donc d8 se 
traduire, au cours du temps, par des perturbations du rCseau 
hydrographique et l'accroissement local des pentes (escarpe- 
ment de failles). Le lev6 des traces de I'extension glaciaire 
effectue par Hughes (1967) Ctablit pour sa part que les gla- 
ciers ont utilisC les vallCes et les cols prdexistants comme 
ccvoie naturelle>> pour couvrir la rCgion. La morphologie et 
l'aspect actuel du rCseau hydrographique de la rCgion sont 
donc le rdsultat du jeu de plusieurs facteurs interreliCs. Une 
ttude qui vise B determiner le poids de chacun des facteurs 
impliquds rev& donc un intCrEt scientifique certain puis- 
qu'elle nous permet d'obtenir une meilleure connaissance de 
la gComorphologie de cette partie du sud du Yukon. 

Le but de la prksente Ctude est de faire ressoi-tir les struc- 
tures tectoniques qui rkgissent la morphologie du sud-ouest 
du Yukon et qui ont guidC l'organisation des grands axes du 
rCseau hydrographique dans cette rdgion. Ces structures tec- 
toniques sont peu visibles sur le terrain et peu prCsentes dans 
les documents cartographiques existants. Ce travail constitue 
un complCment aux Ctudes gComorphologiques entreprises 
depuis longtemps dans cette region (Dewez, 1988; Kodybka, 
1992; Geurts et Dewez, 1993; Dewez et Geurts, 1996), qui 
n'ont pas abordC cependant la question du rapport entre la 
morphologie et la tectonique. De nombreuses questions ont 
CtC posdes dans les travaux prCcitCs au sujet de l'origine et de 
l'orientation de certains cols ou vallCes du chainon Ruby qui 
ont jouC un rBle majeur dans I'avancCe des langues glaciaires 
provenant du massif St. Elias. 

Apr2.s un bref rappel du contexte gCologique regional du 
sud-ouest du Yukon, l'article prCsentera tout d'abord le mat6 
riel et la mCthodologie utilisks et abordera ensuite l'analyse et 
l'interprttation des rdsultats obtenus. Une carte morphostruc- 
turale permettra de satisfaire l'objectif visC et de founir une 
vue synoptique des interpretations propodes. 

La lithologie 

L'examen de la carte gCologique 1398A de la Commission 
gCologique du Canada (Gabrielse et al., 1977) nous montre 
que le sous-sol de la rCgion est composC de trois grandes uni- 
tCs lithologiques qui appartiennent, selon Muller (1967), au 
Complexe du Yukon. D'apr2.s les roches qui les composent, 
ces trois grandes unites lithologiques peuvent Etre dCcrites de 
la manibre suivante : 

1. La prernibre unit6 se compose de roches mktarnorphiques 
qui affleurent dans les zones marginales de la rCgion et qui 
se prdsentent, par endroits, en enclaves dans les massifs 
granitiques. Leur ige va du DCvonien au dCbut du 
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MCsozoYque. Ces roches groupent principalement des 
schistes B quartz-biotite et B quartz-sericite. On note 
toutefois dans certains endroits la prksence d'amphibolite 
et de calcaire recristallisC (marbre). Les secteurs occup6s 
par des schistes ou par d'autres types de roches 
mCtamorphiques se caractdrisent par un relief moins 
accident6 et moins dCcoupC que ceux associ6s B des 
massifs granitiques. 

La deuxikme unit6 est constituCe de roches granitoi'des 
qui se prCsentent sous forme de massifs intrusifs. Ces 
roches affleurent dans la plus grande partie de la rCgion 
CtudiCe et montrent une grande variCtC lithologique, allant 
des granites (sensu stricto) aux granodiorites, en passant 
par les granites monzonitiques. Muller (1967) distingue 
selon l'bge des intrusions deux grands corps intrusifs, les 
batholites de Ruby Range et de Nisling Range. Le 
premier, d'bge jurassique, est constitud de granodiorite. 
Le second, qui est partiellement circonscrit dans le 
prCcCdent, a CtC mis en place au Paltogbne et se compose B 
la fois de granodiorite et de monzogranite (alaskite). En 
examinant les relations qui existent, d'une part, entre les 
deux batholites et, d'autre part, entre ceux-ci et la 
topographie, il ressort que le secteur le plus ClevC de la 
region, d'oc prennent naissance Ies principaux cours d'eau 
(les ruisseaux Albert, Isaac, Gladstone et Alaskite), est un 
d6me structural qui coi'ncide avec le toit du batholite de 
Nisling Range. Le coeur du dame est excentrd vers le nord 
lorsqu'on se rCfkre B la ~Cpartition des facibs plus 
felsiques, comme le monzogranite (alaskite), alors que la 
pCriph6rie du massif se compose des facibs plus mafiques, 
tels que la granodiorite. Les massifs intrusifs sont 
caractCrisCs par un relief vigoureux marque par la 
presence de crCtes ttroites. Le rtseau hydrographique est 
encaissC et la prksence de nombreux cirques glaciaires 
CtagCs confbrent aux massifs un aspect trbs diffkrent de 
celui des secteurs occupCs par d'autres lithologies tant sur 
les photographies akriennes que sur l'image satellitaire 
MSS (Multispectral Scanner). 

3. Des coulCes et des dykes de porphyre feldspathique de 
composition felsique qui occupent le centre nord de la 
region forment la troisibme grande unitd. La plus grande 
partie de ces roches se trouve au nord du chainon Ruby. 
Les coulCes sont du Tertiaire infirieur. 

Selon Hughes (1967), la quasi-totalit6 du plateau aurait CtC 
couverte B deux reprises (Glaciation de Reid et Glaciation de 
McConnell) par les glaciers qui provenaient principalement de 
la calotte glaciaire du massif St. Elias. Ceux-ci auraient rabotC 
les interfluves et les versants, mettant en Cvidence la moindre 
ligne de fracture. La dtglaciation a laissC principalement dans 
les vallCes, et par endroits sur les inteifluves, d'Cpais dCp6ts de 
moraine et de till qui couvrent les unites du Complexe du 
Yukon (Dewez, 1988 et Kodybka, 1992). 

La tectonique 
I1 y a peu de donnCes relatives B la tectonique du secteur Ctu- 
diC qui apparaissent sur les cartes gCologiques existantes en 
dehors de la faille de Shakwak et de celle qui s'ttend de Jarvis 

au ruisseau Gladstone. Cependant, de nombreuses observa- 
tions faites dans les rCgions voisines, principalement dans les 
secteurs du massif St. Elias et du ruisseau Cache (Loren, 
1992), donnent des indications gCnCrales sur les mouvements 
du socle, qui peuvent stre appliquCes au secteur central du 
chai'non Ruby. D'aprbs Clague (1979) et Gabrielse et al. 
(1991), la tectonique du sud-ouest du Yukon s'inscrit dans 
celle de la Cordillkre canadienne oh la dtformation est asso- 
cite B un systkme de failles de coulissage B faible composante 
de mouvement vertical. Les failles temoignent toutes d'une 
dkformation de type cassant, ce qui nous indique que cette 
rCgion est une zone de faiblesse de la croGte terrestre oh des 
fractures anciennes pourraient &re rCactivCes en rCponse B de 
nouvelles contraintes. La direction principale des fractures 
est ouest-nord-ouest et correspond celle des grandes cas- 
sures prCsentes le long de la c6te du Pacifique (fig. 2). 

Selon la nature des failles et des terrains qu'elles 
recoupent, on peut envisager la diffkrentiation suivante quant 
B la tectonique de la rCgion 6tudiCe. 

1. Une fragmentation postC1ieure B la mise en place des 
granites reprdsentk par les dykes cartographiCs au nord du 
ruisseau Talbot (Gabrielse et al., 1977). Ces failles anciennes 
sont caractCrisCes par une orientation submkridienne (nord- 
sud). Le rCseau de dykes le plus important se trouve B 
llextCrieur de la rCgion CtudiCe. Les dykes recoupent 
indifftrernrnent les diverses unitis lithologiques (schistes et 
granites), soulignant ainsi qu'ils sont plus recents que 
celles-ci. L'iige des dykes n'est pas encore determink. 

DU NORD-OUEST 

L ". .. 

YUKON < 

Figure 2. Principales failles co~~lissantes de la Cordilldre 
canadienne. Modifit d'aprts Gabrielse et al. (1991). 
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2. Les chainons Ruby et Nisling sont compris entre les 
failles de Tintina, au nord, et de Shakwak, au sud. Cette 
dernikre appartient au systbme de failles coulissantes de 
Denali qui s'Ctend dans le sud-ouest du Yukon sur environ 
300 km (fig. 2). La formation de cette fracture d'extension 
rCgionale, qui montre une direction ouest-nord-ouest, 
remonterait au Tertiaire (Clague, 1979). 

3. Des failles rCcentes ainsi que des indices des mouvements 
auxquels elles ont donne lieu sont observCs dans plusieurs 
endroits de la region. La plupart des mouvements surve- 
nus rksultent de la reactivation de failles anciennes, 
cornme l'ont monk6 des Ctudes gCophysiques effectuees 
dans les dCp6ts quaternaires datant de 10 000 ans 9 
l'embouchure du ruisseau Slims (Clague, 1979). L'activ- 
it6 tectonique actuelle dans la region se traduit par des 
secousses sCismiques dont les magnitudes enregistrCes 
sont souvent supkrieures 9 4 sur 1'Cchelle de Richter 
(Clague, 1979). 

L'analyse de la fracturation ainsi que celle d'autres structures 
tectoniques dans le secteur considCr6 est basCe sur l'approche 
classique des lineaments. En effet, le relev6 dttaillC de ces 
lineaments a kt6 effectuC 9 l'aide d'un ster6oscope et de photo- 
graphies atriennes 9 1'Cchelle de 1/64 000. 

Une carte rCsultant de I'assemblage des differentes 
planches a CtC num6risCe par la suite l'aide du logiciel 
ArcIInfo afin dl&tre superposCe aux autres fichiers d'informa- 
tion cartographique num6riques de la rCgion (gCologie, 
hydrographie et topographic). A des fins de cornparaison, les 
rksultats de l'inte~prCtation numCrique ont Ctk confrontCs 9 
ceux de l'interprktation analogique du tirage photographique 
de l'image satellitaire MSS. La rosace de direction des 
lineaments est obtenue 9 partir des coordonnCes gCographiques 
issues de la transformation des donnees chiffrkes de la table 
numkrique importee dans le logiciel DBase IV. Un pas de 10' a 
Ct6 retenu pour caractkiser une direction structurale. 

L'intkrt d'une telle approche consiste dans l'obtention d'une 
carte morphos~ucturale (fig. 3) 9 moindre coat, oh la photo- 
inte~prCtation classique constitue l'approche principale. 

Le traitement statistique des linkaments a permis de dCtermi- 
ner deux directions structurales majeures (voir la rosace de 
direction des lineaments sur la figure 3). Les lin6aments peu- 
vent &re attribuCs aux trois groupes suivants : 

1. Le premier groupe, qui compte 58 % des linkaments, dCfinit 
une direction prkdominante N140°. Les 1inCaments de ce 
groupe sont caractCrids par leur longueur et leur continuite. 
L'orientation principale qu'ils definissent est parauble 9 celle 
des accidents majeurs ouest-nord-ouest - est-sud-est 
identifies dans la region, tels que les failles de Tintina et de 
Semenof, au nord, et de Shakwak et de Duke, au sud (fig. 2) 

2. Le deuxibme groupe, qui englobe 36 % des lineaments, 
dkfinit une direction secondaire NIOO. Les lineaments qui 
y sont rapportCs sont localis6s dans I'alignement de failles 
d'orientation submkridienne (nord-sud) de la Colombie- 
Britannique (faille de Chatharn Strait) et des dykes nord- 
sud signal& pr6cCdemment. 

3. Le troisibme groupe comprend le reste des linCaments, 
soit 6% du total. Ces 1inCaments se distinguent par des 
directions nord-nord-est et est. Leur signification du point 
de vue tectonique reste 9 dkterminer. 

Une chronologie relative des structures IinCamentaires 
peut toutefois Ctre ttablie 9 partir des donnCes geologiques 
regionales (Gabrielse et al., 1991) ainsi que du recoupement 
des nombreuses familles de failles connues. La formation des 
structures de direction submeridienne (NIOO), associCes aux 
dykes nord-sud, apparait anterieure 9 celle des accidents 
ouest-nord-ouest (N140°), puisque les secondes recoupent 
les premibres en y provoquant des dkcrochements lattraux. 
Cette interprktation reste toutefois hypothktique et dClicate 9 
g6nCraliser avant que de nouvelles vkrifications sur le terrain 
puissent Etre effectuCes. Le sud-ouest du Yukon est donc 
situC sur un seuil tectonique oh des failles de direction submC- 
ridienne et de direction ouest-nord-ouest se rejoignent. Ceci 
pourrait expliquer en partie l'ampleur des mouvements du 
socle et la frequence des secousses stismiques. 

Vd6e h font plat el pmlond 
Enfaille ou dllon 

/ 

Eocnluemenl du eoun d'eau 
dam lea d6pdLp quaternsires 

Figure 4. 

Lkgende des synzboles utilisb dnns les mosni'ques 
de photographies atriennes. 
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'I, 

Figure 5. Mosal'que dephotographies ae'riennes du secteur des lacs Gladstone (Phototh6que 
nationale de l'air, photographies no A-25193-70 et A-25193-71). 
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Les donnkes morphostructurales regroupent ici les formes 
derelief et les tracks de cours d'eau pour lesquels la tectonique 
a joue un r6le pr6pondCrant dans la formation et 1'Cvolution. 
Ces deux aspects de 1'6tude sont analyses dparkment. 

Le systbme de fractures et le relief associe' 

L'interprCtation des 1inCaments en termes de fracturation ou de 
traits morphologiques est reprksende 8 la figure 3. Elle se 
fonde sur leur organisation, l e u  extension longitudinale et leur 
direction, ainsi que sur des liens ktablis avec les donn6es gkolo- 
giques connues. Des exemples de IinCaments rapportks 8 des 
failles sont appuyks par des photographies aeriennes (fig. 5 B 
7; la lCgende des symboles utilisCs est donnCe A la figure 4). 
Ces exemples types n'ont pas d'kquivalence sur les documents 
cartographiques antkrieurs et constituent, par conskquent, des 
acquis nouveaux quant B la connaissance de la tectonique du 
secteur 6tudit. Les observations stCr6oscopiques n'ont pas per- 
mis de retraces la faille qui va de Jarvis au ruisseau Gladstone 
sur la carte de Gabrielse et al. (1977). 

Exemple no 1 (fig. 5 )  

Des lineaments discontinus, par endroits parallbles et cour- 
bes, se concentrent B la lirnite des batholites de Ruby Range et de 
Nisling Range, au nord-ouest des lacs Gladstone. Us prksentent 
une direction gCnCrale nord-nord-est. De telles structures 
lineamentaires ne s'observent pas ailleurs dans le secteur 6tudiB 
et constituent un aspect caractkristique de dislocation du sub- 
stratum rocheux, qui se compose ici de granite. 

La trame des segments 1inCaires peut rCvCler une expres- 
sion locale de la fracturation 8 lYint6rieur du massif grani- 
tique. Les microfissures formCes 8 l'origine auraient kt6 
dkgag6es postkrieurement par l'abrasion glaciaire. En 
l'absence de donnCes de terrain, deux arguments sont en 
faveur d'une telle hypothbse. 

1. Les segments linkaires llintCrieur du massif granitique 
sont localisks sur le d6me, 18 oil se serait produite la 
tension maximale lors de la mise en place de ce corps 
intrusif. On sait depuis plusieurs dizaines dlannCes, grice 
aux travaux de Raguin (1969), de Lagasquie (1984) et de 
Bles (1984), que la fracturation observCe dans un massif 
granitique correspond ii un Ctat final qui rksulte de la 
superposition de plusieurs phases de dkformation. La 
deformation a debut6 par la mise en place du magma 
granitique (principe de diapirisme) et s'est poursuivie 
jusqu'B des pCriodes recentes. Les diverses phases de 
dkformation sont matkrialistes par des structures 
planaires ou 1inCaires qui traduisent la disposition des 
mineraux dans les roches granitiques. Dans une region 
dlinstabilitC tectonique comme celle dont il est question 
ici, la deformation peut 8tre considerable lorsque les 
effets de la tectonique s'ajoutent A ceux crkks par la 
montCe diapirique des granitoi'des. 

2. On ne saura pas attribuer l'origine des entailles linkaires 
observCes A I'intCrieur du massif intrusif B l'action de tor- 
rents juxtaglaciaires associ6s au processus de fusion des 
glaciers, comme il est en fait mention dans la littkrature 

classique (Sudgen et John, 1976). La position de la plupart 
des structures observCes est independante de la topogra- 
phie. On les retrouve sur les versants comme sur les inter- 
fluves. Certaines sont perpendiculaires aux vallkes alors 
que si ces entailles Ctaient d'origine glaciaire, elles 
seraient, comrne les torrents qui les ont fo~mkes, parallkles 
ii la direction des langues glaciaires. 

Exemple no 2 (fig. 6 )  

Des linkaments plurikilomBtriques d'o~ientation subm6ridieme 
limitent de part et d'autre l'extrkmitk mCridionale du lac 
Sekulmun. 11s se poursuivent en faisceau vers le sud suivant 

Figure 6. MosaYque de photographies ae'riennes du secteur 
sud du lac Sekulmun (Photothdque nationale de l'air, 
photographies no A-25265-105 et A-25265-61). 
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I'axe des lacs Bear, puis continuent en se rarnifiant en dehors 
de la region selon la direction de la faille de Chatham Strait 
dans le nord de la Colombie-Britannique. Sur l'image satelli- 
taire MSS, ces IinCarnents apparaissent avec nettetC au nord 
du lac Sel<ulmun. 

1. Les lineaments recoupent indiff6remment toutes les 
unitts lithologiques sur plusieurs centaines de kilomktres 
et ils sont localis6s dans l'alignement d'accidents 
tectoniques connus. 

2. La trace de ces lineaments pluriltilom6triques est 
materialide, sur les photographies ahiennes de la r6gion 
au sud du lac Seltulmun, par des gradins dans les 
formations lacustres du Quaternaire, ce qui nous indique 
une reactivation recente de fractures anciennes. 

L'importance et la continuit6 de ces lin6aments plu- 
rikilomCtriques permet d'assigner 2 ceux-ci une origine tec- 
tonique. L'interpr6tation s'appuie sur les Clements d'analyse 
suivants : 

"'I 

Figure 7. Plzotographie ae'rienne du col de la vallt!e du ruisseau Mars (Photothdque nationale de l'air, 
photographie no A-25193-99). 
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3. Des exemples de failles sirnilaires sont signalts dans la 
rtgion voisine au sud du lac Aishihik (Gabrielse et al., 
1977). 

Le lac Sekulmun, A I'instar du lac Kluane, occupe un sillon 
tectonique. Les escalpements rectilignes qui le lirnitent sont 
des talus tectoniques, ce qui explique ainsi leur forme allon- 
gCe caractbristique. 

Exemple no 3 (fig. 7) 

Au sud-est des lacs Gladstone, apparait un linkament plu- 
rikilomktrique d'orientation nord-nord-ouest - sud-sud-est 
qui s'Ctend depuis le nord du lac Killerrnun jusqu'b la tste du 
ruisseau Albert, en passant par le col de la vallke du ruisseau 
Mars. Cette entaille rectiligne est une faille caractkristique. 
Le lineament est, en effet, localisd dans l'alignement de 
plusieurs vallCes. I1 fosme un coude aigu, typique d'une frac- 
ture, au niveau du col de la vallte du iuisseau Mars. 

Le rkseau hydrographique 

L'influence de la tectonique s'observe Cgalement dans I'organi- 
sation du rCseau hydrographique. Les principaux cours d'eau 
prennent leur source sur le dame structural form6 par la montCe 
diapirique de magma. C'est b partir de ce dame que les rivihres 
divergent et installent leurs valltes sur les lignes de faille. 

La plupart des vallCes affluentes des cours d'eau ont une 
orientation gknkrale nord-sud, qui correspond h celle d'acci- 
dents majeurs comme les dykes. Les vallCes principales sont 
caractCrisCes soit par une orientation ouest-nord-ouest - est- 
sud-est pour les cours d'eau se jetant dans le bras Talbot, soit 
par une orientation ouest-sud-ouest - est-nord-est pour les 
ruisseaux qui coulent vers le lac Sekulmun. La jonction entre 
les deux catbgories de vallCe (principale et affluente) se fait, 
dans la plupart des cas, selon un angle droit qui souligne ainsi 
I'existence d'une fracture. Le track des talwegs devient ainsi, 
ace niveau d'analyse, l'expression de lafracturation du socle. 

Au nord-ouest de la rCgion CtudiCe, le tronqon suptrieur 
du ruisseau Talbot constitue un exemple type d'une vallte- 
faille (fig. 8) : a) son orientation ouest-nord-ouest - est-sud- 
est est parallkle B celle d'importants accidents connus dans la 
region, tels que les failles de Shakwak et de Tintina; b) son 
tract presente plusieurs dtplacements horizontaux qui 
ttmoignent du jeu de failles conjugutes, dont l'emplacement 
et la direction devront Ctre prtcists par de nouvelles observa- 
tions de terrain; c) la jonction de la vallCe principale du ruis- 
seau avec Ies vallCes de ses affluents D~ et D~ se fait pas un 
coude prtsumant l'existence d'une faille ou d'une fracture; 
d) son versant sud montre des talus Ctagbs; e) et, enfin, le talus 
infkrieur se caracttrise par plusieurs sections dtcalCes l'une 
par rapport b l'autre vers la droite, matbrialisant ainsi les 
deplacements lattraux. 

Figure 8. Vallke du ruisseau Talbot et ses afJluents. En l'absence des noms sur les cartes existantes, les 
rivitres ont ktk dksignkes selon une numkrotation utiliske par les premiers gkologues belges en Afrique 
centrale (e.g. Cornet, 1894; hpersonne, 1939) D = afluent de la rive droite et G = affluent de la rive 
gauche. Explications des symboles : I .  Encaissement du cours d'eau dans les dkpSts quaternaires; 2. Talus 
associks 2 des failles; 3. Talus limitant line vallke glaciaire cornme les vallkes h fond plat desfigures 5,6 et 
7; 4. Cirque glaciaire; 5. Cr2te rocheuse; 6. Fracture ou faille. 
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Du fait que les failles ont perrnis un cheminement de l'eau 
dans la roche, elles ont guidC 11alt6ration puis la dissection. 
Elles ont ainsi jouC un r61e important dans la formation et 
1'Cvolution du rCseau hydrographique. Les glaciers quater- 
naires ont retravail16 par la suite, les sillons initialement con- 
stituts par les failles, pour donner au rCseau hydrographique 
sa configuration actuelle. 

La mise en place d'un magma granitique par diapirisme 
demeure le facteur principal qui permet d'expliquer la posi- 
tion ClevCe de la partie centrale de la rCgion. L'Crosion diffC- 
rentielle ne peut expliquer h elle seule la presence du d8me 
qui constitue le point le plus ClevC de la rCgion CtudiCe. Une 
telle argumentation se justifie dans la mesure 0i.1 le granite 
consider6 ici comme roche de grande duretb affleure aussi 
bien dans les zones basses que dans les parties BlevCes dans la 
region. 

Les exemples de lineaments-failles dtcrits plus haut sont 
les plus significatifs en termes de fracturation. 11s autorisent 
l'extrapolation de l'analyse i3 d'autres structures lintamen- 
taires sirnilaires. Toutefois, il convient de signaler que toutes 
les discontinuitks observees ne sont pas des failles; leur signi- 
fication nkcessiterait une verification sur le terrain. Des tra- 
vaux anttrieurs rCalis6 dans d'autres regions tectoniquement 
instables (Mbuluyo, 1993; Mbuluyo et al., 1994) ont montrC 
que la signification dCfinitive des lineaments devrait faire 
appel, en plus des critbres precedernment dkfinis, 2I d'autres 
facteurs tels que la composition pktrographique des roches, 
l'arrangement des rninCraux au sein de celles-ci et l'Ctude 
microtectonique 2I 1'Cchelle des afflewements. L'absence de 
ces observations constitue un facteur limitatif de nos inter- 
pretations. 

En dehors des escarpements associCs aux failles qui bor- 
dent les lacs Kluane et Sekulmun, le secteur 6tudit ne prC- 
sente pas de talus de plus grande amplitude pouvant Ctre 
l'expression en surface de failles. L'absence de grands escar- 
pements de faille dCmontre la preponderance des mouve- 
ments de coulissage de  blocs sous I'influence de  
compressions horizontales sur les dCplacements verticaux 
dont I'amplitude est relativement faible. Cette interprttation 
est en accord avec les donnCes sur les failles majeures de la 
rCgion qui ttmoignent de mouvements de coulissage dextre 
(Clague, 1979; Norris, 1987; Gabrielse et al., 1991). Par ail- 
leurs, elle contredit 11id6e du soulhvement gCntral du sud- 
ouest du Yukon 2I une vitesse de 2,4 crnlan comme l'ont pro- 
posC Vanicek et Nagy (1981). En effet, dans l'hypothbse d'un 
soulbvement ininterrompu, la' region aurait CtC situke il y a 
100 000 ans, 2 400 m plus bas que son niveau actuel. Elle se 
serait trouvCe dans ce cas, au-dessous du niveau de la mer. Or, 
2I notre connaissance, les observations de terrain ne signalent 
pas la prtsence de sCdiments marins du Quaternaire dans la 
rCgion. 

CONCLUSION 

L'Ctude du secteur central du chainon Ruby a permis de 
dCgager les ClCments tectoniques qui expliquent la morpholo- 
gie de la rCgion et la configuration actuelle de son rCseau 
hydrographique. L'influence de la tectonique s'observe 
notamment ?i grande Cchelle par la presence du d6me occu- 
pant la partie centrale de la r6gion qui correspond au toit du 
batholite de Nisling. Les points les plus ClevCs de la region 
sont localisCs sur ce dame. C'est h partir de celui-ci que le 
rkseau hydrographique s'organise. 

Deux directions structurales majeures, l'une dominante et 
l'autre secondaire, peuvent Ctre dCfinies dans le secteur Ctu- 
die. La direction dominante est rBvBlBe par des structures 
d'orientation ouest-nord-ouest - est-sud-est auxquelles 
appartiennent les principale failles connues (p. ex. faille de 
Shakwak). La direction secondaire est dCfinie par des struc- 
tures submkridiennes qui se situent dans le prolongement de 
fractures nord-sud, comme la faille de Chatam Strait dans le 
nord de la Colombie-Britannique. Le sud-ouest du Yukon 
apparaPt donc comme une zone de jonction oh les failles 
d'orientation nord-sud s'incurvent vers le nord-ouest. L'ori- 
entation des principaux talwegs est tributaire de cette direc- 
tion tectonique. Le ruisseau Talbot est, 21 cet tgard, assez 
dtmonstratif. Sa vall6e montre une orientation ouest-nord- 
ouest - est-sud-est alors que ses affluents suivent une orienta- 
tion mCridienne (nord-sud). 

REMERCEMENTS 

Nous tenons B remercier la Commission gCologique du 
Canada et particulihrement la Division de la science des 
terrains pour avoir finance en partie les travaux de recherche 
associCs h cette Ctude. 

Bles, J. L. 
1984: Distribution de la fracturation en surface et en profondeur dans les 

granites; dans Journde sur le granite; Bureau de recherches gtolo- 
giques et minikres, Document no 84, p. 69-80. 

Clague, J. J. 
1979: The Denali Fault System in southwest Yukon Territory: A geologi- 

cal hazard?; Current Research, Part A; Geological Survey of 
Canada, Paper 79-l A, p. 169-178. 

Cornet, J. 
1894: Notes de terrain in6dites; Dossiers d'archives no 8, Muste royal 

d'Afrique centrale, Tervuren, Belgique. 
Dewez, V. 
1988: Sources, limites et fusion des glaciers au Wisconsinien supdrieur 

dans la chaine Ruby et le bassin d'Aishihik, Territoire du Yukon; 
These de doctorat, Dtpartement de geographic, Universitt 
d'ottawa, 320 p. 

Dewez, V. et M.-A. Geurts 
1996: Analyses mintralogiques multivari6es de suiments du Wisconsinien 

suptrieur au sud-ouest du Yukon; Revue canadienne des sciences 
de la Terre, vol. 33, p. 42-5 1. 

Gabrielse, H., Tempelman-Kluit, D. J., Bluisson, S.L., 
and Campbell, R.B. 
1977: MacMillan River,Yukon - District of Mackenzie - Alaska; 

Geological Survey of Canada, l : l000 000 Geological Atlas, Sheet 
105,115, Map 1398A, scale 1:1000 000. 



M.K. Mbuluyo et M.-A. Geurts 

Gabrielse, H., Monger, J.W.H., Yorath, C.S., and Dodds, C.J. 
1991: Structural styles, Chapter 17 Geology of the Cordilleran orogen 

in Canada, H. Gabrielse and C.J. Yorath (ed.); Geological Survey of 
Canada, Geology of Canada, no. 4, p.571-675 Geological 
Society of America, The Geology of North America, v. G-2). 

Geurts, M.-A. et V. Dewez 
1993: Le lac glaciaire Nisling et le Pltistocbne dans le bassin suptrieur de 

la Nisling River au Yukon; GCogrophie physique et Quaternaire, 
vol. 47, p. 81-92. 

Hughes, 0. L. 
1967: Surficial geology studies, Aishihik Lake map-area; b Current 

Research, Part A; Geological Survey of Canada, Paper 67-lA, 
p. 48-49. 

Kodybka, R. J. 
1992: Aspects of the quaternary evolution of the plateau regions of the 

northern Ruby Range, Southwestern Yukon Territory; Ph.D. Thesis, 
Department of Geography, University of Ottawa, 219 p. 

Lagasquie, J.-J. 
1984: GBomorphologie des granites. Les massifs granitiques de la moitit 

orientale des PyrtnCes fran~aises; hit ions du Centre national de la 
recherche scientifique, Centre rBgional de publication de Toulouse, 
374 p. 

Lepersonne, J. 
1939: SCrie de la Kalso, Lac Albert no 1, 9/10 au 1/12/1939; Dossiers 

d'archives nO1 16 et nol 18, Muste royal dlAfrique centrale, 
Tervuren, Belgique. 

Loren, J. J. 
1992: Tectonic analysis of the Nisling, northern Stikine and northern 

Cache Ruisseau terranes, Yukon and British Columbia; Ph.D. Thesis, 
University of Arizona, 198 p. 

Mbuluyo, M. K. 
1993: GBomorphologie de I'Ituri oriental (nord-est du Zaire). Analyse 

morphologique et structurale des effets d'une rtactivation du Rift; 
Thbse de doctorat, Facult6 des sciences, Universit6 de Libge, 
Belgique, 303 p. 

Mbuluyo, M. K., Ozer, A. et Lavreau, J. 
1994: La carte morphostructurale de I'Ituri oriental (nord-est du Za'ire). 

Btude A partir de donn6es satellitaires TM de Landsat; dans Dubois, 
J.M., Cavayas, F. et Lafrance P. (Eds), TBlCdttection appliqu6e B la 
cartographie thkmatique et topographique; Editions AUPELF- 
UREF et Presses de I'Universit6 du QuCbec, p. 41-53. 

Muller, J. E. 
1967: Kluane Lake map-area, Yukon Territory; Geological Survey of 

Canada, Memoir 340, 137 p. 
Norris, D. K. 
1987: Evolution tectonique et d6crochement.s dextres principaux; dans 

Pelletier, B. R. (Ed.) Atlas des sciences marines de la mer de 
Beaufort, GCologie et Gkophysique, Commission gtologique du 
Canada, Rapport divers 40, p. 2. 

Raguin, E. 
1969: PBtrographie des roches plutoniques dans leur cadre giologique; 

Masson, Paris, 239 p. 
Sugden, D. E. and John, B.S. 
1976: Glaciers and landscape; Edwart Arnold, London, 376 p. 
Vanicek, P. and Nagy, D. 
198 1: On the compilation of the map of contempory vertical crustal move 

ments in Canada; Tectonophysics, v. 71, p. 75-86. 

Projet 930043 de la Commission gtologique du Canada 





Seismic reflection profiling in support of a deep 
borehole, Fraser River delta, British Columbia 

J.B. ~arr is ' ,  R.A. Hillman2, J.A. Hunter3, and J.L. Luternauer 
GSC Pacific, Vancouver 

Harris, J.B., Hillman, R.A., Hunter, J.A., andluternauer, J.L., 1997: Seisnzic rej7ectionprofiling 
in support of a deep borehole, Fraser River delta, British Columbia; & Current Research 1997-E; 
Geological Survey of Canada, p. 13-18. 

Abstract: Approximately 3 km of seismic reflection data have been obtained in order to map the s t~uc -  
ture of the bedroclc (Tertiary) surface in an area surrounding a deep borehole drilled as part of a continuing 
earthquake hazards assessment of the Fraser River delta. Seismic data quality was highly variable (even 
over relatively short distances) due primarily to the presence of gas in the shallow sediments. A map of two- 
way travel time suggests a northeast-trending bedrock channel beneath the area that is possibly fault con- 
trolled. The structure of the bedrock surface beneath the delta has been identified as an important boundary 
for controlling ground motion amplification from seismic shaking. It is anticipated that this new informa- 
tion will be combined with the existing bedrock data set to further assemble a geological and geophysical 
framework of the deep structure beneath the delta. 

RCsurnC : Les chercheurs ont recueilli des donnCes de sismique-rCflexion sur environ 3 krn, en vue de  
cartographier la structure de la surface du substratum rocheux (tertiaire) de la region entourant un sondage 
profond for6 dans le cadre d'un programme dlCvaluation continue des risques sCismiques dans le delta du 
fleuve Fraser. La qualitt des donnCes sismiques est trbs variable (in&me sur des distances relativement cour- 
tes), en raison surtout de la prCsence de gaz dans les sCdiments peu profonds. Une carte des temps de trajet 
aller-retour suggkre la prtsence, dans le substratum rocheux, d'un chenal de direction nord-est qui pourrait 
&tre contrblk par des failles. La structure de la surface du substratum rocheux sous le delta a Ct6 identifike 
comme une limite importante susceptible d'influer sur l'amplification des mouvements du sol constcutifs 
aux secousses skismiques. On envisage de combiner ces donntes nouvelles 21 l'ensemble des donntes actu- 
elles sur le substratum rocheux, afin d'affiner le cadre gtologique et gtophysique de  la structure profonde 
sous le delta. 

1 Department of Geology, Millsaps College, Jackson, Mississippi U.S.A. 39210 
Frontier Geosciences Inc., 237 St. Georges Avenue, North Vancouver, British Columbia V7L 4T4 
Terrain Sciences Division, Ottawa 
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INTRODUCTION 

In the spring of 1994, scientists from the Geological Survey 
of Canada (GSC) and several Canadian universities com- 
pleted two 300 m deep geotechnical boreholes in the northern 
part of the Fraser River delta, British Columbia (Dallimore 
et al., 1995). The purpose of the work was to characterize the 
geology of the delta at two sites with contrasting geological 
settings, and provide in situ geological, geophysical, and geo- 
technical measurements of sediment properties at depths that 
had not previously been sampled. These data, in addition to a 
map of the bedrock (Tertiary) surface beneath the delta (Britton 
et al., 1995), have been used as part of a continuing effort to 
identify and help assess earthquake hazards associated with 
the thick Quaternary sediments in the region (e.g., Harris 
et al., 1995). 
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In borehole FD94-3, the Holocene delta sequence is 
anomalously thin (19 m) and is underlain by Pleistocene 
sands and clays. Surprisingly, Tertiary bedrock was not 
encountered in the borehole. To supplement the borehole data 
and provide a more detailed three-dimensional geological 
picture in the vicinity of FD94-3 (see Fig. 1 and 2 for loca- 
tion), a seismic reflection survey targeting the top of bedrock 
was conducted in March of 1995. 

Figure 1. Map of the Fraser River delta showing the location 
of the study area (white rectangle on inset map) in eastern 
Richmond. 

Figure 2. Site map of the study area showing the locations of borehole FD 94-3, seismic 
lines 1,2, and 3 (collected as part of this investigation), and seismic line 89-96 (Hunter et al., 
1996). 
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DATA ACQUISITION AND PROCESSING 

Approximately three line-kilometres of common-depth- 
point (CDP) seismic reflection data were collected near bore- 
hole FD94-3 by Frontier Geosciences, Inc. Three lines were 
laid out to intersect near the borehole, with line 1 oriented 
approximately north-south and lines 2 and 3 oriented east- 
west and northwest-southeast, respectively (Fig. 2). The seis- 
mic energy source was an in-hole shotgun (Pullan and 
MacAulay, 1987) firing 8-gauge black powder blanks in 1 m 
deep, water-filled holes. The receivers were single 40 Hz geo- 
phones, in marsh casings, spaced at 5 m intervals. The lines 
were shot end-on using a source to first geophone offset of 30 
m, and the data were recorded on a Geometrics (S-24) 24- 
channel seismograph. 

The site of the borehole is a secured Transport Canada 
facility housing radio towers utilized by aircraft approaching 
and departing the Vancouver International Airport. Both air- 
craft noise and variable (strength and duration) radio fre- 
quency (RF) transmissions hindered the collection of high 
quality reflection profiles. Data collection proceeded, as 
much as possible, during intervals of low aircraft &affic and at 
times with minimal RF interference. In addition to noise 
problems, the RF transmissions caused numerous false trig- 
gers of the seismograph that were interpreted to be an 
"antenna effect7' related to the amount of takeout cable and 
trigger line spread across the ground. In order to counteract 
this phenomenon, field equipment was changed to minimize 

the length of takeout cablesftrigger line lying on the ground 
and first arrivals were constantly monitored to insure that 
accurate triggers were being recorded. 

Processing was done with the WinSeis software package 
(Kansas Geological Survey) using a standard sequence for 
CDP reflection data that includes: data reformat, trace edit- 
ing, CDP sort, velocity analysis, normal moveout correction, 
bandpass filtering (40 to 120 Hz), automatic gain control 
(200 ms window), and CDP stack. The most time consuming 
and difficult stage of processing involved trace editing; selec- 
tive trace muting was applied to the data in order to remove 
undesirable seismic signals (i.e. aircraft and RF noise, 
refracted energy, and airwave and groundroll arrivals). 

RESULTS 

In many parts of the Fraser delta, the collection of high- 
quality seismic reflection data is hindered by the presence of 
gas in shallow sediments (S.E. Pullan, pers. cornm., 1997). 
Even small amounts of gas can considerably reduce velocities 
and increase seismic attenuation. Upon viewing the proc- 
essed seismic reflection sections (Fig. 3,4, and 5 ) ,  it is imme- 
diately apparent that abrupt changes in seismic amplitudes 
occur along the length of the lines. This variability in data 
quality clearly indicates the presence of near-surface gas in 
the study area. 

Figure 3. Interpreted seismic line 1 .  
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CDP # 1 it 0 125 m 

Figure 4. Interpreted seismic line 2.  

Figure 5. Interpreted seismic line 3. 
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Reflection profiles 

In areas where gas in the sediments is not a problem or in seis- 
mic surveys utilizing more powerful seismic energy sources 
(i.e. Britton et al., 1995), the unconforrnity marking the top of 
Tertiary sediments beneath the Fraser delta is a strong 
reflecting horizon. Correlation of the reflection profiles from 
this study with a nearby seismic line (89-96) from the Britton 
et al. (1995) data set provided a starting point for our interpre- 
tation of the bedrock (Tertiary) surface. 

Line 1 (Fig. 3) is approximately 0.75 krn in length and its 
north end is less than 100 m south of CDP #I10 (shotpoint 
#485) on line 89-96 (Hunter et al., 1996). The top of Tertiary 
has been interpreted at a two-way travel time of about 0.55 s 
on the north end of line 1. South of CDP #350, the Tertiary 
surface dips north and rises to less than 0.45 s near the south 
end of the line. This structure correlates with the east side of a 
channel-like bedrock feature imaged on line 89-96. A group 
of shallower (0.3 to 0.45 s) lens-shaped reflections in the mid- 
dle of the section also correlate with a similar reflection pat- 
tern (channel-fill?) on line 89-96 (J. Britton, Dynamic Oil 
Ltd., pers. comm., 1995). 

Line 2 (Fig. 4) is 1.3 km long and is oriented approximat- 
ely east-west. On the east half of the line, the data quality is 
very good and the bedsock surface displays a subtle dip to the 
west. An abrupt change in data quality occurs at CDP #480, 

and data west of that point are undoubtedly attenuated by the 
presence of gas. Although the data are of lower quality on the 
west half of the line, the bedrock reflection is interpretable 
and shows a slightly steeper westward dip. 

Line 3 (Fig. 5) has a northwest-southeast orientation and 
is 1.0 kmin length. The top of Tertiary dips gently northwest- 
erly from the southeast end of the line to near CDP #330. West 
of CDP #330, the data quality decreases markedly (gas) and 
the bedrock reflection suggests a steeper northwesterly dip of 
the Tertiary surface. 

Bedrock structure 

Interpretations of the two-way travel time to the bedrock sur- 
face were made every 24th CDP spacing (60 m) along each of 
the three seismic lines. The times were plotted on the site map 
and contoured as shown in Figure 6. 

The map (Fig. 6) shows a northwest-dipping bedrock sur- 
face. Borehole FD 94-3 is situated near a break in slope on 
this surface that is believed to represent the southeast side of a 
northeast-trending bedrock channel. The northwest side of 
the channel is unconstrained based on the new data and is not 
included on the map, however correlation with line 89-96 
suggests that the feature is a channel approximately 2 km 
wide. An interesting observation is that the onset of the 

/ / 
Line 89-96 

0 250 

Scale 
(metres) 

Line 2 

Figure 6. Map of two-way travel time to the top of Tertiary bedrock from interpretation of the 
seismic reflection lines. The locations of borehole FD 94-3, lines 1, 2, and 3, and line 89-96 are 
shown. 
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"gassed-out" parts of lines 2 and 3 correlates with the break in 
slope at the channel boundary, and suggests that the gas might 
be associated with the channel-fill sediments. 

The trend of the bedrock channel (northeast) does not 
have the same northwest orientation as most of the large bed- 
rock troughs mapped by Britton et al. (1995). However, 
northeast-trending Tertiary faults have been recognized to 
control the orientation of the Fraser lowland (Monger et al., 
1995). Therefore, it is possible that the northeast-trending 
channel imaged in this survey is fault controlled and may rep- 
resent a conjugate bedrock fabric that was previously unre- 
solved on the scale of the Britton et al. (1995) map. 

Although a detailed time-to-depth conversion has not 
been done, depths to bedrock are interpreted to range from 
approximately 325 m to 450 m using velocity information 
from the suite of geophysical logs collected in FD 94-3 
(Dallimore et al., 1995). 

CONCLUSIONS 

This paper has presented new information on the local struc- 
ture of the Tertiary bedrock surface in the area beneath bore- 
hole FD 94-3. Seismic data quality was highly variable (even 
over relatively short distances) due to aircraft and RF noise 
and the presence of gas in the shallow sediments. A two-way 
travel time map of the bedrock surface suggests a northeast- 
trending channel beneath the area and supports existing 
regional bedrock data (Britton et al., 1995) that presents the 
Tertiary surface as a structurally complex boundary. It has 
been suggested that the geometly and depth of the bedrock 
surface will influence ground shaking resulting from signifi- 
cant earthquakes in the region (Harris et al., 1995). Therefore, 
it is expected that the bedrock structure information gener- 
ated in this study will be combined with the existing bedrock 
data set to improve interpretations of the deep structure 
beneath the Fraser delta. 
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A problematic Early Cretaceous age for the 
conglomerates previously assigned to the Eureka 
Sound Group, east-central Ellesmere Island, 
Arctic Archipelago 

T.A. de Freitas, A. Sweet, and R. Thorsteinsson 
GSC Calgary, Calgary 

de Freitas, T.A., Sweet, A., and Thorsteinsson, R., 1997: A problematic Early Cretaceous age for 
the conglomerates previously assigned to the Eureka Sound Group, east-central Ellesmere 
Island, Arctic Archipelago; & Current Research 1997-E; Geological Survey of Canada, p. 21-32. 

Abstract: A conglomerate sequence more than 1 kin thick was deposited in the footwall of the Parrish 
Glacier Thrust, in gravelly braided stream and alluvial fan settings. The conglomerate lithoclasts were 
derived fiom lower Paleozoic strata exposed in the hanging wall of the thrust. Internal disconformities in the 
conglomerates adjacent to the main regional thrust and the klippe of Ordovician carbonate resting on the 
conglomerates, indicate that thrusting was synchronous with, and postdated, sedimentation. 

Fossils from the conglomerate outlier are Early Cretaceous in age. The apparent lack of exposed 
Cretaceous deposits in the hanging wall and the extent of fine grained deposits from which the fossils were 
collected suggest their deposition was in situ. However, alluvial deposits of this type and age are unlmown in 
the Canadian Arctic, and conglomeratic outliers farther north have yielded Paleocene or younger fossils, 
thus placing the Cretaceous age assignment in question. 

Rdsumd : Une sequence conglomtratique de plus de 1 km dtCpaisseur a CtC dCposCe dans le comparti- 
ment infkrieur du chevauchement de Parrish Glacier, dans des milieux de cours d'eau anastomosCs grave- 
leux et de c6nes alluviaux. Les lithoclastes conglomCratiques sont derives de strates du Paltozoi'que 
inferieur exposkes dans le compartiment supkrieur du chevauchement. La presence de disconformitCs 
internes dans les conglomkrats jouxtant le chevauchement rkgional principal et d'un klippe de roches car- 
bonatCes ordoviciennes sur les congIomCrats indique que le chevauchement a eu lieu pendant et apr6s la 
sgdimentation. 

Les fossiles du lambeau d'Crosion conglomCratique datent du CrCtacC prkcoce. L'absence apparente 
d'affleurements de dCp8ts crCtacCs dans le compartiment supCrieur et 1'Ctendue des d6p6ts ?i grain fin dans 
lesquels les fossiles ont CtC recueillis permettent de supposer que ceux-ci se sont accumulCs sur place. 
Toutefois, les dCp6ts alluviaux de ce type et de cet 2ge sont inconnus dans I'Arctique canadien et les 
lambeaux dtCrosion conglomCratiques situCs plus au nord renferment des fossiles palCocbnes ou plus 
rCcents. L'attribution au CrttacC est donc problCmatique. 
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INTRODUCTION energy during expeditions to the far north (Fig. 1; Nares, 
1878; Greely, 1888). Members of the Nares expechtion (Feilden 

The eastern Ellesmere Island Eureka Sound Group type beds and De Ranee, 1878) also provided the first age and lithologi- 
have heen visited sporadically for many years. Early explor- cal information about these strata. Christie (1964) visited the 

ers used Tertiary coals in Watercourse Valley as a source of WatercourseValle~ andpavy River outliers (Fig. 1) as part of 
a regional geological study, and assigned an Early Cretaceous 
or Early Tertiary age to the generally fine grained clastic 
deposits. In the early 1960s, J.W. Kerr examined the regions 
containing the three southern outliers (Fig. 1) during 
reconnaissance-scale bedrock mapping, but much of the 
work was based on air photo interpretation, and Kerr did not 
recognize the conglomeratic texture of the outliers and 
included them within the lower Paleozoic succession (Kerr, 
1973a, b, c). 

$,"r Peninsul 

-4 *, qopm 
of Par 

In 1972 and 1973, U. Mayr, then working for J.C. Sproule 
and Associates Ltd., prepared 1:250 000-scale bedrock 
geology maps of the area and recognized the syntectonic 
nature of the Cape Lawrence and Franklin Pierce Bay out- 
liers. Mayr and de Vries (1982) later reinterpreted these 
strata, and assigned a Tertiary age to them based on a 
Paleocene macroflora collection from the Cape Lawrence 
Outlier in 1973 (Fig. 1). The Pavy River and Carl Ritter Bay 
outliers were visited by Miall (1982), who reported on the 
sedimentology of the thick syntectonic units, and concluded 
they were Paleocene (Fig. 2). 

Ricketts (1994), in a comprehensive study of the upper 
Sverdrup Basin succession, equated the Franklin Pierce Bay 
conglomerates to the Buchanan Lake Formation and assigned 
an Eocene age to them. This age was not based on fossils but 
on the assumption that the Eurekan Orogeny was regionally 

Figure I .  Locality map, Canadian Arctic Islands. synchronous and that Eocene fossils were associated with the 

West-central Ellesmere I. Eastern Ellesmere I. 

estuarine to shallow marfns mainly sandstone 

2 ,- 
r 
e . . . . . . . .  

MountMooreFm. 
" " " " " " '  

Cape Lawrence Fm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

unnamed conglomerates, 
Franklin Plerce Bay outller ' 

'conglomerates 01 the Franklin Pierce Bay Oullier conlain Cretaceous and younger lossils, and thus its age is problematic (see text lor discussion) 

Figure 2. Stratigraphic correlation of late Mesozoic-early Cenozoic strata, central and 
eastern Ellesmere Island. Modified from Miall (1991) and Embry (1 991). For alternative 
stratigraphic nomenclature, see Ricketts (1 994). 
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syntectonic deposits on parts of Ellesmere and Axel Heiberg 
islands. While Ricketts (1994) acknowledged the Paleocene 
age reported earlier by Mayr and de Vries (1982) and Miall 
(1982), he did not explain this marked age discrepancy. 

In 1984 and 1996, these deposits were revisited by 
R. Thorsteinsson and T. de Freitas, respectively, and addi- 
tional organic-rich strata were sampled for age dating. The 
older sample set (Eastern sample set, C-61710, C-61716, 
C-61717; Fig. 3) was analyzed by D. McIntyre in 1985, and 
the second set (Western sample set; C-246243 - 246246; 
Fig. 3) by A. Sweet in 1996-1997. Both sets yielded Lower 
Cretaceous fossils notwithstanding the fact that they were 
collected by different field geologists at different times and 
dated by different paleontologists. This surprising age is 
reported and discussed herein, together with new reflectance 
data, map relationships, and lithological observations of the 
Franklin Pierce Bay and Cape Lawrence outliers and the 
nearby lower Paleozoic strata. 

LITHOLOGY 

The spectacular exposures of the Franklin Pierce Bay outlier 
were examined briefly during two days in early June, 1996 
(T. De Freitas) and a single day of helicopter work in mid- 
July, 1984 (R. Thorsteinsson). 

Franklin Pierce Bay Outlier 

The Franklin Pierce Bay Outlier consists of vertical cliff 
facies up to 1 km high, composed of massive to vaguely strati- 
fied, oligomict carbonate, ortho- and paraconglomerates 
(Fig. 4B, C). Clasts appear to be mostly of cobble size, 
although many boulder sized clasts are visible. Clasts are 
abundantly imbricated and appear to show a southeastward 
transport direction, but this needs statistical verification. 
Many Ordovician and Silurian formations can be identified in 
the conglomerate lithoclasts. 

Cliffs along the east coast of Franklin Pierce Bay show 
large-scale bed truncations (Fig. 4B). West of Cape Harrison, 
a well exposed synsedimentary normal fault features signifi- 
cant stratigraphic offset of Silurian strata and the lower part of 
the conglomerate sequence (Fig. 5). Conglomerates appear to 
everywhere rest on Silurian carbonates in the footwall of the 
Parrish Glacier Thrust (Fig. 3). 

STRUCTURE 

The hanging wall panel of the Parrish Glacier Thrust contains 
more than 3 km of Cambrian to Devonian carbonates and 
elastics. It has an exposed length of about 180 km and a vari- 
able orientation, from north-northeast near Bay Fiord to east- 
northeast near Dobbin Bay. The swing of the thrust is related 
to a regional cratonic promontory, centered south of Bache 
Peninsula (Fig. 1). The promontory consists of strongly 
deformed Precambrian crystalline basement and minor, flat- 
lying sedimentary rocks, unconformably overlain by a veneer 

of mildly deformed lower Paleozoic strata (Kerr, 1973a, b, c). 
The oldest units encountered in the hanging wall are interbed- 
ded sandstone and mudrock of the Lower Cambrian Kennedy 
Channel Formation (Fig. 3), which are overlain by a series of 
competent carbonate and clastic units. The generally northward- 
dipping panel contains several gentle, upright folds. Minor 
thrusts also occur, particularly where the Baumann Fiord 
Formation is exposed, but the full extent of these structures is 
presently unknown. 

The Footwall structure is more complex. It contains sev- 
eral flat thrusts carrying Cambrian to Silurian strata, which 
locally form klippe on the Tertiary conglomerate, such as 
near Franklin Pierce Bay (Fig. 3) and at Cape Lawrence 
(Fig. 4A). These strata are generally gently dipping or contain 
upright folds and minor faults. The conglomerates are gener- 
ally flat lying or gently folded. 

PALEONTOLOGY 

The nomenclature of the rniospores shown in Table 1 and dis- 
cussed below follows as closely as possible that of Hopkins 
(1971, 1973, 1974) for ease of comparison between the flo- 
ras. Otherwise taxa conform to those of Singh (1971). All 
samples, except for C-61716, yielded prolific assemblages 
(Table 1; Plate 1). 

Western sample set 

Four paleontological samples (C-246243 - 246246), studied 
by A. Sweet in 1996, were collected by T. de Freitas from two 
sandstone and coal outcrops, each with an exposed area of 
less than 100 m2 and thickness of about 2 m. The coal-bearing 
outcrops are badly weathered, poorly consolidated, and 
unstratified; they occur immediately south of a prominent, 
unnamed footwall thrust (Fig. 3) and appear to overlie con- 
glomerate beds, but this contact is not exposed. Overlying 
strata are also not exposed, and thus the stratigraphic relation- 
ship of these beds with the conglomerates is uncertain: they 
could be interpreted as interbedded with the conglomerates, 
or they could represent tectonic slivers, transported there 
during development of the unnamed footwall thrust (Fig. 3). 

As shown in Table 1 and Plate 1, the assemblages contain 
abundant gymnosperm pollen, mostly Alisporites bilateralis, 
A. grandis, and Cerebropollenites mesozoicus (Tsugaepol- 
lenites mesozoicus in Hopkins, 1971). These gymnosperms 
and the associated spore flora, in particular Acanthotriletes 
varispinosus, Cicatricosisporites spp., Concavissimisporites 
variverrucatus, and C. verrucosus, Densoisporites cf. 
D. crassus, Gleicheniidites senonicus, Neoraistrickia cf. 
N. robusta, Perinopollenites elatoides, Pilosisporites tricho- 
papillosus, Sestrosporites pseudoalveolatus (Hymenozono- 
triletes cf. H. pseudoalveolatus in Hopkins, 1971), and 
Trilobosporites cf. T. puwerulentus, are characteristic of 
Early Cretaceous floras such as those reported by Singh 
(1971), Burden and Hills (1989), and Hopkins (1971, 1973) 
from the Early Cretaceous Isachsen and Christopher 
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formations of the eastern Arctic Islands. This clearly estab- To determine the source of the triporate pollen the two 
lishes the dominant component of the assemblages as Early samples were split into three fractions: larger coal fragments, 
Cretaceous. pieces of lithified mudstone, and a -150 pm fraction com- 

However, a secondary component of two of the samples posed of clayey debris and fine mudstone and coal fragments. 

(C-246245 and C-246246) is represented by triporate, betula- The triporate pollen and the single specimen of t~lcolpate pol- 
len were found in the preparations of the fine fractions and not ceous pollen and a single specimen of tricolpate pollen. Tri- 

porate pollen such as this first appears in the Maastrichtian in the coal and mudstone fragments. 

and is characteristic of Tertiary assemblages. 
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Figure 3. Bedrock geology map, southeastern part of the Dobbin Bay map area, eastern Ellesmere Islancl. 
For location see Figure 1. 
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The vitrinite reflectances of four samples were deter- 
mined and are listed in Table 2. 

Eastern sample set 

These samples were collected by R. Thorsteinsson and studied 
by D. McIntyre in 1984. The slides were re-examined by 
A. Sweet in 1996 who confirmed the Early Cretaceous age of 
assemblages in samples C-61710 and C-617 17 and their simi- 
larity to those of the Western Sample Set (Table 1). One dif- 
ference between the two sample sets is the abundant 
occurrence of Canningia sp. specimens in sample C-61710 as 
reported by D. McIntyre. This dinoflagellate indicates a 
marine or marginal-marine depositional environment for the 
sampled stratum. 

An abundance of a single species of dinoflagellate, 
Canningia sp. in the sample is significant, because it indicates 
a ecologically restricted marine or marginal-masine deposi- 
tional environment, which excluded all other marine or mar- 
ginal marine fossils. Such a low-diversity fossil assemblage 
is not significant by itself, because comparable monospecific 
assemblages do occur; however, if these fossils were derived 
from uplifted Cretaceous strata, one would expect representa- 
tion of multiple ecological niches and hence more vasiety in 
the assemblage and associated paleoenvironmental interpre- 
tation. But this is not the case. 

The third sample (C-61716) is very sparse and therefore 
its assemblage is more difficult to assess. A specimen of betu- 
laceous triporate pollen, reported as Triporopollenites mul- 
lensis by D. McIntyre, was observed and, as for the Western 
sample set, indicates a younger, probably post-Cretaceous 
component. 

I LEGEND I 1 CRETACEOUS OR TERTIARY AGE 
UNNAMED CONGLOMERATES: bmwn lo reddish brown; granule lo boulder grade; lhlck 
bedded, carbonale lilhoclasls lealuring lilhologies 01 lower Paleozoic succession in hanging 
wall of the Parnsh Glacier Thursl, common clasl imbrication; 4 0 %  inferbedded line lo 
medium grained sandslone 

SILURIAN 
a UNDlVlDED SlLURlAN CARBONATES: Includes Allen Bax Cape Sform, and Dour0 

lormefIons, as desMIbed below 

DOUR0 FORMATION: Umeslone andsandslone. Umeslone: dolomllic, sandy and siiM 
greyish yellow green, medium and lhln bedded, finely cryslalllne, bioturbaled, hlghly /ossil- 
ilerous. Sandstone; calcareous and dolomlllc, greyish yellow green. fine grained, massive, 
biolurbaled, (OSsiliferous 

BAUMANN FIORD FORMATION: gypsum. llmeslone, and doloslone. Gypsum: (mostly in lower 
66% ollormation) while, lhln bedded, recessive, laminafed calcareous, common lnlraclasl 
wnglomerale. Limestone and doloslone: (mostly In upper 33%) gypslfemus; yellowish grex 
medium and thin bedded; linely cryslalline, lntraclasf mnglomerales , lamlnaled, 
locally abundanl thromboliles 

lace] CHRfSTfAN ELV FORMATION. limeslone end doloslone: y&wish grey. medium andrhlck 
bedded: hnelv crvslalllne. mnlradasl mlomerates . lamlnaled. locdllv abundant lhrombul~tes 
In upp&pai bebdingp1bs feamre nimemus lrece fossils 

LOWER ORDOVICIAN AND UPPER CAMBRIAN 

CAPE CLAY FORMATlON: llmeslone and doloslone: yellowish grefi medlum and lhick bedded; 
l°Cc linelv crvslalline. resislanl. Inlraclasl condlomerales: laminated. locallv abundant lhmmboiites 

Scs CAPE STORM FORMATION: DdoSlone andsandslone. Dolosfone: caIcar80uS. sandyand UPPER CAMBRIAN 
[7 si/@ greyish yellow green andgfeylsh yellav. medlum and thin bedded, finely cryslalline, 

lamfnafed, stromatoiitic. Sndsfone: caic~reous and dolomllic, greyish ~ I I O W  green, line CASS FJORD FORMATION (upper member): limeslone anddoloslone: sandy in upper Pad, 
grained, well sorted, massive, bblurbaled yellowlsh grey and llghf grsy, medium and thick bedded; linely cryslalllne, lnlraclasf conglomerales, 

lamhaled, fhrombol~les In lower parl 
SILURIAN AND UPPER ORDOVICIAN 

6031 lower member: limeslone and dolostone: sandy In lower parl, yellowish grey and llghl gre): local 
osa ALLEN BAY FORMATION: Limeslone and doloslone. Umeslone (in lower and upper part). red wealhering, medium and thick bedded; l7nely ccyslalllne, inlraclasl conglomerates, laminaled, O dolomlllc, greyish yellow, medium and lhlck bedded, linely cryslallnre. bum-motlled h mudcracks 

lowerpad; lamlnafed, slmmafollfic, cmglomerafffi in upperparl; rare fossils including 
gasl@, sfromaloporolds, brachbpods. Dolosfone: llghl grey andgwsh  yellow, finely 
to medium ccyslalline, laminaled, massive, 6% vuggyporosity 

UPPER ORDOVICIAN 
Cornwallis Group 

IRENE BAY FORMATION: Limeslone: dolomillc, argiiiaceous;greyish yellowgreen, 
medium bedded, rubbly wealhering; linely cryslalline, burrow-motllsd, asbdanl fossil 
Iragmenls, Arcllc-OrdouWan fossil fauna 

7HUMB MOUNTAIN FORMATION: Llmeslone: dolomIlrC. a r g l l l a ~ e o ~ ~  h lemls h upper 
pa~;yellowlsh grey, greenish in arglIIarrx,us upperparl; lhlck bedded resislanl, linely 
cryslallrne, abundanlly burrow-motfled, Arclic-Ordoviclan lossil launa In upperparf 

MIDDLE CAMBRIAN 

csbi SCORESBY BAY FORMATION (upper member): llmeslone and doloslone: sandy; yellowish grey; 
LI locally red wealhering; medium and lhick bedded; finely crystalline, hlraclasl mnglomerales, 

burrow monles; laminated, rare lhrombollles 

LOWER CAMBRIAN 

&m 1owermember:doloslone: CaIcarews andsome Ilmes(one h laverpad; yellowish gfeg pale 
LI yellowish bmrm, and b"gh1 yell~bvish orange, lhick bedded, reslsfanl; medium andlocally 

marsaly crysfalllne, blolurbated, lriloblles 

KANE BASIN FORMATION: Sandslone, sillsfone, and mudrod: yellowish grey and dark grey; 
lhln bedded recessive, lamlnafed; some skoillhos burrows in lower parl 

0 ~ 0 2  BAY FlORD FORMATION (upper membed: Iflmesfone ena doioslone, yelloa~sh grey and 1 medrum gref lhnn and m e d m  bedoed, l~nel, cryslall!ne, lam~naled, mudcra&s; conla#ns 
a basal 10- 15 m thick res!stanl, burrow-motfled dolomllrc limeslone lmugh ~ ~ ~ ~ ~ - s l r a l ~ b e d  

O C ~ I  lower membw limesfone. dolosfone, minor m u m .  L l m b n e  anddolmfone:NlowIsh ELM BAY FORMAT~ON; DOIOS~O~~:  brighlye10~1'sh orange andgreylsh JLSIIOW; r ~ c k  bedded, [7 grey and medlum grw lhln and medium bedded, finely crysfalline, lamlnaled, mudcracks; coarsely crysfalline; reslstanl, massive 
gypsum: calcareous, while, lemlnaled 

MIDDLE ORDOVICIAN 

ELEANOR RIVER FORMATION. bmeslone and rnrnor doloslone yellow~sh grey and pale 
yesowlsh brom; lnl& Dedded, resislanl, finely crysfallme, abundanl Durro.4 motfles, mmor 
cherf 

J '  - Geological boundary (defined, appromale, pro,ecled lhrough Ice or overburden) 

- - -  Normal huff (defined, approximate) 

// AnNcline, syncline ( a m  IndIcalesplunge) 

, , Thrust laull (defined approxlmare, assumed orprojeced lhrough overburden or ice; fieelh lndlcale uplhrusl side) 

/ Measured slraligraphlc section 
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Table 1. Fossil collections. 

Western sample set 

'i' "0 c: c: a:.s ro 
X Ill Oi (;j 
·- "0 0 0 E ;:, ~ ~U) ~e 

~"0 ~ ~'E 
C\1 c: ~:0 C\1 Ql 

~~ <DE 
a=abundant, c=common, s=scarce, "<!" 0 ~~ N ro 

6~ 0 8 r=rare o.:: 
MIOSPOAES 
Alisporites spp. c A A 
Acanthotriletes varispinosus 
Cicatricosiporites spp. 
Classopoliis sp. 
Concavissimisporites spp. 
Densoisporites cf. D. crassus 
Cycadopites sp. A 
Deltoidospora sp. c A 
Eucommiidites troedssonii 
Gleicheniidites senonicus c s 
Lycopodiumsporites austroclavalidites c s c 
Neoraistrickia cf. N. robusta s c A 
Osmundacidites welimanii A 
Perinopollenites elatoides A s 
Pilosisporites trichopapillosus 
Podocarpidites sp. A 
Sestrosporites pseudoalveolatus 
Stereisporites antiquasporites c s c 
Cerebropollenites meszoicus c c s 
Trilobosporites cl. T purverulentus 
triporate pollen (Betulaceous) 

Figure 4. Conglomerates of the Franklin Pierce Bay and 
Cape Lawrence outliers. A. Cape Lawrence conglomerate 
succession. Line with teeth outlines a horizontal thrust and 
klippe of ?Ordovician carbonates. Height of hill is about 
1000 m. B. East coast of Frank/in Pierce Bay showing 
conglomerate units. Arrows indicate inclined conglomerate 
beds truncated by subhorizontal beds above. Height of hill is 
about 500 m. C. Typical outcrop expression of the 
conglomerates of the Frank/in Pierce Bay Outlier, near Cape 
Hawks. Washington lrving Island in background (arrow) is 
indicated. Conglomerates also form cliffs on the southern 
part of this island. Height of near cliff is about 350 m. 

Figure 5. Outcrop photograph, Cape Harrison, southeast of 
Franklin Pierce Bay. Normal fault (dash line) is indicated. 
The fault does not continue into overlying conglomerate 
beds. Dotted line indicates unconformable contact between 
Silurian carbonates and conglomerate unit. About 300 m of 
cliff is exposed. 
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Table 2. Vitrinite reflectances of the western sample set. 

Sample 1 no. 1 Ro. % I St. dev. I Points I Remarks 1 

PLATE 1 

C-246243 
C-246244 
C-246245 
C-246246 

Selected Early Cretaceous taxa recovered from the indurated mudstone pieces and coal. Specimens will be 
stored permanently as part of the Geological Survey of Canada type collections, Ottawa but are at present in 
temporary storage at GSC (Calgary). All figures x750. 

Gymnosperm pollen 

Vitrinite reflectance and maceral identification by M. Tomica (GSC, Calgary) 

0.33 
0.32 
0.34 
0.40 

1. Alisporites bilateralis Rouse; GSC 115241, P4261-3N, 132.9x7.4, GSC loc. C-246245. 
2. Podocarpidites sp.; GSC 115242, P4261-3B, 127.3x11.8, GSC loc. C-246245.3. Classo- 
pollis sp.; GSC 1 15243, P4261-3A, 129.7~2 1.8, GSC loc. C-246245.4,5. Cerebropollenites 
mesozoicus (Couper) Nilsson; GSC 115244, P4261-3A, 128.7x15.7, GSC loc. C-246245; 
GSC 115245, P4261-4K, 125.4x9.3, GSC loc. C-246246; respectively. 

Spores 

0.05 
0.03 
0.03 
0.03 

6. Gleicheniidites senonicus Ross; GSC 115246, P2726-lG, 130.2x18.6; GSC loc. C-61710. 
7. Densoisporites cf. D. crassus Tralau, in Hopkins, 1971; GSC 115247, P2726-lG, 
122.2~20.8; GSC ~ O C .  C-61710. 

Dinoflagellates 

50 
50 
50 
50 

8. Canningia sp.; GSC 115248, P2726-lK, 13 1.4x5.8, GSC loc. C-6 17 10.9. Gardodinium sp.; 
GSC 115249, P4261-4K, 126.2x10.7; GSC loc. C-246246. 

Humotelinite, densinite, abundant corpohumite 
Humotelinite, ulminite, abundant corpohumite 
Mudrock with coal lenses, gelinite, phlobaphite, corpohumite 
Humotelinite-ultimite, densinite (abundant terrestrial liptinites) 

Spores 

10. Acantlzotriletes varispinosus Pocock; GSC 115250, P4261-3A, 136.2x8.7, GSC loc. 
C-246245.11. Indeterminate spore; GSC 1 1525 1, P2726- lK ,  128.5x17.7; GSC loc. 
C-61710.12. Neoraistrickia cf. N. robusta Brenner in Hopkins, 1974; GSC 115252, P4261- 
lC, 120.3x13.6; GSC loc. C-246243. 13. Stereisporites antiquasporites (Wilson and 
Webster) Dettmann; GSC 115253, P2726-lK, 132.9x10.7, GSC loc. C-61710. 14. Concav- 
issinzisporites variverr~icat~is (Couper) Singh; GSC 115254, P4261-3B, 125.4x16.5, 
GSC loc. C-246245. 15. Trilobosporites cf. T. p~iwerulent~is (Verbitskaya) Dettmann in 
Hopkins, 197 1; GSC 115255, P4261-4B, 124.0x17.2; GSC loc. C-246246. 

16, 17. Cicatricosisporites spp.; GSC 115256, P4261-3B, 126.7x11.7; GSC loc. C-246245; 
GSC 115257, P4261-3A, 132.6x18.8, GSC loc. C-246245. 18. Concuvissinzisporites verru- 
cosus Delcourt and Sprumont; GSC 115258, P4261-3B, 121.7x13.8, GSC loc. C-246245. 
19. Pilosisporites trichopapillos~is (Thiergart) Delcourt and Sprumont; GSC 115259, 
P4261-3B, 134.3x9.8, GSC loc. C-246245. 20. Perinopollenites elatoides Couper; 
GSC 115260, P4261-4K, 112.6x21.5, GSC loc. C-246246. 
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AGES AND COMPOSITION OF POSSIBLE 
CORRELATIVES ON NORTHEASTERN 
ELLESMERE ISLAND 

The Pavy River Outlier (Christie, 1964; Miall, 1982) contains 
about 1000 m of sandstone, mudrock, and minor conglomer- 
ate. The latter tend to be confined to the northwestern and 
western part of the outlier. Two samples from the fine grained 
siliciclastics yielded Paleogene age microfossils, and a third 
contained ?Paleocene age palynomorphs, including Sigmo- 
pollis, Osmunda, Splzagn~iun, Laeviegatosporites, Inapertu- 
ropollenites, Glyrptostrobus, Paraalnipollenites, Alnus, 
Triporopollenites, Typha, cf. Carpinis, Extratripropol- 
lenites, Tricolpites, and Pineaceae (Miall, 1982). 

Preparation from samples C-68673, C-68678, and 
C-68681 from outcrop stations 45 and 46 of Miall (1982, 
Fig. 9) were re-examined and no taxa specifically identifiable 
as Early Cretaceous were observed within prolific assem- 
blages dominated by gymnosperm (TICIT) and angiosperm 
pollen. In addition to the taxa listed in Miall, specimens of 
Carya imparalis and Ericaceae pollen were seen, and thus the 
fossil assemblages are similar to the Late Paleocene assem- 
blages reported from Somerset Island (McIntyre, 1989). 

The Daly River Outlier contains a thin sequence of lime- 
stone, sandstone and carbonaceous shale, and it too has 
yielded Lower Cretaceous spores and pollen (Christie, 1964, 
p 57). 

The Watercourse Valley Outlier was discovered by mem- 
bers of Nares Expedition (Nares, 1878; Christie, 1964). Plant 
remains collected during this expedition were identified 
as Miocene. However in a more recent publication, 
D.C. McGregor (b Christie, 1964) identified Paleocene or 
possibly Eocene plants, placing some question on the 
previous age interpretations. Macroflora listed by Christie 
(1964, p. 59) include Corylus sp. cf. C. macquarrii, Feildenia 
rigida, cf. Arundo goeppertii, cf. Phragmites oeningensis, 
and ?Metasequoia occidentalis (=Taxodium distichum mio- 
cenicum). Greely (1888) mined 9500 pounds of coal from this 
seam for his ill-fated expedition. The high volatile, bitumi- 
nous coal (Ro=0.75; Miall, 1982) was extracted from a 6 m 
seam that forms the lower part of a 100 m thick sequence of 
fine grained, laminated, fossiliferous siliciclastics. 

The Carl Ritter Bay Outlier contains about 2370 m of 
strata comprising four members: a cross-stratified sandstone 
member (member I), sandstone-siltstone-mudrock member 
(member 2), siltstone and sideritic mudrock member (mem- 
ber 3), and a thick conglomerate member (member 4). The 
latter member unconformably overlies the other three mem- 
bers and contains spectacularly well developed internal angu- 
lar unconformities (Miall, 1 982). Paleocene macroflora were 
obtained from these strata (L.V. Hills, ..I Miall, 1982). 

The Cape Lawrence Outlier is poorly known. It consists 
of thick bedded, red weathering, polyrnict to oligomict, 
poorly sorted conglomerate with pebble- to, locally, boulder- 
grade lithoclasts. Clasts appear to be composed mostly of 
Ordovician formations, although some quartzite lithoclasts 
suggests a Lower Cambrian source. A klippe composed of 

(?)Ordovician age carbonate strata is preserved in the highest 
part of the mountain (Fig. 4A). Mayr and de Vries (1982) 
found Tertiary leaf impressions (Crednaria spectabilis) in 
the upper part of the 1 km thick conglomerate sequence. 
Although Miall did not study the Cape Lawrence Outlier in 
detail, he did assign a new formation name to the sequence, 
and equated it with the conglomerates of the Carl Ritter Bay 
Outlier (Miall, 1991, Fig. 2). 

The Bache Peninsula Outlier was examined by Christie 
(1964) and again by Kalkreuth et al. (1993, p. 280) who 
described 21 coal seams from a 300 m thick sequence of sili- 
ciclastics. The coals have yielded Early Paleocene palyno- 
morphs (Kalkreuth, 1993). Petro-Canada geologists have 
assessed the economic potential of these coals and found 
them to be of good quality [22% ash, 1.5% sulphur, and a 
calorific value of 20 770 kJIkg (8936 BTU/b); Gibbins, 1984, 
p. 1221. 

INTERPRETATION 

The thick bedded, coarse, crudely stratified, clast supported 
conglomerates of the Franklin Pierce Bay Outlier contain fea- 
tures typical of gravelly braided streams (i.e, thick bedding, 
clast support framework, clast imbrication, lenticular bed- 
ding, and other attributes) (Blair and McPherson, 1994). 
Gravels were derived from the adjacent highlands, in the 
hanging wall panel of the Parrish Glacier Thrust, and trans- 
ported ;o the adjacent floodplain in alluvial fans (rarely pre- 
served). Abundant carbonate lithoclasts, some containing 
Ordovician and Silurian fossils, are clear evidence for a 
source in hanging wall. Sand and coaly sandstone represent 
accumulation and plant growth in abandoned channels (cf. 
Reinfelds and Nanson, 1993) or in vegetated, marginal 
marine settings, as evidenced by monospecific dinoflagellate 
assemblages. The lateral extent of some of the fine grained 
deposits appears to support the latter interpretation, while not 
the former, because channel fill sequences tend to be laterally 
discontinuous in other Phanerozoic, gravelly braided stream 
deposits. A similar syntectonic interpretation is advocated for 
the ,Cape Lawrence Outlier, but less is known of this 
sequence, and further fieldwork is required. 

Coal samples from the western sample set contain abun- 
dant liptinite, suggesting deposition in a wet, subaquatic envi- 
ronment. R, values (Table 1) indicate burial temperatures of 
about 50°C (Teichmiiller, 1987) or about 2 km of burial, 
assuming a geothermal gradient of about 24"C/km. 

Most of the conglomerates are gently folded or contain 
nappes of Ordovician carbonates. Nappes are clearly part of a 
regional footwall thrust splay with a flat fault geometry, 
developed within the Ordovician Baumann Fiord Formation. 
The flat fault geometry, carrying a hanging wall panel of 
Ordovician carbonates, is also developed with the conglom- 
erate unit, suggesting that the thrust fault geometry did not 
alter significantly once it entered the conglomerate sequence. 
This fact may reflect poor lithification of conglomerates 
during regional shortening. It also indicates that some short- 
ening significantly postdated syntectonic sedimentation. 
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The age of the fossils collected from the conglomerate are 
the most controversial aspect of this report, because compara- 
ble syntectonic deposits of the Arctic Islands are interpreted 
as being due to uplift during theEurekan Orogeny, which was 
largely an Eocene event. If the lower Cretaceous age is con- 
cluded, the entire history of the Eurekan Orogeny and the 
Mesozoic-Cenozoic, circum-Arctic tectonic development 
needs substantial reevaluation. If the fossil ages, instead, 
reflect erosion of Cretaceous strata in the hinterland, then the 
sedimentological setting requires careful interpretation, 
because Cretaceous rocks are not exposed in the hanging 
wall, and lithoclasts in the conglomeratic sequence consist 
entirely of lower Paleozoic formations. These points are dis- 
cussed more fully below. 

The western sample set was collected from two, small, 
poorly lithified outcrops that may be interbedded with thick 
conglomerate beds, or they may represent thin panels of 
thrusted Cretaceous strata, as mentioned previously. Neither 
interpretation can be successfully argued considering only 
the data from the western exposures. However, the eastern 
sample set yielded lower Cretaceous fossils very similar to 
those in the western sample set, from fine grained strata 
clearly interstratified with thick conglomerate beds. These 
fossil-bearing strata were obviously not introduced during 
thrusting, and thus, two explanations for the Cretaceous age 
must be considered: 

1. The coal and pieces of mudstone formed within the 
conglomeratic outlier; therefore, the conglomerates are 
Early Cretaceous age. The minor triporate and tricolpate 
angiosperm pollen would then have to be considered as 
having been introduced into the more weathered part of 
the sampled material relatively recently, perhaps during 
the Miocene or later. 

2. The coal and pieces of mudstone were transported from a 
nearby, sizeable Early Cretaceous source and deposited as 
part of the conglomeratic unit, probably during the 
Tertiary. In this case, the long-ranging angiosperm pollen 
would be the indigenous component. 

Solution 1 (the conglomerates are Cretaceous) 

As stated above, the fine grained deposits are likely aban- 
doned channel-fill or marginal-marine deposits. Fine grained 
alluvium is generally restricted to those alluvial environ- 
ments characterized by low flow rates and lesser stream car- 
rying capacity, as typically found in abandoned stream 
channels of gravelly stream systems (Blair and McPherson, 
1994). This significant interpretation implies that the con- 
glomerates and sandstone have a common source in the hang- 
ing wall panel of the Parrish Glacier Thrust, but reflect 
deposition under different hydraulic conditions in the flood- 
plain. The trapped fine sediment promoted plant growth and 
the preservation of the palynomorphs, effectively dating the 
alluvium. If the fine grained deposits are products of 
marginal-marine settings, a common source in the hanging 
wall panel is also implied, and fine grained detritus again rep- 
resents hydraulic sorting, but in a marginal-marine deposi- 
tional environment. In this scenario, the Cretaceous fossils 

are in situ, and the long-ranging angiosperm pollen were 
introduced into the poorly consolidated strata during the 
Miocene or Holocene. 

If the conglomerates are Cretaceous in age, the nature and 
composition of the Franklinian Pierce Bay Outlier is very dif- 
ferent from Cretaceous deposits in other parts of theCanadian 
Arctic. Early Cretaceous sandstones are widely exposed and 
are assigned to the Isachsen and Christopher formations 
(Embry, 1991); these units generally consist of fine grained 
marine or continental sandstone and mudrock and are very 
different from the conglomerates at Franklin Pierce Bay. 
Further question is placed on the Cretaceous age assignment 
when dates from outliers farther north, as described above, 
are considered. The Cape Lawrence and Carl Ritter Bay out- 
liers were clearly alluvial deposits associated with regional 
thrusting, probably under the same regional stress regimes 
that produced the Parrish Glacier Thrust, but these deposits 
have yielded samples indicating generally younger ages. In 
particular, Paleocene macroflora have been recovered from 
the highly conglomeratic Cape Lawrence and Carl Ritter Bay 
outliers, as mentioned above (Mayr and de Vries, 1982; 
Miall, 1982). Middle to Upper Eocene age thrusting is also 
widespread west of the report area, where it has been related 
to the Eurekan Orogeny (Thorsteinsson and Tozer, 1970). 

Solution 2 (the conglomerates are younger, 
perhaps Tertiary) 
If the Cretaceous fossils were derived from uplifted 
Cretaceous strata, a complex sedimentological solution may 
be advocated. For example, modern gravelly braided streams 
may contain numerous intersecting drainages from fold and 
thrust belts featuring a complex, interleaved stratigraphy. 
The provenance of the main stream reflects a multitude of 
sources in the hinterland, but smaller feeder channels may 
reflect more localized source areas. Using this reasoning, it is 
possible the Cretaceous strata were involved in thrusting 
during development of the Parrish Glacier Thrust and pro- 
vided a source of sediment in an otherwise gravelly alluvium 
dominated by lower Paleozoic lithoclasts. As-discussed 
above, the outcrops from which the western sample set was 
collected might represent tectonic slivers transported there 
during regional thrusting. However, these outcrops are less 
than 100 m2 by 1 to 2 m thick and thus are clearly too small to 
have provided a significant source of sediment, particularly 
in contrast to the several kilometres of resistant, lower 
Paleozoic source rocks. Furthermore, the closest known large 
Cretaceous exposure is more than 150 km away, too far to 
have provided coal-bearing detritus to the succession. 

CONCLUSIONS 

Conglomerates in the vicinity of Franklin Pierce Bay were 
deposited in gravelly braided stream and less common allu- 
vial fan environments. Lithoclasts appear to have been 
derived from lower Paleozoic sources, which are exposed to 
the west in the hanging wall of the Parrish Glacier Thrust. 
This thrust was probably activated in Cretaceous or later 
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times to produce the coarse conglomerate succession at 
Franklin Pierce Bay. Recent workers have concluded an 
Eocene age for these deposits, but the five samples reported 
herein provide a contradictory Early Cretaceous age. Two 
possible solutions are argued: 1) the conglomerates are 
Cretaceous age, or 2) Cretaceous strata were an important 
source of the syntectonic succession. Neither solution can be 
convincingly argued with the evidence available, but if the 
lower Cretaceous age is concluded, the entire history of the 
Eurekan Orogeny and Mesozoic-Cenozoic, circum-Arctic 
tectonic development needs substantial re-evaluation. 

ACKNOWLEDGMENTS 

Discussions with D. Leckie, D. Cant, U. Mayr, and V. Stasiuk 
improved the content of the manuscript. M. Tornica provided 
the data from coal analyses. P. Crowley provided cheerful 
field assistance. 

REFERENCES 

Blair, T.C. and McPherson, J.G. 
1994: Alluvial fans and their natural distinction fromrivers based on mor- 

phology, hydraulic processes, sediment processes, and facies 
assemblages; Journal of Sedimentary Research, v. A64, p. 450-489. 

Burden, E.T. and Hills, L.V. 
1989: Illustrated guide to genera of Lower Cretaceous terrestrial palyno- 

mo~phs (excluding megaspores) of Western Canada; American 
Association of Stratigraphic Palynologists, Contribution Series 
Number 21, 147 p. 

Christie, R.L. 
1964: Geological reconnaissance of northeastern El les~nere Island, 

District of Franklin; Geological Survey of Canada, Memoir 33 l ,79  
P. 

Embry, A.F. 
1991: ~Mesozoic history of the Arctic Islands; Chapter 14; Geology of 

the Innuitian Orogen and Arctic Platform of Canada and Greenland, 
(ed.) H.P. Trettin; Geological Survey of Canada, Geology of 
Canada, no. 3; (a&Geological Society of America, The Geology of 
North America, v. E) p. 370-433. 

Feilden, H.W. and De Rance, C.E. 
1878: Geology of the coasts of the arctic lands visited by the late British 

Expedition under Captain Sir George Nares, R.N., K.C.B., F.R.S.; 
Quarterly Journal of the Geological Society, v. 34, p. 556-567. 

Gibbins, W.A. 
1984: Mineral Industry Report 1980l1981 Northwest Territories; Depart- 

ment of Indian and Northern Affairs and Northern Development. 
Greely, A. 
1888: Report on the proceedings of the United States expedition to Lady 

Franklin Bay, Grinnell Land; Volume I: Government Printing 
Office, 738 p. 

Hopkins, W.S. 
197 1 : Palynology of the Lower Cretaceous Isachsen Formation on Melville 

Island, District of Franklin; Contributions to Canadian Paleontology; 
Geological Survey of Canada, Bulletin 1977, p. 109-132. 

Hopkins, W.S. (cont.) 
1973: Description, palynology and paleoecology of the Hassel Formation 

(Cretaceous) on eastern Ellef Ringes Island, District of Franklin; 
Geological Survey of Canada, Paper 72-37, 31 p. 

1974: Some spores and pollen from theChristopher Formation (Albian) of 
Ellef and Amund Ringes islands, and northwestern Melville Island, 
Canadian Arctic Archipelago; Geological Survey of Canada, Paper 
73-12,39 p. 

Kalkreuth, W.D., McCullough, K.M., and Richardson, R.J.H. 
1993: Geological, archaeological, and historical occurrences of coal, east- 

central Ellesmere Island, Arctic Canada; Arctic and Alpine 
Research, v. 25, p. 277-307. 

Kerr, J.W. 
1973% Geology, Kennedy Channel and Lady Franklin Bay, District of 

Franklin; Geological Survey of Canada, Map 1359A, scale 
1:25 000. 

1973b: Geology, Sawyer Bay, District of Franklin; Geological Survey of 
Canada, Map 1357A, scale 1.25 000. 

1973c: Geology, Dobbin Bay, District of Franklin; Geological Survey of 
Canada, Map 1358A, scale 1:25 000. 

Mayr, U. and de Vries, C.D.S. 
1982: Reconnaissance of Tertiary structures along Nares Strait, Ellesmere 

Island, Canadian Arctic Archipelago; Meddelelser om GrGnland 
Geoscience 8, p. 167-175. 

McIntyre, D.J. 
1989: Paleocene palynoflora from northern Somerset Island, District of 

Franklin, N.W.T.; &Current Research, Part G, Geological Survey 
of Canada, Paper 89-lG, p. 191-197. 

Miall, A.D. 
1982: Tertiary sedimentation and tectonics in the Judge Daly Basin, north- 

east Ellesmere Island, Arctic Canada; Geological Survey of 
Canada, Paper, 80-30, 17 p. 

1991: Late Cretaceous and Tertiary basin development and sedimenta- 
tion, Arctic Islands; Chapter 15; Geology of the Innuitian Orogen 
and Arctic Platform of Canada and Greenland, (ed.) H.P. Trettin; 
Geological Survey of Canada, Geology of Canada, no. 3; (&Geo- 
logical Society of America, The Geology of North America, v. E) , 
p. 437-458 

Nares, G. 
1878: Narrative of a voyage to the polar sea during 1875-1876 in H.M. 

ship Alert and Discovery, with notes on the natural history; (ed.) 
H.M. Feilden London: Low Marston, Searle, and Tivington, 
Volume I, 395 p.; Volume 11, 378 p. 

Reinfelds, I. and Nanson, G. 
1993: Formation of braided river floodplains, Waimakariri River, New 

Zealand; Sedimentology, v. 40, p. 1113-1128. 
Ricltetts, B. 
1994: Basin Analysis, Eureka Sound Group, Axel Heiberg and Ellesmere 

islands, Canadian Arctic Archipelago; Geological Survey of 
Canada, Memoir 439. 

Singh, C. 
1971: Lower Cretaceous microfloras of the Peace River area, northwest- 

ern Alberta; Research Council of Alberta, v. 1,296 p. 
Teichmiiller, M. 
1987: Organic material and vely low grade metamorphism, & Low Tem- 

perature Metamorphism, (ed.) M. Fret; Blackie and Son Ltd., 
p. 114-161. 

Thorsteinsson, R. and E.T. Tozer 
1970: Geology of the Arctic Archipelago, p. 547-590; & Geology and 

Economic Minerals of Canada, (ed.) R.J.W. Douglas; Geological 
Survey of Canada Economic Geology Report 1, 5"' edition, 
p. 548-590. 

Geological Survey of Canada Project 860006 







Metamorphism in the Weldon Bay-Syme 
Lake area, Manitoba1 

Edgar Froese 
Continental Geoscience Divison, Ottawa 

Froese, E., 1997: Metamorphism in the Weldon Bay-Syme Lake area, Manitoba; Current 
Research 1997-E; Geological Survey of Canada, p. 35-44. 

Abstract: In the Weldon Bay-Syme Lake area, volcanic rocks of the Amisk Group (1.92-1.87 Ga) are 
overlain by greywacke of the Burntwood Group (1.85-1.84 Ga) and by lithic arenite and conglomerate of the 
Missi Group (1.85-1.83 Ga). These rocks were metamorphosed at 1.82-1.80 Ga. 

At constant pressure, temperature, and H20 activity, and in the presence of quartz, plagioclase of 
constant composition, magnetite, and ilmenite, mineral assemblages in pelitic, ferromagnesian, and mafic 
rocks can be represented in the system 

A = A1203 - (K20 + Na20 + CaO) 

K = K20 

F = FeO - (Fe203 + Ti02) 

M = MgO 

A reaction grid among minerals in this system restricts the stability of the observed association of 
mineral assemblages to about 5.5 kbar and 620°C for an H20 activity of one, indicating a metamorphic 
grade somewhat greater than represented by the biotite-sillimanite-almandine isograd. 

R6sumC : Dans la rCgion de la baie Weldon et du lac Syme, les roches volcaniques du Groupe d'Amisk 
(1,92-1,87 Ga) sont recouvertes par du grauwacke du Groupe de Burntwood (1,85--1,84 Ga) et par de l'art- 
nite lithique et du conglomtrat du Groupe de Missi (1,85-1,83 Ga). Ces roches ont Ctt mCtamorphisCes B 
1 $2-1,80 Ga. 

A pression, tempkrature et activitk d1H20 constantes et en prtsence de quartz, de plagioclase de 
composition constante, de magnttite et d1ilmCnite, les associations de minCraux des roches ptlitiques, 
ferromagnksiennes et mafiques peuvent Ctre repr6sentCes par le systkme : 

A = A1203 - (K20 + Na20 + CaO) 

K = K20 

F = FeO - (Fe203 + Ti02) 

M = MgO 

La grille rtactionnelle des rnintraux de ce systbme limite les conditions de stabilitt de la suite observCe 
d'associations de minCraux 2 environ 5,5 kbar et 620 C avec une activitC de H20 de 1, ce qui indique un 
degrC de mttamorphisme quelque peu supCrieur 5 celui de I'isograde biotite-sillimanite-almandin. 

--  - - - - 

' Contribution to Canada-Manitoba Partnership Agreement on Mineral Development (1990-1995), a subsidiary 
agreement under the Canada-Manitoba Economic and Regional Development Agreement. 
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INTRODUCTION 

The Weldon Bay-Syme Lake area forms part of the Flin Flon 
volcanic belt, a portion of which is shown in Figure 1 (modi- 
fied from Zwanzig et al., 1995). Rocks have been assigned to 
three main units: the Amisk Group of mainly volcanic rocks 
(1.92-1 -87 Ga), the Burntwood Group of greywacke (1.85- 
1.84 Ga), and the Missi Group of lithic arenite and conglom- 
erate (1.85-1.83 Ga). These units were metamorphosed at 
1.82-1.80 Ga. The age ranges have been taken from Lucas 
et al. (1997). In recent work (e.g. Lucas et al., 1997), the des- 
ignation Amisk Group is not used and there is no collective 
term for rocks formed during the period 1.92- 1.87 Ga. 

West of Flin Flon, the biotite-sillimanite-almandine iso- 
grad has been mapped (Ashton, 1990; Ashton et al., 1992). 
This isograd is difficult to trace to the east, due to the rarity of 
rocks of appropriate composition. In the Duval Lake area, a 
melt isograd is shown (Jungwirth, 1995). The Weldon Bay- 
Syme Lake area was chosen for metamorphic studies because 
of the presence of metamorphosed felsic volcanic rocks and 
greywacke, immediately north of a large area of mafic vol- 
canic rocks. This paper deals with metamorphism in the area 
which covers parts of four map sheets: Collins Point (Frarey, 
1961), Sherridon (Bateman and Harrison, 1946), Weldon 
Bay (Kalliokoski, 1952), and Heming Lake (McGlynn, 
1959). Brief notes on the geology were published by 
McRitchie (1980), Froese and Gall (1981), and Froese 
(1984). 

Part of the Weldon Bay-Syme Lake area was included in a 
study of metamorphism by James (1983). The Collins Point 
and Sherridon map sheets, as well as an area around Lobstick 
Narrows, have recently been mapped by Zwanzig and 
Schledewitz (1992). Structural studies in the Lobstick 
Narrows area have been carried out by Norman et al. (1995). 
The Fay Lake area, east of Syme Lake, and a small area near 
Syme Lake have been investigated by Schledewitz (1993, 
1994). Jungwirth (1995) studied metamorphism in the Duval 
Lake area. Isograds in the Flin Flon belt have been discussed 
by Bailes and McRitchie (1978), Gordon (1989), and Plint 
et al. (1995). 

LITHOLOGY 

A more detailed map of the study area is shown in Figure 2. 
Volcanic rocks of the Amisk Group, predominantly of mafic 
composition, have been recrystallized to amphibolite. 
Deformed pillow rims can be recognized in a few places. The 
greenish grey rocks contain hornblende crystals up to one 
millimeb-e long. Clinopyroxene is present in some layers. The 
amphibolite unit north of Lobstick Narrows includes rocks 
with a high garnet content. The thin layer of amphibolite 
along the south shore of Weldon Bay is coarser, having a 
grain size of several millimetres, and contains lenses of calc- 
silicate rock. In some rocks, the assemblage cummingtonite- 
hornblende is present, presumably indicating premetamorphic 

alteration. A narrow unit of grey, medium grained felsic 
gneiss, present south of Weldon Bay and extending to Syme 
Lake, commonly consists of quartz, plagioclase, biotite, 
almandine, and magnetite. Locally, poorly preserved frag- 
ments suggest a volcaniclastic origin. The east end of the 
Defender Lake gneiss dome (Froese and Gall, 198 l), exposed 
southwest of Lobstick Narrows, is composed of medium 
grained felsic gneisses. Quartz lenses 5 mm in size are pres- 
ent. Similar rocks at the west end of Kisseynew Lake were 
regarded as volcaniclastic by Ashton (1989). In some places, 
premetamorphic alteration of the felsic rocks has produced a 
composition allowing the formation of sillimanite, staurolite, 
and orthoamphibole. Sulphide occurrences in mafic and fel- 
sic volcanic rocks have been described by Gale and Norquay 
(1996). 

The Burntwood Group consists mainly of biotite-garnet 
gneiss, probably derived from greywacke. The rock is grey, 
has a relatively high biotite content of about 30% and is char- 
acterized by euhedral garnets several millimetres across. Sil- 
limanite is common. Staurolite is stable in muscovite-free 
rocks and occurs as relics in muscovite-bearing rocks. 

The dominant rock type of the Missi Group is a fine- to 
medium-grained quartzofeldspathic gneiss of variable com- 
position, considered to be metamorphosed lithic arenite. 
Some rocks are quartz-rich and display quartz ridges on the 
weathered surface. Others contain hornblende and exhibit 
compositional layering on a scale of several centimetres, 
marked by biotite-rich and hornblende-rich layers. Clinopy- 
roxene is present in some hornblende-bearing rocks. Quartz- 
sillimanite nodules occur in some localities. Norman et al. 
(1995) reported corundum-bearing gneisses from the Cleunion 
Lake area. Conglomerate consisting of volcanic and granitic 
fragments and characteristic grey, magnetite-bearing chert 
pebbles is common. Kyanite was noted in one sample. Par- 
ticularly well preserved conglomerate in a hinge zone of a 
fold 3 km north of Lobstick Narrows was described by 
McRitchie (1980). This conglomerate was traced by Zwanzig 
(1983) as a thin and highly deformed unit along the contact 
with Amisk amphibolite to Lobstick Narrows. Pink leu- 
cocratic gneiss forms a unit from Lobstick Narrows to Syme 
Lake and some smaller bodies north of Weldon Bay. This is a 
fine grained rock consisting of quartz, microcline, plagio- 
clase, and traces of muscovite, epidote, and biotite. A faint 
colour banding is typical. The presence of quartz eyes and 
feldspar phenocrysts, first noted by Zwanzig (1983), proba- 
bly indicates a volcaniclastic origin. James (1983) suggested 
that the chemical composition supported derivation from fel- 
sic volcanic rocks. 

A body of medium grained biotite granodiorite is present 
south of Weldon Bay. This is a light pink rock, with a foliation 
parallel to that of the adjacent volcanic rocks. In the northeast 
corner, a portion of the Gwillam Lake dome (Zwanzig and 
Schledewitz, 1992) is exposed. It consists of foliated pink 
granodiorite forming a shallow cylindrical structure plunging 
east. 
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STRUCTURE 

Three deformational events are reconized in the Weldon Bay- 
Syme Lake area affecting all rocks. The earliest foliation, S1, 
is parallel to lithological contacts and probably was devel- 
oped during a phase of isoclinal folding. This deformational 
event has been designated as D, ;  it corresponds to F1 folding 
described by Norman et al. (1995). Lithological layering and 
S1 were deformed into folds ranging from open to isoclinal 
during the second phase of deformation D2; it corresponds to 
F2 folding described in Norman et al. (1995). A prominent S2 
foliation and L2 stretching lineation were regionally devel- 
oped; these are shown in Figure 2. 

North of Lobstick Narrows, the regional foliation S2 cuts 
across lithological layering; this fold is regarded as a D2 
structure. Elsewhere, the S2 foliation is axial planar to small 
isoclinal folds 10 to 100 cm in size. The S2 foliation is repre- 
sented by compositional layering on a scale of 1 to 100 cm 
and by biotite aligned parallel to the compositional layering. 
An L2 lineation is defined by stretched fragments, elongated 
mineral aggregates and oriented hornblende crystals. The S2 
foliation has been deformed into open folds with axes parallel 
to the L2 stretching lineation. 

In areas of extreme attenuation, along the south shore of 
Weldon Bay and north of Syme Lake, the S2 foliation is 
marked by paper-thin layers of biotite spaced several milli- 
metres apart; this imparts a platy character to the rock. The 
folding by F3 of the S2 foliation in the felsic gneisses of the 
Missi Group and adjacent Amisk volcanic rocks is dishar- 
monic with respect to the volcanic rocks further south. The 
folds of the S2 foliation are characterized by highly variable 
and commonly shallow dips. The first occurrence of shallow 
dips does not coincide with the Amisk-Missi contact; some of 
the Amisk rocks are affected as well. 

METAMORPHISM 

The formation of peak metamorphic assemblages probably 
coincided with the formation of the S2 foliation and L2 linea- 
tion. Recrystallization of the same assemblages during D3 did 
not produce new fabrics. The mineral assemblages reflect 
metamorphic conditions that prevailed during D2 and D3. 

Mineral assemblages in the Weldon Bay-Syme Lake area 
are listed in Table 1. At fixed values of pressure, temperature, 
and activity of H20, and in the presence of quartz, plagioclase 
of constant composition, magnetite, and ilmenite, many min- 
erals (Fig. 3) can be represented in the system: 

A = A1203 - (K20 + Na20 + CaO) 

F = FeO - (Fe203 + Ti02) 

M = MgO 

In order to facilitate easier visualization, it is desirable to 
achieve a planarrepresentation of mineral assemblages. Non- 
potassic minerals can be plotted in the AFM system (Fig. 4). 
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As noted by Albee (1965), the introduction of an additional 
component, in this case K20, will in general give rise to one 
additional phase, in this case either muscovite or biotite. Thus 
in Figure 4, fields of muscovite and biotite are shown. The 
biotite-muscovite boundary must lie in a two-phase field so 
that the number of coexisting phases in the system AKFM 
does not exceed four. Mineral assemblages from the Weldon 
Bay-Syme Lake area are shown in Figure 4. 

Another method of showing phase relations makes use of 
a subdivision of the biotite composition surface according to 
coexisting minerals. Four-phase assemblages including bio- 
tite in the AKFM system are represented by subtetrahedra 
with one apex on the biotite composition surface. Similarly, 
three-phase assemblages subtend a line and two-phase 
assemblages an area on the biotite composition surface. Con- 
sequently, a subdivision of the biotite composition surface 
may be used to portray mineral assemblages in biotite- 
bearing rocks (Froese, 1978). Because the content of compo- 
nent K is nearly constant in biotite, the variation in composi- 
tion is adequately represented by the relative amounts of 
components A, F, and M. Figure 5 shows mineral 

A A 

9 

A = AI,O, - (&O+Na,O+CaO) 

K = G O  

F = FeO - (Fe,O,+TiO,) 

M = MgO 

+quartz 
+plagioclase of 

constant composition 
+magnetite 
+ilmenite 

Figure 3. Minerals represented in the system AKFM. 

assemblages from the Weldon Bay-Syme Lake area on a dia- 
grammatic biotite composition surface. Other assemblages 
have been inferred in order to complete the diagram. 

Figure 6 shows a reaction grid; reactions are based on 
mineral compositions shown on the inset. Most compositions 
have been taken from Froese and Hall (1983). However, 
orthopyroxene is shown with a composition such that 
orthoamphibole falls on the Mg side of the cordierite- 
orthopyroxene tie line. Orthoamphibole and hornblende are 
shown with variable composition in order to allow a reversal 

Figure 4. Nonpotassic mineral assemblages shown in the 
AFM system. Coexisting potassic minerals are shown as 
additionalphases; co = cordierite; ch = chlorite; see Table 1 
for additional abbreviations. 
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of the Fe-Mg partitioning in the pairs cummingtonite- 
orthoamphibole and cummingtonite-hornblende (Robinson 
et al., 1982). Such reversal leads to colinearity of some miner- 
als in the system AFM, e.g. cordierite-orthoamphibole- 
cummingtonite and orthoamphibole-cummingtonite- 
hornblende. This feature produces a change of the stoichio- 
metry of some reactions at singular points where one phase in 
a univariant reaction is absent. Singular points may be con- 
nected by degenerate univariant curves (Baker et al., 1991; 
Abart et al., 1992). Reactions among noncalcic minerals, 
except cummingtonite, have been taken from a grid prepared 
by D.M. Carmichael and published in Davidson et al. (1990). 
Most subsolidus reactions shown are also part of the grid pre- 
sented by Xu et al. (1994). Reactions involving cumrningto- 
nite and calcic minerals, taken from Froese and Jen (1979), 
Froese (1980), Froese and Hall (1983), Spear and Rumble 
(1986), and Hollocher (1991) have been placed approximat- 
ely with respect to the grid of Carmichael. At higher tempera- 
ture, dehydration reactions terminate in an invariant point 
involving melt (marked by a dot). From this point, a reaction 
will emerge involving the same minerals and melt instead of 
vapour. 

The field between the appearance of biotite + staurolite 
according to the reaction: 

chlorite + almandine t muscovite = 
biotite + staurolite + quartz + H20 

and the decomposition of muscovite according to the 
reaction: 

muscovite + plagioclase + quartz = 
aluminum silicate + K feldspar + melt 

was defined by Winkler (1979) as the range of medium grade 
metamorphism. In mafic rocks, the assemblage horn- 
blende+calcic plagioclase is stabilized at a grade somewhat 
below the appearance of biotite+staurolite (Winkler, 1979). 
This change is present in mafic rocks about 4 km south of 
Weldon Bay (Kalliokoski, 1952). 

In the field of medium grade metamorphism, the biotite- 
sillimanite-almandine isograd, based on the reaction: 

staurolite + muscovite + quartz = 
biotite + sillirnanite + almandine + H 2 0  

separates the biotite-staurolite zone from the biotite- 
sillimanite-almandine zone. 

'The sequence of P-T conditions, approximately perpen- 
dicular to isograds on the erosion surface, has been called ero- 
sion surface P-T curve (Thompson, 1977) or metamorphic 
field gradient (Turner, 1981). A postulated metamorphic 
field gradient south of The Weldon Bay-Syme Lake area, 
similar to the one documented in the Snow Lake area (Froese 
and Moore, 1980), is shown in Figure 6, and reactions 
encountered along it are shown by changes on an AFM dia- 
gram and the biotite composition surface (Fig. 7). The meta- 
morphic field gradient ends at peak metamorphic conditions 
of 5.5 kbar and 620°C, where mineral assemblages shown in 

Figures 4 and 5 ,  indicating conditions of the biotite- 
sillimanite-almandine zone, are stable. The biotite- 
sillimanite-almandine isograd must be located somewhat 
south of Weldon Bay, at an estimated distance of about one 
kilometre. This study contributes to the documentation of iso- 
grads in the Flin Flon volcanic belt (Plint et al. 1995). It also 
illustrates the representation of pelitic, ferromagnesian, and 
mafic rocks in a common compositional system and provides 
a reaction grid in this system. 

Table 1. Mineral assemblages. 

qz pl  bi mu ky sl st al oa cm hb cp ep 
X X X X X  

X  X  X  X  X  

X X X X  x (XI x 
X  X  X  X  X  

X  X  X  X  X  X  

X X X X  X  

X X X  X  X  X 

X  X  X  X  X  

X X X  X  X  X  

X  X  X  X  X  

X X X  X  

X X X  X X  

X  X X  X  X  

X X X  X  X  

X X X  X  

X X X  X  X  X  

X X X  X  X  

X  X  X  X  X  

X  X  X  X  X  

Note: (x) indicates relict mineral 

Abbreviations 
qz - quartz al - almandine 
pi - plagioclase oa - orthoamphibole 
bi - biotite cm - cummingtonite 
mu - muscovite hb - hornblende 
hy - kyanite cp - clinopyroxene 
si - sillirnanite ep - epidote 
st - staurolite 

lie lines to 

oa 

Figure 5. Mineral assemblages in the system AKFM shown 
on the biotite composition surface. Co = cordierite; 
ch = chlorite; as = aluminum silicate; see Table I for 
additional abbreviations. 
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Petrophysical characteristics of limestone xenoliths 
in kimberlites from Kirkland Lake, Ontario1 

T.J. Katsube, S. Connell, M.B. McClenaghan, and D.K. Armstrong2 

Mineral Resources Division, Ottawa 

Katsube, T.J., Connell, S., McClenaghan, M.B.,and Armstrong, D.K., 1997: Petrophysical 
characteristics of limestone xenoliths in kimberlites from Kirk/and Lake, Ontario; in Current 
Research 1997-E; Geological Survey of Canada, p. 45-57. 

Abstract: Pore-size distribution has been determined by mercury porosimetry for six surface lime­
stones, six diatreme-facies kimberlites, and six limestone xenoliths (from within the kimberlites) sampled 
from the Kirkland Lake (Ontario) area. The purpose was to investigate how the petrophysical characteristics 
of limestone fragments change as a result of their mixing with kimberlite magma. 

Results indicate that while porosities of the xenolith core-material samples are higher than those of the 
parent limestones, the pore-size distribution patterns are similar, suggesting that these distribution patterns 
may reflect textural features that are related to the source rock. In contrast, the rim-material samples of the 
limestone xenoliths show lower porosities than their cores, and display pore-size distribution patterns which 
are similar to those of the kimberlite that hosted them. These distribution patterns most likely reflect 
alteration of the limestone xenoliths by the kimberlite magma. 

Resume : La distribution du diametre des pores a ete determinee par porosimetrie au mercure pour six 
echantillons de calcaires de smface, six de kimberlites a facies de diatreme et six de xenolites de calcaire 
(provenant des kimberlites) preleves dans la region de Kirkland Lake (Ontario). L'objectif vise consiste a 
etudier les modifications des caracteristiques petrophysiques des fragments de calcaire consecutives a leur 
incorporation a un magma kimberlitique. 

Les resultats indiquent que, bien que les porosites des xenolites de noyau soient superieures a celles des 
calcaires parentaux, la distribution du diametre des pores est semblable. Cela laisse supposer que cette 
distribution pourrait refleter des caracteristiques texturales liees a la roche mere. Par opposition, les xenolites 
calcaires de bordure ont des porosites inferieures a celles des xenolites de noyau, et la distribution du 
diametre des pores est semblable a celle des kimberlites encaissantes, ce qui est fort probablement le fait de 
!'alteration des xenolites de calcaire par le magma kimberlitique. 

l Contribution to Canada-Ontario Subsidiary Agreement on Northern Ontario Development (1991- 1995), under the 
Canada-Ontario Economic and Regional Development Agreement. 

2 Ontario Geological Survey, 933 Ramsey Lake Road, Sudbury, Ontario P3E 6B5 
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INTRODUCTION with, kirnberlite magma. A previous study (Katsube et al., 
1996b). which included one limestone xenolith from the 

Pore-size distribution has been determined by mercury poro- 
simetry for a set of samples consisting of six surface lime- 
stones (Ordovician and Silurian), six diatreme-facies 
kimberlites, and six limestone xenoliths, from the Kirkland 
Lake (Ontario) area. The Kirkland Lake kimberlites gener- 
ally contain considerable numbers of limestone xenoliths. 
Some limestone xenoliths are encircled by a coloured rim, 

, . 
same area, showed an indication of a porosity increase as a 
result of the mixing process. The results presented here are 
part of a larger study (e.g. Katsube et al., 1992; Katsube and 
Scromeda, 1994; Scromeda et al., 1994; Richardson et al., 
1995) to characterize the physical properties of Canadian 
kimberlites in order to assist the interpretation of surface and 
airborne geophysical survey data. 

while an adjacent xenolith may not have a rim (Fig. 1). The Another purpose of this study was to investigate whether 
two prominent rim types are brownish and purple, and of the two types of xenoliths showed any difference in their 
varying thickness. physical characteristics. This includes the investigation of the 

The purpose of this study was to investigate how the physical characteristics of the rim material as well. This paper 
petrophysical characteristics of surface limestone fragments provides a the used, a 

as a result of their incorporation into, and reaction the methods used in the investigation, and the results of the 
physical property characterization. 

Figure 1. 

Photograph of a kimberlite sample containing lime- 
stone xenoliths, some which are encircled by a col- 
oured rim (A) while others (B)  have no rims. 
GSC: 1997-01 8C 

Table la. Kimberlite and limestone sample information (from Katsube 
et al., 1996b). 

Sample 
number 

KLM-2 
KLH-2 
KLH-5 
KLH-6 

KLD-1 
KLD-2 
KLD-3 
KLD-4 
KLD-5 
KLD-6 

DL = Diamond Lake pipe (Fig. 1) 
KB = Kimberlite 
LS = Limestone 
DFS = Depth of sample from earth surface 
DTKS = Depth to kimberlite subcrop surface from earth surface 

46 

Sample 
I.D. 

DKA-94-28B 
DKA-94-32E 
DKA-94-34D 
DKA-94-36H 
DKA-94-39B 
DKA-94-43 

Rock 
type 
KB 
KB 
KB 
KB 

LS 
LS 
LS 
LS 
LS 
LS 

Pipe 

C14 
DL 
DL 
DL 

Depth (m) 

Drillhole 

C14-05 
DDH FL91-14 
DDH FL92-23 
DDH FL92-23 

DFS 

38.9 
191 
124 
135 

0 
0 
0 
0 
0 
0 

DTKS 

34.0 
53.3 
53.3 
53.3 
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Table 1 b. Sample/Specimens used in this study for mercury 
porosimetry testing 

Figure 2. 

Descriptions of two kimberlite samples (KLH-2k 
and KLM-Zk), and the locations from which five 
of the xenolith specimens (KLH-2a, KLH-2b, 
KLM-Za, KLM-2b and KLM-2e) were extracted. 

Kimberlites 

KLHQka 
KLH-2kb 
KLH-5ka 
KLH-6k 
KLMPka 
KLM-2kb 

Surface 
limestones 

KLD-1 
KLD-2 
KLD-3 
KLD-4 
KLD-5 
KLD-6 

Limestone 
xenoliths 

KLH-2a 
KLHQb 
KLHQbx 
KLM-2a (rim & core) 
KLMQb 
KLM-2e (rim & core) 
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The Kirldand Lake kimberlite field is in the western part 
of the Abitibi Greenstone Belt, in the Superior Province of the 
Canadian Shield, approximately 10 lun north and east of 
Kiskland Lake and 100 km southeast of Timmins (McClenaghan, 
3993,1996). Kimberlites intruded Archean metavolcanic and 
metasedimentary rocks and Paleozoic carbonate rocks during 
the Late Jurassic (155 to 160 Ma) (Brummer et al., 1992), and 
consist of blue-grey to grey-brown diatreme-facies hetero- 
lithic, tuffaceous, kimberlite breccia. The groundmass 

tains serpentine, phlogopite, chlorite, and calcite, and varies 
from light to medium greenish grey. Wall-rock fragments of 
greenish-grey to white Paleozoic carbonate are common, 
ranging in size from 1 cm to 1 m. Today, the nearest Paleozoic 
carbonate rocks are 40 lun south of Kirkland Lake near New 
Liskeard. Most of the known ltiinberlite pipes have distinct 
circular magnetic signatures (Ontario Geological Survey, 
1979; Brurnmer et al., 1992; Geological Survey of Canada, 
1993; Keating, 1995). 

'T'able 2a. Pore-size distribution data for different pore-size ranges, d,, obtained 
by mercury porosimetry for the surface limestone samples from the Kirkland 
Lake area (Katsube et al., 1996b). 

KLD-6 KLD-1 KLD-2 KLD-3 KLD-4 KLDd 

d,(nm) 
3.2 
5.0 
7.9 

12.6 
20.0 
31.6 
50.1 
79.4 

126 
200 
31 6 
501 
794 

1259 
1995 
31 62 
501 2 
7943 

q ~ g l  

9~92 
dh9 
~ B D  

~ S D  
A 
Q s  

Qm 
h 

d, = 
dhg = Geometric mean of the entire pore-size distribution (nm) 
Q, = Partial porosity (%) 

I$,,, = Total porosity measured by mercury porosimetry for pore sizes up to 10 pm (%) 

Q ~ g 2  = Total porosity measured by mercury porosimetry for pore sizes up to 250 pm (%) 

F,, = Bulk density (g/mL) 
F,, = Skeletal density (glmL) 
A = Surface Area (m2/g) 
Qs = Residual or isolated porosity (%) 

I $  = $9 /OH~I  
h = Depth (m) from which the sample was obtained 
* = QHg, used instead of QHg, 

4, (%I 
0.05 
0.05 
0.11 
0.1 1 
0.1 1 
0.1 1 
0.21 
0.21 
0.27 
0.37 
0.32 
0.21 
0.13 
0.1 1 
0.03 
0.05 
0.03 
0.00 

2.5 
3.0 

360 
2.66 
2.75 
0.85 
2.0 
0.826 
0 

Geometric mean 

0.22 
0.67 
0.76 
1.03 
1.12 
1.05 
3.58 
4.92 
0.67 
0.17 
0.07 
0.05 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

14.3 
14.5 
46.1 
2.39 
2.79 
8.91 
7.8 
0.545 

0 

pore-size ranges 

0.05 
0.13 
0.16 
0.21 
0.30 
0.24 
0.48 
0.27 
0.24 
0.24 
0.30 
0.30 
0.32 
0.30 
0.08 
0.03 
0.00 
0.00 

3.7 
3.8 

130.6 
2.68 
2.79 
1.60 
2.0 
0.559 

0 

pore-sizes 

0.03 
0.10 
0.20 
0.36 
0.51 
0.43 
0.76 
0.91 
1.80 
1.85 
1.90 
0.84 
0.33 
0.13 
0.08 
0.05 
0.05 
0.00 

10.3 
10.4 

145.8 
2.54 
2.83 
2.44 
8.6 
0.832 

0 

(nm) 

0.00 
0.00 
0.08 
0.18 
0.71 
0.76 
0.81 
0.24 
0.10 
0.08 
0.05 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

3.0 
3.4 

81.9 
2.62 
2.71 
1.42 
2.8 
0.912 

0 

for the different 

0.00 
0.03 
0.05 
0.13 
0.21 
0.16 
0.53 
0.37 
0.24 
0.19 
0.13 
0.1 1 
0.13 
0.13 
0.16 
0.16 
0.19 
0.08 

3.0 
4.8 

1403.1 
2.66 
2.80 
0.75 
2.6 
0.857* 

0 
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METHOD OF INVESTIGATION and Sudbury Contact Mines Limited. The six (two 
Ordovician and four Silurian) limestone samples were col- 

Samples and geological logging lected from outcrops near New Liskeard, Ontario. Geological 
logging was carried out for all of the samples. Detailed log- 

Information on the kimberlite pipes, and on locations in the ging was performed on the kimberlites, specifically, for the 
Kirkland Lake (Ontario) area from which the lmberlite and of locating limestone xenoliths large enough to 
limestone samples used in this study were obtained, has pre- extract and use for tests. Sketches were made of the samples 
viously been published (Katsube et al., 1996b). Some of that received before and after cutting to indicate the approximate 
information is repeated in Table la. location of each xenolith. Sketches and some photographs 

were also taken of selected specimens. Descriptions of the 
The kimberlite samples were split drill cores, of 4-9 cm in samples,specimens are in the Appendix. They 

diameter and 5-20 cm in length, recovered from include colour, hardness, homogeneity, size, and thickness of 
by the Geological Survey of Canada (McClenaghan, 1996) alteration rims where applicable, 

Table 2b. Pore-size distribution data for different pore-size ranges, d,, obtained by mercury 
porosimetry for the limestone xenolith samples from the Kirkland Lake Kimberlites. 

KLM-2b KLH-2a 

d,(nm) 

3.2 
5.0 
7.9 

12.6 
20.0 
31.6 
50.1 
79.4 

126 
200 
31 6 
501 
794 

1259 
1995 
31 62 
501 2 
7943 

9 H ~ I  

9 Hg2 

dm 
6 ED 

~ S D  
A 
9 s  

$= 
h 

d, = 

KLM-2a 
(core) 

KLM-2e 
(core) 

KLM-2a 
(rim) 

KLH-2b KLM-2e 
(rim) 

d,, = Geometric mean of the entire pore-size distribution (nm) 
4 = Partial porosity (Oh) 
$,,, = Total porosity measured by mercury porosimetry for pore sizes up to 10 pm (%) 
I$,,, = Total porosity measured by mercury porosimetry for pore sizes up to 250 ym (%) 
6,, = Bulk density (g/mL) 
6,, = Skeletal density (g/mL) 
A = Surface Area (m 2/g) 

= Residual or isolated porosity (%) 
= @ 8 / $ ~ g l  

h = Depth (m) from which the sample was obtained 

KLHQbx 

I"/.) 
0.38 
1.40 
1.50 
1.33 
1.40 
0.83 
1.14 
0.95 
0.36 
0.12 
0.10 
0.02 
0.00 
0.05 
0.05 
0.00 
0.05 
0.00 

9.7 
9.9 

24.1 
2.38 
2.64 

12.3 
6.9 
0.708 

38.9 

(nm) 

0.10 
0.98 
1.04 
1.29 
1.17 
0.73 
0.36 
0.36 
0.13 
0.00 
0.13 
0.03 
0.16 
0.05 
0.00 
0.00 
0.00 
0.00 

6.5 
7.3 

38.9 
2.59 
2.79 
7.8 
4.4 
0.668 

191 

Geometric mean 

0.32 
0.47 
0.60 
1.10 
1.97 
1.60 
1.47 
0.42 
0.20 
0.10 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

8.3 
8.4 

25.8 
2.49 
2.72 
7.6 
3.4 
0.413 

191 

the different 

1.21 
1.29 
0.81 
1.1 1 
2.56 
2.36 
1.14 
0.85 
0.64 
0.70 
1.13 
1.27 
2.17 
3.52 
3.30 
0.00 
0.00 
0.00 

24.1 
24.4 

142.7 
2.01 
2.66 

18.1 
6.0 
0.249 

191 

pore-sizes for 

0.50 
2.76 
2.13 
1.89 
2.48 
1.93 
3.18 
2.61 
2.37 
2.46 
3.22 
4.28 
7.13 
0.53 
0.22 
0.00 
0.00 
0.00 

37.7 
39.5 

130.3 
2.19 
3.63 

24.0 
24.5 
0.649 

38.9 

4, 
0.17 
0.15 
0.29 
0.29 
0.46 
0.48 
1.72 
4.05 
5.45 
8.11 
6.99 
2.05 
0.55 
0.04 
0.07 
0.00 
0.04 
0.00 

30.9 
31.5 

175.6 
1.83 
2.68 
7.3 

13.6 
0.439 

38.9 

pore-size ranges 

0.00 
0.02 
0.12 
0.12 
0.31 
0.47 
2.33 
6.23 
2.40 
0.09 
0.00 
0.00 
0.05 
0.00 
0.00 
0.00 
0.00 
0.02 

12.2 
12.5 
89.7 
2.35 
2.69 
2.9 
5.2 

0.425 
38.9 

0.63 
1.07 
0.70 
0.63 
0.51 
0.35 
0.61 
0.72 
0.47 
0.26 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

5.9 
6.3 

29.6 
2.33 
2.49 
9.2 
2.7 
0.455 

38.9 
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Specimen preparation for measurement 

An irregularly shaped specimen of 2-5 grams was cut from 
each the six limestone samples, and from two of the kimber- 
lite samples (KLH-5k and KLH-6k). Two specimens of simi- 
lar shape and size were cut from each of the remaining two 
kimberlite samples (KLH-2k and KLM-2k). Samplelspeci- 
mennumbers are listed in Table I b. Three xenolith specimens 
were cut from each of the two kimberlite Samples KLH-2k 
and KLM-2k. Descriptions o f  these two samples and the loca- 
tions from which five o f  the xenolith specimens were 
extracted are shown in Figure 2. 

When the limestone xenolith had prominent alteration 
rims (KLM-2a and KLM-2e, Table lb), subspecimens were 
taken of both the core and rim material. Due to the very lim- 
ited quantity and to the nature of the rims, it was usually only 
possible to prepare specimens for mercury porosimetry and 
thin-section analysis. 

At least one irregularly shaped subspecimen of 0.4-2 g 
was cut from each of the xenolith core specimens for the mer- 
cury porosimetry tests. Additional specimens were also cut 
from the xenolith core for other measurements (e.g. electrical 
resistivity and immersion porosity) that will be reported 
separately. 

Table 2c. Pore-size distribution data for different pore-size ranges, d,, obtained by mercury 
porosimetry for the kimberlite samples from the Kirkland Lake (Ontario). 

KLH-2ak KLM-2ka 

3.2 
5.0 
7.9 
12.6 
20.0 
31.6 
50.1 
79.4 
126 
200 
31 6 
501 
794 
1259 
1995 
31 62 
501 2 
7943 

~ H Q I  

dh, 
6~~ 
~ S D  
A 

$8 

Q n  
h 

d, = 

KLH-2bk KLM-2kb 

dhg = Geometric mean of the entire pore-size distribution (nm) 
$, = Partial porosity (%) 
$,,, = Total porosity measured by mercury porosimetry for pore sizes up to 10 pm (%) 
QHg2 = Total porosity measured by mercury porosimetry for pore sizes up to 250 pm (%) 
SBD = Bulk density (g/mL) 
6sD = Skeletal density (glml) 
A = Surface Area (m 'Ig) 
$, = Storage porosity isolated porosity (%) 
Q n  = Qd@~gl 
h = Depth (m) from which the sample was obtained 

KLH-Ska KLH-6k 

0.19 
0.60 
0.94 
1.80 
2.35 
1.10 
1.25 
1.06 
1.01 
0.94 
0.86 
0.70 
1.10 
1.97 
0.00 
0.00 
0.14 
0.05 

16.07 
16.72 
96.9 
2.40 
2.88 
9.57 
8.1 
0.503 

191 

Geometric mean 

0.60 
1.59 
1.27 
1 .OO 
0.75 
0.52 
0.77 
0.87 
0.92 
0.95 
1.12 
0.62 
0.57 
0.90 
0.00 
0.00 
0.05 
0.00 

12.50 
12.88 
63.5 
2.49 
2.86 

11.96 
7.3 
0.585 

38.9 

0.74 
1.38 
1.59 
3.30 
3.66 
0.74 
0.64 
0.57 
0.55 
0.47 
0.52 
0.38 
0.57 
0.38 
0.17 
0.19 
0.14 
0.02 

16.00 
16.96 
42.3 
2.37 
2.86 

17.97 
7.4 
0.461 

191 

pore-sizes for the 

1.91 
2.47 
1.36 
0.92 
0.62 
0.40 
0.47 
0.45 
0.42 
0.40 
0.42 
0.27 
0.12 
0.05 
0.05 
0.05 
0.00 
0.00 

10.4 
10.7 
19.7 
2.47 
2.77 

19.30 
7.1 
0.439 

38.9 

4, 
0.98 
3.54 
3.29 
1.62 
1.11 
0.56 
0.67 
0.58 
0.40 
0.31 
0.42 
0.38 
0.49 
0.62 
0.58 
0.33 
0.13 
0.00 

16.01 
16.48 
31.8 
2.22 
2.67 

26.24 
8.9 
0.555 

124 

different pore-size 

(%I 
2.50 
3.32 
1.18 
0.57 
0.35 
0.16 
0.24 
0.21 
0.09 
0.07 
0.07 
0.02 
0.02 
0.14 
0.02 
0.07 
0.07 
0.00 

9.12 
9.45 

11.3 
2.36 
2.61 

24.74 
5.4 
0.590 

135 

ranges (nm) 
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Mercury porosimetry measurements 9200 mercury porosimeter with an available pressure range 
of 0.14-420 MPa and an equivalent pore-size range of 
10-0.003 ym. In principle, the mercury porosimeter can gen- 
erate pressures high enough to force mercury into all accessi- 
ble pores and measure the volume of mercury taken up by 
them (Rootare, 1970). Assuming cylindrical pore shapes, the 
Washburn equation (Washburn, 1921; Rootare, 1970) relates 
the amount of pressure, p, required to force mercury into 
pores with pore-size diameter, d, greater than or equal to 

Specimens used for mercury intrusion porosimetry were 
initially oven dried for 24 hours at a temperature of 105°C 
(220°F), while under vacuum. This was followed by cooling, 
in a desiccator, prior to the measurement. The pore-size dis- 
tribution of the samples was determined following the proce- 
dures described in previous publications (e.g. Katsube and 
Walsh, 1987; Katsube and Issler, 1993) using an equilibration 
time of 45 seconds for each of the high-pressure steps, and 
10 seconds for the low-pressure (<0.7 M P ~ )  steps.   he mea- 
surements were made by using a Micromeritics Autopore 

Table4. Pore-size distribution pattern types in surface 
limestones. Table 3. Pore-size distribution patterns. 

Category 

CAT- 1 

CAT-2 

CAT-3 

CAT-4 

Figure 3. 

Pattern 

Type-1 

Type4 

Type-3 

Type-4 

Typical examples of pore-size distributions for a 
limestone (KLD-4) sample and'a kimberlite 
(KLH-Sku) sample. 

Samples 

KLD-2, KLD-6 

KLD-3 

KLD-4 

KLD-1, KLDQ 

Pore-size distribution 
pattern type 

dispersed 

Type-1 to Type-2 

Type2 

Type-3. 

Pore-size mode (nm) 

1-10 

10-1 00 

100-1 000 

> I  000 

Type of pores 

nano-pores 

stress pores 

grain-boundary pores 

blind or vuggy pores. 
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Where y is the surface tension of mercury, and I is the contact 
angle. Values of 8 =140° and y =0.48 N/m were used in this 
study. 

Determination of pore-size distribution 

The mercury injection pressure was incrementally increased 
from 0.14 MPa to 420 MPa in 56 pressure steps, and the vol- 
ume of mercury intruded for each step measured. The pres- 
sure steps, more or less equally divide the entire pressure 
range on a logarithmic scale. Since each pressure step repre- 
sents a certain pore-size, the volume of mercury intruded for 
each step can be converted into the porosity of that pore size 
(e.g. Katsube and Issler, 1993). The measured pore-size dis- 
tributions are plotted in a standard format by grouping the 
data into different size classes (e.g. Katsube and Issler, 1993; 
Katsube and Williamson, 1994). The standard display format 
has each decade of the logarithmic pore-size scale (x axis) 
subdivided into five ranges with equal physical spacing. 

(a) 
Surface 
Limestones 

CAT-I 
ow 

KLDP 

Experimental results 
Results of the pore-size distribution measurements deter- 
mined by mercury porosimetry are presented in Tables 2a 
to 2c. Data for partial porosity, @,, which is the porosity con- 
tributed by each pore-size range, are listed in the rows for 
each sample. The parameter, d, (first row), is the geometric 
mean for each pore-size range (nm). Total porosity, OHgl ,  is 

Table 5. Pore-size distribution pattern types in 
limestone-xenolith core material. 

CAT-Ill CAT-IV 
008 0.m 

KLD4 KLD1 

Category 

CAT- 1 

CAT-2 

CAT-3 

CAT-4 

Figure 4a. The yore-size distributions for six surj4ace linzestones and six limestone xenoliths. 

Samples 

KLM-2b, KLH-2b 

KLH-2a, KLH-2bx 

KLM-2e 

KLM-2a 

Pore type 

dispersed 

Type-1 to Type-2 

Type-2 

Type-3. 
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the sum of partial porosity values for pore sizes less than or 
equal to 10 pm, whereas QHg2 is the sum of the partial porosity 
values for pore-sizes up to 250 pm. Both QHgl and QHg2 repre- 
sent porosities corresponding LO the effective porosity QE, that 
is the porosity of all interconnected pores in a rock (Katsube 
et al., 1992). However, QHgl ismore likely to consist of true 
sample porosity, because QHg2 may include measurement 
errors such as those originating from the space between the 
specimen and the sample container. Typical examples of 
pore-size distributions are displayed in Figure 3 for samples 
of limestone (KLD-4) and kimberlite (KLH-Ska). 

Data for several additional parameters (e.g. 6,,, A and Q,) 
are also listed in the three tables. However, they are listed here 
only for the purpose of documentation at this time. The sig- 
nificance of the data and the methods of determination are 
described in other papers (e.g. Katsube and Issler, 1993; Katsube 
et al., 1996a, 1996b). 

DISCUSSIONS AND CONCLUSIONS 

The pore-size distributions for the six surface limestone sam- 
ples and the six limestone xenoliths are displayed in Figure 4a, 
and those for the six kimberlite samples are displayed in 
Figure 4b. As shown in these diagrams, the pore-size distri- 
bution patterns vary considerably. However, distinct patterns 
are observed between the three rock types (limestones, xeno- 
liths, and kimberlites) when their pore-size distributions are 
compared. Use of the following four types of pore-size distri- 
bution patterns are of help when making these comparisons 
(Table 3). 

The relationship between the pore-size modes and the 
types of pores are empirical only, and are based on studies 
conducted mainly on granites (Agterberg et al., 1984; Katsube 
and Hume, 1987) and shales (e.g. Katsube and Williamson, 
1994). 

The surface limestones display comparatively low porosi- 
ties, and their pore-size distributions can be divided into the 
following four categories (CAT-1 to CAT-LC), based on their 
pore-size distribution pattern types (Fig. 4a, Table 4). 

(b) CAT-I CAT-II 

K~rnberl~te 
P ~ p e s  

Figure 4b. The pore-size distrib~ltions for six lcinzberlite samples. 
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Dispersed pore type implies a multimodal pore-size The pore-size distributions of the rim material for the two 
distribution. xenolith specimens are also displayed in Figure 4a. They both 

show lower porosities than their core material, and the mode 
The 'Ore of the limestone 'Om- of the pore-size distributions has shifted to the smaller pore- 

paratively high porosities, and their pore-size distributions sizes. That is, they have shifted to CAT-2 from CAT-S and 
can also be divided into the following four categories (CAT-I 
to CAT-4), similar to those of the surface limestones (Fig. 4a, 
Table 5). 

0.08 

, 0.06 
8 - 
8 

0.04 .- 
V) 

2 
g 0.02 - 
CU .- 
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a 0 

Figure 5. The pore-size distributions for two surjiace limestones (KLD-4, KLD-5), 
two limestone xenoliths (KLM-2e; KLM-2a) and two kimberlite (KLM-2ka, KLM-2kb) 
samples. Although the core material of the limestone xenoliths shows similarities to 
the surjiace limestones, the rim material of these xenoliths shows similarities to that 
of the kimberlites. 
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The six kimberlites generally display comparatively high 
porosities and can be divided into two of the four categories: 
CAT-1 (KLH-2ka, KLM-2ka) and CAT-2 (KLH-2b, KLH- 
5k, KLH-6k, KLM-2b). They are characterized by generally 
smaller modes. In general, the pore-size distribution pattern 
of the rim material shows similarities to that of the kimberlite 
(KLM-2ka, KLM-2kb) that hosted it, as shown in Figure 5. 

While the porosities of the core material of the limestone 
xenoliths are considerably higher than those of the surface 
limestones, they have pore-size distribution patterns that are 
similar to those of the surface limestones. The two speci- 
mens/subspecimens of rim material from the limestone xeno- 
liths (altered section of the xenoliths) show lower porosities 
than their corresponding core specimen. It is interesting to 
note that the rim material displays pore-size distribution pat- 
terns unlike their core material, but which are similar to those 
of the kimberlite sample that hosted them. This most likely 
reflects the recrystallization of carbonate adjacent to the kim- 
berlite magma. Detailed mineralogical (including scanning 
electron microscope analysis) and geochemical studies are 
required to further characterize these reactions. 
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APPENDIX 

Geological description 

Surface limestones 

Specimens from these six samples were also prepared for electrical resistivity and immersion porosity 
measurements, and the results of the tests have been previously reported (Katsube et al., 1996b). 

Kimberlites 

Sample KLH-2: Grey-brown matrix, easily scratched with a 
penny. Zoning of the limestone xenoliths is weak to absent. 
Xenolith fragments (subangular to subround) are abundant 
with sizes of up to 2.5 cm in diameter. 

Sample # 

KLD-I 
(DKA-94-28B) 

KLD-2 
(DKA-9432E) 

KLD-3 
(DKA-94-34D) 

KLD-4 
(DKA-94-36H) 

KLD-5 
(DKA-94-39B) 

KLD-6 
(DKA-94-43A) 

Sample KLM-2: Chloritic blue-green matrix, easily 
scratched with a penny. Limestone xenolith fragments 
(subangular to subrounded) with weak to strong zoning of the 
limestone xenoliths, <2 mm to 5 cm in diameter are abundant. 

Location 

Bucke Twp. 
Quarry 

Dymond Twp. 
Dump 

Loach Quarry 

Evanturel 
Creek 

Dawson Point 

Hwy 65, N.of 
Dawson Point 

Sample KLH-5: Greenish-grey, vesicular matrix can be eas- 
ily scratched with a penny. Phlogopite crystals in the matrix. 
Serpentine is abundant as an alteration mineral. Limestone 
xenolith fragments (one partial up to 4.5 cm) vary in composi- 
tion (likely various stages of alteration) and show strong 
alteration, represented by prominent zoning. Banding can be 
seen in some of the xenoliths. 

LAKETIMISKAMING 

Formation1 

Age 

FarrIU. 
Ordovician 

FarrlU. 
Ordovician 

Evanturel Ck 
(Wabl Gp.)/L. 
Silurian 

Evanturel Ck 
(Wabl Gp.)lL. 
Silurian 

Earlton or 
ThornloeIM. 
Silurian 

ThornloelM. 
Silurian 

Sample KLM-6: Greenish-grey matrix easily scratched with 
a penny. Few limestone xenoliths are seen in this sample. 
Most of the fragments are serpentine. Some zoning of the 
fragments is apparent. Biotitelphlogopite crystals are also 
visible in the matrix. There appears to be some fracturing 
infilled with soft, aphanitic greenish-brown material. 

PALEOZOIC 

UTMN 

5256530 

5282850 

5269850 

5293875 

5260150 

5265525 

Limestone xenoliths 

BEDROCK SAMPLES 

Sample Description 

medium- to coarse-grained, biociastic limestone (grainstone); 
top 113 is tan-grey, bottom 213 is blue-grey (with stylolite 
contact); abundant fossil fragments, mostly c rinoldai; some 
intergranular porosity; one, 1 an, porous (intergranular), fine- 
grained ddomltic zone (burrow or lithoclast?) in blue-grey part. 

fine to coarsegrained, Ibssillferous, bioclastic limestone (pack- 
grainstone); grey c ore with tan weathered rind (most of 
sample); with tan, porous (intergranular), dolomitic burrows; 
variety of fossil fragments are silicified; large receptaculitid fossil 
on top; subhorizontal, parlly open facture, after stylolite(7). with 
rusty weathering. 

light grey-tan, fine-grained, fosslliferous limestone (wackestone 
and packstone); with rusty argillaceous lithoclasts; abundant 
shelly fossils (ostracodes, brachlopods, others); small fossil 
moldic, shelter, and vuggy porosity. 

light grey-green, f ine-crystalline, bioturbated, argillaceous 
dolostone (dolosiltite), with green shale lithoclasts; very fine 
intercrystalline porosity. 

light creamy tan (buff), fine-crystalline, fossiliferous dolostone 
(wackestone); fossils are partly silicified, and contain secondary 
calcite; fossils include b rachiopods, and thin p lanar 
stromatoporoids; some small fossil moldic porosity. 

light tan, f ine-crystalline, fossiliferous dolostone (boundstone 
and packstone); fossils include tabular stromatoporoids and 
corals, and pen tamerid b rachiopods; some fenestral and 
interskeletal porosity (stromatoporoids and corals) and some 
fossil moldic porosity (brachiopods); also locally good fracture 
porosity (small, open, vertical fractures). 

OUTLIER: 

NTSMap 

31 MI5 

31 MI12 

31 MI1 2 

31W13 

31 MI5 

31 W12 

Specimen KLH-2a: White and cream with visible layering 
of medium-to fine-grained material (the coarser layers were 
white). The xenolith is easily scratched with a knife. It also 
appears to be relatively unaltered. Specimens have also been 
prepared for thin-section analysis. 

UTME 

600000 

596800 

604360 

585652 

606450 

604575 
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Specimen KLH-2b: White and cream, homogenous, and 
appears to be relatively unaltered. Medium to fine grained and 
is easily scratched with a knife. A specimen was also sent for 
thin-section analysis and electrical resistivity measurements. 

Specimen KLH-2bx: No iizformation. 

Specimen KLM-2a (Core and rim): Displays very promi- 
nent alteration rims. The outmost rim (1-4 rnm) is purple. The 
core appears unaltered, homogenous, and very porous. The 
innermost rim is thin, dark, and translucent. The core is the 
softest and the thin translucent rim is the hardest, although 
these differences are small. Mercury porosimetry analysis 
was done on both core and rim material. A specimen was also 
prepared for section analysis. 

Specimen KLM-2b: Appeared to be unaltered, homogenous, 
fine grained, and soft. Specimens were also prepared for thin- 
section analysis and electl-ical resistivity measurements. 

Specimen KLM-2e (Core and rim): White to creamy, fine 
grained, homogenous, and crumbles easily (abundant frac- 
tures). It has a very prominent translucent brown rim (<2 mm) 
which is very hard (barely scratchable with the knife). Mer- 
cury porosimetry analysis was done on both core and rim 
material. The specimen of rim includes some core material as 
well, due to difficulty in separating the two. Specimens were 
also prepared for thin section analysis and electrical resistiv- 
ity measurements. This xenolith was relatively large (3 x 
5 cm), so that both the rim and core material are still available 
for further testing. 









Field relationships and petrology of Lapeyrkre 
gabbronorite, south-central Grenville Province, 
Quebec 

L. Nadeau and P. Brouillette 

GSC Quebec, Sainte-Foy 

Nadeau, L. und Brouillette, P., 1997: Field relationships and petrology of LapeyrBre 
gabbronorite, south-central Grenville Province, Quebec; & Current Research 1997-E; 
Geological S~lrvey of Canada, p. 61-71. 

Abstract: High-grade Grenvillian gneisses and tectonites of the Portneuf-Mauricie region include a 
number of largely massive, late orogenic gabbroic intrusions. The Lapeyrbre gabbronorite is the largest of 
these bodies, standing out as a prominent positive anomaly on the regional Bouguer gravity map. 

The intrusion comprises a variety of rock types defining a suite ranging from 'hornblende-free' 
gabbronorite to 'pyroxene-free' hornblende-quartz-diorite, with more evolved phases occurring in minor 
amounts. The rocks commonly exhibit cumulate textures, a weak but pervasive magmatic foliation and 
local development of compositional layering. 

The subtle nature of the layering suggests the establishment of fairly constant physico-chemical 
conditions during crystallization, and limited convection and thermal erosion during cooling. Internal 
igneous structural relationships intimate syn- and postsolidification body rotation. This, and the nature of 
the metamorphic fabric in the wall rocks are consistent with emplacement in the middle crust during 
regional deformation. 

RCsumd: Les tectonites et les gneiss grenvilliens & haut rang mCtamorphique de la rCgion de Portneuf- 
Mauricie renferment plusieurs intrusions gabbrolques tardi-orogeniques, en grande partie massive. La plus 
grande de ces intrusions, la Gabbronorite de Lapeyrhre, se dCmarque regionalement par la forte Clevation de 
son anomalie gravimetrique de Bouguer. 

L'intrusion comprend plusieurs types de roche qui dCfinissent une suite depuis les gabbronorites 'sans 
hornblende', aux diorites quartzifbres & hornblende 'sans pyroxbne', avec des roches plus CvoluCes en 
quantitCs moindres. Ces roches montrent gCnCralement des textures de cumula, une foliation magmatique 
pCnCtrante mais peu marquee et, localement, un rubanement compositionnel. 

La nature indistincte du rubanement suggbre 1'6tablissement de conditions physico-chimiques assez 
constantes durant la cristallisation, et peu de convection et d'Crosion thermique durant le refroidissement. 
Les relations structurales ignCes internes suggbrent des rotations du corps intrusif durant et apr&s sa 
solidification. Ce dernier point, ainsi que la nature de la fabrique m6tamorphique des roches des Cpontes 
sont compatibles avec une mise en place 21 un niveau crustal lnoyen durant la dkformation rCgionale. 
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INTRODUCTION 

This study was undertaken in order to characterize and better 
understand the petrogenesis and the tectonic setting of a 
number of late Grenvillian gabbroic intrusions in the 
Portneuf-Mauricie region, south-central Grenville Province 
(Fig. 1). Focus is placed here on the field relationships, inter- 
nal structure, and petrography of the Lapeyrh-e gabbronorite 
(Nadeau et a]., 1992a; HCbert et Nadeau, 1994), the largest of 
these bodies. The intrusion is named after a large lake located 
in the central part of the intrusion. Lakeshore outcrops and a 
number of quarry test-pits offer excellent exposure. 

The Lape rbre gabbronorite is a tear-shape intrusion of l about 160 km , and is 10 krn wide. It is composed chiefly of gab- 
bronorite with subordinate dioritic rocks. It contains no anortho- 
sitic phase and is not spatially associated to an anorthosite body. 
The intrusion stands out as a strong bull's eye positive Bouguer 
anomaly, showing in excess of 3 mgaVkm on regional Bouguer 
anomaly vertical gradient maps; there are no other comparable 
gravity anomalies in the region. The intrusion is largely com- 
posed of undeformed, pristine, medium- to coarse-grained 
rocks with 30 to 50% hypersthene-augite-hornblende, as well as 
accessory biotite and Fe-Ti opaque oxides. Primary igneous lay- 
ering and foliation are ubiquitous within the pluton. 

AFFILIATION 

The Lapeyrke gabbronorite is petrographically simil?r to and 
possibly continuous in subsurface with the smaller Edouard 
gabbronorite located a few tens of kilometeres to the north 
(Fig. 2; Nadeau and Brouillette, 1994). It also resembles 
petrographically the Shawinigan norite (Fig. 2; Bkland, 1961). 
In addition, the Lapeyrhre intrusion yielded a 1070 + 3 Ma U/Pb 
zircon crystallization age (Nadeau et al., 1992b) which is similar 
within error to the 1077 +lo/-2 Ma age obtained for the Shawinigan 
norite (Corrigan and van Breemen, 1997). These are the young- 
est gabbroic intrusions in the region. They postdated by over 
60 million years the emplacement of the Morin and Lac Saint- 
Jean complexes and associated mangerite-charnoclite-granite 
suite (AMCG-suite) dated at 1160-1140 Ma (Doig, 1991; 
Higgins and van Breemen, 1996). The emplacement of the 
Lapeyrbre gabbronorite is about 10 million years older than that 
of the spatially associated porphyritic granites and monzonites 
of the Rivikre-&-Pierre Suite dated ca. 1058 * 1 Ma (Nadeau 
et al., 1992b). It is also significantly older than the ca. 1020 Ma 
age proposed for the more distant Saint-Urbain Anorthosite 
complex (Ashwal and Wooden, 1983). 

A number of other smaller gabbroic bodies in the area may 
be genetically linked to the Lapeyrhre and Shawinigan 
intrusions (Fig. 2). The most important ones include: the 
small (<1 km2) pristine Wessonneau intrusion which petro- 
graphically resembles the rocks at Lac Lapeyrke; a satellite 
body in  the Lejeune plutonic suite composed of composition- 
ally and texturally varied gabbroic rocks which locally inter- 
mingle with monzonite and granite; and the  toile gabbro. 

LITHOLOGIES 

The intrusion at Lac Lapeyrkre includes four mappable units 
in two main rock groups (Fig. 3a; Table 1): 

1. The gabbronoritic group consists chiefly of homo- 
geneous i) gabbronorite and ii) hornblende-gabbronorite 
in which hornblende is generally more than 6%. 
Ultramafic rocks are limited to one outcrop of wherlite 
(sample site 15). Plagioclase-rich (anorthositic) rocks are 
rare and occur only as centimetre thick lenses in more 
mafic hosts. 

2. The dioritic group is made up mainly of diorite and 
quartz-diorite with hornblende, accessory biotite, and, in 
places, corroded pyroxenes. Two facies are recognized in 
the field and petrographically: i) a homogeneous facies 
made up of medium grained, equigranular rocks locally 
difficult to distinguish in outcrop from the hornblende- 
gabbronorite, and ii) a subordinate heterogeneous facies 
comprising texturally and compositionnally varied rocks, 
in part coarse grained to pegmatitic, and locally 
transitional to monzonite and granodiorite. 

The percentage of surface area occupied by each of the 
lithological types, at the present erosional level, are approxi- 
mately 59% gabbronorite, 19% hornblende-gabbronorite, 
along with 18% homogeneous and 4% heterogeneous diorite 
and quartz-dion'te. These estimates may be of some signifi- 
cance given the steepness of the magmatic fabric of the body. 

Figure 1. Location sketch map and tectonic subdivisions of 
the Grenville Orogen (modiJied from Rivers et al., 1989). Legend 
(1) Parautochthonous Belt; (2)  Allochthonous Polycyclic Belt; 
( 3 )  Alloclzthonous Monocyclic Belt; ( 4 )  Anorthosite- 
nzangerite-charnockite-granite suite; (A)  Grenville Front; 
(B)  Alloclzthon boundary thrust; (C) Monocyclic belt boundary 
thrust. 



L. Nadeau and P. Brouillette 

Figure 2. 

Geological sketch map of the 
Grenville orogen in the Portneuf- 
Mauricie region (after Nadeau and 
Brouillette, 1994, 1995). Legend: 
( I )  Granite and monzonite; (2) Lejeune 
suite; (3) Gabbro-gabbronorite: A - 
 toile, B - ~douard,  C - Wesson- 
neau, D - Lejeune, E - Shawinigan, 
F - Montauban, G - Sanford; 
(4) Meta-anorthosite: H - Langelier; 
(5) La Bostomis complex; Montauban 
group: (6) Amphibolite; (7) Parag- 
neisses; ( 8 )  Morin terrane;  
( 9 )  Me'kinac-Taureau domain; 
(10) Gabbro; (11) Late-Grenvillian 
sinistral shear zone; (12) Tectonic 
boundary beneath Morin terrane; 
(13) Tectonic boundary beneath 
Portneuf-Mauricie  domain;  
(14)  Boundary of the Parc des 
Laurentides domains. 
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Table 1. Modal compositions of Lapeyrere gabbronorite intrusive suite. 

METAMORPHISM AND DEFORMATION 

Site Sample 

2 90NKL-126 
3 90NKL-12C 

15 91-SP-304 

6 91-SP-19 
9 OUEP-I01 
10 91-SP-2160 
11 90NKS-43 
24 70235D 
26 90NKL-19734A 
27 90NKL-19734B 
28 701342 
31 OUEP.068 
33 69833 
34 69833A 
35 69833P 
37 70034N 
38 69833D 
39 69033E 
40 70033K 
42 90NKL-19733A 
43 90NKL-19633A 
44 90NKL-190338 
45 699338 
46 70033N 
50 OUEP-072 
58 90NKS-19730 
59 700308 
60 70130L 
61 70129A 
63 90NKS-19729 
67 90NKS-39728 
68 70028A 
70 698288 
74 90NKS-19628 
75 90NKS-19928B 
76 90NKD-10028 
80 90NKL-10027A 
81 70127A 

90 90NKD-10125 
16 OUEP-088 
48 90RG-49331 
49 OUEP-062 
65 70229E 

4 91-MD-1030 
5 90NKL-10&3 
7 9ONKL-I06 
8 OUEP-099 
12 OUEP-I I 0  
19 90NKL-19635 

Unexpectedly, most of the roclts of the Lapeyrhe intrusion 
are undeformed and exhibit original plutonic textures. A 
tectonic foliation is present only locally, namely in narrow 
shear zones and along the margin of the body. The 
deformation has taken place under lower amphibolite facies 
conditions, as indicated by the assemblage plagioclase- 
quartz-hornblende-biotitekepidote typical of the foliated 
rocks, and laclc of chlorite. 

UTMX UTMY Rock name Qtz PI (An) Kfs Opx Cpx Hbl(B) Hbl (S) Bt Op Ap Zrn Other 

694081 5248286 %hilled' diorite 2 60(37) - 15 17 tr tr tr 5 tr - Spn 
694081 5248286 "chilled' hbl-gabbronorite tr 55 (53) - 8 12 6 4 5 10 ac - 
702725 5236903 metavrherlite - 4 4 2  3 - ac - - 01 (50). Spl. Srp 

695544 5247966 gabbronorite tr 76(55) - 6 14 3 1 tr tr - - 
694428 5243371 gabbronorite tr 64(63) - 14 16 1 4 ac ac - - 
694791 5243132 gabbronorite - 66 (55) - 4 23 ac 1 t r 5 - -  
694802 5240936 gabbronorite ac 66(61) - 12 19 2 - tr tr - - 
702297 52351 10 gabbronorite tr 59(55) - 13 18 6 tr 1 3 - -  
697152 5234177 gabbronorite 1 62 (55) - 9 25 1 2 tr ac - - Cal 
697152 5234177 gabbronorite tr 59 - 17 20 ac 2 ac ac - - 
701717 5234325 gabbronarite tr 71(62) - 14 12 2 tr tr 1 - - 
694676 5233663 gabbronorite 2 73(56) - 6 10 ac 2 2 4 t r -  
698275 5233719 gabbmnorite 2 69(53) - 10 12 tr 3 tr 4 - - E p  
698363 5233697 gabbronorite tr es - es es ac - tr ac - - 
698453 5233675 gabbronorite - 32 (53) - 25 30 6 tr tr 7 - - 
700724 5234095 gabbronorite tr 60 (68) - 14 21 3 tr tr 2 - - 
698646 5233401 gabbronorite 71 - 8 1 4 2  1 1 3 . -  
698624 5233266 gabbronorite lr 78 (55) - 8 11 1 r tr 2 - - 
700682 5233578 gabbronorite - 61(66) - 11 16 8 tr tr 4 tr - 
697422 5233102 gabbronorite - 71(53) - 11 12 tr 2 t r 4 - -  
696752 5232850 gabbronorlte - 67(53) - 14 16 ac ac ac ac - - 
696752 5232850 gabbronorite - 25(55) - 16 54 3 - tr ac tr - 
699548 5233139 gabbronorite - es (53) - es es tr - lr mi ac - 
700193 5233082 gabbronorite - 63(68) - 16 17 3 tr tr 1 - - 
697710 5232338 gabbronorite ac 65(65) - 14 16 1 3 ac ac - - 
697700 5230450 gabbronorlte tr 80 (65) - 5 8 tr 6 ac ac tr - 
700218 5230153 gabbronor~le - 63(53) - 15 12 6 tr tr 4 - - 
701 918 5230324 gabbronorite tr es(56) - es es tr - ac ac - - 
701315 5229944 gabbronorite tr 64(40) - 13 19 tr tr tr 4 tr - 
697909 5229654 gabbronorite - 52 (57) - 17 27 tr 2 t r 2 - -  
697815 5228931 gabbronorite tr 80 (58) - 10 10 lr tr - tr - - 
700031 5228957 gabbronorite tr 69 (53) - 19 6 3 tr tr 3 - - 
698785 5228585 gabbronorlte tr 75 - 11 9 tr 2 1 2 . -  
696856 5228077 gabbronorite 58 - 10 21 2 4 ac 5 tr - 
699450 5228150 gabbronorite tr 65 (58) - 13 20 ac ac ac ac - - 
700299 5228015 gabbronorite 76 - 8 14 tr ac ac 1 tr - 
700150 5227700 gabbronorile tr 67 - 11 15 tr 1 tr 5 tr tr 
701 150 5227800 gabbronorite 1 53 (60) - 8 25 3 tr 3 7 tr - 
701580 5225835 quartz-gabbronorite 3 69 - 8 8  3 ac 6 3 ac tr 
702452 5236734 quartz-gabbronorite 2 60(58) - 12 20 ac 3 2 tr tr - 
692972 5231 919 quartz-gabbronorile 11 52 - 1 7 1 0  8 7 4 a c -  
694431 5231695 quartz-gabbronorite 4 70(68) - 10 14 tr - l a c - -  
702339 5229270 quartz-gabbronorite 2 73 (53) - 8 10 2 1 1 3 tr tr 

694676 5248091 hbl gabbronorile tr 62(55) - 9 18 3 7 tr tr - - Cal 
695426 5248127 hbl gabbronorite ac 72 (55) - 8 12 7 - tr ac - - 

696461 5247334 hbl gabbronorite tr 60(55) - 11 13 2 10 1 3 ac - Cal 
694310 5244494 hM gabbronorite 1 54(55) - 14 16 ac 13 1 ac - - 
695903 5237837 hbl gabbronorite tr 72 (63) - 4 6 3 11 1 3 tr tr 
696826 5235326 hbl gabbronorite tr 66(55) - 10 13 2 5 1 2 tr tr 01 

The country rocks have been regionally metamorphosed 
to uppermost amphibolite facies and contain granitic mobili- 
zate in variable amounts (HCbert et Nadeau, 1994). Peak 
regional metamorphic pressure and temperature estimates of 
680°C and 5.7 ltbar have been measured from fabric-forming 
mineral assemblages in pelitic gneisses adjacent to the body 
(LCvesque, 1995). 

In contrast to the pristine nature of the Lapeyrhre 
gabbronoritic and dioritic rocks, nearby metadiorites of 
La Bostonnais complex range in outcrop from massive to well 
foliated and gneissic or migmatitic, with igneous pyroxenes 
extensively or completely replaced by metamorphic horn- 
blende. Such differences in deformation and metamorphic 
overprint in otherwise comparable lithologies clearly indi- 
cate that the Lapeyrbre intrusion is late Grenvillian, after peal< 
metamorphism but prior the end of deformation. 

FIELD RELATIONSHIPS 

Contacts and wall rocks 
Along its southeast flank, the main mass of the body is shear- 
bounded, via a sinistral strike-slip ductile fault zone, against 
younger ca. 1058 + 2 Ma (Nadeau et al., 1992b) massive to 
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Table 1 (cont.) 

weakly deformed porphyritic granites and quartz-monzonites 
of the Rivikre-&Pierre suite (Fig. 3a). An intense deformation 
fabric is limited to a zone a few hundred metres thick on either 
side of the fault. There is no evidence of a large lateral offset 
along the fault. This and the absence of gabbroic bodies east 
of the fault suggest that faulting has not dismembered the 
intrusion itself, and that the localization of the fault has been 
partly controlled by the initial intrusive contact between the 
two large plutonic masses. The latter is consistent with the 
presence of a few aplite and granite dykes in dioritic rocks 
adjacent to the faulted contact. 

Site Sample 

20 70035F 
36 69833R 
55 90NKP-20031A 
62 90RG-39329 
98 90NKL-40025 
1 90NKL-12&2A 

52 69832E 
91 70125F 

78 90NKP-39527A 
89 90CH-19925 

77 90NKP-19427A 
64 69329A 
95 70025A 
32 OUEP-144 

14 91-SP-306 
56 69931A 
79 90NKP-395278 

13 91-SP-313A 
25 70235A 
87 70326C 

72 701288 
82 70227A 

29 90NKD-20334A 
41 703338 
69 69428C 
83 90NKD-30227A 
86 70326A 

30 90NKD-30333 

1790RG-19335 
66 90NKP-29527A 
73 OUEP-030 
51 698320 
47 90RG-19332 
66 OUEP-031 

84 90NKD-302278 

21 700358 
22 70134.J 
23 70134P 

57 90NKP-30030A 
93 70225H 

Note: Modal percentages 
Visual estimates are reported 

Elsewhere, the body is enveloped by the older, 1.45- 
1.38 Ga (Nadeau et al., 1992b), highly deformed and inter- 
leafed, supracrustal rocks of the Montauban group and ortho- 
gneisses of the La Bostonnais complex (Fig. 3a; HCbert and 
Nadeau, 1994). At map-scale the gneissosity in the country 
rocks is conformable to the outline of the intrusion and no 

. lithological or structural cut-off is observed adjacent to the 

UTMX UTMY Rock name Qtz PI (An) Kfs Opx Cpx Hbl (B) Hbl (S) Bt Op Ap Zrn Other 

700848 5235256 hbl gabbronorite - 60(53) - 12 13 9 3 t r 3 . -  
698736 5233714 hbl gabbronorite 1 57(52) - 8 15 1 12 tr 6 - - 
700346 5231384 hbl gabbronorite tr 43 - 15 14 22 4 - 2 - -  
693695 5229744 hbl gabbronorite tr es (53) - mi es ma mi tr tr tr - 
700950 5225330 hbl gabbronorite 2 64 (53) - 7 8 1 13 2 3 tr - 
693797 5246708 hbl gabbronorite 4 3 2 - 2 6  7 49 ac ac - - Spn 

698990 5232250 px-diorite tr 33 (45) - 27 34 3 - tr 4 tr - 
701 824 5225853 px-diorite tr 70(45) - 10 10 4 tr tr 6 tr tr 

695850 5227500 px-hbl dlorite 2 68 - 8 8 ac 9 t r 5 - -  
899691 5225961 px-hbl-bt dlorite 4 31(38) - 15 25 8 - 16 tr ac tr 

694600 5227850 px-hbl quartz-diorite 14 58 (45) - 2 3 1 15 5 2 tr tr 
693805 5229187 px-hbl quartz-diorite 7 70 (45) - 6 tr 12 tr 3 2 tr - 
700889 5225303 px-hbl quartz-dlorite 4 73 (55) 9 tr 7 2 2 3 t r  - 
695301 5233695 px-bt quarlz-diorite 13 65 (38) - 4 7 2 tr 8 1 tr tr 

701 627 5236956 hbl diorite tr 51 (46) - - tr 41 8 tr tr tr - 

699653 5231085 hbl diorite tr es (42) - - es es tr mi tr - Spn 
695850 5227500 hbl diorite tr 45 - 1 2 ac 44 1 6 -  - 
702031 5237122 hbl-bt dlorite 6 65(37) - ac ac 13 6 6 1 tr tr Spn 
702814 5235248 hbl-bt dlorite 3 52 (48) - - 2 41 1 1 tr - Ttn 
703479 5226937 hbi-bt diorite 8 63(40) - tr tr 19 4 4 t r -  

701959 5228424 quartz-diorite ma es (28) - - es - rnl tr tr tr 
702074 5227547 quartz-diorite 11 72 - - 5 - 7 3 -  - 
703750 5234550 hbl-bt quartz-diorite 3 64 (40) - tr tr 1 22 7 2 ac tr Spn 
703707 5233492 hbl-bt quartz-diorite ma es - tr tr es ma mi ac tr tr 
694125 5228484 hbl-btquartz-dlorite 7 68 (37) - 7 tr 12 1 2 2 t r  - 
702768 5227294 hbl-bt quartz-diorite 6 56 (36) - - - 25 - 9 3 ac ac 
703576 5226731 hM-bt quartz-diorite 6 70 (42) - 9 tr 3 4 7 1 tr tr 

703810 5233983 lonalite 20 47 - - - 21 ac 10 2 tr - 
693846 5235377 opxgranodlorite 33 49 12 4 - tr - a c 1  - -  

695400 5227200 hbl-btgrancdiorite 20 70 (48) 3 - 2 3 1 1 tr tr Grt, Ep. Ser 
704113 5228411 granodiorite 17 31 (30) 9 - tr 3 30 2 2 - tr Chl(6) 
698990 5232480 quartz-monzodlorite 17 47 9 - 1 22 4 tr - - Ser, Chl 
692939 5232388 quartz-monzodlorite 30 25 40 - tr - 5 tr tr - Chl, Spn 
703460 5229289 quartz-monzodiorite 31 20 38 ac ac ac ac 7 2 - tr 

702768 5227294 quartz-syenite 20 10 65 - - 2 2 t r -  

700823 5235136 "hydrated' gabbronorite mi es (58) - - es es mi tr - - Spn 
701456 5234757 'hydrated'gabbronorite 1 60 (52) - - - 39 tr tr tr - - 
701819 5234923 "hydrated" gabbronorite - es (50) - tr tr ma es tr tr - - 
700482 5230726 metadiorite 18 50 - - ac 30 . . -  - Ep (2), Chl 
702547 5225987 metadlorite 5 6 5 - -  8 3 17 2 - tr Ep 

were obtained by points counts on regular size thin sections. Samples are line- to medium-grained. Between 800 and 1000 points were counted on each thin section. 
as follow: es (essential) >15%; ma (major) 5.15%; mi (minor) 1.5%; ac (accessory) 0.3-1.0%; and tr (trace) ~0.3%. Hornblende habits: (8) blocky; (S) symplectic. 

contact. In addition, the absence in the immediate wall rocks 
of crosscutting dykes, intrusive breccia, or apophyses ema- 
nating from the intrusion suggest that the emplacement of the 
body did not involve brittle fracturing and stoping. Likewise, 
wall rockenclaves are scarce, small, and rounded, and appear 
to be limited to the 'heterogeneous' dioritic facies. 

For mineral abbreviations, refer to Kretz (1963). 

The abrupt positive gravity gradient at the contact of the 
body and the steepness of the gneissosity in the wall rocks 
suggest that the intrusion is deeply rooted. The overall struc- 
tural concordance and the absence of brittle intrusive struc- 
tures further intimate that the transDort and intrusion of the 
magma were permitted by ductile shouldering of the country 
rock at intermediate or lower crustal levels. Alternately, these 
relationships may be attributed to postcrystallization sinking 
of the rock body, ripping off and leaving its initial intrusive 
envelope behind; such displacement of the rock body may 
have been driven by an inversion in buoyancy due to crystalli- 
zation (Glazner, 1994). 
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Figure 3. Geological sketch map of the Lapeyr2re gabbronorite A) lithology, B) structure. 

Figure 4. 

Diabasic texture in plagioclase porphyritic 
chilled diorite (field = 0.8 mm). 
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Chilled margin and contact aureole 

The contact of the body has not been directly observed. Fine 
grained, plagioclase porphyritic hornblende-gabbronorites 
with diabasic textures outcrop at least at one locality (sample 
site 3) immediately at the contact, therefore intimating the 
presence of a thin chilled margin (Fig. 4). In addition, these 
chilled rocks are associated in outcrop with fine grained 
homogeneous hypersthene-augite diorites (sample 2), further 
suggesting that rocks of this group may also occur discontinu- 
ously all along the margin of the intrusion. 

Within a few tens of metres of the contact, gneisses of the 
envelope show no distinctive mesoscopic contact metamor- 
phic effects. Sillimanite, biotite, garnet, and cordierite in 
paragneisses appear to be synkinematic since they mark or 
are enveloped by the well developed foliation and lineation of 
the rock. In addition, postkinematic porphyroblastic and 
decussate textures typical of contact aureoles have not been 
recognized in the field or in thin section. 

The apparent absence of field evidence for a thermal aure- 
ole is peculiar given the size of the intrusion, its depth of 
emplacement, and the solidus temperature of gabbroic 
magma. This point will be further examined in the discussion. 

INTERNAL STRUCTURE 

Magmatic foliatioiz 

The rocks appear largely massive and monotonous in 
outcrop. In more detail, however, they exhibit a weak but per- 
vasive mineral foliation and local development of composi- 
tional layering. The foliation is caused by the preferred 
orientation of prismatic plagioclase and pyroxene crystals 
(Fig. 5). It is considered of magmatic origin because, where 
present, the foliation and the compositional layering are 
invariably conformable. In addition, foliated samples col- 
lected away from the contact,show pristine igneous textures 

Figure 5. 

with no plagioclase microstructure indicative of ductile 
deformation or rec~ystallization. This is otherwise consistent 
with the ubiquitous development of cumulate textures. 

Compositional layering 
Where present, layering is subtle and recognized by the 
presence of sharp interfaces between facies with contrast- 
ing mafic contents. Away from the interface, the mafic min- 
eral content grades progressively to a value typical of the rest 
of the outcrop. Layers are typically decimetre thick and later- 
ally continuous for no more than a few tens of metres. Meso- 
scale magmatic features such as crosslamination, channel 
scour, block structure, and cognate xenoliths have not 
been recognized. 

The layering described here is not comparable to the well 
defined and repeated, decimetre to metre thick, composi- 
tional and size-graded layering of the type commonly present 
in massif-type anorthosites and layered intrusions (e.g. Emslie, 
1980; Lrvine, 1987). The subtle nature of the layering here, as 
observed on large outcrops and quarry test-pits appears to be 
an intrinsic property of the Lac Lapeyr2re intrusion. The sub- 
tle layering characteristic of the gabbronoritic rocks suggests 
the establishment of fairly constant physico-chemical condi- 
tions during crystallization, and limited convection and ther- 
mal erosion during cooling. The pervasive magmatic 
foliation and the sporadic layering are indicative of crystal 
settling. 

Igneous structural subunits 
The magmatic fabric, defined by the foliation and the compo- 
sitional layering, is generally moderate to steeply dipping, 
persistent in attitude over large areas, and defines a simple 
map pattern (Fig. 3b). This pattern does not strictly conform 
to that of a concentrically zoned body. Truncation of the inter- 
nal magmatic fabric is suggested by the inversion in the dip 
directions between the western (structural subunit A) and the 

Alignment of pyroxene and plagioclase crystals 
giving a magmatic foliation in gabbronorite. 
Plagioclase and pyroxenes are the cumulus 
phases, with interstitial hornblende and opaque 
oxyde lfield = 2.5 mm). 
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eastern (subunit B) halves of the body and by the abrupt 
changes in strike direction observed in the southern part of the 
intrusion (subunit C). 

While faulting may not be ruled out in the case of the dip 
inversion from subunit A to B, the structural break docu- 
mented in the southern part of the body cannot be attributed to 
external deformation as it is comprised within the body and is 
not related to a fault. Moreover, structural subunit C also 
appears to correspond closely to the main outcrop area of the 
dioritic rocks. The inference drawn from these observations 
are that the rocks of structural subunit C resulted from a sepa- 
rate magma pulse, or that the partially solidified magma 
chamber was tilted. These interpretations can be extended to 
structural subunits A and B, even in the apparent absence of 
clear-cut crosscutting relationship within gabbronoritic 
rocks; internal igneous unconformities may have remained 
undetected due to unfavourable exposures and the subtle 
nature of the lithological variations. 

PETROGRAPHY 

Deformation and metamorphic recrystallization have 
occurred only locally, along narrow shear zones and the mar- 
gin of the body. Away from these zones, deformation effects 
are limited to undulose extinction and rare mechanical twins 
in plagioclase; rec~ystallization structures and granoblastic 
textures are absent. In addition, some large framework pla- 
gioclase prisms in dioritic roclcs feature primary concentric 
zoning. 

Accordingly it is apparent that the mineral assemblages 
and textures are essentially of magmatic origin, including the 
complex exsolution structures in pyroxenes and their 
hornblende-quartz coronitic overgrowths. This is otherwise 
consistent with the scarcity of garnet, epidote, and chlorite 
typical of metamorphosed mafic rocks. 

Gabbronorite group 

Gabbronoritic rocks form more than 80% of the outcrop area 
of the intmsion. They are generally fine- to medium-grained, 
equigranular, and darlc brown on fresh and weathered sur- 
faces. These rocks are fairly homogeneous in outcrop appear- 
ance and commonly exhibit a distinct magmatic foliation. 

Modal compositions are given in Table 1. As a group the 
gabbronoritic rocks present wide ranges in modal composi- 
tion. Most samples, however, are f a d y  tightly grouped. The 
average sample consists of 63% labradorite (An 57), 26% 
pyroxenes with a hypersthenelaugite ratio of 0.6, and 4% 
hornblende as the main varietal mineral. Plagioclase is 
unzoned, nonperthitic, but typically dusted with minute opaque 
oxide inclusions. Trace amounts of myrmekite commonly 
occurs as thin films and bulbs along plagioclase grain- 
boundaries. Pyroxenes generally exhibit complex exsolution 
structures. Interstitial quartz is commonly present from trace 
amounts up to 2%. Serpentinized olivine has been found only 
in one outcrop where it occurs as cumulate in a wherlite (sam- 
ple 15). Opaque Fe-Ti oxides are constant accessories, rarely 
over 4%. Reddish-brown biotite and apatite are widespread in 
trace amounts. Zircon is rare or absent. 

Two varieties of hornblende are optically recognized: 
i) light 'apple' green hornblende and quartz forms delicate 
postcumulus symplectic corona on pyroxenes, while ii) dark 
'olive' green hornblende occurs in thick and discontinuous 
rims on pyroxenes and as stubby matrix crystals. An increase 
in hornblende content generally corresponds with major tex- 
tural changes. It is therefore appropriate to distinguish two 
subgroups i.e. 'normal' gnbbronorite, from hornblende- 
gabbronorite, in which hornblende makes up more than 6% 
of the rock. It is emphasized that these two subgroups are 
transitional texturally and in modal composition. 

Gabbronoritic rocks exhibit a variety of cumulate textures 
with plagioclase, orthopyroxene, and clinopyroxene as the 
essential cumulus minerals (Fig. 6). Hornblende, biotite, and 
other accessories occur as intercumulus-intergranular 
phases. Accordingly, the textural type is directly related to the 

Figure 6. 

P o s t c ~ i m u l ~ ~ s  and intergmnular-interstitial 
hornblende in hornblende-gnbbronorite (field = 
2.5 mm). 
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amount of accessory minerals. Gabbronorite samples with 
very few accessory minerals including hornblende, exhibit 
adcumulate to rnesoc~~mulate textures. In contrast, textures in 
accessory-enriched hornblende-gabbronorite range from 
orthocumulus to granular. Ophitic texture is absent. 

Diorite group 

Rocks of the dioritic group occur preferentially as a carapace 
along the margin of the intrusion, between the gabbronoritic 
core and paragneisses in the wall rocks (Fig. 3a). Rocks of the 
homogeneous and heterogeneous facies outcrop over approx- 
imately 18% and 4% respectively of the total surface area of 
the intrusion. 

The homogeneous facies is chiefly composed of medium 
grained hornblende-diorite and hornblende quartz-diorite 
which are fairly uniform in texture, grain size, and modal 
compositions. These rocks are difficult to distinguish in the 
field from the hornblende-gabbronorite. They can usually be 
recognized in hand sample by the abundance of hornblende, 
biotite, and quartz; the absence or limited content in pyrox- 
enes; and by the milky-white colour of plagioclase giving the 
rocks a medium to dark grey salt-and-pepper colour on fresh 
and wealhered surfaces. 

The subordinate heterogeneous facies includes texturally 
and compositionally varied rocks, in parts coarse grained to 
pegmatitic, chiefly quartz-dioritic to granodioritic, but 
locally associated and possibly grading into minor K-feldspar 
porphyritic monzonihc and granodioritic phases (Table 1). In 
addition, these rocks locally contain partly digested rounded 
paragneiss enclaves and schlierens which adds to the disorder 
and indicate local wall rock assimilation. Rocks of this facies 
typically occur as deciinetre- to subkilometre-scale stringers, 
pods, and screens in more homogeneous rocks. 

Because of their large grain size and vasiability, the roclcs 
of the heterogeneous facies are improper for detailed pet- 
rographic examination. Hence, the following descrip- 
tion emphasizes the characteristics of their more homo- 
geneous and finer grained counterpart. 

Figure 7. 

Contrasting hornblende habits in diorite, bbloclcy 
versus hornblende-quartz syinplectite (field = 
2.5 mm). 

Modal compositions of diorite and quartz-diorite are 
given in Table 1. In spite of overall widely variable modal 
contents, most samples fall within much closer compositional 
brackets. The average sample consists of approximately 5% 
intergranular quartz, 57% andesine (An 42), and 35% fesro- 
magnesian minerals, including 17% hornblende and 5% bio- 
tite. Corroded ortho- and clinopyroxene are widespread, 
commonly in accessory amounts rarely exceeding 10%. 
Opaque Fe-Ti oxides are constant accessories, averaging 
2.5% but locally up to 6%. Apatite and zircon are ubiquitous. 

Plagioclase is generally clear, lacking the minute opaque 
inclusions and the myrmekitic intergrowth typical of plagio- 
clase in gabbronorite. Hornblende is the main mafic mineral, 
varying in amounts from a few per cent up to 50%. It occurs in 
two varieties as described above in "Gabbronorite group" 
(Fig. 7). 

Homogeneous dioritic rocks are texturally more diverse 
than gabbronorites. Subhedral to anhedral frameworlc crys- 
tals are generally medium grained with sporadic xenocrystic 
plagioclase prisms up to 1 cm, and a markedly finer grained 
matrix. Textures range from subhedral plagioclase~pyroxenes 
orthocumulus to anhedral granular (Fig. 8). Large plagioclase 
framework crystals and xenocrysts are commonly zoned and 
generally markedly more calcic than matrix crystals. There is 
no evidence for adcumulus growth on plagioclase and pyrox- 
enes. To the contrary, the widespread development of 
hornblende-quartz symplectites, in places pseudomorphic 
after pyroxenes, is an obvious manifestation of disequilib- 
rium between the frameworlc crystals and intergranular melt 
(Fig. 7). 

As pointed out above, homogeneous dioritic rocks are dif- 
f icult  to distinguish in the  field from hornblende- 
gabbronorite. Petrographic variations in textures and modal 
compositions suggest that they can be transitional into one 
another; such a relationship, however, remains to be demon- 
strated in outcrop. 
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Figure 8. 

Orthocumulus texture in 
quartz-diorite Geld = 2.5 

pyroxene-hornblende 
mm). 

DISCUSSION Relationship to regional metamorphism and cooling 

Magmatic evolution 
Field and petrographic relationship suggest a continuous tex- 
tural and compositional transition from 'dry' hornblende-free 
gabbronorite to 'hydrous' pyroxene-free hornblende-quartz- 
diorite. Hornblende-gabbronorite and hornblende-diorite 
represent intermediate members in the suite. This sequential 
transition is accompanied by associated increases in the 
amounts of accessory quartz, Fe-Ti opaque oxides, biotite, 
apatite, and zircon. Moreover, the widespread occurrence of 
cumulus textures, namely in gabbronoritic rocks, is an obvi- 
ous manifestation of the importance played by crystal settling 
and fractional crystallization in the diversification of the 
suite. In addition, the spatial association noticed between the 
dioritic rocks and the paragneisses in the wall rock raises the 
possibility of further diversification of the original magma by 
assimilation. 

Magmatic polarity and body rotation 

The nature of the rock suite suggests magmatic differentia- 
tion from a single parent magma. In addition, an overall top to 
the south polarity can be proposed for the intrusion by assum- 
ing that the dioritic rocks crystallized at the top of the magma 
chamber where residual magma was concentrated following 
gravitational crystal settling. This is also consistent with the 
magmatic fabric being initially near subhorizontal. These, 
and the recognition of two igneous unconformities within the 
intrusion suggest either that the intrusion resulted from a 
number of magma pulses extracted from a deeper and frac- 
tionated magma chamber, or that the intrusion was emplaced 
as a single magma pulse and tilted at later stages of its solidifi- 
cation and fractionation. The high dihedral angles of the igne- 
ous unconforrnities require significant body rotation. 

The apparent absence of a thermal aureole is significant in 
assessing models of intrusion and the cooling history of the body 
and its country rocks. It is emphasised that the gneissosity in the 
country rocks is conformable to the outline of the intrusion, and 
that metamorphic minerals in the immediate wall rock are synki- 
nematic. In addition, metamorphic assemblages in sheared 
rocks from the intrusion independently suggest that postem- 
placement tectonic deformation has taken place at minimum 
wall rock temperatures and depths consistent with the epidote- 
amphibolite facies, i.e. at temperatures in excess of 450°C. 

These observations are consistent with syntectonic 
emplacement in the middle crust, where wall rocks are 
already hot so that the thermal gradient set by the intrusion is 
considerably reduced. Hence, the shoulderiig and the heat from 
the intrusion added to the tectonic thermal regime, producing 
a concordant wall rock and regional metamorphic fabrics. 

A U-Pb monazite age of 1388 + 1 Ma has been obtained 
for paragneisses located less than 2 km from the Lapeyrbre 
intrusion (Corrigan, 1995). This age has been interpreted as 
the age of cooling through the 725°C isotherm after regional 
metamorphism. This interpretation is not easily reconciled 
with emplacement of the Lapeyrkre intrusion ca. 1070 2 3 Ma 
(Nadeau et al., 1992b). Indeed, first order thermal considera- 
tions for gabbroic bodies of comparable size emplaced in the 
middle crust suggest that temperatures in excess of 750°C can 
be reached several kilometres away from the intrusion and 
maintained for a geologically significant time (Jaeger, 1957, 
1959, 1964; Turner, 1981). Such thermal regime is inconsis- 
tent with the monazite cooling age. However upper amphibo- 
lite temperatures (650-725°C) may nonetheless have been 
maintained in the host rock during pluton emplacement. A 
tentative model which can account for the occurrence of an 
older cooling age in the present wall rock is that the body sank 
after solidification, leaving its initial intrusive envelope 
behind (Glazner, 1994). such a model is otherwise consistent 
with postcrystallization body rotation, and late Grenvillian 
syntectonic emplacement. 
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L'utilisation du georadar et des mCthodes 
Clectriques pour la cartographie des formations 
aquifkres du piCmont laurentien, Qu6bec 

Y. Michaud, R.   or tier', M. Parent et J. pilon2 
Centre gkoscientifique de Qukbec, Sainte-Foy 

Michaud, Y ,  Fortier, R., Parent, M. et Pilorz, J., 1997 : L'utilisation du ge'oradar et cles rne'tlzodes 
e'lectriques pour la cartograplzie des formations aquiferes du pie'rnont laurentien, Que'bec; clnns 
Recherches en cours 1997-E; Commission gkologique du Canada, p. 73-82. 

R6sum6 : Une campagne delevks giophysiques de surface a CtC entreprise afin de complCter l'information 
stratigraphique sur les sequences quaternaires du pitmont laurentien et d'Cvaluer le potentiel et les limites 
de certaines mCthodes gCophysiques pour la dklirnitation de formations aquifkres dans les dCp6ts meubles. 
Le gCoradar, la rCsistivitC Clectrique et la polarisation provoquCe ont CtC utilisCs dans les unites aquifkres du 
delta de la rivikre Sainte-Anne, du delta de la rivikre Jacques-Cartier et au voisinage de la Moraine de Saint- 
Narcisse. Les risultats montsent que ces mkthodes gkophysiques sont complCmentaires et permettent 
d'identifier les diffkrentes unites stratigraphiques, d'etablir leur Ctendue latCrale et de visualiser leur 
agencement. De plus, ces mCthodes gCophysiques permettent de determiner la profondeur de la nappe 
phrkatique. 

Abstract: Geophysical investigations are being conducted to complement stratigraphic data on Quaterna~y 
sequences of the Laurentian piedmont and to evaluate the potential and limitations of selected geophysical 
methods for the delineation of aquifers in surficial deposits. Ground penetrating radar (GPR), electrical 
resistivity, and induced polarization have been used on sulface aquifers in Sainte-Anne River delta in the 
Jacques-Cartier River delta, and in the vicinity of the Saint-Narcisse Moraine. Results show that these geo- 
physical methods are complementary and that they can be used to identify different stratigraphic units and to 
determine their lateral extent and their organization. They can also be used to determine the depth of the 
water table. 

DCpartement de geologic, UniversitC Laval, Sainte-Foy, Quebec G1K 7P4 
Division de la science des terrains, Ottawa 
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INTRODUCTION 

La compilation de cartes hydrogCologiques nCcessite une 
connaissance approfondie du terrain autant au niveau de 
l'information de surface que de l'information en profondeur. 
Ainsi, la carte des formations superficielles constitue une 
source indispensable d'information qui doit &re complCtCe 
par des lev& stratigraphiques, afin de connaitre 1'6tendue et 
la gComCtrie des unites quaternaires. La recherche d'informa- 
tion en profondeur s'effectue principalement de trois fa~ons  : 
(1) levCs des coupes stratigraphiques accessibles en bordure 
des rivikres ou dans les sablibres de la rCgion, (2) compilation 
des descriptions de forages disponibles dans l'annuaire des 
puisatiers et dans les banques de donnCes de divers ministbres 
et organismes, et (3) exCcution de levts gCophysiques de 
surface. 

Dans le cadre du projet de cartographie des aquiRres du 
piCmont laurentien, une campagne de levts gCophysiques a 
CtC entreprise afin (1) d'augmenter la densit6 de l'information 
stratigraphique dans certains secteurs, (2) d'kvaluer la conti- 
nuit6 des contacts stratigraphiques entre les unit& quater- 
naires, et (3) d'6valuer le potentiel et les limites de certaines 
mCthodes gkophysiques pour la dklimitation de formations 
aquifkres dans les sCquences quaternaires. 

Une mCthode electromagnttique (gtoradar) et deux mCthodes 
Clectriques (r6sistivit6 Blectrique et polarisation provoquCe) 
ont C t t  choisies pour atteindre ces objectifs. Puisque 1'Cpais- 
seur des sediments dans la region de Portneuf atteint com- 
munCment de 30 B 40 m, ces mCthodes gCophysiques 
prCsentent un potentiel intCressant en exploration 
hydrogCologique pour caractkriser les secteurs oh l'informa- 
tion est manquante. 

Jusqu'B maintenant, une dizaine de sites ont fait l'objet de 
levts gCophysiques et de forages. Trois cas types sont 
prCsentCs ci-dessous A titre d'exemples. 

CONTEXTE HYDROGEOLOGIQUE DE 
LA MRC DE PORTNEUF 

La Municipalit6 r6gionale de comtC (MRC) de Portneuf est 
situCe sur la rive nord du fleuve Saint-Laurent, B mi-chemin 
entre QuCbec et Trois-Rivibres (fig. 1). Elle chevauche les 
unitts physiographiques des basses terres du Saint- 
Laurent et des Laurentides. Les eaux souterraines circulent 
dans trois types d'unites g601ogiques : (1) des sables et gra- 
viers quaternaires mis en place dans la Mer de Champlain 
(principaux aquifkres exploitks par les municipalit&); (2) des 
roches ~Cdimentaires pal6ozoYques (calcaires et shales); et 
(3) des roches m6tamorphiques et intrusives du socle prC- 
cambrien (gneiss granitiques et tonalitiques). 

Emplacement des sites d'btude 

Pour des fins d'hydrogCologie, la region peut &re subdivisCe 
en trois grand types de terrain : (1) les grandes unitCs 
aquifires, telles que les deltas des rivibres Sainte-Anne et 
Jacques-Cartier; (2) la Moraine de Saint-Narcisse; et (3) les 
bassins argileux, secteurs susceptibles de contenir des 
aquifkres captifs. Les trois cas types CtudiCs se trouvent 
respectivement dans le delta de la rivikre Sainte-Anne, un peu 
au nord de Saint-Raymond (site 2), dans le delta de la rivibre 
Jacques-Cartier, au nord-est de Pont-Rouge (site 3), et au 

Laurentides 

- 
Figure 1. Localisation du pibmont Laurentien et de la MRC de PortneuJ: 
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Figure 2. Emplacement des sites e'tudibs et des sondages g.4ophysiques. 

voisinage de la Moraine de Saint-Narcisse, au sud de Saint- 
LConard-de-Portneuf (site 4) (fig. 2). Le tableau 1 prdsente la 
nature des travaux effectukes B chacun des sites. Tableau 1. Nature des travaux realisees aux trois 

sites etudies 

Le gCoradar et les mCthodes Clectriques comme la rCsistivitC 
Clectrique et la polarisation provoquie sont frkquemment 
employCs en hydrogCologie pour reconnaitre les aquifkres et 
les unites stratigraphiques. Ce sont des mCthodes d'investiga- 
tion nondestructives qui fournissent des informations 
ponctuelles (sondages de rCsistivit6 Clectrique) ou bidimen- 
sionnelles (gkoradar et polarisation provoquCe) sur 1'Cpais- 
seur, 1'6tendue laterale, la continuid, la gComttrie et la struc- 
ture interne des unites stratigraphiques. 

Ces mCthodes gCophysiques font appel B la propagation 
d'ondes ClectromagnCtiques ou B la circulation d'un courant 
Clectrique dans le sol pour Ctudier la variation spatiale des 
propriCtCs Clectriques des matCriaux (constante diklectrique 
et conductivitB Blectrique). La nature et la structure interne 
des unitCs stratigraphiques du sol peuvent Ctre dCduites indi- 
rectement 5 partir de ces variations spatiales. I1 faut caler les 
lev& gCophysiques et les forages realids aux sites d'6tude 
afin d'ttalonner les levCs et de raffiner leur interprdtation. A 
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chacun des trois sites choisis, au moins un forage a CtC rCalid 
pour identifier les unit& stratigraphiques et mesurer le niveau 
de la nappe phrkatique. Les forages ont CtC rCalisCs au moyen 
d'une taribre B tige creuse et d'une foreuse B percussion de 
marque Pionjar munie d'un carottier de type ((Flow-throughs 
de 20 cm de longueur et de 1,3 cm de diambtre intkrieur. 

Levbs de gboradar 

Les lev& de gCoradar ont CtC rCalists h l'aide d'un appareil 
PulseEKKO 100 fabriquC par Sensors and Software Inc. Le 
gtoradar est un outil d'investigation gCophysique de haute 
resolution capable de fournir des profils dCtaillCs sur une pro- 
fondeur maximale d'une trentaine de mktres. I1 fonctionne 
sur le principe de la propagation dans le sol d'une onde Clec- 
tromagnetique haute frCquence et de la reflexion de cette 
onde au contact de matCriaux de constantes dielectriques 
diffkrentes (Davis et Annan, 1992)' comme les contacts stra- 
tigraphiques et le niveau de la nappe phrkatique. Plusieurs 
types d'antennes dont les frCquences varient de 12,5 h 900 MHz 
sont employCs selon la profondeur et la rCsolution souhaitkes. 
RBgle gCnCrale, la profondeur maximale d'investigation 
diminue et la rCsolution des unit& stratigraphiques augmente 
lorsque la frCquence d'Cmission des ondes ClectromagnC- 
tiques augmente. 

Les sondages effectuCs dans la rCgion de Portneuf ont CtC 
rCalids h l'aide d'un Cmetteur de 400 volts et d'antennes de 
50 MHz. Les ondes ClectromagnCtiques ont CtC Cmises h un 
intervalle rCgulier de 1 m, avec un espacement constant de 
2 m entre les antennes Cmettrice et r6ceptrice. Dans les sols 
sableux, cette configuration permet d'atteindre des 
rkflecteurs situCs jusqu'h une trentaine de mktres de profon- 
deur, tout en conservant une rtsolution de l'ordre de 40 cm 
d'tpaisseur (Jol, 1995). Les structures dont 1'Cpaisseur est 
infirieure B la rCsolution ne sont pas repCrCes. Les profils de 
gCoradar comportent gCnCralement une sCrie de traces 
verticales. Chaque trace reprCsente 1'Cmission d'une onde 
B un endroit particulier le long du lev6 Les rkflecteurs asso- 
c i b  aux variations de constante diklectrique apparaissent sur 
les profils comme des Cchos continus subhorizontaux. La 
position de ces reflecteurs sur les profils est identifiCe en 
fonction de la distance parcoulue le long du lev6 et du temps 
de propagation de l'onde ClectromagnCtique depuis l'antenne 
tmettrice jusqu'au rkflecteur et depuis le rkflecteur jusqu'h 
l'antenne rkceptrice, qui varie selon la profondeur. I1 est donc 
nkcessaire d'estimer la vitesse de propagation des ondes Clec- 
tromagnktiques en effectuant des lev& de type point commun 
(CMP: common mid point). Pour un sable sec, la vitesse de 
propagation est de 0,15 mlns tandis que pour un sable saturC, 
elle est de 0,06 rn/ns (Davis et Annan, 1992). 

Chacun des profils a subi un traitement informatique 
minimal. On n'a pas eu recourt B la migration du signal ou h 
1'6limination par filtrage des basses et hautes frCquences. On 
a procCdC B une faible amplification du signal (gain) et 21 
l'application d'un filtre temporel le long des traces et entre 
plusieurs traces, afin d'Climiner les petits rkflecteurs et 
d'amCliorer la continuit6 des rkflecteurs 1inCaires. 

Sondages de rbsistivite' blectrique 
Les sondages de rCsistivitC Clectrique nkcessitent la circula- 
tion d'un courant Clectrique dans le sol entre deux Clectrodes 
mitalliques plantees 2 la surface (les Clectrodes A et B) et la 
mesure des diffkrences de potentiel induit entre deux autres 
Clectrodes (les Clectrodes M et N). La rCsistivitC Clectrique p 
d'un conducteur est dtfinite comme la mesure de la difficult6 
d'un courant Clectrique 2I circuler B travers ce conducteur. 
C'est une des caractkristiques Clectriques du matkriau dont 
est constituC le conducteur. Elle est calculCe selon la formule 
suivante : 

oh 
P est la rCsistivit6 Clectrique (ohm-m), 
R = ~v / r  est la resistance (ohm), 
AV est la diffkrence de potentiel induit (volt), 
I est le courant Clectrique (ampbre) et 
k est une constante gComCtrique (m). 

La rksistance (R) du conducteur est le rapport entre le 
courant (I) qui circule dans le conducteur et la diffkrence 
de potentiel induit (AV) dans ce conducteur. La constante 
gComCtrique (k) de proportionnalitt entre p et R dCpend de la 
configuration des Clectrodes utilisCe et de la sCparation entre 
les Clectrodes du dipble de courant et du dipale de potentiel. 

Pour un sediment non consolid6 h la temperature 
ambiante, la rCsistivit6 Clectrique varie habituellement entre 
10 et lo3 ohm-m. En gCnCra1, la conductivitC Clectrique d'un 
sol est de nature Clectrolytique et due 2I l'eau interstitielle. La 
rCsistivitC Clectrique d'un sol depend donc de la concentration 
des rninkraux dissous dans l'eau interstitielle, de la porositC 
du sol, de sa teneur en eau et de la presence d'argile. 

Un ~Csistivimbtre Terrameter SAS300 dYAtlas Copco a 
CtC utilisC pour rCaliser tous les sondages derCsistivit6 Clectri- 
que, selon la configuration dite de Schlumberger. La profon- 
deur d'investigation z pour cette configuration est donnCe par 
la formule suivante (Barker, 1989) : 

z est la profondeur d'investigation (m) et 
L = ABl2 est la moitiC de la distance dparant les 

Clectrodes du dipble de courant. 

La variation de la rCsistivit6 Clectrique apparente en fonc- 
tion de la distance ABl2 pour un sondage est portCe sur un 
graphique bi-logarithmique. Le sondage peut ttre interprCt6 
qualitativement, semi-quantitativement, par abaques ou 
quantitativement h l'aide d'un programme d'interprCtation 
(Zohdy, 1989). 
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Profils de polarisation provoque'e 

Pour obtenir des profils de polarisation provoquCe, tout 
comme dans les sondages derCsistivit6 Clectrique, il faut faire 
circuler un courant Clectrique dans le sol et mesurer les diffC- 
rences de potentiel induit. L'effet de polarisation provoquCe 
se produit lorsqu'on coupe le courant Clectrique brusque- 
ment. Le voltage mesurC aux Clectrodes du dip6le depotentiel 
ne devient pas nu1 instantankrnent, mais dCcroit plus ou rnoins 
lentement aprks une diminution initiale importante. Le temps 
de dkcroissance, de l'ordre de quelques secondes, reprCsente 
un retour 2 un Ctat initial avant la perturbation crCCe par la cir- 
culation du courant Clectrique dans le sol. 

De 1'Cnergie Clectrique sous forme d'Cnergie chimique est 
ernmagasinCe dans le sol lorsqu'un courant Clectrique y cir- 

Le profil de gtoradar effectu6 sur la terrasse supCrieure 
(fig. 3) montre (1) la presence d'un grand rCflecteur subhori- 
zontal plongeant de 12 B 20 m de profondeur et (2) une sCrie 
de rkflecteurs avec un pendage apparent vers le nord-ouest 
d'environ 20". De plus, de petits rCflecteurs un peu moins 
structurCs sont identifies dans l'unit6 sous-jacente. Les r6sul- 
tats du forage B percussion (Pion-1) indiquent la prCsence 
d'un sable moyen dans l'unit6 supCrieure et d'un sable fin B 
partir de 13 m de profondeur. Ainsi, le rCflecteur principal 
peut &tse interprktC comrne un contact stratigraphique entre 
deux unitCs sableuses d'origine deltayque, avec des lits fron- 
taux dans 1'unitC supCrieure et une unit6 plus homogbne B la 
base (prodeltayque). Le niveau de la nappe phCatique ne peut 
&re reconnu sur ce profil. 

cule. Cette Cnergie chimique emmagasinCe est ensuite dis- 
sipCe lorsque le courant est coup6 brusquement de sorte sue le Delta de la riviBre Jacques-Cartier 
sol retrouGe son Cquilibre klecG.ique injtial. Les variations de Le site du delta de la rivikre Jacques-Cartier (site 3) se trouve 
la mobilitC des ions en solution dans l'eau interstitielle du sol B environ 3,5 km au nord-est de Pont-Rouge le long de la route 
permettent l'accumulation de cette Cnergie. Cet effet est 358, sur la rive sud de la rivibre Jacques-Cartier. I1 s'agit 
connu sous le norn de <<polarisation de membrane),. Lapolari- d'une grande terrasse relativement plane situCe B une altitude 
sation du milieu est caractCrisCe par la chargeabilitk, qui est la de 130 m. 
dCcroissance du voltage dans le temps apr& l'interruption de 
la circulation du courant. 

Pour les profils de polarisation provoquCe on a utilisC, la 
configuration dite <<dip6le-dipble)), dans laquelle les dipales 
de courant et de potentiel sont colinkaires et sCparCs I'un de 
l'autre par une distance variable que l'on augmente B inter- 
valles rkguliers. La separation des Clectrodes de chacun des 
dipbles est constante. La profondeur d'investigation z pour la 
configuration dip6le-dip6le est donnCe par la formule 
suivante (Barker, 1989) : 

z=0,25L 

oh 

L = (n+2) a est la longueur totale de la configuration 
et 

a est la sCparation entre les Clectrodes de 
chacun des dipbles (m). 

L'instrument utilisC pour mesurer simultan6ment la rCsis- 
tivitC et la chargeabilite est un appareil de polarisation provo- 
quCe dans le domaine des temps modble SYSCAL R2E du 
BRGM. Un cycle complet de mesure dure 8 s. La separation 
choisie entre les 6lectrodes de chacun des dip6Ies est de 10 rn 
et le facteur n varie entre 1 et 8. 

Delta de la rivibre Sainte-Anne 
Le site d'Ctude est situC presque B mi-chemin entre le Bras- 
du-nord-de-la-rivikre-Sainte-Anne et la rivikre Sainte-Anne. 
I1 s'agit d'une Cpaisse sCquence de matCriaux sableux 
dkcoupCs en tel-rasses par les deux ~ivikres. Un lev6 de gCora- 
dar d'une longueur de 2,3 lun a CtC rialis6 entre les deux 
rivibres sur trois niveaux de terrasses, soit B 190 In, h 170 met 
h 145 m d'altitude. 

Le site a fait l'objet de sept petits levCs de gCoradar, 
chacun d'environ 300 m de longueur, CtalCs sur une distance 
de 3,8 krn. Le profil de gCoradar d'un de ces segments (fig. 4) 
indique la prCsence de trois rbflecteurs parallbles B la surface, 
soit un rkflecteur (1) IatCralement continu 2 environ 5 m de 
profondeur, un deuxikme rCflecteur (2) 2 environ 12 m de pro- 
fondeur, et un troisikme rtflecteur (3) dont la profondeur 
varie entre 20 B 24 m. Une sCrie de dflecteurs (4) ont un pendage 
apparent de 10" ii 15" vers le sud-est. Le forage Pion-3 a ren- 
contrt la nappe phrCatique B une profondeur de 5,50 m. La 
prtsence d'un contact stratigraphique entre un sable moyen et 
un sable silteux 2 prks de 12 m de profondeur rnkne 21 l'inter- 
prCtation suivante du profil de gCoradar. Les reflecteurs 
paralleles 2 la surface reprCsentent respectivement le niveau 
de la nappe phrCatique (I), le contact stratigraphique d'une 
unite de sable deltai'que en surface et d'une couche de sCdi- 
rnents marins fins (2) et, finalement, le contact avec le sub- 
stratum rocheux variant de 20 21 24 m de profondeur (3). Les 
rkflecteurs obliques (4) seraient des plans de stratification 
prCsents dans l'unitC de sable supkrieure (lits frontaux) et per- 
mettent d'identifier ce facibs skdimentaire. 

Moraine de Saint-Narckse 
Le segment CtudiC de la Moraine de Saint-Narcisse (site 4) est 
situt dans la partie sud de la municipalit6 de Saint-LConard- 
de-Portneuf, entre le rang Saint-Jacques et la rivibre Sainte- 
Anne. Plusieurs forages et lev& gCophysiques ont CtC rCalisCs 
aux abords de la cr2te morainique, Ctant donne I'intCrbt sCdi- 
mentologique et hydrog6010gique que presente le site 
(tableau 1). 

Au site 4, la Moraine de Saint-Narcisse se prksente cornme 
une longue crete de till d'environ 100 m de largeur et de 3 B 
5 m de hauteur bordCe de part et d'autre de sCdiments sableux 
en surface. Le forage Fr-96-0004, sur le versant amont de la 
moraine, a permis de reconnaytre la prCsence d'une mince 
couche de sable en surface ( 1 5  m d'kpaisseur), suivie en 
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(su) s d u r a ~  

profondeur de matkriaux hBtkromCtriques variant des silts 
argileux jusqu'aux blocs. Le forage Fr-96-0005, B quelques 
130 m en aval de la moraine, a permis d'identifier la prCsence 
d'une couche de sable moyen B grossier sur les trois premiers 
mbtres, suivie de couches de sable moyen B fin jusqu'h 7,5 m 
de profondeur et enfin d'alternances de couches silteuses et 
argileuses jusqu'h une profondeur d'au moins 12 m, profon- 
deur h laquelle le forage s'est arret6. Dans les deux cas, le 
niveau de la nappe phrCatique a Ctk ktabli B une profondeur de 
2,l m. 

Les rtsultats des levCs gkophysiques concordent trbs bien 
avec la description des matkriaux prClevCs lors des forages. 
Le profil de gCoradar morai-1 (fig. 5), qui traverse perpen- 
diculairement la cr6te morainique, rCvble la presence de cinq 
rCflecteurs importants et de quelques rCflecteurs secondaires 
situCs prbs de la surface, sur le versant amont de la crCte, et 
indiquant la prksence de matkriaux remaniCs (sables litto- 
raux). Le rkflecteur 1, qui est continu d'un bout B l'autre du 
profil, reprksente le niveau de la nappe phrdatique. Les 
rkflecteurs 2, 3 et 4 sont interprCtCs cornme Ctant le contact 
entre des sables littoraux et des sables deltai'ques 
(rkflecteur 2), la structure en chenaux des sables deltai'ques 
(rCflecteur 3) et le contact supkrieur de 1'unitC de till consti- 
tuant la Moraine de Saint-Narcisse (rkflecteur 4). Le 
rkflecteur 5 est le contact stratigraphique des silts argileux de 
la Mer de Champlain, qui sont situCs sous les sables del- 
taiques B partir de la position de 200 m. En raison de 1'attC- 
nuation du signal dans le till, il est difficile d'identifier le 
materiel sous la crCte morainique. 

Le profil de polarisation provoquCe obtenu sur la Moraine 
de Saint-Narcisse (fig. 6) coi'ncide avec le profil de gkoradar. 
11 prksente une valeur de rtsistivite apparente supkrieure il 
3 000 ohm-m h l'endroit de la moraine (entre les positions de 
35 et de 85 m, jusqu'h une profondeur de 7,5 m), et supkrieure 
B 1 000 ohm-m pour le versant amont de la moraine. Le ver- 
sant aval de la moraine est caractkrid par des couches sableuses 
subhorizontales reconnues en sondage. L'isoligne derCsistiv- 
it6 apparente de 500 ohm-m de ce versant correspond au 
rCflecteur 3 du lev6 de gkoradar. Toujours pour ce versant, les 
valeurs de rCsistivitC inferieures B 250 ohm-m entre des pro- 
fondeurs de 10 et 20 m co'incident avec la couche de silt et 
argile identifiCe lors du forage. La moraine recouvre vraisem- 
blablement un sable, puisque les valeurs de rksistivitk sont 
supCrieures ?i 500 ohm-m et comparables B celles mesurkes 
pour les couches sableuses de la su~face. Le contact entre ces 
sables, sous la moraine et le dkp6t de silt et argile du versant 
aval, est clairement identifie par un fort contraste de char- 
geabilitC totale prBs de la position de 95 m (allant de +30 ms 
dans les sables sous la moraine B -30 ms dans le d6p6t de silt et 
argile). La nappe phrkatique ne peut pas &tre identifike sur ces 
pseudo-sections, car la profondeur d'investigation minimale 
de ces profils est de l'ordre de 5 m en raison de la distance 
entre les electrodes. 

L'interprCtation du premier sondage de rCsistivitC Clectri- 
que (fig. 7), prbs du lieu du forage Fr-96-0005, permet d'iden- 
tifier les contacts entre, d'une part, le dCp8t de sable en 
surface (r6sistivitC vraie de 4 000 ohm-m) et la couche de silt 
et argile (250 ohm-m) ?i une profondeur de 6 met, d'autre part, 
la couche de silt et argile et une couche de till (700 ohm-m) B 
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une profondeur de 25 m. Le niveau de la nappe phrbatique ne 
peut Etre dCterminC avec exactitude pour ce sondage, car on 
confoncl la diminution de la rCsislivitC normalemenl associCe 
?I la nappe et la diminution due au passage de la couche de sable 
en sulfate 2i la couche de silt et xgile. Ce sondage n'a pas atteint 
le substratum rocheux. Pour le deuxikme sondage (fig. 7), ?I 
environ 1 lun plus au sud de la Moraine de Saint-Narcisse, 
tout prbs d'un banc d'emprunt de sable d'une hauteur de 6 m, 
le contact entre la couche de sable (2 000 ohm-m) et la couche 
de silt et argile (200 ohm-m) est clairement dClimitC par un 
trks fort contraste de rCsistivitC 2i une profondeur de 10 m. Le 
niveau de la nappe phrCatique est difficile 2i identifier sur le 
sondage et se trouve A une profondeur d'environ 1,50 m. Ce 
sondage, dont la profondeur d'investigation est de l'ordre de 
35 m n'a pas atteint le till ou le substratum rocheux. Le dCpat 
de sable et la couche de silt et argile s7Cpaississent donc vers 
le sud en s'tloignant de la moraine, ce que laissait d'ailleurs 
prCsager I'interprCtation gComorphologique du site. 

DISCUSSION ET CONCLUSION 

Les rCsultats obleiius par les trois rnkthodes gkophysiques 
choisies et I'interprCtation des levks r6alisCs permettent 
d'identifier les diffkrentes unit& stratigraphiques et de dCter- 
miner leur profondeur, leur ttendue lattrale et leur continuitC. 
Par contre, ces lev& gCophysiques de surface nCcessitent un 
calage avec une source directe d'information telle les forages 
pour Clalonner les mkthodes et confimer l'interprktation. Ces 
mCthodes gkophysiques permettent non seulement d'obtenir 
des informations importantes sur 1'Cpaisseur et le type des 
sbdiments, la profondeur des contacts stratigraphiques et le 
niveau de la nappe phrbatique, mais aussi de suivre les con- 
tacts entre les unitks et de mieux saisir l'agencement de ces 
unitCs stratigraphiques. 

Rtsistivitt tlectrique 
Ltgende 

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 100 

Distance (m) 
Ugende 

Chargeabilitt totale 

Distance (m) -75 

Figure 6. Profil de polarisation provog~ike (rksistivitk et clzurgeabilite') selon la configurntion dipdle- 
dip& sLir la Morc~ine de Saint-Narcisse, Saint-Le'onard-de-Portnezg 
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Bien que les levCs de gCoradar fournissent des profils obtenues par des mkthodes Bectriques. I1 est alors possible de 
dCtaillCs des contacts entre les diffkrentes unites strati- distinguer une couche de sable et une couche de silt et argile en 
graphiques du terrain CtudiC, ils ne donnent pas une id6e fonction des valeurs de rCsistivit6 et de chargeabilitk obtenues. 
exacte des propriCtCs physiques des matCriaux de ces unitCs. Les contacts entre les unitCs stratigraphiques ne sont pas aussi 
La vitesse de propagation des ondes ClectromagnCtiques dans nettes sur les profils obtenus par des mCthodes Clectriques que 
ces matCriaux, Cvalute 21 l'aide des lev& du type point milieu sur les profils de gCoradar, mais on peut mieux diffbrencier 
commun (CMP), peut donner des indications sur les propsiCtCs les unitCs stratigraphiques. 
physiques des matkriaux, mais celles-ci demeurent impr6- 

Le gCoradar est un outil gCophysique particulikrement cises. Par contre, ces propriCtCs physiques peuvent &tre 
dCduites des valeurs de rCsistivitC Clectrique et de chargeabilite efficace dans les dCp6ts sableux, ob se trouvent les forma- 

tions aquifkres. I1 est particulikrement utile pour identifier 

AB12 (sondage) ou profondeur Z (m) (r6sistivit4 vraie) 

I Sol I Sable 1 I Till 

031 1 10 100 1000 

AB/2 (sondage) ou profondeur Z (m) (r6sistiviti vraie) 

I Sol I Sable I Silt et argile I 

Figure 7. 

Sondages de re'sistivitk e'lectrique prks de la 
Moraine de Saint-Narcisse, Saint-Lkonard-de- 
PortneuJ: 

I I I I 

f N a p p  phrhtigue 
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plusieurs facibs skdimentaires. Par contre, la trbs faible 
pCn6tration des ondes Clectromagnttiques dans les sCdiments 
marins fins attribuCe B la forte attknuation des ondes radar dans 
un milieu conducteur tel que des argiles salines (Davis et 
Annan, 1992) est un dtsavantage certain. De plus, la profon- 
deur d'investigation maximale du gCoradar est limitte $I une 
trentaine de mbtres avec des antennes de 50 Mhz. I1 existe des 
antennes de 25 Mhz et de 12,5 Mhz permettant d'atteindre 
une plus grande profondeur, mais elles sont difficiles B 
manipuler en raison de leur grande dimension (>2 m). Pour 
des dCp8ts dont 1'6paisseur est supCrieure B une trentaine de 
mbtres, il faut faire appel B d'autres mCthodes gCophysiques, 
telles les mtthodes Clectriques, dont la profondeur d'investi- 
gation est limitCe seulement par la puissance d'tmission du 
courant, la difficult6 de manipuler de trks longs fils Clectri- 
ques sur le terrain et la continuitt de l'ttendue latCrale des 
formations. 

L'interprCtation des sondages de rCsistivitC Clectrique et 
des profils de polarisation est complexe, puisque le calcul de 
l'inverse du potentiel est non univoque. En effet, on peut 
adapter plusieurs modbles en couches de la rCsistivit6 vraie en 
fonction de la profondeur aux valeurs observtes des sondages 
et profilages. La seule faqon d'Ctablir un modble unique par 
un dtcoupage adtquat en un nombre fini de couches est le 
calage du modble avec l'information obtenue par forage. 
Dans une region donnCe oil la succession stratigraphique 
varie lateralement, quelques sondages et profilages peuvent 
suffire pour obtenir un bon Ctalonnage. Par la suite, des levCs 
peuvent &tre realists dans cette rCgion m&me aux endroits 
pour lesquels il n'y a pas eu de forages. Pour les profils de 
polarisation provoquCe, seule une interprktation qualitative a 
kt6 rCalisCe. 

Les IevCs de gCoradar, les sondages de rCsistivit6 Clectrique 
et les profils de polarisation provoqute sont des mtthodes 
gCophysiques complCmentaires. Bien que les levts de gCora- 
dar donnent de nombreux details sur la structure des unites 
stratigraphiques du terrain Ctudit, les mCthodes Clectriques 
fournissent des informations complCmentaires sur les 

propriCt6s Clectriques des mattriaux. En Ctalonnant ces 
propriCtCs et les resultats des forages, il est possible de deter- 
miner le type de dCp6t et la profondeur de la nappe 
phreatique. 
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Analy se hydrologique pour 1' kaluation de 
la recharge en eau souterraine dans le bassin 
versant de la rivibre Portneuf sur le piCmont 
laurentien, QuCbec 

D. Paradis I,  R. Lefebvre et Y. Michaud 
Centre gkoscientifique de Qukbec, Sainte-Foy 

Paradis, D., Lefebvre, R. et Michaud, Y., 1997: Analyse hydrologique pour l'e'valuation de la 
recharge en eau souterraine dans le bassin versant de la rivibre Portneuf sur le pie'mont 
laurentien, Qukbec; dans Recherches en cours 1997-E; Commission ge'ologique du Canada, 
p. 83-88. 

R6sum6 : Une Cvaluation de la recharge des eaux souterraines est faite pour la municipalit6 r6gionale de 
comt6 (MRC) de Portneuf, dans le cadre d'un projet de cartographie hydrogCologique rtgionale. Cette 
Cvaluation est bas6e sur la compilation des donnCes mCtCorologiques et hydromktriques pour la pkriode 
allant de 1973 h 1992. Ces donntes sont interprCtCes par modklisation hydrologique. Le modble matriciel h 
bilan hydrologique CEQUEAU est appliquC au bassin versant de la riui&re Portneuf. La recharge moyenne 
des eaux souterraines calculCe pour I'ensemble du bassin versant est de 299 d a n  pour des prCcipitations 
moyennes de 1 174 rnrnlan. 

Abstract: An assessment of groundwater recharge is performed for the Portneuf Regional County 
Municipality, as part of a regional hydrogeological mapping project. This assessment is based on the com- 
pilation of meteorological and hydrometric data for the period from 1973 to 1992. These data are inter- 
preted by hydrological modelling. The CEQLTEAU hydrological balance matrix model is applied to the 
Portneuf River drainage basin. The average groundwater recharge calculated for the entire drainage basin is 
299 mrnlyear for average precipitation of 1174 rnmlyear. 

INRS-GCoressources, 2535, boul. Laurier, Sainte-Foy, QuCbec GIV 4C7 
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INTRODUCTION 

Les eaux souterraines repldsentent une ressource renou- 
velable de premikre importance. Au QuCbec, environ 17 % de 
la population comptent sur les eaux souterraines pour leur 
approvisionnement en eau potable. En milieu rural, cette pro- 
poition est de l'ordre de 90 %. Les eaux souterraines sont utilisCes 
cornme source d'eau potable, et Cgalement B des fins agricoles 
et industrielles. 

Un projet de cartographie hydrogCologique a CtC entrepris 
en 1995 par le Centre gkoscientifique de Qutbec (CGC- 
QuCbec et WRS-GCoressources) en patenariat avec le ministkre 
de I'Environnement et de la Faune (MEF) dans le cadre de 
l'btablissement d'une politique de conservation el de protec- 
tion des eaux souterraines par le MEF. Ce projet-pilote a pour 
objectif de dCfinir l'approche 21 suivre pour la dklimitation des 
aquifkres et la caractCrisation des ressources en eaux souter- 
raines. On compte ainsi fournir des outils de connaissance 
permettant aux MRC d'intCgrer la protection de leurs res- 
sources en eaux souterraines dans leurs plans d'amCnage- 
ment du territoire. La r6gion choisie pour le projet-pilote est 
la MRC de Portneuf. Cette rCgion offre de bons exemples 
d'aquifkres du piCmont laurentien et est reprksentative des 
besoins en eaux souterraines et des conditions rencontrCes 
gCnCralement sur l a  rive nord du Saint-Laurent, de  
170utaouais jusqu'i Charlevoix. 

La MRC de Portneuf est situCe sur la rive nord du Saint- 
Laurent, B mi-cheinin entre QuCbec et Trois-Rivikres (fig. 1). 
Elle chevauche les unites physiographiques des basses-terres 
du Saint-Laurent et des Laurentides. Les eaux souterraines 
circulent dans trois types d'unitCs gCologiques : 1) des sidiments 
quaternaires non-consolidCs mis en place principalement par 

eres 
- A  

la Mer de Champlain ; 2) des roches ~Cdimentaires palCo- 
zo'iques (calcaires et shales); 3) des roches cristallines du 
socle prCcamb~ien de la Province du Grenville. 

La connaissance de la recharge des eaux souterraines est 
essentielle pour toute Ctude hydrogCologique. Plusieurs 
mCthodes ont CtC proposCes pour Cvaluer la recharge 
(Simmers, 1988), mais ce paramktre reste souvent difficile 8 
prCciser. L'objectif de notre Ctude est de faire 1'Cvaluation de 
la recharge de l'eau souterraine pour le bassin versant de la 
rivibe Portneuf. Le bassin versant de larivikre Portneuf a CtC 
retenu comme rCgion d'Ctude parce qu'il est represenlatif des 
conditions rencontrkes dans la MRC de Poltneuf. L'Cvaluation 
de la recharge a CtC faite B l 'aide du programme de 
modClisation hydrologique CEQUEAU (Morin et Paquet, 
1995). 

PROFILS PHYSIQUE ET HYDROLOGIQUE 
DU BASSIN VERSANT DE LA RIVIERE 
PORTNEUF 

Le bassin versant de larivikre Portneuf couvre un territoire de 
363 km2. I1 occupe la partie centre sud de la MRC de Portneuf 
et est entour6 par le bassin versant de la rivikre Sainte-Anne A 
I'ouest et celui de la rivikre Jacques-Cartier B I'est (fig. 2). 
L'ensemble du bassin versant est dominC par la for&t (73,6 %) 
et par des terres agricoles (23 %). Les lacs et les rivikres cou- 
vrent 3,25 % du territoire et les milieux urbains, moins de 
1 %. 

Le bassin de la rivikre Portneuf se situe presque entikre- 
ment dans la zone physiographique des basses-terres du Saint- 
Laurent. La partie nord de la rivikre coule principalernent sur 

Figure I .  Emplucement cle la MRC de Portrze~lf. 
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Figure 2. Bassins ver-sants de la MRC de Por-trzeu. 

des argiles marines dtposkes lors de 1'Cpisode de la Mer de 
Champlain, tandis que la partie la plus au sud coule sur des 
sables d'origine fluviatile. 

Les lacs sept-nes et Sergent, sihi6s 2des altihtdes moyennes 
respectives de 204 m et de 149 m, se dCversent dans la rivikre 
Portneuf qui a une longueur maxjmale d'environ 35 km entre 
son embouchure et le lac Sept Iles. A la confluence de la 
rivikre Portneuf et du fleuve Saint-Laurent, le dCbit annuel 
moyen de la rivibre Ctait de  8,6 m3/s pour la pCriode de 1973 2 
1992. Au cours de cette pCriode le dkbit mensuel moyen a atteint 
un maximum de 40,5 m3/s en avril et un minimum de 3,O m3/s 
en aoGt en pCriode d'Ctiage. 

Les tempkratures moyennes mensuelles sont de I'ordre de 
- 13,3 O C  pour le mois de janvier et de 18,6 O C  pour le mois de 
juillet. Les prkcipitations moyennes annuelles sont de I'ordre 
de 1 174 mm d'kquivalent en eau. Le tableau 1 prksente les 
moyennes mensuelles des prCcipitations totales et des 
tempkratures calculCes ii partir des mesures enregistrees aux 
huit stations mCtCorologiques prCsentes sur le territoire. 
(fig. 3). 

1'Cquilibre des composantes du cycle hydrologique tout en 
tenant compte de la disponibilitC des donnCes. En tout, six 
stations mttCorologiques et une station hydromktrique ont CtC 
utiliskes (fig. 3). 

Tableau 1. Moyennes mensuelles des  
precipitations totales et d e  la temperature 
pour I'ensemble du bassin versant d e  la 
riviere Portneuf. 

Bassin versant de la r )  
riviere 

44 

Temperature 
"C 

-1 3,3 

-1 1 

-4,7 

3,5 

1 1  ,I 
16 

18,6 

17.5 

12 

5,8 

-0,7 

-95 

Janvier 

Fevrier 

Mars 

Avril 

Mai --- 
Juin 

Juillet 

AoGt 
-,-.. 

Septembre 

Octobre 

Novembre 

Decembre 

Total 

@ Station m6tOorologique 0 25 50 km 

Station hydrometrique 

Precipitation 
mm 
81,3 

63,2 

77,5 

81,2 

108,4 

113,2 

123 

113,l 

123,5 

105,7 

92,4 

91,5 

1 174 

La premibre Ctape de la determination de la recharge des eaux I I 

so~itenaines consiste 21 compiler des donnCes hydr;mC&iques 
et mCtCorologiques pour la pCriode de 1973 ZI 1992. Le choix Figure 3. Station Izydrome'trique et stations 

de la pCriode d'Ctude a Ctt fait afin de pouvoir considCrer rne'te'or-ologiques. 
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Le modble hydrologique CEQUEAU (Morin et Paquet, 
1995) a BtC utilise pour interpreter les dondes. Le modble 
CEQUEAU est un modble deterministe matriciel qui permet 
de simuler la quantitC d'eau en rivibre sur une base journa- 
libre. C'est un mod5le B bilan qui tient compte des caractiris- 
tiques physiques du bassin versant et de leur variations dans le 
temps et dans l'espace. L'avantage du modble CEQUEAU, 
comparativement aux mCthodes de bilan d'eau basks sur des 
mesures du niveau de la nappe (Stoertz et Bradbury, 1989) ou 
aux methodes de bilan hydrologique conventionnelles (Ila- 
mas, 1985), est qu'il permet de valider les composantes du 
bilan hydrologique par la reproduction d'hydrogrammes de 
cours d'eau qui peuvent Ctre comparCs aux hydrogrammes 
Ctablis directement en rivibre. 

L'application du modble CEQUEAU A un bassin versant 
necessite I'ajustement de parambtres pour que le modble 
reproduise le mieux possible les dCbits observes. Ces 
paramkres peuvent Ctre de trois types : 1) les constantes 
dCterminCes h l'aide des caracteristiques hydrologiques et 
physiographiques (temps de concentration du bassin, pour- 
centage de surface impermkable); 2) les parambtres dCtenni- 
nCs selon la physique du phCnomhe (taux de fonte en for& 
exposant de la formule de Thorntwaite); et 3) les parambtres 
dCterminCs par tiitonnement (seuil d'infiltration vers la 
nappe, coefficient de vidange du sol). La ~Crification de 
l'ajustement du modble se fait par l'analyse des rksultats 
numtriques et graphiques. 

Pour l'analyse numCrique, a f i  de quantifier la precision 
des rtsultats, le modble calcule deux critbres d'ajustement : le 
coefficient de correlation et le coefficient de NASH. Le coef- 
ficient de corrklation varie entre 0 et 1 et indique surtout la 
covariance entre les valeurs calculCes et observCes. I1 est sen- 
sible aux dCphasages. Le coefficient de NASH represente le 

rapport de la variance rksiduelle en fonction de la variance 
des d6bits observes et peut varier entre -1 et 1. La valeur 1 est 
obtenue lorsque les dCbits simulks sont identiques aux dCbits 
obsel-v6s et la valeur -1 est obtenue dans le cas contraire. 

Afin d'assurer le bon ajustement des parambtres pour les 
conditions du bassin versant de la rivibre Portneuf, la pCriode 
d'Ctude a CtC divisee en deux : 1) la periode 1973-1982 pour 
un premier ajustement des parambtres du modble et 2) la pCriode 
1983-1992 pour l'ttalonnage. 

Le programme CEQUEAU produit des fichiers de rksultats 
numkriques qui doivent Ctre vCrifiCs afin de valider la simula- 
tion. Les rCsultats B verifier sont : 1) les lames annuelles des 
dCbits observCs et calculCs; 2) le coefficient de corrdlation; et 
3) le critbre de NASH. Les tableaux 2 et 3 prksentent les 
rCsultats obtenus pour les periodes d'ajustement e t  
d'ktalonnage. 

Pour l'analyse graphique, on utilise une representation 
temporelle des dCbits B la station hydromktrique. Les debits 
reprCsentCs peuvent Ctre journaliers, mensuels, maximum 
mensuels ou minimum mensuels. Les figures 4 et 5 montrent 
les moyennes interannuelles des debits journaliers (hydro- 
grammes) observes et calculCs pour la pCriode d'ajustement 
et pour la pCriode d'6talonnage. 

Ce type de graphique nous renseigne sur toutes les com- 
posantes de l'hydrogramme et il permet de determiner les 
param5tres B modifier lors du calage du modble. Entre autres, 
on peut y dkterminer la prCcision de la simulation des Ctiages, 
des crues et de la fonte des neiges. 

0 1  
I Jan I FBv I Mars Avril I Mai I Juin I Juil I Aoit I Sept Oct I Nov I DBc I 

Jan1973adBc1987 
(moyennes interannuelles) 

Figure 4. Hydrogrammes des moyennes interannuelles pour la pe'riode d'ajustement. 
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Tableau 2. Resultats numeriques pour la periode d'ajustement. 

Tableau 3. Resultats numeriques pour la periode 
d'etalonnage. 

Observe - 
Calcule - - - - - 

0 I 
I Jan I Fev I Mars Avril I Mai I Juin I Juil I AoOt I Sept Oct I Nov I Dec I 

Jan 1983 A d6c 1992 
(moyennes interannuelles) 

Figure 5. Hydrogrammes des moyennes intei-annuelles pour la pe'riode d'ttalonnage. 
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Une fois tous les parambtres du modble convenablement 
ajustCs et CtalonnCs, les valeurs de recharge sont extraites des 
fichiers d'Ccriture du programme. La valeur moyenne de la 
recharge calculte sur l'ensemble du bassin versant de la 
rivibre Portneuf est de 299 mm/an pour toute la pCriode 
d'Ctude. Cette valeur de recharge correspond h 25 % des 
1 174 mm de prkcipitation tombant en moyenne chaque annCe 
sur la region. 

DISCUSSION 

Les rtsultats obtenus pour la ptriode d'etalonnage sont com- 
parables h ceux qui ont BtC obtenus pour la ptriode d'ajuste- 
ment. En effet, pour les moyennes interannuelles, le 
coefficient de NASH est de 0,92 pour la pCriode d'ajustement 
et de 0,96 pour la ptriode d'ttalonnage. De plus, la diffkrence 
entre les lames d'eaux interannuelles observtes et calculCes 
pour les deux pCriodes sont respectivement de 11,l % et de 
0,4 %. 

Compte tenu des coefficients de corrClation obtenus, on peut 
conclure que les simulations des dtbits calcults correspondent 
bien aux dtbits observCs. En effet, les coefficients oscillent 
autour de 90 %, exception faite de l'annCe 1973 (tableau 2). 
Aussi, les valeurs des crithres de NASH obtenus indiquent 
une bonne simulation de la variance des dCbits calculCs par 
rapport aux dtbits observCs (tableau 3), car la majorit6 des 
coefficients sont au dessus de 80 %. 

De faqon gCntrale, les dtbits observCs et calculCs sont en 
phase (fig. 3 et 4). En effet, la fonte des neiges et les oscillations 
du debit automnal sont bien sirnultes pour les deux piriodes. 
Par contre, la simulation des &tiages hivernaux et estivaux est 
moins prkcise. 

CONCLUSION 

De f a ~ o n  gCnCrale, les risultats des simulations obtenus dans 
cette recherche sont satisfaisants. Tout de mCme, il serait 
possible d'arntliorer le synchronisme des hydrogrammes en 
dCfinissant des coefficients d'infiltrations pour chacune des 
parties du bassin versant au lieu d'utiliser un coefficient 
homogbne d'infiltration pour l'ensemble du bassin. Cela per- 
mettrait de tenir compte du fait que la partie nord de la rivibre 
coule sur de l'argile et la partie sud, sur du sable. 

Bien qu'il soit possible d'obtenir un bon ajustement des 
parambtres du modkle CEQUEAU, il n'en reste pas moins 
que la solution n'est pas unique. En effet, pour un ensemble 
de parambtres diffkrents, il est possible d'obtenir un ajuste- 
ment tout aussi acceptable des hydrogrammes observes et 
calculCs. Pour faciliter le choix du bon ensemble de 
param&res, Ie modble devrait Ctre CtalonnC directement avec 
des mesures de recharge prises sur le terrain. 

A ce jour, quatre pikzombtres ont CtC installks dans les 
principales zones de recharge des diffkrents bassins versants 
de la MRC de Portneuf afin d'enregistrer les variations du 
niveau de la nappe phrtatique. Aprks une annte de prise de 
donntes, il sera possible de comparer ces valeurs et les 
valeurs calculCes au moyen du programme CEQUEAU et, 
par le fait m$me, d'apporter les corrections nkcessaires au 
modkle. 
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Premiers resultats de la caracterisation isotopique 
des aquifkres de la region de Portneuf, Quebec 
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Vitali, F., Savard, M.M. Et Bourque, E, 1997: Premiers rksultats de la caractkrisation isotopique 
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gkologique du Canada, p. 89-95. 

RCsumC : La caractkisation isotopique de l'eau souterraine est en cours dans la municipalitt rtgionale 
de comtt (MRC) de Portneuf. L'Ctude prCliminaire de la composition isotopique ( 6 ' 3 ~ )  du carbone inor- 
ganique dissous et les mesures de l'oxygbne dissous indiquent l'existence d'aquifbres varib dans cette 
rkgion. Des nappes libres ont kt6 reconnues dans les dep8ts meubles le long de la rivibre Sainte-Anne, et au 
niveau de la rivikre Jacques Cartier. La prtsence de nappes h recharge lente a t t t  envisagee, notamment dans 
les municipalitCs de Grondines et de Portneuf. L'ttude rCvble Cgalement l'existence h Saint-Thuribe d'une 
ccnappe fossile>> composCe d'eau de mer qui n'a probablement pas CtE rtalimentke depuis sa formation pen- 
dant la transgression de la Mer de Champlain. 

Abstract: The isotopic characterization of groundwater in the "municipalitCrCgionale de comtt" (MRC) 
of Portneuf is ongoing. The preliminary study of 613C of dissolved inorganic carbon (DIC) and dissolved 
oxygen indicates the existence of various types of aquifers in the area. Unconfined aquifers have been iden- 
tified in surficial materials along the Sainte-Anne River, and near the Jacques Cartier River. Slowly recharg- 
ing aquifers may exist near the towns of Grondines and Portneuf. There is also a "fossil aquifer" composed 
of seawater, that has likely not been recharged since its formation during the Champlain Sea transgression. 
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INTRODUCTION 

La municipalit6 rCgionale de comtC (MRC) de Portneuf, au 
QuCbec (fig. I), fait actuellement l'objet dun projet pilote de 
cartographie hydrogCologique rkgionale et de dktermination 
de la vulnCrabilitC des aquifkres. La rCgion possbde des zones 
urbaines, des zones industrielles, des zones agricoles et des 
zones forestikres ainsi que de beaux exemples d'aquifbres du 
piCmont laurentien. Ces aquifbres reprksentent la source d'ap- 
provisionnement en eaux souterraines la plus importante de la 
rive nord du Saint-Laurent, depuis I'Outaouais jusqu'i QuCbec 
(Bourque et al., 1996). Dans la MRC de Portneuf, les eaux 
souterraines circulent dans trois types d'unitbs gCologiques : 
1) des sCdiments non consolidCs mis en place dans la Mer de 
Champlain; 2) des roches ~Cdimentaires palCozo'iques (cal- 
caires et shales); et 3) des roches prkcambriennes (gneiss 
granitiques et tonalitiques). 

La caractCrisation isotopique des aquifkres de la partie sud 
de la MRC, qui est limitCe au nord par Rivibre-&-Pierre et 
Lac-Sergent et au sud par le fleuve Saint-Laurent (fig. 2), est 
en cours. L'Ctude des isotopes stables (C, H, 0 ,  N) fournira 
des rCsultats fondamentaux qui permettront de comprendre 
les processus contr6lant l'alimentation et le temps de sCjour 
des eaux souterraines de ces aquifkres et de dCterminer les 
Cventuels contaminants nitrCs. Les premikres mesures iso- 
topiques obtenues sont prCsent6es dans cet article et portent 
sur le 613c du carbone inorganique dissous (CID) dans les 
eaux souterraines prClevCes dans les diffkrentes unitCs gtolo- 
giques de la rCgion lors de campagnes d'Cchantillonnage 
entreprises en automne 1995 et en CtC 1996. Ces rCsultats, 
couplCs aux mesures de I'oxygbne dissous dans l'eau, donnent 
une indication sur les types d'aquifbres trouvCs dans la partie 
sud de la MRC de Portneuf. 

L'Cchantillonnage a CtC rCalisC durant l'automne de 1995 et 
1'CtC de 1996. Les sites choisis Ctaient reprksentatifs du terri- 
toire et des principaux aquiftres. Afin de minimiser la con- 
tamination lors de l'Cchantillonnage, dans la mesure du 
possible on a rempli les bouteilles directement ?i partir de 
robinets. Dans ce cas, on fait couler l'eau des robinets jusqu'h 
ce que sa tempirature devienne stable, afin d'assurer que 
l'eau n'avait pas rCsidC dans les tuyaux. On a Cgalement utilisC 
des tubes en ~ C f l o n ~ ~  stCriles pour prClever les Cchantillons 
dans les rCservoirs ou les puits de surface, et des contenants 
stCriles pour prClever les Cchantillons dans les bassins de 
rCtention. 

613c~ID 
Les mesures des isotopes du carbone inorganique dissous 
(CID) ont toujours CtC effectuCes le lendemain de 17Cchantil- 
lonnage. Le carbone inorganique dissous a 6tC extrait des 
Cchantillons d'eau par acidification en utilisant de l'acide 
phosphorique & 100 %, et purifiC en utilisant une ligne per- 
mettant de piCger l'eau et de chasser les gaz incondensables. 
Le C 0 2  extrait a par la suite CtC analysC & l'aide de deux spec- 
tromktres de masse, l'un de type Sira 12 utilist en 1995 (Uni- 
versitC d'ottawa) et l'autre de type Prism 111 utilisC en 1996 
(CGC-Q, laboratoire Delta). Les valeurs de 613c ont une prC- 
cision supCrieure & 0,2 %o. 

OxygBne dissous 

Des sondes & Clectrodes CIBA-CORNING et YSI (modkle 
600) ont CtC utilisges pour mesurer l'oxygbne dissous. Elles 
permettent de determiner la quantitC d'oxygbne dissous ayant 
traversC une membrane permCable, en mesurant le courant 
responsable de la rtduction de l'oxygkne. Ce courant est 

Figure 1. 

Emplacement de la MRC de Portneuf 

- IC 

Trols-Rivli 
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proportionnel B la pression partielle d'oxygbne. Ces appareils 
permettent d'apporter des corrections pour tenir compte des 
changements de temperature. Afin de pouvoir mieux visual- 
iser les variations entre les diffkrents puits, les rksultats sont 
prCsentts sous forme de pourcentage de la pression partielle 
d'oxyghne. 

La composition isotopique (613cCID) des eawt souterraines 
dans le sud de la MRC a CtC mesurCe dans 36 Cchantillons prC- 
lev& lors de la campagne d'automne et dans 30 Cchantillons 
prClevCs lors de la campagne d'ttC. Elle prCsente de fortes 
variations allant de -25 %O 21 -7,6 %o, pour les Cchantillons prC- 
levts I'automne, et de -23,l %O B -1,7 %o, pour les Cchantillons 
prtlevCs l'tt6. 

Puisque la composition isotopique du carbone inor- 
ganique dissous des eaux souterraines peut varier selon la sai- 
son (Rightmire, 1978; Reardon et al., 1979; Pawellek et 
Veizer, 1994), les rCsultats obtenus lors de chacune des cam- 
pagnes d'khantillonnage sont prtsentts sur des graphiques 
diffkrents. De plus, afin de permettre de bien visualiser les 
variations de 613cCID; les rtsultats ont kt6 groupCs en cinq 
classes de valeurs et ces classes sont indiquCes pour les puits 

CchantillonnCs (fig. 3a, b). Les puits CchantillonnCs sont 
cod& selon la municipalit6 dans laquelle ils se trouvent 
(tableau 1). La rCpartition en cinq classes tient compte des 
divers mecanismes pouvant influer sur la composition iso- 
topique (613cCID) des eaux souterraines, 5 savoir la diffusion 
du C02 atmosphCrique, la respiration des plantes, la dtcom- 
position des plantes, la dissolution des carbonates et I'altCra- 
tion des silicates (Klopmann et al., 1994; Love et al., 1994; 
Pawellek et Veizer, 1994, Probst et al., 1994; Rose et al., 
1996). La limite entre deux classes est arbitraire, car plusieurs 
mCcanismes peuvent jouer en mzme temps. Les Cchantillons 
appartenant B deux classes successives peuvent avoir la 
m$me origine, ce qui sera beaucoup moins probable pour des 
tchantillons appartenant B des classes non successives. 

I1 est Cgalement utile de connaitre la quantitt d'oxygbne 
dissous dans les diff6rents puits pour dkterminer les diffkrents 
types d'aquifkres. La quantitC d'oxygkne dissous est reprC- 
sentCe graphiquement (fig. 4a, b). Les intervalles de valeurs 
obtenus vont de 17 % B 100 %, pour les Cchantillons prClevCs 
en automne 1995, et de 0 % B 100 %, pour les Cchantillons 
prClevCs en Ctt 1996. On constate que l'oxygbne dissous est 
frtquemment plus abondant dans les puits creusts dans des 
sCdiments meubles que dans les puits forks dans des roches 
sddimentaires ou mCtamorphiques (fig. 4a, b). 

Figure 2. Municipalitks vise'es par L'ktude isotopique. 
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Figure 3a. 613cCiD des eaux souterraines &clzaiztillonne'es & l'automrze 1995. 

Classe 1 : lSC/'% < -1 8 'Im (n= 19) 

L Classe 2 : -1 8 'I, c 6 '%, < -1 4 'I, (n=6) 

+ Claue 3 : -1 4 '1, < S1'C, < -1 1 vm (n=3) 

Classe 4 : -1 1 '1, < <SC, < -6 'I, (n=l) 

* Classe 5 : S"CC, > -6 '1, (n= 1 ) 

Figure 3b. 613cCID des eaux souterraines e'chantillonntes d l'e'te' 1996. 
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Tableau 1. Municipalites 6tudiees et abrkviations utilisees. 

Purrs (AUTOMNE 95) 

Figure 4a. 

Oxygbne dissous duns les eaux sociterraines 
kchantillonnkes d l'automne 1995. 

SEDIMENTS NON CONSOLIDES ROCHES 

Figure 46. 

Oxygkne dissous duns les eaux souterraines 
t?chantillonnkes 6 l ' i t i  1996. 

SEDIMENTS NON CONSOLID~S ROCHES 
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Nappe fossile de Saint Thuribe DISCUSSION 

Nappes libres 

Le rapport 13c/12c du carbone inorganique dissous (CID) des 
eaux souterraines permet de dCterminer les zones principales 
de recharge et d'Cmergence des aquifbres (Leaney et Herczeg, 
1995). Dans les rkgions tempkrkes, une valeur de 613cCID 
t r b  nCgative est frCquemment une indication de nappes B 
temps de sCjour court (Landmeyer et Stone, 1995; Sukhija 
et al., 1996). Ces nappes contiennent Cgalement un taux ClevC 
d'oxygbne dissous. Par contre, une valeur de 613cCID ClevCe, 
se rapprochant de celle des carbonates, indique un aquifbre h 
temps de sCjour plus long (Tenu et al., 1985; Edmunds et al., 
1987; Tellam, 1994; Le Gal La Salle et al., 1996). Les teneurs 
en oxygbne dissous sont alors plus faibles. Les gCologues du 
Centre gkoscientifique de Quebec (CGC-Q) font actuelle- 
ment la cartographie dCtaillCe des unitCs gCologiques de la 
partie sud de la MRC de Portneuf. Une connaissance prCcise 
de ces unitCs permettra d'identifier les principaux pbles de 
mClange susceptibles d'influer sur la composition isotopique 
(613cCID) des eaux souterraines. 

I1 est dCjB possible de constater que les eaux soute~~aines B 
faible valeur de 613cCID (classe 1 et Cventuellement classe 2) 
se trouvent essentiellement le long de la rivibre Sainte-Anne 
(de Saint-Alban B Saint-Raymond) et de la rivibre Jacques 
Cartier (de Sainte-Catherine B Pont Rouge). Les puits corre- 
spondants sont forks dans des unitCs meubles (Bourque et al., 
1996), et leurs eaux prksentent des pourcentages ClevCs en 
oxygbne dissous. Ces puits semblent Ctre situCs dans des 
zones d7Cmergence d'eaux souterraines qui ont eu peu 
d'interaction avec la roche encaissante. 

Recharge lente des aquif"eres de Portneuf 
et de Grondines 

Des indications de l'absence de recharge rCcente ont CtC dCce- 
lCes dans les aquifbres des municipalitts de Portneuf et de 
Grondines. En effet, en ce qui concerne la municipalit6 de 
Portneuf, aucun des puits CtudiCs n'appartient B la classe 1 et 
un d'entre eux (POR 3), for6 dans des dCpbts meubles, apparti- 
ent h la classe 4. La lithologie de ces puits Ctant variCe, il faudra 
obtenir des informations gCologiques dttaillCes avant de 
pouvoir interprkter les variations de 613cCID dans les eaux de 
ces puits. 

Les eaux des puits de la rCgion de Grondines (classes 2 
et 3), qui circulent dans du calcaire, semblent avoir subi un 
contact prolong6 avec la roche encaissante, sans rCalimenta- 
tion rCcente. Les faibles pourcentages d'oxygbne dissous 
dans les eaux de ces puits (fig. 4a, b) renforcent cette 
hypothbse. Une analyse isotopique de l'oxygbne et de 
l'hydrogbne des eaux permettra de v6rifier cela. Si les etudes 
ultkrieures confirment la faiblesse de la recharge des nappes 
de Portneuf et de Grondines, on pourra conclure que ces 
aquifkres sont bien protCg6s contre les polluants anthropiques 
Cventuels. 

Le puits Thu 1 dans la municipalit6 de Saint-Thuribe mCrite 
une attention particulibre. En effet, la valeur de 613cCID y est 
Clevte, soit de -1,7 %o, et la quantitC d'oxygbne dissous y est 
nulle. Ces deux rCsultats tCmoignent d'une trbs longue inter- 
action entre la roche encaissante et la nappe souterraine, sans 
recharge de l'aquifbre. I1 s'agit d'une vCritable ccnappe fos- 
sile),. De plus, les analyses chimiques des eaux de ce puits ont 
rCvClC des concentrations en ClCments majeurs Cquivalentes B 
celles de l'eau de mer. I1 s'agirait donc d'une lentille d'eau 
salCe remontant probablement B 1'Cpoque de la Mer de 
Champlain. 

CONCLUSIONS 

Les valeurs prkliminaires obtenues pour la composition iso- 
topique (613cCID), couplCes aux donnCes sur l'oxygbne dis- 
sous dans les eaux souterraines, ont permis de mettre en 
Cvidence la variabilitC des aquifbres de la rCgion de Portneuf, 
ainsi que la prCsence possible d'aquifbres B recharge assez 
lente B Grondines et h Portneuf. La prCsente Ctude rCvble 
Cgalement l'existence, dans la municipalit6 de Saint-Thuribe, 
d'une ccnappe fossilen composCe d'eau de mer qui n'a prob- 
ablement pas CtC rCalimentCe depuis sa formation pendant la 
transgression de la Mer de Champlain. Une connaissance 
plus d6taillCe des roches encaissant les puits forCs dans des 
roches ~Cdimentaires et m~tamorphi~ues  permettra d'identi- 
fier avec plus de prCcision les phCnombnes d'interaction entre 
l'eau et la roche encaissante et les variations isotopiques 
(613cCID) qui en rbultent. De plus, les analyses isotopiques 
de l'oxygbne et de l'hydrogbne des eaux souterraines permet- 
tront de dCterminer les mCcanismes qui influent sur les 
aquifbres et la duke  de recharge de ces aquifbres, de savoir si 
les eaux circulent d'un aquifbre h un autre. 
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Electrical characteristics of mineralized and 
nonmineralized rocks at the Brunswick No. 12 
deposit, Bathurst mining camp, New Brunswick' 

T.J. Katsube, N. Scromeda, M.E. ~ e s t ~ ,  and W.D. Goodfellow 
Mineral Resources Division, Ottawa 

Katsube, T. J., Scromeda, N., Best, M.E., and Goodfellow, W.D., 1997: Electrical characteristics 
of mineralized and nonmineralized rocks at the Brunswick No. 12 deposit, Bathurst mining camp, 
New Brunswick; Current Research 1997-E; Geological Survey of Canada, p. 97-107. 

Abstract: Electrical characteristics of mineralized and nonmineralized rock samples from the 
Brunswick No. 12 massive sulphide deposit have been studied to determine the electrical connectivity of the 
mineralization and hence its relationship to mineral deposits. The objective is to obtain information to assist 
in the interpretation of airborne, ground, and borehole electromagnetic surveys. 

Laboratory results indicate that electrical resistivities (p,) for mineralized rocks and nonmineralized 
host rocks (hanging and footwall sediments, iron-formation, chloritized iron-formation, and basement 
rocks) are in the ranges of <10 Q-rn and 7000 to >10 000 Q-m, respectively. However, different types of 
mineralogical and microstructural interferences cause an increase in the measured range of p, values (2 to 
20 000 Q-m). These include thin quartz veins that raise p, by at least 13 000 Q-m, and thin veins containing 
fine- to medium-sized sulphide grains that reduce p, to 5-50 R-m. Furthermore, interbedded sulphide and 
silicate layers can produce electrical anisotropies as high as 1000:l or larger. 

R6sum6 : Les chercheurs ont CtudiC les caractkristiques Clectriques dlCchantillons de roches mineral- 
isCes et non minCralides prClevCs dans le gisement de sulfures massifs Brunswick No. 12, afin de dktermi- 
ner la connectivitk Clectrique de la mintralisation et, partant, son lien avec les gites minCraux. L'objectif visC 
consiste iI obtenir des informations pour amCliorer l1interprCtation des lev& ClectromagnCtiques aCriens, ter- 
restres et diagraphiques. 

Les rCsultats de laboratoire indiquent que les rCsistivitCs Clectriques (p,) des roches minCralisCes et des 
roches encaissantes non minCralisCes (roches sedimentaires dlCponte suptrieure et dfCponte infkrieure, 
formation de fer, formation de fer chloritisCe et roches du socle) s'inscrivent respectivement dans les 
intervalles <10 Q-m et 7 000 2 >10 000 Q-m. Toutefois, divers types d'interfdrences d'origine 
minkralogique et microstructurale entrainent un Clargissement de l'intervalle des valeurs mesurCes de p, (de 
2 9 20 000 a-m). C'est le cas notarnment des veinules de quartz, qui accroissent p, d'au moins 13 000 Q-m, et 
des filonnets contenant des grains de sulfures de taille petite iI moyenne, qui rCduisent p, 9 5-50 Q-m. Des 
couches interstratifikes de sulfures et de silicates peuvent en outre induire des anisotropies Clectriques 
atteignant ou dCpassant 1 000: 1. 

Contribution to the 1994-1999 Bathurst Mining Camp, Canada-New Brunswick Exploration Science andTechnology 
(EXTECH LI) Initiative 
Bemex Consulting International, 5288 Cordova Bay Road, Victoria, British Columbia V8Y 2L4 
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GEOLOGICAL UNIT 
INTRODUCTION 

The electrical characteristics of mineralized and nonmineral- 
ized rock samples from the Brunswick No. 12 massive sul- 
phide deposit have been studied in order to determine the 
electrical connectivity of the sulphide mineralization and its 
relationship to mineral deposits and tectonic fabrics. The 
objective of this study is to provide information to assist in the 
interpretation of airborne, ground, and borehole EM surveys. 
The Brunswick No. 12 deposit is one of five chosen for this 
type of study in the Bathurst mining camp. These deposits 
were chosen because of variations in their EM responses, 
their sulphide mineral grain-sizes, and their tectonic features. 

The electromagnetic responses from massive sulphide ore 
bodies in the Bathurst mining camp are quite variable. Factors 
such as grain size, mineralization, fractures, and crosscutting 
veins all affect the EM response of massive sulphides. 
Previous work (Katsube et al., 1996c) suggests that electrical 
anisotropy may also be an important factor which can affect 
the magnitude of the EM responses. Therefore, this study 
includes laboratory electrical measurements made in three- 
directions whenever possible. Some of these results have 
been previously reported (Katsube et al., 1996a, b, c). 'The 
purpose of this paper is to document the geological informa- 
tion on the samples, to describe the investigation methods and 
to present the results that were obtained thus far. 

METHOD OF INVESTIGATION 

Samples and sample preparation 

Ten core samples (sample numbers X- 12-1 to X- 12-1 0) were 
obtained fromholeno. 5175 of the BrunswickNo. 12 deposit. 
Information on their depth and geological units are listed in 
Table 1 and shown in Figure 1. 

At least two specimens were cut from each sample: one 
being used to determine bulk density, ljB, and electrical resis- 
tivity, p,; and one for the determination of effective porosity, 
QE. Some samples were cut into several rectangular or disk- 
shaped specimens (e.g, a, b, c, and d) so that different 

Table 1. Sample identification for samples from 
Brunswick number 12 hole 51 75 -from Thomas 
(1995), based on drill core logs provided by 
Noranda Exploration Ltd. 

CHLORlTlC IRON FM 

Sample no. 

X-12-1 
X-12-2 
X-12-3 
X-12-4 
X-12-5 

X-12-6 
X-12-7 
X-12-8 
X-12-9 
X-12-10 

'+++'- QTZ EYE SCHIST '+'+++ 
. . . . . . . . . . . . . . . . . . . .  +++*+*++++++ 
+ + +  + +  + +  + +  + +  + +  + +  + 

111-P : Sampling positions 

Figure 1. Geological log of Brunswick No. 12 hole 5175 
(modified from Thomas, 1995). The "arrow" signs in the 
figure indicate the positions of the samples that were used in 
this study. 

Depth (m) 

27.36 
38.71 
44.35 
53.95 
68.58 

76.20 
82.60 
90.37 
97.23. 

11 1.86 

components of the inhomogeneities and anisotropy of the 
sample could be characterized by the p, measurements, as 
shown in Figure 2. Specimens prepared for anisotropic stud- 
ies were of rectangular shapes (Table 2a) to allow three direc- 
tional electrical resistivity measurements. The three 
directions are identified by a, P, and y. Those prepared for QE 
measurements were either partial-disc or irregular in shape. 
The ZB and p, measurements were performed on 19 speci- 
mens prepared from 10 samples. The measurement of @E was 
made on specimens from only 8 of these samples containing 
no, or the least amount of, visible sulphides. The geometric 
characteristics of the specimens used for p, and tiB measure- 
ments are listed in Table 2a and 2b. Preparations are in prog- 
ress for petrographic thin section analysis and scanning 
electron microscope analysis of selected samples/specimens. 

Geological unit 

Hanging wall sediments 
Iron-formation 
Chloritic iron-formation 
Massive sulphides 
Iron Formation 

Chloritic iron-formation 
Semimassive sulphides 
Footwall sediments 
Crystal tuff 
Quartz eye schist 

Bulk density and effective porosity measurements 

The caliper method (API, 1960) has been used to determine 
the bulk density (tiB) of the samples, by measuring the dimen- 
sions and weight of the rectangular and disc specimens. These 
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measurements are also used in the procedure to determine The "API Recommended Practice for Core-Analysis 
porosity. Effective porosity (qE), in principle, represents the Procedures" (API, 1960) has generally been followed in these 
pore volume of all intercolu~ected pores. In this study, it is measurements. Details of the standard proced~~res routinely 
determined from the difference in weight between the oven- used in our measurements are described in the literature 
dried and water-saturated rock specimen. Another parameter (Katsube and Salisbury, 199 1 ; Katsu be et al.,  1992; 
derived 011 a routine basis is the irreducible water saturation, Scromeda and Katsube, 1994; Katsube and Scromeda, 
Sir, which represents the pore space occupied by the bound or 1995). 
adsorbed water on the pore surfaces, at room temperature 
(23°C) and atmospheric pressure (Scromeda and Katsube, 
1994; Katsube and Scromeda, 1995). 

Table 2a. Dimensions of rectangular specimens cut out from the samples 
for electrical measurements. 

Table 2b. Dimensions of disk-shaped specimens cut out from the 
samples. 

Sample1 
Specimen 

X-12-2ba 
X-12-2bp 
X-12-2by 
X-12-2ca 
X-12-2cP 
X-12-2cy 
X-12-3aa 
X-12-3ap 
X-12-3ay 
X-12-4aa 
X-12-4aP 
X-12-4ay 
X-12-5ca 
X-12-5cP 
X-12-5cy 

a, p, y = Three directions of W = Weight of specimen under 
measurement room dry conditions 

a,, a, = Length of the two sides of the V = Volume of specimen 
rectangular specimen KG = Geometric factor (equation 1) 

Q = Thickness of specimen 6, = Bulk density 

a2 

(cm) 

1.287 
1.318 
1.318 
1.358 
1.217 
1.358 
1.240 
1.240 
1.037 
1.152 
1.152 
0.976 
1.206 
1.206 
0.782 

a, 
(cm) 

1.117 
1.117 
1.287 
1.217 
0.506 
0.506 
1.037 
0.817 
0.817 
0.930 
0.976 
0.930 
0.782 
0.739 
0.739 

- 

Sample/ 
Specimen 

X-12-la 
X-12-1 b 
X-12-lc 
X-12-2a 
X-12-4b 
X-12-5a 
X-12-5b 
X-12-6a 
X-12-6b 
X-12-7a 
X-12-7b 
X-12-8a 
X-12-9a 
X-12-10a 

Q 
(cm) 

1.318 
1.287 
1.117 
0.506 
1.358 
1.217 
0.817 
1.037 
1.240 
0.976 
0.930 
1.152 
0.739 
0.782 
1.206 

r, = Diameter V = Volume of specimen 
t = Thickness of specimen KG = Geometric factor (equation 1) 
W = Weight of specimen under F~ = Bulk density 

room dry conditions 

D 

(cm) 

2.270 
2.274 
2.272 
2.272 
2.260 
2.278 
2.274 
2.267 
2.272 
2.210 
2.220 
2.223 
2.227 
2.262 

W 
(g) 

6.7209 
6.7209 
6.7209 
3.0592 
3.0592 
3.0592 
3.5075 
3.5075 
3.5075 
4.8418 
4.8418 
4.8418 
2.5448 
2.5448 
2.5448 

c 
(cm) 

0.529 
0.498 
0.489 
0.535 
0.555 
1.864 
0.487 
1.106 
0.642 
2.131 
0.808 
0.545 
0.558 
0.490 

V 
(cm3) 

1.89 
1.89 
1.89 
0.84 
0.84 
0.84 
1.05 
1.05 
1.05 
1.05 
1.05 
1.05 
0.70 
0.70 
0.70 

w 
(9) 

6.1106 
5.7574 
5.6455 
7.7005 
4.5349 

25.6879 
7.1444 

14.4721 
8.0064 

11.3933 
4.6003 
6.2567 
6.4762 
5.9777 

K~ (10-m) 

1.09 
1.14 
1.52 
3.27 
0.45 
0.57 
1.57 
0.98 
0.68 
1.10 
1.21 
0.79 
1.28 
1.14 
0.48 

V 
(cm3) 

2.14 
2.02 
1.98 
2.17 
1.00 
7.60 
1.98 
4.46 
2.60 
2.90 
1.30 
2.12 
2.17 
1.97 

6, 
(glmL) 

3.55 
3.55 
3.55 
3.66 
3.66 
3.66 
3.34 
3.34 
3.34 
4.63 
4.63 
4.63 
3.65 
3.65 
3.65 

K~ 
(m) 

7.65 
8.16 
8.29 
7.58 
3.33 
2.19 
8.34 
3.65 
6.31 
0.63 
1.93 
7.12 
6.98 
8.20 

6~ 
(CIJmL) 

2.85 
2.85 
2.85 
3.55 
4.42 
3.38 
3.61 
3.24 
3.08 
3.97 
3.65 
2.96 
2.98 
3.04 
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Bulk electrical resistivity measurements 

The bulk electrical resistivity (p,.) is determined from mea- 
surements of complex electrical resistivity, p:':, procedures for 
which are described in recent publications (e.g. Katsube et al., 
1991, 1992, 1996a, c; Katsube and Salisbury, 1991; Katsube 
and Scromeda, 1994;). Complex electrical resistivity (p") 
consists of two components: real resistivity, pR, and imagi- 
nary resistivity, pI (e.g. Katsube, 1975; Katsube and Walsh, 
1987; Katsube and Salisbury, 1991). These measurements 
were made on specimens saturated in distilled water for 24- 
48 hours (Katsube and Salisbury, 1991). The parameters, p"', 
pR, and pI are measured over a frequency range of 1-lo6 Hz, 
and p,. usually represents a bulk electrical resistivity at fre- 
quencies of about lo2-lo3 Hz. It (pr) is a function of the pore 
structure and pore fluid resistivity, and is understood to 
exclude any other effects, such as pore surface, dielectric 
polarization, or any other polarizations (Katsube, 1975; 
Katsube and Walsh, 1987). 

The geometric factor, KG (with the units m), required 
for derivation of p* from the actual electrical measurements, 
is defined as 

KG = All, (1) 

where A (cm2) is the cross-section area and l (cm) is the 
thickness. This parameter was determined for all specimens 
prior to the electrical measurements, using the specimen 
dimensional data in Tables 2a and 2b. 

EXPERIMENTAL RESULTS 

The results of the bulk density (FE) determinations are listed 
in Tables 2a and 2b. They are in the range of 2.85-4.63 g/mL, 
and likely represent samples with various degrees of sulphide 
mineralization. Some specimens show slightly different FB 
values although they do represent the same sample (e.g. sam- 
ple X-12-7, Table 2b), likely due to the variation in sulphide 

Table 3. Results of the effective porosity measurements for 
specimens representing the section of a sample that are void or 
contain the least amount of visible sulphides. 

mineral content within a sample, or due to other inhomoge- 
neities (e.g. sample X-12-5, Table 2a, b). The effective 
porosities (QE) are listed in Table 3 for specimens visibly bar- 
ren of sulphide minerals and display values that range from 
0.39 to 2.3%. The smaller values are typical of crystalline 
rocks (Katsube and Mareschal, 1993; Katsube and Scromeda, 
1995) and the larger ones resemble those of tight sedimentary 
rock (Daly et al., 1966). However, the FB values used in the 
QE determination procedure are for specimens used in the 

Sample1 
Specimen 

X-12-ld 
X-12-2d 
X-12-3b 
X-12-5d 
X-12-6~ 
X-12-8b 
X-12-9b 
X-12-lob 
- 

6, = Bulk density 
6,-S = Specimen used for 6, 

determination 
W,,, = Wet weight 
W, = Drv weiaht 

Si, = Irreducible water saturation 
OE = Effective porosity 
* = Values suspected of reduced 

accuracy 

Table 4. Results of electrical resistivity 
measurements. 

a, p,r 
Pr 
Mes. (#I) 

Mes. (#2) 

pr (lo3 n-m) 

Mes. #1 Mes. #2 1 Mean 

I * = p, value smaller than the true ones 1 ** = p, value with possible error ranges 
larger than +loo%. 

0.0084** 
0.053** 

0.0069** 
0.0049** 

0.64 

1.63 

0.0074** 

0.012** 0.0048** 
0.013** 0.092 

= Three directions of measurement 
= Bulk electrical resistivity 
= Measurement after 24 hours of 

saturation 
= Measurement after 48 hours of 

saturation 

0.0017** 
0.0068** 

0.59 

1.31 

0.0072** 

0.0028 
0.0029** 

0.69 

1.94 

0.0076** 
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electrical measurements, and not for those used for the gE $E values could contain some errors. Those suspected of such 
determination. Since the sulphide mineral content can differ errors are marked by astericks in Table 3. The 6B measure- 
between the two specimens, these ZB values do not necessar- ments are not performed on the same specimens as those for 
ily represent the true values of the specimen used for the QE the bE determination, because the QE specimens are, usually, 
determination. Therefore, although the 6B values of the speci- irregular in shape. The caliper method for determination 
mens with the least degree of sulphides has been selected, the can not be used on such specimens. 

REAL RESISTIVITY, pR (~2.m) REAL RESISTIVITY, pR (~2.m) 

Figure 3. Typical examples of complex resistivity (p*)plots used to determine bulk electrical resistivity (p,.), 
wherepR andpi are the real and imaginary resistivities (Katsube, 1975; Katsube and Walsh, 1987; Katsube 
and Salisbury, 1991). a )  Imaginary resistivity (p I )  as function of real resistivity (pR), for sample/specimen 
X-12-2by (24 hour saturation) displaying two suppressed arcs; one (left-hand side) representing the 
electrical characteristics of the rock sample, and the other (right-hand side) representing electrode 
polarization (EP). The EP is probably due to the combined efSect of the current electrode of the measuring 
system and the sulphide minerals. Such patterns are normally seen in intermediate resistivity rocks. b )  pI as 
function ofpR, for sample/specimen X-12-la (24 hour saturation) displaying a suppressed arc representing 
the electrical characteristics of the rock sample, a pattern usually seen in highly resistive rocks. 

1 .o 2.0 ( ~ 1 0 4 )  
REAL RESISTIVITY, pR (Q-m) 

- 
0 50 

REAL RESISTIVITY, PR (Om) 

Figure 4. Tjpical examples of complex resistivity (p*) plots, for cases where difficulty is experienced in 
determining p,; a) pI as function of pR, for sample/specimen X-12-5a (24 hour saturation) displaying a 
slightly distorted arc representing the electrical characteristics of the rock sample, a pattern commonly 
seen in extremely highly resistive rocks (Katsube et al., 1992). b ) p l  as function o fpR  for sample/specimen 
X-12-7a (48 hour saturation), displaying extensively suppressed arc (left-hand side) representing the 
electrical characteristics of the rock sample and a strong EP effect (right-hand side), a typical case where 
difficulty was experienced in determining p, (Katsube et al., 1996~) .  
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The results of the electrical resistivity (p,) measurements 
are listed in Table 4. Determinations have been made at 24 
and 48 hours after water saturation, to check the stability of 
the p, values with time. Under this state, it is expected that the 
distilled water has chemically equilibrated with the rock, and 
represents the in situ condition. Normally, differences up to 
+20% of their mean are considered to be within measurement 
error and represent stable conditions. In the present study, 
many of the low resistivity values exceed that value (e.g. sam- 
ple X-12-2, X-12-6), probably because they were below the 
measurement resolution. Twenty-nine determinations 
(including three-directional measurements) were made for 17 
specimens, representing the 10 samples. Some examples of 
the complex resistivity plots used to determine the low to high 
values of p, are shown in Figure 3 and 4. Details of this ana- 
lytical procedure are described elsewhere (e.g. Katsube and 
Scromeda, 1994; Katsube et al., 1996~) .  Figure 3 displays 
typical examples of complex resistivity plots where no diffi- 
culties were experienced in determining p, (specimens X- 12- 
2b, X- 12- 1 a). The error range of p, for these cases are consid- 
ered to be less than f20%. Figure 4 displays typical examples 
of complex resistivity plots where difficulties were experi- 
enced in determining p, (specimens X-12-5a, X-12-7a). 
Figure 4a displays a distorted arc, a pattern commonly seen in 
very highly resistive rocks (Katsube et al., 1992), which 
implies that the true p, value is larger than that listed in 
Table 4. Figure 4b represents a case typical of low resistivity 
rocks where the electrode polarization (EP) effect is domi- 
nant, and considerable difficulty is experienced in deter- 
mining p, (Katsube et al., 1996~) .  The error ranges of p, for 
such cases are considered to be more than f 100%. 

The p, values are in the range of 0.3-2x10~ Q-m for these 
samples, the lower values resembling those of rocks contain- 
ing relatively large amounts of sulphides (Keller, 1982), and 
the higher values being typical of crystalline rocks (Katsube 
and Hume, 1987, 1989; Katsube and Mareschal, 1993). 

INTERFERENCE ( I )  
(VEINS) 

9,000 Q m 

Qz. VEIN 

DISCUSSION 

The two samples (X-12-4 and X-12-7) representing massive 
or semimassive sulphides display bulk electrical resistivity 
values (p,) of less than 10 Q-m (Table 4). No electrical ani- 
sotropy has been identified in these samples, probably due to 
the lack of resolution of the electrical measuring system at 
these low resistivities. The error range for p, values less than 
10 Q-m is significant for the present electrical measuring sys- 
tem, thus the reduced resolution. The rest of the samples have 
inhomogeneities and anisotropies that can be reliably identi- 
fied by this measuring system. The samples have been cut in 
ways and shapes to allow different electrical components 
(e.g. host rock, sulphide and nonsulphide veins, bedding; 
Fig. 2) of a sample to be characterized. The host rock compo- 
nent is considered to represent basic rock properties, and the 
other components are considered to be interferences in this 
study. 

Sample X-12-5 (iron-formation) displays considerable 
electrical inhomogeneity, ranging from 150 Q-m to 
22 000 Q-m (Table 4). The electrical resistivity (p,) charac- 
teristics of this sample are represented by three specimens, 
X-12-5a, X-12-5b, and X-12-5c (Fig. 2a, Table 4). The p, 
value for specimen X-12-5a (22 000 Q-m, Table 4) represents 
the electrical resistivity of the iron-formation sample in the 
direction parallel to the foliation, but interrupted by a thin 
quartz vein (1 mm thick, Fig. 2a). Specimen X-12-5b is essen- 
tially a section of specimen X-12-5a without the interruption 
of the quartz vein, thus its p, value (8900 Q-m) represents the 
true electrical resistivity, in the direction of the bedding, of 
that sample. The p, values for specimen X-12-5c represent 
the electrical resistivities of the same sample in all three 
directions ( ~ 1 5 0 ,  P=7400 and ~ 5 3 0 0  Q-m). However, , 
unlike most cases, the direction across the foliation or bed- 
ding (a-direction) shows the lowest electrical resistivity, for 
reasons not currently understood. It is therefore concluded 
that this sample is characterized by electrical resistivities of 

Figure 5. 

Block diagram presenting a simplified explana- 
tion for type I inte$erence. A quartz vein (1 rnm 
thick) cuts across an iron-formation sample, 
raising the electrical resistivity from 9000 Q-m 
to 22 000 Q-m: a)iron-formation without vein is 
9000 Q-m, and b)  vein increased iron-formation 
resistivity by +13 000 Q-m. 
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150-8900 R-m, and that the thin quartz vein raises the 
electrical resistivity of the host rock by about 13 000 Q-m. This 
is refelred to as type I intelference, and is diagrammatically 
explained in Figure 5 .  This implies that if this vein cuts across a 
conductive body (e.g. sulphide ore body) it could raise its resis- 
tivity from <5 Q-m, as an example, to > lo  000 Q-m. Sample 
X-12-2, is also an iron-formation sample, which shows some 
electrical anisotropic characteristics (Tables 5, 6). However, 

no relationship to its geological characteristics are observed. 
Further thin section and scanning electron microscope (SEM) 
analysis is required to study the reason for the anisotropy. 

Samples X-12-6 and X-12-7 are typical of rocks with thin 
veins which contain very fine- to medium-sized grains of 
sulphides (Fig. 2b). For example, sample X-12-6 has thin 
siliceous veins containing very fine sulphide grains. These 
two samples yield p, values in the order of 5-50 R-m. The host 

Table 5. Measured and interpreted electrical resistivity (pr) ranges for 
rocks identified in the Brunswick number 12 hole 5175. 

Table 6. Electrical resistivity anisotropy characteristics of iron- 
formation and chloritized iron-formation samples. 

Rock types 

Sulphides 

Hanging and 
footwall 
sediments 

Iron-formations 

Chloritized 
iron-formations 

Basement 
rocks 

Veinlets 
quartz 
sulphides 

p, = Bulk electrical resistivity 
prH = Bulk electrical resistivity values taken in the direction parallel to the 

foliation or bedding 
p,,, = Bulk electrical resistivity values taken perpendicular to the foliation or 

bedding 
) = Samples that play minor role in the interpretation, due to significant 

interferences (type I, II, and Ill) 
TI = Type of interferences, I, Il, or Ill, observed 

Measured 

0.3 - 7 

600 - 4000 

100 - 20 000 

2-13000 

600 - 2000 

Sample 
No. 

Iron-formation 
X-12-2 

X- 1 2-5 

Chloritized iron- 
formation 
X-12-3 

Samples 
(X-12- ) 

4 

1, 8 

(2), 5 

3, (6) 

9, 10 

5 
6 7  

P, (a-m) 
Interpreted 

<lo (0.3 - 2) 
>10 000 

prH = 100 - 5000 
prv = 7000 - 9000 

prH<10 
prv=12 000 - 13 000 

>10 000 

+ 13 000 

TI 

I I 

1, 11, 1 1 1  

111 

II 

P, = Bulk electrical resistivity values taken in the direction parallel to the 
foliation or bedding 

Prv = Bulk electrical resistivity values taken perpendicular to the foliation 
or bedding 

h = Electrical resistivity anisotropy 

Specimen 
No. 

b 
c 

C 

a 

P ~ H  
(minimum) 

770 
190 

150 

el 0 

p,v 
(maximum) 

2300 
1400 

7400 

13 000 

h 

3: 1 
7.5:l 

50: 1 

1300: 1 
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rock of these two samples consists mostly of silicate material 
which is most likely derived from the chloritic iron- 
formation. Visual inspection suggests that the host rock may 
contain up to 1-5% of sulphides which are disconnected and 
are unlikely to have any effect of significance on the p, values. 
From the previous (sample X-12-5, interference type I) and the 
next two studies (X-12-3, interference type In) the host rock 
is interpreted to have p, values in the range of >10 000 Q-m. 
Such resistivity values are typical for crystalline rocks of 
igneous or metamorphic origin (Katsube and Hume, 1989; 
Katsube and Mareschal, 1993). That is, these veins are reduc- 
ing the p, values to 1-50 Q-m from >10 000 Q-m. These 
effects are referred to as the type I1 interference. This model is 
explained diagrammatically in Figure 6. These low values 

(8-50 Q-m), due to the veins, appear to depend more on the 
continuity of the sulphide mineral grains within the vein, 
rather than the number or thickness of the veinlets. 

Samplelspecimen X-12-3, from the chloritized iron- 
formation (Table 1, Fig. 2a), consists of interbedded, alternat- 
ing sulphide-rich and silicate (barren of sulphides) layers. It 
displays a significant electrical anisotropy: 1-8 Q-m in the 
directions parallel to the bedding and 12 000- 13 000 Q-m in 
the direction perpendicular to the bedding. It is interpreted 
that the sulphide-rich layers are the cause of the low resistiv- 
ity, and the silicate layers the cause of the high resistivity. 
This type of arrangement of high and low resistivity layers is 
referred as the type I11 interference, and is diagrammatically 

INTERFERENCE (11) 

(SULPHIDE DISSEMINATION) 

5-50 SZm 

HOST ROCK 

(a) (b) 

Figure 6. 

Block diagram explaining type II interference. In 
this case, a number of thin veins (<I  mm thick) 
containing sulphides cut across metamorphosed 
footwall iron-formation rocks, reducing the p, 
valuesfrom > I  0 000 Q-rn (estimated) to 5-50 Q-m. 
These lower values (5-50 Q - m )  appear to 
depend more on the continuity of the sulphide 
mineral grains within the vein, rather than the 
number or thickness of the veinsa) host rock with 
sulphide veins: 5-50 Q-m; b)host rock resistivity: 
1 0  000 Q-m. 

Figure 7. 

Block diagram explaining the type III interfer- 
ence. This represents a case where strong direc- 
tional effects are seen in the electrical resistivity 
distribution of a chloritized iron-formation sam- 
ple. This sample/specimen consists of an inter- 
layering of sulphide-rich material ( I  -8 Q-m) and 
nonsulphide material ( > I 0  000 62-m), resulting 
in electrical resistivities of 1-8 Q-m in directions 
parallel to the foliation, and of > I 0  000 Q-m in 
the direction vertical to the foliation. 

INTERFERENCE (111) 

(FOLIATION) 

>10,000 Qrn 

AhllSOTROPY >I000 : 1 

I-u Slrn 

CHLORlTlC IRON Fm. SLlLPHlDES 
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portrayed in Figure 7. This implies an electrical anisotropy of 
greater than 1000:1, one of the largest reported to date 
(Katsube et a]., 1996a, b, c). 

The results of the interpretation of the electrical character- 
istics of these rocks, using the reported information on the 
electrical properties of crystalline rocks (Katsube and Hume, 
1989; Katsube and Mareschal, 1993) and the three types of 
interferences observed in this study, are listed in Table 5. The 
first column lists the four rock types represented by the 
10 samples investigated, and some of the electrical structural 
components of the rock (e.g., quartz and sulphide veins). The 
actual measured and the interpreted ranges of pr values are 
listed in columns 4 and 5, respectively. The pr values are 
interpreted to be <10 Q-m for the sulphides, mainly based on 
the data for sample X-12-4 (Table 4). The p, values for the 
hanging and footwall sediments and the basement rocks are 
both interpreted to be >10 000 Q-m, considerably larger than 
the actually measured values (600-4000 and 600-2000 Q-m, 
respectively). This is due to the significant effects of interfer- 
ence type I1 (sulphide veins), which has reduced p,. Such val- 
ues (>lo 000 Q-m) are very common for crystalline and 
metamorphic rocks of the types that our samples represent 
(Katsube and Hume, 1989; Katsube and Mareschal, 1993). 
The range of measured pr values (100-20 000 Q-m) is larger 
than those of the interpreted prH and prv values (100- 
9000 Q-m) for the iron-formation, due to the elimination of 
the interference type 1 which had raised the resistivity consid- 
erably. The p* and prv represent bulk electrical resistivities 
taken in the directions parallel and perpendicular to the foli- 
ation or bedding. 

The electrical resistivity anisotropy (h) has been deter- 
mined for samples that show such characteristics (iron- 
formation and chloritized iron-formation), and the results are 
listed in Table 6. The parameter h is determined by dividing 
the largest p, value by the smallest one. For example 

for sample/specimen X-12-5c (Tables 4,6). The massive sul- 
phide sample (X-12-4) also displays anisotropic characteris- 
tics (Table 4). However, since the values for all directions are 
less than 10 Q-m, below the resolution of the measuring sys- 
tem, it has not been included in thel  calculations. The results 
indicate that h is 3:l to 50:l for the iron-formation, and 
1300: 1 for the chloritized iron-formation. The latter is one of 
the largest reported to date (Katsube et al., 1996a, b, c). 

CONCLUSIONS 

The results of this study indicate that the electrical resistivi- 
ties (p,) for mineralized rocks and nonmineralized host rocks 
(hanging and footwall sediments, iron-formation, chloritized 
iron-formation, and basement rocks) are in the ranges of 0.3- 
10 Q-m and 7000 to >10 000 Q-m, respectively. However, 
the range of values for the host rocks can be influenced by 
three types of interferences: type I, type 11, and type 111, 

resulting in the actual measured range of p, values being 
larger (2-20 000 Q-m, Table 5). Interference type I signifies 
the presence of thin (about 1 mm) quartz veins, a single one of 
which could raise the pr by 13 000 Q-m. In type I1 interfer- 
ence, the thin veins (e.g. quartz) contain fine- to medium- 
sized sulphide grains, which can reduce the p, values to 
5-50 Q-m from host rock p, values of >10 000 Q-m. Type 111 
interference is characterized by electrical anisotropy effects 
that can be as high as 1000:l or larger. A maximum pr of 
12 000 to 13 000 Q-m and a minimum pr of < lo  Q-m have 
been measured. 

These results contribute to progress in our understanding 
of the quantitative effects of electrical structural components 
of a rock, such as quartz veins, sulphide veins, and anisot- 
ropy. Studies using petrographic thin section and scanning 
electron microscope analyses are necessary to understand the 
relationship between electrical, mineralogical, and textural 
characteristics. 
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climate warming scenario 
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under a climate warming scenario; & Current Research 1997-E; Geological Survey of Canada, 
p. 109-115. 

Abstract: Information on present-day permafrost distribution in Canada and on its expected distribution 
after climate warming was needed to produce the peatland component of a climate change atlas presently 
being compiled at the Geological Survey of Canada. For this purpose, maps of Canada showing present and 
predicted distribution of permafrost in four zones - continuous, widespread, sporadic, and localized - were 
generated, based on existing compilations made by other scientists. Using GIs techniques, the maps of 
present and predicted distribution were overlaid to produce a derivative map showing predicted changes in 
permafrost conditions. Calculations based on the derivative map show that the extent of land underlain 
directly by permafrost is presently estimated at 4 065 200 km2 or 42% of the total surface area of Canada, 
and with climate warming it is expected to be reduced to 2 333 800km2 or 24%. This represents an expected 
change of 43% in the proportion of surface area underlain directly by permafrost. 

RCsumC : On a recueilli des donnkes sur la rkpartition actuelle du pergklisol au Canada et sur sa rkparti- 
tion prkvue compte tenu du rkchauffement climatique, afin de produire la section sur les tourbikres d'vn atlas 
des changements climatiques auquel la Commission gkologique du Canada travaille actuellement. A partir 
des donn6es dkjh compiltes par d'autres chercheurs, on a dress6 des cartes du Canada qui reprksentent la 
rkpartition actuelle et prkvue du pergklisol selon une division en quatre zones : pergklisol continu, pergklisol 
Ctendu, pergtlisol sporadique et pergklisol localisk. Au moyen de systkmes d'information gkographique, les 
chercheurs ont superpost les cartes de rkpartition actuelle et de rkpartition pr6vue pour obtenir une reprksen- 
tation des variations prCvues de l'ktat du pergCliso1. Les calculs effectuts h partir de cette carte dkrivte 
indiquent que la superficie des terres reposant directement sur du pergtlisol est actuellement estimke h 
4 065 200 Ism2, soit 42 % de la superficie totale du Canada, et que, sous l'effet du rkchauffement climatique, 
elle baisserait h 2 333 800 km2, soit 24 % de la superficie totale. La variation prCvue de la proportion de la 
superficie reposant directement sur du pergklisol se chiffre donc B 43 % 

' Agriculture and Agri-Food Canada Research Branch, K.W. Neatby Bldg., 960 Carling Ave., Ottawa, 
Ontario KIA 0C6 
3310 Southgate Rd., Ottawa, Ontario K1V 8x4 
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INTRODUCTION 

The Geological Survey of Canada is currently preparing an 
atlas showing the probable impact of climate warming on 
major depositional processes affecting the Canadian land- 
mass. Peatlands were identified as an important component 
of the atlas because they cover 12% of Canada's land area. 
Peatland distribution was examined and estimates were made 
concerning peatland sensitivity to the effects of the climate 
change predicted to result from doubling of atmospheric CO, 
levels. 

Peatlands occur in all permafrost areas. In fact, along the 
southern boundary of the permafrost region, the first occur- 
rence of permafrost is in the peatlands. Permafrost is thus a 
very important factor affecting peatland processes in the per- 
mafrost region, and any changes in permafrost conditions 
will affect these peat deposits (Zoltai, 1988). Climate warm- 
ing will severely alter peatland processes, especially in peren- 
nially frozen peatlands. Some areas that now fix carbon will 
begin to emit carbon in the form of greenhouse gases as peat 
materials thaw and decompose. 

The interrelationships between permafrost and peatlands 
made it necessary to examine the permafrost changes result- 
ing from climate warming predicted by various researchers 
(Woo et al., 1992; Zoltai, 1995; Anisimov and Nelson, 1996). 
Because the permafrost distribution maps produced by these 
researchers differed in some areas and, in some cases, were 
inadequate when applied to peatlands, it was necessary to 
develop a modified 2xC02 permafrost distribution map for 
this study. In this paper, the following subjects are addressed: 
1) existing data about the present and predicted permafrost 
distribution are examined; 2) modified maps of present and 
predicted permafrost distribution in Canada are generated, 
based on existing maps compiled by other scientists; 3) the 
modified present and predicted permafrost distribution maps 
were overlaid in a GIs environment to produce a new deriva- 
tive map showing expected changes in permafrost condi- 
tions; and 4) using GIs methods, the present areal distribution 
of permafrost in Canada is estimated and the expected area of 
permafrost resulting from climate warming is predicted. 

PERMAFROST IN CANADA 

Permafrost is defined as a state of the ground where ground 
temperatures in soil or rock remain at, or below, a tempera- 
ture of 0°C for at least two years (National Research Council, 
1988). In Canada, however, most permafrost has existed for a 
long time. In the permafrost region, the upper part of the 
ground which thaws each summer is called the active layer. It 
ranges in thickness from more than 1.5 m in some subarctic 
and continental regions, to 15-30 cm in arctic regions 
(French, 1989). The position of the base of permafrost is con- 
trolled by the balance between heat from the Earth's interior 
and cold air conditions at the ground surface (Heginbottom et 
al., 1995). Permafrost ranges in thicknesses from 0.5 m or less 
in subarctic and continental regions, to occurrences of hun- 
dreds of metres in the high arctic. 

At present in Canada, there is a latitudinal zonation in the 
occurrence and thickness of permafrost; permafrost becomes 
thicker and more continuous with increasing latitude (Brown, 
1967, 1970; Zoltai, 1995). This suggests that climate is the 
most important control on distribution (Brown, 1967; Zoltai, 
1995) but distribution is also affected by local climate, top- 
ography, geology, and vegetation (Heginbottom et al., 1995). 
Zoltai (1995) recognized four permafrost zones, which he 
described with respect to permafrost development in 
peatlands: 

1. Localized permafrost zone (LPZ) - permafrost occurs as 
small isolated lenses in peat that reach into the mineral 
substrate only under palsas. (Palsas and other peat 
landforms are described in Zoltai (1988)). 

2. Sporadic permafrost zone (SPZ) - permafrost occurs 
more frequently in bogs or as isolated occurrences in 
minerotrophic fens. In this zone, however, more 
peatlands are unfrozen than frozen. Permafrost reaches 
the mineral soil beneath palsas and peat plateaus. 

3. Widespread permafrost zone (WPZ) - most peatlands are 
permanently frozen, but there are unfrozen fens and 
shallow lakes are free of permafrost. 

4. Continuous permafrost zone (CPZ) -all land surfaces and 
even shallow ponds or lakes are underlain by permafrost. 

Similar zones are portrayed in the National Atlas map of 
present permafrost distribution (Heginbottom et al., 1995) 
although they are named differently. In that atlas, there are 
estimates of the proportion of land area affected by perma- 
frost within each of the four zones - LPZ: 0-10%; SPZ:lO- 
50%; WPZ: 50-90%; and CPZ: 90-100%. 

PRESENT-DAY PERMAFROST 
DISTRIBUTION 

There are two recent compilations of present-day permafrost 
distribution. TheNational Atlas compilation (Heginbottom et 
al., 1995), was based on a framework of physiographic units 
described by Bostock (1970), with pertinent and available 
information related to permafrost being considered for each 
unit. In compiling this map, it was assumed that the variabil- 
ity in all geological conditions within a physiographic unit . .  - - 

was less than the variability between adjacent units (Hegin- 
bottom and Dubreuil, 1993). Zoltai (1995, Fig. 1) generated a 
present-day permafrost distribution map for the western 
Canada based on drill core and other field data collected by 
himself and others. 

The boundaries of the different permafrost zones for the 
two compilations are mostly similar for the Northwest 
Territories and Yukon. Further south, however, Zoltai's com- 
pilation is more detailed for northern Alberta and differs from 
the National Atlas compilation (Heginbottom et al., 1995) for 
some parts of northern Saskatchewan and northern Manitoba, 
in areas where Zoltai's compilation is based on data from 
numerous boreholes. In the compilation showing present-day 
permafrost distribution in this report (Fig. l), Zoltai's map 
was used to generate permafrost zone boundaries for areas of 
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western Canada and boundaries for the remaining areas were 
based on the National Atlas compilation (Heginbottom et al., 
1995). 

PREDICTED PERMAFROST DISTRIBUTION 
WITH A DOUBLING OF ATMOSPHERIC 
COz LEVELS 

Some estimates of changes in permafrost distribution result- 
ing from warmer climatic conditions have been deduced 
using empirical reconstructions based on proxy data (Zoltai, 
1995) and by manipulating 2xC02.global circulation models 
(GCMs) (Woo et al., 1992; Anislmov and Nelson, 1996). 
Zoltai (1995, Fig. 3) produced a tentative map of permafrost 
distribution in peatlands in western Canada 6000 years ago, 
during the period of warmer climate which followed the dis- 
appearance of glacial ice from North America. His recon- 
struction is based on data from macrofossil analysis and 

radiocarbon dating of peat cores, which indicate whether per- 
mafrost was present or absent at the time of peat formation. 
He also indicated that some cautious paleoclimate implica- 
tions might be drawn from the reconstructed permafrost dis- 
tribution for 6000 years ago. Based on the positions of 
present and past boundaries of the permafrost zones, and the 
present mean annual temperatures for the region, he sug- 
gested that the mean annual temperatures were about 5°C 
warmer than at present. This temperature increase is close to 
the one predicted to occur in the same region as a result of the 
doubling of atmospheric C02 levels (Houghton et al., 1996, 
p. 42-43). 

Woo et al. (1992) generated a diagram showing projected 
shifts in the boundaries of discontinuous and continuous 
permafrost resulting from a surface temperature change of 
4-5°C. In their analysis, they assumed that the predicted tem- 
perature change will cause a spatially uniform increase in sur- 
face temperature of the same magnitude, and have 
superimposed this increase on current ground temperatures to 

Permafrost Zone 

Continuous 

Widespread a .. .. Sporadic 

n Localized 

0 500 1000 
I . - - -  

kilometres 

Figure I .  Map showing present distribution of permafrost, based on Heginbottom et al. (1995) 
and Zoltai (1995, Fig. 2). Glacier cover is shown in black. 
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produce their map. As a result, their new boundaries are equi- 
librium positions where it is assumed that there is no change 
in other climatic factors or vegetation. 

More recently, another analysis was undertaken by Anisimov 
and Nelson (1996) to predict permafrost distribution in north- 
ern circumpolar regions, based on a 2OC global warming. In 
their study, they manipulated three GCMs and an empirical 
paleoreconstruction, based on paleobotanical and paleogeo- 
logical data, and produced maps showing the new positions 
of permafrost boundaries. Four permafrost zones were identi- 
fied which are similar to the CPZ, WPZ, SPZ, and LPZ. In 
their maps showing predicted permafrost distributions, the 
positions of specific permafrost zones, based on the three 
GCM scenarios, appear to correspond in most areas. When 
compared to Zoltai's projections (1995), the positions of the 
CPZ and WPZ boundaries seem similar in many areas, but 
there is less correspondence between the predicted southern 

limits of the SPZ and LPZ. The southern limits of the SPZ and 
LPZ appear to lie more than 150 km further south in the pro- 
jections of Anisimov and Nelson (1996). 

The map showing predicted permafrost distribution in 
this report (Fig. 2) is based on the reconstructions of Zoltai 
(1995) for Northwest Territories, Alberta, Saskatchewan, and 
Manitoba, and on the predictions of Anisimov and Nelson 
(1996) elsewhere in Canada. Some modifications were made 
to Anisimov's and Nelson's projections in small areas in 
northern Quebec, Baffin Island, and northern British 
Columbia, based on altitude and local geology. In addition, 
the southern limit of the LPZ in northwestern Ontario reflects 
Zoltai's compilation rather than the predictions of Anisimov 
and Nelson because Zoltai's LPZ boundary is based on data 
for numerous boreholes in adjacent areas of northeastern 
Manitoba. 

Figure 2. Map showing the predicted distribution ofpermafrost resulting from climate warming, based 
on Zoltai (1995) and Anisimov and Nelson (1996). Glacier cover is shown in black. 
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PREDICTED CHANGE IN 
PERMAFROST DISTRIBUTION 

The predicted shifts in the distribution of permafrost within 
the four zones are shown in Figure 3. The most pronounced 
changes are expected to occur in the northern areas of the 
western provinces and the southern Northwest Territories 
and southern Yukon. The southern limits of discontinuous 
and continuous permafrost are expected to migrate more than 
300 krn northward in many areas. 

In order to better assess the magnitude of the expected 
change, some calculations were made (Table I), based on the 
compilations generated for this report (Fig. 1 to 3). As previ- 
ously mentioned, the actual areal extent of land underlain by 
permafrost within zones varies from zone to zone, ranging 

from 0-10% in LPZ to 90-100% in CPZ (Heginbottom et al., 
1995). For calculation purposes we have assumed the 
following: 

1. Glaciers were considered as nonpermafrost areas and 
their distribution is assumed to be unchanged after 
climate warming. Although the alpine glaciers are 
expected to shrink in some areas, there are many 
uncertainties in predicting the effects of climate warming 
on their distribution (Warwick et al., 1996). In addition, 
the changes in glacier distribution are expected to have a 
very minor effect on peatland distribution and processes. 

2. The percentage of land underlain by permafrost within 
the LPZ is 5%, the SPZ is 30%, the WPZ is 70%, and the 
CPZ is 100%. The first three figures represent the mid- 
point of the range of percentages suggested by Heginbottom 
et al. (1995) for the proportion of the land surface under- 
lain by permafrost in each of the four zones. 

Figure 3. Map showing the predicted shijis in permafrost zones, based on compilations in Figures 1 
and 2. For example, the part of the present SPZportrayed in a solid grey colour remains unchanged 
(SPZ), while the portion shown with a heavy crosshatch pattern changes to LPZ and the part with light 
crosshatching becomes permafrost-free. Glacier cover is shown in black. 
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Results show that the extent of land underlain directly by 
permafrost is presently estimated at 4 065 200 km2 or at 42% 
of the total landmass and with climate warming it is expected 
to be reduced to 2 333 800 km2 or 24%. This represents an 
expected loss in surface area underlain by permafrost of 43%. 
On this basis, the discontinuous permafrost zones seem to be 
most affected by the expecled warming. The surface area of 
land underlain by permafrost is expected to decrease by 90% 
in the WPZ, 84% in the SPZ, and 71% in the LPZ (Table 1). 
Continuously frozen areas (CPZ) are expected to become 
19% less extensive. 

SUMMARY 

Several existing compilations of permafrost distribution 
based on fieldwork, proxy data, and global circulation models 
were utilized to produce new compilations showing present- 
day permafrost distribution, predicted permafrost distribu- 
tion resulting from climate warming, and the predicted 
changes in permafrost conditions. The new compilations 
were analyzed, using GIs methods, to give an estimate the 
magnitude of the change expected in Canada's permafrost 
region resulting from the expected climate warming. Results 

Table 1. Areas of present and predicted permafrost distribution with predicted climate warming, 
(based on Fig. 3). 

Predicted 
Total surface area Loss of 

Present surface area Expected Total Present underlain by surface 
Pf or covered by change in surface Surface Surface area surface area Pf after area 
other present present Pf area of area of adjusted for underlain by climate underlain 
zone zone1 zone subzone3 lakes4 lake cover Pf 5 warming5 by Pf 

(km2) (km2) (km2) (km2) (km2) ("4 
CPZ 2 937 600 

CPZ to CPZ 1 756 400 37 700 1 718 700 1 718 700 1 718 700 0 
CPZ to W PZ 455 000 14 100 440 900 440 900 308 600 30 
CPZ to SPZ 467 400 28 200 439 200 439 200 131 800 70 
CPZ to LPZ 88 200 3 000 85 200 85 200 4 300 95 
Glaciers in CPZ 170 600 
Total 2 937 600 2 684 000 2 163 400 19 

WPZ 1 504 400 
WPZ to SPZ 255 700 30 600 225 100 157 600 67 500 57 
WPZ to LPZ 691 900 36 400 655 500 458 900 32 800 93 
WPZ to Pf-free 556 300 24 200 532 100 372 500 0 100 
Glaciers in WPZ 500 
Total 1 504 400 989 000 100 300 90 

SPZ 1 205 600 
SPZ to SPZ 161 400 5 800 155 600 46 700 46 700 0 
SPZ to LPZ 132 200 4 800 127 400 38 200 6 400 83 
SPZ to Pf-free 895 100 63 000 832 100 249 600 0 100 
Glaciers in SPZ 16 900 
Total for SPZ 1 205 600 334 500 53 100 84 

L PZ 1 244 700 
LPZ to LPZ 367 000 27 000 340 000 17 000 17 000 0 
LPZ to Pf-free 860 500 46 100 814 400 40 700 0 100 
Glaciers in LPZ 17 200 
Total 1 244 700 57 700 17 000 71 

Pf-f ree 2 879 200 
Pf-free to Pf-free 2 860 200 181 100 2 679 100 0 0 0 
Glaciers in Pf-free 19 000 
Total 2 879 200 2 679 100 

TO tal 9 771 500 9 771 500 502 000 9 269 500 4 065 200 2 333 800 43 
Proportion of total area of Canada underlain directly by permafrost 42 % 
Proportion of total area of Canada expected to be underlain directly by permafrost after climate warming 24 % 
Predicted change in proportion of surface area underlain directly by permafrost 43 % 
For calculation purposes: 
' Area including lakes and glaciers 
* Glaciers are not considered permafrost areas and their distribution is assumed to be unchanged after climate warming 

Area of permafrost zones includes lakes 
Area adjusted, based on National Atlas of Canada digital base (1: 7 500 000) 
Actual areal extent of permfrost within permafrost zones: CPZ - 100%; WPZ - 70%; SPZ - 30%; and LPZ - 5%. 

Abbreviations: Pf - permafrost 
Permafrost Zones: CPZ - continuous; WPZ - widespread; SPZ - sporadic; and LPZ - localized 
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show that 43% of the estimated 4 065 200 krn2 of surface area 
presently underlain by permafrost is expected to become 
permafrost-free. Areas of discontinuous permafrost are 
expected to be most severely affected. Permafrost may disap- 
pear from 90%, 84%, and 7 1 % of the sulface area presently 
affected in the widespread, sporadic, and localized perma- 
frost zones, respectively. 
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Pore surface area characteristics of the Nolichucky 
Shale within the Oak Ridge Reservation 
(Tennessee, U.S .A.): implication for fluid expulsion 
efficiency 

T.J. Katsube, J. ~orsch ' ,  and S. Connell 
Mineral Resources Division, Ottawa 

Katsube, T.J., Dorsch, J,,  and Connell, S., 1997: Pore su$ace area characteristics of the 
Nolichucky Shale within the Oak Ridge Reservation (Tennessee, U.S.A.): implication forjluid 
expulsion efliciency; Current Research 1997-E; Geological Survey of Canada, p. 11 7-124. 

Abstract: Pore-surface area characteristics, represented by the relationship between residual porosity 
ratio and pore-surface area ($,-A), have been determined for mudrock samples from the Nolichucky Shale 
on the Oak Ridge Reservation (Tennessee, U.S.A.) and for samples of mudrock-saprolite developed from 
these shales. The purpose is to obtain important petrophysical information, required for petroleum explora- 
tion and assessment of barrier quality to contaminant migration. 

Results indicate that the $,-A relationship for fresh mudrock and mudrock fragments from the saprolite 
is positive, implying that these Cambrian shales are likely mature and have undergone considerable 
diagenesis. The mudrock saprolite groundmass samples display a $,-A relationship which is zero to slightly 
negative, suggesting likely most pore cement has been dissolved to the extent that the original grains have 
lost most of their cement coating, effectively displaying characteristics of an immature sedimentary rock. 

RbumC : Les caractCristiques de la surface des pores, reprCsentCes par la relation entre l'indice de 
porositC rCsiduelle et la surface des pores ($,, - A), ont CtC dktermintes pour des kqhantillons de mudrock 
prClevCs dans le Shale de Nolichucky, dans l'Oak Ridge Reservation (Tennessee, Etats-Unis), et pour des 
Cchantillons de saprolite 21 mudrock dCrivC de ces shales. L'objectif vise consiste h obtenir des renseigne- 
ments pktrophysiques importants qui sont nkcessaires 2I l'exploration pCtrolibre et 2I llCvaluation des propri6- 
t6s des roches aptes 2I confiner la migration des contaminants. 

Les rCsultats indiquent que la relation $, - A pour les mudrocks non altCrCs et pour les fragments de 
mudrock provenant du saprolite est positive, ce qui implique que ces shales cambriens sont probablement 
matures et ont subi une diagenbse poussCe. Les Cchantillons de matrice du saprolite 2 mudrock presentent 
une relation $,, - A variant de nulle 2I 1Cgbrement nkgative, ce qui suggbre que la plus grande partie du ciment 
interstitiel a trbs probablement CtC dissoute 2I tel point que les grains d'origine ont perdu l'essentiel de leur 
enduit de ciment, propri6tC caractkristique d'une roche ~Cdimentaire immature. 

' Oak Ridge National Laboratory, P.O. Box 2008, Oak Ridge, Tennessee, U.S.A. 37831-6400 
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INTRODUCTION 

Pore-surface area characteristics have been determined for a 
set of samples of mudrock from the Nolichucky Shale of the 
Bear Creek Valley on the Oak Ridge Reservation (ORR, 
Tennessee, U.S.A.) and for samples of mudrock-saprolite 
developed from these shales. These characteristics are repre- 
sented by the relationship between the storageleffective 
porosity ratio ($,) and the pore-surface area (A). This data 
provides information on fluid expulsion characteristics of 
shales (Katsube and Williamson, 1995, in press), required in 
petroleum exploration, and on the evolution of shale pore- 
structure due to weathering; The purpose of this paper is to 
provide petrophysical information on Upper Cambrian shales 
to the data bank on shale pore-surface characteristics. 

Pore-size distribution has been previously determined 
(Dorsch, et al., 1996; Dorsch and Katsube, 1996), by the mer- 
cury porosimetry method, for samples of fresh mudrock from 
the Nolichucky Shale of the Bear Creek Valley on the Oak 
Ridge Reservation (ORR, Tennessee, U.S.A.) and of 
mudrock saprolite developed from these shales. This sapro- 
lite material is composed of saprolite groundmass and less 
weathered mudrock fragments. The pore-size distribution has 
been determined for all three types of material: fresh mudrock 
from the bedrock (BR), mudrock fragments (FR) from within 
the saprolite groundmass and saprolite groundmass (SP). 
These measurements were made as part of a study conducted 
to gather quantitative data on porosity and pore-structure in 
order to model matrix diffusion which is an important trans- 
port mechanism of chemical species within the saprolite man- 
tle on the Oak Ridge Reservation (Dorsch, et al., 1996; 
Dorsch and Katsube, 1996). This pore-size distribution data 
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Figure 1. Residual porosity ratio ($I,,) as a function of 
surj5ace area (A)  for shale samples from the Venture Gas 
Field (VGF) and Beaufort-Mackenzie Basin (BMB), and 
experimentally compacted muds (VSF-D and VSF-E) from 
the Venture Gas Field (afer  Katsube and Williamson, in 
press). 

INCREASED SURFACE AREA (A) 

r 

IMMATURE SHALE 

MATURE SHALES 

Figure 2. A simplified shale texture model for explanation of 
the positive and negative $,,.-A relationships shown in 
Figure 1, suggesting that an increase in A implies a $E 
reduction for diagenetically immature shales, and a $E 
increase for mature shales (after Katsube and Williamson, 
in press). 

contains information that can be used to determine the pore- 
surface area characteristics of these mudrocks. The methods 
used to determine the pore-surface area (A) characteristics 
are described in this paper. 

It has been suggested (Katsube and Williamson, in press) 
that the $,-A relationship is positive for diagenetically 
mature shales, and negative for immature shales (Fig. 1). A 
simplified model offered for explanation of this relationship 
is shown in Figure 2. This model suggests that an increase in 
A implies a $E reduction for diagenetically immature shales, 
and a qE increase for mature shales. Figure 2al represents a 
well sorted immature shale and Figure 2a2 represents a 
poorly sorted immature shale with an associated increase 
in A. Figure 2bl represents a mature (cemented) shale and 
Figure 2b2 represents a mature shale containing dissolution 
pores with an associated increase in A. 

The Conasauga Group represent the fill of a Late to Middle 
Cambrian intrashelf basin that developed on the Laurentian 
passive continental margin, bordering the evolving Iapetus 
ocean. The basin fill constitutes an alternation of mudrock- 
and carbonate-dominated stratigraphic units (e.g. Read, 
1989; Srinivasan and Walker, 1993). The Conasauga Group 
is contained within stacked thrust sheets of the Appalachian 
foreland fold-and-thrust belt. The present retrieval depths of 
our mudrock samples are less than 400 m. 
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- - - 

Mudrock of the Conasauga Group, however, was buried METHOD QF INVESTIGATION 
under a considerable thickness of rock and apparently experi- 
enced significant chemical diagenesis which led to thorough 
lithification. The estimated burial depth gives a minimum of Samples and petrophysical data 

A - 
4 km (Foreman, 1991) for East Tennessee. A larger burial The set of samples used in this analytical study consists of 10 
depth, however, is more likely based on the regional struc- fresh mudrock (BR) samples from the bedrock, 5 muchock- 
tural geology. Equivalent strata in Virginia are believed to fragment (FR) samples from within the saprolite ground- 
have been buried to between 6 and 8.5 krn (Montanez, 1994). mass, and 5 saprolite (SP) samples from the saprolite ground- 

Data on the diagenetic history of Conasauga Group 
mudrock is sparse. Lee et al. (1991) report a general paucity 
of cement. However, the occurrence of pore-filling organic 
matter, calcite cement, authigenic quartz, kaolinite, basite, 
and framboidal and authigenic pyrite was observed by othel-s 
(Lee et al., 1991; Baxter, 1988). Other diagenetic events 
detected were feldspar dissolution, glauconite formation and 
alteration, illitization and chloritization of kaolinite, and 

mass. ~am~leidentification numbers and rocl< type ase listed 
in Table 1. The sample sizes are in the order of 1-2 cm3, so 
that complete intrusion of mercury is ensured for measure- 
ment of the tight low-permeability material. Existing petro- 
physical data, including shale pore-size distribution data, for 
these 20 samples was collected from previous publications 
(Dorsch, et al., 1996; Dorsch and Katsube, 1996), and is com- 
piled in Table 1. 

chloritization of biotite (Baxter, 1989). 

Table 1 .  Petrophysical data of Nolichucky shale samples from within the Oak Ridge Reservation 
(based on Dorsch et al., 1996; Dorsch and Katsube, 1996). 

Sample 
No., ID 

Fm . = Formation 
BR = Fresh mudrock from the bedrock 
FR = Mudrock fragments (from within the 

saprolite groundmass) 
SP = Saprolite groundmass 
Q H ~  = Total porosity measured by helium 

porosimetry 
Q,,, = Total porosity measured by mercury 

porosimetry for pore sizes up to 10 pm (%) 
$,,, = Total porosity measured by mercury 

porosimetry for pore sizes up to 250 pm (%) 

Fm 

Immersion porosity 
Grain density (g/mL) 
Bulk density (g/mL) 
Skeletal density (gImL) 
Surface area (m2/g) 
Storage porosity 
Residual porosity ratio 
Depth (m) from which the sample was 
obtained 

KS-3 A16 
KS-4 A17 
KS-5 A18 
KS-6 A19 
KS-7 A20 BR 
KS-8 A21 
KS-9 A22 
KS-10 A23 
KT- 1 A24 
KT-2 A25 

h 
(m) 

@Hg2 

("h) 
6BD A 'rr ' l ie @ ~ g l  

("/o) 
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Shale pore-structure models Pore-surface area (A) determination 

Several pore-structure models are commonly used to explain 
the inter-relationship between the different shale petrophysi- 
cal characteristics or between the shale texture and petro- 
physical characteristics (Katsube and Williamson, 1994). 
Two of them, the "storage-connecting pore model" (Fig. 3a) 
and the "pore-size distribution model", consisting of a bundle 
of tubular pores with different diameters (Fig. 3b), are 
required to explain the @,,-A relationship. 

MODEL OF ROCK PORES a 

JOINT INTER- VUGULAR 
PORES GRANULAR PORES '" TBF Dfir 
1r v--v- 

GENERALIZED FORM 

TORAGE PORES 

7 T 
CONNECTING PORE J 

I PORE-SIZE d (nm) I 
Figure 3. Some of the pore-structure models used for 
characterizing shales (Katsube and Williamson, 1994): 
a )  storage-connecting pore model (Katsube and Collett, 
1975), and b) pore-size distribcition model (Katsube, 1992). 
The q5, is partialporosity, and d is the general expression for 
pore-sizes. 

The display format used for the pore-size, d, distribution 
(Fig. 3b), has each decade of the logarithmic pore-size scale 
(x-axis) subdivided into 5 ranges with equal physical spacing 
(Katsube and Issler, 1993). The porosity contained in each 
pore-size range is represented by the partial porosity, 4,. In 
principle, the sum of 4, for all pore-sizes is equal to oE. Pore 
surface area (A), in this case, is the sum of the pore surface 
area of all pore-sizes represented by cylindrical tubes of var- 
ied diameters and length, and can be expressed by 

where Qai and dai are the partial porosity and geometric mean 
pore-size for the different pore-size ranges, and 6,q is the 
bulk density of the sample. The derivations of Equatlon (1) 
are described in the Appendix. 

Storage/effective porosity ratio (or,) 
The effective porosity, qE, represents the pore space in all 
interconnected pores (Katsube and Williamson, 1994; 
in press), and is expressed by 

where $, and @, are the porosities of the storage and connect- 
ing pores (Fig. 3), respectively. The residual porosity ratio 
(@,) is represented by 

The 4, is determined by taking the ratio of the total mercury 
residual volume over the total intrusion volume, using mer- 
cury porosimetry. This is based on the assumption that mer- 
cury is trapped in the storage pores on depressurization. 

ANALYTICAL RESULTS 

The pore-surface area (A) values determined using equations 
(AX5) and (AX6) in the appendix, or equation (1) are listed in 
Tables 1 and 2. Examples of equation (AX5) used to 
determine the surface area for the different pore-size ranges 
and the final pore-surface area (A) values determined by use 
of equation (1) or (AX3 are listed in Table 2 for three sam- 
ples (A16,823-6 and 822-3). The results of the storageleffec- 
tive porosity ratio (@,) values determined, by taking the ratio 
of the total mercury residual volume over the total intrusion 
volume of merculy porosimetry measurements, are listed in 
Table 1. Total intrusion volume, in this case, implies the vol- 
ume of mercury that has intruded the pore-sizes of 2.5 nm to 
10 pm. Essentially, $Hgl in Table 1 is being used to represent 
QE in equation (3). 
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Table 2. Some examples of pore-size distribution and surface area (A) data for 
different pore-size ranges, d,, obtained by mercury porosimetry for three 
Nolichucky shale samples (based on Dorsch et al., 1996; Dorsch and Katsube, 
1996). 

Figure 4. 

Residual porosity ratio as a function of su$ace 
area (&r-A) for the Nolichucky Shale samples 
from within the Oak Ridge Reservation. Data for 
fresh mudrock (BR), mudrock fragments (FR) 
from the saprolite and mudrock saprolite 
groundmass (SP) are displayed here. The solid 
line represents the reduced major axis (RMA: 
Davis, 1986; Katsube andAgterberg, 1990), and 
the broken lines represent the two normal 
regression lines (NRLs). 

SURFACE AREA, A ( rn2/g) 

d, = Geometric mean pore-sizes for gHg2 = Total porosity measured by mercury 
the different pore-size ranges porosimetry for pore sizes up to 250 pm 
(nm) ("A) 

dhg = Geometric mean of the entire 6,, = Bulk density (g/mL) 
pore-size distribution (nm) h = Depth (m) from which the sample was 

g, = Partial porosity (%) obtained 
4Hgl = Total porosity measured by 

mercury porosimetry for pore 
sizes up to 10 pm (%) 

da(nm) 

3.2 
5.0 
7.9 

12.6 
20.0 
31.6 
50.1 
79.4 

126 
200 
31 6 
501 
794 

1259 
1995 
31 62 
5012 
7943 

$,a, (%I) 
h g 2  (oh) 
dhg (nm) 

6 ~ 0  (g/mL) 
A (m21g) 
h (m) 

('4 
0.61 
1.65 
1.11 
1.25 
1.40 
1.09 
1.80 
2.07 
1.96 
2.15 
2.45 
2.42 
2.84 
3.18 
1.36 
0.63 
0.38 
0.17 

28.5 
29.3 

182 
1.92 

1.98 

4. (%I 
0.45 
1.27 
1.39 
1.96 
2.64 
1.65 
2.10 
1.13 
0.45 
0.21 
0.12 
0.07 
0.14 
0.02 
0.02 
0.05 
0.02 
0.00 

13.7 
14.0 
27 
2.36 

3.79 

822-3 

4 (m2/g) 

3.97 
6.88 
2.93 
2.07 
1.46 
0.72 
0.75 
0.54 
0.32 
0.22 
0.16 
0.20 
0.07 
0.05 
0.01 
0.00 
0.00 
0.00 

20.3 

823-6 

4 (m2/g) 

2.38 
4.31 
2.98 
2.64 
2.24 
0.89 
0.71 
0.24 
0.06 
0.02 
0.01 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

14.5 

6 (%I 
0.34 
0.92 
0.58 
0.50 
0.37 
0.26 
0.29 
0.26 
0.08 
0.1 1 
0.03 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

3.75 
4.17 

30.5 
2.64 

41 -1 

A1 6 

4 (m2/g) 

1.02 
1.93 
0.72 
0.41 
0.24 
0.09 
0.09 
0.02 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

4.53 
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Figrcre 5. Effective porosity (&,I and sug%ace area (A) as a 
function of depth for the Nolichucky Shale samples from 
within the Oak Ridge Reservation. In this case $E = @Hgl. 
(h, = depth of weathering, SAP = mudrock saprolite ground- 
mass (SP in text), MD-FR = mudrock fragments (FR in text), 
MD =fresh mudrock (BD in text). 

The A values are in the range of 1.5- 19 m2/g for these sam- 
ples, a range similar to those previously obtained for shales 
(Katsube and Williamson, in press). The @,, values are in the 
range of 0.1-0.9, values also similar to those previously 
obtained. The A values for the fresh mudrock samples 
(samples A16 to A25) are in the range of 4.0-7.7 m2/g, a range 
resembling those of diagenetically mature shales (Katsube 
and Williamson, in press). 

The $,.,-A relationship for these mudrock samples is 
shown in Figure 4. If the fresh mudrock (BR) and mudrock 
fragments (FR) are considered to belong to the same group, 
they show a positive @,,-A relationship, similar to that of 
mature shales (Katsube and Williamson, in press). The 
mudrock saprolites groundmass (SP) display a $,,-A relation: 
ship that has a slope that is close to zero or slightly negative, 
suggesting a relationship that is somewhat between a mature 
and immature shale. 

DISCUSSION AND CONCLUSIONS 

It is not surprising that the $,,-A relationship of the set of 
fresh mudrock (BR) and mudrock f!agments (FR) within the 
saprolite groundmass is positive, since these samples are 
from Cambrian shales which are most likely mature and have 
undergone considerable diagenesis. The reason for the low A 
and @,values of the BR-samples (Fig. 4) can be explained by 
the model in Figure 2b1, and the larger A and @,, values of the 
FR-samples can be explained by the model in Figure 2b2. 
This implies that the pore-surface area has increased due to 
dissolving of the cement. 

It is interesting that the mudrock saprolite groundmass 
(SP) samples display rather large @,., values and show a @,.,-A 
relationship that has a slope of zero or tends to be slightly 
negative. The large $,, values indicate that the storage poros- 
ity is considerably larger than the connecting porosity, which 
is likely aresuhof most of the pore cement being dissolved, to 
the extent that the original grains have lost most of their 
cement coating, and are effectively displaying characteristics 
of an immature sedimentary rock (Fig. 2al). The fact that the 
@,,-A relationship is not positive, and has a slope of zero or 
tends to be slightly negative, supports this explanation. The 
fact that the slope of the @,-Arelationship is not clearly nega- 
tive may imply that there are still remnants of the cement 
coating around the grains. The low A values displayed by 
some of these SP samples may suggest that they have a sig- 
nificant course grain content. 

The effective porosity versus depth (QBh) and surface 
area versus depth (A-h) relationships are shown in Figure 5. 
Although there is  a data gap between the depths (h) of 
10-40 m, the trends of the $E-h relationship suggest that the 
$E values decrease with h to about 10-20 m, at which point 
they stabilize with depth at 3-5 %, as previously indicated 
(Dorsch and Katsube, 1996). This depth, probably, indicates 
the depth to which weathering has penetrated. Therefore, this 
point is referred to as the depth of weathering (h,). The sur- 
face area (A) is more or less constant with decreasing 
depth, at about 4-8 m2/g, until h, from which point A 
increases with decreasing h. However, it is interesting that A 
decreases with decreasing h, from about 2-3 m. This 
decreased A may suggest that most of the cement coating the 
coarse grain material of the original sediments have been dis- 
solved by the weathering process, an explanation that is con- 
sistent with that offered above. Most of the fine grain material 
contained in the original shale may also have been dissolved. 
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APPENDIX 
Let us define the partial porosity ($I,~) for the i-th pore-size range by 

$ai = VpiN, (AX11 

where Vpi and V are the pore volume for the i-th pore-size range and V is the volume of the sample, respect- 
ively. Since the "pore-size distribution model" (Fig. 3b) consists of a bundle of tubular pores with different 
diameters, V . and Ai are considered to be the volume and surface area of the i-th tubular pore with a diame- 
ter of dai an& length of lai: 

V . = ndatl,/4, P' 
and 

Ai = 9Tdailai. 

From equations (AX1) and (AX2) we obtain 

lai = 4$,iv/(7cda~). 

Therefore, from equations (AX3) and (AX4) we obtain 

Ai = 4V@,i/d,i. 

Since surface area is usually normalized to the weight, V8BD, of the sample, where 8BD is the bulk density, 
Ai is generally expressed by 

Ai = 4$ai/ ( d a i 8 ~ ~ ) .  

Therefore, the surface area (A) for all pore-sizes in that sample is expressed by 
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