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ABSTRACT 

The interpretation of deep seismic sections confirmed the 

suggestion of Tankard and Welsink (1987) that the extension of 

the central Grand Banks--Gal icia Bank terrain probably occurred 

along a low-angle intracrustal detachment gently dipping 

westwùrd. The interpreted seismic cross-sections show that the 

Jeanne dl Arc basin in the central Grand Banks is a hal f-graben 

whose basin-bounding Iistric normal fault (Murre fault) soles 

out along this low-angle intracrustal detachment. Transfer 

faul ts accommodate the areas where the amounts or rates of 

extension are different. Unconformi ty-bounded sequences are the 

direct sedimentary response ta the tectonic movement. A 

supracrustal detachment occurr8d within the cover sequences in 

Aptian time, resulting in numerous structural and stratigraphie 

modificatj ons. The subsidence curves of the Jeanne; d'Arc basin 

show an episodic subsidence pattern which resul ted from severai 

episodes of continental separation from North America. 

The structural styles and subsidence history of the Jeanne 

d'Arc basin have important implications for petroleum 

exploration which inclt;de: 1) the distd bution of source rocks, 

2) the distribution of reservoir rocks, 3) the generati~n of 

secondary porosi ty 4) the maturi ty of source rocks, 5) the 

developement of hydrocarbon traps, 6) the migration, 

entrapment, and preservation of hydroçarbons . 
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RÉSUMÉ 

L'interprétation de sections sismiques profondes a 

confirmé l'hypothèse de Tankard et W~lsink (1987) qui suggère 

que l'extension de la partie centrale de la région entre les 

Grand Bancs et le Banc Gali~ia a probablement eu lieu le long 

d'une zone de detachement intracrustal à faible pendage vers 

l'ouest. L'interprétation de coupes sismiques transversales 

montre que le bassin sédimentaire Jeanne d'Arc, situé dans la 

partie centrale des Grands Bancs, est un demi-fossé délimité 

par une faille normale listrique (faille Murre) qui converge 

avec la zone de détachement intracrustal. Des failles recoupant 

le bassin ont accomodé les région où le degré et/ou le t.aux 

d'extension furent différents. Les séquences délimitées par des 

discordances sont la conséquence directe de mouvements 

tectoniques. Le détachement supracrustal s'est produit dans les 

séquences de couverture durant la période Aptienne causant de 

nombreuses modifications structurales et stratigraphiques. Les 

courbes de l'affaissement du bassin sédimentaire Jeanne d'Arc 

indiquent qv'une série épisodique d'affaissements résultaient 

de plusieurs épisodes de séparation continentale de l'Amérique 

du Nord. 

Les divers styles structuraux et l' histoire de 

l'affaissement du bassin sédimentaire Jeanne d'Arc ont 

d'importantes implications pour l'exploration pétrolière qui 
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incluent: 1) la distribution des roches meres, 2) la 

distribution des roches réservoirs, 3) le développement d'une 

porosite secondaire, 4) le degré de maturité des roches mères, 

5) la formation de pièges pour les hydrocarbures, 6) la 

migration, le piégeage et la préservation d'hydrocarbures. 
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CHAPTER I. 

INTRODUCTION 

1.1 SIGNIFICANCE OF STRUCTURAL STYLES FOR PETROLEUM EXPLORATION 

Basic structural styles are defined by assemblages of 

tectonically related elements and their spacial arrangement. 

These structural styles generally are repeated in regions of 

similar tectonic regimes. structural styles are classified on 

basis of pasement invol vement or detachment wi thin cover 

sequences (Harding and Lowell, 1979). Basement-involved styles 

include wrench-fault structural assemblages, compressiv8 fault­

blocks, extensional fault-blocks, and warps. Detached styles 

are decollement thrust-fold assemblages, detached normal 

faul ts, salt structures, and shale structures. These basic 

structural styles are directl y re..i.ated to the larger kinematics 

of plate tectonics, and in some situation, to particular 

depositional histories. Unconformity-bounded sequences are the 

stratigrarhic response to these large-scale tectonic processes. 

Hence they record major episodes in basin evolution (810ss, 

1963, 1982). Smaller-scale adjustments to the tectonism are 

expressed in multiple st.::lcking of depositional sequences. The 

structures of a petroleum province can be further complicated 

by superimposition of fundamentally different structural 

sty~es. In many cases, detached faults, salt structures, and 
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shale structures are superimposed on extensional faul t-blocks. 

Identifying structural styles is one of the cri tical tasks 

in petroleum exploration. Following are sorne of its iroportant 

applications. First, the recognition of basement-involved 

structural styles is important for the petroleum geologist to 

understand the nature of the tectonic regime and construct or 

test different geological models. In the case of extensional 

fault blocks within conjugate passive continental margins, 

conspicuous asymmetry of extensional geometry probably 

indicates a low-angle intracrustal detachment, simple shear 

model of Wernicke (1981, 198~) rather than pure shear 

extensional tectonics (McKenzie, 1978). With the simple shLar 

model, the rift basins formed in the distal parts of conjugate 

continental margins are much deeper and wider, and as a result, 

more prospective for petroleum exploration. Second, because 

unconformi ty-bounded deposi tional sequences correspond directly 

to the tectonic and structural framework (Sl05s, 1963, 1982), 

understanding the structural styles is the key to understand 

basin evolution, and has important implications for the 

distribution of the source and reservoir rocks. Third, with the 

knowledge cf the structural styles, the location of hydrocarbon 

traps can be anticipated (see Harding and Lowell, 1979 for 

detail). Forth, the maturity of the source rocks is directly 

related to the subsidence history which is controlled by the 

tectonic framework. Fifth, the superimposition of later 

structural styles on the earlier structural ones can cause 

2 



numerous structural and stratigraphie modifications, which have 

great influence on the migration and preservation of 

hydrocarbons. 

In the Grand Banks, deep-penetration seismic surveys 

processed with moder.n techniques in recent years have revealed 

the subsurface structures and made it possible to study 

basement-involved structures. For the Jeanne d'Arc basin, the 

interpretation of seismic data, geological data combined with 

geochemical data vlill help to better understand the extensional 

mechanism, structural styles and subsidence history. It will 

also provi~e an oppertunity te evaluate the implications for 

petroleum exploration, which, I believe, has great significanee 

for th~s and other basins with similar structural styles. 

1.1 PREVIOUS STUDIES 

The Grand Banks is loeated in offshore Newfoundland (Figure 

1.1). The continental margin around the Grand Banks developed 

through several phases of rifting and spreading which displùy 

a general northward migration during the Nesozoic and Tertiary 

(Jansa and Wade, 1975; Srivastava, 1978; Kerr, 1981; Srivastava 

et al., 1981). The tectonie evolution and stratigraphie units 

of the Grand Banks have been described by several studies (e.g. 

Amoco and :mperial, 1973, Enachescu, 1987 , Haworth et al., in 

press, Hubbard et al., 1985, Jansa and Wade, 1975, Tankard and 

Welsink, 1987). The stratigraphy of the Jeanne d'Arc basin is 

3 
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Figure 1.1 Location and major tectonic elements of the Grand 

Banks and times of continental separation around the Grand 

Banks. (From Tankard and Welsink, 1987). 
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a direct response to its tectonic and structural history and 

framework (Tankard and Welsink, 1987). 

Several ext.ensional models have been proposed for the 

evolution of passive continental marg ins, which include the 

uniform extensional model (McKenzie, 1978), the non-uniform 

extensional moàel (Royden and Keen, 1980: Beaumont et al., 

1982: Keen et al., 1987a) 1 and the law-angle intracrustal 

detachment model (Wernicke, 19B1, 1985: Tankard and Welsink, 

1987) . 

Exploration for hydrocarbons focussed ini tially on salt 

piercernent structures, principally in basins of the southern 

Grand Banks (Amoco and Imperial, 1973). The giant Hibernia 

ail field was discovered in the Jeanne d'Arc basin, central 

Grand Banks in 1979 (Arthur et al., 1982). Subsequent 

discoveries , among which are the Hebron-Ben Nevis complex, 

and the South Ternpest, Nautilus, and Terra Nova fields, are 

almost aIl in the Jeanne d'Arc basin. These hydrocarbon 

occurrences are aIl structurally trapped in sandstones of Late 

Jurassic and Early Cretaceous age (Tankard and Welsink, 1987). 

Kimmeridgian organic-matter rich shales are the main source 

rocks for the Hibernia field and other discoveries in the 

Jeanne d'Arc basin (Arthur et aL, 1982; Powell, 1985). 

Geochernical studies of the source rocks revealed a I inear 

relationship between mùturity and the burial depth of the 

source rocks in the Jeanne d'Arc basin (Creaney and Allsion, 

1987). Abid (1988) discussed the diagenetic processes and 
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secondary porosity in sandstones with increasing dep':h in 

Hibernia 011 field. 

So far, every study on the Jeanne d'Arc basin has 

eoncentrated on certain specifie aspects of its geology. An 

integrated approach would be important for a better 

understanding of the evolution of the Jeanne d'Arc basin as a 

whole, and the occurrence of hydrocarbons in it. 

I.l OBJECTIVES AND APPROACHES 

My research focussed on the structural styles and 

subsidence his~ory of the Jeanne d'Arc basin and their 

implications fer petroleum exploration. The work is mainly 

based on the interpretation of seismic profiles and logging 

data. The geochemical data of Creaney and All~~n (1987) were 

used to construct the maturity level of the source rocks in the 

Jeanne d'Arc basin. 

38 selsmic lines and 15 composite logs were used during 

this research (Figure 1.2, Appendix). A number of figures and 

interpreted seismic sections from other authors were also used, 

which are identifted in the figure captions. In most seismic 

sections, the B-marker limestone reflector is continuous. It 

can be corr81ated in large area and thus used as a standard 

reflector for regional correlation (Figure 1.3). A Callovian 

uneonformity divides the seismic section into two mega-

sequences, each representing a rifting event followed by post-

6 
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rift subsidence. Each can be further divided into seq'.lences and 

sub-sequences ( Figures 1.3 and 1.4). The Cenomanian and Aptian 

unconfor.llities divide the second mega-sequence into three 

sequences: a Late Jurassic-Middle Cretaceous rift sequence, a 

Late Cretaceous transition sequence, and a post-rIft sequence. 

The generation and acçu~ulation of hydrocarbons are restrjcted 

to the Late Jurassic-Middle Cretaceous rift sequence which is 

of ma in concern wi th respect to petroleurn exploration. The Late 

Jurassic-Hiddle Cretaceous rift sequence is further dlvided 

into two sub-sequences by the Kimmeridgian unconformity: a 

Callovian-Kimmer idginn sub-sequence which contains the main 

source rocks and a Kimmeridgian-Aptian sequence which includes 

the main reservoir rocks. The pre-Tertiary unconformity 

reflector dividCS the post-Cenomanian post-rlft sequence into 

two sub-sequences which are characterized by different 

subsidence patterns. The Cenomani all-Early Tertiary sub-sequence 

is characterized by differential subsidence of the main 

structural elelTIents. The post-Cretaceous sub-sequence 

experienced an integrated subsidence as a single, unsegmented 

piece. 

Balancing techniques were used on aIl seismic sections to 

deterrnine the fault trajectories and the detachrnent depths of 

listric normal faults. Depositional sequence mapping was used 

to understand the topogrdphy, depositional systems, and source 

direction of clastic materials. Isochrone rnaps of the 

depositional sequences, near faults, also provided important 

8 
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Figure 1.3 Seismic line 79-NF-103 (see Figure 2 for location) 

showing half-graben asymmetry of the Jeanne dl Arc basin and 

maj or unconform i ty-bounded sequences and sub-sequences. The 

Hibernia structure forrned as a hanging wall anticline which 

is compl icated by t.he growth of salt diapirs. T--Pre-

Tertiary unconformity: P--petrel Limestone: Ce--Cenomanian 

unconconformity: A--Aptian unconformitYi BL--B-MùrJ.:er 

limestone; K--Kimmridgian unconforrnitYi Ca--Callovian 

unconformity; S--Argo Salt; H--B3sement; M--Murre Fault; 

N--Nautilus Transfer faul t; TR-Transfer taul t; TWT-- Lv·le wEly 

travel time in seconds. (adapted from Tankard and Welsink, 

1987). 
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information on fault activity. ':onversion of time sections into 

depth sections was used to determine the detachmeIlt depths of 

the listric normal faul ts and burial depths of the source 

rocks. 

Recognition of the extensional regime and st.ructural styles 

of the Jeanne d'arc basin is the key to this research. A number 

of seismic profiles were interpreted to understand and 

illustrate the structural styles of the Jeanne d'Arc basin. In 

summary j the implication of the structural styles for petroleum 

exploration is th:~ main concern of this research . 
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CHAPTER II. 

METHODS OF STRUCTURAL ANALYSIS 

II.l BALANCING TECHNIQUES 

During the irlt.erpretation of seismic profiles, section 

balancing techniques were used to determine the trajectorles 

and detachment depths of the listric faults and the geometry 

of the hanging w~ll sequences. A sectjon i5 said to be balanced 

when it can be reconstructed te its original geometry without 

cross-section area changes or bed-length changes. The section 

balancing techniques assume that <l11 deformation i5 in the 

plane of the section (plane strain) and area changes due to 

compact ion or sedimentary growth can be ei ther ignored or 

measured and accounted for(Gibbs, 1983,1984). 

Two main approaches to balance a section we~è used during 

the interpretation: 1) the line length balance, which checks 

the bed length on the section through the deformed rocks, and 

2) the area balance, which compares the excess area during 

extension with a regional datum or a marker horizon before 

deformation. 

In bath approaches, a "regionaJ line" and a "pin-line" are 

assumed (Figure 2.1). The "regional line:" is in the position 

of the undeformed marker horizon. The "pin line" is a line in 

the foot wall perpendicular to the "regional line". Both 

12 
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techniques have to be used iteratively before it is possible 

to obtajn a "satisfactory" result. 

The depth to detachment can be calculated through the area 

balance for extended terrains, assuming constant cross-

sectional area during extension. As shown in Figure 2.2, by 

measuring the area A, and calculating the extension e, the 

average detachment depth d can be calculated by the equation: 

A 
d= 

e 

Extensional movement on a listric fault or detachment 

usually gencrates a roll-over anticline on the hanging wall. 

In the sarne fashion, complex hanging wall structures will b'9 

generated by movement along an irregular fault profile (Gibbs, 

1983, 1~84). The hanging wall geornetry is a direct consequence 

of the shape of the foot wall and can te used to construct the 

trajectory of the listric fault or detachment. 

The two most frequently used construction mehtods during 

the interpretation of seismic profiles are (i) the chevron 

construction (Gibbs, 1983, 1984; Verrall, 1982) and (ii) the 

rnodified chevron construction (Williams and Vann, 1987). 

The chevron construction is comrnonly used for the 

construction of thrust faults. Verrall (1982) introduced this 

technique to the construction of extensional faul ts in the 

North Sea basin. The chevron construction was used to determine 

14 
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the shape of listric fault from the roll-over profile assuming 

that aIl points in the hanging wall have moved an equal 

distance (com~tant heave). This assumption will satisfy area 

conservation but cause the change of bed thickness. This 

construction is graphically shown in Figure 2.3 and relies on 

the relationship that the fault dip 0 can be expressed as : 

tan O=tjH 

where t is the throw and H the heave of the faul t. 

The modified chevron construction assumes that the hanging 

wall translates as a rigid block with little or no vertical 

thinning and with constant slip on the detachment fault. For 

the simple case in which there are no hanging wall antithetic 

and synthetic faults, the fault trajectory can be constructed 

graphically from the roll-over using the relationship (Figure 

2.4) : 

sin o=tjS 

where S is the slip on the faul t. To apply this method 

correctly to a linked fault array, slips on aIl of the faults 

must be summed up. SA the overall slip along the detachrnent 

will be built-up rapidly. The interpretation of seismic line 

71-32 in the Jeanne d'Arc basin shows an example of the 

modified chevron construction for a linked fault array (Figure 
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Figure 2 0 1 Detailed reconstruction of the shape of a listric 

fault using the chevron construction method (adapted from 

Gibbs, 1983). 

S.n6=t/S ARE" ". AREA B 

Con'tant 'ShI) 

Figure 2.4 Detailed reconstruction for the shape of a listric 

faul t using thE=> Inodif ied chevron construction l (adapted 

from wi 11 iams and Vann, 1987). 

Figure 2.5 Seismic line 71-32. A. showing the detailed 

procedure for the reconstruction of the detachment within 

the cover sequences using modified chevron construction 1. 

B. Interpreted seismic section showing the detachment and 

associ&~ed Egret structure and Hebron-Ben Nevis structure 

comple.c 'l'ha estirnated extension on this section during 

trans i tion phase is about 13 %. (See Figure 1.2 for location 

and Figu-:-e 1. 3 for symbols). 
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2.5). This seismic line is approximately in the direction of 

the overall e:;.ctension of the Jeanne d' Arc basin during the 

supracrustal detachment (Figure 2.6).50 the deforrnation along 

seismjc line 71-32 can be vicwed as plane strain. 

The effect of the two assumptions i5 that the depth to 

detachment is shallower using the modified chevron construction 

than using the Chevron construction. During the interpretation 

of the seismic profiles, these two approaches were generally 

used iteratively to arrive at a final solution. 

These construction methods can also be used with weIl data 

to construct the roll-over shape of the stra~igraphic markers 

encountered in the wells by back-cal culation from the faul t 

plane. 

Al though section balancing reconstructions al: s ideally 

carrled out on geological sections with equal vertical and 

horizontal scales, seismic sections whose vertical sCRle is 

given in two-way travel time invariably conta in geometric 

inforrn~tion which can be used to balance the section. The 

iterative application of balancing techniques and fault 

trajectories derived from the rolJ-over on the hanging wall of 

listric faul ts are essential pa ["ts of the prirnary 

interpretation of seismic l ines. AI'chough several solutions 

could result from using different balancing techniques, each 

resul t is val id under the assurnptions for each balancing 

te:::hnique. The correct result should be both valid 

geo~etrically and realistic geologically. Unbalanced sections 
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..",. (Late Juras51c to Mlddle Early Cretaceousl -V (Lilte Early Cretaceous) 

Figure 2.6 Extensional directions during synrift and 

transition phases. RS--Riedel shear; TF--Tension fracture; 

MF--Murre faul t; CRS--conj ugate Riedel shear; TFD--Transfer 

faul t direction. Rose diagram: from Tankard and Welsink 1 

1987. 
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are never correct. 

The balancing test should only be carried out on sections 

that are parallel to the movernent direction for aIl faul ts that 

intersect 'Chat section (Gibbs, 1983, 1984). For si.mple 

orthogonal extension, this means that the section should 

parallel transfer faults. For the more general case of oblique 

extension, the balancing should be carried out in three 

dimensions (See Gibbs, 1983 for details) • 

II.2 T1ME-DEPTH CONVERSION 

The key for the time-depth conversion is the determination 

of mean velocity. The velocity data usually come from sonic 

logs of wells on or near the seismic l ines. In the case of 

absence of wells, stacking veloci ty data were used. However, 

the stacking velocity is usually 10%-20% higher than the mean 

velocity from sonic logs. So, the stacking veloeity data were 

revised according to the sonie velocity è.ata from nearby wells 

or by simply being mul tiplied by a factor of 0.85. Then the 

depths wcre determined by the simple equatioll: 

D=V*T/2 

where D is the depth, V is the mean velocity, and T the two way 

travel time. 

During chis study, the time-depth conversion was used to 

determine the burial depths of the source rocks and detachment 
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depths of the Iistric faults in the Jeanne d'Arc basin. 

II.3 DEPOSITIONAL SEQUENCE MAPPING TECHNIQUES 

The depositional sequence mapping, whose final resul ts are 

isopach maps, is a very important te~hnique in the geologicai 

interpretation of seismic profiles (Hubbard et al, 1985). 

Depositional sequence mapping involves three steps: 

1) Boundary reflectors must be correctly correlated and 

loop-tied throughout the gr id of the seismic lines. In the 

Jeanne d'Arc basin, the B-marker limestone reflector can be 

correlated in most seismic sections over a large area and thus 

used as standard reflector for regional correlation. 'rhe other 

boundary reflectors are less recognizable than the B-marker 

l imestone reflector. To rnake sure that the reflectors are loop­

tied is important to obta in correct correlations. WeIl data are 

necessary to recognize certain reflectors and revise 

correlations, especiélJ ly in structurally complicated areas. 

Because in sorne cases, the loop-tied reflectors may not be the 

correct reflectors, checJeing the correlation by using the weIl 

data is mandatory (Hubbard et al., 1985). 

2) rfo extract thicknesses of the deposi tional sequences 

from the seismic dections, after they have been correctly 

correlated and Ioop-tied throughout the grid of seismic lines, 

is a relatively easy procedure. 

3 ) From contouring thickness values within the gr id of 
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- seismic lines with the aid of a computer or manually, isochrone 

or isopach rnaps are prepared. This is the final result of 

depositional sequence mapping. 

Isopach maps have great applicdtions in geology and are 

extensively used in presenting the results of seismic 

interpretations. Sorne typical applications of isopach maps 

during rny research are described below: 1) Isopach maps were 

used ta describe the shape of a unit for which sorne 

deposi tional and/or structural features may be very diagnostic. 

2) Isopach maps were used to predict facies, deposi tional 

environment, dnd so on. 3) Isopach maps were used to help 

unravel the geological history or make paleostructural 

reconstructions. Ta reveal early structural relationships, it 

is often necessary co produce isopach maps that effectively 

remove Jater tilting. 4) Isopach maps were used ta determine 

the activity of major faults. Consequently, depositional 

sequence mapping through geological time can reveal the periods 

of fault activity. 
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CHAPTER III. 

GEOLOGICAL SETTXNG 

The Jeanne d'Arc basin is located in the Grand Banks, 

offshore Newfoundland. The Grand Banks underwent a complex 

geological history. Pre-ri ft basement comprises precambrian 

and Paleozoic rocks of the Avalon terrane. The Avalon terrane 

was accreted ta the Appalachiéln Orogen by obI igue movement 

through transcurrent faults i~ the Mid-Paleozoic (williams and 

Hatcher, 1983; King, et al., 1986). The basement fabrics had 

a profound effects on Mesozoic rifting, which is clearly 

reflected on regional gravit y maps (Figure 3.l). The trends of 

structural elements of the basement correlate with the gravit y 

gradient, which can be used to speculate on the basin 

boundaries ùnd the positions of transfer faults. 

The Early Cretaceous paleogeographie reconstruction for the 

Iberia, North American and European plates is shown in Figure 

3.2. The Grand Banks were connected wi th the Gal icia Bank 

through Flemish Cap before the break-up of the continents. The 

Grand Banks record about 225 In. y. of basin formation and 

subsidence. In the Jeanne d'Arc basin, at 1east 14 km of 

Triassic through Lower Cretaceous sedimentary rocks are 

preserved below the Aptlan "break-up" unconformi ty ('rankard and 

We1sink, 1987; Figures 1. 3 and 1. 4). Severa1 phases of plate 

tectonic motion were responsible for Mesozoic continental 

break·-up and rifting around the Grand Banks: 
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1) African-North American plate separation was responsible 

for the Triassic-Jurassh:: rifting on the Grand Banks (Wade, 

1981). Post-rift subsidence resul ted in a broad saucer-shaped, 

epeiric basin that straddled the Grand Banks, Galicia Bank and 

Cel tic Sea platforms (Tankard and Welsink, 1987). In the Middle 

Jurassic, final continental brea}c"-up initiated the southern 

transforrn margin of the Grand Banks. 

2) The separation and final break-up between Iberia and the 

Grand Banks resulted in Late Jurassic rifting and extended the 

overall rifting history of the Grand Banks into the Mid-

Cretaceous (Massop and Miles, 1984). 

3) The continental marg in of northeast Newfoundland was 

formed as Europe separated from North America in Mid-Cretaceous 

time (Masson and Miles, 1984; Srivabtava and Tapscott,1986). 

The separation of the Rockall Trough terminated rifting 

activity in this area and preceded sea-floor spreading of the 

Labrador Sea which started at 80 Ma (Srivastava, 1978). 

The opening of the Atlantic Ocean around the Grand Banks 

is from south to north, and as a result, the continental 

margins in the Grand Banks developed progressively from south 

to north (Masson and Miles, 1984). The Grand Banks are divided 

into three extensional terrains by first-order transfer faul ts 1 

each terrain being characterized by a distinctive ~asin style. 

Basins of the southern Grand Banks are shallow, narrow, and 

enlogate. The northern Grand Banks are dominated by broad 

r 
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Orphan basin which is deeply buried under post-rift sediments 

of Late Cretaceous and younger ages (Keen et al., 1987h). The 

structural style of the central Grand Banks is simpler than 

that of the southern Grand Banks. Late Callovian-Aptian 

extension produced a series of half grabens including the 

Jeanne d'Arc basin. The Jeanne d'Arc basin contains up to 18 

km of Mesozoic and Cenozoic sediments (Tankard and Welsink, 

1987). 
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CHAPTER IV .. 

EXTENSIONAL MODEL FOR THE CENTRAL GRAND BAN~S 

Deep seisrnic profiles show that the continental crust and 

subcrustal lithosphere under the Grand Banks passive 

continental rnargins have been thinned progressively eastward, 

which suggests that the amollnt of extension increases 

progressively toward the separart~on center and finally 

resulted ~~ the break-up of the continents. 

There are several interpretations for the evolution of 

passive continental margins. One is th~ pure shear (uniform 

stretching, nlodel which assumes that: i) the l ithospheric plate 

thins uniformly and in proportion to the aruount of extension, 

ii) extension is in essence instaneous (less than 20 m.y.) 

(Mckenzie, 1978). Initial subsidence results from the brittle 

faulting and the replacement of lower densi~y crust by high 

denslty asthenospheric material. Uplift caused by replacement 

of cold lithosphere by hot asthenosphere is believed to be 

subordinate. Post-rift thermal subsidence resul ts from 

li thospheric cool ing and contraction dnd is an exponential 

function of time. The Mesozoic rifting in the c(?ntral Grand 

Banks lasted as long as 50 JO.y •• 'l'he effect of a finite 

duration of an extensional event i5 that a significant amount 

of heat i5 lest during rifting, increasing the synrift 

subsidence at the expense of post-rift subsidence (Cochran, 

1983). Ceophysical s"t.udies show that the lithosphere i5 layered 
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and the rheolo~ical properties vary continuously with 

temperature and pressure. The lithosphere is unlikely to extend 

uniformly undel.· stress (Royden dnd Keen, 1980; Beaumont et al. , 

1982). So the pure shear model is not applicable to the 

extension process in the Grand Banks. 

Royden and Keen (1980) and Beaumont et al. (1982) proposed 

a discontinuous, non-uniform stretching model in which the 

amount of stretching in the upper lithosphere is not the same 

as that in the lower lithosphere and an intralithospheric 

discontinuity, usually placed at the base of the crust, i5 

required. As shawn in Figure 4.1B, Keen et al. (1987a) 

suggested that the Mohorovicic discontinui ty ("Moha") acts as 

a decollement. The upper lithosphere gener ally deforms by 

brittle failure and the basin-bounding listric faults detach 

a~ the Moha, whereas the lower lithosphere extends by ductile 

flow (Keen, 1987a). Although this model is more realistic than 

the homogeneous stretching model, it does not easily explain 

the asymmetry of the extensicnal geometry in the central Grand 

Banks--Galicia Bank conjugate continental margins. This 

asymmetry includes: i) westward increase in the sole-out depth 

of the basin-bounding faults (9 km under Galicia Banks, 15-17 

km beneath Flemish Ca~, 26 km below the Jeanne d'Arc basin), 

ii) smaller fault-block spacing of the Galicia Bank marqin (10-

30 km width) as compared to that of the Grand Banks margin (40-

100 km width), and iii) a westward decrease in the amount of 

e~tension from 45% to 20% (Tankard and Welsink, 1987). 
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Figure 4.1 Reconstruction of extensional model for central 

Grand Banks using deep seismic profile 85-3. A. Trace of 

deep seismic profile without interrpetation. B. The same 

seismic profile interpreted by Reen (1987a) • c. 

Reconstruction of present study. The estimated extension 

on this section 15 about 30%. 

Figure 4.2 S reflection on Galicia Bank (from de Charpal et 

al. , 1978) which roay corrrelate with the low-angle 

detachment shüwn in Figure 4.1C. The estimated extension 

on this section is about 50%. 
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It is obvious that the Moho in Keen's (1988) 

interpretation dips gent1y westward not in accordance with her 

suggestion that the Moho is relatively horizontal (Figure 

4.1B). In my opinion, the Moho in Keen's intRrpretation (from 

the midd1e ta the 1eft of the seismic section in Figure 4.1C) 

is part of the lew-ang1e dAtachment dipping gently westwa:d. 

Only on the right side of the seismic section, 1:he Mohû 

corresponds to the real Moho and the intracrustal detachment 

occurs a little above the Moho. This intracrustal ctetachment 

could be correlated to the S ref1ector on Gal icia Bank (de 

Charpa1 et al., 1978; Manttret and Montadert, 1987; Figure 

4.2). This confirms the suggestion of Tankard and Welsink 

(1987) thGt the extension of the central Grand Banks-Galicia 

Bank terrain probably occurred along a complex system of 

detachments dipping gentl y to t.he west. The basj n-bounding 

faul ts sole out at this low-ang1e intracrustal detachment 

dipping gently westward. This law-angle intracrustal detachment 

i5 compatible with the asymmetry of the extensional geometry 

and has great significance for understanding the basin 

formation and subsidence history. However, it is more likely 

that the zones of upper and lower lithospheric stretching will 

be non-uniforme A model wt...ich combines the low-ang1e deta.chment 

and discontinuous, non-uniform stretchinCj may therefore be 

preferable. Further discussion is beyond the scope of this 

s+:udy. 
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CHAPT ER v. 

STRUCTURAL STYLES OF THE JEANNE D'ARC BASIN 

The Jeanne d'Arc basin has an asymrnetric, funnel-shapped 

geornetry. Extension was accommodated by southwest-northeast 

trending listric and planar fauit sets (Figure 5.1). A suite 

of southeast-northwest trending transfer faults separates 

adjacent areas that extended by different arnounts. The right-

lateral strike-slip rnovement aiong the transfer faui ts also 

generated srnailer scale Riedei shears and tension fractures 

within the cover sequences. The progressive increase of the 

extension in the Jeanne d'Arc basin northward produced the 

northward pl unge of the basin floor. An isochrore of synri ft 

sequences bounded by the Callovian unconformi ty and Valanginian 

unconforrnities in the southern apex of the Jeanne d'Arc basin 

refiects this paleogeography to sorne extent (Figure 5.2). 

Supracrustai detachment within the cover seqences toward the 

end of the rift phase at about Aptian time was caused by twa 

f:'\ctors: i) the gravitationai instability of the caver 

sequences resulting from the northward plunge of the Jeanne 

d'Arc basin axis and ii) a new phase of extension in the 

northern Grand Banks (Orphan basin) (Figure 5.3). 

There are number of distinct features characteristic of 

geological structures in the Jeanne d'Arc basin: 

Roll-over anticline -- This is an anticline formed by 
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sequences in south Hibernia area. 
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Figure 5.3 Seismic line NF-79-110 showing: (i) the supracrust::ll 

detachment within the cover sequences, (ii) the down 

stepping nature of basement transfer fault blocks, and 

(iii) the northward plunging floor of the Jeanne d'Arc 

basin. The Hibernia and Nautilus structures were formed as 

hanging wall anticl ines. (See Figure 1. 2 for location of 

profile and Figure 1.3 for syrnbols; from Tankard and 

Welsink, 1987). 
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gravit y collapse and rotation of the hangiing wall along a 

normal listric fault, and subsequent infill by sediments of 

the surface depression produced by extension (Figure 1.3). 

Intersectlons -- These are the configuraticns formed by 

structures which are repeated ln multiple alignments over broad 

areas. These can combine to forro zigzag or dogleg features. In 

the Jp-anne d'Arc basin, the intersection of ncrtheast~southwe::;t 

trending normal listric faults and northwest-southeast trending 

transfer faul ts formed the zigzag bounda.cies seen in Figure 

5.1. 

Relay -- Inconsistently overlapping structural e lements 

aligned paraI leI with one another and with the zone of 

deformation in which they occur are called relays. In the 

Jeanne d'Arc basin, the basin-bounding faults actually consist 

of a number of faults which are parallel with one another and 

c0nnected by zones of deformation. Later, the transfer faults 

formed within the zones of deformation to accommodate the areas 

with different amounts of extension (Figures 5.1 and 5.4). 

Trap-door blocks These are blocks formed by the 

intersection of normal l istric faul ts and transfer faul ts wi th 

maximum relative uplift near the point of the intersection 

( Figure 5. 5) . 

These distinctive structural features described above along 

wj th some other features constitute the unique structural 

styles of the Jeanne d'Arc basin. In the following, a more 
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Figure 5.4 Block diagrarns il1ustrating the formation of 

transfer faul ts and an associated relay structure (Courtesy 

H. \Velsink). 
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Figure 5.5 The isochron map (units in seconds) at the level 

of B-marker Limestone showing the shape of Hibernia 

anticline (from Arthur et al, 1982). 
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detailed disussion is presented. 

The diagnostic feature of a listric normal fault or 

detachrnent is that a dip change occura across the fault from 

the foot to hanging wall. For most listric faults or 

detachrnents, this involves a rotation or roll-over toward the 

foot wall of the pre-fault marker. The Murre Fault is the major 

basin-forming faul t of the Jeanne d'Arc basin and character ized 

by a listric geornetry and rotation of syn-rift sequencE's toward 

the fault plane (Figure 1.3). The Murre Fault involves basement 

and soles out along an intracrustal detachment surface (Figure 

4.1). Figure 5.6 shows a listric fault detaching within the 

cover sequence in the South Hibernia area. The syn-ri ft 

sequences bounded by the Callovian and Aptian unconformities 

thin toward the transfer fault (T) (Figures 5.2 and 5.6). The 

thickness of the syn-rift sequences appears to bear little 

relation to thü; transfer faul t. But the post-ri ft transi tional 

sequences which are bounded by the Aptian and Cenomani an 

unconformi ties are mainly controlled by this faul t. They 

progressi vely overstepped the faul t plane of the transfer faul t 

(T) and became thicker toward i t (Figure 5.6), which may 

suggest that this transfer fault became reactivated at about 

the tirne of the Aptian unconformity and during the period of 

transition from the syn-rift to the post-rift phase. 

The geometry of the hanging wall of a listric fault is a 

direct result of the trajectory of the listric faul t plane 

(Gibbs, 1983, 1984). Figure 5.3 shows a listric detachrnent with 
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Figure 5.6 Seiswic line 81-1305 showing the detachment within 

the caver sequence in south Hibernia. (See Figure 1.2 for 

location and Figure 1.3 for sy~bols) . 
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a rampa The movement of the hanging wall sequences along thls 

detachMmt resulted in the formation of an anticline and a 

syncline in the hanging wall. A shortcut fault developed 

between :he anticline and syncline. with further defoL~ation, 

a complex of anti thetic and synthetic faul ts developed. Figure 

5.7 shows a listric detachment with two rarnps above which two 

anticlineG and two synclines were formed as a resul t of the 

movement (If the hanqing wall sequences along the detachment. 

Transfer faul ts formed shurtly after the formation of 

normal f\:J.sin-bounding faults because of the need to accommodate 

the djfferent amounts or different rates of extension. They 

developed because, ln the early stage of extension, normal 

faul ts nucleate ;. ndependently ln a number of locations along 

the embryonic rift (Figure 5.4). As these normal faujts 

propagate along the strike toward each other, offsets and/or 

difference in dips between them must be accommodat~d by the 

deformation of the rock masse The listric normal taults and the 

deformation zone between them fOrTII the so-called relay 

structures referred to earlier. with increase of the 

displacement along the normal taults, this deformation will 

becorr.e concentrated into narrow zones or faults (transfer 

faults) in order to minimize the work done by the extension. 

The relay structures have significant control on the 

depositional facies and the thickness of the depositional 

sequences. First, basin draining rivers can enter a half-graben 

basin along the deformation zone or t~ansfer fault between the 

40 



T W r-aecond 

0 N M .. <li cg .... 

J:: ~ ~ 
'r-i .r-! 0 
.c ~ Il-! 
+J ~ 
.r-i rd N 

~ ~ p:: 
0 ri . +J 

C Q) 
Q) Q) .c 

~ +J !-4 
c ::s a: ..c c U tn 
:2 Il-! 'r-i 
lJ'l rd 

+J 0 .... 
Q) 

"C C Q) 

Q) 0 
Q) 
tf.l ..c 'r-! -+l +J 

rd 
b" ~ 

.-. 
s:: Q) Ul 

.r-i 0 !-4 ,-1 

~ 4-l ::s 0 
u .p .0 
..c u J:l 
Ul Q) ::s >. 

.c !-t Ul 
N +J -+J 
ri Ul H 
1 'tl 

0 
N rd 4-l 
CO ~ !-4 
1 rd rd M 

f:... :8 
Z Ul r-i 

Q) Q) ..c Q) 
~ U +J H 

.r-i ~ ::s ::l Q) 0 ,.-, 
::l tf.l O'l 

U tJ1 
.r-! 

z .r-! c;J 
ç,... 

'" 
'0 

z e Ul ~ "d or li) rd a: ~ .r-i 
\.4 rd Q) 
Q) Q) 

tf.l :> !-t ~ 
0 ::s 0 

f'o U +J .r-! 
U +J 

\1) ::s rd 
Q) !-t U 

Q) .c +J 0 
~ +J Ul ri 
::; 
tn 

.P"f 
fz4 

~ 
lJ'l 

41 

." _____________________ w ______________________________ __ 



( 

" 

Me" 

the areas wi th differ€!'It :lmounts of extension, al though the 

drainage is usually away from the basin ln the foot wall 

because of isostatic uplift (Figure 5.8) • A system of fan-deI ta 

Gomplexes is formed in an area such as the Hibernj a oil field 

where the Nautilus transfer faul t intersect~d witn the Murre 

basin-bounding faul t and formed a relay struct11re. The 

configuration of depositional sequences mimics the shape of the 

surface on 1,o1hich they were laid. Seismic line NF-79-108 runs 

through one of the relay str\.lctures. The deposi tional sequences 

thicken northward as resul t of the shape of the b.::.se!TIent 

(F igure 5.9). A supracrustal detachment w i thin the cover 

sequences formed because of gravj ty instability at about Aptian 

time. 

Transfer faults 

transform faul ts. 

are kinemat.ically al1alogous to oceanic 

Transfer f::Hllts are ubiquitous in 

continental extensional terrains j ust as t"ransform faul ts are 

in the oceanic crust. In th.e Jeanne d'Arc basin, the transfer 

faults are ortl'ogonal or oblique ai: high angle to the basin 

forrning no~mal faults. The oblique relationship may have been 

produced bi oblique extension (Gibbs, 1983, 1964) and/or the 

influence of basemept structure. The regional gravit y map shows 

good correlation between g!:"avity gradients on the one hand and 

the basin boundaries and transfer faul t trends on the other 

(Figure 3.1), suggesting that basement structural fabrics hùd 

a profound effect on Mesozoic extension dnd structural 

development (A~0CO and Imrt;rial, 1973; Williams, 1984 j Tankard 
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and Welsink, 1987). So the gravi ty data can be used to identify 

the positions of transfer faults. 

On seismic cross-sections, the transfer faults appear as 

moderately to very steeply dipping normal faults and rarely as 

reverse faults (Figures 1.3, 5.3 and 5.10). The rotation of 

transfer faul ts along strike forms so-called scissor structures 

(Figure 5.11). These transfer faults commonly splay upward as 

they propaga te up into the sedirnentary f ill s, resul ting in so­

called flower structures. Transpressional flower structures arc 

called positive flower structures and transtensional flower 

structures are called negative flower structures (Figure 5.10). 

In the Jeanne d'Arc basin most flower structures are 

negative, al though sorne parts of the flower structures may have 

a reverse sense. Reverse faults may be caused by either the 

Iater rotation of normal faults or locally compressive stress 

in the hanging wall of a larger-scale listric fauit (Gibbs, 

1983) • 

The transfer faul ts were reactivated in a normal sense from 

Late Barremiar. onward and caused further deepening of the 

Jeanne d'Arc basin toward north-northeast for two reasons: 1) 

the northward plunging axis of the Jeanne d'Arc basin caused 

gravit y instability of the sedimentary fill; 2) a new phase of 

rifting with a northwest trend developed in the northern Grand 

Sanks. The increasing plunge of the basin created a new set of 

normal faults that detached the Mesozoic succession above the 

baLernent (Figures 2.5, 5.3, 5.9). The hanglng wall geometry 
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Figure 5.10 Negative flower structures (see text for 

explanation) from portions of seismic lines NF-79-108 (A) 

and NF-79-103 (B). Notice that the structure (B) on the 

right changes from normal faults in the upper part to a 

reverse fault in the lower part because of later rotation. 

(see Figure 1.2 for location and Figure 1.3 for symbols) . 
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a .scissor structure. 

The rotation of Nautilus tran~fer fault forrned 

A: Portion of sesmic line NF-79-108, 

sho"-'ing fault the Nautilus (N) as a fault. reverse B: 
portion of seis~ic line NF-79-110, the Nautilus sho"-'ing 

faul t (N) as d normal faul t (See Figure 1.2 for location 

and Figure 1.3 for symbols). 
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reflected the geornetry of the foot wall which was characterized 

by the down-ste?ping nature of the basement transfer faults 

(Figure 5.3) . These supracrustal detachrlients occurred 

principally above the LOWE'r Jurassic saI ts. The movement of the 

hanging wall was essentiaIIy gravit y driven. These supracrustal 

detachments resuited in another set of anticlines and synclines 

which were superirnposed above the old set of anticl ines and 

synclines related to the Murre basin torrning tauit. The Avalon 

sequence was deeply üroded and thinned in structurally high 

regions and redeposited in the synclinal area. 

Differentitil extension as weIl as tault block rotation in 

the Jeanne d'Arc basin resul ted in di fferential subsidence 

rates, producing differential gravit y loading of the syn-rift 

deposi tional sequences on the salt strata, which in turn 

initiated the salt movement. Salt accurnmulation .... i thin the 

anticlines and withdrawal from synclines accentuated the 

configuration of the syn-rift sequences. Numerous saI t-cored 

structures and diapirs were formed in the Jeanne d'Arc basin 

(Figures 1.3, 5.9, 5.12, 5.13). The Callovian and younger 

sequences thin toward the salt structures and few faults or 

diapirs extended into the post-rift sQquences, suggesting that 

the salt structures developed during the Callovian-Aptian syn­

rift phase. 

In order to resolve the stress field of the Jeanne d'Arc 

basin, Tankard and Welsink (1987) constructed a rose diagram 

to show the main trends of the taults (Figure 2.6). There are 
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Figure 5.13 Seismic line 82-10 showing Adolphus salt diapir 

(See Figure 1.2 for location and Figure 1. 3 for symbols). 
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two tault trends in the basin involving basement: 1) 

extensional basin-forming fau]ts such as the Murre Fault, and 

2) transfer faults such as the Nautilus transfer fault. The 

basin-forming félUI ts and transfer taul ts were formed at the 

early stage of basin formation. Al though these two sets of 

faults are not quite perpendicular to each other, the Jeanne 

d'Arc basin can be viewed as being formed approximately by 

orthogonal extension. So the extensional stress during rifting 

should be approximately parallel to the overall trend of the 

transfer faults, that is, directed southeast-northwest (Figure 

2.6) • 

The remaining faults have a smaIIer scale and enly involve 

the coyer sequences. Their distribution appears te be related 

kinematicaIIy to right-Iateral strike-slip motion of the 

transfer faults (Tankard and Welsink, 1987). However, these 

faults have less control on the thickr.ess of the syn-rift 

sediments than on that of the sediments deposited during the 

transition period from syn-rift to post-rif~, as suggested by 

Figures 5.3 dnd 5.6. The formation of these taults appears to 

be related to the reactivation of the transfer faults and the 

development of the 

transition tirne. 

supracrustal detachrnent during the 

It can be inferred thdt the activity of the transfer faults 

was not intense after the early stage of basin formation until 

the transition tirne (Eélrly Aptian) when the transfer faul ts 

were reactivated in a normal sense. Movement of the transfer 
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faul ts is oblique-slip during the transition time. The dip-slip 

fraction of movement of the transfer faults caused the down­

stepping nature of the transfer faults, which at last resulted 

in supracrustal detachrnents. The strike-slip movement of the 

transfer faul ts kinernatically controlled the formation and 

distribution of small scale faults. Unfortunately, the exact 

displacement in the two directions (dip-slip ànd strike-slip) 

can not be accurately determined because of inadequate 

information. However, i t is certain that the overall 

extensional direction during the transition tirne is oblique to 

the transfer faults and directed northeast-southwest in Iate 

Early Cretaceous time (Figure 2.6). The extension due to this 

extensional Event estirnated on sesmic section 71-32 is about 

13%. As mentioned earlier, the reactivation of the transfer 

faults and dev~lopment of the supracrustal detachment may be 

related to the new phase of rifting in the Orphan basin in the 

northern Grand Banks. Therefore, the stress field in the Jeanne 

d'Arc basin could be si~ilar to that in the Orphan basin during 

the transition tirne. At this stage, rnovement of both the basin­

forming faults and the transfer faults is oblique slip. As a 

result, the movernent of the transfer fault has a normal sense, 

and the rotation was translated into large arnounts of strike­

slip rnovement along the older basin-bounding extensional 

faul ts. The G-55 f2Ul t forrned at this stage by detachment 

wi thin the cover sequences and the :-Iorthward translation of the 

Mesozoic succession (Figure 2.6). 
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CHAPTER VI. 

SUBSIDENCE HISTORY OP THE JEANNE D'ARC BASIN 

The Jeanne d ~ Arc basin contains a stratigraphie succession 

up to 18 km thick, resulting from 225 m.y. of basin formation 

and subsidence. The present configuration of the Jeanne d'Arc 

basin is the result of four episodes of basin formation: 1) 

Triassic-Early Jurassic rift phase, 2) Middle Jurassic epeiric 

basin phase, 3) Late Jurassic-Early Cretaceous rift phase, an' 

4) Early Cretaceous-Tertiary post-rift phase (Figures 1.3 and 

1.4). The episodic subsidence history is clearly shown in the 

subsidence curve of Figure 6.1. 

VI.1 TRIASSIC-EARLY JURASSIC RIFT AND POST-RIFT EPEIRIC BASIN 
PHASES 

The earliest episode of rj_fting occured in Late Triassic 

with a span of about 20 rn.y. This rifting event is documented 

by a thick sequence of ter:!"estrial red beds and overlying 

evaporites. Post-rift thermal subsidence resulted in a broad, 

saucer-shaped, epeiric basin that straddled the Grand Banks, 

Galicia Bank, and Cel tic Sea Platforrns (Tankard and Welsink, 

1987). Seismic data show little evidence of fault-controlled 

subsidence or disruption by unconformities. 
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Figure 6.1 Subsidence curves showing the episodic nature 

of subsidence which is related to episodic tectonic 

movement. Present burial depths increase northward (i. e. 

from Murre G-67 to Nautilus C-92) and are directly related 

to the extensional history and structural styles of the 

Jeanne d'Arc basin. Kimmeridgian unconformity was used as 

reference level. (See Figure 1.2 for the location of 

wells) • 
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VI.2 LATE JURASSIC-EARLY CRE~ACEOUS EXTENSION 

The Late Calliovian-Aptian time was the dominant perlod of 

rifting and basin formation in the Jeanne d'Arc basin. The 

amount of subsidence in the .Jeanne d'Arc basin is di fferent in 

different areas (Figure 6.1) and directly related to structural 

style. In cross-section, the rotation of the syn-rift wedge 

along the listric basin-bounding Murre tault produced several 

anticlines and synclines on the hanging wall (Figure 1.3). The 

highest subsidence rates are within the synr]ines. Salt tends 

to migrate to the anticlines and withdraw from the synclines, 

which accentuated the differential subsidence patt2rn of th~ 

Jeanne d'Arc basin. The listric fault margin of the Jeanne 

d'Arc basin is characterized by fast stacking of terrigencus 

sediments and lateral facie~ variations. In the monoclinal 

western rnargin of the Jeanne d'Arc basin the stratigraphie 

units are gradually wedging-out westward due to depositional 

and erosional thinning. 

The .. -qanne d'Arc basin recorded three stages of Late 

Jurassir:-Early Cretaceous subsidence (Figure 6.1): 1) Late 

Callovian-Middle Kimmeridgian rift-related subsidence, 2) Late 

K1mmeridgian-Valanginian fault-controlled subsidence, and 3) 

Late Valanginan-Early Aptian late-stage extenslonal subsidence. 
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VI.2.1 LATE CALLOVIAN-KIMMERIDGIAN RIFT-RELATED SUBSIDENCE 

Late Callovidn-Middle Kimmeridgian subsiùence corresponds 

to the onset of rifting, and formed the main hydrocarbon source 

rocks which are organic-matter rich limestones and calcareous 

mudstones. These fine-grained calcareous and argillaceous 

sediments onlap the basal unconformity and appear to blanket 

the entire basin (Figure 1.3). The fine-grained nature of the 

sediments suggests that faulting activity was not intense. This 

subsidence style agrees with the low angle detachment 

extensional model in which substantial movement along an 

intracrustal detachment may occur before significant brittle 

deformation affects the upper crust (Wernicke, 1985). However, 

the transfer faults appear to have controlled the Lopography 

of the southern extent of the Jeanne d'Arc basin. The 

thickness, organic carbon content and source rock quality of 

the Late OXfordian-Kimmeridgian sediments increase northward 

from the southern margin along the axis of the rift (Powell, 

1985) and across the transfer faults (Tankard and Welsink, 

1987) . 

VI.2.2 LATE KIMMERIDGIAN-VALANGINIAN FAULT-CONTROLLED 
SUBSIDENCE 

Late Kimneridgian-Valanginian subsidence marked the climax 

of rifting. Faul t activi ty was very intense, as suggested by 

the coarse, poorly sorted, fast-stacked sediments nedr listric 
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faul ts and the existence of numerous depQcenters wi thin the 

Jeanne d'Arc basin. Listric nOl~al faults and transfer faults 

divided the Jeanne cl' Arc basin ..i.t~to numerous fault blocks with 

different subsidence rates and depocenters. At this stage, the 

sediment dispersal system consistgd of a network of channels 

and valleys originatipg from the southern apex of the ,Teë>l1Tle 

d'Arc basin (rigure 6.2). These channels trend longitudinally 

down the axis of the basin and di-a out in the depocenter of 't.he 

Terra Nova field. 'l'he dispersal systems formed complexes of 

fan-deltas at the intersection of transfer faults and listric 

normal faults or at the deformation zones of the relay 

structures (Figure 5.8). Intense faultL1g activity, rapid 

subsidence rates associated wi th the rotation of the faul t 

blocks resulted in coarse-grained, poorly sorted, proximally 

sourced fluvial rocks, as weIl as restricted and shallow marine 

deposits. The floor of the basin in the west (faul ted margin) 

is the plane of the l istric Murre faul t. Formation of synthetic 

fault sets which merge \vith the sole fault created a synthetic 

fault fan i imparting a ramp-flat geometry to the floor of the 

Jeanne d'Arc basin (Figures 1.3, 2.5). As mentioned earlier, 

this geometry of the basin floor significantly influnced the 

later deformation of the caver sequences, forming series of 

anticlines and synclines. 
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VI.2.3 LATE VALANGINIAN-EARLY APTIAN SUBSIDENCE 

The end of the cycle of intense fault-controlled subsidence 

is recorded by the B-marker limestone about 32 m.y. after the 

beginning of mid-Mesozoic rifting. Late Valanginian-Early 

Aptian basin development significantly changed the depositional 

patterns. F~uIting activity was not intense at this time, and 

as a resuIt, the sediments were dominantly fine-grainé~ and 

argillaceous deppositional sequences overiapped the rift 

shoulders. Subsidence rate was greatest in the centre of the 

basin. Movernent of transfer faul ts had a normal sense and 

caused the down-stepping northwarà of the transfer faul t 

blocks. 3ubsidence rates increased toward the north across the 

transfer fnui ts (Figure 6.1). Late Valanginian-Early Aptian 

paIeogeography was characterized by shallow marine deposition 

along the basin margins. Water depth was sornewhat greater than 

that during '.:.he deposi tian of pre-B-marker horizons, and 

circulation was open marine (Tankard and Welsink, 1987). The 

composite Catai ina and Avalon sand stones are the principal 

reservoir levels formed during this interval. The intervening 

A-marker limestone consists of a series of l imestone and 

calcareous sandstone Ienses with an en-echelon arrangement. 

It ShovlS distinct lithological and thickness changes acrass 

faults. 
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VI.3 LATE APTIAN-EARLY CENOMANIAN POST-RIFT TRANSITION 

1 

The old transfer faults were reactivated in a normal sense 

about the time of the Aptian unconformi ty and during the 

transitional period to the post-rift stage, probably because 

of the influence of the new phase of extension in the orphan 

basin of the northern Grand Banks. A supracrustal detachment 

formed within the coyer sequence dS a result of the gravit y 

instability of thz sedimentary fill (Figures 2.5, 5.3, 6.3). 

The subsidence along the southwest-northeast set of extensional 

faults was insignificant ùt this stage. Another set of 

anticlines and synclines assoc..:iated with the supracrustal 

detachrnent was superimposed on the old set of anticlines and 

synclines which was related to the basin-forrning listric Murre 

fault. So the overall subsidence pattern of the Jeanne d'Arc 

basin is related ta three factors: 1) the overall northward 

plunging axis of the Jeanne d'Arc basin, 2)the hanging-wall 

anticlines and synclines related to the basin-forming listric 

Murre fault, and 3) the hanging-wall anticlines and synclines 

associated with later supracrustal detachment. 

VI.4 POST-RIFT THERMAL SUBSIDENCE 

The post-rift thermal subsidence can be divided into two 

stages. The first stage (late Ceno~~nian to Palaeocene) 

displays a differential subsidence pattern which i5 related to 
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Figure 6.3 Seismic line 81-1366 showing the Terra !Jova 

structure (See Figure 1.2 for location and Figure .3 for 

symbols) . 
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the position of a given area within the Jeanne d'Arc basin 

(Figures 1.3, 2,5, 5.12). Broad flexures dominated the 

structural styles at this stage. They are believed te be the 

result of passive draping by sediments and differential 

compaction above the buried topography. Numerous fan-deltas, 

sourcing from the Bonavista Platforrn, forrned at this stage. 

The second stage (post-Palaeocene) shows an integrated 

subsidence pattern of the Jeanne d'Arc basin as a single , 

unsegrnented downwarp. 
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CHAPTER VIX. 

IMPLICATIONS FOR PETROLEUM EXPLORATION 

The tectonic and structural framework and subsidence 

history of the Jeanne d'Arc basin largely controlled the 

distribution and properties of source and resei~oir rocks, and 

the maturation, migration , and entrapment of hydrocarbons. The 

implication of the structural styles of the Jeanne d'Arc basin 

for petroleum exploration is very important for further 

exploration ~~ the basin and other basins with similar 

structural styles. 

VII.l DISTRIBUTION QF SOURCE ROCKS 

The Jeanne d'Arc basin is unique in the Canadian East Coast 

offshore in containing thick, rich, oil-prone Upper Jurassic 

source beds. Geochemical studies in other areas of the Canadian 

East Coast offshore (Scotian Shelf--Powell, 1982; Labrador 

Shelf--Rachid et al., 1980; Powell, 1979) and drilling results 

provided evidence for gas-prone source rocks only. 

The Upper Jurassic (Oxfordian-Kimmeridgian) source rocks 

have been shown to be the main source rocks for the Hibernia 

oil and other oil discoveries in the Jeanne d' Arc basin 

(Arthur et al., 1982; Powell, 1985). There is a clear tectonic 

control on the distribution of source rock facies in the Jeanne 
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d'Arc basin 

source rocks 

(Tankard and Welsink, 

occurred during the 

1987). Deposition 

initial rifting 

of the 

phase 

associated with the separat~on of Iberia from the Grand Banks. 

The re] atively rapid deepening of the Jeanne d'Arc basin 

coincided with a relatively high sea-Ievel stand ln the 

Kimmeridgian, resulting in the fonnation of a deep anoxie basin 

that favored the formation of organic-matter rich source rocks 

(Demaison and Moore, 1980). Dominantly argillaceous and 

ehemieal sedimentation suggests that faul t acti vi ty was nct 

intense dt this time. However, the transfer faults appear to 

have eontrolled the tupography Qf the southern part of the 

Jeanne d'Arc basin and affeeted source rock thiekness. 

Sediments thicken and prograde northward across the transfer 

faul ts in the southern half of the basin. The thickness, 

of the organic carbon content, and source rock quality 

Kimmeridgian-Late Oxfordian sediments increase 

southern margin northward along the rift (Powell, 

across the transfer faults (Figure 7.1). 

from the 

1985) and 

The offset rift basins to the south of the Jeanne d'Arc 

basin contain thick Kimmeridgian sediments but with low 

concentrations of organic matter of non-source quality, 

suggesting a relati vely open env ironment. So i t can be inferred 

that differential uplift and subsidence during the initial 

rifting phase May have formed a barrier between the Jeanne 

d'Arc basin and those other basins to the south. The deposition 

and distribution of the Kimmeridgian source rocks fit the low 
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U~per Jurassic sediments of the Jeanne d'Arc basin (trom 

Powell, 1985). WeIl nurnbers refer to those in Figure 1.2. 
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angle detachment model. According to the intracrustal 

detachemnt model, at the beginig of extension, substantial 

movement and subsidence along an intracrustal detachment my 

occur wi thout significant brittle deforrnation in the upper 

crust. This process could forro a relati vely restricted and 

poorly oxygenated environment which favors the formation of 

source rocks. Further extension, in the Jeanne d'Arc basin, 

would cause Intense brittle faulting, which would destroy this 

restrlcted environment. This stage is characterized by the 

deposi tion of coarse-grained, poorly sorted sandstones near the 

faults and rapid facies variation, which 1s discussed in detail 

in ~he following paragraph. 

VII.2 DISTRIBUTION OF RESERVOIR ROCKS 

In the Jeanne d'Arc basin, hydrocarbon accumulation is 

restricted to Upper Ju~assic-Lower Cretaceous reservoir rocks 

mainly including the Jeanne d'Arc Sandstone, the Hibernia 

Sandstone, and the crillposite Catalina and Avalon sandstones. 

Extensional structures play a maj or part in determining the 

styles of clastic syn-rift deposition, both regional and 

locally, and thus control the distribution of the reservoir 

rocks. 
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Vllo2.1 JEANNE D'ARC SANDSTONE 

The Tithonian Jeanne d'Arc sequence was deposited during 

an intense rifting phase. The northward plunging axis of the 

Jeanne d'Arc basin l'esul ted in a prominant dispersal system 

(fluvial plain) that developed on the southern apex of the 

basin (Figure 6.2). A sand fan-delta complex is expected to 

have been deposited at the end of the channel system (Figure 

7.2). The Jeanne d'Arc and Hibernia sequences together 

constitute the mega-sequence which spans the interval from the 

regressional Kimmeridgian unconformity to the transgressional 

Valang i nian unconformi ty which is a product of the same 

tectonic regime. The isochron map of this unit in the southern 

apex of the Jeanne d'Arc basin shows a northward thickening 

wedge, reflecting the northward deepening basin floor (Figure 

7.3). Along the faul t-bounded marg ins of the Jeanne d'Arc ha! f­

graben, the drainage was away from the basin because of 

isostatic uplift of the basin shoulder during extension. 

However, streams were able to flow into the basin through the 

deformation zones of the relay structures or the transfer 

faults which offset the fault-bounded margin (Figure 5.8). This 

means that the depositional sites of the clastic sediment can 

be predicted from structural models before detailed lithologic 

studies are undertaken. The Jeanne d'Arc sequence of tr.e 

Hibernia oil field was deposited as a marginal alluvial fan 

complex at the intersection of the basin-forming Murre fault 
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" and the Nautil ~s transfer faul t. On the eastern monocl inal 

margin of the Jeanne d' Arc basin, a system of alluvial fans and 

fan-deI tas is ~xpected to have formed, preferably in areas 

where the transfer faul ts eut through the basin marg in. In 

Malawi rift of the ~ast ~frican rift system, sedimentation of 

this type is quite extensive (Crossley, 1984). 

VII.2.2 HIBERNIA SANDSTONE 

The Valanginian Hibernia Sandstone is fine to medium-

grained, and poorly to fairly weIl sorted. The distribution 

pattern of the Hibernia Sandstone is similar to the Jeanne 

d'Are Sandstone and controlled by the structural st y les of the 

Jeanne d'Arc basin. In the area of the Hibernia oil field, the 

dispersal system draining the Bonavista platform deposited a 

suite of sandy fan-deltas near the intersection of the basin-

bounding Murre Fault and the Nautilus transfer fault. Rifting 

at this stage was not as intense as that at the time of the 

Jeanne d'Are sequence. The relatively fine-grained nature of 

the sandstones and the absence of conglomeratie facies 

equj valent to the Jeanne d'Arc Sand stone suggest that the 

topographie relief and gradients were more gentle. 

VII. 2.3 COMPOSITE CATALINA AND AVALON SANDSONES 

The Catalina and Avalon sand stones formed during the Iate 
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stage of rifting. Fault-controlled subsidence gradually 

decreased in intensity. Gradients were gentle. As a resul t, the 

sandstones were fine to very fine-grained. No terrestrial 

facies are recognized in the half-graben fill. The depositional 

facies are characteristic of shore face environments. The Avalon 

stratigraphy was also affected by supracrustal detachment. At 

the crest of the hanging wall anticlines the sediments were 

eroded and redeposited in nearby synclines. 

VII.3 POROSITY EVOLU'!'ION IN SANDSTO~',ES 

Sediments undergo various diagenetic processes (mechanical 

compaction, dissolution, alternatjon, precipitation) from the 

time of deposition until rnetamorphism. These processes can 

significantly modify the reservoir porosity and permeability 

with incresing burial time and depth. Abid (1988) studied the 

mineraI diagenesis and porosity Evolution in the Hibernia ail 

field. In the following sections, his resul ts are discussed as 

far as they are relevant to the problems of hydrocarbon 

migration and entrapment related to structural Evolution. 

VII.3.1 MECHANICAL COMPACTION 

The major result of mechanical compact ion is the decrease 

in primary porosity. However, significant porosity chémges 

occurred between 2500-1000 rn depth in the Hibernia oil field 
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(Abid, 1988). Above 2500 m, mechanic[ll compaction is relatively 

minor, which is indJ cated by loosely packed framework of 

sandstones. Fromework grains have point contact with one 

another. Below 3000 m, concavo-conv~x grain contacts and 

sty101ites due to pressure solution (chemical compaction) 

prevail. The degree of mechanical compaction in reservoir rocks 

of the Hibernia field at different depth varies, from minor in 

the Avalon Sandstone through moderate in the Catalina Sandstone 

("B" Sandstone) to advanced in the Hibernia and Jeanne d'Arc 

sandstones. 

VII.3.2 CHEMICAL DIAGENESIS 

In the Hibernia oil field, the most important diagenetic 

processes, which influenced the sandstone porosity besides 

mechanical compactin, are: i) the precipitation of early 

ferroan calci te cements, ii) quartz overgrowth 1 j i i) 

d.i.ssolution of calcite cements, iv) precipitation of late 

ferroan calci tel ferroann dolomite cements. The early ferroan 

calci te cementation is very important for the formation of 

secodary porosity in sandstones. Where early fer~oan calcite 

cements occupied the pore spa ce in sandstones, thcy prevented 

further mechanical compact ion as Hell as quartz overgrowth. 

Later dissolution of the calci te ceI1\ents resulted in widespread 

secondary porosity developemnt. Where early ferroan calcite 

cementation was not significant, porosity decreased 

r , 
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continuously due to mechanical compaction and quartz overgrowth 

and could not be recovered by later dissolution. Late ferroan 

calcitejferroan dolomite cementation destr.oyed the secondary 

porosity to some extent but not significantly. This rnay be 

because hydrocarbon migration occurreè!. shortly after the 

formation of secondary porosity, which prevented further 

cementation. However, if the interval between the generation 

of seccndary porosity and hydrocarbon migration was too long, 

cementation and addi tional compact ion would have destroyed the 

newly formed secondary porosity to a large extent. The ratio 

of secondary porosity to total porosity increases with burial 

depth from 20% in the Avalon Sandstone (2100-2660 m) to >80% 

in the diagenetically mature Hibernia Sandstone (3480-4100 m) 

(Figure 7.4). On the basis of isotopie analyses, Abid (1988) 

suggested that most materials required for the precipitation 

of ea rly calcite ceITIents, Iate calcite cements as weIl as 

quartz overgrowth came from both interbedded and deeper level 

shales through dissoiution of fossil fragments, and alteration 

of clay and other mineraIs. 

VII.3.3 aOME PRlMARY CONTROLLING FACTORS ON THE GENERATION OF 

SECONDARY POROSITY 

VII.3.3.1 PRlMARY POROSITY AND PERMEABILITY 

The flow of fluids tends to choose the easiest paths first, 
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that is, the most porous and permeable sandstones as weIl as 

faults and fractures. Faults and fractures will be discussed 

later. When other factcrs are the same, sandstones with high 

porosity and permeability tend to have high secondary porosity 

in comparison with tight sandstones at the same depth. 

VII.3.3.2 THICKNESS OF SANDSTONES AND SHALES 

Under the assumption that the materials required for 

chemical diagenesis came mainly from interbeded and deeper 

level shale~, thin, porous saf:dstone beds interbeded wi th 

shales are more likely to have undergone early ferroan calcite 

cementation and have abundant secondary porosity due ta later 

dissolution of calcite cements. Thick sandstone beds with low 

primary porosity and permeability wU l be less affected by 

early calcite cementation and show JTlore advanced mechanical 

compaction compared to thinner sandstcnes. This may be true for 

the Hibernia oilfield (Abid, 1988). As disussed earlier, the 

Jeanne d'Arc and Hibernia sandstones were deposited as 

complexes of fan-deltas. Sandstone beds in different parts of 

the fan-deltas may have undergone different diagenetic 

histories. Sandstone beds in the middle of fan-delta complex 

are relatively porous and permeable and interbeded with shales. 

The presence of large volumes of shales will provide large 

amounts of fluids for cenmentation and dissolution processes. 

In the rear part of the fan-delta complex, sandstone Leds are 
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thick and little shale exists. The fluids required for 

cementation and dissolution were not aV3ilable. In the front 

of the fan-d~lta complex, the sandsones are fine-grained and 

contain abundant detrital clay, and thus have low porosity and 

permeabili ty. Consequently r there was li ttle early calci t.e 

cement in the sandstones. Therefore, only in the middle of the 

fan-delta, sand stones underwent early calcite cementation, and 

porosity was recovered through later dissolution of the ca] cite 

cements. While in the rear and front of the fan-delta complex, 

no early calcite cements were precipitated in the sandstone 

beds, mechanical and chemical compaction decreased the porosi ty 

substanrially. 

VII.3. 3.3 FAULTS AND FRACTURES 

Faults and fractures are the major paths for fluids to 

migrate vertically in the Jeanne d'Arc basin (Powell, 1985). 

Sandstones near faults zones thus May have a high percentage 

of secondary porosity. Fault activity could have large effects 

on the formation of secondary porosity. The later detachment 

within cover sequences and the reactivation of thE: transfer 

fauIts occurred in Ear~y Aptian time. This faultlng activity 

May hav~ triggered the miqration of fluids within pore space, 

which may mark the time of the generation of widespread 

secondary porosity. 
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VII.3.3~4 ~CIDIC WATER ASSOC1ATED WITH MATURATION OF ORGANIC 

MATTER 

Along wi th the maturation of organic matter 1 large amounts 

of organic acids will be released into pore water. These acidic 

fluids can flow laterally along sand stone beds or vertically 

along faul ts and fractures 1 which will resul t in widespread 

secondary porosity development. Therefare, the acids assaciated 

with and perhaps moving ahead of the hydrocarbons could create 

a substantial part cf reservoir porosity for the accumulation 

of the hydro' "t'bons that trail the acids in their migration. 

(Surdam and C.ossey, 1987) 

VII.4 TYPES OF HYDROCARBON TRAPS 

with the knowledge of the structural styles of the Jeanne 

d'Arc basin, we can anticipate the types of hydrocarbon traps 

to be encountered in the basin, excluding stratigraphie traps 

(Harding and Lowell, 1979). Fjrst, the hanging wall anticlines 

can fOrIn important closures, especially when they formed at the 

jt1nction of normal extensional taults and transfer faults such 

as Hibernia ant leI ine structure. At this 1 ocation, important 

"trap-door" cl asure may oeeur, where reg ional dip, block 

rotation drèpe and flexure foeus the maximum structural rel ief, 

forming numerous structural and stratigraphie trùps. rfhe floar 

of the Jeanne d'Are bas in has a flat-ramp geometry whieh 
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significantIy influenced the Iater deformation of the caver 

sequences. A series of anticlines and synclines in the hanging 

wall were fo:r~ned with movement of the cover sequences along the 

listric basin-bounding Murre fault. The Terra Nova anticline 

structure is in the same fault block as the Hibernia structure 

and was originally associated with the listric bdsin-bounding 

Murre fault (Figures 2.6 and 5.12). Late detachment within the 

cover sequences produced the fina.l configuration of this 

anticline (Figure 6.3). The negative flower structure 

associated with a transfer fault (Figure 5.10) can also form 

structural traps. Transfer fault zones, as Iong-lived zones of 

movement, are likely to be preferred fluid flow paths along 

which hydrocarbons migrate from deeply buried source rocks to 

higher level structural and stratigraphie traps. Salt-cored 

structures, including domes and penetrative diapirs, are 

numerous in the Jeanne dl Arc basin. Hydrocarbon traps cf these 

types were the focus of early exploration in the southern Grand 

Banks. 

VII.S THE MATURITY OF THE SOURCE ROCKS 

There is a linear relationship between maturity and present 

depth (Creaney and Allison, 1987): 

LOM = 2.380-0.50 
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where LOM is the level of organic maturation, and D the depth 

(km). The burial depths were obtained by tirne-depth conversion 

of seismic sections. The maturity state at the present time is 

dlrectly related to the structural framework and subsidence 

history of the Jeanne d'Arc basin (Figure 7.5). The source 

rocks are thermally immature in the southern part of the Jeanne 

d'Al c basin, but become mature rapidly northward, corresponding 

to the northward deepening of the Jeanne d'Arc basin. The 

central and northern parts of the Jeanne d'Arc basin are 

overmature. The maturity state of l.he source rocks is also 

affected by the hanging wall geornetry of the listric basin­

bounding fault. Source rocks became mature earlier within 

synclines 

maturation 

than 

of 

within anticlines. In addition, 

the source rocks was influenced 

thermal 

by the 

supracrustal C1etachment. Displacement dnd rotation of the 

Mesozoic cover above the supracrustal detachment resulted ln 

overdeepening in the hanging wall synclines. As a result, 

source rocks in the hanging wall synclines became mature 

earlier. Peak oil generation was reach8d in the deepest part 

of the Jeanne d'Arc basin by Barremian time (122-116 Ma; 

Creaney and Allison, 1987). Under the Hibernia structure, peak 

ail generation occurred somewhat later during Cenomènian tim~ 

(100-92 Ma) and after the Petrel Limestone was in place as an 

effective top seal. 
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Figure 7.5 The maturity state of source rocks at the present 

time in the Jeanne d'Arc basin. WeIl numbers refer to those 

in Figure 1.2. (Modified from Creaney and Allison, 1987) 

80 



VII.6 THE MIGRATION AND E~~RAPMENT OF HYDROCARBONS 

So fa~, the majority of the oil discoverjes in the Jeanne 

d'Arc basin has been within or near the present mature zone 

(Figure 7.5), although it is possible that the hydrocarbons 

could migrate upward to less mélture reservoir rocks before 

thermal destruction within the present overmature zone. This 

d].stribution pattern of oil discoveries suggests that 

hydrocarbons are mainly locally sourced in the Jeanne d'Arc 

basin. Possible reasons for this are (i) the relatively 

frequent facies changes as a resul t of the intense faul t 

activity, and (ii) the separation of fault blacks by faults 

preventing long-d.istance lateral migration of hydrocarbons. 

More or less vertical migration along faults and fractures has 

been the main mechanism of trap fill in the Hibernia area, and 

this has been confirmed by geochemical evidence (Creaney and 

Allison, 1987). The transfer faults were r3activated at late 

Barremian time to Early Aptian. The supracrustal detachment. and 

its associated antithetic and synthetic faults in Early Aptian 

time modified the pre-existing rift-related hydrocarbon traps 

and developed t_he m i.gration paths. These events coulà have 

triggered the migration of fluids. As mentioned earlier, peak 

oil generation was reached in the deepest part of the Jeanne 

d'Arc basin by BéŒremian time (122-116 Ma). In the Hibernia 

area, the peak ail generation (at about 100 Ma) occurred about 

20 Ma after the time of the supracrustal detachment (at about 
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120 Ma). Acidic pore water assosiated wi th the hydrocarbons 

may have created significant amounts of secondary porosi ty. oil 

gas chromatograms of six oil samples taken from a vertical 

inte:rval of 1.7 km from the Hibernia P-15 weIl appear 

identical, suggesting that they are derived from che same 

Kimmeridgian source (Creaney and Allison, 1987). The timing of 

hydrocarbon migration relative to the formation of the 

secondary p01:"osity is very important to the occurrence of 

hydrocarbons in reservoirs which is a result of a number of 

factors. Other important factors jnclude: i) the distribution 

of source rocks and reservoir rocks, ii) the maturity of the 

source rocks, Hi) migration paths, iv) the development of 

structural and stratigraphie closures, v) availability of cap 

rocks as seals, and vi) the preservation of hydrocarl:"lons etc. 

In the following, several hydrocarbon structural closures or 

potenntial structures of the Jeanne D'Arc basin are discussed. 

Because of lack of information, secondary porosity was only 

discussed for the Hibernia oilfield. 

The giant Hibernia oilfield (Figure 5.5) is located in a 

mature source rock area (Figure 7.5). The drainage system along 

the Nautilus transfer faul t depos i ted extensive reservoir rocks 

wi thin the Hibernia area. The hanging wall anticline formed the 

critic..::al closure and existed before the time of peak oil 

generation (Creaney and Allison, 1987). Lata supracrustal 

detachment associated with a set of antithetic and synthetic 
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faults modified the Hibernia anticline structure and irnproved 

the migration paths. The Petrel Limestone formed an effectIve 

top seal after the supracrustal detachment but before peak 

oil generation. As mentioned earlier, secondary porosity takes 

a large portion of total porosi ty, especially in Hibernia 

Sandstofle (>80%) and lower Catalina Sandstone (about 60%). 

Hydl'ocarbon migration in the Hibernia ocurred shortly after the 

generation of secondary porosity in the Hibernia Sandstone, 

which prevented the destruction of newly-formed secondary 

porosity by cementation and compaction (Abid, 1988). The 

Cenomanian unconformity is a marker of relatively intense 

tectonic activity. Migration of the hydrocarbons usually 

occurred at the time of the first intense tectonic movement 

after peak oil generation. The acids associated with and 

moving ahead of the hydrocarbons may have created substantial 

porosity. So the entrapment ,-' f the hydrocarbons wi thin the 

Hibernia structure could have occurred in Early Cenomanian time 

when Europe scparated from North America (Figure 1.4). In the 

Hibern ia oil field, the roaj or reservoir rocks for the 

hydrocarbon accumulation are Hibernia Sandstone, catalina 

Sandstone, and Avalon Sandstone. The Jeanne d'Arc Sandtone is 

not a good reservoir rock, because it is thick, poorly-sorted 

and contains lots of detrital clay matrix, and thus has low 

permeabili ty. These properties do not favor the formation of 

secondary porosity. Mechanical and chemjcal compaction may be 

advanced and have reduced porosity suùstantially. 

83 



-

The Terra Nova structure is a northward pl unging rollover 

anticline (Figures 5.12 and 6.3) situated in the same segment 

of the Jeanne d' Arc basin as the Hibernia structure (Figure 

2.6). Both structures are related to the basin-bounding Murre 

faul t and modified by late supracrustal àetachment in Aptian 

time. The isopach map of the Jeanne d' Arc and Hibernia 

sequences is a good guide to the basin paleogeography. The 

eastern basin margin south of Terra Nova is a ramp which leads 

down to the northeast plunging trough (Figure 1.3). The 

drainage system from the south and east margins of the Jeanne 

d' Arc basin is marked by a network of channels and valleys and 

deposited a complex array of fan-deltas at the Terra Nova 

depocenter (Figure 7.2). The Jeanne dl Arc Sandstone is the 

maj or reservoir rock unlike in the Hibernla oil field (Dwyer 

et al, 1986). Sourced fromthe under.lying Kimmeridgian organic­

matter rich limestone and calcareous shales, oil migrated 

vertically into the reservoir, and was traped in this 

structure. 

The Nautilus stl.'ucture is separated from the Hibernia 

structure by a shortcut faul t (Figure 5.3). It is also a roll­

over anticline (Figure 7.6) which is located in a different 

faul t block than the Hibernia structure (Figure 2.6). This 

structure occurs also in the area of mature source rocks. Well 

Nautilus C-92 confirmed that hydrocarbons are trapped in this 

structure. However, reserves in this structure are mu-=.:h less 

than those in the Hibernia structure as a ~(.=sult of poor-
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Figure 7.6 Seismic line 81-122 showing the Nautilus structure. 

(See Figure 1.2 for location and Figure 1.3 for symbols). 
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quality source rocks. 

The Egret structure is a salt-cored roll-over anticline 

(Figure 2.5). Rotation along the basin-forming Murre fauIt, 

salt accumulation within the anticline, and supracrustal 

detachment wi thin the cover sequences resul ted in frequent 

erosion on the crest of the Egret anticline structure. Organic 

matter was oxidized and destroyed to sorne extent. At the 

present time, the source rocks are still immature due to 

shallow burial. Even though the hydrocarbons may have migrated 

from adj acent mature source rock areas, frequent erosion and 

faulting may have destroyed the traps. As a result, there is 

no accumulation of hydrocarbons in this structure. Egret K-

36 is a dry weIl) . 

In contrast, Hebron-Ben Nevis structure complex trapped 

hydrocarbons. Relatively greater burial depth resulted in the 

formation of mature source rocks (Figure 6.1). Hydrocarbons 

migrated vertically from the source rocks to the overlying 

reservoir rocks through faul t planes and fractures. Interbeded 

shales formed an effective seal. Consequently, hydrocarbon 

accumulation occurred in the Hebron-Ben-Nevis complex (Hebron 

1-13 and Ben Nevis I-45 wells). 

Figure 5.7 shows the Rankin and the South Mara structures 

in cross section. There are no hydrocarbons trapped in the 

Rankin structure due to immatu::e source rocks as weIl as 

destruction of the organic matter and the hydrocarbon traps 

by erosion and faulting. The South Nara structure, on the 
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ot~er hand, trêpped both oil and gas. The South Mara structure 

is located in the overrnature source rock area, but near mature 

source rocks. The hydrocarbons within this structure may have 

migrated upward to the less mature reservoir rocks from the 

undE:rlying source rocks before thermal destruction or laterally 

from thr..! ma ture source rocks area through faul ts, fractures and 

unconformities. 

The Flying Form structure (Figure 5.7) is located in the 

mature source rock area (Figure 7.5). However, no hydrocarbons 

were found in this trap (Flying Form 1-13 weIl). This may be 

because: 1) the exposure of Kimmeridgian source rocks resulted 

in their oxidation and erosion, and 2) later erosion and 

faulting may have destroyed and/or released the hydrocarbons 

within this structure, if there were any. 

The Ad.;)lphus structuI'e (Figure 5.13) is a penetrative salt 

diapir. Al though this structure ic; loi thin the overmature soürce 

rock area, oil show occurred in weIl Adolphus 2K-41. The 

explanation for this is that the hydrocarbons migrated upward 

to less mature reservoir rocks before thermal destruction. 
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CHAPTER VIII. 

CONCLUSIONS 

The tectonic extension of the Grand Banks--Gal icia Bank 

terrain probably occurred along a low-angle intracrustal 

detachment dipping gently westward. This low-angle detachment 

model fits the conspicuous characteristics which include their 

asymmetry, greater amounts of extension in proximal regions 

(Galicia Bank margin), and increasing basin sizes distally. 

The extension of the Grand Banks was influenced b-,7 several 

continental separdtion events: 1) the separation of North 

America from Africa in the Jurassic, 2) the separation of North 

Ameria from Iberia in the Early Cretaceous, 3) 

of North America from continental Europe 

the separation 

in the Late 

Cretaceous. There are several episodes of basin formation and 

subsidence recorded in the central Grand Banks. Late Triassic 

extension marked the first rifting event. This rift appears to 

have inherited the tr8nd of basement structures and was aborted 

later withoüt the formation of oceanic crust. Late Jurassic­

Aptian rifting is the major extensional event in the central 

Grand Banks which lasted 50 m. y. and fonned the final 

configuration of the Jeanne d'Arc basin. The subsidence history 

of the Jeanne d'Arc basin is episodic due to the episodic 

nat~re of the extensional tectonic movements, 

The extension in the Jeanne d'Arc basin was accommodated 

by a set of northeast-southwest trending listric and pl anar 
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normal faults. A set of transfer faults with a northwest-

southeast trend transects the normal faul ts at high angles and 

acconunodated the areas with different amounts of extension. The 

extensional direction at the early stage of the rifting phase 

is northwest-southeast approximately along the transfer faul ts. 

The transfer faul ts were reactivated in a normal sense and 

reinforced the northward plunge of the Jeanne d'Arc basin at 

about Aptian time. Supracrustal detachment occurred because of 

the gravit y instability and a new phase of extension in the 

northern Grand Banks. The extensional direction is northeast-

southwest at this time. 

Several factors influenced the subsidence pattern of the 

Jeanne D'Arc basin: 1) the northward plunge of the basin floor 

as a result of northward increase of extension, ~) the 

synthetic fault fan along the Iistric basin-bounding faults 

which have significant influence on the configuration of the 

cover sequence and caused several hanging wall anticlines and 

synelines, 3) the supracrustal detachment which produced 

another set of hanging wall anticl.i..nes and synclines and caused 

numerous structural and stratigraphie modifications. 

The main source rocks in the Jeanne d'Arc basin lS the 

Kimmeridgian organic-matter rich calcareous shale which formed 

in a deep anoxie basin during the onset of the Late Jurassic-

Aptian rifting. The formation of the source rocks agrees with 

the low-angle detachment model in which substantial movement 

and subsidence may occur before significant brittle deformation 
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affects the upper crust (Wernicke, 1~85). The thermal maturity 

of the source rocks is directly related to the subsidence 

history. In the Jeanne d'Arc basin, there is a linear 

relationship between thermal maturity of the source rocks and 

burial depth. 

The distribution of the reservoir rocks j n the Jeanne d'Arc 

basin was controlled by structural style. First, drainage 

systems '9ntered the Jeanne d'Arc basin and deposited fan-delta 

complexes along the deformation zones or transfer faults of 

relay structures in the listric faul t boundary of the basin. 

Second, the streams eut a network of channels and valleys in 

the southern apex and the east monocl inal margin of the Jeanne 

d'Arc basin and formed a series of fan-delta complexes in a 

number of depocenters. 

The main hydrocarbon traps are hanging wall anticlines such 

as the giant Hibernia oil field and the Terra Nova oil field. 

The petroleum potential of each structural closure IS 

de:termined by several aspects: 1) the Jistribution, the quality 

and the volume of the source rocks, 2) the distribution of the 

reservoir rocks, 3) the generation of secondary porosity, 4) 

the maturity of the source rocks, 5) the migration paths, 6) 

the cap rocks, 7) the pl.·eservation of the hydrocarbon traps. 

Each of these aspects is directly related to the tectonic 

framework and structural styles of the Jeanne dl Arc basin and 

the extensional history • 
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APPENDIX 

SEISMIC LINES USED IN THIS STUDY 

72-32, 80-1301, 80-1303, 80-1305, 80-1306, 80-1307, 80-1308, 

80-1309,80-1310,80-1311,80-1312,80-1314, 80-1316,80-1318, 

80-1320, 80-1322, 80-1324, 81-120, 81-122, 81-1366, 82-10, 82-

12, NF-79-103, NF-79-104, NF-79-105, NF-79-106, NF-79-107, NF-

79-108, NF-79-109, NF-79-110, Nf-79-111, NF-79-112, NF-79-113, 

NF-79-114, NF-79-115, NF-79-116, NF-79-117, NF-79-118, NF-79-

119. 
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