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ABSTRACT OF THE THESIS 

Evolution of the Jeanne d’Arc basin, offshore Newfoundland, Canada: 3D seismic 

evidence for >100 million years of rifting 

by BEATRIZ ELENA SERRANO-SUAREZ  

 

Thesis Directors:  

Dr. Martha O. Withjack and Dr. Roy W. Schlische 

 

The Jeanne d’Arc rift basin formed during the breakup of Pangea from Late Triassic 

through Early Cretaceous time. Previous studies concluded that rifting was episodic, 

occurring during two or three distinct events with intervening periods of thermal 

subsidence. To test these conclusions, I used 3D seismic-reflection data, well data, and 

restoration techniques to determine the spatial and temporal evolution of the Flying Foam 

region in the northwestern part of the Jeanne d’Arc rift basin. The Flying Foam region 

lies between the NNE-striking, E-dipping Mercury and Murre border faults of the basin. 

In the southern Flying Foam region, a series of basement-involved faults are present 

between the Mercury and Murre faults. In the north, a major anticline (the Flying Foam 

structure) overlies the Murre fault. I have identified three syn-rift tectonostratigraphic 

packages, none of which are present in the footwall of the Mercury fault. Strata within 

the basal Late Triassic/Early Jurassic syn-rift package thicken toward basement-involved 

faults. This package contains salt of the Argo Formation, which decouples the basement-

involved faults from shallow structures. The overlying Jurassic package lacks evident 

fanning toward the Murre and Mercury faults. However, changes in thickness across the 
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Murre fault and along-strike thickness variations in the hanging-wall of the Mercury fault 

reflect displacement on the faults during deposition. The overlying Early Cretaceous 

package thins toward the Flying Foam anticline, a structure produced by a combination of 

forced folding above the Murre fault and fault-bend folding associated with a listric fault 

that detaches within the Argo salt. Thus, the Early Cretaceous package is also a syn-rift 

unit. In conclusion, my work indicates that the tectonic process of rifting in the Jeanne 

d’Arc basin was not episodic but rather was persistent, occurring from the Late Triassic 

through the Early Cretaceous. However, the intensity and the direction of the extension 

could have changed through time. 
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1. Introduction 

The Jeanne d’Arc rift basin is located on the Grand Banks of Canada, offshore 

Newfoundland (Figs. 1 and 2). This basin is one of the most important oil provinces of 

Canada with four oil-producing fields: Hibernia, Whiterose, Terra Nova and North 

Amethyst (Appendix 1, www.cnlopb.nl.ca). The basin developed during the breakup of 

the supercontinent Pangea during the Mesozoic (e.g. Louden, 2002; Seton et al., 2012; 

Withjack et al., 2012a), and it is part of the more extensive eastern North American rift 

system (Fig. 1).  

The onset of rifting in this rift system was relatively synchronous and began by the 

Late Triassic, but the cessation of rifting and onset of seafloor spreading was 

diachronous, ranging from latest Triassic in the southern segment (southeastern United 

States), to Early Jurassic in the central segment (northeastern United States and southern 

Canada) and Late Cretaceous in the northern segment (eastern Grand Banks of Canada) 

(Withjack et al., 1998; Schlische et al., 2002; Withjack and Schlische, 2005; Withjack et 

al., 2012a). In the Jeanne d’Arc basin, some authors suggest that rifting occurred in two 

or three distinct episodes with intervening periods of thermal subsidence (e.g.  Hubbard 

et al., 1985; Tankard and Welsink, 1987; Hubbard, 1988; Sinclair, 1988; Grant and 

McAlpine, 1990; McAlpine, 1990;  Sinclair and Riley, 1995; Sinclair et al., 1999) (Fig. 

3).  My goal is to study the rift evolution of the Jeanne d’Arc basin using 3D seismic and 

well data from the Flying Foam area, in the northwestern corner of the basin, and to 

address the following questions: 

• Are structures detached or basement-involved? 
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• When did deformation occur? 

• Is rifting episodic or persistent? 

The 3D seismic data available in this study provide numerous cross-sectional views 

and time-slices that image structures and strata relatively well in the Flying Foam area. 

Additionally, formation tops and unconformities from five wells provide the time frame 

for the interpretation. 

 

2. Geologic and structural background 

The Jeanne d’Arc basin is a funnel-shaped, 25-80 km wide, half graben that deepens 

and widens northward (Tankard and Welsink, 1987) (Fig. 2). The NNE-striking, E-

dipping Murre fault in the south and Mercury fault in the north bound the basin on the 

west (e.g. Enachescu, 1987; Tankard and Welsink, 1987). Intrabasinal faults generally 

strike NW-SE and detach on salt (e.g. Tankard and Welsink, 1987; Withjack and 

Schlische, 2005). The study area, in the northwestern corner of the basin, lies between the 

Mercury and the Murre faults. The Flying Foam anticline overlies the Murre fault in the 

north; in contrast, in the south, several basement-involved faults occur between the 

Mercury and the Murre faults.  

Pre-rift rocks consist of Paleozoic igneous and metamorphic rocks from the Avalon 

and/or Meguma terrains (Tankard and Balkwill, 1989) (Fig. 3). Several orogenies 

(Ordovician Taconic, Devonian Acadian and Carboniferous-Permian Alleghanian) 

preceded rifting (Naylor, 1971; Rodgers, 1971; Murphy and Keppie, 1998; Williams, 

1999; Cocks and Torsvik, 2011). The overlying sedimentary section (Fig. 3) consists of 
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Late Triassic – Early Jurassic siliciclastic rocks from the Eurydice Formation and salt 

from the Argo Formation (e.g. Jansa and Wade, 1975; McAlpine, 1990). The overlying 

Early Jurassic to Late Jurassic section consists of dolomites, limestones, calcareous 

shales and some sandstones from the Iroquois, Downing, Voyager and Rankin formations 

(e.g. McAlpine, 1990; Sinclair et al., 1999). Within the Rankin Formation, an organic-

rich shale (the Egret Member) sources the hydrocarbons of the Jeanne d’Arc basin (e.g. 

Magoon et al., 2005). The overlying latest Jurassic – Early Cretaceous section consists of 

sandstones, shales and some limestones from the Jeanne d’Arc, Avalon, Whiterose, 

Catalina, Hibernia, Nautilus and Ben Nevis formations (e.g. McAlpine, 1990; Sinclair, et 

al., 1999). Sandstones from the Hibernia and Avalon formations are the main reservoir 

rocks in the Jeanne d’Arc basin (e.g. Magoon et al., 2005). Finally, the Late Cretaceous – 

Cenozoic section consists of shales and some sandstones from the Dawson Canyon and 

Banquerau formations (e.g. Deptuck et al., 2003). In general, studies suggest that the Late 

Triassic – Early Jurassic and the latest Jurassic – Early Cretaceous sections correspond to 

periods of active rifting, whereas the Early Jurassic to Late Jurassic section represents a 

period of tectonic quiescence (e.g.  Hubbard et al., 1985; Tankard and Welsink, 1987; 

Hubbard, 1988; Sinclair, 1988; Grant and McAlpine, 1990; McAlpine, 1990; Grant and 

McAlpine, 1990; McAlpine, 1990;  Sinclair and Riley, 1995; Sinclair et al., 1999; 

Welsink and Tankard, 2012). The Late Cretaceous – Cenozoic section corresponds to 

post-rift rocks that accumulated during the thermal subsidence of the basin (e.g. 

McAlpine, 1990; Sinclair, et al., 1999). This study focuses on the Late Triassic to Early 

Cretaceous sections. 

 



 

 

4 

3. Data and methodology 

3.1 Seismic data 

This study involves the interpretation of 3D seismic data from the Flying Foam area in 

the Jeanne d’Arc basin. The digital data, provided by WesternGeco, were acquired in 

1995 and consist of 1532 E-W inlines, 3150 N-S crosslines, and 2250 time-slices (Table 

1). Inlines and crosslines are generic names given to sequentially numbered orthogonal 

seismic profiles for 3D seismic surveys (Hart, 1999). An inline is a seismic line that 

parallels the movement direction of the ship acquiring the data. Crosslines are 

perpendicular to the inlines. A time-slice is a horizontal plane through a 3D-seismic 

volume at a given TWT (two-way time). Each inline and crossline is 39 km long, but the 

interpretable length is ~30 km for the inlines and ~36 km for the crosslines, yielding a 

total interpretable area of 1080 km2. Table 1 lists the main seismic-acquisition 

parameters, and Appendix 2 gives the seismic processing report (Schlumberger and 

Geco-Prakla, 1996).  The data quality is good, but the presence of peg-leg multiples 

commonly masks the true geometry of the reflections (Figs. 4 and 5). The displays of 

inlines and crosslines in this thesis have a vertical exaggeration of 1:1 assuming an 

average velocity of 4.0 km/s (an average velocity supported by velocity surveys from 

Line HBV83-195; Appendices 2 and 3).  

3.2 Seismic interpretation 

Tectonostratigraphic packaging (Fig. 6) provides information about the relative timing 

of events and the structural style of a region, and therefore, is an appropriate method to 

study the evolution of the Flying Foam area. The first step consists of identifying 
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unconformity-bounded packages. For example, the rift-onset unconformity separates the 

pre-rift and the syn-rift packages, and the post-rift unconformity separates the syn-rift and 

the post-rift packages (e.g. Withjack et al., 2002). Differences in the characteristics of the 

reflections define other packages. For example, high-ductility units lack internal 

reflections and decouple the deeper and shallow deformation. Fault-related growth beds 

thicken toward a fault on the downthrown side of a fault or exhibit differences in 

thickness of correlative strata on each side of a fault (e.g. Withjack et al., 2002). Fold-

related growth beds thin toward the crest of antiforms and thicken toward the troughs of 

synforms (e.g. Withjack et al., 2002). The tie between inlines, crosslines and time-slices 

helped defined the 3D geometry of packages, horizons and structures in the study area. 

The interpretation also included the mapping of major and some minor structures (e.g., 

detached faults). 

3.3 Well data and correlation with seismic data 

Formation tops and unconformities from five wells in the study area are available from 

the Canada-Newfoundland Labrador Offshore Petroleum Board (CNLOPB) website 

(www.cnlopb.nl.ca/well_alpha.shtml) (Table 2 and Appendix 5) and the BASIN database 

website (http://basin.gdr.nrcan.gc.ca/wells/index_e.php). To tie the well data (in depth) to 

the seismic data (in two-way time), I used the velocity information from 2D seismic line 

HBV83-195 (Appendices 3 and 6). This line is close to the West Flying Foam L-23 and 

Flying Foam I-23 wells. For the other wells in the study area, I also used the velocity 

surveys from line HBV83-195 because they have the same lithologic formations as the 

West Flying Foam L-23 and Flying Foam I-23 wells.  
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4. Structural framework 

The N-striking, E-dipping Mercury fault bounds the Flying Foam region in the west 

(e.g. Enachescu, 1987; Driscoll et al, 1995) (Figs. 7 to 9). The Murre fault is to the east of 

the Mercury fault and also dips to the east  (e.g. Enachescu, 1987; Tankard and Welsink, 

1987). My interpretation indicates that the distance between these faults decreases to the 

north (Fig. 8). The zone between the Mercury and the Murre fault corresponds to a relay 

ramp, which is an inclined zone between two normal fault segments that overstep in map 

view and that have the same dip direction (Peacock and Sanderson, 1994; Peacock, 

2002). This kind of structure connects the footwall of a fault segment with the hanging 

wall of a contiguous fault segment (Peacock, 2002). In the southern part of the study area, 

other N-striking, E-dipping basement-involved faults lie between the Mercury and Murre 

faults (Figs. 7 and 8). These faults are less well imaged in the central and northern parts 

of the study area. Basement-involved faults have normal separation, a listric geometry in 

cross section and link at depth. Part of the listric geometry of the faults could be due to 

the increase of stratal velocities with depth. Synthetic seismic sections made by Withjack 

and Pollock (1984) showed that planar normal faults appear in seismic as listric faults 

because each second of two-way traveltime in the seismic section represents a greater 

distance than the preceding second. 

The Flying Foam anticline, in the central and northern parts of the study, area is a 

doubly-plunging anticline (Fig. 10) with a N-striking, E-dipping axial plane (Fig. 11). 

West of the Flying Foam anticline, a doubly-plunging syncline with a N-striking, E-

dipping axial plane exists (Figs. 10 and 11). East of the Flying Foam anticline, a NE-

plunging syncline is present (Fig. 10). Other minor folds are present in the central 
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western and southeastern parts of the study area (Fig. 7). Several faults with normal 

separation detach within a ductile package and affect some of the overlying packages 

(Figs. 7, 10, 12 to 19). 

The structural framework proposed in this study shows the geometry of the structures 

and its spatial variability in map view (Fig. 7) along-strike (Fig. 8) and along-dip (Fig. 9), 

whereas other studies (e.g. Hubbard et al., 1985; Enachescu, 1987; Tankard et al., 1989; 

Edwards, 1990; Driscoll et al., 1995; Withjack and Callaway, 2000) were only able to 

show single 2D lines to interpret the structures in the Flying Foam area. Differences in 

the interpretation of the basin-bounding faults and the top of the ductile package also 

exist. In Enachescu (1987), for example, the ductile package does not parallel the 

Mercury fault and the position of the Murre fault in the Flying Foam area is not clear. In 

Edwards (1990) the Murre fault is not present and most of what in this study corresponds 

to a ductile package corresponds to basement in his work. Driscoll et al. (1995) do not 

interpret a ductile package and the geometry of the Mercury fault corresponds to what in 

this study is the geometry of the top of the ductile package. The interpretation of this 

study mostly agrees with the one in Withjack and Callaway (2000). Finally, previous 

works were not able to map the multiple detached faults shown in this study. 

 

5. Tectonostratigraphic packages - observations 

The Flying Foam area has five tectonostratigraphic packages, labeled from A to E, 

bounded by four horizons, labeled H1 to H4. Package A is the oldest package, and 

Package E to the youngest. Horizon H1 is the oldest boundary, and Horizon H4 is the 
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youngest. Table 3 summarizes the seismic characteristics of the packages and horizons 

and also includes formation names, lithologies and ages. The following sections describe 

the packages and the horizons in detail. 

5.1 Package A 

Package A has a few E-dipping reflections that gradually converge at depth. These 

reflections are subparallel to interpreted basement-involved faults, including the Mercury 

and the Murre faults. Peg-leg multiples parallel to these reflections are common in 

Package A (Fig. 5). Horizon 1, the top of Package A (Figs. 12 to 18), is well imaged in 

the footwall of the Mercury fault and reasonably well imaged in the hanging-wall in the 

southern part of the study area (Fig. 16); elsewhere, it is not well imaged. Horizon 1 is 

structurally higher in the southern part of the study area and deepens toward the north 

(Figs. 8, 12 to 16). No well has reached Horizon 1 within the study area. 

5.2 Package B 

Many reflections in Package B are chaotic, but some reflections are continuous (Figs. 

16 to 18). These continuous reflections subtly diverge toward the basement-involved 

faults (Figs. 20 and 21). Faults above and below package B terminate within it. Horizon 

2, the top of Package B, is irregular with steeply dipping segments parallel to the basin-

bounding faults and gently dipping segments between them (Figs. 12 and 13). Horizon 2 

is best imaged in the southeastern part of the study area (Figs. 15 and 16); elsewhere, 

imaging of this horizon is poor. Horizon 2 is structurally higher in the southern part of the 

study area and deepens toward the north (Figs. 8, 12 to 16). No well has reached Horizon 

2 within the study area. 
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5.3 Package C 

Package C has sub-parallel reflections, and its thickness varies throughout the study 

area. In the northern part of the study area, Package C is thick (Figs. 12 and 13). In the 

central western part of the study area, Package C is thinner (Fig. 14); in the central 

eastern part of the study area, Package C is thick (Fig. 14). In the southwestern part of the 

study area, Package C is absent or very thin (Figs. 15 and 16); in the southeastern part of 

the study area, Package C is thick (Figs. 15 and 16). Horizon 3 bounds the top of Package 

C. In the northwestern part of the study area, Horizon 3 separates dipping sub-parallel 

reflections in Package C from overlying diverging reflections in Package D (Figs. 12 and 

22). In the northeastern part of the study area, a zone of chaotic reflections commonly 

exists between Packages C and D (Figs. 12, 13 and 23); Horizon 3 is not well defined 

here. In the central western part of the study area, Horizon 3 separates sub-parallel 

reflections in both Packages C and D (Figs. 13 and 24). In the central eastern part of the 

study area, Horizon 3 is not well defined. It lies somewhere between diverging reflections 

from Package D and dipping sub-parallel reflections from Package C (Figs. 14 and 25). 

In the southwestern part of the study area, Horizon 3 is not present (Figs. 15 and 16). In 

the southeastern part of the study area, Horizon 3 is not well defined; it lies somewhere 

between sub-parallel reflections from both Packages C and D (Figs. 15, 16 and 26). In 

strike view in the western part of the study area, Horizon 3 separates reflections that 

diverge toward the north in Package C from sub-parallel reflections in Package D (Figs. 

18 and 27). In the eastern part of the study area, Horizon 3 is not well defined (Fig. 19). 

Only the Flying Foam I-13 well reached Horizon 3, which coincides with an 

unconformity with a missing section of Tithonian (Jurassic) age (CNLOPB, 2012).  
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5.4 Package D 

Package D is present only in the hanging-wall of the Mercury fault and consists of sub-

parallel and diverging reflections. In the northwestern part of the study area, reflections 

from Package D diverge toward the west (Figs. 12 and 22). In the northeastern part of the 

study area, flat-lying reflections from Package D lap onto a zone of chaotic reflections 

that commonly exists between Packages C and D (Figs. 12, 13 and 23). In the central 

western part of the study area, older strata are sub-parallel, whereas younger strata 

diverge toward the west (Figs. 13,14 and 24). In the central eastern part of the study area, 

reflections diverge toward the east (Figs. 14 and 25). In the southwestern part of the study 

area, all reflections from Package D are sub-parallel (Figs. 15 and 16). In the 

southeastern part of the study area, Package D has a variety of geometries. For example, 

on Line D (Figs. 15 and 26), basal reflections from Package D are sub-parallel and 

folded. Upper reflections from Package D lap onto the eastern limb of the fold and 

diverge toward a detached fault to the west. On Line E (Fig. 16), reflections from 

Package D are sub-parallel. Horizon 4 bounds the top of Package D. Onlap, toplap and 

some downlap terminations mark this horizon (Fig. 28). The Mercury K-76, Nautilus C-

92 and Thorvald P-24 wells (CNLOPB, 2012) reached Horizon 4, which coincides with 

an unconformity with a missing section of Cenomanian age (CNLOPB, 2012). Toward 

the top of the Flying Foam anticline, the Flying Foam I-13 and West Flying Foam L-23 

wells reached Horizon 4, which coincides with an unconformity with a missing section of 

early Paleogene age (CNLOPB, 2012).  

5.5 Package E 

Package E consists of continuous reflections that dip gently to the east; these 
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reflections are generally undeformed (Figs. 12 to 16). In the northern part of the study 

area, reflections are sub-parallel (Figs. 12 to 14). In the southern part of the study area, 

some basal reflections are sigmoidal, whereas overlying reflections are sub-parallel (Figs. 

15 and 16).  

 

6. Tectonostratigraphic packages - interpretation 

6.1 Package A 

Package A likely corresponds to pre-rift rocks (Table 3) because primary reflections 

related to stratification are absent. Basement-involved faults with normal separation 

offset this package. Rocks in Package A are likely igneous or metamorphic rocks 

because: 1) the Murre G-67 well in the southern Jeanne d’Arc basin encountered 

metasedimentary rocks of Middle to Late Devonian age (McAlpine, 1990) (Fig. 29, 

Appendix 1). The Spoonbill C-30 and Hibernia G-55 wells (Appendix 1) encountered 

low-grade metasedimentary rocks and metamorphic basement, respectively (McAlpine, 

1990). 2) Onshore studies in Newfoundland indicate that the eastern part of the island 

corresponds to the Avalon terrain, which consists of upper Precambrian metasedimentary 

and volcanic rocks and associated intrusions and overlying Cambrian-Ordovician shales 

and sandstones (Keen et al., 1990; Williams, 1999). In the south in Nova Scotia, rocks 

assigned to the Meguma terrain correspond to latest Neoproterozoic or Early Ordovician 

siliciclastic rocks overlain by volcanic rocks and granitic plutons (Keen et al., 1990; 

Williams, 1999; Cocks and Torsvik, 2011).  Horizon 1 is an unconformity, according to 

data from the Murre G-67 well (Appendix 1), with Devonian rocks below the 
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unconformity and Triassic rocks above it. 

6.2 Package B 

Thickening of strata from Package B toward basement-involved faults indicates that 

Package B is a syn-rift unit (Fig. 21). Additionally, Package B is a highly ductile unit 

because: 1) the upper and lower boundaries commonly have very different geometries, 2) 

faults above and below Package B terminate within it, and 3) Package B decouples the 

deep from the shallow deformation (Figs. 12 to 19) as evidenced by the differences in the 

structural geometries above and below Package B. Specifically, few basement-involved 

faults offset Package A (Fig. 14), whereas several detached faults offset Packages C and 

D (Figs. 14, 17 to 19). No folding occurs in Package A, whereas several folds deform 

strata from Packages C and D (Figs 12 to 14).  

Based on these observations, Package B likely corresponds to sedimentary rocks of the 

Eurydice and Argo formations, the oldest syn-rift rocks encountered in the Jeanne d’Arc 

basin. The Murre G-67 well in the southern Jeanne d’Arc basin encountered siliciclastic 

rocks from the Eurydice Formation unconformably overlying metasedimentary rocks 

from Package A (see section 6.1, McAlpine, 1990). The Spoonbill C-30 and Cormorant 

N-83 wells (Appendix 1), also in the southern Jeanne d’Arc basin, encountered salt-rich 

rocks from the Argo Formation overlying rocks from the Eurydice Formation (McAlpine, 

1990). The ductile behavior of Package B agrees with the presence of salt in the Argo 

Formation. Palynomorphs from the Eurydice Formation, recovered in the Cormorant N-

83 and Spoonbill C-30 wells, indicate ages from Carnian-Norian to Rhaetian. For the 

Argo salt, samples in the Spoonbill C-30 well indicate ages from Rhaetian -Early 
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Hettangian to late Hettangian-early Sinemurian (McAlpine, 1990). Therefore, the age of 

Package B is Late Triassic – Early Jurassic. 

6.3 Package C 

The following stratigraphic patterns characterize Package C: 1) absence of Package C 

in the footwall of the Mercury fault and, in the southwestern part of the study area, 

absence of Package C in the footwall of the Murre fault (Fig. 8); 2) thickness changes in 

the hanging-wall of the Mercury fault; specifically strata diverging toward the north 

(Figs. 8, 9 and 18). These patterns suggest that Package C is a syn-rift unit because: 1) 

Movement along the Mercury fault explains the absence of Package C in the footwall of 

the Mercury fault and in the southwestern part of the study area. 2) Thickening of strata 

toward the north (Figs. 18 and 27) indicates differential movement along the Mercury 

fault because displacement along normal faults typically increases from the tips toward 

the center (e.g. Barnett et al., 1987; Schlische and Anders, 1996; Kim and Sanderson, 

2005). As a consequence, the syndepositional packages are thicker in the center and 

thinner toward the tips of the fault-bounded basin (Fig. 30) (e.g. Schlische and Anders, 

1996; Withjack et al., 2002). Also, an increased displacement on the Mercury fault to the 

north explains the northward thickening of Package C (Fig. 27). 

Alternatively, faulting and later erosion of Package C in the footwall of the Mercury 

fault, and salt mobilization could explain the stratigraphic patterns of Package C. 

However, strata from Package C are sub-parallel in dip sections (Figs. 12 to 16), which 

suggests little or no salt movement. Also, in the southern Jeanne d’Arc basin (Fig. 29), 

published seismic profiles indicate that strata equivalent to Package C thicken toward 
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basement-involved faults. This thickening is not evident in the Flying Foam area because 

thickening of syn-rift strata toward the basin-bounding faults is subtle during the latter 

stages of rifting in many of the rift basins of eastern North America. For example, in the 

Newark basin, Withjack et al. (2012b) determined that the change in bedding dip of some 

of the syn-rift packages is ~3º from top to bottom. This difference in dip is only apparent 

in regional transects. 

Only one well reached the top of Package C in the study area; the Flying Foam I-13 

well encountered rocks from the Rankin Formation (CNLOPB, 2012). Studies from the 

southern Jeanne d’Arc basin and the Hibernia oilfield report that the Voyager, Downing 

and Iroquois formations underlie the Rankin Formation (McAlpine, 1990; Sinclair et al., 

1999). McAlpine (1990) indicates that these formations range in age from Late Triassic 

to Late Jurassic. 

6.4 Package D 

Package D consists of diverging and sub-parallel strata. In the northwestern part of the 

study area, strata thin toward the crest of the Flying Foam anticline and thicken toward 

Horizon 2, which locally parallels the Mercury fault (Figs. 12 and 22). Horizon 2 is a 

lithologic contact and a fault contact. The ductile rocks (Argo salt) of Package B underlie 

Horizon 2. This contact acted as a detachment fault with a ramp-flat-ramp geometry. The 

ramps are parallel to the Mercury and the Murre faults and the flat is between them (Fig. 

31). Strata thickening toward this fault indicate syn-faulting deposition, and strata 

thinning toward the crest of the Flying Foam anticline indicate growth during folding (see 

section 7.1 for a complete explanation). In the central western part of the study area, 
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younger strata thicken toward the detachment fault and thin toward the Flying Foam 

anticline, whereas older strata are sub-parallel (Figs. 13, 14 and 24). Therefore, folding 

and movement along the detachment fault started in the north and propagated later to the 

south. The boundary between diverging reflections and flat-lying reflections on Line B 

(Fig. 24) coincides with an unconformity with a missing section of Aptian age (West 

Flying Foam L-23 well; CNLOPB, 2012). Above this unconformity, the West Flying 

Foam L-23 well encountered rocks from the Nautilus and Ben Nevis formations, and 

below this unconformity, it encountered rocks from the Avalon, Whiterose, Catalina and 

Hibernia formations (CNLOPB, 2012; Appendix 4). The Fortune Bay and Jeanne d’Arc 

basin underlie the Hibernia Formation (McAlpine, 1990; Fig. 3). The formations that 

conform Package D range in age from Latest Jurassic to Early Cretaceous (McAlpine, 

1990). 

In the southwestern part of the study area, all strata from Package D are sub-parallel 

(Figs. 15, 16 and 28). The Mercury K-76 well encountered rocks from the Nautilus and 

Ben Nevis formations (CNLOPB, 2012; Appendix 4), therefore, the oldest strata from 

Package D did not accumulate; alternatively, they accumulated but were later eroded 

away. The discussion section describes in more detail other stratigraphic patterns in 

Package D and their tectonic significance. 

6.5 Package E 

Package E is present in the entire area. The Mercury fault cuts part of strata of Package 

E, but, in general, no significant faulting or folding deforms this package. Strata do not 

thicken toward the border fault, but rather thicken gradually to the east. Therefore, 



 

 

16 

Package E is a post-rift unit. All wells in the study area encountered Package E. The 

Mercury K-72, Nautilus C-92 and Thorvald P-24 wells drilled the basal part of this 

package, which corresponds to the Wyandot and Dawson Canyon formations (Appendix 

4). All other wells in the study area drilled the upper part of Package E, which 

corresponds to the Banquereau Formation (Appendix 2). The age of the oldest rocks in 

Package E is Late Cretaceous (Grant and McAlpine, 1990; Sinclair et al., 1999; Deptuck, 

2003). 

 

7. Discussion 

7.1 Are structures detached or basement-involved? 

Both types of structures are present in the Flying Foam area. This is because Package 

B, which contains salt (Argo Formation), behaves ductilely and decouples the deeper 

deformation from the shallower deformation. As a consequence, the style of deformation 

of the cover is different than the style of deformation of the basement. Specifically, a few 

basement-involved faults offset Package A, whereas several detached faults affect 

Packages C and D. Also, no major folding occurs in Package A, whereas major and 

minor folds deform Packages C and D. The Flying Foam structure is the main fold in the 

study area. This structure is a forced fold (Withjack and Callaway, 2000) and a fault-bend 

fold (Tankard et al., 1989) that deforms rocks from Package C (see discussion below). 

The forced fold forms because of flexure of the sedimentary cover above the Murre fault, 

which is a basement-involved fault with normal separation (e.g.  Withjack et al., 1990; 

Schlische, 1995). The fault-bend fold (e.g. Xiao and Suppe, 1992; Schlische, 1995) forms 
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because of movement on the non-planar detachment fault associated with Horizon 2 and 

with displacement on the Murre fault (see section 6.4 and discussion below).  

Experimental and geometric models provide additional insights into the development 

of the Flying Foam structure. Experimental models from Withjack and Callaway (2000) 

simulated forced folding using a precut metal base to represent a basement-involved 

normal fault and wet clay and silicone polymer to represent the sedimentary cover and a 

ductile salt layer, respectively. The models show that in the presence of a ductile layer, a 

basement-involved fault does not propagate to the surface, but rather produces a forced-

fold in the strata above the ductile layer (Fig. 32). Growth beds in the model reflect syn-

faulting and syn-folding deposition during movement along the basement-involved fault 

and during the folding of the package above the ductile layer. Similarly, in the Flying 

Foam area, the Murre fault does not propagate through Package B (Argo salt) but 

produces a forced fold in Package C. Growth beds from Package D reflect syn-faulting 

and syn-folding deposition during movement along the Murre fault and during folding of 

Package C, therefore, Package D is a syn-rift unit. The experimental models differ from 

the Flying Foam area in details and complexity. In the models, both the ductile layer and 

the package above it are pre-rift. In the study area, Packages B and C are syn-rift. 

However, during the accumulation of Package D and the corresponding displacement of 

the Murre fault, Package C is a pre-kinematic package, just like the pre-kinematic 

package of the model. 

Additionally, the experimental models show that, as displacement increases on the 

basement-involved fault, displacement also increases on the detached fault in the footwall 

of the master fault. One or more of those detached faults achieves a ramp-flat-ramp fault 
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geometry, movement on which produces a fault-bend fold anticline (Fig. 32). A 

geometric model from Withjack and Schlische (2006) illustrates how displacement on a 

ramp-flat-ramp fault produces an anticlinal fault-bend fold and a dipping diachronous 

unconformity. The model assumes that the hanging-wall deforms by inclined simple 

shear, that the footwall remains rigid, that compaction is not significant and that growth 

beds fill depressions developed during faulting up to a prescribed datum. The inclined-

shear direction dips 70º toward the main normal fault. Their results show that 

syndepositional strata diverge toward the fault near the upper ramp and lap onto a 

diachronous unconformity above the lower ramp (Fig. 33). In the Flying Foam area, 

strata from Package D diverge toward the detachment fault in the northwestern and 

central western parts of the study area (Figs. 12, 13, 22, 24 and 31). In the northeastern 

part of the study area, strata in Package D are parallel and lap onto a zone of chaotic 

strata that probably correspond to the diachronous unconformity observed in the 

geometric model (Figs. 12, 13, 23, 25 and 31). The geometric model differs from the 

study area in the complexity of the Flying Foam area. In the study area, the ramp-flat-

ramp fault geometry of the detachment fault results from the interaction between the 

Mercury and the Murre faults in the presence of a ductile layer, whereas in the geometric 

model only one fault exists (see following section). In the study area, changes in the 

stratigraphic patterns occur along strike, and the structures represent a final stage of 

deformation, whereas the model shows the evolution of the structure and changes only in 

one cross section. 
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7.2 When did the deformation occur? 

To illustrate the evolution of the Flying Foam area, I restored the cross section of Line 

B (Fig. 34) using inclined shear and rigid-body rotation. I assumed plane-strain 

conditions, negligible compaction and negligible deformation in the footwall, that all 

packages have constant area through time, and that growth beds completely fill any 

spaces created during faulting up to a prescribed regional datum. The footwall remains 

fixed. Despite these simplifying assumptions, the restoration schematically shows the 

evolution of the Flying Foam region in the northern part of the study area. The 

restoration indicates 25 km of extension equivalent to a stretch of 60%. This is a 

minimum estimate because the restoration does not take into account deformation 

accommodated by small-scale structures or footwall deformation. 

7.2.1 Paleozoic (Package A) 

Several orogenies (Taconic, Acadian and Alleghanian) related to the amalgamation of 

the supercontinent Pangea occurred during this period (Keen et al., 1990; Williams, 

1999; Cocks and Torsvik, 2011). Structures include low-angle thrust faults. Erosion 

likely removed rocks from this package. 

7.2.2 Late Triassic (Package B) 

Rifting started with the accumulation of siliclastic rocks of the Eurydice Formation and 

salt of the Argo Formation (Package B). In the southern part of the study area, the 

Mercury and other basement-involved faults were active. The Murre fault was active in 

the rest of the Jeanne d’Arc basin (Sinclair, 1995), but it is unclear if it was active in the 

Flying Foam area. In the rest of the study area, only the Mercury fault was active. All 
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faults had normal separation. 

7.2.3 Early to Late Jurassic (Package C) 

Displacement on the Mercury fault continued, but it was greater in the north as 

evidenced by the absence of Package C in the southwestern part of the study area and by 

strata thickening toward the north in the western part of the study area. Strata do not 

obviously thicken toward the Mercury fault likely because, in the Flying Foam region, 

the basin was very wide, and differences in dip between the layers are very subtle (see 

section 6.3). The Murre fault was only active in the southeastern part of the study area, as 

evidenced by the absence of Package C in the footwall of the Murre fault and by the 

apparent lack of thickness changes in the central and northeastern parts of the study area 

(Fig. 35). 

7.2.4 Latest Jurassic to Early Cretaceous (Package D) 

The structural complexity increased during this period in the study area. The 

stratigraphic patterns in Package D indicate differences in the deformation style between 

Tithonian and Aptian times and between Aptian and Cenomanian times. Differences also 

exist between the eastern and western parts of the study area. For clarity the discussion 

starts with the western part of the study area. 

From Tithonian through Aptian times, strata from Package D diverge toward a 

detachment fault in the northwestern part of the study area (section 6.4, Figs. 12, 20 and 

32), whereas in the central western and southwestern parts of the study area, strata from 

Package D are sub-parallel (Figs. 13 to 16, 22 and 26). From Aptian through Cenomanian 

times, strata from Package D diverge toward the detachment fault in the northwestern and 
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central western parts of the study area, whereas in the southwestern part of the study 

area, strata from Package D are sub-parallel. Differences in the displacement direction on 

the detachment fault in space and through time could explain the heterogeneous 

stratigraphic patterns observed. However, this subject requires further study. 

Displacement on the detachment fault produced fault-bend folding and displacement 

on the Murre fault produced forced folding. As a consequence, along-strike differences in 

the Flying Foam anticline are the result of differences in the degree of fault-bend folding 

vs. forced folding. In the northeastern part of the study area (Figs. 12, 13 and 21), strata 

from Package D are parallel. This stratigraphic pattern is similar to the one in the 

geometric model of Figure 33. Therefore, the detachment fault was active, and fault-bend 

folding was greater than forced folding. In the central eastern part of the study area (Fig. 

14 and 25), strata from Package D diverge toward the east. Displacement on the 

detachment decreased or was oblique and, therefore, forced folding was greater than 

fault-bend folding in the E-W direction. In the southeastern part of the study area, two 

stratigraphic patterns exist. On Line D (Figs. 15 and 26), displacement on the detachment 

occurred only on the ramp parallel to the Murre fault and along the overlying detached 

fault. Therefore, displacement on the detachment and fault-bend folding was minimal. 

Forced folding predominates. On Line E (Fig. 16), no folding occurred; therefore the 

Murre fault was not active. Alternatively, the Murre fault was at the surface, and thus, no 

forced folding occurred. 

7.2.5 Late Cretaceous – Cenozoic (Package E) 

A period of erosion occurred, as evidenced by toplap terminations (Fig. 28). Then, 
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during the Paleogene and Neogene, post-rift sedimentation occurred with accumulation 

of Package E. Differential subsidence occurred gently tilting strata to the east. 

Additionally, the Mercury fault offsets the strata at the base of Package E. This could be 

related to either slight reactivation of the Mercury fault or differential compaction of 

strata of Package E. 

7.3 Is rifting episodic or persistent? 

The stratigraphic patterns interpreted in the Flying Foam area suggest that rifting in the 

Jeanne d’Arc basin lasted from the Late Triassic through the Early Cretaceous; that is, 

rifting lasted more than 100 m.y. (Figs. 35 and 36). In contrast, previous workers (e.g. 

Hubbard et al., 1985; Tankard and Welsink, 1987; Hubbard, 1988; Tankard et al., 1989; 

Grant and McAlpine, 1990; Sinclair, 1995; Sinclair and Riley, 1995; Sinclair et al., 1999) 

suggested that rifting in the Jeanne d’Arc basin occurred in two or three different 

episodes with intervening periods of thermal subsidence, and that each rifting episode 

lasted tens of millions of years. In other words, previous studies more or less consider 

that Packages B and D are syn-rift units, whereas Package C is a post-rift unit. 

Consensus exists about the syn-rift nature of Package B (e.g. Tankard and Welsink, 

1987; McAlpine, 1990; Sinclair, 1995), despite the fact that most studies do not identify 

thickening of strata toward the basin-bounding faults. Consensus also exists about the 

post-rift nature of Package C. Grant and McAlpine (1990), for example, indicated that the 

presence of gradational and conformable contacts of formations within Package C 

indicate no syndepositional growth, even though they noted that the Egret Member from 

the Rankin Formation thickens northeastward in the basin. Package D, in contrast, has 
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several unconformities within it and marked thickening of strata toward the Mercury and 

the Murre faults, and thus previous workers (e.g. Tankard and Welsink, 1987; Edwards, 

1990; Sinclair et al., 1999) consider that Package D corresponds to a period of rift 

reactivation in the Jeanne d’Arc basin. 

This study shows that strata from Package B thicken toward basement-involved faults, 

and thus confirms the syn-rift nature of this package. This study also shows that Package 

C is a syn-rift unit, and not a post-rift unit as previous studies suggest, because of the 

spatial distribution of the strata and thickening of strata toward the north. Finally, this 

study agrees with previous studies about the syn-rift nature of Package D, but identifies 

and describes in more detail the complex stratigraphic patterns and the deformation 

associated with this package. Specifically, Package D exhibits two different stratigraphic 

patterns: diverging strata and sub-parallel strata. These patterns are related to 

displacement on the Mercury and the Murre faults and a detached fault that coincides 

with the top of Package B (top of the Argo salt). Displacement on the Murre fault and the 

detachment fault caused forced folding and fault-bend folding, which are responsible for 

the Flying Foam anticline. 

The differences in the spatial distribution of the packages and the variety of orientation 

of the detached structures (folds and faults) (Figs. 7, 10 and 35) suggest that the intensity 

of rifting and extension direction could have changed through time. However, the 

prediction of the extension direction in a basin is difficult. For instance, experimental 

clay models with multiple episodes of extension (Henza, 2009; Henza, et al. 2010, 2011) 

show that, in areas with multiple deformational episodes, fault orientation may not reflect 

the direction or relative magnitude of each event.  In the Jeanne d’Arc basin, several 



 

 

24 

authors suggest that the border faults correspond to reactivated thrust faults (e.g. 

Enachescu, 1987; Tankard and Welsink, 1989; Withjack and Schlische, 2005). Therefore, 

a complete analysis of the extension direction and intensity of rifting needs a detailed 

study and falls beyond the scope of this study. 

The syn-rift nature of Package C implies potential reservoir rocks near basement-

involved faults, because coarser rocks accumulate close to border faults (e.g. Withjack et 

al., 2002). The Voyayer Formation within Package C contains thermally mature source 

rocks (e.g. Fowler and Brooks, 1990; McAlpine, 1990; Magoon et al., 2005) and fine-

grained sandstones (McAlpine, 1990) that could be reservoir rocks. Therefore, Package C 

could contain important hydrocarbon accumulations that might have been overlooked 

because of the assumption that this package was post-rift. Additionally, persistent rifting 

in the Jeanne d’Arc basin implies persistent heat flow for hydrocarbon maturation and 

generation. That persistent heat flow could explain the existence of mature rocks in the 

Voyayer Formation, and the likely occurrence of deeper reservoirs not explored yet. 

 

8. Summary and conclusions 

The interpretation of 3D seismic data from the Flying Foam area indicates that rifting 

in the Jeanne d’Arc basin was not episodic (as previous studies suggested), but persistent 

from the Late Triassic through the Early Cretaceous. Persistent rifting resulted in three 

different packages. Strata from the basal salt-rich Package B gradually thicken toward 

basement-involved faults. Strata from overlying Package C do not obviously thicken 

toward basement-involved faults, but strata thickening toward the north indicate 
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differential displacement on the Mercury and Murre faults. Strata from the uppermost 

Package D have a variety of geometries that reflect differences in displacement on the 

basin-bounding faults and displacement on a detachment fault (top of the Argo salt in 

Package B). 

Folding and detached faulting occurred during the Late Jurassic-Early Cretaceous in 

the study area. A combination of fault-bend folding and forced folding produced the 

Flying Foam anticline. Forced folding occurred above the Murre fault, and fault-bend 

folding resulted from displacement on the detachment fault with a ramp-flat-ramp 

geometry on top of the Argo salt. This geometry resulted because the top of Package B 

(Argo salt) parallels the Mercury and the Murre faults, forming ramps and a flat between 

them. Along-strike differences in the displacement on the basin-bounding faults and 

temporal differences in the activity of these faults account for the different stratigraphic 

patterns observed in Package D. 
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Table 1. Main parameters of the 3D seismic data set from the Flying Foam area. 

Number of inlines (E-W orientation)  1532 
Number of crosslines (N-S orientation)  3150 
Inline spacing   25 m 
Crossline spacing  12.5 m 
Processing record length   9 s 
Processing sample interval  4 ms 
Nominal fold  32 

 

Table 2. Basic information from wells inside the area of study. 

Well name Spud date Well class TD* (m) 
West Flying Foam L-23 07-Nov-1981 Exploratory  4554 
Flying Foam I-13 26-Sep-1973 Exploratory 3683.2 
Nautilus C-92 29-Sep-1981 Exploratory 5117 
Mercury K-76 19-May-1985 Exploratory  5212 
Thorvald P-24 24-Jun-1991 Exploratory 3810 

              * TD: Total Depth 
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Table 3. Summary of the tectonostratigraphic units present in the Flying Foam area, 

Jeanne d’Arc basin, offshore eastern Canada 

Packages and 
horizons 

Seismic-reflection geometries Name, lithology and age 

Package E Continuous, sub-parallel, low- to high-
amplitude reflections 

Banquereau Fm. (shales), Dawson 
Canyon Fm. (shales, limestones), 
Wyandot Fm. (chalks and marlstones) 
and Otter Bay Fm. (sandstones); Early 
Cretaceous – Recent (?) (CNLOPB, 
2012; Deptuck, et al., 2003) 

Horizon 4 Erosional truncation surface Base of Paleogene unconformity 
Package D 
 

Continuous, low- to high-amplitude 
reflections; the geometry of the reflections 
vary from north to south and from west to 
east. 

Ben Nevis Fm. (shales and some 
sandstones), Nautilus Fm. (calcareous 
shales). Avalon Fm. (sandstones), 
Whiterose Fm. (shales and limestones), 
Catalina Mb. (sandstones), Hibernia 
Fm. (sandstones), Fortune Bay Fm. 
(shales) and Jeanne d’Arc Fm. 
(sandstones); Late Jurassic – Early 
Cretaceous (CNLOPB, 2012; 
McAlpine, 1990; Sinclair et al., 1999) 

Horizon 3 Inferred unconformity Late Jurassic (Tithonian) unconformity 
Package C Continuous, mostly sub-parallel, low- to 

high-amplitude reflections  
Rankin Fm. (limestones), Downing Fm. 
(shales with interbedded limestones) 
and Iroquois Fm. (dolomites and 
limestones); Early to Late Jurassic (?) 
(McAlpine, 1990; Sinclair et al., 1999) 

Horizon 2 Top of salt  
Package B Chaotic and locally grading to low- to 

moderate-amplitude parallel reflections 
Eurydice Fm. (continental red beds) 
and Argo Fm. (mainly salt); Late 
Triassic – Early Jurassic (?) (McAlpine, 
1990; Sinclair et al., 1999) 

Horizon 1 Inferred angular unconformity; poorly 
imaged 

Late Triassic 

Package A No primary reflections Pre-Triassic strata and basement 
(Sinclair et al., 1999) 
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Figure 1. a) Map of the eastern North America rift system showing location of the Jeanne
d’Arc basin (blue polygon) and key tectonic features. Inset shows position of the rift system
relative to Pangea during Late Triassic time. b) Regional transect from offshore Canada
(location given by dashed line in a) showing key tectonostratigraphic features. Modified from
Withjack et al. (2012).
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Figure 2. a) Map of the Jeanne d’Arc basin highlighting the study are. Southern half of
map shows faults cutting prominent Middle Jurassic reflection, and northern half shows
faults cutting Aptian/Albian sequence (modified from Withjack and Schlische, 2005).
b) Regional cross section (location given by red line in a) showing tectonostratigraphic
packages (capital letters and colors) and main structural features. Dashed lines and
gradational colors show uncertainty. Regional cross section is based on seismic line
HBV83-195 (Appendix 3), modified from Withjack and Schlische, (2005), and line B,
this study. See location of line B in Figure 7 and interpreted line in Figure 13.
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Figure 4: a) Uninterpreted time-slice at 2.720 s. Box shows location of enlargement in b.
b) Uninterpreted part of time-slice. c) Interpreted part of time-slice showing true
reflections (green lines) and peg-leg multiples (dashed red lines).
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Figure 5: (a) Part of seismic line C. (b) Interpreted line showing primary reflections (green lines),
multiples (dashed red lines) and migration artifacts (black lines). Capital letters are tectonostratigraphic
packages. See line location on Figure 7 and complete line in Figure 14.
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Figure 7. a) Time-slice at 3.9s without interpretation showing location of selected
seismic lines presented in this thesis.
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Figure 7. b) Interpreted time-slice at 3.9 s showing the distribution of the
tectonostratigraphic packages and structural features. The southern part of the area is
mainly fault-dominated, whereas the central and northern parts are fold-dominated. H1,
H2 and H3 are mapped horizons. Other letters and colors indicate tectonostratigraphic
packages. Dashed lines and gradational colors indicate uncertainty.
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structural variability in the study area from west to east. H1, H2,
H3, and H4 are mapped horizons. Other capital letters and colors
indicate tectonostratigraphic packages. Dashed lines, gradational
colors and question marks indicate uncertainty. See location of
strike lines in Figure 7.

42



Detached faults (bar gives dip direction)
Basement-involved faults (bar gives dip direction)

0 2 4 km

Time-slice at 3.0 s

Murre fault

Flying Foam anticline

Doubly plunging anticline

Doubly plunging syncline

Figure 10. Time-slice at 3.0 s showing faults and folds. Gradational colors indicate
uncertainty. Red circles are wells. Abbreviations for wells are: WFF, West Flying Foam;
M, Mercury; N, Nautilus.
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Figure 12. a) Seismic line A without interpretation showing the location
of intersecting strike lines. b) Time-slice at 2.640 s showing the location
of line A. The time corresponds to the maximum TWT reached by all the
wells in the study area.
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Figure 12. c) Interpreted seismic line A showing tectonostratigraphic packages (A to E and colors)
and key geologic features. H1, H2, H3 and H4 are mapped horizons. Dashed lines, gradational colors
and question marks indicate uncertainty.

Line H

Debris flow deposits (?)

Basement-involved faults
Detached faults

0

1

2

3

5

6

7

8

TW
T

(s
)

4

B

D

C

E

H4

H3

H1

H2

Mercury fault Murre fault
A

Numerous faults (?)

??
?? ?

??
??

??

46



0 2 4km

Line 1150

Line 950

Line 650

Line 420

Line 300

Line 200

Line 1350

Line 1250

Line 1200

Line 1300

Line 1400

Well 0 4km

b)

a) West Flying
Foam L-23

Flying
Foam I-13

Line B

1:1 at 4.0 km/s

Figure 13. a) Seismic line B without interpretation showing the location of
intersecting strike lines. b) Time-slice at 2.640 s showing the location of line B.
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H3 and H4 are mapped horizons. Dashed lines, gradational colors and question marks indicate uncertainty.
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Figure 14. a) Seismic line C without interpretation showing location of intersecting
strike lines. b) Time-slice at 2.640 s showing the location of line C.
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Figure 14. c) Interpreted seismic line C showing tectonostratigraphic packages (A to E and colors) and key
geologic features. H1, H2, H3 and H4 are mapped horizons. Dashed lines, gradational colors and question
marks indicate uncertainty.
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Figure 15. a) Seismic line D without interpretation showing the location of intersecting
strike lines. b) Time-slice at 2.640 s showing the location of line D.
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Figure 15. c) Interpreted seismic line D showing tectonostratigraphic packages (A to E and colors), key geologic
features and a well with unconformities (Ce: Cenomanian, CNLOPB, 2012). H1, H2 and H4 are mapped horizons.
Dashed lines, gradational colors and question marks indicate uncertainty.
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Figure 16. a) Seismic line E without interpretation showing the location of intersecting
strike lines. b) Time-slice at 2.640 s showing location of line E.
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Figure 16. c) Interpreted seismic line E showing numerous basement-involved faults and detached faults. H1, H2
and H4 are mapped horizons. Other capital letters and colors indicate tectonostratigraphic packages. Dashed lines,
gradational colors and question marks indicate uncertainty.
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Figure 17. a) Line F without interpretation showing the location of intersecting lines.
b) Time-slice at 2.640 s showing the location of line F.
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Figure 17. c) Interpreted line F showing tectonostratigraphic packages (A to E and colors) and key geologic features. H1, H2,
H3 and H4 are mapped horizons. Dashed lines and gradational colors indicate uncertainty.
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Figure 18. a) Line G without interpretation showing the location of intersecting lines.
b) Time-slice at 2.640 s showing the location of line G.
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Figure 18. c) Interpreted line G showing tectonostratigraphic packages (A to E and colors), key geologic features and wells
with unconformities (Pa: Paleogene, Ti: Tithonian, CNLOPB, 2012). H1, H2, H3 and H4 are mapped horizons. Dashed lines
and gradational colors indicate uncertainty.
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Figure 19. a) Line H without interpretation showing the location of intersecting lines.
b) Time-slice at 2.640 s showing the location of line H.
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Figure 19. c) Interpreted line H showing tectonostratigraphic packages (A to E and colors) and key geologic features. H2 and
H4 are mapped horizons. Dashed lines, gradational colors and question marks indicate uncertainty.
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Figure 20. Time-slice at 3.0 s showing Package B in orange. H1, H2, H3 and H4 are
mapped horizons. Other capital letters are tectonostratigraphic packages. Dashed black
and grey lines and gradational colors indicate uncertainty. Red circles are wells.
Abbreviations for wells are: WFF, West Flying Foam; M, Mercury; N, Nautilus.
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Figure 22. a) Line A interpreted with packages and faults. b) Enlargement showing
diverging reflections in Package D and sub-parallel reflections in Package C. Horizon 3
separates the packages. H1, H2, H3 and H4 are mapped horizons. Other capital letters
and colors are tectonostratigraphic packages. Gradational colors, dashed lines and
question marks indicate uncertainty.
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1:1 at 4.0 km/s

Figure 23. a) Line B highlighting Packages C and D in the hanging wall of the Murre
fault. b) Enlargement shows onlap terminations (half-arrows) in Package D. H1, H2, H3
and H4 are mapped horizons. Other capital letters and colors are tectonostratigraphic
packages. Gradational colors, dashed lines and question marks indicate uncertainty. (Pa:
Paleogene; Ti: Tithonian, CNLOPB, 2012).
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1:1 at 4.0 km/s

Figure 25. a) Line C highlighting Packages C and D in the hanging wall of the Murre
fault. b) Enlargement shows diverging reflections in Package D. H1, H2, H3 and H4 are
mapped horizons. Other capital letters and colors are tectonostratigraphic packages.
Gradational colors, dashed lines and question marks indicate uncertainty.
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Figure 27. a) Line G highlighting Packages C and D. b) Enlargement showing
sub-parallel reflections in Package D and diverging reflections in Package C. Horizon 3
separates both packages. H1, H2, H3 and H4 are mapped horizons. Other capital letters
and colors are tectonostratigraphic packages. Gradational colors and dashed lines indicate
uncertainty.
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Figure 29. a) Lithoprobe line 85-4A without interpretation showing the location of two
wells (modified from Sinclair, 1995). b) Interpreted Lithoprobe line 85-A showing Lower
to Middle Jurassic strata thickening toward a basement-involved fault (modified from
Withjack and Callaway, 2000). Colors and capital letters are tectonostratigraphic
packages. See location of line in Appendix 1.
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Figure 30. a) Strike view of line G highlighting Package C. b) Enlargement showing the
geometry of Package C flattened on H3. H1, H2, H3 and H4 are mapped horizons. Other
capital letters are tectonostratigraphic packages. Dashed lines and gradational colors
indicate uncertainty.
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Figure 31. Line A highlighting Packages C and D, the ramp-flat-ramp that Horizon 2 forms and important features. Half arrows
indicate direction of movement. H1, H2, H3 and H4 are mapped horizons. Other capital letters and colors are tectonostratigraphic
packages. Gradational colors, dashed lines and question marks indicate uncertainty. See full interpretation in Figure 12.
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Figure 32. Comparison between lines A and D and analog clay models. a) and b) show that Package C forms a forced fold and a
fault-bend fold. Displacement on the Murre on line D is less than on line A. H1, H2, H3 and H4 are mapped horizons. Other capital
letters are tectonostratigraphic packages. Dashed lines, gradational colors and question marks indicate uncertainty. See complete
lines in Figures 15 and 12. Similarly, c) and d) show experimental clay models with differences in the displacement along a
basement-involved fault (modified from Withjack and Callaway, 2000). The colors were chosen to match the colors of the
tectonostratigraphic packages of the Flying Foam area.
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Figure 33. Comparison between line A and a geometric model. a) Line A shows the ramp-flat-ramp geometry of the detached fault on
top of Package B (Argo salt). See complete interpretation in Figure 12. Half arrows indicate direction of movement. Capital letters
represent tectonostratigraphic packages. b) Geometric model showing the evolution of a fault-bend fold and a diachronous
unconformity above a fault with a ramp-flat-ramp geometry (modified from Withjack and Schlische, 2006). Colors were chosen to
match the packages in the Flying Foam area.
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Figure 34. Restoration of the Flying Foam area based on line B (Figure 13) and line
HBV83-195 (Appendix 3). H1, H2, H3 and H4 are mapped horizons. Other capital letters
and colors indicate tectonostratigraphic packages. Dashed lines, gradational colors and
question marks indicate uncertainty.
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Figure 35. Schematic map-view representation of the syn-rift evolution of the Flying
Foam region. H1, H2 and H3 are mapped horizons. Other capital letters are
tectonostratigraphic packages. Dashed lines and question marks indicate uncertainty.
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Figure 36. Lithostratigraphic chart of the Jeanne d’Arc basin highlighting
tectonostratigraphic packages interpreted in this study (capital letters). Modified from
Sinclair et al. (1999) and Magoon et al. (2005). Results from my thesis work show that
Packages B, C and D are all syn-rift units.
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Appendix 1: Jeanne d’Arc basin

Figure A-1: Map of the Jeanne d’Arc basin showing the main producing hydrocarbon
fields,approximate location of wells in the study area and other wells of interest, and
Lithoprobe seismic line 85-A. Abbreviations for wells are: WFF: West Flying Foam; FF:
Flying Foam; M: Mercury; T: Thorvald; N: Nautilus. Modified from McAlpine (1990),
Sinclair (1995) and http://www.worldoil.com/June-2000-International.html.
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Appendix 3: Line HBV83-195

Figure A3-1: 2D seismic line HBV83-195. Red rectangles highlight selected velocity surveys shown in Appendix 4. Vertical exaggeration 3:1
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APPENDIX 4 
 
 
Root mean square velocities (VRMS) from some velocity surveys from 

line HBV83-195 used to calculate the average velocity of the 

sedimentary section. 

 
 
 

Velocity survey Time (ms) VRMS (m/s) 
CDP 2698 6005 3910 
CDP 3148 6012 4289 
CDP 3630 5998 3899 
CDP 4080 5999 3689 

 Average 3946  
(~4.0 km/s) 
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APPENDIX 5 

List of formation tops from available wells. Depths are in meters and measured depths. 

From the BASIN database website (http://basin.gdr.nrcan.gc.ca/wells/index_e.php) 

(2012) 

 

Well Flying Foam I-13  
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Well West Flying Foam L-23 
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Mercury K-76 
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Thorvald P-24 
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Nautilus C-92 
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a) CDP 2698 from Line HBV83-195

Appendix 6: Tie of well data to seismic line B
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Figure A6-1: a) Velocity survey from the 2D line HBV83-195 and distance in meters
(third column) from the Dix equation. The velocity data are from the top of the Flying
Foam anticline (see Appendix 3), in approximately the same structural position as that the
Flying Foam I-13 well (see Figure 11). b) Time vs. depth graph for the table in a. The
graph helps find the TWT for the unconformitties reported in the Flying Foam I-13 well.
c) The table shows the conversion to time for the unconformities reported in the Flying
Foam I-13 well (CNLOPB, 2012).
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area highlighting the Flying Foam I-13 well. c) Flying Foam I-13 well showing horizons,
tectonostratigraphic packages, gamma ray/sonic log, lithologies, formation tops and
unconformities. Gamma ray/sonic log and lithologies modified from McAlpine (1990).
Unconformities and formation tops modified from CNLOPB (2012).
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