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Abstract 

The South Mara Member in the Jeanne d'Arc Basin offshore Newfoundland, Canada forms 

significant sand deposits within the post-rift Early Eocene basin. This thesis present through 

examination of seismic and well data the Cenomanian to Eocene stratigraphy and depositional 

environments with a detailed examination of transport conduits and depositional architecture of 

the South Mara Member. South Mara submarine fan deposits are found in the northern basin and 

deltaic deposits are found in the southern basin. This study proposes north-eastward prograding 

deltas and mounded pro-delta turbidites were transported through the Cormorant Canyon system 

onto the peneplain surface on the uplifted Morgiana Anticlinorium. The Cormorant canyons cut 

into top seals of Lower Cretaceous reservoir units and pose a risk to hydrocarbon exploration of 

older strata; however, they create hydrocarbon migration pathways between Lower Cretaceous to 

Eocene reservoir zones.   
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Figure 1.1: Main structural elements of the Grand Banks, offshore Newfoundland, Canada, 

including plate tectonic setting and bathymetry. Unshaded area is the continental margin; dotted 

area is the transitional crust; and shaded area is the oceanic crust. The Jeanne d’Arc Basin is 

located on the continental crust with the study area outlined in red; modified from Enachescu 

(1987). 

Figure 1.2: Basins found within the Grand Banks and the location of the study area; Modified 

from CNLOPB (2015). 

Figure 1.3: Major basin bounding faults within the Jeanne d’Arc Basin. Birds feet pattern 

illustrates basement highs: Bonavista Platform, Central Ridge, Outer Ridge Complex and 

Morgiana Anticlinorium. Well locations (black dots) and seismic coverage (thin red squares) are 

shown. The location of Figure 1.5 is outline with the black bold square. Figure modified from 

Deptuck (2003).  

Figure 1.4: The various stages in the evolution of the northern Atlantic Ocean. Red lines 

indicate active sea floor spreading. Red stipple indicates areas of oceanic crust, red triangles are 

seamounts. Dashed red lines indicate major fracture zones. The age of each stage is indicated and 

corresponds to the three main stages of rifting and subsidence within the Jeanne d’Arc Basin and 

the Grand Banks. Abbreviations: O.K. Orphan Knoll; F.C. Flemish Cap; N.R Newfoundland 

Fracture Zone; C.G.F.Z. Charline Gibbs Fracture Zone; modified from Keen and Beaumont 

(1990). 

Figure 1.5: Time structure map of the Base Paleogene unconformity illustrating the Morgiana 

Anticlinorium. Note the peneplain surface and the separation between the Jeanne d’Arc Basin 

and Carson Basin. Cross-section A to A’ is shown in Figure 1.6 and Figure 1.7. Color contours 

greater than -1000 ms (TWT) are colored red to better illustrate the Bonavista Platform.  

Location of this figure is shown on Figure 1.3. 

Figure 1.6: Sketch of the Morgiana Anticlinorium (based off Figure 1.7) in the southern Jeanne 

d’Arc Basin during Aptain and Albian time. This Arch is the main feature that controlled the 

deposition of hydrocarbon-bearing shoreface deposits of the Ben Nevis Formation. Erosion 

associated with the formation of the Peneplain surface cuts into the Middle Cretaceous (Ben 

Nevis) interval and breach Ben Nevis top seals. Ben Nevis lateral facies transition is based off 

Marshal (2012) interpretations. Location of sketch and point of view is shown in Figure 1.5. 

Figure 1.7: Cross-sectional point of view of Morgiana Anticlinorium. Note the flattening of 

Paleogene surface due to erosion on the Arch. The Peneplain surface is the depositional floor of 
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the Early Paleogene sediments. Location of sketch and cross-sectional viewing point (looking 

from the viewing point towards the anticlinorium) is shown in Figure 1.5.  

Figure 1.8: 2D seismic line drawing (83-sqp-4912ba) illustrating the Morgiana Anticlinorium 

and the Peneplain Surface. 

Figure 1.9: 3-step evolution of Jeanne d’Arc Basin with respect to the deposition of South Mara 

Member sandstones on the Morgiana Anticlinorium.  A) Formation of the Morgiana 

Anticlinorium. B) Erosion of the Morgiana Anticlinorium from fluvial systems (Ben Nevis 

depositional environments modified from Marshall (2012)).C) South Mara sand input onto the 

peneplain surface and distal submarine fan development. Location of sketch and cross-sectional 

viewing point is shown in Figure 1.5.  

Figure 1.10: Regional seismic line across the central part of the Jeanne d’Arc Basin. The T40 

marker marks the start of major subsidence in the basin. Maximum subsidence during this time is 

up to 200ms TWT (75m). The T1 marker, the Paleogene slope, has a present day relief of over 

800ms (250m) indicating the slope was present regardless of later subsidence rates during the 

deposition of Early Paleogene sediments. The T1 slope is greater expressed in the present day 

due to subsequent subsidence. Seismic line is from Deptuck (2003) and was modified to 

illustrate subsidence rates.  

Figure 1.11: The four stages of post-rift evolution of the Jeanne d’Arc Basin and corresponding 

depositional units and seismic markers. Note the tilting that occurred during stage three and four. 

Also note the increased gradient on the basement slope over time. Figure from Deptuck (2003).  

Figure 1.12: The ocean current direction during the deposition of sedimentary bodies studied in 

this thesis. The black arrows indicate ocean current direction. The red box in the Jeanne d’Arc 

Basin and the red arrow is the direction of sediment supply during this time. The red box is the 

study area/ Figure is modified from Deptuck (2003).  

Figure 1.13: Lithostratigraphy and geologic history of the Jeanne d’Arc Basin. Graphic courtesy 

of Statoil Canada; modified after Sinclair (1992). 

Figure 2.1: Study area showing data used in this study: well locations and seismic locations. 

Major faults and structural elements are shown modified from Deptuck (2003). The black boxes 

are the 2D seismic locations and the red (numbered) boxes represent the 3D seismic surveys. 

Wells are represented by the black and grey circles. 3D surveys include: 1) Flying Foam, 2) 

North Mara, 3) Mega Merge, 4) Whiterose, and 5) ST0801-Fortune. Well Numbers corresponds 

to the well names as listed below: 
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Figure 2.1 Continued: 1 Cormorant N-83; 2 Murre G-57; 3 Riverhead N-18; 4 Port an Port J-97; 

5 Gambo N-70; 6 South Brook N-30; 7 Beothuk M-05; 8 King’s Cove A-26; 9 Egret K-36; 10 

Egret N-46; 11 Terra Nova K-18; 12 Terra Nova K-17; 13 Terra Nova K-07; 14 Terra Nova I-

97; 15 Terra Nova C-09; 16 Terra Nova L-98; 17 Terra Nova K-08; 18 Terra Nova K-07; 19 

Voyager J-18; 20 Springdale M-29; 21 West Bonne Bay C-23; 22 Hebron I-13; 23 East Rankin 

H-21; 24 Hebron M-04; 25 Hebron D-94; 26 West Ben Nevis B-75; 27 Bonny Bay C-73; 28 Ben 

Nevis I-45; 29 Cape Race N-68; 30 Avondale A-46; 31 Rankin M-36; 32 North Ben Nevis M-

61; 33 Fortune G-57; 34 Archer K-19; 35 Amethyst F-20; 36 Mara E-30; 37 North Ben Nevis M-

61; 38 Hibernia G-55; 39 Hibernia J-34; 40 Hibernia K-14; 41 Hibernia P-15; 42 Hibernia C-96; 

43 Hibernia B-08; 44 Hibernia K-18; 45 Hibernia O-35; 46 Hibernia I-46; 47 Hibernia B-27; 48 

Mara M-54; 49 South Mara C-13; 50 North Ben Nevis P-93; 51 Botwood G-89; 52 Nautilus C-

92; 53 Thorvald P-24; 54 Mercury K-76; 55 Whiterose A-17; 56 Whiterose J-49; 57 Whiterose 

L-08; 58 Whiterose E-09; 59 Whiterose N-30; 60 Whiterose A-90; 61 Whiterose L-61; 62 

Whiterose N-22; 63 Trave E-87; 64 Adolphus D-50; 65 Adolphus 2k-41; 66 West Flying Foam 

L-23; 67 Flying Foam I-13; 68 Conquest K-09; 69 South Tempest G-88; 70 Golconda C-64; 71 

Panther P-52; 72 Dominion O-23; 73 Bonanza M-71  

Figure 2.2: Reflection terminations commonly found in this study (See text for details); 

modified from Mitchum et al. (1977). 

Figure 2.3: Reflection configurations commonly found in this study (See text for details); 

modified from Mitchum et al. (1977). 

Figure 3.1: Submarine fan transport system. The canyon system acts as the main transport 

mechanism for sediment to reach offshore depositional centers, modified from Covault (2011). 

Figure 3.2: Hueneme fan growth during highstand (a) and lowstand (b) growth modified from 

Normark et al. (1998). 

Figure 3.3: Lowstand and highstand deposition and transport mechanisms of Oceanside and 

Carlsbad fans (lowstand cycles) and the La Jolla (highstand cycles); modified from Covault et al. 

(2007). 

Figure 3.4: highstand deposition and transport mechanisms of the Fraser island Submarine fans 

from Boyd et al. (2008).  

Figure 3.5: Modern day delta in Western Arctic Coast, Canada. The Horton River Delta is a 

fluvial delta supplied by a meandering channel system. Picture is modified from Scott (2012). 

Figure 3.6: Triangle diagram illustrating the three types of deltas from fluvial-dominated, wave-

dominated, and tide-dominated. Controlling factors on geometry include sediment input, wave 

energy and tidal energy. The end member examples (various scales) are in 4k resolution (If on 

computer zoom-in for detail) from Google Earth (2016). Diagram based on Galloway (1975). 

Figure 3.7: Continuous spectrum of delta systems. Example deltas based on delta plain facies. 

Images (4k resolution) are not to scale and from Google Earth, 2016. Model is modified from 

Liangqing and Galloway (1991).  
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Figure 3.8: Subaerial basinward growth of two deltas based on satellite data; modified from 

Roberts et al. (2003). 

Figure 3.9: The three types of delta shifting patterns over a period of time from a -> c, modified 

from Coleman and Wright (1975). 

  Figure 3.10: Paraná Delta in Argentina. Lobe switching (Black circles) can be seen between 

the south and north lobes (4K resolution) image from Google Earth (2016).  

Figure 3.11: The Mississippi River delta. Present day lobe of the delta showing channel 

branching and basinward growth (4K resolution) image from Google Earth (2016).  

Figure 3.12: Hwang Ho delta or Yellow River delta in northeastern China. Note the single 

channel abandonment (4K resolution) image from Google Earth (2016).  

Figure 3.13: Danube Delta in Romania. Channel extension eastwards (4K resolution)  image 

from Google Earth (2016). 

Figure 3.14: Red River delta in Vietnam. Channel extension eastwards; (4K resolution) image 

from Google Earth (2016). 

Figure 3.15: Seismic reflection patterns of wave and fluvial dominated deltas. From Berg (1982) 

and based on Mitchum et al. (1977).   

Figure 3.16: Seismic reflection patterns of a classic fluvial dominated delta lobe; from Berg 

(1982).  

Figure 3.17: Seismic reflection indicators of submarine fan sequences, from Berg (1984). 

Figure 3.18: Seismic reflection patterns of a prograding fluvial-dominated delta and associated 

submarine fans, from Berg (1984). 

Figure 3.19: Seismic reflection patterns of a prograding fluvial-dominated delta and wave-

dominated delta with associated submarine fans, from Berg (1984).  

Figure 3.20: Shelf edge reflection patterns commonly found in the Bonaparte Delta of NW 

Australia. Common reflection patterns included: high angle clinoforms, low angle clinoforms, 

slides and slumps, low angle lateral migration, and shelf channel fill. Figure was modified from 

Bourget et al. (2014). 

Figure 3.21: Well-log comparison of deltas and submarine (deep-sea) fans; modified from Rider 

(1999).  

Figure 4.1: Well locations of hydrocarbon shows in Early Paleocene, Eocene sediment. Major 

structural elements are based on Deptuck (2003) and DST/shows are compiled from CNLOPB 

and Statoil Canada databases.  
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Figure 4.2: Chronostratigraphic chart of Jeanne d’Arc Basin. Tectonic events and lithology are 

shown. Red box highlights the interval of focus of this study. Chronostratigraphic chart is 

courtesy of Statoil Canada and modified from Sinclair (1992).  

Figure 4.3: Chronostratigraphic chart of the study area (Upper Cretaceous and Lower 

Paleogene) in the Jeanne d’Arc Basin. Unconformities are highlighted. Chart is from Deptuck 

(2003) and modified from Sinclair (1987). Absolute ages are based of Gradstein et al. (1995) and 

Berggren et al. (1995). OB = Otter Bay; FH = Fox Harbour; SM = South Mara; Mb = Member; 

and Fm = Formation.  

Figure 4.4: 3D block diagrams of members studied and the Base Paleogene unconformity. Each 

diagram is scaled vertically in TWT and horizontally in meters. Each diagram is contoured in 

TWT as structure maps. The lithology is imposed onto the contoured surface. Fault reactivation 

present during each event is illustrated. The block diagrams are colored based on the location of 

preserved sediment and lithologies. The locations of the block diagrams are shown on the base 

map (bold black box).  

Figure 4.5: 3D block diagram of the Top Petrel time-structure surface in the Jeanne d’Arc Basin. 

The diagram is to scale vertically in TWT and horizontally in meters. TWT of the top of the 

Petrel Member is contoured and imposed onto the block diagram as a time-structure surface. 

Strata older than the Petrel Member are indicated. The location of the block diagram is shown on 

the base map (bold black box).  

Figure 4.6: Petrel Member cuttings sample with penny for scale from Deptuck (2003). The 

member is comprised of chalky with faint pink coloring, Cormorant N-83 – 772-781m.  

Figure 4.7: Well-log of South Brook N-30. Petrel Member is commonly characterized by a 

blocky GR with an upper sharp boundary.  

Figure 4.8: Time structure map of the top of the Petrel Member. A-C is zoomed to illustrate the 

erosion into the Petrel Member. Erosional features formed include A) Egret Canyon B) Petrel 

Channel and C) Mara Channel. The white lines show current licence lines and the red lines in C 

outlines the channel edges. The base map shows the location of the time structure map (black 

bold box). 

Figure 4.9: Strike and dip composite seismic section. Seismic image is modified from Deptuck 

(2003) and members are interpreted. The section is located on the central western edge of the 

basin near the Rankin Canyon as shown on the seismic section. Interpreted and uninterrupted 

sections are shown. Interpreted section is a line drawing. The sections show the reflection 

terminations and configurations of the studied members. 
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Figure 4.10: 3D block diagram of the Otter Bay Member in the Jeanne d’Arc Basin. The 

diagram is to scale vertically in TWT and horizontally in meters. TWT of the Top of the Otter 

Bay Member is contoured and imposed onto the map as a time-structure surface Strata older then 

the Otter Bay Member are indicated. The depositional environments of the Otter Bay Member is 

illustrated with deltaic sediment formed on the western edge of the basin and sediment 

transported basinward by filling in pre-existing erosional conduits forming pro-delta turbidite 

deposits. The location of the block diagram is shown on the base map (bold black box).  

Figure 4.11: Core photo of Avondale A-46, 1881.00-1883.72m (box 1); 1877.77 -1891.80m 

(box 2); the member is muddy with fine-grained sand lenses. This pro-delta core is distal from 

typical Figure 4.12 Otter Bay deposits Figure 4.12. Core photo is modified from Statoil Canada, 

from the Mobil et al. (1988) well operator. 

Figure 4.12: Otter Bay Member cuttings sample with penny for scale from Deptuck (2003). The 

member is a medium to coarse grained proximal sand from Cormorant N-83, 642-645m.  

Figure 4:13: A) Type section of the Otter Bay Member in Hibernia J-34. Otter Bay is commonly 

characterized by a coarsening upward GR with an upper sharp boundary. B) Well-log of 

Avondale A-46, distal expression of the Otter Bay Member with high GR with fining upward 

cycles.  

Figure 4.14: Isochron map of the Otter Bay Member. The member is comprised of 4 main 

prograding sandstone bodies (1-4) with sediment filling and migrating into accommodation 

space created by the Otter Bay unconformity and accommodation space created by relative sea 

level rise outside of eroded areas.  Location of the isochron map is shown on the base map.  

Figure 4.15: 2D seismic dip section (83-5052). The section is located on the central western 

edge of the basin near the Hibernia Canyon as shown on the seismic section modified from 

Deptuck (2003). Interpreted and uninterrupted sections are shown. Interpreted section is a line 

drawing. The sections show the prograding clinoforms of the discussed members.  

Figure 4.16: Line drawing showing the Otter Bay clinoforms (red lines) and hinge line (green 

line). The location of the seismic line A-A’ is shown on the Isochron map of the Otter Bay 

Member (location shown on Figure 4.14 base map).  

Figure 4.17: 3D block diagram of the Fox Harbour Member in the Jeanne d’Arc Basin. The 

diagram is to scale vertically in TWT and horizontally in meters. TWT of the top of the Fox 

Harbour Member is contoured and imposed onto the map as a time-structure surface. Time 

periods older then the Fox Harbour Member are indicated. The depositional environment of the 

Fox Harbour Member is illustrated with deltaic sediments formed on the western edge of the 

basin grading into pro-delta turbidite deposits to the east. The location of the block diagram is 

shown on the base map (bold black box).  
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Figure 4.18: Fox Harbour Member cuttings sample with penny for scale from Deptuck (2003). 

The member is a fine to coarse grained sand with coal and mollusc shells from Cormorant N-83, 

402m.  

Figure 4.19: Well-log of Hibernia J-34. Fox Harbour Member is commonly characterized by a 

coarsening upward GR with an upper sharp boundary.  

Figure 4.20: Isochron map of the Fox Harbour Member. The Paleogene unconformity cuts into 

Fox Harbour sediments as illustrated in 4.18A. Also Paleogene erosion sharply defines the distal 

edge of the depocenter. The 2 red boxes outline distal turbidite facies. One main depositional 

body is present. Location of the isochron map is shown on the base map.  

Figure 4.21: Dip section line drawings in order from north to south across the Jeanne d’Arc 

Basin; see map for locations. Each line is interpreted from the top of the Petrel Member or 

equivalent using the 3D GB mega seismic cube. Each line drawing illustrates the different 

reflection configurations of the South Mara Member. Lines A-D in order: Ballicatters inline 

2320, GB mega 4840, 83-prx-4996b and 88-sqp-4944AA. 

Figure 4.22: Danube and Red River deltas; modern analogs for the Fox Harbour Member deltas. 

The deltas channel extension is common of fluvial and wave influenced deltas. Danube delta has 

multiple lobes and the Red River Delta has a single lobe. Images are from Google Earth 2016.  

Figure 4.23: Otter Bay and Fox Harbour isochron maps with main depositional bodies 

numbered; outlined in red is the distal, pro-delta turbidites; location of maps shown on Figure 

4.14 and 4.20 base maps.  

Figure 4.24: Time structure map of the base Paleogene; mapped from 3D seismic data. 

Erosional features of the Paleogene unconformity are highlighted in red: A) Flying Foam 

Canyon B) Hibernia and Rankin canyons. Location of time structure map is shown on the base 

map. Location of Figure 4.25 is shown by the bold black box.  

Figure 4.25: Amplitude time surface of the base Paleogene with yellows (sand-rich) positive 

amplitudes and grey (mud-rich) negative amplitudes within the Hibernia and Rankin canyons. 

See figure 4.24 for the location.  

Figure 4.26: 3D block diagram of the Paleogene time-structure surface in the Jeanne d’Arc 

Basin. The diagram is to scale vertically in TWT and horizontally in meters. TWT of the 

Paleogene is contoured and imposed onto the block diagram as a time-structure surface. Strata 

older then the Paleogene are indicated. The basin is plunging to the northeast. The location of the 

block diagram is shown on the base map (bold black box).  

Figure 4.27: Well-log of Avondale A-46. Avondale Member is commonly characterized by a 

fining upward GR and lower section that is blocky with a lower sharp boundary.  
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Figure 4.28: 3D block diagram of the Avondale and Tilton members in the Jeanne d’Arc Basin. 

The diagram is to scale vertically in TWT and horizontally in meters. TWT of the top of the 

Avondale/Tilton reflector is contoured and imposed onto the map as a time-structure surface. 

Strata older then the Avondale/Tilton Member are indicated. The depositional environment of 

the Avondale Member is illustrated with submarine sediment that formed on the western edge of 

the basin facilitated by Paleogene erosional features. The depositional environment of the Tilton 

Member is pelagic. Some interfingering between Avondale and Tilton likely occur. The location 

of the block diagram is shown on the base map (bold black box).  

Figure 4.29: Tilton Member cuttings sample with penny for scale from Deptuck (2003). The 

member is muddy and chert rich from Mara E-30, 1900 m. 

Figure 4.30: Well-log of South Brook N-30. Tilton Member is commonly characterized by a 

low-medium consistent GR with a lower sharp boundary and gradational top. In this well the 

Tilton Member was deposited on top of the Base Paleogene unconformity.  

Figure 4.31: Isochron map of the Avondale and Tilton members. Avondale sand fills and uses 

the relief of the Paleogene unconformities as conduits resulting in thickness trends forming 

within erosional features. The Tilton Member is distal from Avondale and is evenly distributed. 

Some interfingering between Avondale and Tilton likely occur.  

Figure 4.32: 3D block diagram of the South Mara Member in the Jeanne d’Arc Basin. The 

diagram is to scale vertically in TWT and horizontally in meters. TWT of the top of the South 

Mara is contoured and imposed onto the map as a time-structure surface. Strata older then the 

South Mara Member are indicated. The depositional environment of the South Mara is illustrated 

with deltaic facies forming on the southwestern part of the basin and submarine facies in the 

northern areas. 

Figure 4.33: South Mara Member cuttings sample with penny for scale from Deptuck (2003). 

The member is very fine grained and glauconite rich from Port au Port J-97, 685 m. 

Figure 4.34: Variation of Gamma Ray responses for the South Mara Member and the 

corresponding facies.  

 

Figure 4.35: Isochron map of the South Mara Member. The member has 2 main depositional 

bodies with sediment being focused on the southern part of the basin. Location of the isochron 

map is shown on the base map. 

Figure 4.36: Depositional limits of the Late Cretaceous to Early Cretaceous members. Structural 

elements are modified from (Deptuck, 2003). 

Figure 5.1: Base South Mara and equivalent time structure surface with important elements 

labelled. The black and white version of the time structure surface (right) will be used in 

subsequent figures to improve illustration. 
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Figure 5.2: 2D seismic line drawing (83-sqp-4912ba) across the peneplain surface; the 

prograding to slightly aggradating depositional bodies of the South Mara are highlighted.  

 

Figure 5.3: Canyon systems active during the Early Eocene mapped onto the black and white 

time structure surface of Figure 5.1. Line A –D are line drawing representing the seismic 

character of the transport systems. Line A: (Ballicatters inline 2320) has scours marks at the toe 

of the slope and MTD facies on the slope. Line B: (83-5052 Deptuck, (2003)) the Hibernia 

Canyon. Line C: (GB-Mega X-line 4000) and Line D: (88-PRX-4928B) Cormorant canyons.  

 

Figure 5.4: Facies and transport systems of the South Mara Members mapped onto the black and 

white time structure surface of Figure 5.1. Well-logs of corresponding facies are illustrated. 

Interpretations are based on well-log and seismic data.  

 

Figure 5.5: Rankin Canyon seismic facies. Channel fill coloured yellow, dotted line represents 

the base South Mara unconformity. Channel inversion and truncation are common. Seismic line 

is modified from Deptuck (2003). 

 

Figure 5.6: Submarine fan seismic facies: Draping and downlapping with mound-like reflection 

configurations. The lower image shows toplap truncation onto the South Mara unconformity. 3D 

lines are modified from Deptuck (2003).  

 

Figure 5.7: Deltaic seismic line drawing of the South Mara Member in dip section; downlap and 

toplap reflection terminations with a prograding reflection configuration. Three depositional 

bodies have been identified by prominent seismic reflectors that form clinoforms that downlap 

and toplap (2D seismic line: 88-SQP-4944AA).  

 

Figure 5.8: Deltaic seismic line drawing of the South Mara Member strike section with dome-

like clinoforms. Each flank of the delta has dipping clinoforms in opposite directions (2D 

seismic line: 83-PRX-2636AA).  

 

Figure 5.9: Dip line drawings of the deltaic facies. Channel formation and clinoform truncation 

occurs at various depths and locations within the delta facies. Downlap and toplap reflection 

terminations with a prograding reflection configuration are common seismic characters. Line A) 

88-SQP-4944AA Line B) 83-PRX-4928B Line C) 83-PRX-4920B.  

 

Figure 5.10: Depositional body growth overtime of the deltaic system. Time thickness trends for 

each depositional body are imposed. Maps are based off seismic and well-log data.   

 

Figure 5.11: South-north 2D regional line drawing of the Jeanne d’Arc Basin showing deltaic 

facies, pro-delta turbidite and submarine fan facies (Line 83-SQP-2636AA). 

 

Figure 5.12: Schematic block diagram eastward across the southern Jeanne d’Arc Basin. The 

block diagram is to scale vertically in TWT and horizontally in km. Interpreted environments 

and the corresponding study are listed above the block diagram.  
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Figure 5.13: Partial summary of DST results from the South Mara Member superimposed onto 

depositional environments. DST/shows are compiled from CNLOPB and Statoil Canada 

databases.  

 

Figure 5.14: Sketch of the Morgiana Anticlinorium. The Peneplain surface erodes into the 

Middle Cretaceous (Ben Nevis) interval and may act as a thief zone for hydrocarbons within the 

interval. Ben Nevis facies transition is based off Marshal (2012) interpretations. 

 

Figure 5.15: A select time slice from seismic HD decomposition showing a very dynamic slope 

with turbidite fans. 

 

Figure 5.16: Summary table of depositional facies and the corresponding Well-log trends, 

seismic architectures and geometries.   
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Abbreviations 

 

2D = Two-dimensional  

3D = Three-dimensional  

CNLOPB = Canada Newfoundland and Labrador Offshore Petroleum Board 

DST = Drill stem Test 

GR = Gamma Ray 

GSC = Geologic Survey of Canada 

MTD = Mass Transport Deposit 

NPHI = Neutron Density 

QC = Quality Control  

RHOB = Bulk density 

RFT = Repeat formation tester 
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Chapter 1: Introduction 

1.1 Introduction 

1.1.1 Objective, purpose and method  

The objective of this study is to 1) provide an overview of Cenomanian to Early Eocene strata of 

the Jeanne d’Arc Basin, offshore Newfoundland, Canada. 2) Review Upper Cretaceous 

depositional interpretations using integrated seismic and petrophysical data. 3) Investigate the 

depositional history of the southern basin. 4) Interpret Early Eocene strata, including a deltaic 

system that is vaguely described in literature. 5) Provide a regional account of Early Eocene 

depositional systems by linking southern deltaic interpretations made in this study to northern 

submarine fan deposition proposed by Deptuck (2003), and mass transport deposits proposed by 

Barlett (2014). 6) Investigate hydrocarbon potential and migration into the Early Eocene deltaic 

sandstones. 

The Purpose of this study is to provide a comprehensive account of stratigraphic architecture.  

Improve hydrocarbon models, and increase the confidence of risk assessment by understanding 

depositional system of the southern Jeanne d’Arc Basin. Provide insight into biodegrading fluids, 

top-seal breach zones and hydrocarbon timing within the basin by using complete 2D-3D seismic 

and petrophysical coverage of the basin (Figure 1.3).  

Paleoenvironmental interpretations are based on seismic, petrophysical, isochron trends, 

historical research, and seismic attributes. Regional time structure and isochron maps of 

Cenomanian to Early Eocene intervals were created by using seismic and well-log data. 2D 

seismic data is presented to support paleoenvironmental interpretations. This study also relies on 

previously published 3D seismic images to make more interpretations. In other cases seismic line 
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drawings of non-published 2D-3D seismic data will be used to present research of the southern 

Jeanne d’Arc Basin. 

1.2 Regional Introduction 

1.2.1 The Grand Banks  

The Grand Banks offshore Newfoundland is located 450 km east of Newfoundland, Canada. The 

rift basins within the Grand Banks are located on the large continental shelf of Newfoundland 

and are submerged by the Atlantic Ocean. The Grand Banks records 225 Ma of basin formation, 

deposition and subsidence due to a response of the opening of the Atlantic Basin by the rifting 

continental lithosphere (Tankard and Welsink, 1988). The Grand Banks is bounded by transform 

faults; the Charlie Gibbs Fracture Zone in the north and the Newfoundland Fracture zone in the 

south (Enachescu, 1987; Keen et al., 1987; Tankard and Welsink 1987). The geometry and 

location of the rift basins within the Grand Banks are mainly controlled by Mesozoic reactivation 

of pre-existing structures including the Avalon and Meguma terranes Driscoll et al., 1995. Three 

periods of rifting formed the Grand Banks from the Triassic to mid-Cretaceous (Enachescu, 

1987); (Sinclair, 1988; 1993) accounting for 90-100 Ma of tectonic activities (Keen et al., 1987).  

The main structural elements of the Grand Banks as described by Enachescu (1987) include two 

failed rift basins: the Jeanne d’Arc and the Flemish Pass basins (Figure 1.1). These basins are 

separated by the Central Ridge, compose of attenuated continental crust (Enachescu, 1986) it 

acts as a central horst between twin half-grabens (Lowell et al., 1975; Cohen, 1985; Figure 1.1). 

The second main structural element is a transform margin where the South Whale Basin and 

Newfoundland land ridge formed (Keen and Haworth 2014; Keen and Haworth 1986; Figure 

1.1-1.2). Other features of the divergent margin include the northwest-southeast trending Avalon 

Uplift and the Morgiana Anticlinorium (Jansa and Wade, 1975; Sinclair, 1988). 
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Basins within the Grand Banks include the South Whale Basin, Whale Basin, Horseshoe Basin, 

Carson Basin, Jeanne d’Arc Basin, Flemish Pass and the Orphan Basin, which form 

interconnected Mesozoic-Cenozoic depo-centers on the western Margin of the North Atlantic 

Ocean. Location of these basins is presented in Figure 1.2(CNLOPB, 2015). The study area for 

this thesis is focused on the Jeanne d’Arc Basin outlined in Figure 1.2.  

1.2.2 Regional setting of the Jeanne d’Arc Basin  

The Jeanne d’Arc Basin, a passive-margin rift basin, is the largest and deepest rift basin located 

within the northeastern Grand Banks area of Newfoundland, offshore Eastern Canada. The basin 

has three main producing oil fields: Hibernia, Whiterose and Tera Nova (CNLOPB, 2016). The 

development of the basin occurred due to the breakup of Pangea during the Mesozoic (e.g. 

Sinclair, 1988; 1993; Louden 2002; Senton et al., 2012; Withjack et al., 2012) which started in 

the Late Triassic 225 million years ago (Tankard and Welsink, 1987). The basin contains an 

estimated 14 km of syn-rift sediment (Keen et al., 1987; Tankard and Welsink, 1987) and up to 4 

km of post-rift sediment (Deptuck, 2003). The basin covers an area of at least 10 000 km
2
 with 

maximum thickness of at least 20 km of Mesozoic to Cenozoic sediment (Enachescu, 1987; de 

Voogd et al., 1990; Driscoll et al., 1995). The basin plunges north and has half-graben geometry 

with a maximum width of 100 km in the north and a minimum width of 42 km in the south 

(Arthur, 1982) and is bound by a series of major normal faults (Enachescu, 1987; Keen et al., 

1987).  

The geometry of the basin is defined by extensional normal faults trending north-south with 

associated antithetic and synthetic faults. The western stable continental platform, the Bonavista 

Platform, is separated from the subsiding basin by basin bounding faults named the Murre fault 

in the south, and the Mercury fault in the north (Figure 1.3). The fault system is listric and 
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flattens at a depth of 22-26 km Tankard and Welsink (1989). Thin Upper Cretaceous and 

Paleogene sediments were deposited on the Bonavista platform as described by Sinclair et al. 

(1992). Strata rotated away from faults with block rotation, divergence and syn-rift deposition 

(Tankard and Welsink, 1987; Driscoll et al., 1995); Withjack and Callaway, 2000). The Outer 

Ridge Complex, or sometimes referred to as the Central Ridge, is separated from the eastern 

portion of the basin by the Voyager Fault (Figure 1.3; Sinclair et al., 1992).  

A second major fault system is orthogonal to the margins, trending east-west (Enachescu, 1987); 

it is a dextral fault system that was influenced by Paleozoic structures, and accommodates 

different amounts/rates of extension that led to structural trapping (e.g., Hibernia oil Field; 

Withjack and Callaway, 2000). The Egret Fault zone is part of dextral fault system and 

subdivides the basin into southern and northern zones (Figure 1.3). The northern area has areas 

of thick Upper Cretaceous and Paleogene strata (Trans-Basin Fault Trend) with sub-parallel, 

northwest trending normal faults (Sinclair et al., 1992). The southern area, south of the Egret 

faults, lacked the Trans-Basin Fault Trend and accommodation space. Therefore thickness of the 

stratigraphic succession is reduced (Deptuck, 2003). This lack of subsidence caused the shelf 

edge to shift northwards. Coal fragments, plant remains, glauconite and scaphopod shells are 

found in the Cormorant N-83 well, southern Jeanne d’Arc, within the Late Cretaceous interval 

and Deptuck (2003) suggested this to be a result of both terrestrial and marine conditions during 

this time. Erosional conduits or incised valleys are present in the southern Jeanne d’Arc Basin 

and support the existence of a channelized, sub-aerially exposed environment. These conduits 

supply sediment to the Outer Ridge Complex and the Morgiana Anticlinorium during the Early 

Paleogene (Parker, 1999). This thesis will further explore the cause of these erosional conduits, 
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known as the Cormorant Canyon systems (Deptuck, 1998), and the nature of the corresponding 

depositional bodies.   



6 

 

 

Figure 1.1: Main structural elements of the Grand Banks, offshore Newfoundland, Canada, 

including plate tectonic setting and bathymetry. Unshaded area is the continental margin; dotted 

area is the transitional crust; and shaded area is the oceanic crust. The Jeanne d’Arc Basin is 

located on the continental crust with the study area outlined in red; modified from Enachescu 

(1987). 

 

Figure 1.2: Basins found within the Grand Banks and the location of the study area; Modified 

from CNLOPB (2015). 
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Figure 1.3: Major basin bounding faults within the Jeanne d’Arc Basin. Birds feet pattern 

illustrates basement highs: Bonavista Platform, Central Ridge, Outer Ridge Complex and 

Morgiana Anticlinorium. Well locations (black dots) and seismic coverage (thin red squares) are 

shown. The location of Figure 1.5 is outline with the black bold square. Figure modified from 

Deptuck (2003).  
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1.3 Jeanne d’Arc Basin tectonic evolution  

The Grand Banks basins, including the Jeanne d’Arc Basin, have a long history of rifting and 

subsidence. The rift basins formed during break-up of Pangaea that started 225 million years ago 

during the Late Triassic (Tankard et al., 1989). Extension resulted in the Atlantic Ocean divide 

between Africa, Europe and North America (Enachescu, 1987; 1988; Keen et al., 1987; Tankard 

et al., 1989). The Jeanne d’Arc Basin records three rifting periods; each rift is followed by broad 

regional arching, thermal subsidence and post-rift sedimentation (Sinclair, 1988). Basin 

deformation occurred during the periods of rifting. The extension created growth faults and 

rollover anticlines in the basin (Tankard and Welsink, 1987; Sinclair 1988; 1993; McAlpine 

1990). A final period of thermal subsidence of the North Atlantic margin occurred after the third 

stage of rifting with sediment infilling the remaining accommodation space or extensional zones 

within the basins of the Grand Banks (Enachescu, 1986; 1987; Deptuck, 2003). Associated 

tectonic plates and major fracture zones of the three rifting phases and subsidence are shown in 

Figure 1.4. 

The first rifting phase during the Late Triassic to Early Jurassic was a period of northwest-

southeast extension and syn-sedimentary deposition (Sinclair, 1988). This rift marked the split of 

Pangea into North America and Africa (Grant et al., 1990) and a failed-rift margin between 

Iberia and the Grand Banks (Sinclair, 1988; McAlpine, 1990). This rifting stage created a series 

of northeast-southwest trending rift valleys that was filled with sediment during the Triassic 

(Arthur et al., 1982; Sinclair, 1988). After the first rifting phase thermal subsidence in the basin 

occurred during continued seafloor spreading between North America and Northwest Africa 

outside of the basin (Enachescu, 1987; 1988; Tankard et al., 1989). 
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The second and third rift phases are sometimes grouped into one phase as described by Jansa and 

Wade (1975), Hubbard et al. (1985) and McAlpine (1990), or two phases as described by 

Enachescu (1987) and Sinclair (1988; 1993). Both models agree on the separation of the Grand 

Banks from Iberia, Newfound Shelf and Europe. The Timing is also agreed upon from the 

Jurassic to Mid-Cretaceous. For the purpose of this thesis we will examine Jurassic to Mid-

Cretaceous rifting in three phases. This allow for a better understanding of the structural features 

important to the deposition of the South Mara sands in the southern part of the Jeanne d’Arc 

Basin.  

The second phase of rifting, Tithonian to Early Valanginian rifting, was a period of east-west to 

southeast -northwest extension and syn-deposition (Sinclair, 1988). This rift marked the split of 

Iberia and the Grand Banks. This rifting stage created a series of north to northeast trending 

normal faults and allowed for the deposition of clastic-dominated Hibernia Formation (Tankard 

et al., 1989; Sinclair, 1988; 1993). The Central Ridge is developed during this time and 

represents the initial isolation of the Jeanne d’Arc Basin from the Flemish Pass forming two 

distinct basins (Sinclair, 1988). This rifting stage also marks the formation of the Avalon Uplift, 

a broad up-arced region south of the basin trending from the Avalon Peninsula, Newfoundland to 

the South Bank High (Jansa and Wade, 1975; Sinclair, 1988). This arch, eroded and formed due 

to erosion a peneplain surface, supplied sediment forming the reservoirs in the Hibernia and 

Terra Nova oil fields (Jansa and Wade, 1975; Tankard et al. (1989); Sinclair, 1988). After the 

second rifting phase thermal subsidence in the basin occurred. 

The third and final stage of rifting, Aptian-Albian rifting, was a period of northeast-southwest 

extension and syn-sedimentary deposition. This rift event marked the split of Europe and North 

America. This rifting stage created a series of listric, low angle northwest-southeast normal faults 
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(Sinclair, 1988; Enachescu, 1986; 1987). The Central ridge was uplifted again and faulted. The 

Avalon uplift or arch was also reactivated during this time and lead to the formation of the 

Morgiana Anticlinorium. This rejuvenated arching of the Avalon uplift allowed for the 

northward progradation of the coastline into the Southern Jeanne d’Arc Basin. The Morgiana 

Anticlinorium is also peneplained in the southern part of the basin and the deposition of the 

Avalon formation is a direct response to the uplift and erosion of this arch (Sinclair, 1988). The 

Morgiana Anticlinorium is the depositional floor for Early Paleogene sediments, including the 

South Mara Formation, and plays an important role in the distribution and depositional setting of 

these sediments (Parker, 1999; Deptuck 1998; 2003). After the final rifting stage thermal 

subsidence in the basin occurred and the development of seafloor spreading between Labrador 

and Greenland, between Greenland and northern Europe, and Canada and Africa is observed as 

early as the Late Cretaceous as shown in Figure 1.4 (Keen and Beaumont, 1990). 
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Figure 1.4: The various stages in the evolution of the northern Atlantic Ocean. Red lines 

indicate active sea floor spreading. Red stipple indicates areas of oceanic crust, red triangles are 

seamounts. Dashed red lines indicate major fracture zones. The age of each stage is indicated and 

corresponds to the three main stages of rifting and subsidence within the Jeanne d’Arc Basin and 

the Grand Banks. Abbreviations: O.K. Orphan Knoll; F.C. Flemish Cap; N.R Newfoundland 

Fracture Zone; C.G.F.Z. Charline Gibbs Fracture Zone; modified from Keen and Beaumont 

(1990). 
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1.3.1 The Morgiana Anticlinorium 

The Morgiana Anticlinorium is located in the southern-eastern portion of the Jeanne d’Arc Basin 

(Figure 1.3 and Figure 1.5) and is a basement high separating the Carson Basin from the southern 

Jeanne d’Arc Basin (Parker, 1999). The initial formation of the Anticlinorium started during the 

second rift phase and the formation of the Avalon uplift south of the Jeanne d’Arc Basin 

(Sinclair, 1988). After uplift the surface was eroded. This surface is known as the Avalon 

Unconformity (Jansa and Wade, 1975) and represents several merged unconformities that split 

northwards into the basin as separate unconformities within the strata of the Jeanne d’Arc Basin 

(Driscoll et al., 1995). The Avalon uplift was reactivated during the third phase of rifting and 

increased elevation and relief northwards. This northwards smaller expression of the uplift 

moved the coastline northwards during the Aptain and Albian (Sinclair, 1988). The uplift is 

limited by the Voyager fault system which acted as a topographic barrier and restricted further 

development of the Avalon uplift (Marshall, 2012). This restriction or termination of the Avalon 

uplift is known as the Morgiana Anticlinorium. The Anticlinorium is the northern limit of the 

renewed Avalon uplift during Aptain and Albian rift phase (Sinclair, 1988). The shoreface that 

developed during this time (Ben Nevis Formation) formed near the uplifted Morgiana in the 

southern part of the basin (Marshall, 2012; Figure 1.6).   

1.3.2 The Morgiana Anticlinorium hydrocarbon potential 

The Ben Nevis Formation, Middle Cretaceous, is of economic interest and is hydrocarbon 

bearing (Pemberton et al., 2001). The Anticlinorium that promoted Ben Nevis growth was 

eroded into a peneplain surface (Figure 1.7 and Figure 1.8) during multiple unconformities 

(Driscoll et al., 1995).  A peneplain surface is an end-stage of fluvial erosion with extended 

tectonic stability (Philips, 2002).  Toplap, truncation and channel incision onto a low relief 
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surface indicate the peneplain surface (Figure 1.8). The erosional features on and around the 

peneplain surface may have acted as a thief zone that eroded the top seal of the Middle 

Cetaceous hydrocarbon reservoirs. The hydrocarbons may migrate into the South Mara 

sandstones on the Anticlinorium. Subsequently, the Anticlinorium has undergone little 

subsidence compared to the central Jeanne d’Arc Basin in the north and the Carson Basin in the 

south (Parker, 1999; Deptuck, 2003; Sinclair, 1988; Enachescu, 1986; Figure 1.5). This 

difference in subsidence may allow for large volumes of hydrocarbons to be trapped on the arch. 

The potential economic value of Paleogene sediments in the Southern Jeanne d’Arc Basin will be 

further explored in the discussion of this thesis.  

 

Figure 1.5: Time structure map of the Base Paleogene unconformity illustrating the Morgiana 

Anticlinorium. Note the peneplain surface and the separation between the Jeanne d’Arc Basin 

and Carson Basin. Cross-section A to A’ is shown in Figure 1.6 and Figure 1.7. Color contours 

greater than -1000 ms (TWT) are colored red to better illustrate the Bonavista Platform.  

Location of this figure is shown on Figure 1.3. 
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Figure 1.6: Sketch of the Morgiana Anticlinorium (based off Figure 1.7) in the southern Jeanne 

d’Arc Basin during Aptain and Albian time. This Arch is the main feature that controlled the 

deposition of hydrocarbon-bearing shoreface deposits of the Ben Nevis Formation. Erosion 

associated with the formation of the Peneplain surface cuts into the Middle Cretaceous (Ben 

Nevis) interval and breach Ben Nevis top seals. Ben Nevis lateral facies transition is based off 

Marshal (2012) interpretations. Location of sketch and point of view is shown in Figure 1.5. 

 

Figure 1.7: Cross-sectional point of view of Morgiana Anticlinorium. Note the flattening of 

Paleogene surface due to erosion on the Arch. The Peneplain surface is the depositional floor of 

the Early Paleogene sediments. Location of sketch and cross-sectional viewing point (looking 

from the viewing point towards the anticlinorium) is shown in Figure 1.5.  
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Figure 1.8: 2D seismic line drawing (83-sqp-4912ba ) illustrating the Morgiana Anticlinorium 

and the Peneplain Surface. 

1.3.3 South Mara deposition in the southern basin  

Early Eocene South Mara Member sandstones are located on the Morgiana Anticlinorium 

because of three main geological events (Figure 1.9). 1) Formation of the Morgiana 

Anticlinorium (Section 1.3.1; Figure 1.9A). 2) Erosion of the Morgiana Anticlinorium (Figure 

1.8; Figure 1.9B). 3) South Mara sand input onto the peneplain surface (Figure 1.8; Figure 1.9C).  

This study proposes the South Mara Member is deltaic in the southern basin and submarine in 

the northern basin. The South Mara Member is covered in detail in Chapter5 and 6 of this study. 
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Figure 1.9: 3-step evolution of Jeanne d’Arc Basin with respect to the deposition of South Mara 

Member sandstones on the Morgiana Anticlinorium.  A) Formation of the Morgiana 

Anticlinorium. B) Erosion of the Morgiana Anticlinorium from fluvial systems (Ben Nevis 

depositional environments modified from Marshall (2012)).C) South Mara sand input onto the 

peneplain surface and distal submarine fan development. Location of sketch and cross-sectional 

viewing point is shown in Figure 1.5.  
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1.4 Post-rift history of the Jeanne d’Arc Basin  

Thermal subsidence of the North Atlantic margin occurred after the third and final stage of 

rifting. During this time up to 10 km of sediment filled the extensional zones (Enachescu, 1986; 

1987). Transition to the post rift era during the Late Cretaceous was marked by limited extension 

during the remnant rift phase. A shallow shelf dominated the basin during this time and allowed 

for the deposition of blanketing limestones (Petrel Member) during high relative sea level. As 

relative sea level lowered prograding clastic wedges (Fox Harbour, Otter Bay, Avondale and 

South Mara members) were formed. This loading of sediment reactivated major basin bounding 

faults and east-west faulting within the basin, maintaining a shallow depo-center within the basin 

(Tanard and Welsink, 1987) such as the expression of the shelf edge during the deposition of the 

prograding sands examined in this thesis (Figure 1.10) 

Deptuck (2003) examined post-rift evolution of the Jeanne d’Arc Basin and separated the post-

rift stratigraphic successions into four stages to better understand subsidence and post-rift history 

of the basin. Stage one and two represent the confined basin and stages three and four represent 

the unconfined passive margin (Figure 1.11). 

Stage one (Turonian to Early Eocene) and stage two (Early to Middle Eocene) in the Jeanne 

d’Arc Basin formed a trough-shaped depression that may have been open to the north to the 

Orphan Basin. The controls on sediment distribution were basement highs and available 

accommodation space in basinal areas. Most stratigraphic units thin significantly above the 

basement highs, showing these basement highs acted as syn-sedimentary bathymetric barriers 

(Deptuck, 2003). Ocean currents during this time were from south to north, as shown in Figure 

1.12, and had some influence on the deposition of sediment and erosional features during this 

time (Gradstein and Srivastava, 1980; Deptuck, 2003). 
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During stage one most sediment was supplied from the west and the rate of sediment supply 

temporarily outpace subsidence. This basinward shift of the shelf edge and indicates a relatively 

low rate of subsidence during this time (Deptuck, 2003). Van Hinte (1978) studied basement 

subsidence rates and concluded basement subsidence was minimal during the Late Cretaceous 

and increased significantly in the Early Paleogene.  

Sediment supply from the west marks a significant change from pre-stage one (syn-rift) southern 

sourced sediment (Sinclair, 1988); related to the formation of the Morgiana Anticlinorium. This 

abrupt change in sediment source cannot be explained by a decrease of subsidence rates. 

Deptuck (2003) concluded western sourced progradational deposits during stage one may have 

been supplied from uplifted areas to the northwest sufficiently distal from the basin to avoid 

deformation yet proximal enough to supply sediments to the basin. This uplift is related to the 

final break-up of the northeast Newfoundland and Celtic margins, or the Labrador and west 

Greenland margins (Sinclair, 1988). 

During stage two; deposition of sediments moved northeastwards towards the Adolphus region. 

Progradation along the western margin stopped, eustatic sea level increased, and accelerated 

subsidence occurred (Deptuck, 2003). Fox Harbour deposition (stage one) was interpreted to be 

deposited nearly horizontal and today dips two degrees towards the east. This change in dip 

indicates sagging of the basin occurred during stage two (Deptuck, 2003). This basin sagging 

occurred as the Orphan Basin in the north experienced accelerated subsidence (Keen et al., 

1990). Sediment supply was outpaced by subsidence in the northern part of the Jeanne d’Arc 

Basin and caused an increase in water depth in northern part of the basin, with the 

accommodation space created was infilled by distal basin deposits within the depression 

(Deptuck, 2003). 
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Stage three and four (Bartonian to present day) mark the end of the confined basin. Deposition 

occurred north and east of the basin, accumulating in a passive-margin shelf and slope setting, 

with a thick succession of sediments that accumulated in the Flemish Pass. The Jeanne d’Arc 

Basin, including basement highs, was tilted northward during this time (Deptuck , 2003). 

Basins within the Grand Banks underwent similar subsidence including the Carson Basin 

(Enachescu, 1986; 1987). Basement highs (Bonavista platform, Morgiana Anticlinorium, Central 

Ridge and Outer Ridge Complex) experienced minimal subsidence (Deptuck, 2003). 

 

 

 

Figure 1.10: Regional seismic line across the central part of the Jeanne d’Arc Basin. The T40 

marker marks the start of major subsidence in the basin. Maximum subsidence during this time is 

up to 200ms TWT (75m). The T1 marker, the Paleogene slope, has a present day relief of over 

800ms (250m) indicating the slope was present regardless of later subsidence rates during the 

deposition of Early Paleogene sediments. The T1 slope is greater expressed in the present day 

due to subsequent subsidence. Seismic line is from Deptuck (2003) and was modified to 

illustrate subsidence rates.  
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Figure 1.11: The four stages of post-rift evolution of the Jeanne d’Arc Basin and corresponding 

depositional units and seismic markers. Note the tilting that occurred during stage three and four. 

Also note the increased gradient on the basement slope over time. Figure from Deptuck (2003).  

 

Figure 1.12: The ocean current direction during the deposition of sedimentary bodies studied in 

this thesis. The black arrows indicate ocean current direction. The red box in the Jeanne d’Arc 

Basin and the red arrow is the direction of sediment supply during this time. The red box is the 

study area/ Figure is modified from Deptuck (2003).  
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1.5 Stratigraphy of the Jeanne d’Arc Basin  

The stratigraphy and tectonic evolution of the Jeanne d’Arc Basin is illustrated in Figure 1.13. 

The basin originated in the Triassic when marine waters started to fill the ‘mini-basin’ and 

created evaporate deposits and limestones (McAlpine, 1990). Late Jurassic to Early Cretaceous 

deposition of clastics occurred with interbedded carbonates as a result of the second phase of 

rifting (Sinclair, 1988; Tankard et al., 1989). The Early Cretaceous sedimentation of clastics and 

interbedded carbonates are a result of the third stage of rifting and the formation of the Morgiana 

Anticlinorium (Sinclair, 1988; Marshal, 2012). The Late Cretaceous basin was characterized by a 

shelf-slope system along the Bonavista platform. This newly formed passive margin was an area 

of deposition of prograding clastic wedges and interbedded carbonates (Deptuck 2003; DeSilva, 

1993). Early Paleogene sediments filled the remaining accommodation space within the basin. 

The basin was no longer confined by the Early Bartonian. Overlying sediment is of deep-water 

origin with rare input of sand systems as the passive-margin shelf and slope setting developed 

(Deptuck, 2003). This thesis focuses on the post-rift stratigraphy of the Jeanne d’Arc Basin from 

the Late Cretaceous to Eocene sediments. 
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Figure 1.13: Lithostratigraphy and geologic history of the Jeanne d’Arc Basin. Graphic courtesy 
of Statoil Canada; modified after Sinclair (1992). 
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Chapter 2: Data and Methodology 

  

2.1 Dataset 

The study area is the Jeanne d’Arc Basin, Grand Banks, offshore Newfoundland, Canada. The 

primary dataset used in this study is reflection seismic data. The data set (Figure 2.1) was used 

in-house at Statoil Canada and covered the entire basin. 3D seismic surveys, in time (TWT), used 

include the Flying Foam, North Mara, Whiterose, Mega Merge, and ST0801-Fortune. Over 100 

2D seismic lines were used in the southern part of the basin and on the Bonavista Platform. The 

2D line sets include 81-PCN-60A, 81-PCR, 82-PCR, 83-SQP, 83-PCR, 83-PRX, 85-PCR, 88-

SQP, 90-PCR, 99-PCR 85-GSC, 83-PRX, 83-SQP, NF-81, NF-82 and EC-99. 3D seismic was 

not available for publishing; therefore Deptuck (2003) seismic lines were used to illustrate 3D 

data. Wireline logs for over 70 wells (Sonic, GR, and Resistivity) were used to correlate 

stratigraphic tops and tied to seismic by generating synthetic seismic from the sonic and density 

logs. DST and pressure data provided by Statoil Canada and the Basin Database (GSC) were 

used to evaluate hydrocarbon potential and top seal risk. Well-tops were provided by Statoil 

Canada and the CNLOPB. Check-shots provided by Statoil Canada were used to convert well-

logs into time to correlate and confirm seismic markers. Some data including well-tops and 

seismic well-ties were completed at Statoil Canada during previous employment. Map showing 

the data set with wells and seismic is presented in Figure 2.1.  
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2.1.1 Seismic data in marine settings  

Marine 3D seismic data are acquired by a water vessel that tows air gun arrays and hydrophones 

back and forth across a survey area. The inline (east-west in the Jeanne d’Arc Basin) direction is 

parallel to the ship tracks and the crossline (north-south in the Jeanne d’Arc Basin) is 

perpendicular to the ship tracks. This creates a seismic volume using the in-lines and cross-lines. 

2D lines use a single line and collect data as common mid-point gathers (Yilmaz, 1987 Hart, 

1999).  

A water vessel triggers an acoustic pulse near the sea surface. This pulse travels downwards into 

the subsurface. Part of this acoustic pulse reflects off the sea floor and other subsurface layers. 

The arrival time of this reflection is recorded by hydrophones towed by the vessel. This data 

provides a representation of the subsurface based of acoustic energy in units of two way travel 

time (TWT). This study is based in TWT.  

Acoustic energy sent into the subsurface is reflected back at the boundaries between stratigraphic 

layers of different acoustic impedances Z, the product of seismic velocity and bulk density as 

described by (Kearey and Brooks, 1991). As density increases the Z value will increase. The 

ratio of Z between two layers determines the strength of a reflection (R) (Telford et al., 1990), as 

shown in equation (2.1). 

    

(2.1) 
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Figure 2.1: Study area showing data used in this study: well locations and seismic locations. 

Major faults and structural elements are shown modified from Deptuck (2003). The black boxes 

are the 2D seismic locations and the red (numbered) boxes represent the 3D seismic surveys. 

Wells are represented by the black and grey circles. 3D surveys include: 1) Flying Foam, 2) 

North Mara, 3) Mega Merge, 4) Whiterose, and 5) ST0801-Fortune. Well Numbers corresponds 

to the well names as listed below: 
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Figure 2.1 Continued: 1 Cormorant N-83; 2 Murre G-57; 3 Riverhead N-18; 4 Port an Port J-97; 

5 Gambo N-70; 6 South Brook N-30; 7 Beothuk M-05; 8 King’s Cove A-26; 9 Egret K-36; 10 

Egret N-46; 11 Terra Nova K-18; 12 Terra Nova K-17; 13 Terra Nova K-07; 14 Terra Nova I-

97; 15 Terra Nova C-09; 16 Terra Nova L-98; 17 Terra Nova K-08; 18 Terra Nova K-07; 19 

Voyager J-18; 20 Springdale M-29; 21 West Bonne Bay C-23; 22 Hebron I-13; 23 East Rankin 

H-21; 24 Hebron M-04; 25 Hebron D-94; 26 West Ben Nevis B-75; 27 Bonny Bay C-73; 28 Ben 

Nevis I-45; 29 Cape Race N-68; 30 Avondale A-46; 31 Rankin M-36; 32 North Ben Nevis M-

61; 33 Fortune G-57; 34 Archer K-19; 35 Amethyst F-20; 36 Mara E-30; 37 North Ben Nevis M-

61; 38 Hibernia G-55; 39 Hibernia J-34; 40 Hibernia K-14; 41 Hibernia P-15; 42 Hibernia C-96; 

43 Hibernia B-08; 44 Hibernia K-18; 45 Hibernia O-35; 46 Hibernia I-46; 47 Hibernia B-27; 48 

Mara M-54; 49 South Mara C-13; 50 North Ben Nevis P-93; 51 Botwood G-89; 52 Nautilus C-

92; 53 Thorvald P-24; 54 Mercury K-76; 55 Whiterose A-17; 56 Whiterose J-49; 57 Whiterose 

L-08; 58 Whiterose E-09; 59 Whiterose N-30; 60 Whiterose A-90; 61 Whiterose L-61; 62 

Whiterose N-22; 63 Trave E-87; 64 Adolphus D-50; 65 Adolphus 2k-41; 66 West Flying Foam 

L-23; 67 Flying Foam I-13; 68 Conquest K-09; 69 South Tempest G-88; 70 Golconda C-64; 71 

Panther P-52; 72 Dominion O-23; 73 Bonanza M-71  
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If the acoustic pulse is passing (downwards) from a high to low Z value the R value will have a 

positive reflection coefficient, and if it is traveling from a low to high value the R value will have 

a negative coefficient. The reflected strength decreases in amplitude with increasing depth due to 

spherical spreading and absorption of the sound source. These positive and negative coefficients 

are illustrated on a seismic profile (Kearey and Brooks, 1991). 

2.1.2 Resolution 

Resolution is the minimum measurable separation of two objects such that they can be identified 

as two distinct objects rather than one (Sheriff and Geldart, 1995). It important to understand the 

limits of seismic resolution and the resulting interpretations; for example channels smaller than 

the resolution may not be discernable on seismic yet may be important to the overall 

paleogeography or play assessment. Higher resolution data requires high frequencies but the 

higher the frequencies the less penetration into the subsurface (Piper et al., 1999). Therefore, 

there is a trade-off between acoustic penetration and resolution. Typical 2D and 3D seismic data 

use a frequency between 30 and 60 Hz producing a resolution of 6-20 m but are capable of 

imaging into the subsurface (Deptuck, 2003). 

2.1.3 Vertical resolution 

 The vertical resolution (temporal resolution) is a measure of the ability to distinguish individual 

closely spaced reflectors in a vertical profile. The vertical resolution is related to the seismic 

signal bandwidth, the wavelength characteristics of the acoustic source, and the sound velocity 

within the medium. These factors vary with depth and therefore the average velocity is 

calculated over an interval of interest (Sheriff and Geldart, 1995).  
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The wavelength (λ) is estimated by velocity (v) divided by peak frequency (f) as shown in 

equation 2.2. The vertical resolution (R v) is calculated by the wavelength (λ) divided by four (4) 

as shown in equation 2.3; this is known as the Rayleigh criterion (Yilmaz, 1987). 

 

 

2.1.4 Horizontal Resolution  

Horizontal resolution (spatial or lateral resolution) refers to the ability to distinguish between 

features on the same two-way time horizon. The measure of horizontal resolution for seismic 

data is the width of the Fresnel Zone as shown in equation 2.4 (Sheriff and Geldart, 1995). 

Where (RF) is the horizontal resolution, (λ) is the wavelength and (Z) is the depth.  

      

2.1.5 Well control 

Sixty seven wells are within the bounds of the study area and seismic surveys (Figure 2.1). The 

wells were used to tie formation tops to the 2D and 3D seismic sections. The well-tops were 

provided by Statoil Canada and CNLOPB, and quality checked for this thesis. Well-top data was 

loaded into a work station at Statoil Canada. Petrel was used to tie the wells to the time-based 

seismic surveys based off checkshots. 

 

 

(2.2) 

(2.3) 

(2.4) 
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2.1.6 Checkshot surveys 

Well-logs are measured in depth and the seismic used in this study is in TWT. Therefore it was 

necessary to convert the well-logs into time so they can be used to tie the seismic data. This was 

done by using checkshot data provided by Statoil Canada. A checkshot survey measures the 

seismic travel time from the surface to a known depth in borehole. Interval velocities were 

derived from this travel time and used to convert borehole depths into time. This conversion is 

achieved in Petrel and was used to link seismic facies to lithofacies from well data.  

2.2 Software programs  

The seismic interpretation software used in this study was Petrel and Petrel Studio. Petrel is a 

windows-based geoscience software package from Schlumberger. The main applications used in 

Petrel were 2D and 3D seismic interpretation, 3D mapping and well-log analysis. Petrel was also 

used for seismic attributes mapping. Figures generated in this study were created in Adobe 

illustrator, PowerPoint and Petrel.  

2.3 Mapping methodology 

3D seismic surveys consist of a volume of data and allow the Petrel user to ‘slice’ through the 

volume and extract specific information local to the area ‘sliced’. The most common method 

used in this study to view 3D seismic data was a vertical seismic section in the In-line or Cross-

lines direction. Other viewing methods included time-slices and horizon slices. A vertical 

seismic section can be taken in any direction and provides cross-sectional information about the 

subsurface. 2D seismic lines were also viewed as a vertical ‘Slice’ however there orientation 

cannot change. These 2D and 3D vertical sections were used to map out seismic horizons based 

off well-ties and to determine the seismic configurations, terminations and facies of marginal 

marine to deep-water architectural elements.  
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2.3.1 Seismic sequence stratigraphy 

Seismic stratigraphy is the study of stratigraphic differentiation into separate units, or sequences 

(Mitchum et al., 1977; Vail et al., 1984). A sequence is defined as, “a stratigraphic unit 

composed of a relatively conformable succession of genetically related strata and bounded at its 

top and base by unconformities or their correlative conformities” (Mitchum et al., 1977). This 

differentiation is based on patterns and characteristics of a genetic package and observing the 

associated clinoforms and bounding surfaces. Sediment supply, sea level and tectonic factors 

may contribute to the sequence development (Vail et al., 1984; Coe, 2003).  

Important features of seismic sequence stratigraphy include identifying toplap, onlap, downlap, 

truncation and draping (Mitchum et al., 1977) Figure 2.2 illustrates the different types of seismic 

patterns. 1) Toplap clinoforms at an upper unconformity. 2) Onlap clinoforms result is a 

deposition on top of a surface. 3) Downlap clinoforms terminate down dip against a near 

horizontal surface. 4) Erosional truncation is the terminations of clinoforms against a side 

surface. 5) Drapes are formed when sediment settles on a pronounced feature and can be 

indicative of a low energy environment (Mitchum et al., 1977). These reflections form patterns 

or reflection configurations (Figure 2.3) and can be used to better understand the depositional 

environment and/or energy levels and/or sedimentation rates during deposition. Chaotic 

sediments may indicate a mass transport deposit (Barlett, 2014) isolated mounded clinoforms 

may indicate submarine fan development and progradational clinoforms may indicate a 

prograding clastic wedge (Deptuck, 2003). Other reflection configurations include: parallel, 

subparallel, divergent, sigmoid, oblique, complex sigmoid-oblique, shingled and hummocky 

(Mitchum et al., 1977). The combination of reflection configurations and reflection terminations 
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can allow for the inference of the paleo-morphology of the Jeanne d’Arc Basin; this includes 

shelf-slope systems and submarine fans to channel-levee systems (Coe, 2003).  

Reflection Terminations 

Figure 2.2: Reflection terminations commonly found in this study (See text for details); 

modified from Mitchum et al. (1977). 

 

 

Reflection Configurations 
 

Figure 2.3: Reflection configurations commonly found in this study (See text for details); 

modified from Mitchum et al. (1977). 
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2.3.2 Seismic facies 

Seismic facies combine the features reflection configurations and reflection terminations into 

packages that can characterize sedimentary environments or processes. Seismic facies can be 

used as an interpretation and prediction tool (Walker, 1992). The grouping of these facies can be 

combined into a seismic unit to aid in the interpretation of geologic environments or structural 

patterns such as the shelf-slope systems and submarine fans to channel-levee systems (Mitchum 

et al., 1977); as found in the Jeanne d’Arc Basin. 

2.3.3 Mapping of depositional bodies  

Using a seismic-stratigraphic approach; looking for patterns in seismic reflection terminations 

(Figure 2.2) and configurations (Figure 2.3) individual depositional bodies can be identified and 

mapped (Correggiari et al., 2005). This study maps individual depositional bodies using this 

approach and allows for the understanding of the overall depositional trend and geometry of 

individual depositional bodies.  

2.3.4 Seismic horizon mapping  

Horizon interpretations and common functions such as auto-tracking and auto-picking were 

employed. 3D auto-tracking was not used and tracking was limited to a single seismic line (2D-

tracking); this reduces error and allows for better QC of the tracked horizon. Inline and crossline 

grids were interpreted in steps of twenty. In some cases where the seismic horizon was 

incoherent or crossed faults manual tracking was employed. Lithostratigraphic picks or ‘well-

tops’ from well logs were converted into TWT as discussed in section 2.1.3. The wells were tied 

to seismic-reflection profiles to provide a starting point for the seismic horizon being mapped. 

Seismic reflectors follow time lines and lithological boundaries. The well-top horizons were 

correlated with seismic reflectors and tracked to other well-ties or reference points. This built a 
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framework that was used to track the seismic horizon across the basin. In areas where well 

control was poor (in the 2D sections) the seismic reflection was identified by one and/or several 

wells. Once identified the seismic facies below and above the reflection were used to constrain 

the interpretation. Horizons were mainly traced along zero crossing and in some cases maximum 

or minimum amplitude. If the traced reflector terminated and/or merged the time horizon was 

mapped based on seismic character established when the reflector was coherent. Multiple 

seismic horizons were traced to produce seismic line diagrams presented in this thesis.  

2.3.5 Fault mapping 

Regional faults were mapped every 100
th

 line and small faults were mapped in closer detail on a 

case by case basis. The mapping of faults were completed before the mapping of horizons and 

allowed for a better interpretation of the seismic horizon by ensuring fault interpretation was 

consistent across the entire basin.  

2.4 Time-structure and time-thickness (isochron) maps  

Time structure maps are travel time to surface maps and were used in this study to constrain 

geologic features during the time of deposition. It was important to understand the features seen 

in present day were subject to subsidence of the past. Time structure maps represent the structure 

of an interpreted seismic horizon in TWT. The maps were based off well markers and confined 

by the interpreted seismic markers. The time structure maps used data from both 2D and 3D 

surfaces across multiple seismic surveys. In some cases the 3D seismic and/or 2D lines did not 

match perfectly in time and were adjusted for this time variation by shifting the entire 

interpretation by a few milliseconds.  

Isochron maps represent the thickness in TWT between two interpreted horizons. This 

representation is of thickness in units of time between the mapped horizons. Isochron maps can 
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illustrate the thinning or thickening patterns of depositional units and provide information on the 

geomorphology of the depositional body.  

2.5 Seismic attributes  

The amplitude of a seismic trace, line or horizon is one of the most common methods of 

interpreting seismic data. This study uses seismic amplitude variation to determine internal 

structures of various geologic features. Other attributes for evaluating seismic data include 

variance, time, frequency and attenuation (Brown, 1996; 1999).  

2.5.1 Reflection amplitude 

Amplitude attribute is the measurement of the amplitude of a seismic wave. This is the measure 

of the strength and polarity of a reflection and is dependent on the acoustic impedance between 

two layers of sediment. Amplitude variations are not unique and can display similar amplitudes 

for a wide range of geologic features. Amplitude is influenced by composition, porosity, bed 

thickness and fluid content (Mitchum et al., 1977). The use of amplitude maps in this study is to 

draw contrast between different geologic features in the subsurface.  
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Chapter 3 – Geologic Background 

The purpose of this chapter is to provide an overview of depositional systems present within 

Cenomanian to Early Eocene strata in the Jeanne d’Arc Basin. Understanding the depositional 

processes of submarine fans and deltas will enable interpretations of these systems in the Jeanne 

d’Arc Basin.  

3.1 Submarine fans  

Submarine fans, defined by Bouma et al. (1985), are a “Channel-(levee)-over bank system”. 

Shanmugam and Moiola (1988) describe submarine fans as deep-sea channel and lobe sand 

complexes formed from sediment-gravity flows. Deptuck (2003) describes submarine fans as a 

“morphological feature on the slope, rise and/or abyssal plain” and were formed by an 

accumulation of terrigenous and marine sediment in a deep water setting; deposited near the 

mouths of slope-incised canyon systems. Covault (2011) considers submarine fans the largest 

accumulations of detrital sediments deposited at the distal end of a “land-to-deep-sea sediment 

routing system”.  Shanmugam (2016) states submarine fans are important sites of sediment 

accumulation in the world’s oceans. Sediment is carried from a detrital source by sediment 

gravity flows and/or submarine canyons forming radial, cone or fan like geometries (Figure 3.1). 

Fan geometries can be influenced by bottom currents (Armishaw et al., 2000), basin geometries 

(Covault and Romans, 2009), and tectonics (Covault, 2011). Submarine fans comprise turbidite 

packages formed of channel and lobe deposits. Shanmugam et al. (1985a) suggested submarine 

fan facies can vary due to varying degrees of sand to mud ratios, size and shape; which is then 

controlled by the type, rate and source of sediment supply (Richards et al., 1998). Formation of 

submarine fans can occur during high and low sea level (Haq, 2009) if transport systems are 

present (Covault, 2011). Lowstand transport commonly involves fluvial systems transporting 
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sediment across a subaerially exposed shelf to submarine canyon systems. Highstand transport 

can occur if submarine canyons extend across the continental shelf and/or if deltas deposit 

sediment on the shelf edge (Covault et al., 2007). Longshore drift and tidal currents can also 

transport sediment to canyon systems (Boyd et al., 2008; Covault et al., 2007). Deltas can 

transport sediment to the shelf edge if sediment input is sufficient or shelf is narrow (Burgess and 

Hovius, 1998; Carvajal and Steel, 2006). Submarine fans can form on active and passive margins 

(Harris and Whiteway, 2011), with mud to gravel facies (Richard et al., 1998), deposited during 

various sea levels (Covault, 2011), and in various climatic conditions (Covault and Graham, 

2010).  Short-term events that last for a few minutes or days (e.g., earthquakes, meteorite 

impacts, tsunamis, tropical cyclones, etc.) can greatly influence deposition of deep-water 

sediment (Shanmugam, 2016). 

 Numerous models have been proposed to explain the geometry and evolution of submarine fan 

development. Shanmugam (2016) investigated 15 different submarine fan models classifications 

proposed between the years 1950–2015. These models are valuable in constraining the type of 

submarine fan and the potential for reservoir architectural evaluation in hydrocarbon appraisal, 

development and production. Eocene submarine fans presented in this study are of economic 

interest and future exploration projects may find economic accumulations of hydrocarbons 

situated in the South Mara fan deposits (Enachescu, 2010). 
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Figure 3.1: Submarine fan transport system. The canyon system acts as the main transport 
mechanism for sediment to reach offshore depositional centers, modified from Covault (2011). 

3.2 Sediment gravity flows and turbidites  

Sediment gravity flow as defined by Middleton and Hampton (1973) is “a general term for 

sediment or sediment-fluid mixtures under the action of gravity”. Middleton and Hampton 

(1973) grouped sediment gravity flows into four categories based on the sediment support 

mechanism and include: turbidity currents, fluidized flows, grain flows and debris flows. The 

primary sediment support mechanism for turbidity currents is the turbulence of sediment. The 

primary sediment support mechanism for fluidized flows and grain flows is fluid escape and 

grain interactions. Debris flow or mass transport larger grains are supported by a finer matrix by   

transport mechanisms such as traction.  Shanmugam, (2016) states turbidite flows cannot form 

gravel-sand rich submarine fans and there are no examples of gravelly and sandy turbidity 

currents in the modern marine environment. Also, there are no experimental documentation of 

turbidity currents transporting gravel and coarse sand in turbulent suspension. Mass-transport 

processes, excluding turbidity currents, are the most important mechanisms for transporting 

coarse grained sediment into the deep sea. 
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3.3.1 Mass transport deposits  

Mass transport deposits are sediment flows driven by gravitational instability. They include 

slumps, slides, and creeps, and non-cohesive laminar flows (Mulder and Alexander, 2001). 

Mulder and Cochonat (1996) subdivided mass transport deposits into four categories: slide, 

slump, creep, and debris flow. A slide is a coherent mass of sediment that is transported by 

gravity bound by distinct failure plains. A slump is a block of sediment that is transported by 

gravity and exhibits rotation and internal deformation. A creep is a coherent mass of sediment 

that is transported very slowly by gravity with no failure surface and little deformation (Mulder 

and Cochonat, 1996). A debris flow is non-cohesive and exhibits high level of deformation and 

is supported by a fine-grained matrix during transport (Masson et al., 2006; Mulder and 

Cochonat 1996). A mass transport deposits (MTD) occur within the South Mara and is formed 

by slide, slump and debris flow (Bartlett, 2014). 

3.3 Highstand and lowstand prediction from submarine fan models  

Submarine fan growth is most common during sea level lowstand events. Highstand growth only 

occurs when sediment has a transport system into the basin (Covault and Graham, 2010). Grain 

size and fan size is variable in any sea stand and is not diagnostic of highstand or lowstand cycles 

(Covault et al., 2007; Richards et al., 1998). Changes in sea level are commonly exhibited in the 

architectural style of the fans (Porebski and Steel, 2003). The ability to deposit sediment in any 

sea level depends on shelf morphology, connectivity of canyons to dentrital sources (Covault, 

2011), longshore drift (Boyd et al., 2008), climatic changes (Covault and Graham, 2010) and 

tectonic forces (Richards et al., 1998). 
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3.4 Submarine fan analogs  

3.4.1 Textural responses to sea-level changes: the Hueneme Fan 

The Hueneme Fan comprises of a series of submarine lobes in the Santa Monica Basin. 

Submarine canyons transport sediment across a narrow continental shelf to the depositional 

center. The basin has a maximum water depth of 1000m (Normark et al., 1998). The Hueneme 

fan has experienced both highstand and lowstand deposition. Lowstand sediments are associated 

with a slope failure of delta progradation or canyon-fed hyperycnal flows. The resulting turbidity 

currents therefore contained mixed sand and mud. This allowed the turbidity currents to maintain 

a density contrast after larger grains dropped out of suspension. The mud-load allowed for the 

rapid distal progradation of the fan due to highly efficient sediment transport during lowstand 

deposition. Highstand conditions had a greater segregation of sand and mud transport due to 

turbidity currents triggered by storm action, ripping up mixed sediment in canyon heads, muddy 

slope failure due to earthquakes, and longshore drift of sediment. Well sorted sand from 

longshore drift sediment produced inefficient turbidity currents that reduced the travel distance 

of the turbidity current. Mud was transported by surface plumes and storm generated mud flows 

forming basin-floor deposits. Upper channels are partly backfilled by sand and mud; further 

decreasing the transport efficiency. Figure 3.2 illustrates highstand and lowstand deposition of 

the Hueneme fan.  

As a general statement Lowstand fans are larger with greater extent. Lowstand deposition is 

texturally immature with mixed sand/mud deposition. Highstand deposition is texturally mature 

with interbedded or segregated mud layers (Normark et al., 1998).  
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Figure 3.2: Hueneme fan growth during highstand (a) and lowstand (b) growth modified from 
Normark et al. (1998). 

3.4.2 Delta transport into deep-sea systems 

Porebski and Steel (2003) studied the Storvola shelf margin outcrop in the Central basin, 

Spitsbergen. During the Eocene Storvola shelf-edge deltas fed submarine fan growth during 

lowstand and transgressive/highstand system tracts. They concluded the main change in the 

submarine fan growth is the architectural style in slope edge deltas. Lowstand submarine fan 

growth occurs with a stepped-like progradation and highstand submarine fan growth occurs with 

aggradation during progradation. The clinoforms can be identified in outcrop and seismic data 

and can be significant in the determination of system tracts.  Burgess and Hovius (1998) found 

deltas can contribute to submarine fan development during third order highstand deposition. 

Third-order cycles, for purpose of discussion, have highstand system tracts lasting ~1 Ma. 

Assuming relatively low shelf transport rates 1.75 x10
3
 m

2
 ka 

-1
 and analyzing modern river 

sediment discharge rates Burgess and Hovius (1998) concluded 1 Ma is sufficient time for the 

formation of shelf edge deltas and transport of sediment into deep-sea fans. Shelf-edge delta 
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deposition can be common during both high and low sea levels. Higher volumes of sand load 

will only be present in lowstands if large merged river systems can directly supply sediment to 

slope and canyon, promoting deep marine deposition. Carvajal and Steel (2006) examined the 

Cretaceous Fox-Hills–Lewis shelf submarine fans and also concluded sand-rich fans can be 

deposited during transgressive cycles if sediment supply is greater than transgression rate.  

Submarine fans, fed by deltas, need special consideration when determining the system tract and 

examination of fluvial drainage systems, shelf dimensions/dynamics, climatic conditions 

(Burgess and Hovius, 1998) and sediment supply (Carvajal and Steel, 2006) should be employed. 

This thesis examines fluvial drainage systems and shelf dimensions/dynamics in order to develop 

South Mara facies models.  

3.4.3 California Borderland: lowstand and highstand deposition 

The California borderland provides an excellent example of the link between submarine canyon 

transport and highstand/lowstand deposition of submarine fans (Covault et al., 2007). Three 

major fans Oceanside, Carlsbad and La Jolla occur in this region (Figure 3.3). The Oceanside 

and Carlsbad fans grew during lowstand cycles and the La Jolla fan grew during highstand 

cycles. The canyons transporting sediment to the Oceanside and Carlsbad fans are detached from 

the coastal plain due to a wide shelf (Covault et al., 2007). During lowstand cycles the fluvial 

system reached the slope canyons. Fluvial systems are directed towards the northern portion of 

the basin near the Carlsbad and Oceanside Canyons. Fluvial sediment that does not enter the 

canyons directly undergoes limited southward longshore drift and is reworked into the canyon 

systems before reaching the inactive La Jolla Canyon (Covault et al., 2007). Highstand cycles 

decrease likelihood of fluvial systems to each the edge of the slope and prevent sediment from 

reaching the Oceanside and Carlsbad detached canyons. Sediment is carried south by longshore 
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drift towards the La Jolla Canyon were the shelf narrows and allows sediment to reach the 

canyon. The La Jolla fan is the largest of the three fans and is comprised of texturally mature 

coarse sand (Covault et al., 2007). The processes required for this style of deposition are 

summarized in Figure 3.3. Longshore drift can play a key role in highstand, transgressive 

deposition and should be considered when examining submarine fan systems (Covault et al., 

2007). 

 

Figure 3.3: Lowstand and highstand deposition and transport mechanisms of Oceanside and 

Carlsbad fans (lowstand cycles) and the La Jolla (highstand cycles); modified from Covault et al. 

(2007). 

3.4.4 Fraser Island: highstand longshore transport 

Boyd et al. (2008) examined present day submarine fan development on Fraser Island, Australia. 

The modern stage is a highstand cycle. Sediment is carried by longshore drift northwards 

towards a staging area. The sediment is then influenced by ebb-dominated tidal currents 

transporting the sediment across the shelf to the edge. Gravity processes carry the sand down 
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slope gullies and ultimately deposit sand as a submarine fan on the abyssal plain as shown in 

Figure 3.4 (Boyd et al., 2008). This example further illustrates the role of ocean currents in 

sediment distribution during highstand events.  

 

Figure 3.4: highstand deposition and transport mechanisms of the Fraser island Submarine fans 

from Boyd et al. (2008).  

3.5 Deltas  

A delta according to Galloway (1975) is “a partially subaerial contiguous mass of sediment 

deposited around the point where a river enters a sanding body of water”. Deltas form when a 

stream enters into a body of water (Tarbuck et al., 2005). (Marshak, 2008) describes a delta as a 

wedge of sediment that forms “where a stream empties at its mouth, into a standing body of 

water” the stream energy slows and allows for sediment to settle forming the delta. Giosan and 

Goodbred (2006) define deltas as a “constructional coastal landforms with both subaerial and 
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subaqueous components” and directly related to rivers discharging sediment into a lake, estuary, 

lagoon, sea or ocean. The channel system is the main source of sediment for delta construction. 

Scott (2012) imaged a delta from NASA earth observatory (Figure 3.5). 

 

Figure 3.5: Modern day delta in Western Arctic Coast, Canada. The Horton River Delta is a 

fluvial delta supplied by a meandering channel system. Picture is modified from Scott (2012). 

A deltaic system is a three-dimensional unit composed of many deltaic lobes. The morphology of 

a delta is a product of the interplay between sediment input and reworking of sediment from 

marine/lacustrine processes (Galloway, 1975). The reworking of sediment allows deltas to form 

distinct geomorphologies and allow for the classification of delta systems (Galloway, 1975). 

3.5.1 Delta classification based on morphologic and stratigraphic evolution 

The rate of sediment input and the ability of energy sources to rework sediments have an 

important role on the overall morphology of a delta. Galloway (1975) classified marine deltas 

based on morphologic and stratigraphic evolution of delta formation. Galloway (1975) proposed 

three end member types: 1) fluvial-dominated deltas 2) wave-dominated deltas, and 3) tide-

dominated deltas (Figure 3.6). 
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Fluvial dominated deltas have elongated to lobate geometry. The channel types are straight to 

sinuous distributaries. The bulk composition is muddy to sand/mud mix. The framework facies 

include distributary mouth bars, channel fill sands and delta margin sand sheets. The framework 

orientation is parallel to depositional slope. Examples include the Mississippi Delta (Figure 3.6; 

Galloway, 1975).  

Wave-dominated deltas have an arcuate geometry. The channel type is meandering distributaries. 

The bulk composition is sandy. The framework facies include coastal barrier and beach ridge 

sands. The framework orientation is parallel to depositional strike. Examples include the Sao 

Francisco Delta (Figure 3.6; Galloway, 1975). 
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Figure 3.6: Triangle diagram illustrating the three types of deltas from fluvial-dominated, wave-
dominated, and tide-dominated. Controlling factors on geometry include sediment input, wave 

energy and tidal energy. The end member examples (various scales) are in 4k resolution (If on 

computer zoom-in for detail) from Google Earth (2016). Diagram based on Galloway (1975). 
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Tide-dominated deltas have an irregular geometry. The channel types are flaring straight to 

sinuous distributaries. The bulk composition is variable. The framework orientation is parallel to 

depositional slope. Examples include the Fly delta (Figure 3.6; Galloway, 1975).  

3.5.2 Delta classification based on delta plain facies  

The delta plain facies is used to classify three types of deltas: 1) Common deltas (distributing), 

2) Braid Deltas, and 3) Fan deltas. The three delta types are controlled by discharge variability, 

gradient and flow channelization (Liangqing and Galloway, 1991). Liangqing and Galloway 

(1991) incorporated Galloway’s (1975) delta classification model based on morphologic and 

stratigraphic evolution into a continuous spectrum of delta systems (Figure 3.7). This classifies 

deltas into nine distinct groups based on subaerial processes and sediment reworking.  
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Figure 3.7: Continuous spectrum of delta systems. Example deltas based on delta plain facies. 

Images (4k resolution) are not to scale and from Google Earth, 2016. Model is modified from 

Liangqing and Galloway (1991).  
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 3.5.3 Delta growth and shifting patterns  

Mapping of delta lobes and growth over time allows for a better understanding of the overall 

depositional trend and key characters of the delta system. Delta lobes were mapped in the South 

Mara Member of this study. Correggiari et al. (2005) used VHR seismic surveys to map delta 

lobe growth of the Po Delta. Each lobe was mapped based on the seismic-stratigraphic approach 

(Section 3.3.3). The Po Delta growth is of delta lobe construction and abandonment (Correggiari 

et al., 2005). The Mississippi River Delta growth is of delta switching (Coleman et al., 1998); the 

construction and abandonment of successive deltas. As deltas grow the depositional centers 

change overtime. Figure 3.8 illustrates basinward growth over time of two deltas (Roberts et al., 

2003). Deltas depositional centers can back-step or aggrade/retrograde as seen in the Po Delta 

(Correggiari et al., 2005) and South Mara Member deltas (this study). Three main types of delta 

shifting patterns (Figure 3.9) can occur: 1) delta switching, 2) channel switching, and 3) channel 

extension (Coleman and Wright, 1975). 

 

Figure 3.8: Subaerial basinward growth of two deltas based on satellite data; modified from 

Roberts et al. (2003). 
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Figure 3.9: The three types of delta shifting patterns over a period of time from a -> c; modified 
from Coleman and Wright (1975). 

 

Delta switching or lobe switching occurs because the delta progrades by a series of distributary 

channels constructing a lobe, and after a period of time the distributary system abandons lobe 

and forms a new lobe in an adjacent area. Lobe shape generally stays the same. Over time the 

delta plain will consist of overlapping and interlocking deltaic lobes. This pattern is most 

common when the gradient, wave energy and tidal energy are low. Channel branching is always 

associated with this type of delta switching. Examples include the Mississippi and Parana deltas 

(Figure 3.10-3.11; Coleman and Wright, 1975). 



51 

 

 

  Figure 3.10: Paraná Delta in Argentina. Lobe switching (Black circles) can be seen between 

the south and north lobes (4K resolution) image from Google Earth (2016).  

 
Figure 3.11: The Mississippi River delta. Present day lobe of the delta showing channel 

branching and basinward growth (4K resolution) image from Google Earth (2016).  
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Channel switching can occur because of changes in the channel course upstream from the delta. 

This change provides a new location for the delta to grow. Intermediate gradients, high wave 

energy and high tide energy are normally associated with this type of growth. Channels are 

single or complex braided. Examples include the Hwang Ho delta (Figure 3.12; Coleman and 

Wright, 1975). 

 

Figure 3.12: Hwang Ho delta or Yellow River delta in northeastern China. Note the single 

channel abandonment (4K resolution) image from Google Earth (2016).  

Channel extension occurs because the channel breaks near the head of the channel forming a 

nearly unbranched channel. Main sediment supply is from a single channel and grows the delta 

into the basin. Other channels may exist but will be more susceptible to wave action and 

sediment reworking processes that limit its growth. Over time the prograding channel will lose 

its gradient advantage and the sediment load will find a new channel for growth. This process 

forms a multiple beach ridges. Wave energy and tide energy can be highly variable. Examples 

include the Danube and Red River deltas (Figure 3.13-3.14; Coleman and Wright, 1975). 
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Figure 3.13: Danube Delta in Romania. Channel extension eastwards (4K resolution) image 

from Google Earth (2016).

 Figure 3.14: Red River delta in Vietnam. Channel extension eastwards; (4K resolution) image 

from Google Earth (2016). 
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3.6 Seismic and well-log comparison of delta and submarine fan sequences  

Distinguishing seismic reflection patterns and well-log characteristics in the Early Paleogene of 

the Jeanne d’Arc Basin will aid in the interpretation submarine fans and deltas. 

3.6.1 Seismic review of delta and submarine fan sequences 

Deltas commonly show oblique, complex oblique, sigmoid, and complex sigmoid-oblique 

seismic reflection patterns (Figure 3.15). Fluvial-dominated deltas have oblique, sigmoid and 

complex sigmoid-oblique progradational seismic reflection patterns. Figure 3.16 illustrates a 

common fluvial-dominated delta in dip and strike seismic section. Wave-dominated deltas have 

shingled and oblique seismic reflection patterns.  

 

Figure 3.15: Seismic reflection patterns of wave and fluvial dominated deltas. From Berg (1982) 

and based on Mitchum et al. (1977).   
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Figure 3.16: Seismic reflection patterns of a classic fluvial dominated delta lobe; from Berg 

(1982).  

 

Submarine fans commonly show trough, canyons, mounds, and onlap-offlap reflection patterns 

(Figure 3.17). Sangree and Widnier (1977), Sangree et al. (1978) and Berg (1982) investigated 

seismic indicators of submarine fans: 1) Troughs or canyons in strike section allowing for fans to 

form basinward of these features (Figure 3.17 A); 2) Mounded features with chaotic or 

hummocky reflection patterns (Figure 3.17 B); 3) Prograding deltaic clinoforms may indicate 

basinward a formation of submarine fans (Figure 3.18); 4) Thinning clinoform reflection pattern 

from overlaying delta may suggest underlying submarine fans (Figure 30.24 C). A combination 

of these patterns is required to ensure the presence of a submarine fan.  

Deltas may have associated fans as discussed in section 3.5.2. Commonly the fans are in front or 

below the delta as a result of both the delta and fan prograding. This relationship is illustrated in 

Figure 3.18. Seismic examples of this relationship include the East-Texas-Woodbine and the 

Louisiana-Tuscaloosa delta-fan complexes (Figure 3.19). In both cases the submarine fan is 
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distal of the delta and shows unique seismic architecture. The fans also begin to form on the 

slope of the basin (Berg, 1982). Study of the southern Jeanne d’Arc Basin and the relationship 

between deltas and submarine fans is illustrated in the South Mara Member and will be explored 

later in this study.   

Bourget et al. (2014) presented seismic stratigraphy of the Bonaparte shelf edge delta in NW 

Australia.  Common reflection patterns included: high angle clinoforms, low angle clinoforms, 

slides and slumps, low angle lateral migration, and shelf channel fill (Figure 3.20).  Identifying 

different reflection patterns of a delta system is important and a combination of these patterns in 

the right location is required to ensure the presence of a delta.  

 

Figure 3.17: Seismic reflection indicators of submarine fan sequences, from Berg (1984). 
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Figure 3.18: Seismic reflection patterns of a prograding fluvial-dominated delta and associated 

submarine fans, from Berg (1984). 

 

Figure 3.19: Seismic reflection patterns of a prograding fluvial-dominated delta and wave-

dominated delta with associated submarine fans, from Berg (1984).  
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Figure 3.20: Shelf edge reflection patterns commonly found in the Bonaparte Delta of NW 
Australia. Common reflection patterns included: high angle clinoforms, low angle clinoforms, 

slides and slumps, low angle lateral migration, and shelf channel fill. Figure was modified from 

Bourget et al. (2014). 

 

3.6.2 Well-log comparison of delta and submarine fan sequences 

Submarine fans and deltaic deposits have well-log signatures that separate them in terms of 

depositional patterns. Figure 3.21 shows gamma ray log shapes and the corresponding 

depositional settings.  The pattern of the GR is influenced by relative sea level trends and 

location of the well (Rider, 1999). In most cases GR tends are not sufficient to determine 

depositional settings and other data sets are needed to make accurate predictions.  
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Figure 3.21: Well-log comparison of deltas and submarine (deep-sea) fans; modified from Rider 

(1999).  

 

3.7 South Mara system: a case for deltas, submarine fans and mass transport flows  

Chapters 4 and 5 will explore the depositional environment of the South Mara Member of the 

Jeanne d’Arc Basin. Delta, submarine fan and slump deposits are described based on 

geomorphology, seismic reflection patterns and well-logs. The classification of these systems is 

based on the review presented in this chapter. Similar seismic and well-log attributes presented 

in this chapter are found in the basin.  
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Chapter 4: Stratigraphic Overview: Upper Cretaceous and Lower Paleogene 

Lithostratigraphy and Depositional History of the Jeanne d’Arc Basin 

The purpose of this section is to provide an overview of Late Cretaceous to Early Paleogene 

stratigraphy with interpretations based on a comprehensive set of 3D and 2D seismic and well 

data. This section contributes new interpretations of Eocene deltaic sandstones and explores the 

relationship between the unconformities and deposition in the southern Jeanne d’Arc Basin.  

4.1 Introduction 

The Jeanne d’Arc Basin, offshore Newfoundland, Late Cretaceous to Early Paleogene 

stratigraphy forms a post-rift succession of sediment deposited on the margins of an elongated 

shallow shelf sea. Major sandstone members include the Otter Bay Member, Fox Harbor 

Member, Avondale Member and South Mara Member which are the focus of this study. Drill 

stem tests (DST) results and oil showings for Paleocene and Eocene sediments from numerous 

wells suggest a hydrocarbon potential (Figure 4.1). The hydrocarbon potential of this interval is 

underexplored. Evidence for reservoir quality is present in 30 m of sand with 30% porosity in 

well South Mara C-13 for example (Taylor et al., 1992). Sand-rich members are capped by 

potential mudstone seals. This study will focus on Late Cretaceous to Early Paleogene 

stratigraphy and architecture to better understand the paleo-environment and hydrocarbon 

potential.  

Deltas formed on the shelf formed thick successions of sandstone up to 300 ms TWT and an 

estimated 150 m thickness. Submarine fans formed on the slope and basin floor with thick 

successions sandstone up to 175 ms TWT (~100 m thick). Progradational sediment distribution 

varies between the northern and southern parts of the Jeanne d’Arc Basin. Using well and 

seismic data a lithostratigraphic framework is established to illustrate and interpret the 
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depositional history of the Late Cretaceous to Early Paleogene stratigraphy of the Jeanne d’Arc 

Basin, offshore Newfoundland, Canada.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: Well locations of hydrocarbon shows in Early Paleocene, Eocene sediment. Major 

structural elements are based on Deptuck (2003) and DST/shows are compiled from CNLOPB 

and Statoil Canada databases.  
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4.2 Lithostratigraphic classification 

The members explored in this study are presented in chronological order in Figure 4.2, including 

timing of tectonic elements and depositional bodies. Each sandstone member within the studied 

interval is capped by shale units including the Red Island Member, Bay Bulls Member, and 

Banquereau Formation. The basin geometry was established by the Late Cretaceous (final post-

rift stage). The passive continental margin shape of the basin throughout the Late Cretaceous to 

Early Paleogene is expressed by the geometry of the Petrel Member (Figure 4.5, 4.8).  

Numerous channels and canyons erode previously deposited members. Figure 4.3 illustrates 

these unconformities with respect to their chronostratigraphic position. Unconformities include 

the Otter bay, Fox Harbour or Paleogene and South Mara unconformities. The unconformities 

caused redistribution of older sediments and provide transport conduits for sediment input 

northeastward into the basin.  

Figure 4.4 illustrates a series of block diagrams from the Petrel Member to South Mara Member 

(including the Paleogene unconformity).The block diagrams were made by creating a contoured 

time structure surface and superimpose past geological times and lithologies. The diagrams are to 

scale vertically in TWT and horizontally in meters. Time periods older than contoured member 

are indicated. The northeastward elongation of the basin and west to south-west sediment entry 

points stay consistent through time. Fault reactivation occurred and major reactivation is 

illustrated. Illustrations of earlier sediment distribution on the block diagrams provides a better 

understanding of the interactions between proven reservoir bodies in the Early Cretaceous and 

sand bodies/erosional features explored in this study. For example in the base Paleogene erosion 

cuts into the Early Cretaceous and Jurassic sediment; these same erosional features are then 

exploited in the Early Paleogene as sediment pathways. This provides potential fluid migration 
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pathways, from Early Cretaceous reservoirs, into Paleogene sediment and acts as a top seal risk 

for Early Cretaceous reservoirs.  
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'  

Figure 4.2: Chronostratigraphic chart of Jeanne d’Arc Basin. Tectonic events and lithology are 

shown. Red box highlights the interval of focus of this study. Chronostratigraphic chart is 

courtesy of Statoil Canada and modified from Sinclair (1992).  
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Figure 4.3: Chronostratigraphic chart of the study area (Upper Cretaceous and Lower 

Paleogene) in the Jeanne d’Arc Basin. Unconformities are highlighted. Chart is from Deptuck 

(2003) and modified from Sinclair (1987). Absolute ages are based of Gradstein et al. (1995) and 

Berggren et al. (1995). OB = Otter Bay; FH = Fox Harbour; SM = South Mara; Mb = Member; 

and Fm = Formation.  
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Figure 4.4: 3D block diagrams of members studied and the Base Paleogene unconformity. Each 

diagram is scaled vertically in TWT and horizontally in meters. Each diagram is contoured in 

TWT as structure maps. The lithology is imposed onto the contoured surface. Fault reactivation 

present during each event is illustrated. The block diagrams are colored based on the location of 

preserved sediment and lithologies. The locations of the block diagrams are shown on the base 

map (bold black box).  
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4.2.1 Petrel Member 

The Petrel Member (Figures 4.4-4.6) is a pelagic limestone near the base of the Late Cretaceous 

Dawson Canyon Formation. This unit is deposited across most of the Grand Banks and Scotian 

Margin, and covers the entire Jeanne d’Arc Basin. The member is a coccolith-rich 

microcrystalline limestone and marlstone, and contains glauconite and local sand stringers 

(Shimeld et al., 2000). The 3D block diagram of the Petrel Member in Figure 4.5 show details of 

the time-structure of the formation and the older periods of time.  

Core from well Gull-72 (southwest of the Jeanne d’Arc Basin) contained chalky bioturbated 

limestone with pelecypod fragments and foraminifera, Figure 4.6, with porosity ranging from 13-

23 % (Amoco and Imperial, 1973).  

 

  

 Figure 4.5: 3D block diagram of the Top Petrel time-structure surface in the Jeanne d’Arc 

Basin. The diagram is to scale vertically in TWT and horizontally in meters. TWT of the top of 

the Petrel Member is contoured and imposed onto the block diagram as a time-structure surface. 

Strata older than the Petrel Member are indicated. The location of the block diagram is shown on 

the base map (bold black box).  
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Figure 4.6: Petrel Member cuttings sample with penny for scale from Deptuck (2003). The 

member is comprised of chalky with faint pink coloring, Cormorant N-83 – 772-781m.  

 

Deptuck (2003) proposed Gannet O-54 (1589.8 – 1664.8 m) as the type section for the Petrel 

Member. The member shows a cylindrical or blocky gamma ray response with a 48 API average 

(Deptuck, 2003; Figure 4.7). Typical well log response of well South Brook G-55 is shown in 

Figure 4.7; this includes a low GR, NPHI, resistivity and a high (RHOB) density. Some well-

logs show, for example North Ben Nevis P-93, gamma ray responses that have a gradual 

decrease in API upward and indicate a transition from calcareous shales to limestones. The lower 

boundary of the member is gradual and the upper boundary is sharp as defined on gamma ray 

logs marking the transition from limestone to sandstone or mudstone (Deptuck, 2003; Figure 

4.7). 

The thickness of the Petrel Member is variable and ranges from 0-100+ meters (Deptuck, 2003). 

The thickness variation is due to the younger Otter Bay unconformity eroding channels and 

scours into the Petrel Member as seen is Figure 4.8A-C. Figure 4.8C shows faulting aided in the 

formation of the Egret Canyon. The time structure map of the Petrel Member show 

northeastward dipping basin geometry (Figure 4.8). 

 



69 

 

 

Figure 4.7: Well-log of South Brook N-30. Petrel Member is commonly characterized by a 

blocky GR with an upper sharp boundary.  
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Figure 4.8: Time structure map of the top of the Petrel Member. A-C is zoomed to illustrate the 

erosion into the Petrel Member. Erosional features formed include A) Egret Canyon B) Petrel 

Channel and C) Mara Channel. The white lines show current licence lines and the red lines in C 

outlines the channel edges. The base map shows the location of the time structure map (black 

bold box). 

The seismic character of the Petrel Member is a strong positive continuous and distinct reflection 

with draping reflection terminations (Figure 4.9). The Petrel Member is a downlap surface for 

the Otter Bay, Fox Harbour, Avondale/Tilton and South Mara members (Figure 4 .9).  
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Figure 4.9: Strike and dip composite seismic section. Seismic image is modified from Deptuck 

(2003) and members are interpreted. The section is located on the central western edge of the 

basin near the Rankin Canyon as shown on the seismic section. Interpreted and uninterrupted 

sections are shown. Interpreted section is a line drawing. The sections show the reflection 

terminations and configurations of the studied members. 
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4.2.2 Otter Bay unconformity 

The Petrel Member thickness variation is mainly a result of the erosion of the calcareous-rich 

member associated with the Otter Bay unconformity. The unconformity forms erosional features 

including the Egret Canyon, Petrel Channel and Mara Channel. These features erode into the 

Petrel Member as illustrated in Figure 4.8A-C. The channels acted as conduits for the Otter Bay 

sediments and allowed for sediment to be transported into the deeper parts of the basin. Deptuck 

(2003) describers the Otter Bay unconformity as a regional unconformity that formed erosional 

features in the basin and is Coniacian to Santonian in age. 

4.2.3 Red island Member 

The shale rich Red Island Member is located above the Petrel Member/unconformity and is part 

of the Dawson Canyon Formation. The member typically has high GR, low resistivity and NPHI, 

and medium-high bulk density (Figure 4.19). The density is greater than younger strata such the 

Banquereau Formation and Bay Bulls Member. The type section in Hibernia J-34, 1591 to 1713 

m, proposed by Deptuck (2003), is mud rich with minor silt and sand (Figure 4.19). The seismic 

character of the Red Island Member is flat lying. The reflection configurations are parallel 

clinoforms or interfingered with the Otter Bay Member.  

The Red Island Member is overlain by sandstones of the Otter Bay Member or mudstones of the 

Bay Bulls Member. The progradational limit of the Fox Harbour Member marks the eastern 

limits of the Red Island and Bay Bulls members (Deptuck, 2003). East of this limit the 

equivalent mudstones are part of the Dawson Canyon Formation. Otter Bay Member prograded 

less than the Fox Harbour Member. 
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4.2.4 Otter Bay Member  

The Otter Bay Member (Figures 4.4, 4.10, 4.14) is a sandstone unit located stratigraphically 

above the Petrel Member. This member is deposited along the western margins of the basin. The 

member is a medium to very coarse-grained sandstone and contains quartz, chert, shell debris 

and glauconite. The 3D block diagram of the Otter Bay Member shows detail of the time-

structure of the formation, proposed depositional environments and the older strata (Figure 4.10).

 

 

Figure 4.10: 3D block diagram of the Otter Bay Member in the Jeanne d’Arc Basin. The 

diagram is to scale vertically in TWT and horizontally in meters. TWT of the Top of the Otter 

Bay Member is contoured and imposed onto the map as a time-structure surface Strata older then 

the Otter Bay Member are indicated. The depositional environments of the Otter Bay Member is 

illustrated with deltaic sediment formed on the western edge of the basin and sediment 

transported basinward by filling in pre-existing erosional conduits forming pro-delta turbidite 

deposits. The location of the block diagram is shown on the base map (bold black box).  
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Core from Avondale A-46 of the Otter Bay Member near the Petrel Channel illustrates distal 

pro-delta sediment compression of muddy, very glauconitic, micaceous sandstones, with 

interbedded fine-grained calcareous sandstone lenses (Figure 4.11). This core is very different 

from typical proximal deltaic deposits, including from Cormorant N-83, 642m-645m, which 

shows a medium to coarse grained sand with no mud (Deptuck, 2003) (Figure 4.12). Sinclair, 

1998 proposed Hibernia J-34 (1591-1713 m) as the type section for the Otter Bay Member. The 

member shows a cylindrical to funnel shaped gamma ray response with an upwards coarsening 

trend. The type log in Figure 4.13A shows typical well-log responses: decrease in GR and an 

increase in NPHI and ROHB with low resistivity. In the type section the Otter Bay Member is 

comprised of 60 % sandstone and 10 % granule conglomerate with 12-20 % porosity (Deptuck, 

2003). Well logs from distal locations including Avondale A-46 (Figure 4.13B) express a high 

GR with fining upwards cycles. This response is very different from the coarsening upward 

cycles in proximal deposits. The member pinches out to the east and is inter-fingered with 

mudstones of the Red Island Member. Gradational boundaries are found outside of the eroded 

areas. Eroded areas have a sharp boundary sharply defined on the gamma ray logs marking the 

transition from sandstone to shale (Figure 4.13). The thickness of the Otter Bay Member and 

inter-fingered Red Island mudstones are up to 500 ms TWT (Figure 4.14), and thickness 

variations correspond to the stacking of individual prograding sandstone and mudstones bodies. 

Four sand bodies are labeled on Figure 4.14. Other high thickness areas are due to the filling of 

accommodation space created by the Otter Bay (Figure 4.10). 

The seismic character of the Otter Bay Member is a distinct package with well-defined toplap 

and downlap terminations. Figure 4.9 and Figure 4.15 illustrate the prograding reflection 
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configuration and terminations. Some clinoforms are truncated by the unconformity at the base 

of the Fox Harbour Member. 

 

 

Figure 4.11: Core photo of Avondale A-46, 1881.00-1883.72m (box 1); 1877.77 -1891.80m 

(box 2); the member is muddy with fine-grained sand lenses. This pro-delta core is distal from 

typical Figure 4.12 Otter Bay deposits Figure 4.12. Core photo is modified from Statoil Canada, 

from the Mobil et al. (1988) well operator. 

 

Figure 4.12: Otter Bay Member cuttings sample with penny for scale from Deptuck (2003). The 

member is a medium to coarse grained proximal sand from Cormorant N-83, 642-645m.  
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Figure 4:13: A) Type section of the Otter Bay Member in Hibernia J-34. Otter Bay is commonly 

characterized by a coarsening upward GR with an upper sharp boundary. B) Well-log of 

Avondale A-46, distal expression of the Otter Bay Member with high GR with fining upward 

cycles.  
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Figure 4.14: Isochron map of the Otter Bay Member. The member is comprised of 4 main 

prograding sandstone bodies (1-4) with sediment filling and migrating into accommodation 

space created by the Otter Bay unconformity and accommodation space created by relative sea 

level rise outside of eroded areas.  Location of the isochron map is shown on the base map.  
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Figure 4.15: 2D seismic dip section (83-5052). The section is located on the central western 
edge of the basin near the Hibernia Canyon as shown on the seismic section modified from 

Deptuck (2003). Interpreted and uninterrupted sections are shown. Interpreted section is a line 

drawing. The sections show the prograding clinoforms of the discussed members.  

 

4.2.5. Otter Bay Member depositional setting 

The Otter Bay Member is a fluvial-wave influenced delta. Interpretations are based on well-data 

and seismic architecture. The Otter Bay Member is coarsening upwards (Figure 4.13A) and is 

interpreted as deltaic progradation of sediment. The seismic reflection pattern is complex oblique 

or prograding (Figures 4.9 and 4.13). This reflection pattern is common of fluvial dominated 

deltas (Berg, 1982). Otter Bay clinoforms, red lines in Figure 4.16, show a prograding to 

aggrading hinge line, indicating basinward aggradation and progradation. Four sedimentary lobes 

have been identified in Figure 4.14. The lobes size is 10-50km wide and represents separate 

deltas (Figure 4.14). Sinclair (1988) described the Otter Bay Member as sandstone that 

prograded across a shallow ramp-margin with sediment originating from the Bonavista Platform 
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to the west. De Silva (1993) suggests the Otter Bay sediments were deposited in a deltaic 

depositional setting. Modern equivalents include the Danube delta because they both exhibit 

fluvial fan growth. Danube delta is a fluvial-wave influenced delta like the Otter Bay Member.  

 

Figure 4.16: Line drawing showing the Otter Bay clinoforms (red lines) and hinge line (green 

line). The location of the seismic line A-A’ is shown on the Isochron map of the Otter Bay 

Member (location shown on Figure 4.14 base map).  

 

4.2.6 Fox Harbour Member 

The Fox Harbour Member is a sandstone unit located stratigraphically above the Bay Bulls and 

Otter Bay members. This member was deposited along the western margins of the basin. This 

member is a medium to coarse-grained sandstone and contains quartz, chert, and glauconite with 

sparse feldspar grains and limestone stringers. The 3D block diagram of the Fox Harbour 

Member, Figure 4.17, shows details of the time-structure of the member, proposed deltaic 

depositional environment and older strata. 
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Core has not been recovered from the Fox Harbour Member. Cormorant N-83 cuttings sample at 

402 m shows a fine to coarse grained sand with plant material, coal, and Scaphopod shells 

(Deptuck, 2003; Figure 4.18). 

 

Figure 4.17: 3D block diagram of the Fox Harbour Member in the Jeanne d’Arc Basin. The 

diagram is to scale vertically in TWT and horizontally in meters. TWT of the top of the Fox 

Harbour Member is contoured and imposed onto the map as a time-structure surface. Time 

periods older then the Fox Harbour Member are indicated. The depositional environment of the 

Fox Harbour Member is illustrated with deltaic sediments formed on the western edge of the 

basin grading into pro-delta turbidite deposits to the east. The location of the block diagram is 

shown on the base map (bold black box).  

 

 

Figure 4.18: Fox Harbour Member cuttings sample with penny for scale from Deptuck (2003). 

The member is a fine to coarse grained sand with coal and mollusc shells from Cormorant N-83, 

402m.  
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Sinclair (1998) proposed Hibernia J-34 (1286-1360 m) as the type section for the Fox Harbour 

Member. The member shows an upwards decrease in gamma ray reflecting an upward 

coarsening trend. The type log in Figure 4.19 shows a decrease in GR and an increase in NPHI 

and ROHB with low resistivity. The Fox Harbour Member averages 50% sandstone and 15% 

granule to pebble sized grains with 12-20% porosity. In some wells, such as Hibernia O-35, 

granule content is above 50% (Deptuck, 2003). Distal sediment has not been cored but is 

expected to be fine -grained and muddy; similar to distal Otter Bay sediments. The Fox Harbour 

Member downlaps onto Bay Bull mudstone and thins eastward. The lower boundary of the 

member is gradational near Hibernia and becomes sharp further south. The upper boundary is 

sharp and well-defined as seen on gamma ray logs (Figure 4.19).  

The thickness of the Fox Harbour Member and interfingering Bay Bull mudstones is up to 

900ms TWT (Figure 4.20) with an estimated 150m+ of thickness. Depositional center is located 

near the south-central part of the basin on the western edge with one main sediment body 

dominating the isochronal map (Figure 4.20). Thickness decreases basinward with a few 

thickened areas distally in the basin. Erosion from the Hibernia and Rankin canyons cut into the 

Fox Harbour Member as seen on (Figure 4.20A). The distal edge of the prograding sand body is 

eroded by the Paleogene unconformity creating a sharp eastern distal edge to the Fox Harbour 

Member.  

The seismic character of the Fox Harbour Member is a distinct package with well-defined toplap 

and downlap terminations. Figure 4.9 and Figure 4.15 illustrate the prograding reflection 

configuration and terminations. Clinoforms are truncated at the top of the member by the Base 

Paleogene unconformity. 
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4.2.7 Fox Harbour Member depositional setting 

The Fox Harbour Member records deposition from a fluvial-wave influenced fan delta. 

Interpretations are based on well-data and seismic architecture. Well-logs of the Fox Harbour 

Member show a coarsening upward cycle and are interpreted as deltaic progradation (Figure 

4.19). The seismic reflection pattern is sigmoidal in the north (Figure 4.21 line A-B) with oblique 

clinoforms in the south (Figure 4.21 line C). This reflection pattern is common of fluvial 

dominated deltas (Berg, 1982). Delta lobe shifting over time due to channel extension (Coleman 

and Wright, 1975) results in limited lobe formation and a single depositional body (Figure 4.20) 

with fan-like geometry. Modern equivalents include Danube and Red River Deltas (Figure 4.22). 

Sinclair (1988) described the Fox Harbour Member as sandstone that prograded across a shallow 

ramp-margin with sediment originating from the Bonavista Platform to the west. Deptuck (2003) 

suggests deposits of the Fox Harbour Member are deltaic in origin.  
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Figure 4.19: Well-log of Hibernia J-34. Fox Harbour Member is commonly characterized by a 

coarsening upward GR with an upper sharp boundary.  
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Figure 4.20: Isochron map of the Fox Harbour Member. The Paleogene unconformity cuts into 

Fox Harbour sediments as illustrated in 4.18A. Also Paleogene erosion sharply defines the distal 

edge of the depocenter. The 2 red boxes outline distal turbidite facies. One main depositional 

body is present. Location of the isochron map is shown on the base map.  
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Figure 4.21: Dip section line drawings in order from north to south across the Jeanne d’Arc Basin; see map for locations. Each line is 

interpreted from the top of the Petrel Member or equivalent using the 3D GB mega seismic cube. Each line drawing illustrates the 

different reflection configurations of the South Mara Member. Lines A-D in order: Ballicatters inline 2320, GB mega 4840, 83-prx-

4996b and 88-sqp-4944AA.
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Figure 4.22: Danube and Red River deltas; modern analogs for the Fox Harbour Member deltas. 

The deltas channel extension is common of fluvial and wave influenced deltas. Danube delta has 

multiple lobes and the Red River Delta has a single lobe. Images are from Google Earth 2016.  

The Fox Harbour and Otter Bay members formed one to four depositional bodies (Figure 4.23 

for comparison). The deposition of these members, Senonian sediment, is the first time sand is 

sourced from the west. As the sediment source matured and accommodation space was filled the 

depositional spectrum of the two deltas changed from many deltas to a single fan like deltas.  

4.2.8 Senonian pro-delta turbidites  

Deltaic facies near the edge of the slope exploited erosional features, such as the Petrel and Mara 

channels, to deposit distal, sand rich, turbidite facies as seen in well-data and seismic architecture 

(Figure 4.14; Figure 4.20; Figure 4.23). The well-log of the Otter Bay Member a fining upwards 

trend is interpreted as turbidite fan progradation (Figure 4.13B). The seismic character is 

mounded and downlapping common of submarine or turbidite facies (Berg, 1984). The turbidite 

facies are highlighted in red on Figure 4.23 and occur during deposition of the Otter Bay and Fox 

Harbour members. 
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Figure 4.23: Otter Bay and Fox Harbour isochron maps with main depositional bodies 

numbered; outlined in red is the distal, pro-delta turbidites; location of maps shown on Figure 

4.14 and 4.20 base maps.  

 

4.2.9 Bay Bulls Member  

The shale rich Bay Bulls Member is located above the Otter Bay Member/unconformity and is 

part of the Dawson Canyon Formation. The member typically has high GR, low resistivity and 

NPHI, and medium-high bulk density (Figure 4.19). The density is greater than younger strata 

such the Banquereau Formation and may reflect greater compaction from sediment loading. The 

type section Hibernia J-34, 1360 to 1482 m, proposed by Deptuck (2003), contains glauconite-
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rich shale with minor silt and sand (Figure 4.19). The seismic character of the Bay Bulls Member 

is flat lying. The reflection configurations are parallel clinoforms or interfingered with the Fox 

Harbour Member.  

4.2.10 Paleogene unconformity 

The Paleogene unconformity marks a stratigraphic gap from the Maastrichtian to the Upper 

Campanian, representing 12 million years (Deptuck, 2003). This unconformity has also been 

referred to in literature as the “Fox Harbour unconformity” by Deptuck (2003) and “Base 

Tertiary unconformity” by Sinclair (1988) and de Silva (1993). The unconformity is demarcated 

on well-logs by a prominent change in gamma ray logs (Figure 4.27). The Paleogene 

unconformity is a positive amplitude seismic marker and defines top of the Senonian 

depositional systems. The Base Paleogene time structure map illustrates the extent of the 

erosional features (Figure 4.24). Major erosional features include the Flying Foam Canyon 

(Figure 4.24A) and the Hibernia and Rankin canyons (Figure 4.24B). 

The canyons erode into the shelf/slope and truncate Otter Bay clinoforms (Figure 4.9; Figure 

4.15). The canyon truncates seismic reflectors including the base Paleogene marker (Figure 

4.15). Figure 4.25 is an amplitude time surface of the base Paleogene with yellows (sand-rich) 

positive amplitudes and grey (mud-rich) negative amplitudes within the Hibernia and Rankin 

canyons. This suggests smaller scale unconformities continued to shape the canyons during the 

deposition of Paleocene sediments. The canyons are complex and the internal features where 

mapped using amplitude attribute analysis (Figure 4.25). The canyons had internal 

channelization with channel abandonment and growth that helped shape the canyons. This is 

visualized in Figure 4.25 by yellow sinuous “ribbons” stacked within the Hibernia and Rankin 

canyons that erode into the mud rich Dawson Canyon Formation. Canyons contain cut and fill 
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packages (Williamson et al., 1996; Friis, 1997) with meander cut-offs (Deptuck, 2003). Confines 

of the canyon acted as channel margin; when this margin was breached submarine fan 

sedimentation occurred. The Hibernia and Rankin canyons are the main conduits for submarine 

fan sediment during the Paleocene (Sinclair, 1988; de Silva, 1993; Williamson et al., 1996; 

Deptuck, 2003).

 

Figure 4.24: Time structure map of the base Paleogene; mapped from 3D seismic data. 

Erosional features of the Paleogene unconformity are highlighted in red: A) Flying Foam 

Canyon B) Hibernia and Rankin canyons. Location of time structure map is shown on the base 

map. Location of Figure 4.25 is shown by the bold black box.  
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Figure 4.25: Amplitude time surface of the base Paleogene with yellows (sand-rich) positive 

amplitudes and grey (mud-rich) negative amplitudes within the Hibernia and Rankin canyons. 

See figure 4.24 for the location.  

 

4.2.11 Base Paleogene  

The 3D block diagram in Figure 4.26 show details of the time-structure surface of Base 

Paleogene and older strata. The time structure surface is Figure 4.26 illustrates the change in 

depth between canyons formed in the north (less than -1000 ms TWT) and canyons formed in the 

south (greater than -1000 ms TWT). 
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Figure 4.26: 3D block diagram of the Paleogene time-structure surface in the Jeanne d’Arc 

Basin. The diagram is to scale vertically in TWT and horizontally in meters. TWT of the 

Paleogene is contoured and imposed onto the block diagram as a time-structure surface. Strata 

older then the Paleogene are indicated. The basin is plunging to the northeast. The location of the 

block diagram is shown on the base map (bold black box).  

  

The Paleogene unconformity cuts into uplifted Early Cretaceous to Jurassic sediment in the south 

to south eastern part of the basin (Figure 4.26). Northern termination of the Avalon uplift is 

known as the Morgiana Anticlinorium, uplifting the southern part of the Jeanne d’Arc Basin 

(Sinclair, 1988). The Anticlinorium is eroded and significant deposition on the peneplain surface 

does not resume until the Paleogene. Avalon erosion on the Anticlinorium forms numerous 

canyons which collectively comprise the Cormorant Canyon system (Deptuck, 1998; Parker, 

1999). Subsequent sediment deposition above this surface uses Paleogene and Avalon erosional 

features as conduits for sediments to the northern and southern parts of the basin. 

4.2.12 Avondale Member  

The Avondale Member is a sandstone unit located stratigraphically at the base of the Paleogene 

uncomfortably above Upper Cretaceous sediments (Deptuck, 2003). This member was deposited 
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along the western margins of the basin and reaches as far as the Whiterose area. This member 

consists of a very fine to coarse-grained clean sandstone and contains mainly quartz.  

Sidewall Core from Avondale A-46 contained poorly to well-sorted sub-rounded to sub angular 

sand grains with glauconite (Mobil et al. 1988). Mobil et al. (1988) proposed the Avondale A-46 

(1760-1823m) as the type section for the sandstone unit. The member shows a cylindrical or 

blocky gamma ray response and in some cases only the lower part of the unit has this response as 

seen in Avondale A-46 (Figure 4.27). The upper part of the member, if present, is fining 

upwards. Typical well log response of well Avondale A-46 is shown in Figure 4.27; this includes 

a low GR with increasing values upwards. NPHI, resistivity and RHOB are variable and in 

general increase in value upwards. The Avondale Member has an average porosity of 26% and 

consists of 70% sandstone in well North Ben Nevis P-93 (Husky-Bow Valley et al., 1984). The 

Avondale Member is discontinuous and pinches out or grades into Banquereau shale eastward. 

The upper boundary also grades into shaley sediment of the Tilton Member. The lower boundary 

is unconformable and sharp as seen on gamma ray logs (Figure 4.27).  

The seismic character of the Avondale Member in many areas is not distinct mimicking the 

surrounding Paleogene shale that drapes. In thicker areas, for example near the Hibernia and 

Rankin canyons the Avondale Member shows onlap, truncation and downlap with prograding to 

mounded reflection configurations (Figure 4.9 and Figure 4.15). 
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Figure 4.27: Well-log of Avondale A-46. Avondale Member is commonly characterized by a 

fining upward GR and lower section that is blocky with a lower sharp boundary.   
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4.2.13 Tilton Member  

The Tilton Member, informally known as the “Paleogene Porcelaneous Mudstone”, is a pelagic 

siltstone-shale unit located stratigraphically below the South Mara Member and above the Base 

Paleogene or above the Avondale Member if present. This member is deposited along the 

western margin of the basin and in the south near the Terra Nova oil field. This member is a 

siliceous siltstone with interbedded shale and contains glauconite, dolomite, foraminifera, shell 

fragments and layers of chert (Deptuck, 2003). The 3D block diagram of the Tilton and 

Avondale members shows details of the time-structure of the members, proposed depositional 

environments and the older strata (Figure 4.28). The Avondale Member is mainly deposited on 

the eastern edge as submarine fans and the Tilton Member is deposited southward and distally of 

Avondale strata forming pelagic deposits. Some interfingering between Avondale and Tilton 

members occur.  

A Tilton Member core has been recovered from Hibernia C-96 (1670.0-1677.3 m). The core 

contains grey siliceous shale, a 20 cm siliceous sandstone bed, and light to dark grey chert 

fragments with conchoidal fractures and microporosity. Mara E-30 at 1900 m shows a dark grey 

chert and siliceous siltstone fragments (Deptuck, 2003; Figure 4.29).  
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Figure 4.28: 3D block diagram of the Avondale and Tilton members in the Jeanne d’Arc Basin. 

The diagram is to scale vertically in TWT and horizontally in meters. TWT of the top of the 

Avondale/Tilton reflector is contoured and imposed onto the map as a time-structure surface. 

Strata older then the Avondale/Tilton Member are indicated. The depositional environment of 

the Avondale Member is illustrated with submarine sediment that formed on the western edge of 

the basin facilitated by Paleogene erosional features. The depositional environment of the Tilton 

Member is pelagic. Some interfingering between Avondale and Tilton likely occur. The location 

of the block diagram is shown on the base map (bold black box).   

 

Figure 4.29: Tilton Member cuttings sample with penny for scale from Deptuck (2003). The 

member is muddy and chert rich from Mara E-30, 1900 m. 

The member shows a distinctive low, cylindrical or blocky, gamma ray response. Typical well 

log response of the Tilton Member from well South Brook N-30 is shown in Figure 4.30; this 

includes a low-medium GR response. Resistivity, NPHI, and RHOB are relatively low and 

distinct from older sediments. The Tilton Member has low porosity and consists mainly of shale. 

The upper boundary is typically gradational (Figure 4.30), but when sharp is truncated by the 



96 

 

South Mara Unconformity. The lower boundary is sharp as it is mainly overly the Paleogene 

unconformity (Figure 4.30).  

The combined thickness of the Avondale and Tilton members is up to 400 ms TWT, with an 

estimated thickness of up to 70 meters (Figure 4.31). Thickness of the Tilton Member is laterally 

consistent and in most cases less than 100 ms TWT. The member is well developed on the 

western margins of the basin and south near the Terra Nova oil field.  

The seismic character of the Tilton Member is flat lying. The reflection configurations are 

parallel to the background seismic reflectors and in some cases thin represented by 1-2 seismic 

reflectors (Figure 4.9 and Figure 4.15). 

4.2.14 Avondale/Tilton members’ depositional settings 

Well-logs of the Avondale Member show a fining upward cycle interpreted as submarine system 

(Figure 4.27). The seismic reflection pattern is mounded, discontinuous and downlapping 

common of submarine fan sequences (Berg, 1984) as seen in the distal facies (Figure 4.9). The 

Frigg Fan in the North Sea shows similar mounded reflections patterns (Jager et al., 1993) and is 

an analog for the Avondale Member.  

Wells show a thickness up to 63 meters as seen in Avondale A-46 (Figure 4.27). The member in-

fills Paleogene unconformities, uses the relief as transport pathways, resulting in thickness trends 

mimicking near erosional features. Thickness abruptly decreases eastward of these features 

(Figure 4.31). 
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Figure 4.30: Well-log of South Brook N-30. Tilton Member is commonly characterized by a 

low-medium consistent GR with a lower sharp boundary and gradational top. In this well the 

Tilton Member was deposited on top of the Base Paleogene unconformity.   
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Figure 4.31: Isochron map of the Avondale and Tilton members. Avondale sand fills and uses 

the relief of the Paleogene unconformities as conduits resulting in thickness trends forming 

within erosional features. The Tilton Member is distal from Avondale and is evenly distributed. 

Some interfingering between Avondale and Tilton members likely occur.  

De Sliva (1993) described the Avondale Member as a distal unit deposited in front of the Flying 

foam, Rankin and Hibernia Canyons as submarine fans with numerous slope fans that occur as 

sand wedges deposited along the top of the slope. De Silva (1993) described the Tilton Member 

as mud rich facies deposited outside of the submarine fans. Deptuck (2003) suggests the 

Avondale Member is a submarine fan with distal mud rich facies. 

4.2.15 South Mara Member  

The South Mara Member is a sandstone unit located stratigraphically above, sometimes 

uncomfortably, the shale-prone Tilton and Avondale members. This member was sourced from 

the western and southern margins of the basin and filled available accommodation space 

eastward. This member is a fine to coarse-grained sandstone with occasional quartz/chert pebbles 

conglomerates and contains abundant glauconite in northern wells (Deptuck, 2003). The 3D 
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block diagram of the South Mara Member, Figure 4.32, shows details of the time-structure of the 

member, proposed depositional environments and older strata. 

 

Figure 4.32: 3D block diagram of the South Mara Member in the Jeanne d’Arc Basin. The 

diagram is to scale vertically in TWT and horizontally in meters. TWT of the top of the South 

Mara is contoured and imposed onto the map as a time-structure surface. Strata older then the 

South Mara Member are indicated. The depositional environment of the South Mara is illustrated 

with deltaic facies forming on the southwestern part of the basin and submarine facies in the 

northern areas.  

Core, from Avondale A-46, 1464.5 – 1465.1 m, penetrates the South Mara Member, near the 

mouth of the Rankin Canyon and shows a light green, bioturbated, fine-grained sandstone with 

siderite chert and carbonaceous plant remains (Deptuck, 2003). Port au Port J-97, 685 m, shows 

green, very fine to fine grained glauconitic sand (Deptuck 2003; Figure 4.33). 

 

Figure 4.33: South Mara Member cuttings sample with penny for scale from Deptuck (2003). 

The member is very fine grained and glauconite rich from Port au Port J-97, 685 m. 
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Sinclair (1988) proposed the South Mara C-13 (1862-1895 m) as the type section for the South 

Mara Member. In the type section, Figure 4.34A, and other northern wells the member shows a 

cylindrical or blocky gamma ray response. In the southern part of the basin the Member has an 

upward coarsening trend; for example at South Brook N-30, 818-861 m (Figure 4.34B). Wells 

near the heads of the Hibernia and Rankin canyons show a similar upward coarsening trend with 

higher GR averages; for example wells Avondale A-46, Figure 4.34C and Mara E-30, Figure 

4.34D. Distal northeastern wells show a fining upwards gamma ray response; for example wells 

North Ben Nevis P-93, Figure 4.34E and White Rose L-61 (Figure 4.34F). Wells located distal 

of deltaic deposits show a thin fining upwards gamma ray response; for example well Terra 

Nova K-17, 1050-1072m (Figure 4.34G). In the north, well Mara E-30, 1682 -1775 m, consists 

of grey-green clay-rich sandstone. Well Thornvald P-24, Figure 4.34H, shows multiple fining 

upward successions. In the south, well South Brook N-30, consists of brown to green fine-coarse 

grained sandstone with quartz and chert pebbles and minor conglomerates (Deptuck, 2003). The 

South Mara Member pinches out northeastward into the Banquereau Formation in the very deep 

distal basin (>2000 ms TWT). The upper and lower boundaries are variable, gradational and 

sharp, as seen in Figure 4.34. The variation in GR responses and well descriptions characterizes 

change in depositional systems and facies as shown in Figure 4.34. The relationship and detail of 

these facies will be explored in Chapter 6.  

The thickness of the South Mara Member is up to 300 ms TWT (Figure 4.35). Depocenter is 

focused in the southern part of the basin on the western edge. Thickness decreases basinward 

with a few local concentrations of sediment distally in the basin. Two concentrations of sediment 

occur: on the southern margin and the distal north eastern part of the basin.  
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The seismic character of the South Mara Member is draping and downlapping in the north, 

Figure 4.21 B-C, with mounded reflection configurations. Near Thorvald P-24 the seismic 

character is unique and shows chaotic reflection configurations (Figure 4.21A). In the south, the 

seismic character is very different showing downlap and toplap reflection terminations with a 

prograding reflection configuration as shown in Figure 4.21D.
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Figure 4.34: Variation of Gamma Ray responses for the South 

Mara Member and the corresponding facies.  

 



103 

 

Figure 4.35: Isochron map of the South Mara Member. The member has 2 main depositional 
bodies with sediment being focused on the southern part of the basin. Location of the isochron 

map is shown on the base map.  

4.2.16 South Mara unconformity  

The South Mara unconformity forms an erosive base of the Early Paleocene slope sediments. 

The unconformity is characterized by canyon systems. The thinning of Early Paleocene 

sediments eastward is a result of erosion associated with the South Mara unconformity (Figure 

4.15). Deptuck (2003) describes the South Mara unconformity, located near Hibernia, as a gap in 

the stratigraphic record from Thanetian to Ypresian. 

4.2.17 South Mara Member depositional settings 

The South Mara Member represents a depositional system that dominated the basin during the 

Early Eocene in the Jeanne d’Arc Basin. The member has deltaic, pro-delta turbidite, canyon-fill, 

submarine fan, and mass transport well and seismic facies. Two major depositional styles occur 

during the deposition of the South Mara Member. 1) Submarine facies sourced by the Hibernia 
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and Rankin Canyon systems in the north-central part of the basin, and 2) deltaic facies sourced 

by the Cormorant Canyon system in the southern part of the basin. Facies interpretation was 

based on Well-data and seismic architectures. Well-logs show the various facies (Figure 4.34). 

Figure 4.21 show the various seismic architectures associated with the South Mara Member. The 

focus of chapter 6 will be the detailed account of each depositional setting.  

4.2.18 Banquereau Formation 

The Banquereau Formation is a deep-water shale located above the Base Paleogene 

Unconformity. Sandstone, mudstone and limestone members subdivide the formation. 

Subdivision includes members such as the Tilton, Avondale, and South Mara discussed in this 

study. The formation typically has high GR, low resistivity and NPHI, and medium-high bulk 

density. The density is less than older strata such the Buy Bulls and Red Island members (Figure 

4.30). The seismic character of the Banquereau Formation is flat lying. The reflection 

configurations are parallel (horizontal and inclined) clinoforms (Figure 4.9).  

4.3 Basin control on deposition  

Deposition was mainly controlled by accommodation space within the basin. Each member 

discussed in this chapter was deposited eastward of older members. Fault reactivation occurs, for 

example the Murre fault, but it had minimal impact (Figure 4.15) on the deposition of this system 

(Figure 4.36). The limited accommodation space on the shelf during the Paleogene influenced 

erosional development and the erosional features affected later deposition; for example, the 

numerous fans present at the mouths of the Hibernia and Rankin canyons (Figure 4.36). 

Sediments deposited after the South Mara Member is shale rich (Banquereau Formation) and 

represents overall regression within the basin which limited sand deposition.  
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Figure 4.36: Depositional limits of the Late Cretaceous to Early Cretaceous members. Structural 

elements are modified from (Deptuck, 2003). 
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4.4 Discussion  

The Jeanne d’Arc Basin, Offshore Newfoundland, post rift succession encompasses the first 

sediment sourced from the Bonavista Platform. The depositional style changes over time as the 

systems react to various changes in the configuration of the basin. Previous depositional trends 

influence subsequent trends. Sand rich submarine fans of the Otter Bay, Avondale and South 

Mara members was deposited within and at the terminus of erosional features. The post-rift 

environment is developed with minimal influence from faulting. Relative sea level played an 

important role reflecting an overall transgression; from delta dominated sand facies in the Late 

Cretaceous to submarine dominated sand facies in the Early Paleocene, and finally shale rich 

facies post Eocene. Present day water depths, E.G. at the Hibernia oil field is 80 m (Hurley et al., 

1992). 

The Otter Bay and Fox Harbour members are characteristic of fluvial-wave influenced deltas.  

Interpretations are based on well-data and seismic architecture. The both member are coarsening 

upwards (Figure 4.13A) and was interpreted as deltaic progradation of sediment. The seismic 

reflection pattern is complex oblique or prograding. This reflection pattern is common of fluvial 

dominated deltas (Berg, 1982). The change in geometry from four deltaic lobes in the Otter Bay 

Member to a single lobe in the Fox Harbour Member is change in the number of sources from 

four point sources to a single point source.  

Late Cretaceous sandstones of the Otter Bay and Fox Harbour members feature deposition 

focused in the north- central part of the basin. The sand rich members have the potential to be 

reservoirs. Potential stratigraphic traps lie up dip, westward, in proximal delta facies. Murre and 

Mercury faults could act as structural traps (Figure 4.15). However fluid migration into the sands 

is problematic. This part of the basin lacks erosional features that penetrate into proven older 
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Cretaceous reservoir units disallowing fluid communication. Migration into Late Cretaceous and 

Paleocene sands may occur by fault reactivation pathways. The Hibernia oil field produces from 

Early Cretaceous sands, given the success of this field, the top seal is effective; limiting 

communication.  

The southern Jeanne d’Arc Basin has erosional features that cut into Lower Cretaceous reservoir 

units. However, Late Cretaceous sands are not present; as significant deposition on the peneplain 

surface did not occur until the Paleogene. Eocene aged South Mara Member sands were 

deposited on the unconformities in the southern part of the basin potentially allowing for fluid 

communication into the South Mara Member. This may be unfavorable in certain instances 

where the South Mara Member is thieving fluid from deeper target reservoir units. The ability for 

the South Mara Member to trap fluids entering the depositional system is mainly up dip, 

landward pinch out stratigraphic traps. The economic potential of southern South Mara sands is 

also diminished by a poor DST result in well South Brook N-30 (Figure 4.1) with no flow during 

the DST and indicated heavy oil. This result suggests hydrocarbons entering the system are being 

biodegraded. The depositional trends of the southern Jeanne d’Arc Basin are important when 

assessing the economic potential of the area. The depositional history of the south Mara Member 

will be assessed in detail to better understand this potential. 

Recommendations for future studies include: how sedimentation occurred on the Bonavista 

platform and the relationship to basins in the west and south west, for example the Horseshoe 

Basin, would also help understand the depositional history in the Jeanne d’Arc Basin. In this 

study the Carson Basin, east of Jeanne d’Arc Basin, was examined to highlight depositional 

trends and would expect similar mapping success if western basins were explored. 
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4.5 Summary of key points 

Key points 5 - 7 are previously undocumented and reported for the first time in this study.  

1) Basin geometry is established by the Late Cretaceous as a post-rift basin dipping 

northeastward. The Petrel Member is a pelagic limestone and regional marker bed. The time 

surface of the member provides a visual representation of basin geometry that persisted into the 

Eocene. Post Eocene sediments are mud rich and the basin is mostly filled by this point in time.  

2) Late Cretaceous sands are deltaic with coarsening upward GR trends and prograding 

clinoforms. The two members, Otter Bay and Fox Harbour, are deposited on the west central part 

of the basin. Significant deposition does not occur in the southern part of the basin.  

3) The Otter Bay unconformity formed the Petrel Channel, Mara Channel and Rankin Canyon. 

These erosional features acted as conduits for submarine fan deposition during the Late 

Cretaceous.  

4) The Paleogene unconformity formed the Flying Foam, Hibernian and Rankin Canyons. These 

erosional features acted as conduits for submarine fan deposition during the Early Paleogene. 

5) Southern Jeanne d’Arc Basin accommodation space was limited prior to the Paleogene. The 

southern basin was uplifted during the Avalon and eroded to form a peneplain surface which 

aided in the formation of the Cormorant Canyon system. These erosional features enabled 

Eocene deltaic deposition onto Morgiana anticlinorium. The deltaic system deposited pro-delta 

turbidites into the central part of the basin.  

6) South Mara Member contains deltaic, pro-delta turbidite, canyon-fill, submarine fan, and mass 

transport facies. Submarine facies are found in the northern part of the basin with deltaic facies 

found in the southern part of the basin. 
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7) Upper Cretaceous sediments hydrocarbon potential is minimal with concerns in the migration 

pathways of potential hydrocarbons. The South Mara Member in the southern Jeanne d’Arc 

Basin has potential migration pathways however the hydrocarbons, if trapped, may be 

biodegraded.  
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Chapter 5: South Mara Member Deposition in the Jeanne d’Arc Basin 

The purpose of this section is to provide an overview of the different depositional types of the 

South Mara Member. This study contributes southern Jeanne d’Arc interpretations and integrates 

these interpretations into a geological and petroleum framework.  

 5.1: Introduction 

The Early Eocene South Mara Member was deposited in the southern and northern areas of the 

Jeanne d’Arc Basin. Significant deposition on the peneplain surface, southern Jeanne d’Arc 

Basin, occurred during this time. The South Mara Member deposition is facilitated by conduits 

formed on Paleogene/Avalon unconformities. Five main seismic and well-log facies have been 

identified in this study and include submarine canyons, submarine fans, mass transport deposits, 

delta and pro-delta turbidite facies. These interpretations are based on well-log, seismic and 

architectural data. The South Mara Member is the youngest major sand body in the basin and has 

the potential to trap migrating hydrocarbons. Canyon systems used as conduits during deposition 

of the South Mara cut into proven Lower Cretaceous reservoir bodies. This allows 

communication between the proven hydrocarbon system and the South Mara Member.  

5.2 Basin geometry  

The basin geometry was a post-rift setting of an uplifted and extensional basin, shaped by 

numerous unconformities. The base South Mara and the equivalent time structure surface 

represent the basin geometry during the Early Eocene (Figure 5.1). The black and white version 

of the time structure surface will be used in subsequent figures to illustrate basin morphology in 

color. The Morgiana Anticlinorium, the northward expression of the Avalon uplift, is located in 

the southern-western portion of the Jeanne d’Arc Basin and is a basement high separating the 

Carson Basin from the Jeanne d’Arc Basin (Figure 5.1). This peneplain surface has numerous 

canyon systems known as the Cormorant Canyon system (Deptuck, 1998; Parker, 1999) that 
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influenced deposition on the peneplain surface (Figure 5.2). The southern peneplain surface is 

wide and forms the southern shelf. The expression of the Avalon uplift is limited by the Voyager 

Fault system; and marks the transition from the peneplain shelf to the slope of the southern 

Jeanne d’Arc Basin. The western slope follows the Murre Fault trends (Figure 5.1). 

Accommodation space is limited on the western shelf with sediment bypassed into the Hibernia 

and Rankin Canyon systems. Hibernia and Rankin canyons are eroded into the western shelf and 

were conduits for sediment deposition on the northern basin floor. Vertical relief from the 

northern basin floor to the southern peneplain surface can be greater than 1000 ms TWT or 

~1500 m (Figure 5.1). The time elevation of the shelf/slope transition is near -1200 ms TWT 

(Figure 5.1). Early Eocene basin architecture helped define South Mara Member depositional 

geometries and corresponding facies. 
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Figure 5.1: Base South Mara and equivalent time structure surface with important elements labelled. The black and white version of 

the time structure surface (right) will be used in subsequent figures to improve illustration. 
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Figure 5.2: 2D seismic line drawing (83-sqp-4912ba) across the peneplain 

surface; the prograding to slightly aggradating depositional bodies of the South 

Mara are highlighted.  
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5.2.1 Transport conduits 

Sediment is sourced from the west and southwest and entered the east trending Hibernia, Rankin 

and Cormorant Canyon systems that acted as conduits for South Mara sediments (Figure 5.3); 

sediment also accumulated on the southern shelf. The Cormorant Canyon system is comprised of 

numerous canyons/channels with various depths along the margins (Figure 5.3; Lines C-D). The 

seismic configurations are similar to the Hibernia and Rankin Canyons with truncated clinoforms 

(Figure 5.3; Line B). The Hibernia and Rankin Canyons merge and may terminate into local 

scour marks running south-north (Figure 5.3; Line A).  

5.3 Seismic and Well-log Facies 

The South Mara facies are mapped on Figure 5.4. Each facies was mapped based on unique well-

log, seismic and geometric features. Previous studies have examined northern facies including 

Deptuck (2003) research on submarine fan facies and Bartlett (2014) research on mass transport 

facies. This study contributes southern facies: Deltas and Pro-Delta turbidite seismic and well 

log facies and provide a holistic overview of the Early Eocene depositional system.  
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Figure 5.3: Canyon systems active during the Early Eocene mapped onto the black and white 

time structure surface of Figure 5.1. Line A –D are line drawing representing the seismic 

character of the transport systems. Line A: (Ballicatters inline 2320) has scours marks at the toe 

of the slope and MTD facies on the slope. Line B: (83-5052 Deptuck, (2003)) the Hibernia 

Canyon. Line C: (GB-Mega X-line 4000) and Line D: (88-PRX-4928B) Cormorant canyons. 
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Figure 5.4: Facies and transport systems of the South Mara Members mapped onto the black and white time structure surface of 

Figure 5.1. Well-logs of corresponding facies are illustrated. Interpretations are based on well-log and seismic data.  
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5.3.1: Submarine canyon facies 

Submarine canyon facies are located in the west-central part of the basin at the mouths of the 

Hibernia and Rankin canyons (Figure 5.4). Well-log facies include upward coarsening trends. 

The GR curve is bell shaped; for example wells Avondale A-46 and Mara E-30, (Figure 5.4). 

The seismic character is truncated, chaotic and with smaller scale channels/truncation internally. 

The top of the channels are in some cases inverted due to differential compaction (Figure 5.5). 

Seismic reflection patterns in some areas are prograding in dip section (Figure 5.5). The 

geometry of the facies is defined by the Paleogene canyon system and the facies has a 

gradational transition into submarine fan facies (Figure 5.4). The average depth to submarine 

canyon facies is 1500 ms TWT (Figure 5.5). Deptuck (2003) described Avondale A-46 lithology 

as a light green, bioturbated, fine-grained sandstone with siderite, chert and carbonaceous plant 

remains. 

Coarsening upward, prograding sands suggest the canyon system transported South Mara 

sediment eastward into the basin. Bell-shaped GR curve with gradational contacts suggests 

channel-like features with a minimal change in transport energy as the channel migrates or 

aggraded. This GR patterns at the mouth of the Hibernia and Rankin canyons reflects distal 

submarine canyon facies (Figure 5.4). The canyons cut into the western slope with the presence 

of plant remains supports the slope channels were fed by near-shore sediments. 
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Figure 5.5: Rankin Canyon seismic facies. Channel fill coloured yellow, dotted line represents 
the base South Mara unconformity. Channel inversion and truncation are common. Seismic line 

is modified from Deptuck (2003). 

 

5.3.2 Submarine fan facies 

Submarine fan facies are located in the northeastern part of the basin; distal of the submarine 

canyon facies. Common well-logs include a fining upwards GR response; for example wells 

North Ben Nevis P-93, and White Rose L-61 (Figure 5.4). The lower boundary is gradational 

with a sharper upper boundary (Figure 5.4). Seismic character of the submarine fan facies is 

draping and downlapping with mound-like reflection configurations (Figure 5.6). Onlap onto 

Paleocene sediment occurred on the western slope. Submarine fan clinoforms downlap onto the 

Banquereau Formation and in northeastern areas on the Petrel Member where the Banquereau 

Formation is absent as result of erosion associated with the South Mara Unconformity. Geometry 

of the facies is lobe shaped (Figure 5.4) and form large fan accumulations, up to 175 ms TWT 
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(60 m) thick, in the northeastern area of the basin. These depositional bodies represent the distal 

part of the South Mara Member at a present day depth of -1800 ms TWT (2600 m). Other fan 

accumulations are found along the western slope, has a thickness up to 150 ms TWT (50 m). 

Submarine fan trend north-south; similar to the trend of scour marks (Figure 5.4). Deptuck 

(2003) described South Mara submarine sediment as fine to coarse-grained sandstone with 

occasional quartz/chert pebbles conglomerates and abundant glauconite. South Mara submarine 

facies are typical of immature passive-margin submarine fans (Deptuck, 2003). 

Fining upward, mounded, lobate, glauconite rich sand bodies indicate submarine fan 

development on the basin floor. In the north area of the basin the fans were sourced by the 

Hibernia and Rankin Canyon systems.  

 
Figure 5.6: Submarine fan seismic facies: Draping and downlapping with mound-like reflection 

configurations. The lower image shows toplap truncation onto the South Mara unconformity. 3D 

lines are modified from Deptuck (2003).  
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5.3.3: MTD facies 

MTD facies are located on the northwestern slope of the basin; north of the Hibernia and Rankin 

canyons. This seismic facies was studied in detail by Bartlett (2014). Thornvald P-24 is the only 

well to penetrate this facies. The MTD facies has an overall fining upward GR cycle with a sharp 

lower boundary and a gradational upper surface. The lower portion of the well-log is blocky with 

a low GR. Seismic character is chaotic with downslope inclined reflectors (Figure 5.3; Line A). 

Bartlett (2014) categorized the Thorvald MTD into three domains: contraction (head), extension 

(tail) and intermediate (body) that represents the growth of the MTD. Geometry of the facies is 

lobate with a width of less than 10 km and at a depth of -1400 ms TWT (Figure 5.3; Line A). 

Bartlett (2014) describes the MTD as a single mass movement from the southwest towards the 

northeast.  

Bartlett (2014) states high sedimentation on the slope was a pre-condition for MTD initiation. 

This pre-condition indicated the slope was receiving significant sediment during this time. Other 

sediment on the western shelf was funneled by the canyon systems or developed as submarine 

fans on the toe of the slope.  

5.3.4: Deltaic facies 

Delta facies are located on the southern Jeanne d’Arc Basin or the Peneplain surface of the 

Morgiana Anticlinorium; eastward of the Cormorant Canyon system (Figure 5.4). South Brook 

N-30 well is the only well to penetrate this facies. The deltaic facies have an upward coarsening 

trend (Figure 5.4). Well-log trends show a gradational lower boundary with a sharp upper 

surface. Seismic character has downlap and toplap reflection terminations with a prograding 

reflection configuration. Onlap occurred to the west onto Upper Cretaceous sediments.  

Three depositional lobes have been identified by a seismic reflectors that clinoforms downlap 

and toplap onto (Figure 5.7). In strike section the deltaic facies have dome-like clinoforms 
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(Figure 5.8). These dome-like structures are district from submarine mounds by the larger size 

and interlocking stacking pattern of individual deltaic lobes. Channel formation and clinoform 

truncation occurs at various depths and locations within the delta facies (Figure 5.9). Three 

depositional bodies were mapped, based on seismic character, to better understand deltaic 

growth. Geometry of the deltaic bodies is lobate with deltaic growth eastward (Figure 5.10). The 

deltaic growth was progradational to aggradational and in some areas back-stepping occurred 

westward (Figure 5.10). Max thickness of 300 ms TWT (~100 m) decreases towards the central 

Jeanne d’Arc and the Carson Basin slopes. The deltaic facies, deposited on the Morgiana 

Anticlinorium, has an overall anticline-like geometry due to differential subsidence in the north-

central part of the Jeanne d’Arc and Carson basins. Deltaic bodies are the shallowest deposited 

South Mara sandstones at a depth of -1200 ms to -1000 ms. Deptuck (2003) describes the South 

Mara Member in well South Brook N-30 as a brown to green fine-coarse grained sandstone with 

quartz and chert pebbles and minor conglomerates.
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Figure 5.7: Deltaic seismic line drawing of the South Mara Member in dip section; downlap and toplap reflection terminations with a 

prograding reflection configuration. Three depositional bodies have been identified by prominent seismic reflectors that form 

clinoforms that downlap and toplap (2D seismic line: 88-SQP-4944AA).  
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Figure 5.8: Deltaic seismic line drawing of the South Mara Member strike section with dome-like clinoforms. Each flank of the delta 
has dipping clinoforms in opposite directions (2D seismic line: 83-PRX-2636AA).  
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Figure 5.9: Dip line drawings of the deltaic facies. Channel formation and clinoform truncation occurs at various depths and locations 
within the delta facies. Downlap and toplap reflection terminations with a prograding reflection configuration are common seismic 

characters. Line A) 88-SQP-4944AA Line B) 83-PRX-4928B Line C) 83-PRX-4920B.  
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Figure 5.10: Depositional body growth overtime of the deltaic system. Time thickness trends for each depositional body are imposed. 

Maps are based off seismic and well-log data. 



126 

 

Coarsening upward, prograding sandstone packages at -1000 ms TWT indicate deltaic 

development. These deltas are point sourced from the Cormorant Canyon system, which brought 

sediment onto the peneplain surface. The delta shifting pattern consists of delta lobe switching 

and channel branching to deposit progradationaly. Internal channels supply sediment to newly 

formed distal delta lobes (Figure 5.10). This process occurs by a series of distributary channels 

that constructed a depositional body and after a period of time the distributary system abandoned 

the depositional body and formed a new depositional body in an adjacent area east-

northeastward. Depositional body shape generally unchanged. Over time the area consisted of 

overlapping and interlocking deltaic lobes (Figures 5.7, 5.8, 5.9, 5.10). Coleman and Wright 

(1975) describe this pattern as most common when the gradient, wave energy and tidal energy 

are low.  

5.4 Depositional setting  

The depositional setting of the South Mara Member include: 1) submarine facies sourced by the 

Hibernia and Rankin Canyon systems in the north-central part of the basin and 2) deltaic facies 

and associated pro-delta turbidites sourced by the Cormorant Canyon system in the southern part 

of the basin. The deltas are reaching the shelf/slope edge and sediment is transported down slope 

to form pro-delta turbidites (Figure 5.11) basin received significant sediment during the Early 

Eocene, which allowed for submarine fans and MTD to form on the western slope of the basin. 

A 2D north-south regional line intercepts the major facies of the South Mara Member (Figure 

5.11). Relief on the peneplain surface in minimal; the area is acted as a staging area for sediment 

entering the central Jeanne d’Arc Basin and Carson Basin (Figure 5.12).  
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Figure 5.11: South-north 2D regional line drawing of the Jeanne d’Arc Basin showing deltaic facies, pro-delta turbidite and 

submarine fan facies (Line 83-SQP-2636AA). 



128 

 

 

 

Figure 5.12: Schematic block diagram eastward across the southern Jeanne d’Arc Basin. The block diagram is to scale vertically in 

TWT and horizontally in km. Interpreted environments and the corresponding study are listed above the block diagram.  
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5.5: South Mara Member hydrocarbon potential 

A DST taken within the South Mara Member is superimposed onto the depositional environment 

in Figure 5.13. Oil is present in southern wells and gas is present in northern wells. This lateral 

change in fluid content may reflect the deeper burial depths of the Egret source rock 

northeastward into the basin (see Baur et. al., 2010 and Baur et al., 2011). The erosional systems 

(Avalon Vs Paleogene unconformities) and structural systems (uplift with minimal subsidence 

Vs extensional basin with faults that facilitate subsidence) defines the two depositional styles and 

the hydrocarbon regimes of the South Mara Member.  

 
Figure 5.13: Partial summary of DST results from the South Mara Member superimposed onto 

depositional environments. DST/shows are compiled from CNLOPB and Statoil Canada 

databases.  
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5.5.1 Northern Jeanne d’Arc Basin  

The northern DST result shows gas flows from distal submarine fan facies (Figure 5.13). The 

fans accumulated on the basin floor near the Whiterose oil field. Minor fault reactivation occurs 

near this area and displaces Eocene strata. These faults may act as migration pathways for gas to 

enter the fan system. Wells drilled in this part of the basin generally avoided the sand 

accumulations; the gas charged submarine fans may represent a shallow gas hazard. The gas is 

stratigraphically trapped within a fan complex ~20 km by 40 km comprised of mounded fans 

interfingering with Banquereau mudstones; potential fault juxtaposition may be sufficient to hold 

an economic value of gas. Other fans at the toe of the slope may also be a potential hydrocarbon 

target; however due to difficult migration pathways and limited structural traps these fans should 

be treated as drilling hazards or secondary uphole targets.  

5.5.2 Southern Jeanne d’Arc Basin  

The southern DST results show oil is present in deltaic and pro-delta facies (Figure 5.14). The 

southern Jeanne d’Arc is an area of uplifted hydrocarbon-bearing Lower Cretaceous sediment 

with the top seal eroded leaving the South Mara Member in contact with the older hydrocarbon 

systems. 

The uplift of the Morgiana Anticlinorium is the main feature controlling the deposition of the 

Ben Nevis shoreface (Marshal, 2012; Figure 5.14). The Middle Cretaceous Ben Nevis Formation 

is of economic interest and is hydrocarbon bearing. The Anticlinorium was eroded by multiple 

unconformities to form a peneplain surface. Resulting erosional features, the Cormorant canyons, 

may act as a thief zone that eroded the top seal of the Middle Cretaceous hydrocarbon reservoirs, 

such as the Ben Nevis Formation. The hydrocarbons may migrate into the arch of the 

Anticlinorium and South Mara deltaic sediments. The Anticlinorium has undergone little 
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subsidence compared to the central Jeanne d’Arc Basin in the north and the Carson Basin in the 

south. This difference in subsidence further pronounces the present day arch and may allow for a 

greater volume of hydrocarbons to be trapped in the southern Jeanne d’Arc Basin. The size of the 

arch is large at ~60km by 70km with deltaic sands covering most of the arch. The top seal, 

Banquereau shales, is intact and continuous across the Anticlinorium. The DST result from 

South Brook N-30 and North trinity H-71 contained heavy oil. This suggests the hydrocarbons 

trapped are biodegraded. Thus the entire South Mara on the Morgiana Anticlinorium may be a 

large heavy oil accumulation.  

Proven reservoir units including Hibernia and Ben Nevis formations form structural traps on the 

faults defining the Morgiana Anticlinorium and these traps may be a target for hydrocarbon 

exploration. Unconformities and South Mara deposition occur above these styles of traps and 

greatly increase the risk of top seal breach. Future reservoir targets in this area need to be fully 

mapped to ensure the unconformities do not erode into the hydrocarbon reservoir. A summary 

and example of this occurrence is exhibited on Figure 5.15 where potential Ben Nevis 

hydrocarbons are being migrated and “thieved” into the South Mara sands on the Anticlinorium.  

 

 

Figure 5.14: Sketch of the Morgiana Anticlinorium. The Peneplain surface erodes into the 

Middle Cretaceous (Ben Nevis) interval and may act as a thief zone for hydrocarbons within the 

interval. Ben Nevis facies transition is based off Marshal (2012) interpretations. 
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5.6 Discussions  

A holistic view of the South Mara Member was documented with the use of a large data set 

consisting of 3D and 2D surveys. For the first time the Early Eocene sediment in the southern 

Jeanne d’Arc Basin was examined in detail and the results suggest a deltaic environment. This is 

a sharp contrast with previous northern submarine fan interpretations of the South Mara Member 

by Deptuck (2003). The change in depositional style is a result of the geometry of the basin and 

the uplift of the Morgiana Anticlinorium. 

5.6.1 Northern analog 

Seismic on the Bonavista platform in the Jeanne d’Arc Basin suggest a detached canyon system: 

the Hibernia and Rankin canyons. The California borderland fans provide an analog for detached 

canyon transport during the deposition of submarine fans. Sediment is reworked on the shelf 

edge into detached canyons that transport sediment basinward. Fan deposition occurred 

regardless of sea level and is driven by Oceanside littoral cells ability to transport sediment into 

canyons (Covault et al., 2007). Similar longshore drifts may have occurred in the Jeanne d’Arc 

Basin supplying sediment into Paleogene Canyon system. South-north geometric trends in the 

basin including scour marks and fan orientation provide evidence of a south-north oceanside 

littoral cell. Ocean currents were northward during the Early Eocene Deptuck (2003). This 

oceanside littoral cell may have transported sediment along the western slope of the Jeanne 

d’Arc Basin northward into canyons. This could be a possible explanation of the mechanism 

driving sediment bypass on the western shelf.  

5.6.2 Southern analog  

Delta progradation can lead to deposition of pro-delta turbidites as seen in the Hueneme fan 

(Normark et al., 1998). Pro-delta turbidites were fed by channels or delta-front troughs that 
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eroded the prodelta and acted as a conduit for the growth of the fans. Similar channelization can 

be seen in the South Mara deltaic sediment (Figure 5.9). These channels are trending northeast 

and enabled progradation of the delta (Figure 5.10). The delta sand reached the northern limit of 

the peneplain surface and was transported downslope by delta-front channels forming turbidite 

deposits (Figure 5.12B).  

5.6.3 HD decomposition of distal turbidites  

The distal turbidite facies were mapped with 3D seismic. HD decomposition was performed to 

better examine the distribution of sand. A select time slice from this process shows a very 

dynamic slope with delta-front channels feeding turbidite fans (Figure 5.16). This image 

encourages future use of HD decomposition to better understand and interpret geologic qualities 

in 3D seismic. Attribute analysis and attribute classification of geologic facies could aid in the 

development and reinforcement of geologic models when seismic is a source of data.  

 
Figure 5.15: A select time slice from seismic HD decomposition showing a very dynamic slope 

with turbidite fans. 
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5.6.4 Future prospect  

 Oil in the South Mara on the Peneplain surface in the southern Jeanne d’Arc Basin is 

biodegraded; however the structural trap is large (~40 km by 50 km) and may contain great 

volumes of heavy oil. The low viscosity oil may aid in the effectiveness of the top seal enabling 

a large hydrocarbon column height. When technology improves this offshore heavy oil play 

might become economical. 

5.7: Summary of key points 

The key points listed below are unique to this study.  

1) The South Mara Member contains deltaic, pro-delta turbidite, canyon-fill, submarine fan, and 

mass transport facies (Figure 5.16). 

2) Northern submarine and southern deltaic deposition occurs as a result of basin geometry. 

3) Avalon and Paleogene unconformities; uplift with minimal subsidence in the south with an 

extensional basin with faults that facilitated subsidence in the north defined the two regimes of 

the South Mara Member.  

4) South Mara Member is in many cases a drilling hazard or top seal risk for hydrocarbon 

exploration. 
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Depositional 

Facies 

Well-log Trends Seismic 

Architecture 

Geometries 

 

Submarine 

Canyons 

 Upward coarsening 

 Bell shaped 

 Truncated 

 Chaotic 

 Smaller scale channels/truncation 
internally 

 Cuts into the western slope 

 Elongated  

 

Submarine 

Fans 

 Upward fining  

 Lower boundary is 
gradational 

 Draping and downlapping  

 Mound-like reflection configurations 

 lobate  

 Up to 175 MS vertical 
thickness  

 

Mass 

Transport 

Deposits  

 Upward fining  

 lower portion of the 

well-log is blocky with 

a low GR 

 

 Chaotic with downslope inclined 
reflectors 

 lobate  

 Width of less than 10 km 

 

 

Deltaic  

 Upward coarsening 

 Lower boundary is 
gradational 

 Sharp upper contact  

 Downlap and toplap 

 prograding 

 Distal onlap onto Upper Cretaceous 
Sediments  

 Channel formation and clinoform 
truncation 

 Three depositional lobes 

 lobate with growth eastward 

 dome-like clinoforms in 
strike section  

 Max thickness of 300 ms 
TWT 

 

Pro Delta 

Turbidites  

 Upward fining  

 Sharp contacts 

 Thin  

 Downlaps 

 Prograding 

 Small-scale channel formation and 
clinoform truncation 

 Distal of deltaic deposits  

Figure 5.16: Summary table of depositional facies and the corresponding Well-log trends, seismic architectures and geometries.   
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Chapter 6: Conclusion and Discussion 

 

6.1 Conclusions  

In the Jeanne d’Arc Basin, offshore Newfoundland, Late Cretaceous to Early Paleogene strata 

was deposited on the margins of an elongated shallow shelf sea. Major sandstone members 

include the Otter Bay Member, Fox Harbor Member, Avondale Member and South Mara 

members. Basin geometry was established by the Late Cretaceous as a post-rift basin plunging 

northeastward.  

Late Cretaceous sands are deltaic with coarsening upward GR trends and prograding clinoforms. 

The two members, Otter Bay and Fox Harbour, were deposited on the west central part of the 

basin and are interpreted as fluvial-wave dominated deltas.  

 The Otter Bay unconformity demarcated the Petrel Channel, Mara Channel and Rankin Canyon 

which acted as conduits for submarine fan deposition during the Late Cretaceous.  

The Paleogene unconformity formed the Flying Foam, Hibernian and Rankin canyons in the 

north part of the basin. These erosional features acted as conduits for South Mara submarine fan 

deposition during the Early Paleogene.  

Southern Jeanne d’Arc Basin accommodation space was limited prior to the Paleogene. The 

southern basin was uplifted during the Avalon and formed the Morgiana Anticlinorium. The 

Morgiana Anticlinorium was eroded to form a peneplain surface. The Avalon, Paleogene and 

South Mara unconformities formed the Cormorant Canyon system. These erosional features were 

influenced by Eocene deltaic deposits by the Morgiana Anticlinorium.  

South Mara Member contains deltaic, pro-delta turbidite, canyon-fill, submarine fan, and mass 

transport facies. Submarine facies are found in the northern part of the basin with deltaic facies 

found in the southern part of the basin. The South Mara Member in the Jeanne d'Arc Basin 
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offshore Newfoundland, Canada forms significant submarine and deltaic deposits within the 

post-rift Early Eocene basin. Deltaic facies have an upward coarsening trend with a prograding 

reflection configuration. Pro-delta turbidite facies have an upward fining trend with thin, 

mounded reflection configurations. Submarine fan facies fining upwards trend with mound-like 

reflection configurations. Mass transport deposit (MTD) facies have an upward fining trend with 

chaotic reflection configurations. Northern submarine and southern deltaic deposition occurs as a 

result of basin geometry. Avalon and Paleogene unconformities; uplift with minimal subsidence 

in the south with an extensional basin with faults that facilitated subsidence in the north defined 

the two regimes of the South Mara Member.   

Upper Cretaceous hydrocarbon potential is minimal with concerns in the migration pathways of 

hydrocarbons. The South Mara Member in the southern Jeanne d’Arc Basin has potential 

migration pathways. The Cormorant canyons eroded top seals of Lower Cretaceous reservoir 

members and pose a risk to hydrocarbon exploration of older strata but also created a 

hydrocarbon migration pathway from to Cenomanian to Eocene reservoirs. Deltaic facies of the 

Early Eocene South Mara Member contains these migrated hydrocarbons. The hydrocarbons are 

biodegraded; however the trap is large and may contain great volumes of heavy oil. 
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6.2 Discussions 

6.2.1 Contribution  

Regional seismic framework and depositional environments of Cenomanian to Early Eocene 

strata of the Jeanne d’Arc Basin was presented with a complete data set of seismic and well data. 

This study contributed a detailed investigation of eastward prograding lobate deltaic sand bodies 

that were influenced by erosional lows on the peneplain surface of the Morgiana Anticlinorium 

in the southern Jeanne d’Arc Basin. The seismic, geologic and stratigraphic framework of the 

deltaic facies was established. The South Mara Member facies, and overall depositional trends, 

was established with integration of Deptuck (2003), Bartlett (2014) and this study’s findings.  

The structural and erosional framework of the Early Paleogene in southern Jeanne d’Arc Basin 

was established. Cormorant canyons system, developed from the Avalon to Early Eocene, acted 

as the main conduit for sediment deposition on the peneplain surface. Further the Cormorant 

canyons are a risk for hydrocarbon exploration as the canyons erode and breach top seals of 

proven Lower Cretaceous reservoirs.  

6.2.2 Top seals and unconformities  

Northeastward trending erosion is a common theme in Cenomanian to Early Eocene strata with 

Avalon, Otter Bay, Paleogene and South Mara unconformities. The Avalon uplift of the 

Morgiana Anticlinorium is associated with the deposition of the shorefaces of the Early 

Cretaceous Ben Nevis Formation, (Marshall, 2012). The Voyager fault system acts as a structural 

trap for Early Cretaceous reservoir sands and is an attractive reservoir target. Erosional features 

found on the peneplain surface of the Morgiana Anticlinorium within Early Cretaceous members 

indicate erosion occurred during and after the formation of the Morgiana Anticlinorium with 

erosion extending northward into the basin. This poses a risk as the erosional features have the 

potential to erode top seals of older reservoir sands. Reservoir sands that are deposited as a result 
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of nearby uplift have an increased risk of top seal failure because erosion may continue after 

sand deposition has stopped. The Cormorant Canyon system trends northeastward and erodes 

into previously deposited members. The erosional system, the Cormorant Canyon system, is 

reactivated during subsequent relative sea level fall facilitating further down cuttings. Each 

reactivation increases the chance sand bodies above and below the composite erosional surface 

might have fluid communication. 

6.2.3 Basin bathymetry  

The northern and southern regions of the basin during Paleocene-Early Eocene deposition was 

affected by the difference in bathymetry between the regions. This study found the difference 

can be up to ~1000 ms TWT (1600 m). This represents a major change in depositional setting 

from deltas forming on the shelf to submarine fans on the basin floor in the north. The southern 

shelf has undergone little subsidence compared to the central Jeanne d’Arc Basin in the north 

and the Carson Basin in the south (Parker, 1999; Deptuck, 2003; Sinclair, 1988; Enachescu, 

1986). To what effect past subsidence had on present day basin geometries could be answered 

with seismic or well-log attribute analysis. Banquereau shale members were deposited on the 

southern shelf and northern basin floor during the time. The bathymetry difference of the two 

regions effected compaction rates of the shale and wells in the southern Jeanne d’Arc Basin have 

on average .5 g/m
3 
less RHOB (bulk density) than wells in the northern Jeanne d’Arc Basin (e.g. 

Wells South Brook N-30 And Whiterose L-61). This difference is a result of a difference in 

compaction as the northern Banquereau shale members are buried at a greater depth. A detailed 

map of variation in density compared to predicated density (without subsidence) could better 

define the past-geometries of the basin. Attribute analysis of seismic data (e.g. RBG color 

blending, AVO, RMS velocity, and frequency deconvolution) could be used to map details in the 

South Mara Member facies from fluid content, sand content and burial depth and with the 
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amount of seismic and well penetrations in the Jeanne d’Arc Basin a robust analysis could be 

archived. 

6.2.4 Age constraint 

The deltaic facies of the South Mara Member as described in this thesis is stratigraphically 

constrained by well-log and seismic. One well, South Brook N-30, penetrates the deltaic facies. 

The lithostratigraphic picks are consistent with public data sources such as the CNLOPB and 

other wells in the region. A seismic well tie was achieved using checkshot data from the same 

well. The lithographic pick of the top South Mara in well South Brook N-30 was correlated to 

the top of the South Mara seismic reflector on 2D seismic lines. This seed reflector was used to 

map the deltaic facies. The reflector is traced into 3D data and correlates into the pro-delta 

turbidites of the Terra Nova wells. The interpretation of the deltaic facies being Early Eocene in 

age and thus part of the South Mara Member has stratigraphic coherence. However, as the 

Southern Jeanne d’Arc peneplain surface on the Morgiana Anticlinorium is the product of 

numerous unconformities and up to 50 million years of missing time. Special consideration of 

the age of the deltas should be examined. Bio stratigraphy of the South Brook N-30 well could 

confirm the age of these deltaic sands. Age of the sands will not change the hydrocarbon 

potential of the deltaic facies described in this study. Exact age will constrain the stratigraphic 

model and sequence of events. This raises a question if the South Mara submarine fans facies 

was syn-depositional with deltaic facies or did lack of accommodation space force the sediment 

northward into Paleogene canyon heads or southward onto the peneplain surface?  

During the Paleocene-Eocene, the southern Jeanne d’Arc Basin was a depositional high 

compared to the northern Jeanne d’Arc and Carson basins. Why is thick deltaic successions 

found on this surface during this time? The Cormorant Canyon system focused deposition of the 

deltaic sands. Northern accommodation space may have already been filled. The majority of 
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sediment could have been transported within Cormorant Canyon system and deposited on the 

peneplain surface or bypassed into the Carson Basin. Sediment may have also been transported 

north by littoral ocean cells into the heads of the Paleogene canyon system. Robust age-dating of 

these facies will be a great asset for refining future stratigraphic models of this area. 

4.2.5 Basin evolution  

The basin is post-rift continental margin and has many different depositional styles from 

Senonian deltas on the western shelf to Early Eocene deltas on the southern shelf. Submarine 

fans also formed during these times. The basin depositional environment is changing over time; 

what is the main drive of this change? A common feature of the basin during Senonian to Early 

Eocene is cutting of erosional conduits associated with different unconformities. In each case 

depositional patterns were mimicking these erosional features. Unconformities may control 

future depositional geometries. Sediment distribution is controlled by the source, erosional 

patterns and available accommodation space.  

 

6.3 Future work  

Future research focusing on refining the age of the strata will help constrain the depositional 

model and it will aid in the development and improvement of the sequence stratigraphic model. 

The deltaic facies have the potential to be filled with hydrocarbons and to properly assess 

hydrocarbon potential an AVO analysis or other attribute analysis to map the extent of the 

biodegraded hydrocarbon occurrence will need to be completed. Fill to spill points on the 

Morgiana Anticlinorium and migration pathways into the trap will play important roles in 

hydrocarbon assessment. If and when 3D seismic data is acquired over the Morgiana 

Anticlinorium the Cormorant Canyon system should be mapped in detail to provide great value 

to canyon development research.  
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Cormorant canyons transported sediment into the Carson Basin and research by Parker (1999) on 

this transport system provided insights into the influences the Morgiana Anticlinorium had on 

deposition within the Grand Banks area. The Morgiana is a staging area for sediment entering the 

northern Jeanne d`Arc and Carson basins. Future research should focus on basins in the 

hinterland (Horseshoe and Whale basins) to better understand the source of the sediment and the 

westward extent of the Cormorant canyons. This would provide an overview of Cenomanian to 

Early Eocene sediment distribution in the greater Grand Banks area offshore Newfoundland, 

Canada.  
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