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ABSTRACT 

 

Reflections from the top and bottom of beds thinner than λ/4 cannot be 

distinguished from one another due to the limit of seismic resolution. It would be 

advantageous for geoscientists to image thin beds below seismic resolution, 

especially those which are of reservoir quality. Frequency information obtained 

from spectral decomposition is related to the temporal thickness of layers. 

Spectral inversion uses a priori geological information and spectral 

decomposition to view thin beds below seismic resolution.  

Spectral inversion is applied to a 3D dataset from the Scotian Basin, on 

the shelf of Nova Scotia. Two wells, Petro-Can Shell Penobscot L-30 and Shell 

Petro-Can Penobscot B-41, were drilled in this study area. The L-30 well 

encountered hydrocarbons within five thin sand beds sealed by intraformational 

shales. Hydrocarbons were not encountered in the B-41 well, 3.25 km away. 

Several of these beds, identified on gamma ray logs, were found in both wells 

and were not visible on the original 3D seismic data. Vertical resolution in this 

area was improved from 60 m to 21 m. The accuracy of these bed thicknesses 

was increased using the spectral inversion volume. Some thin beds were able to 

be mapped which were not previously seen at all on seismic, as well as some 

small-throw faulting between the wells, improving the imaging of geological 

features in this area. 
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Chapter 1: 

 

Introduction 

 

Seismic attributes are any quantity derived from seismic data, and are 

used to enhance subsurface geological data. Attributes can be as simple as a 

time-structure map of a horizon, or involve very complicated algorithms. 

Attributes can be used to aid in the interpretation of stratigraphic features, such 

as channels and erosional surfaces, or structural features such as faults and 

fractures. The attributes used in this study include spectral decomposition and 

spectral inversion. These are chosen in particular to increase the resolution of 

the dataset. 

Spectral decomposition transforms seismic data from the time domain into 

the frequency domain, where the amplitude and phase spectra can be used to 

delineate thin-bed thickness variability and lateral discontinuities (Partyka, 1999). 

Different methods of computing the time-frequency analysis of seismic data 

include the discrete Fourier Transform, continuous wavelet transform, and 

matching pursuit decomposition (Castagna and Sun, 2006). This study uses 

constrained least-squares spectral analysis (CLSSA), which results in a better 

determination of spectral characteristics (Puryear et al., 2012). Spectral inversion 
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uses this spectral decomposition data along with a priori information to image 

geological features that are below the seismic resolution (Puryear et al., 2008).  

Spectral inversion is applied to a 3D dataset from the Scotian Basin, on 

the shelf of Nova Scotia (Figure 1). Several thin beds, identified on gamma ray 

logs, were found in both wells and were not visible on the original 3D seismic 

data. Vertical resolution in this area was improved from 61 m to 21 m. The 

accuracy of these bed thicknesses was increased using the spectral inversion 

volume. Previously indistinguishable beds were mapped, as well as several 

small-throw faults, improving the interpretation of geological features in this area. 

This increase in seismic resolution has major implications for hydrocarbon 

exploration in the Scotian Basin.  

The Scotian Basin began forming during the Triassic rifting of Pangea and 

is filled with Mesozoic-Tertiary sediment. It covers approximately 400,000 km2 on 

the passive margin offshore of Nova Scotia (Canada-Nova Scotia Offshore 

Petroleum Board). Over 200 wells have been drilled in the basin with 26 

commercial successes for oil and gas and over 2.1 billion barrels of oil equivalent 

discovered reserves (OETR, 2011). CNSOPB estimates an undiscovered 12-39 

trillion cubic feet of natural gas remains in the Scotian Basin. Over 350,000 km of 

2D seismic and 6,076 km2 of 3D seismic have been recorded (CNSOPB, 2000). 

This study area lies on a ridge between the Sable and Abenaki subbasins (Figure 

3). The Sable subbasin has produced hydrocarbons from two different plays: the 

Jurassic carbonate reef deposits of the Abenaki Formation and the Cretaceous 
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deltaic sandstones of the Mississauga and Logan Canyon Formations. There is 

ongoing exploration in this basin, and positive results from the application of 

spectral inversion increase the understanding of this region and could reveal new 

potential targets. 

 

Figure 1 Map of the Scotian Basin. The red box is the study area, situated on a ridge between two depocenters. 
Contours are depth to basement. Interpreted salt is colored pink. Modified by Bryan Ott; from CNSOPB. 
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Chapter 2: 

 

Geologic Background 

 

2.1 Tectonic Setting 

 The Scotian Basin (Figure 2) began forming ~200 Ma with the opening of 

the Atlantic Ocean, and lies on the Scotian shelf and slope southeast of Nova 

Scotia. It has an average width of 200 km, bounded by the coastal plain 

sediments landward and the continental rise basinward, and is ~1200 km long. It 

is bounded by the Yarmouth Arch to the southwest and the Avalon Uplift to the 

northeast. Within the Scotian Basin are several subbasins (Figure 3), which are 

connected depocenters containing the thickest sedimentary sequences (Wade 

and MacLean, 1990). From southwest to northeast, they are the Shelburne 

Subbasin, Sable Subbasin, Abenaki Subbasin, Laurentian Subbasin, and South 

Whale Subbasin.  

Early Triassic tensional forces created northeast-trending troughs on the 

eastern side of the Appalachian Mountains before seafloor spreading began in 

the Early Jurassic (Albertz et al., 2010). These have been interpreted as a 

complex series of grabens and half grabens, bounded by large faults (Wade and 

MacLean, 1990). The Scotian Basin was located near the center of Pangea, near 

the paleoequator, and sediments were deposited into a hot, arid environment 
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(Figure 4). These subbasins contain the Triassic red beds of the Eurydice 

Formation which are earliest sediments seen along the eastern margin of North 

America. Subsidence during the Late Triassic to Early Jurassic allowed for the 

expansion of the Tethys Sea into the basin. Extensive evaporites of the Argo 

Formation were deposited during this time, which provide evidence for the arid 

paleoenvironment. These salts, deposited into the half-grabens and subbasins, 

later mobilize and play a role in the petroleum systems of this area (Jansa and 

Wade, 1975a). The current location of mapped salts is seen in Figure 2. 

 

Figure 2 Structural elements of the Scotian Basin (CNSOPB, 2012). 
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Figure 3 Scotian subbasins with basement depth contours (CNSOPB). Sections I-V represent Shimeld’s categories of 
salt deformation. 

 

Figure 4 Late Triassic Paleogeography (Copyright Atlantic Geoscience Society) 
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 Continental breakup was complete in the Early Jurassic, marking the 

beginning of seafloor spreading in the Sinemurian (Albertz et al., 2010). As the 

sea transgressed, dolomite and anhydrite deposits of the Iroquois Formation built 

up in the center of the basin. The continental clastics of the Mohican Formation 

were deposited on the flanks of the basin. These formations are separated from 

the underlying Eurydice and Argo formations by a regional breakup unconformity. 

This unconformity is not seen in the Scotian subbasins due to the thickness of 

the overlying sediments, but is assumed to be present (Wade and MacLean, 

1990). North of the Scotian Basin, evidence of a switch from a hot arid to a warm 

and humid environment is marked by deposition of shales and carbonate 

sequences containing plant material with little iron oxide (Jansa and Wade, 

1975a). 

 As seafloor spreading continued, there was a major transgression. The rift 

axis intersected a left-lateral transform fault which ran from south of 

Newfoundland towards the European plate, allowing the African plate to drift 

away before the North American and European plates broke apart. This initial 

plate movement triggered a rapid transgression along the eastern margin of 

North America, allowing for deposition of three Late Jurassic units which 

represent transitioning environments (Figure 5). The shale-sandstone-limestone 

sequence of the Mic Mac Formation was deposited on the inner to middle shelf, 

on either side of the carbonate bank of the Abenaki Formation, which formed 

parallel to the shoreline in the middle shelf. This shelf environment deposition 
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lasted through the Late Jurassic. The Verrill Canyon shales were deposited from 

the Middle Jurassic through the Early Cretaceous, along the outer shelf to the 

extent of the basin. The Verrill Canyon Formation is also equivalent to the 

terrigenous sands of the Mississauga Formation, which overwhelmed the marine 

deposits landward (Jansa and Wade, 1975a).  

 The altered sedimentation marked by the Mississauga sands was likely 

due to the change in tectonism when the European and North American plates 

separated (Jansa and Wade, 1975a), as well as a regional regression (Ings and 

Shimeld, 2006). This marked the major distinction of the Scotian Basin from 

basins to the east and northeast. The Sable Delta that began forming in the Late 

Jurassic continued to grow, depositing more than 4000 m of Cretaceous sands 

into certain Scotian subbasins (Figure 6). These deltaic shelf sands terminated 

the carbonate bank and grade basinward into the prodelta muds of the Verrill 

Canyon Formation.  
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Figure 5 Late Jurassic Paleogeography (Copyright Atlantic Geoscience Society) 

 

 A regional transgression beginning in the Early Cretaceous deposited the 

1200 m-thick Logan Canyon formation on top of the Mississauga Formation. This 

transgression came in pulses, depositing alternating sequences of sandstones 

and shales. The same fluvial deltas which sourced the Mississauga Formation 

also sourced the Logan Canyon Formation, and the larger Laurentian Delta was 

characterized by a lagoon-marsh floodplain system. Three sandstone deposits 

can be mapped regionally, which are normally-graded and decrease in thickness 

towards the top of the Logan Canyon (Jansa and Wade, 1975a).  
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Figure 6 Early Cretaceous Paleogeography (Copyright Atlantic Geoscience Society). 

 

 During the Late Cretaceous, the transgressing ocean drowned out the 

rivers, ending deposition of coarser clastics and replacing them with marine shelf 

siltstones and shales of the Dawson Canyon Formation. Within the Dawson 

Canyon Formation there is a regional limestone, the Petrel Limestone, which 

serves as a good seismic marker. Another useful seismic marker is the overlying 

Wyandot Chalk, which marks a change in the depositional conditions on the 

shelf. 
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 The rapid deposition of such a large amount of sediment caused major 

subsidence in the area. As the shelf began to tilt basinward, the sediments 

showed a rapid lateral change in depositional environment, from shallow to deep 

water environments (Jansa and Wade, 1975a). The Banquereau Formation 

includes these sediments from the uppermost Cretaceous and entire Tertiary. 

The lower Banquereau consists of chalks and shales, but grades upward into 

siltstones and sandstones due to a Late Tertiary regression (Figure 7). After this 

regression, the sediments of the Quaternary Laurentian Formation show a similar 

pattern of lateral changes in shallow to deep water environments due to 

progradation of the shelf (Jansa and Wade, 1975a). 
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Figure 7 Paleogeography during a Tertiary regression (Copyright Atlantic Geoscience Society). 

 

 Major structures within the Scotian Basin include salt-related structures 

and normal faults. Figure 2 shows the location of these structures. There is a 

major hinge zone (below the Abenaki reef trend) where depths to basement 

increase from 4 km on the landward side to 10 km on the downthrown side. This 

is made up of a series of connected normal fault trends, developed after rifting 

(Wade and MacLean, 1990). There are two major northeast-trending fault zones 

in the area which converge to the southwest over the basement hinge zone. 
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Where they branch, the northern trend soles out onto the Argo salts at ~10 km 

depth and were active from mid-Jurassic to the Tertiary. The southern trend 

shows faults that sole out at decreasing depths basinward (Figure 8). Rollover 

anticlines associated with these listric normal growth faults serve as possible 

hydrocarbon traps. Some of these faults, including one in the study area, show 

evidence of inversion. This inversion is thought to be caused by early 

compression due to seafloor spreading (Withjack et al., 1998) or salt tectonics.  

 

Figure 8 Generalized cross-section through the Scotian Basin (from CNSOPB). 

 Several salt provinces from the southwest to northeast Scotian Basin were 

described by Shimeld (2004). The first region, farthest southwest, consists of 

autochthonous salt diapirs and an allochthonous salt canopy system farther 

seaward. The diapirs are capped by Upper Cretaceous sediments, indicating that 

there was no major Tertiary growth. The second region consists of a linear wall of 

diapirs, with some possibly being detached, parallel to the edge of the Abenaki 

carbonate bank. The third region is characterized by allochthonous canopies of 

salt that have traveled seaward up to 100 km from their autochthonous basins. 

This movement is interpreted as being caused by lateral changes in sediment 

loading. The Cretaceous deltas deposited wedges of sediment which thinned 

seaward, pushing the underlying salt in the same direction (Albertz et al., 2010). 
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The fourth region has a lack of salt structures, but a large package of landward-

dipping sigmoidal units, which sole out onto an inferred regional salt detachment.  

 

2.2 General Stratigraphy 

 Stratigraphic nomenclature of the Scotian Basin, illustrated in Figure 9, 

was first proposed by McIver (1972), but was updated by Jansa and Wade 

(1975b) and Wade and MacLean (1990).  

 The basement rocks below the Scotian Basin are phyllites, schists, and 

granite plutons that are likely tied to the Meguma Group of Nova Scotia. The first 

rocks deposited on top of this basement were the continental red beds of the 

Eurydice Formation and evaporites of the Argo Formation. These are found in 

the northeast-trending grabens and half-grabens created during Triassic rifting 

and are generally coeval, dating from Norian to Hettangian-Sinemurian. The 

Eurydice Formation is reddish brown, slightly silty shale with minor amounts of 

green shale, and thin red sandstone and siltstone beds with minor limestone and 

evaporites. Thickness in the Oprheus Graben is estimated at 3 km. Some areas 

have more coarse clastics rather than shale, and are likely alluvial deposits. The 

Argo Formation interfingers and sometimes overlies the Eurydice Formation. It 

consists of massive beds of salt separated by zones of red shale. It shows a 

general lack of anhydrite, which is typically found in seawater evaporites. These 
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formations are separated from the overlying Mohican and Iroquois formations by 

the breakup unconformity (Wade and MacLean, 1990). 

 The Iroquois Formation formed only where the environment allowed 

carbonate deposition. The age of this formation varies with location, and ranges 

from Sinemurian to Toarcian. The thickest occurrences are thought to be in the 

southwest Scotian Basin, where the pink to tan to white, micro- to coarse-

crystalline dolostone is estimated at 1600 m thick. In other areas, it is a 

dolomitized oolitic grainstone, deposited in a warm marine environment. It is 

coeval with the lower part of the clastic Mohican Formation, which consists of 

dolomitic siltstones and fine-grained sandstones interbedded with shales. The 

Mohican Formation is dated Aalenian-Callovian, and completed filling the rift 

grabens as well as overlapping basement highs (Albertz et al., 2010). Facies 

deposits over the hinge zone show sigmoidal patterns on seismic, as well as an 

unconformity in the upper Mohican. Thickness increases from west (~300 m) to 

east and north to south, where it has been interpreted as more than 4000 m 

thick. In areas where the depths of the Mohican and Iroquois formations have not 

been drilled, such as the Sable subbasin, it has been estimated to reach at least 

2 km. These formations are overlain by the Scatarie member of the Abenaki 

Formation (Wade and MacLean, 1990). 
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Figure 9 Generalized Scotian Basin stratigraphy (from Albertz et al., 2010). 
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 The Abenaki Formation ranges from Middle Jurassic to the earliest 

Cretaceous, or near the Jurassic-Cretaceous boundary, and consists of four 

members. A detailed sequence stratigraphic chart and location map can be found 

in Figure 10 and its location is shown in Figures 2 and 5. The lowest member, 

Scatarie, shows cycles of oolitic to muddy limestones that indicate deposition 

during transgressive pulses, and forms a wedge that thickens basinward. It 

creates a strong seismic reflector at its contact below the Misaine member, which 

is a dark gray transgressive shale that reaches up to 218 m thickness in some 

wells (Eliuk, 1978). The Misaine is overlain in some areas by the carbonate 

facies that make up the Baccaro member which is generally over 1000 m thick. 

The bank facies trends in a 15-25 km-wide zone along the paleoshelf edge from 

southwest to northeast, where it abruptly ends (Wade and MacLean, 1990). The 

Baccaro member is capped in some areas by the uppermost sequence of the 

Abenaki Formation, the Artimon member. The Artimon member is an 

argillaceous, cherty limestone with occasional interbedded calcareous shales 

deposited in a reef foreslope setting near the limits of the photic zone (Eliuk, 

1978). The Artimon member is sometimes considered a member of the distal 

Verrill Canyon shales due to its lithology and age (Kidston et al., 2005). It is the 

thinnest member of the Abenaki Formation with the most limited areal 

distribution. 

While the Baccaro member of the Abenaki formation is not a reef, it does 

have coral-stromatoporoid reefal facies, described by Eliuk (1978). These exist in 
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patches along the bank margin, and make up significant gas reservoirs in the 

Deep Panuke field. In 1999, PanCanadian drilled the first Deep Panuke 

exploration well, which encountered ~75 feet of net pay within this reef facies. 

Diagenetic porosity was created through several phases of dolomitization and 

leaching, thought to be carried out by the movement of underlying fluids up 

through the bank via a system of deep-seated normal faults (Kidston et al., 

2005). 

 

Figure 10 Detailed sequence stratigraphic chart of the Abenaki Formation (Kidston et al., 2005). 

 

 The landward equivalents to the Abenaki Formation include the Mohawk 

and Mic Mac formations. The Mohawk Formation is made up of mostly 

continental clastics deposited on the landward side of the Scotian Basin. It 

consists of feldspathic sandstones and siltstones interbedded with shales. The 
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Mic Mac Formation was deposited into the shallow marine back-bank, adjacent 

to the Baccaro Member. It consists of mostly sandy shales with minor carbonates 

(McIver, 1972). To the southeast of the Abenaki Formation, the adjacent mixed 

sandstone-shale-limestone unit is included in the Mic Mac Formation, though its 

depositional environment differs. It includes breccia from the carbonate bank, 

and was deposited into a strand plain environment undergoing rapid subsidence. 

Together, these sediments form a wedge that thickens seaward to 14 km thick in 

some areas, and was deposited continuously until the beginning of the 

Cretaceous (Wade and MacLean, 1990). All formations grade basinward into the 

shales of the Verrill Canyon Formation, which is also equivalent with the 

overlying Mississauga Formation. 

 The Cretaceous Mississauga Formation conformably overlies the Mic Mac 

and Abenaki formations, except in some areas which were affected by an Early 

Cretaceous regression (Wade and MacLean, 1990). These sands were 

deposited by the paleo-St. Lawrence River into a variety of transitioning 

environments, from fluvial-deltaic to shallow marine (Cummings et al., 2006). The 

St. Lawrence represented a large fluvial system which drained much of Eastern 

Canada and formed the Sable Delta (Figure 6). Differing lithology and 

depositional history divide the Mississauga into lower and middle members 

separated from an upper member by a limestone unit labeled the “O” Marker 

(Wade and MacLean, 1990).   
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 The lower member of the Mississauga consists of coarsening-upward 

sandstones and minor thin limestones deposited into a delta-front environment.  

Throughout the basin this includes barrier island, beach and tidal channel 

deposits. It is mostly present south of the basement hinge. North of the hinge, it 

thins and grades into a delta plain facies, where it is undifferentiated from the 

middle member. The Sable Delta, which deposited the lower member of the 

Mississauga Formation, developed during rapid subsidence and deposition and a 

period of active growth faulting. In some areas, the lower Mississauga expands 

from 300 m to a 1000 m thick wedge across growth faults.  

 The middle member consists of thick, clean sandstones deposited into a 

delta plain. It is separated from the upper member by the “O” Marker, which is a 

series of thin, oolitic to skeletal limestone beds. It is present throughout most of 

the Scotian Basin, dated Hauterivian to Barremian, and shows one strong 

reflection on seismic. It indicates a minor transgression, during the overall 

regressive Early Cretaceous environment (Wade and MacLean, 1990). The 

upper member is generally thinner than the members below the “O” Marker, and 

consists of thick sands deposited into fluvial to shallow marine environments 

(Cummings et al., 2006). 

 Distal from the Mississauga and underlying the Mic Mac and Abenaki 

formations, the Verrill Canyon Formation shales were deposited from Callovian to 

Barremian. Several units within the Verrill Canyon Formation are thought to be 

source rocks for the hydrocarbon discoveries in the Scotian Basin (OETR, 2011). 
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The shales are dark grey, carbonaceous, and sometimes calcareous, with 

tongues of prodelta facies from the Mississauga Formation. The Verrill Canyon 

shales were deposited in deeper parts of the basin, with interpreted regional 

depositional environments of outer neritic, prodelta, and basinal (Wade and 

MacLean, 1990).  

 The Logan Canyon Formation, which overlies the Missssauga and Verill 

Canyon formations, has two distinct shale tongues labeled the Naskapi and 

Sable members (Jansa and Wade, 1975b). The Naskapi Member is the lowest 

member, which directly overlies the Mississauga in most of the Scotian Basin. It 

is a transgressive shale of various colors with interbedded silty to sandy zones. It 

is ~175 m thick in its type section, and thickens seaward. Landward, the Naskapi 

shales grade into sands indistinguishable from the overlying, undifferentiated 

Logan Canyon sands. The Naskapi’s depositional environment is tidal flat to 

marginal marine, which provides evidence for a transgression after the deposition 

of the deltaic Mississauga sandstones (Wade and MacLean, 1990). 

 The sandstones above the Naskapi and below the Sable member are over 

500 m thick in the type section, consisting of normal-graded, fine-to coarse-

grained sandstones with interbedded shales. The frequency of the shales 

increases toward the top of the section, and grain size in the sands decreases. 

These sediments are coastal plain to shallow shelf, and are capped by the 100 m 

thick shaly Sable Member. Like the Naskapi shale, it represents a rapid 

transgression, but grades into sandstone landward and is indistinguishable from 
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the rest of the overlying Logan Canyon sandstones. These are very similar to the 

sandstones below the Sable Member, and thicken seaward to over 500 m. As a 

whole, the Logan Canyon Formation represents Aptian to Cenomanian coastal 

plain to shallow shelf sediments (Wade and MacLean, 1990). 

 The last of the Cretaceous sediments in the Scotian Basin include the 

Dawson Canyon and Wyandot formations, as well as part of the Banquereau 

Formation. The Dawson Canyon Formation conformably overlies the Logan 

Canyon Formation, and is made up of mostly grey marine shales with 

interbedded siltstone and sandstone. There is a thin limestone bed, the Petrel 

Member, which creates a good seismic marker in most of the Scotian Basin. The 

Dawson Canyon is actually thicker landward of the hinge zone, and thins out into 

the subbasins, which were not receiving much sediment at this time. This 

Cenomanian to Santonian formation represents the first of several which were 

deposited during the Late Cretaceous global transgression. Above the Dawson 

Canyon is the Wyandot Formation, several hundred meters of chalk, marls, and 

chalky mudstones. Its age is Santonian to Campanian or Maastrichtian (Wade 

and MacLean, 1990).  

 The lower part of the Banquereau Formation marks the end of Cretaceous 

deposition. The rest of the Banquereau makes up the entire Tertiary section in 

the Scotian Basin. Its age ranges from Campanian-Maastrichtian to Pliocene, 

and the lithology ranges from mudstones which grade upward into sandstones 

and conglomerates. It forms a wedge that thickens from zero to over 1500 m 
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basinward. A Neogene regression is evidenced by channel cuts and shelf edge 

unconformities (Wade and MacLean, 1990). 

 Quaternary sediments are all included in the Laurentian Formation. It 

includes glacial till, silt, sand, and clay, and sand and gravel units from the lower 

to upper units. These sediments form a wedge that thickens drastically seaward. 

Quaternary sediments are also found beyond the shelf in a large fan near the 

mouth of the Laurentian Channel, and filling in several shelf edge slumps (Jansa 

and Wade, 1975a; Wade and MacLean, 1990). 

2.3 Study area 

 This study area, indicated by the red box in Figure 1, is situated on a ridge 

between the Abenaki and Sable subbasins. There are two main northeast-

trending normal faults in the area, as well as some minor faulting (Figure 11). 

Both of the large faults are listric growth faults which sole out into the Abenaki 

Formation. The seismic does not image the bottom of the Abenaki Formation, but 

the top of the Baccaro member is visible, and the carbonate bank trend can be 

mapped in the area. The main faults show evidence of inversion, as the offset 

between horizons decreases with depth, and is finally inverted near the top of the 

Abenaki Formation (Figure 12). 
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Figure 11 Geologic features in study area.  

 

 The main targets of this study are the thin, hydrocarbon-bearing 

sandstones of the Lower Mississauga Formation which locally form a rollover 

anticline. These sandstones occur below the “O” Marker reflector, and above the 

top Abenaki reflector. In this study area, the Mississauga Formation is ~860 m 
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thick below the “O” Marker and 150 m thick above it. The highest four 

sandstones combined contained 12.8 m of net pay, and the fifth sand contained 

3.4 m (Clack and Crane, 1992). These sandstones are too thin to be mapped on 

the original seismic data.  

 

Figure 12 Seismic stratigraphy on a crossline through the L-30 well. This listric normal fault shows evidence for 
inversion. Stratigraphic chart from CNSOPB. 
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Chapter 3: 

 

Theory 

 

 To understand how spectral inversion works, a basic understanding of 

spectral decomposition, seismic resolution, and seismic inversion is required, as 

well as the varying methods of each. 

3.1 Spectral Decomposition 

 The use of spectral decomposition to aid in reservoir characterization was 

introduced by Partyka (1999). Figure 13 shows the basic concept of spectral 

decomposition. Reflections from thin beds have a characteristic pattern in the 

frequency domain which is related to temporal thickness, while the spectrum of 

the source wavelet is very broad because it encompasses multiple layers. 

 

Figure 13 Source wavelet and thin bed spectral imaging (Partyka, 1999). 
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 While the patterns in the amplitude spectra from thin beds are related to 

vertical variability in the layer properties, the phase spectra indicate lateral 

discontinuities where phase is instable. An important factor in the results of the 

transform is the size of the window. A long window samples many layers, which 

gives a frequency response approximating that of the source wavelet (Figure 14). 

A short window samples fewer layers with more distinct geological properties 

(Figure 15), resulting in a notched amplitude spectrum representing layering 

within the window with an overprint of the wavelet (Partyka, 1999).  

 

Figure 14 Long window spectral decomposition. With a long window, the layering of the geology is considered 
random and the amplitude spectrum approximates that of the source wavelet (Partyka, 1999). 
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Figure 15 Short-window spectral decomposition. The short window samples local geology, and results in an 
amplitude spectrum tuned by the geology with a wavelet overprint (Partyka, 1999). 

 

 There are many methods for spectral decomposition, including the 

discrete Fourier Transform (DFT) and continuous wavelet transform (CWT). Each 

method has its own advantages and disadvantages. The DFT is useful for 

analyzing spectral characteristics within a long window containing many 

reflection events and spectra that characterize bed thickness. The CWT is nearly 

equivalent to the DFT, except may have an advantage for broad-band signals 

(Castagna and Sun, 2006). Both of these methods require that for higher 
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frequency resolution, temporal resolution is sacrificed and vice versa. This can 

cause spectral smearing and hinder the detection of thin beds. For this study, a 

fairly new algorithm from Puryear et al. (2012) is used, called constrained least-

squares spectral analysis (CLSSA). This method has improved the time-

frequency resolution trade off, and reduces spectral smearing. 

 CLSSA works by inverting for the Fourier series coefficients without 

mathematical assumptions. Because this solution is not unique, constraints are 

required. These constraints come from a priori geologic information. The result is 

reduced spectral smearing compared to the DFT and CWT (Figure 16), thus 

allowing the use of a shorter window. Selecting the best method for spectral 

decomposition is important because this serves as the input data for spectral 

inversion. 

 

Figure 16 Comparison of spectral decomposition results between a) STFT with 40 ms window, b) CWT using Morlet 
wavelet dictionary, c) CLSSA using 40 ms window; Reflectivity notching related to thickness are only apparent in 
CLSSA, as well as resolution of layers as thin as 12 ms (Puryear et al., 2012). 
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3.2 Spectral inversion 

 Spectral inversion uses a priori geologic information along with spectral 

decomposition as input data to improve imaging of thin beds below seismic 

resolution (Puryear and Castagna, 2008). The conventional view of resolution 

discussed by Widess (1973) assumes an equal magnitude and opposite sign pair 

of reflection coefficients, resulting in maximum destructive interference of 

reflections from beds thinner than λ/8 (Figure 17). In the presence of noise, this 

results in a resolution of λ/4. Because of this interference, amplitude of the 

reflections increases up to λ/4 and then decreases beyond that point (Figure 18). 

 

Figure 17 Wedge model showing effect of bed thickness on reflection. As thickness approaches λ/8, amplitude 
increases but below λ/8, destructive interference diminishes the separate reflections (Widess, 1973). 
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Figure 18 Amplitude versus thickness. As thickness approaches λ/4, amplitude increases. Below this point, 
amplitude diminishes (from Puryear and Castagna, 2008). 

Widess assumed that zero thickness gave zero response. However, 

frequency varies beyond λ/4 (Figure 19) which has been attributed to the fact that 

real situations may not involve reflectors of equal magnitude and opposite sign. 

Real situations may in fact involve a reflection coefficient pair (Figure 20) that can 

be described as the sum of an equal magnitude odd pair and an equal magnitude 

even pair (Chopra et al., 2006). Puryear and Castagna (2008) calculated peak 

frequency and peak amplitude for the even, odd, and composite reflection 

coefficients (Figure 21). While amplitude does decrease below λ/4 for the odd 

pair, the even pair continues to increase in amplitude. In this case, the effect of 

thickness on amplitude varies and resolution depends on whether the 

contribution from the even or odd part is stronger. The implications are that 

frequencies beyond the original seismic bandwidth may be recovered (Chopra et 

al., 2006). This is the basis for spectral inversion. 
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Figure 19 Variations in peak frequency with thickness. Frequency continues to vary past the seismic resolution, 
indicated by the red line (from Chopra et al., 2006). 

 

Figure 20 Reflections from a thin bed can be thought of as the sum of an equal magnitude odd pair and equal 
magnitude even pair of reflectors (From Chopra et al. 2006). 
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Figure 21 Peak frequency (a) and peak amplitude (b) for the odd and even components and total reflection 
coefficients (From Izarra Dial, 2011). 
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Spectral inversion uses well control to estimate time and space varying 

wavelets from the data (Chopra et al., 2006). The wavelet overprints are then 

removed from the data, and patterns from spectral data are inverted for original 

reflectivity (Puryear and Castagna, 2008). Inversion of data with high signal-to-

noise can resolve beds well under seismic resolution. Inversion of noisy data will 

have weaker results outside of the original frequency range, but will still enhance 

original high frequencies within the band without increasing noise (Chopra et al., 

2009).   
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Chapter 4: 

 

Methods 

 

4.1 Data set 

 The study area outlined in Figure 1 includes one 3D post-stack seismic 

survey in time. The original 3D seismic is 66 km2, but the inversion was run over 

a smaller 10 km2 box constrained to the area closest to well control. A total of 

241 lines were recorded in a 5.5 by 12 km grid. Seismic was recorded into 6.25 

by 50 m bins (Crane and Clack, 1992). There are two wells in the study area: 

Penobscot L-30, drilled in 1976 by Petro-Can Shell, and Penobscot B-41, drilled 

in 1977 by Shell Petro-Can. The L-30 well has a suite of logs which includes 

gamma ray (GR), neutron porosity (NPHI), sonic (DT), and density (RHOB). The 

B-41 well logs include DT, GR, RHOB, NPHI, density porosity (DPHI), and 

spontaneous potential (SP). The data also came with several formation tops in 

each well, but these were re-picked. Figure 22 (left) shows the outline of the 3D 

study area with well locations. Figure 22 (right) zooms into an outline of the sub-

cube where inversion data is available. The data set was donated from the 

Canada-Nova Scotia Offshore Petroleum Board. Seismic data were shot to 6 

seconds, but are very poor past 3 seconds. The inversion target was from 1750 

ms to 2500 ms. Several strong reflectors are located (from top to bottom) at the 
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top of the Dawson Canyon Formation, Logan Canyon Formation, Wyandot 

Formation, O-marker bed, and Abenaki Formation. 

 

Figure 22 Outline of original 3D seismic survey (left). Inversion was run on a smaller sub-cube constrained around 
well control (right). 

 

4.2 Work flow 

 A generalized workflow is available in Figure 23. The original 3D seismic 

data set was loaded into a project using IHS Kingdom. Wells were tied to the 

data using sonic logs. Using an interpretation report on this area as a guide 

(Crane and Clack), formation tops were picked off GR for the hydrocarbon-

bearing sands within the Mississauga Formation. Major structures and horizons 

were interpreted on the original dataset. After the initial interpretation was 

established as a basis for comparison with the inversion volume, the spectral 

decomposition and inversion process began. 
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 Using LGeoPack from Lumina Geophysical, LLC, filters were applied to 

increase the signal-to-noise ratio. Then, spectral decomposition and spectral 

inversion attributes were computed. These were quality checked by tying the 

wells to the inversion volume using Hampson-Russell’s eLog software, and 

comparing the inversion lines through wells with the same lines on original 

seismic. Frequency spectrums from the original and inverted seismic were 

extracted and compared, as well as a tuning analysis. Then the inversion volume 

was interpreted and compared to the original seismic, and geological 

enhancements were analyzed. 

 

Figure 23 General workflow for spectral inversion interpretation. 
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Chapter 5: 

 

Results and Discussion 

 

5.1 Comparison to synthetic data 

 Both the original seismic and inversion volumes were tied to the sonic logs 

at each well. The GR, RHOB, and velocity logs are shown for reference. The 

original correlation coefficient was high, because the well logs were tied with a 

statistical wavelet from the data set. At the L-30 well (Figure 24), the correlation 

coefficient was 0.780 and at the B-41 well (Figure 25) the correlation coefficient 

was .598. No caliper logs were available, but there was a very obvious 

inaccurate area in the sonic log of the L-30 well at ~1750 ms, so the ties for the 

spectral inversion volume were only focused on the section below 1750 ms. This 

resulted in a seemingly poor tie with the inversion volume, of 0.299 at the L-30 

well and 0.162 at the B-41 well, because nothing above 1750 ms was adjusted. 

However, the inversion volume shows more reflections than the original seismic, 

which tie with the sonic. On the original seismic at the L-30 well, there is a peak 

at ~2360 ms which is split into two peaks on the inversion volume. These 

correlate with two peaks in the p-wave log. 
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Figure 24 Synthetic ties at the L-30 well with original seismic and spectral inversion volumes. The inversion volumes 
resolves more reflections, corresponding with the sonic, than are seen in the original seismic. One example is at 
~2360 ms. 

 

Figure 25 Synthetic ties at the B-41 well with original seismic and spectral inversion volumes. 
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5.2 Comparison to original seismic data 

 Not only does spectral inversion provide a better well tie, but the inversion 

volume has a broader frequency spectrum and higher peak frequency than the 

original seismic data (Figure 26). The dominant frequency of the original seismic, 

calculated from the extracted wavelet in Figure 27, was 29 Hz. The dominant 

frequency of the inversion volume was 83 Hz. 

 

Figure 26 Amplitude frequency spectrum of the original seismic (red) and inversion volume (blue). 
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Figure 27 Extracted wavelets from 1900 to 2300 ms. Original seismic is in red, spectral inversion is in blue.  

 

Figure 28 Tuning analyses for original seismic and inversion volume. The area of interest was from 1900 ms to 2300 
ms, which had an average velocity of 3775 m/s. Tuning thickness for the original seismic was 16 ms, and for the 
inversion was 5.5 ms. 
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 The wavelet extracted from the spectral inversion volume in Figure 27 is 

only extracted from 1900-2400 ms. This interval was chosen because it was just 

below a carbonate that marked the Lower Mississauga Formation, encompassing 

the area with alternating sandstone and shale beds. The wavelet appears to be 

not quite zero phase, but this is because it was extracted over a small interval 

rather than the whole volume. The tuning analysis for the same interval (Figure 

28) shows that the original seismic data and inversion data had tuning 

thicknesses of 16 ms and 5.5 ms, respectively. The average velocity in that 

interval was 3775 m/s, which results in the resolution increase from 60 m to 21 

m. This is evident when lines between the two volumes are compared. 

 Figures 29 and 30 show crosslines of original seismic and inversion 

through both wells with velocity. Peaks are blue, troughs are red. Through B-41 

(Figure 29), several of the big reflectors on the original seismic are broken up into 

multiple reflections on the inversion volume that are consistent with the velocity 

log. These lines were viewed as a quality check for the data before interpretation. 

Subtle stratigraphic features which were not visible on the original seismic stand 

out on the inversion volume between 2300-2400 ms in the vicinity of the 

borehole. On the lines through L-30 in Figure 30, a large fault that runs through 

most of the study area is shown. The data on the upthrown side of the fault to the 

northwest are affected by a fault shadow.  
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Figure 29 Crossline through B-41 on original seismic (top) and spectral inversion (bottom) with sonic log. Peaks are 
red, troughs are blue. 
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Figure 30 Crossline through L-30 on original seismic (top) and spectral inversion (bottom) with velocity logs. Peaks 
are red, troughs are blue. 



45 
 

Fault shadows occur due to velocity differences on either side of a fault. 

This causes high frequencies to be attenuated more than low frequencies. 

Because spectral inversion creates a higher-frequency volume, having poor data 

within the fault shadow as an input gives very poor results across the fault. 

Farther across the fault as data are not affected by the fault shadow, the 

inversion volume is expected to be more accurate. On maps of the horizons 

picked on inversion, the area of data within the fault shadow is not interpretable, 

and has been removed. 

The bottom of the B-41 well penetrated into the foreslope of the Jurassic 

carbonate bank of the Abenaki Formation (Figure 31). This area is characterized 

by alternating shales and carbonates. A comparison between the original seismic 

and inversion volumes at the base of the well shows several more reflections 

from thin beds, as well as refined lateral variations indicated at arrows. 

A positive 90 degree phase shift was applied to the original and seismic 

and spectral inversion data to highlight layers between reflections. Figure 32 

shows lines through the B-41 well of the phase-shifted data overlain with an 

impedance log. Red on seismic would indicate higher impedance, and blue lower 

impedance. There are several layers on the impedance log which aren’t apparent 

in the original seismic, but are present in the inversion volume.  
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Figure 31 Crossline through B-41 at the base of the well. More reflections as well as several lateral discontinuities 
show up on the inversion volume (bottom) which were not seen on original seismic (top). Arrows are pointing to 
areas with significant lateral discontinuities. 
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Figure 32 A positive 90 degree phase shift was applied to the original seismic (top) and inversion (bottom) and 
compared to the impedance log. Red is positive, blue is negative. 
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5.3 Improvements in stratigraphic interpretation 

 The most significant thin beds in the study which are under seismic 

resolution contain hydrocarbons and are found in the Mississauga Formation. 

There were five sandstones which contain light oil or condensate, and the fourth 

sandstone was not resolved. This is labeled Sand 4, and its top and base were 

able to be mapped on the seismic inversion volume. It is 37.5 m thick in the B-41 

well and 59 m thick in the L-30 well. 

 Figure 33 shows a line between the two wells with the top and bottom of 

Sand 4 correlated, which were picked on the GR log. On the original seismic 

(top), the majority of the bed falls into one positive reflection. On the inversion 

volume (bottom), distinct reflections appear at the top and base of the bed in 

each well. The top and bottom horizons for the sandstone are displayed in purple 

for the original seismic and green for the inversion volume.   

 The positive reflection recorded on original seismic that encompassed 

most of Sand 4 was split into two sets of peaks and troughs, or four different 

reflectors. The trough at the top of the sand was split as well. The structure maps 

of the bottom Sand 4 horizon on each volume and the difference between the 

two are shown in Figure 34 (a-c). The error gets as high as 8 ms, which equates 

to 32 m. Isopach maps made on original seismic and inversion and their 

difference (Figure 34 d-f) show thickness estimates off by as much as 11 ms, 

which is 41.5 m. The crossline indicated on Figure 34f is shown in Figure 35. 
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This line shows evidence of small-throw faults which were not apparent on the 

original seismic, which may contribute to the major errors in that area. 

 

Figure 33 Cross-section between wells B-41 and L-30. Purple horizons show the top and bottom of Sand 4 picked on 
original amplitudes, and green horizons were picked on spectral inversion. All four horizons were overlain on 
original seismic (top) and spectral inversion (bottom). 
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Figure 34 Horizon time-structure differences for the bottom of Sand 4 mapped on a) original seismic, b) spectral 
inversion, and c) their difference. Isopachs for the thickness of Sand 4 are shown in d) for the original seismic, e) for 
spectral inversion, and their difference in f). Line in f) is shown in Figure 34. 
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5.4 Improvements in structural interpretation 

 The area where stratigraphic interpretation is most difficult on original 

seismic shows up as a synclinal feature, but on the inversion volume several 

small-throw faults are resolved.   

 

Figure 35 Inline showing small-throw faults brought out by spectral inversion (bottom) which were not seen on 
original seismic (top). 
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This synclinal feature falls into the area of highest thickness errors in 

Figure 33f. These beds are not just folded, but broken up by small-throw faults. 

Several minor faults branching off from the major fault are also brought out by 

spectral inversion. Some of these faults extend ~500 m away from the main fault 

plane. These features could affect where one might plan to drill a well, as well as 

the risk of prospects in this vicinity. 
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Chapter 6: 

 

Conclusions 

 

Spectral decomposition is used to obtain a frequency spectrum with 

patterns which relate to thin-bed reflectivity. This data set is then inverted to 

obtain original reflectivity. Spectral inversion was applied to a 3D dataset in the 

Scotian Basin. The inversion volume achieved better resolution than the original 

data, decreasing from 60 m to 21 m and imaging the top and bottom of beds that 

were half the thickness of the original resolution. The frequency content of the 

inversion volume increased, with the dominant frequency improving from 29 Hz 

to 83 Hz.  

The beds which were distinguished on the inversion volume were able to 

be mapped with a more accurate depth-structure and thickness. Errors in depth 

from using the horizons picked on original seismic were up to 32 m in an area 

where the bed was only 39 m thick. Errors in thickness were up to 41.5 m. 

Measuring an accurate thickness of a reservoir is crucial, especially when it is 

known to contain hydrocarbons, as this bed was.  

Another geologic feature brought out by spectral inversion which would 

improve the evaluation of a reservoir is faulting. Several small-throw faults were 

exposed which penetrate the reservoir sands of the Mississauga Formation. 
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Because these sandstones are all thin with separate oil-water contacts, the 

faulting in the area is important when evaluating whether or not the reservoirs are 

sealed. Originally, it was thought that the sandstones were only juxtaposed 

against one major fault which was sealed. The ability to resolve small-throw 

faults that cut through the reservoir helps to define the risk of prospects in this 

area.  

Applying spectral inversion in the Scotian Basin improves our 

understanding of the geology and petroleum system in this region. By refining the 

interpretation of this study area, spectral inversion has proven to be a very useful 

tool in hydrocarbon exploration. Use of this attribute could help to define potential 

new targets for exploration, as well as expose certain geologic hazards like faults 

below seismic resolution.  
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