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ABSTRACT 

 

Following P-P inversion processes using a constrained model-based 

inversion and spectral inversion methods for a 3C-3D dataset in the Blackfoot field, 

the spectral inversion volume achieved better resolution than the original data and 

the model-based inversion result, increasing the spectrum bandwidth, with the 

dominant frequency improving from 35 Hz to 90 Hz.  

Well ties to the spectral inversion reflectivity volume showed superior 

correlation to well ties to the conventional seismic data, improving the correlation 

coefficient from about 0.31 to 0.67 in some wells. After depth conversion, 

interpretation using this spectral inversion volume produced estimates of Glauconitic 

channel sand thickness with less than 5% error in 4 out of 5 wells. This sand unit 

was below the previously held resolution limit (<23m) for the original seismic data 

volume.  

  Both the model-based inversion and the spectral inversion results 

correctly predicted a relatively higher impedance zone at the shale-filled test well 

12-16 compared to surrounding channel sand impedances. However, optimal 

lithology discrimination was achieved using the spectral inversion result, revealing 

the channel morphology and at least one dry hole in the field (test well 14-09). 
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CHAPTER 1: INTRODUCTION 

1.1 Thesis Organization 

 This thesis is organized as follows:  

 Chapter 1 describes central ideas about impedance relationships as 

captured by seismic data and thus related to resolution. Operations undertaken in this 

project to improve the resolution – namely, 1) Model-based inversion and 2) 

Spectral Inversion - are also introduced. The seismic acquisition and processing 

parameters are given, along with the geologic setting of the incised valley channel in 

the study area. Finally I discuss specific impedance relationships in the channel zone 

and resolution issues in the conventional seismic data that contribute to the need for 

this research. 

Chapter 2 discusses the theory and method of the model-based inversion, 

some correlation parameters, and presents the final results. The theory and method 

of the spectral inversion are also given and final results displayed. 

 Chapter 3 discusses and compares the inversion results and presents 

amplitude maps used to describe the channel system. Time-to-depth conversion is 

also done for both inversion solutions. The channel thickness is measured and the 

advantage of interpretation using the spectral inversion over the model-based 

inversion solution is discussed. The idea of using average impedance in the channel 

as interpreted from both inversion volumes is presented. 

 Chapter 4 contains conclusions of the research and ideas for future 

work in this area. 
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1.2 Impedance Relationships for Reservoir Studies 

  

 Conventional use of seismic data in subsurface studies relies on the 

accuracy of the measured and processed reflectivity volume in representing the true 

structure and physical properties of the subsurface rock layers. One important 

property is the acoustic impedance, which is simply the product of seismic velocity 

and density. At the core of reflection seismology is the fact that, as surface-

generated waves travel though subsurface lithology, changes in impedance of the 

layers produce differences in the pattern of the reflection series that are eventually 

convolved with a pulse to produce the final data trace (s).    

 Fidelity aside, resolution is a common measure of the quality of 

seismic data volumes. It is a measure of how small a feature that can be detected or 

the ability to separate two proximal reflectors. In truth, the seismic resolution can be 

thought of as a measure of how well the seismic data displays the real impedance 

profiles across the survey area. According to Widess, (1973), the seismic resolution 

limit is 1/4th of the wavelength (λ), this is half of the tuning limit, or maximum 

thickness for a thin bed with constructive interference at its top and base. This 

maximum thickness or tuning thickness is generally considered to be the limit of 

seismic resolution.  

 Typically, the original seismic volume is not optimal for subsurface 

exploration and reservoir characterization because the data are band-limited and 

2 
 



their quality is reduced by noise effects. For these reasons, it is now commonplace to 

perform seismic inversion to improve resolution and aid interpretation. This is 

simply the process of converting seismic traces to P-Impedance, S-Impedance, or 

density traces. In this particular project, the target reservoir was below the resolution 

of the original seismic volume, and as such, inversion solutions were pursued. The 

major advantage of using an impedance volume is that the tool of seismic data over 

a large are is transformed from an interface property (seismic traces) to an interval 

property which correlates directly to the rock properties (Latimer, 2000).   

 This thesis project focuses on the application of two post-stack P-P 

seismic inversion methods to pinpoint an incised valley channel reservoir in Alberta 

Canada. A model-based inversion (Russell, 1988) and high reflectivity spectral 

inversion were computed from the original 3C-3D data set. Spectral inversion is a 

form of sparse layer inversion that combines the concepts of spectral decomposition 

and seismic inversion and results in an increased frequency bandwidth and thus, 

improved resolution beyond Widess’s limit of λ/4 (Puryear & Castagna, 2008; 

Castagna & Zhang, 2011).  This improvement in resolution is exhibited by a good 

match between the well log-measured impedance and the inverted impedance 

volumes. Furthermore, the better impedance volume could then be relied upon for 

lithology discrimination and measurement of reservoir thickness, a significant 

parameter for calculating reserves and assessing risk in major exploration 

investments. 
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1.3  Study Area: Blackfoot Field 

  

 The Blackfoot field (located in figure 1.1) is located about 50 miles 

east of Calgary, Alberta, Canada in Township 23, Range 23. The field was owned 

and operated by PanCanadian Petroleum Limited, which existed from 1971 – 2002, 

when it undertook a merger with Alberta Energy Corporation to form the current 

Encana Corporation.  

 

 

Figure 1.1: Blackfoot field location. 
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1.3.1 Blackfoot Field Geology 

   

 

Figure 1.2: Simplified stratigraphy in south central Alberta, Blackfoot field 
area (from Margrave et al., 1998). 
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Figure 1.2 shows a simplified stratigraphic chart of the study area. The target zone is 

the incised valley fill system (IVFS) of the Lower Cretaceous, Upper Mannville 

Glauconitic Formation. The Mannville Group clastic sediments are deposits eroded 

off the American Cordillera mountain range (Zaitlin et al., 2002). This massive 

sediment wedge was deposited into the Western Canada sedimentary basin and 

overlies Mississippian carbonates of the Pekisko Formation. The end of Mannville 

deposition is marked by an unconformity at the base of the Joli Fou Formation. 

Multidirectional coal seam splits in the Upper Mannville indicate that there is some 

measure of differential subsidence in the rock group; these gaps are revealed by well 

logs interpretation and may be interpreted as unconformities or small scale normal 

faults, or possible complex strike-slip faults (Chatellier et al., 2002). Typically, 

incised valleys are formed due to a lowering in base level related to a drop in sea 

level. The valleys cut through the different underlying Ostracod, Detrital or Sunburst 

formations all across the study area.  The Glauconitic IVS records multiple cycles of 

incision and valley fill and is thus described as a compound fill. This channel fill 

contains very fine- to medium-grained quartz sandstone. The mineral glauconite is a 

greenish member of the mica group of minerals. It is formed in shallow marine 

regions, which are reducing environments during periods of low sedimentation such 

as the incision period of the valley fill system.  
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In the Blackfoot field, the Glauconitic sandstone occurs at about 1520 – 

1590m. In this zone, the multiple stages of incision and valley fill are represented by 

3 defined units - the Upper, Lithic, and Lower porous sandstone units. The Lower 

porous unit is most productive for hydrocarbon extraction and is the specific focus 

of later operations in this study. Although the Lithic unit is a tight sandstone 

(Todorov, 1999), both the Upper and Lower units have good porosity, between 17-

29%, and better vertical permeability, from 10 – 4000md, and horizontal 

permeability, between 100 – 6000md. Since the sandstones in the Glauconitic 

Formation are typically cross bedded, fluid transfer is probably best expressed using 

the vertical permeability range (Wood & Hopkins, 1992). 

 Figures 1.3a and 1.3b show a stratigraphic cross section, as interpreted 

from key wells in the study area, using formation names as given in table 1.1. 
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Table 1.1: Formation naming conventions. 

ABBREVIATION  UNIT NAME 

2WSS SECOND WHITE SPECKLED SHALE 

3WSS THIRD WHITE SPECKLED SHALE 

BFS BASE OF FISH SCALES ZONE 

VIKING VIKING 

MANN BLAIRMORE – MANNVILLE TOP 

MARKER_UM UPPER MANNVILLE MARKER 

GLCTOP UPPER GLAUCONITIC CHANNEL TOP 

LITHCH LITHIC GLAUCONITIC CHANNEL 

GLCPSS LOWER POROUS GLAUCONITIC SANDSTONE 

DET DETRITAL 

MISS SHUNDA-MISSISSIPPIAN 
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Figure 1.3a: Upper section - stratigraphic cross-section of the study area, using gamma ray (GR) and deep resistivity 
curves (ILD) to correlate formation tops in key wells. Cross-sections in figures 1.3A and 1.3B are flattened on the 
Blairmore-Mannville (MANN) formation top. Wells used are: PCP Blackfoot 01-08, 08-08, 09-08, 14-09, and 12-16 
(from left to right). 3WSS is a new formation top added during the correlation process. 

#01-08 #08-08 #09-08 #14-09 #12-16 
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Figure 1.3b: Lower section - stratigraphic cross-section of the study area. The target Glauconitic Formation is captured 
inside a red polygon for emphasis. KFS refers to key flooding surface used in the correlation process. This cross-section 
shows the system of interspersed sand and shale zones in the Mannville Group.

#01-08 #08-08 #09-08 #14-09 #12-16 

 
 



 

 

1.3.2 3C-3D Data Acquisition and Processing, Wells 

 The Blackfoot 3C-3D data was recorded in October 1996 in two 

patches, one to target the Glauconitic channel and another to target the deeper, 

Beaverhill Lake carbonate prospect (Larsen, 1999). This study focuses only on the 

vertical component for the Glauconitic patch. The acquisition parameters are given 

in table 1.2 below: 

Table 1.2: Blackfoot seismic data (Glauconitic patch) acquisition parameters. 

Source Parameters 

Line orientation 

Source interval 

Source line interval 

Number of source lines 

Number of source points 

Source depth 

North - South 

60m 

210m 

24 

720 

18m 

Receiver Parameters 

Line orientation 

Receiver interval 

Receiver line interval 

Number of receiver lines 

Number of receiver points 

Receiver depth 

East - West 

60m 

255m 

18 

690 

0.5m 
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The processing of the 3C-3D data was performed by the CREWES project, 

University of Calgary (Lu and Margrave, 1998). The chosen processing flow 

(Todorov, 1999) for the vertical component is given below: 

 

SEG-D FORMATTED DEMULTIPLEX INPUT 

3D GEOMETRY ASSIGNMENT 

TRACE EDITS 

TRUE AMPLITUDE RECOVARY 

SURACE CONSISTENT DECONVOLUTION 

TIME VARIANT SPECTRAL WHITENINIG 

ELEVATION AND REFRACTION STATIC CORRECTION 

VELOCITY ANALYSIS 

RESUDIAL SURFACE CONSISTENT STATICS 

NORMAL MOVEOUT 

FRONT END MUTING 

CDP STACK 

TIME VARIANT SPECTRAL WHITENING 

TRACE EQUALIZATION 

F-XY DECONVOLUTION 

3D PHASE-SHIFT MIGRATION 
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Five key wells in the study area were used for the seismic interpretation and 

inversion operations. These wells are referred to by their well numbers in this study, 

as shown below along with the given well logs:  

1) 01-08-23-23W4 (oil well, channel sand): 
DEPTH,CALX,DPSS,DT,GR,ILD,ILM,NPSS,RHOB,SFL,SP 

2) 08-08-23-23W4 (oil well, channel sand) :  
DEPTH,DPSS,DT,GR,ILD,ILM,NPSS,RHOB,SFL,SP 

3) 12-16-23-23W4 (shale plugged channel, dry hole): 
DEPTH,DT,DTS,GR,PSDT,RHOB 

4) 14-09-23-23W4 (dry hole): 
DEPTH,CALX,DPSS,DT,GR,ILD,ILM,NPSS,RHOB,SFL,SP 

5) 09-08-23-23W4: (oil well, channel sand): 
DEPTH,CALX,CALY,DPSS,DT,GR,ILD,ILM,NPSS,RHOB,SFL,SP 
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1.4 Impedance relationships in Blackfoot field 

In the stratigraphic cross-section in Figure 1.3, the highlighted zone 

emphasizes the Glauconitic Formation which contains several sand shale sequences. 

Each the units – Upper, Lithic, and Lower, vary in thickness from 5 – 20m. 

Especially within this target formation itself, these quick changes in lithology with 

depth are due to the deposition system dominated by cycles of rising and falling sea 

levels. This is because significant changes in the energy of the transport medium 

control the size of grains and consequently, the type of lithology deposited. The 

evidence is displayed in the quick changes in gamma ray and resistivity values as 

sand and shale alternate. Thus, one can expect to see these small-scale changes in 

impedance, and the related effect on seismic resolution. Figure 1.4 shows the 

relationship between seismic amplitude and thickness in this zone, assuming a 30Hz 

Ricker wavelet. Based on Widess (1973 model, beds thinner than λ/4 (about 23m in 

this case), would labeled thin beds and are considered to be below seismic resolution.  

 In addition to the sand-shale zones, Mawdsley et al. (1996) discuss 

another facie in the valley fills, composed of carbonaceous mud. Where this is 

present, such relatively low impedance mud can have similar seismic signature to 

channel sandstone. Pendrel et al. (2000) examine this phenomenon and their results in 

figure 1.5 show exactly how lithology discrimination from seismic is made difficult 

due to the similar impedances.  Common direct hydrocarbon indicators such as bright 

spots and/or dim spots are not obvious in the seismic data, perhaps due to the low 

impedance contrasts. 
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Figure 1.4: Plot showing dimensionless relative seismic amplitude variation with 
thickness based on a synthetic wedge model (Blackfoot P-P data) convolved with 
a 30Hz Ricker wavelet. The tuning thickness (maximum contructive interference 
is marked at about 23m. 
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These factors, thin beds (<23m) and small impedance contrast between sands and shales, 
combine to make channel identification from the conventional seismic data very 
challenging. 

 

 

 

 

Figure 1.5: Plotted S-wave impedance vs. P-wave impedance for 4 wells from full 
wave sonic logs (image from Pendrel et al., 2000). The circles represent computed 
well impedance values color-coded by the corresponding lithology. Sands and some 
low-velocity shales/carbonaceous muds in the Glauconitic member have similar P-
wave impedance values, as shown inside the added polygon. Furthermore, low 
impedance contrast reduces the possibility of finding DHIs in this area. 
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1.5 Thesis Objective 

 

  The objective of this case study is to show how inversion solutions can 

aid seismic interpretation by producing a better model of the subsurface. 

Specifically, this work will show how high reflectivity spectral inversion can really 

improve reservoir characterization studies over model-based inversion processes and 

conventional seismic interpretation by improving the seismic resolution due to an 

expanded data frequency spectrum, thus matching better with true impedance trends 

and allowing thin beds below tuning thickness to be resolved. 

 

 

 

 

 

 

 

 

 

17 
 



 

CHAPTER 2: P-P INVERSION OF THE BLACKFOOT 3C-3D DATASET  

 

2.1 Introduction – Inversion Theory 

  Seismic inversion is the process of extracting from a data set, properties 

of a subsurface model embedded in that data set. For exploration purposes, the 

typical goal is to extract a volume that describes the subsurface impedance and/or 

density, as accurately as possible. This provides an advantage in interpretation, since 

impedance is an interval property that relates directly to rock sequences as 

interpreted from well logs, whereas conventional seismic utilizes reflectivity, an 

interface property. 

  Thus the inversion process is an opposite transformation to synthetic 

seismogram modeling where seismic information is derived from well log 

information. However, as shown in figure 2.1, both processes rely on the idea of 

mapping from model space to data space and vice versa. The transformation from 

model space to data space is called forward modeling. The inverse transformation, 

from data to model space, is the focus here. 

Given a local data set or trace {di}, where “i” is index from 1 to N, we can 

determine a prediction function F, that gives corresponding data values or 

predictions ({mi}) based on a model. We can evaluate the data and examine its 

patterns by studying the difference between each data value and the corresponding 

value of F or residue. The L2 norm is a measure of the misfit between these two 
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points in N-dimensional Cartesian space. Following from Lyapunov’s Central Limit 

Theorem, as most linear operations on random variables produce a normal or 

Gaussian distribution, and since the residue, ri, = di - mi, is considered to behave as 

random variables for statistical operations, the L2 norm is commonly considered the 

most suitable method of calculating misfit level (Zhou, 2014). However, for any 

positive real number, k, any Lx norm can be given by: 

𝐿𝑥 𝑛𝑜𝑟𝑚 = {∑ 1𝑁
𝑖=1 (𝑑𝑖 − 𝑚𝑖)2}

1
𝑥                                                                                 (2-1) 

 

It becomes obvious that by manipulating the function F, to minimize the error, (d-m) 

given by the misfit level, we can approach the best fit between the data and model-

based predictions. This is commonly known as data regression. In practice this is 

done by determining the coefficients of the function F (depending on the order of the 

polynomial), that will best minimize the residues.  

  Inversion typically involves considering this regression process as an 

inverse problem. If we use d and m to represent data trace and model respectively, 

we can consider the transformation from data to model space as such: 

𝑑 = 𝐺 𝑚                                                        (2-2)   
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Here, G is a matrix relating the data to the model. We could then easily derive the 

model by: 

 

m = 𝐺−1d          (2-3) 

 

But in the real world, G is not found easily and is usually not invertible. This can be 

due to inaccuracies in the recording and noise in the data, or the under-determined 

inverse problem, where data parameters do not constrain all the model parameters 

(or degrees of freedom) adequately. The result is that the solution to Equation 2-3 is 

not unique; several functions or transforms exist that relate the data to the model 

space, with varying degrees of accuracy.  

  Different tactics are employed to produce an inversion solution that can 

overcome these hindrances. Geophysicists have to employ different types of 

inversion based on the final goal desired and the information they have about model 

and the data trace. In the end, the process does produce useful results for subsurface 

interpretation whether by model inversion, band-limited, colored, or spectral 

inversion methods (Lindseth, 1979; Latimer, 2000; Brown, 2011; Castagna and 

Zhang, 2011).    
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Figure 2.1: Simplified chart illustrating the convolution model (Lo, 2013); 
Seismic inversion: Data trace to model.  

 

 

 

 

 

 

SEISMIC INVERSION 
FORWARD MODELING 
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2.2 Model-based inversion 

      A simple approach to the inversion of seismic trace is given in figure 2.1. 

In the process of recording seismic data, the first step is to generate a wavelet or 

pulse that represents the seismic source signature. Simultaneously, the rock layers in 

the survey area as laid out in nature have a characteristic impedance trend across the 

survey area. The impedance of the series of layers is also related to a resultant 

reflectivity series by: 

𝑟𝑖 = 𝑍𝑖+1 − Z𝑖
Z𝑖+1 + 𝑍𝑖

        (2-4)

  

where ri is the zero-offset reflection coefficient at the ith interface of a series of N 

layers, and Zi is the impedance at the same ith layer.  

Based on the 1-D convolutional model on which inversion theory is developed, the 

wavelet is convolved with the reflectivity to produce the seismic trace: 

𝑆 = 𝑊 ∗ 𝑟          (2-5) 

Expressed as a time series:  

 𝑆𝑖 = � �𝑟𝑗𝑊𝑖−𝑗+1 + 𝑛𝑖�
𝑁

𝑗
       (2-6) 
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where W is the wavelet, n is noise added to the data trace, and S is the seismic data 

trace. 

If we make the great assumption that r in equation (2-4) is equivalent to the seismic 

signal, then we can solve for impedance using this recursive equation: 

𝑍𝑖+1 =   𝑍𝑖  [
1+𝑟𝑖
1− 𝑟𝑖

]         (Lindseth, 1979)  (2-7) 

 This form of recursive inversion is easily available on most interpretation software 

for workstations. It does not require any a priori information from the wells or other 

sources.  It is also inaccurate since the seismic trace is correctly represented in the 

convolutional models in equations (2-5) and (2-6) and not the reflectivity series in 

(2-4). 

Furthermore, the wavelet is band limited and its effect after convolution is to remove 

the  low frequency component of the reflectivity volume. Another look at the model 

in figure 2.1 reveals that the number of layers in the earth model is also significant 

as a model parameter. If the number of layers is less than the number of seismic data 

samples, this constitutes an over determined inverse problem and reduces the non- 

uniqueness of the inversion solution (Zhou, 2014). Thus the sparse reflectivity 

assumption is used in some types of inversion (sparse ‘spike’) to reduce the degrees 

of freedom of the model.  

  In model-based inversion, the well logs are used to recover the low 

frequencies lost due to the wavelet. The method works by looking for differences 
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between the seismic trace and the synthetic formed by the model, and gradually 

improving the model towards a real solution.  

  The method works by minimizing: 

𝐹 = 𝑤𝑒𝑖𝑔ℎ𝑡1 ∗ (𝑠 −𝑊 ∗ 𝑟) + 𝑤𝑒𝑖𝑔ℎ𝑡2 ∗ (𝑀 −𝑊 ∗ 𝑟)    (2-8) 

 

where s = seismic trace; W = wavelet; r = final reflectivity; M = initial impedance 

model from well; F = error function between seismic trace and final predicted trace.   

    

 

The first part of (2-8) is minimized to get a solution that models the seismic trace, 

while minimizing the second part produces a solution that models the initial 

impedance model using the specified block size. The values of the weights balance 

the conditions of the equation.  
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2.2.1 Constrained Model-based Inversion 

  In the current chapter, a constrained model-based inversion of the 

Blackfoot P-P data was done using the software package STRATA from Hampson-

Russell Software Ltd.  

The flowchart below shows the overall process: 

 

 

Figure 2.2: Flowchart used in this study for constrained model-based inversion 
(from Todorov, 1999). 
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The inversion algorithms require information about the seismic wavelet to find a 

solution. In the frequency domain, the wavelet extraction problem consists of two 

parts: 

• determine the amplitude spectrum 

• determine the phase spectrum 

Determining the phase spectrum is the more difficult of the two parts and presents a 

major source of error in inversion. The extraction methods fall into two categories: 

1) Statistical: The method estimates the wavelet from the seismic data alone.  

2)  Using well logs: The method combines the well log and seismic information. In 

theory, the method could provide exact phase information at the well locations. 

However, the method depends critically on the depth-to-time conversion and 

mis-ties degrade the result significantly. For this inversion, wells 01-08, 08-08 

and 09-08 were correlated and a single wavelet extracted. Wells 14-09 (dry hole) 

and 12-16 (shale plugged, dry hole) were left out to test the inversion result.  

The statistical wavelet extraction procedure was used to extract the wavelet with the 

following parameters for well 09-08: 

• phase = 0 

• start time = 800 ms 

• end time = 1200 ms 

• inline = 102 

• xline = 119 to 125 

• wavelet length = 200 ms 
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Once the wavelet is extracted, well log correlation is performed. For each 

well, the process involves a synthetic trace generation and its comparison to the real 

data trace. Stretching and squeezing operations are applied to align the known 

events. Figure 2.3 shows the correlated 09-08 well. 

 

 

Figure 2.3: Well 09-08 correlation with wavelet extracted from wells. Overall, 
the well correlation is good. On closer inspection, the computed impedance peak 
in the porous sandstone zone is not represented in the synthetic or the seismic 
traces displayed.   

 

 

The next step in the inversion process is to build an initial guess model 

by 3-D interpolation of the impedance logs (computed as the product of the sonic 

and density logs). Picked seismic horizons are used to introduce structural 

information in the interpolation. 
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The Constrained blocky inversion’ procedure is applied to the seismic data 

with the following parameters: 

• Hard constraint: maximum impedance change (deviation) from the model: 50% 

• number of iterations: 10 

• separate scaler for each trace 

 

Figure 2.4 is a cross-section of the inversion result. 

 

 

Figure 2.4: Cross-section of the model-based inversion result. Markers for the 
Viking and Blairmore-Mannville events are mapped and displayed. Target sand 
channel is visible as a relatively high impedance anomaly at about 975ms 
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2.3 Spectral Inversion 

 

2.3.1 Theory 

 

The long-held model of seismic resolution given by Widess, (1973) has led to the 

general conclusion that the limit of resolution is λ/8 and in the presence of noise,  

λ/4. However, this model makes several assumptions (Puryear and Castagna, 2008):  

• that the half-spaces above and below the layer of interest have the same acoustic 

impedance  

• the acoustic impedance of the thin layer is constant. 

• The reflection coefficient pairs are perfectly odd 

 

Constructive interference, and thus amplitude, do tend to peak at λ/4 as 

shown in figure 2.5. However, below this thickness, the peak frequency may change 

even as amplitude decreases and the “thin” interval spanned by a reflection 

coefficient (RC) pair can really be described as a summation of an odd and even RC 

pair with equal magnitudes (Chopra et al. 2006). Thus the third assumption of 

Widess (1973) does not hold for all cases in reality.   
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Figure 2.5: Generalized plot of dimensionless relative amplitude vs bed 
thickness. The idea of odd and even RC pairs is significant - (image from 
Puryear and Castagna, 2008). 

 

As shown in figure 2.6, Puryear and Castagna (2008) calculated peak 

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

coefficients. The results show that seismic amplitudes decrease below λ/4 for the 

odd pair, while they may increase for the even pair. In this case, the effect of 

thickness on amplitude varies and resolution depends on whether the contribution  
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Figure 2.6: Peak frequency (a) and dimensionless relative amplitude (b) relations 
for even, odd, and total reflection coefficient pairs (modified from Izarra Dial, 
L.A 2011). 

 

 

(H
z)

 

31 
 



 

 

from the even or odd part is stronger. In most cases, the even component of a RC 

pair constructively interferes as thickness approaches zero, as opposed to the odd 

component which destructively interferes. Thus, with the influence of noise and as 

thickness approaches zero, the even component tends to be more robust (Tirado 

2004). As such, there is significant information that can be derived even below the 

normal tuning limit. Thus if the original seismic spectrum can be broadened, then 

the seismic resolution can be improved (Chopra et al., 2006).  

Spectral inversion is a form of sparse layer inversion that uses the 

constrained least squares spectral analysis method of spectral decomposition as well 

as a priori information from wells to estimate cross-equalization wavelets between 

seismic and well logs. The use of spectral decomposition permits separate wavelets 

to correlate between impedances from wells and high, medium, and low frequency 

bands of seismic data. This allows for spectral broadening and improved resolution 

of previously hidden geologic features on the inverted volume. 
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2.3.2 Method 

 

Using LGeoPack from Lumina Geophysical, LLC, spectral decomposition and 

spectral inversion attributes filtering the data to improve the signal-to-noise ratio. 

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. Then the inversion volume was 

interpreted and compared to the original seismic, the results are discussed in the next 

chapter. 
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CHAPTER 3: RESULTS AND DISCUSSION 

 

3.1 Comparisons of Synthetic Data 

 

Using the Hampson & Russell eLog software, both the original seismic and spectral 

inversion volumes were tied to the sonic logs at each well. The correlations in wells 

08-08 and #09-08 are shown in figures 3.1-3.4. The wavelets were extracted from 

800 – 1200ms and the GR, RHOB, DT, ILD (resistivity) and computed P-

Impedance logs are shown for reference. In both wells, the inversion volume shows 

more reflections that are not visible in the original seismic.  

In well 08-08, (figure 3.1), the highlighted channel sand is characterized as a 

single trough. Also below this sand, a zone or rapidly changing impedance is 

correlated to a single peak in the synthetic and original seismic volume. In contrast, 

the synthetic tie with the inversion volume in figure 3.2 displays the highlighted 

channel sand as a peak to trough sequence, which matches favorably with the 

computed impedance log shown. Below the channel at about 980ms, the zone of 

sharp impedance changes is also tied with greater fidelity to a series of peaks and 

trough. For well 09-08, the synthetic tie to the original seismic in figure 3.3 has a 

correlation coefficient of 0.306 while the tie to the inversion volume in figure 3.4 is 

improved to 0.674. In this well also, peaks in the inversion volume at the BFS and 

MISS formations tops are separated and resolved, while these appear as doublets in 

the original seismic tie. 
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Figure 3.1: Synthetic ties at well 08-08 with original seismic volume. Below the 
channel sand, multiple low impedance zones are represented as a single trough 
on seismic.  

 

 

 

Figure 3.2: Synthetic ties at well 08-08 with spectral inversion volume.  Zones of 
rapidly changing impedance at about 980 ms are better resolved. 
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Figure 3.3: Synthetic ties at well 09-08 with original seismic volume.  

 

 

 

Figure 3.4: Synthetic ties for well 09-08 with spectral inversion volume. The tie 
shows a higher correlation value (0.674) than the correlation to the original 
seismic – (0.306) 
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3.2 Comparisons of Inversion volumes and Seismic data.   

 

 

Figure 3.5: N-S Arbitrary line showing impedance volume from model inversion. 

 

Figure 3.6: N-S Arbitrary line showing impedance volume from spectral 
inversion. 
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  It is clear from observing figures 3.5 and 3.6, that the impedance volume 

produced from spectral inversion (figure 3.6), exhibits a more detailed impedance 

trend than the result from model-based inversion. Especially in the Glauconitic 

channel zone from about 980 to 1050ms on both volumes, the spectrally inverted 

volume shows additional layers that are absent from the model-based volume.  

  The reason for this is shown in figure 3.7, the expanded frequency 

spectrum after spectral inversion means that the dominant frequency is significantly 

increased from about 35Hz in the original data, to almost 90Hz in the spectral 

inversion volume. This increase in bandwidth allows for increased resolution over 

the seismic data and also the model inversion that is based on its impedance 

relationships. To verify this, it is important to see how the volumes match with 

computed impedance from well log data. 
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Figure 3.7: Expanded bandwidth achieved after spectral inversion. High limit of 
frequency spectrum is increased from about 100 Hz in the original seismic data 
to about 200Hz in the spectrally inverted (SI) volume. Dominant frequency in 
original seismic is about 35 Hz; dominant frequency in spectrally inverted 
volume is about 90 Hz. 

 

 

Figures 3.8 and 3.9 compare the spectral inversion reflectivity to the 

seismic and then the spectral inversion-derived impedance to the model-based 

impedance respectively. For an added check, the computed impedance at well 08-08 

is overlain on all volumes. The match with the impedance log is very good in the 

spectral inversion volumes. Mismatches are most obvious in the reflectivity volumes 

as peaks (blue) or troughs (red) oppose trends in the log trends. These are easily seen 

at the lower part of the  volume where impedance changes are greater and more 
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frequent. It appears also that several impedance changes in the conventional seismic 

and model-based inversion, tend to be combined into a single large trough or peak, 

whereas those changes are separated and in the spectral inversion impedance volume. 

This is another clear marker of an improvement in resolution as suggested previously. 

Figures 3-10 and 3-11 also show similar trends near the 09-08 well.    
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Figure 3.8: Well 08-08 - Comparison of reflectivity volumes before and after spectral inversion. Well log 
impedance overlain shows better match with inversion result. Peaks – blue, troughs – red. 

 

Figure 3.9: Well 08-08 - Comparison of impedance volumes after model-based and spectral inversion 
processes. Well impedance (m/s*g/cc) logs show better correlation with spectrally inverted volume. 
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Figure 3.10: Well 09-08 - Comparison of reflectivity volumes, original volume, and the result after spectral 
inversion. 

 

Figure 3.11: Well 09-08 - Comparison of impedance volumes, mapping of porous sand channel also shown. 
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3.3 Depth conversion, channel mapping and thickness estimation. 

 

 

Figure 3.12: Depth-converted impedance volume from model-based inversion. Lower Glauconitic channel 
was interpreted on this volume using well log overlay and then mapped away from the wells. Image is 
flattened on the Viking horizon. 

 

 

Figure 3.13: Depth-converted impedance volume from spectral inversion. Lower Glauconitic channel was 
interpreted on this volume using well log overlay and then mapped away from the wells. Image is flattened 
on the Viking horizon. 
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The impedance volumes from both inversion methods were converted to 

depth, using velocity volumes derived from the seismic well tie correlation – this 

was done using the Map Utility in Hampson and Russell software. As displayed in 

figures 3.12 and 3.13, the Glauconitic Lower porous channel was then mapped in 

depth.  Since the spectral inversion does not use an impedance model and well 

control to weight the operation like the model-based inversion, mapping the channel 

interval is a good test of how both impedance volumes perform away from the wells, 

especially as the wells 14-09 and 12-16 have been left out completely to test the 

results.   
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Figure 3.14: Comparison of thickness estimates from well log interpretation, 
model-based inversion, and spectral inversion. The spectral inversion estimate 
consistently predicts close to the log thickness. In well 14-09, model-based 
inversion channel is not resolved and appears to pinch out – thickness is given 
nominal value of 1m in this chart. 

 

 

Thickness estimation is an often underrated aspect of reservoir 

characterization using seismic data. If the thickness can be predicted confidently 

away from well control, those values can make a huge difference to how exploration 

companies risk their prospects and rank investments. Figure 3.14 gives the results 

from predicting the channel thickness from the depth converted impedance volumes. 

The spectral inversion bars in red show the least error from the log-interpreted 

channel thicknesses. The greatest prediction errors are in well 14-09 where both 

inversion volumes underestimate the channel thickness. A nominal value of 1m is 
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given for the channel thickness in this well based on the model-based inversion since 

the inversion volume actually does not display the channel. This could be interpreted 

as a pinch-out. In the same well, the spectral inversion produces a model of the 

channel thickness that is closer to the well log interpretation.   
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3.4 Lithology Discrimination.  

  In the Blackfoot field, one of the important issues is lithology 

discrimination in the Glauconitic channel region due to the similar impedances of 

sands and shales and the presence of “thin” beds. Based on the inversion operations 

undertaken in this study to improve resolution and thus the interpretation, two 

approaches are presented to solve the problem. 

  The first is displayed in figure 3.15. The seismic impedance is captured 

at the top of the Glauconitic channel porous unit as mapped in the depth converted 

model-based impedance volume (A) and the spectrally inverted volume (B). The 

results are not conclusive.  In figure 3.15A, oil wells 01-08 and 08-08 show low 

impedance values indicative of channel sands. However , another oil well, 09-08, is 

in a region of higher impedance, even higher than the region around well 12-16 

which is known to be shale plugged. Well 14-09 also exhibits low impedance similar 

to 01-08 and 08-08.  

In figure 3.15B, all three oil wells plot in low impedance regions 

(indicating channel sand), impedance at well 14-09 is relatively higher, and well 12-

16 seem to straddle a boundary between high and low impedance regions. This 

figure appears more favorable as it is in agreement with the known lithology at the 

wells and predicts that 14-09 may have high shale content similar to well 12-16.  

  Given that several sandy and shale units are interspersed in the 

Glauconitic Formation; and the channel sands may show similar impedance to 

carbonaceous muds that appear randomly in the formation (as observed in core, see 
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Mawdsley et al., 1996), it seems reasonable that the idea of average impedance in 

the channel interval would give the best chance of discriminating between relatively 

lower impedance sands and higher impedance shales. If there is actually an 

abundance of one lithology at a particular location, one would expect those 

properties to make the difference and dominate the average value. This second 

approach is shown in figure 3.16. Using Hampson & Russell Strata software, a map-

math operation was applied to find the mean impedance in the Lower Glauconitic 

channel interval as mapped in the model-based impedance volume (A) and the 

spectral inversion result (B). 

In figure 3.16A, oil wells 01-08 and 08-08 show low impedance values 

indicative of channel sands. However, another oil well, 09-08 is in a region of higher 

impedance equivalent to the region around well 12-16 which is known to be shale 

plugged. Well 14-09 also exhibits low impedance, similar to 01-08 and 08-08. 

In figure 3.16B, wells 12-16 and 14-09 plot in the regions of highest 

impedance. Oil wells 01-08 and 08-08 plot in low impedance regions (indicating 

channel sand), while well 09-08 is now straddling the boundary between high and 

lower impedance regions. Again the figure based on interpretation of the spectral 

inversion result appears more favorable as it is in agreement with the known 

lithology at the wells and predicts that both 12-16 and 14-09 have high shale 

content. Furthermore, the impedance values observed at the wells reveal a trend of 

low to high impedance from south to north and actual channel morphology can be 

revealed (as mapped in white).  
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Figure 3.15: Impedance maps at top of Lower Glauconitic porous channel unit 
mapped using A, model-based inversion (top), and B, spectral inversion 
(bottom). 

 

(A) 

(B) 
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Figure 3.16: Average impedance through Lower Glauconitic porous channel 
interval from A, model-based inversion (top) and B, spectral inversion (bottom). 
Approximate channel trend (in white) is more obvious in spectral inversion 
result. 

 

(A) 

(B) 
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CHAPTER 4: CONCLUSIONS 

 

4.1 Summary 

 

Well log interpretation in the Blackfoot field was done to properly map 

and correlate Cretaceous formations in south-central Alberta, specifically a 

productive incised valley channel system. Constrained model-based inversion and 

spectral inversion were applied to a 3C-3D dataset in the Blackfoot field. The 

inversion volume achieved better resolution than the original data and the model-

based inversion result, increasing the frequency content, with the dominant 

frequency improving from 35 Hz to 90 Hz.  

Well ties to the spectral inversion reflectivity volume showed superior 

correlation to well ties to the conventional seismic data. Also, impedance volumes 

produced after spectral inversion showed better match with well log impedance than 

the conventional seismic and the model-based impedance volume. Given that the 

spectral inversion result showed the most accurate impedance relationships across 

the field, this volume was also used to estimate thickness of the Lower Glauconitic 

channel porous unit, which was below the previously held resolution limit (<23m) 

for the seismic data volume.  

  Maps of average impedance through the prospective channel interval, as 

interpreted from the spectral inversion result also allowed for optimal lithology 

discrimination, revealing morphology of the channel and at least one dry hole in the 
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field (well 14-09). Both the model-based inversion and the spectral inversion results 

accurately predicted the higher impedance at the shale-filled channel well (12-16). 

Applying spectral inversion in the Blackfoot field greatly improves the 

interpretation of the geology in the area. The improved resolution of the resulting 

volume was very useful in capturing the true impedance relationships in the field, 

thus improving the stratigraphic interpretation.. There is no doubt that it can be used 

to define potential new targets for exploration, and perhaps pinpoint previously 

overlooked prospects. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
52 

 



 

4.2 Further work 

 

  The use of spectral inversion methods in this geographic area is relatively 

new, and there are some other geological issues in the area that such inversion 

volumes may resolve. One is the occurrence of small scale normal faults in the 

Blackfoot field. From well log interpretation, it is difficult to conclude whether 

small missing sections are indeed normal faults, a result of differential subsidence, 

or changes in deposition styles, or more complex strike-slip faults (Chatellier et al. 

2002). Sayers (2013) has shown that spectral inversion results can be useful for 

small scale fault interpretation.  

   Phase relationships in the seismic data should be considered for the 

original seismic data and in the inversion results. Extraction of wavelets at well 

locations during synthetic correlation often reveals the difference in phase from one 

location to another. Such analysis will reveal whether a phase rotation is necessary 

to improve the interpretation.  
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