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CHAPTER 1 

INTRODUCTION 

1.1 Introduction to Reflection Seismology 

On December 1, 1919, German scientist Dr. Ludger Mintrop applied for a patent 

entifled "Method to Investigate Geological Stmctures" and thus the first reflective 

seismic exploration technique was documented. Just a few years before, Mintrop had 

begun his studies as a Ph.D. student in Gottingen, writing a thesis discussing the 

propagation of ground motions produced by a gas turbine, which was installed in an 

electtic power station. He fiirther refined his technique while working for the German 

army during World War 1. In order to estimate the enemy's position, Mintrop would 

place three accelerometers in the battlefield and record the arrival times of the acoustic 

waves generated by the Allied artillery, often with an unfortunate success. After the war, 

Mintrop formed Seismos, a company to investigate geological stmctures with seismic 

methods. Shortly after Mintrop started the company, the Gulf Production Company hired 

a Seismos crew and brought them to the Gulf Coast of Texas. On November 19, 1924, a 

salt dome, predicted by Otto Geubenhainer, was discovered through drilling in Orchard, 

Texas. This was the first big and successfiil oil producing well using Mintrop's 

techniques [Dyke 1997]. 

Generally speaking, the concept of reflection seismic surveying is simple. When 

an acoustic wave encounters a change in the impedance of the medium, a reflection is 

generated. Using this principle, if an acoustic wave were generated at one point on the 

surface of the Earth and receivers were located at other points on the surface, the 

receivers would record the initial acoustic wave, as well as any reflected portion of the 

wave due to the impedance changes in the strata of the Earth. Once the arrival times of 

these reflections are corrected for source receiver separation, the differences in arrival 

times are descriptive of the shape of the strata that caused the reflection. After further 

processing, the seismic analysts make interpretations and then decide if the shape of the 
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strata is suitable for containing a pocket of hydrocarbons. Figure 1.1 shows a seismic 

section displayed in a color amplitude format where positive oscillations are black, 

negative oscillations are red, the trace number location is the position of an accelerometer 

array and the time is a two-way travel time. Note the raised portion at trace number 72 

and 750 ms. 
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Figure 1.1 Seismic Section 

However, one can immediately identify a potential problem regarding this 

exploration method. In order for a series of reflections to be prominent and therefore 

visually interpretable, there must exist a significant change in impedance between the two 

mediums. The coefficient of reflection for normal incidence waves is dependent only on 

the change of impedance of the mediums and is directly proportional to the magnitude of 

the reflection. Without a sufficient change in impedance, the strata are invisible. As a 

result, many hydrocarbon-producing reservoirs are found accidentally, or never found at 

all. 

It is important to note that the vast majority of reflection seismic surveying use 

only longitudinal waves, called p-waves, since this type of acoustic wave is the most 

easily generated. Explosions, vertical axis vibrating tmcks and large weights striking the 

earth all generate p-waves with sufficient amounts of energy for seismic surveying. On 



the other hand, transverse waves, or s-waves, are much more difficult to create but are 

much more sensitive to slight changes in impedance. A sandstone formation imbedded 

between two shale formations is ordinarily too small of an impedance change to shed a 

significant reflection from a p-wave, but an s-wave seismic survey would make this 

formation visually interpretable. In order to generate an s-wave, a horizontal axis 

vibrating truck is used. This machine lowers a massive steel plate to the ground, picks 

itself up, and then shakes itself with hydraulic actuators in the horizontal plane, 

transferring the energy into the earth. The major drawback to this type of seismic 

surveying is the cost. The cost for s-wave seismic surveying is significanfly greater than 

for p-wave seismic, therefore, s-wave seismic is seldom used. 

Due to the fact that many hydrocarbon-producing formations do not generate a 

prominent reflection when using p-wave seismic, geologists have been trying to develop 

new ways of interpreting the data in order to analyze these invisible strata. One of the 

more popular ways to visualize the shape of a non-reflective formation is to look at a 

reflection generated either before or after. Using this concept requires the assumption 

that two different strata will be parallel if sufficiently close. Therefore, if it is known that 

a reflective limestone is deposited on top of a non-reflective sandstone, then geologists 

will interpret the limestone. The difficulties with this method are the errors inherent with 

this weak parallel strata assumption and the interpreter does not always have the 

convenience of a marker formation in an area of interest. Another technique for a direct 

analysis of a weakly reflective formation is to use specific processing methods and filters 

to help exaggerate these features. 

The most common exaggeration technique is the deconvolution, or inverse-

filtering process. The primary goal of the deconvolution is to remove the source 

signature from the recorded data and reveal the impulse response of the Earth 

[Mazzucchelli 2001]. This is achieved by creating a filter that minimizes the energy in a 

window by using a least squares fit or similar criterion. This is a very successful 

technique for improving the signal to noise ratio and for enhancing weak spots in the 

data. Visually, ft helps to make the reflections appear more continuous. The problem 

again is that near zero impedance changes do not reflect a large enough portion of the 

source wave, and therefore the magnitude of reflection is often smaller than the 



magnitude of the noise. When the latter is tme, the analyst is forced to work in the 

frequency - time domain. 

1.2 Objective and Validation of Research 

The focus of this research is to show that a wavelet based analysis of reflection 

seismic data is capable of identifying changes in the frequency spectmm that are 

characteristic of water, oil and gas. Previously, geophysicists have relied on the 

windowed Fourier transform (WET) for time-frequency localization. In its discrete form, 

the WET is given by the following: 

T^^{f) = ̂ f{s)^s-nto)e''"''o^ ds 
(1.2.1) 

where the f(s) is the signal to be analyzed, g(s) is the windowing function, m is a dilation 

variable, « is a translation variable, and Tm^„(f) are the Fourier coefficients [Daubechies 

1992]. The WFT provides analysts with a time-frequency localization map, termed a 

spectrogram, and makes a broad spectral analysis (SA) possible. Because of this SA 

capability, it has been shown that the WFT is a suitable technique for muting certain 

portions of the data that dominate a portion of the frequency time (FT) domain 

[Chakraborty, Okaya 1995]. Furthermore, an even more discrete form of the WFT shown 

in Equation 1.2.1 is successfully used for broad-band spectral whitening in seismic 

processing programs in order to enhance the data. One major drawback to the WFT is 

the nature of the window function g(s-nto) and the fact that the user must choose the 

width of the window function. If we let g^, n be equal to g(s - n to) e''"' "^ from Equation 

1.2.1 for a user selected g(s - n to), then the analyzing functions gm, „ for any dilation 

parameter m will have the same window length. Because of this fixed window length, 

undesirable attributes exist. 

Generally, the WFT has poor time-frequency localization for small events making 

it difficuft to distinguish between two separate frequency anomalies that are close 

together in the FT domain [Chakraborty, Okaya 1995]. For example, if a window length 

is too long, then the time resolution will be enhanced but the presence of multiple events 



within one window can clutter the spectrum, making an interpretation difficuft [Castagna, 

Sun 2003]. This results in a need for an optimum window length for a specific range of 

frequencies. 

With the inherent difficulties of a WFT based SA, other analysis techniques have 

been employed in the search for hydrocarbons. One method of seismic analysis is 

amplitude variation with offset analysis (AVO) [Burianyk 2000, Castagna 1993]. In a 

case study conducted for a gas field in Canada, it was concluded that an AVO analysis 

was a useful aid in identifying sand distribution, porosity, and fluid content estimates. 

However, the large volume of data that results from AVO inversion makes this analysis 

very time consuming and costly [Chopra, Pmden 2003]. Furthermore, the success of an 

AVO analysis as a hydrocarbon indicator has been largely limited to gas reserves. 

In a recent publication, an alternative spectral decomposition technique is 

compared to the WFT for the SA of seismic data [Sinha 2002]. The conclusion of this 

work is that this alteraative method avoids the WFT's traditional problem of choosing the 

proper window length by dilating the analyzing function as co is changed, thus, this new 

method has better time-frequency localization capabilities and is a suitable SA method 

for seismic data. This method is known as the Wavelet Transform and its discrete form is 

given by the following equation: 

Tm^if) = flo""^^ J/(/)(^(o„-'" t- nbo)dt 
(1.2.2) 

where f(t) is the signal to be analyzed, m is the dilation variable, n is the translation 

variable, Oo and bo are fixed dilation and translation parameters, and the ^ term is the 

family of analyzing functions, or wavelets [Daubechies 1992]. When Equation 1.2.1 is 

compared to Equation 1.2.2, it is clear that the mathematics behind these two fransforms 

are very similar, with the exception of the complex term from the Fourier Transform. 

Both transforms involve the inner product of the signal with some analyzing function, but 

the key difference is in the analyzing functions themselves. As we will see later, the (pm, „ 

in 1.2.2 have unique properties and must satisfy additional criteria not necessary for the 

gm, n from 1.2.1. It is because of these differences associated with the v?„,, „ that makes the 

discrete wavelet transform (DWT) an excellent tool for SA analysis of non-stationary 

signals such as seismic data [Castagna, Sun 2003, Moser 2003, Sinha 2002]. 



With the aid of the DWT, the geophysicist can now conduct a more robust SA. 

Since the DWT is well suited for identifying short lived phenomena, frequency bursts as 

well as the attenuation of frequencies can be isolated. It has been well documented that a 

drastic change in acoustical impedance, such as a decrease in density, resufts in a shift in 

the frequency spectmm. In a particular case, it has been shown that the attenuation is 

related to a change in the viscous and frictional terms in the classic 1-D wave equation. 

When the acoustic wave passes through a liquid, the friction term increases since energy 

is wasted displacing and deforming the medium. Furthermore, additional energy is lost 

as the viscosity of the medium increases [Goloshubin 2000]. The hydrocarbon reservoir 

that is most easily identifiable by these attenuations is the gas reservoir. Due to the 

dramatic difference between the density of a solid and that of a gas, as well as the 

differences in viscosities, DWT based SA has proved to be a good indicator for gas 

producing formations [Castagna, Sun 2003]. The DWT based SA method also works for 

identifying liquids, but the spectral shift is less than for a gas reservoir. However, the 

liquid saturated reservoirs do offer an advantage over a gas reservoir. Due to the 

frictional affects of the liquid, the frequency anomalies will be closer to the mean 

frequency of the signal, but the strength of the DWT coefficients will be much stronger 

than the coefficients associated with a gas saturated reservoir [Goloshubin 2001]. 

As two different anomalies that co-exist in time approach each other in the 

frequency component of the frequency-time domain, it becomes more difficult to 

distinguish between the two. Due to this fact, it can prove very difficult to distinguish 

between water and oil saturated reservoirs. Since, the DWT offers the user the ability to 

change the analyzing function, the translation variable and the dilation variable, the DWT 

can be fiarther tuned to maximize its frequency extraction capabilities. It is this very issue 

that the author wishes to address in this research; more specifically to investigate the 

effectiveness of different wavelets and their ability to identify high frequency 

attenuations and low frequency anomalies, as well as the effectiveness of the algorithms 

themselves. 



CHAPTER 2 

THEORY 

2.1 The Wavelet Transform 

In this section, a very basic introduction to the wavelet transform is given for the 

purposes of familiarization. For a more complete account, please see Daubechies 1992, 

Newland 1993, or Strang 1996. 

The continuous wavelet transform, given by Equation 2.1.1, is essentially the 

projection of the signal f(t) onto the function space ifm.« (t) by means of an inner product. 

{T'^^f){a,b)^ ff(f)J — ]dt 
J \ a ) (2.1.1) 

For the continuous equation, a and b are the dilation and translation variables. The 

discrete form of Equation 2.1.1, stated previously as Equation 1.2.2, is obtained by 

defining a and b as the following: 

a^ao"" (2.1.2) 

and 

b^nboOo'" (2.1.3) 

where a and b must be restricted to discrete values, with m and n ranging over Z, and 

where Oo > 1, Z)o > 0 are fixed [Daubechies 1992]. ft must be noted that Equation 2.1.2 

and Equation 2.1.3 are not the only choices the user has for obtaining a discrete from of 

Equation 2.1.1. The discrete form given by Equation 1.2.2 is a fast version of the DWT, 

similar to the FFT algorithm. Simply stated, the discrete wavelet coefficients can be 

calculated using the following equation, assuming if is real: 

Tm,nif)= </> <̂m,« > (2.1.5) 

Where <f,ipm.n> denotes the inner product between the two functions/and </? ,„, „. 
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It is the family of wavelets that makes the wavelet transform so powerful. In 

contrast to the WFT, the wavelets possess a symmetric decay in amplitude, such as e'''', 

which allows a much better approximation to the signal. Figure 2.1 shows the Battle-

Lemarie cubic spline wavelet, where the bilateral exponential decay is indicated by the 

dashed lines. 

- 1 0 1 2 

Figure 2.1 Wavelet 

The choice of the wavelet i^used in Equations 2.1.1 and 1.2.2 is essentially only 

restricted by the following two equations. The first requirement is that i^satisfies 2.1.6, 

k^t)dt = 0 (2.1.6) 

and the second requirement is that the constant C^ be finite, where C^ is defined in the 

Fourier space to be the following: 

(2.1.7) 

where 

^ ( ^ 
1 Too . , , 

= e~"^(pif)dt 
^f2n -'-~ (2.1.8) 

is the Fourier transform ofip(t) [Daubechies 1992]. Typically, ip is chosen so that it has 

good resolution in both the time and frequency domain. 

Once a wavelet has been chosen, the user must decide how to pick the translation 

and dilation parameters. It is important to understand that the inner product between two 

functions is a mathematical way to represent how well these functions match. A good 

inner product exercise is to take the inner product between two sine waves of matching 



frequency, who are aligned in phase, and then observe the results as the phase is varied. 

With the functions aligned in phase, the resulting value is the maximum value that can be 

obtained from an iimer product between these two functions. Now if the inner product is 

repeatedly calculated as the phase difference approaches 90 degrees, it can be observed 

that the inner product value will approach zero. This is very important since it shows that 

two waveforms of the exact same frequency can result in a DWT coefficient that equals 

to zero. Once the functions are 180 degrees out of phase the coefficient is exacfly the 

negative of the maximum. If this experiment is continued, ft would be found that at 270 

degrees of phase difference the DWT coefficient would again be zero. With these 

properties of the inner product understood, each rl^ translation of the wavelet for a 

resolution level m should never translate the wavelet exactly one fiill period. 

To avoid the repeated orthogonality conditions between the two fimctions, the 

simplest algorithm is to shift the wavelet only one point at a time for each integer value 

ofn. Despite being very redundant, this translation choice is surprisingly fast, offers 

excellent time resolution and is suitable for analyzing individual vibrations. However, 

when working with a large data volume such as 3 D seismic data, this choice for 

translation is not ideal. 

Remembering the inner product experiment, a logical translation choice would be 

to shift the wavelet approximately 270 degrees, or V^ of its period for an integer n for the 

resolution m. This unique choice allows each successive wavelet to overlap by % of its 

period and to be orthogonal. This property ensures that the </?„,«will sufficiently cover 

the data and that if ^„,, „ is orthogonal to the data, ^m, „+i will not be orthogonal. This 

shows that the ,̂„, „ can capture events from the same portion of the data and their 

coefficients will still be unique, meaning that they cannot capture the exact same event. 

Note that if the wavelet is shifted by only 90 degress, (pm, „ and </?«, «+i will be orthogonal 

but v̂m, n and v'm, n+2 will not be orthogonal. Figure 2.2 shows two Battie-Lemarie cubic 

spline wavelets with a phase difference of 270 degrees, which are orthonormal. 
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Figure 2.2 Wavelets, ip^, n and ^m, n+i 

Mathematically speaking, any family of the (/?,„, „ are an orthonormal basis in the L^(R) 

function space if they satisfy the following equation: 

< ^m,rf> 'fim,k > = Sn,k (2 1 9) 

where ^i, k is the Kronecker delta [Weisstein 1999]. To further illustrate the uniqueness 

of the coefficients, consider the fact that the vector x i + yj can be represented by any 

two vectors (or more, see Chapter 3 discussing Frames in Daubechies 1992) in the R^ 

space, orthogonal or not. However, unless 2.1.9 is satisfied, there will exist a redundancy 

in the coefficients, i.e. the coefficients for the non orthogonal vector basis are not the 

most efficient way to represent the vector. With respect to a signal analysis, if a feature 

contained in/ is captured by the two neighboring coefficients given by <f, <p,„_ „ > and </, 

^m, n+i > where 2.1.9 is not satisfied, then it will be difficult to say in which portion off 

the feature is actually located. 

Once the wavelet and translation parameter has been chosen, the dilation 

parameter can be chosen. For computational purposes, the most common choice is 2.1.2. 

As previously mentioned, the resulting algorithm is the fast form of the DWT. At first, 

the reader may be concerned with the apparent decrease in frequency resolution 

associated with the a/ ' parameter. Using this fast algorithm, the time resolution increases 

and the frequency resolution decreases as m increases. It is easy to understand the 

concept of poor time resolution for low frequencies. Simply put, low frequency event 

duration is longer than high frequency even duration. This resufts in a narrower 

uncertainty window in time for higher frequencies. However, the poor frequency 

resolution for high frequencies is an artifact of the sampling rate, and is actually 
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independent of the dilation parameter. The ao"" parameter takes advantage of this artifact 

by taking larger steps in the frequency direction in order to speed up the algorithm. 

To fijrther explain this concept, define the sampling density of a waveform as the 

number of data points for one period of oscillation. As the period length decreases, the 

sampling density decreases. This means that fewer data points exist to represent one 

period of the signal and it becomes increasingly difficuft to distinguish between two 

neighboring frequencies in the frequency domain. The upper limit pertaining to the 

ability to identify frequency content of discrete data is known as the Nyquist frequency 

and is equal to half of the sampling frequency. Experimentation, which will be presented 

later, has shown that for a dilation parameter such as m*ao, the frequency resolution still 

decreases for increasing m, resulting in the same tradeoff between time and frequency. 

The algorithms used in this research are variants of those discussed herein. The first 

algorithm used is the fast discrete wavelet transform (FWT) which is included in the 

Wavelet Explorer® package for Mathematica®. The second algorithm used was written 

by the author and uses orthonormal translations of 270 degrees and linear dilations with 

the ability to set bounds and increment multipliers for the dilation variable. This 

algorithm was written and implemented in a Mathematica" notebook. 

2.2 Seismic Theory 

In order to properly investigate the physical phenomena of this research, the 

general problem itself needs to be addressed. Acoustic wave motion is closely related to 

the phenomenon of oscillation, such as the pendulum or spring mass damper systems. 

System vibrations, mechanical waves such as sound waves, traveling waves on taut 

strings and water waves are all the combined harmonic resuft of some disturbance, but 

the actual disturbance need not be hannonic. A unit step input and a harmonic input will 

result in very similar wave motion where the medium oscillates harmonically. 

Furthermore, the partial differential equations goveming these types of mechanical waves 

have the same form with the exception of the constant, as well as similar solutions, again 

showing the similarities. 
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However, it is interesting to note that the concept of a wave is abstract. When we 

observe a wave, all we see is the disturbance of the medium of which the wave is passing 

tlirough, not the wave itself. Actually, without the medium, the wave does not even exist. 

The mechanical waves mentioned previously require three things; a source or 

disturbance, a medium to pass through, and some physical connection through which 

adjacent portions of the medium can influence each other [Serway 2000]. 

The mechanical wave that is recorded during a typical seismic survey is an 

infrasonic acoustic wave. As mentioned in Chapter 1, these are largely longitudinal 

waves, but can be transverse waves. These acoustic waves compress and expand the 

medium as they travel through it, therefore the solution to this wave equation will be an 

infinitesimal volume as a function the displacements x,y, and z as well as time and take 

the form of the following: 

V=V(x,y,z,t) (2.2.1) 

For most cases, this problem can be drastically simplified by reducing the wave 

motion to only one dimension. As a result, the volumetric change can be represented as a 

change in length of the infinitesimal volume as a function of x and / and is shown in 

Equation 2.2.2: 

V(x,y,z,t)=A s(x,t) (2.2.2) 

Now we are ready to model the problem. Consider the two small volumes of 

constant cross sectional area A and equilibrium length x shown in Figure 2.3. 

12 



X 

Figure 2.3 Volumes at Equilibrium 

As the acoustic wave front passes through the medium, the leading volume is 

compressed and the trailing volume is expanded, thus the disturbed medium might look 

more like Figure 2.4. 

As 

Figure 2.4 Distorted Volumes 

From this figure, one can determine that the restoring forces acting on each 

volume will actually be a pressure, negative for the expanded volume and positive for the 

collapsed volume. It would be reasonable to assume that these restoring pressures would 

be related to the elastic properties of the medium. Using the definition of the bulk 

modulus of elasticity, the change in pressure is proportional to the change in volume and 

is calculated as follows: 
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AV 
AP=-I3 

'̂ (2.2.3) 

where is the bulk modulus of elasticity, F/ is the initial volume, and V is the change in 

volume [Serway 2000]. With the pressures identified and replacing F with A s and F; 

with A X, Newton's second law becomes: 

o'^s ( A{-As) AAs\ 
A Ax/? =A\ -^ -j8 

dt^ V AAx AAxJ (2.2.4) 

Dividing Equation 2.2.4 by x, and lefting the limft of / / x equal f / x as x 

approaches zero, Equation 2.2.4 becomes: 

^'s ^( 
ds I __^ 
„ \x + Ax 

Ml dx 

P (2.2.5) 

(2.2.6) 

dt^ Ax 

Now the definition of a derivative given by Equation 2.2.6 is applied: 

df^ _{f{x + Ax) - f{x)) 

dx Ax 

which gives the final form of the 1 D acoustical wave equation: 

= c 
dt^ dx^ (2.2.7) 

where 

c = 
(2.2.8) 

and c is the speed of the wave propagation through the medium. Now that this model has 

been derived, it is apparent that the vibrations recorded from a seismic survey are the 

displacements of the interfaces which separate infinitesimal volumes on the surface of the 

earth, caused by the pressure changes inherent in an acoustic wave. However, there are 

many more forces acting upon each volume than have been considered in this derivation 

and experimentation usually confirms this. 
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Next ft is necessary to discuss the differences between observed seismic behavior 

and that predicted by Equation 2.2.7. The most noticeable difference is the oscillatory 

decay in time. This decay is due to several factors, but the biggest confributor is 

spherical divergence. Even if there are no frictional components acting on the wave, a 

three dimensional wave will appear to decay when measured along a 1 D path due to the 

distribution of energy that takes place in order to maintain a spherical wave front. The 

intensity for an acoustic spherical wave at a distance /- from the source can be calculated 

from the following equation: 

P 
-f̂ avg 

47rr2 (2.2.9) 

where Pavg is the average power emitted from the source [Serway 2000]. From this 

equation, it is apparent that the spherical divergence of the wave is proportional to 1 /r^, 

and thus the decay due to spherical divergence can be easily corrected. 

The remaining factors that dampen the oscillations are lumped into frictional-

viscous terms, similar to traditional damping terms. The easiest term to discuss is the 

frictional term. This term can be easily added to Equation 2.2.4 by realizing it is nothing 

more than a linear damping term and that here the damping force should be proportional 

to the rate of change of the volume with respect to time. Therefore, the following should 

be added to Equation 2.2.4: 

A V AAs ds 
d =d = dA 

At M dv (2.2.10) 

where d is the traditional damping coefficient and A is again the cross sectional area of 

the volume. When added, the new form of Equation 2.2.7 becomes 

fis o (P-s ds 

dt^ 5x2 ^ Qt (2.2.11) 

where is no longer the bulk modulus but the frictional attenuation parameter found in 

Goloshubin 2000, which is defined here as 

d 

P (2.2.12) 
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Though the addition of the third term to Equation 2.2.11 seems logical, its 

existence should be validated. The most interesting aspect of Equation 2.2.11 is that a 

physical interpretation of the frictional damping term remains uncertain, but recent 

experimentation has shown that it does exist. To continue this further, let the attenuation 

parameter Q be defined as the following: 

k 

2« (2.2.13) 

where is the attenuation coefficient and k is the wave number [Goloshubin 2000]. With 

Q defined, consider the following form of the 1 D wave equation along with its proposed 

solution. 

d^u j^d^u du (P- du 
= V + B —\-y — 

5/2 5x2 ^ Qt Qx2 dt (2.2.14) 

/ ,\ i kx-a X -t ojt 
u{x, t)= e e (2.2.15) 

where is again the frictional attenuation parameter that represents the linear viscous 

term, y is the viscous attenuation parameter, and is the angular frequency. From this 

equation, if were to vanish, then Q would be inversely proportional to . However, the 

conclusion drawn from Goloshubin 2000 states the opposite. Goloshubin was able to 

show mathematically and experimentally that if was in fact non-zero, then Q would be 

proportional to the square-root of . Furthermore, Goloshubin stated that based on the 

stmcture of Equation 2.2.14, the frictional term would actually dominate at low 

frequencies, where as the viscous term would dominate at higher frequencies. It is these 

two additional terms that are responsible for the presence of frequency anomalies and 

attenuations in reflection seismic data. 

2.3 Seismic Data Acquisition and Processing 

The purpose of this section is to provide the reader with a very brief introduction 

to the seismic acquisition and processing steps. While the majority of the material 

dealing with this section is well beyond the scope of this thesis, this research has shown 
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that acquisition and processing methods are very critical components to a successful 

spectral analysis. 

The acquisition of seismic data is a very time consuming and sensitive process. 

The process begins by deciding on a surveying layout. While the majority of 3 D seismic 

work involves and equal x-y spacing, the data used in this research has a finer resolution 

in one surface dimension than the other due to recording limitations, leaving the 

engineers with some decisions to make prior to the survey. A good example would be a 

seismic survey covering two wells that were believed to be on the same stmcture. In this 

case, the higher resolution dimension would be placed on the line connecting these two 

wells. 

Once the layout has been chosen, paths are cleared to make way for the recording 

devices. Long cables with 10 Hz accelerometers (geophones) wired in are rolled out 

these paths with the geophones aligned on specific locations. For each location, an actual 

array of about ten geophones, usually ten feet apart, are centered about the location and 

their signals are combined so the recording device only sees one vibration for each 

geophone array. This combination of geophones helps to increase the signal to noise 

ratio for the specific point. Therefore, if a recorder is capable of recording 54 charmels or 

signals at once, there would actually be 540 active individual geophones. From this point 

forward the term geophone will refer to an array of geophones unless otherwise stated. 

The equipment used to record the majority of the data in this research was a 

Seistronix DS6 recorder, where this particular recorder is capable of recording up to 54 

channels, or 54 geophone arrays at one time. Again, the majority of this data was a quasi 

3 D survey where 17 geophones were used per seismic line and three lines were recorded 

at a time resulting in full usage of the 54 channel capability. Once the geophones are in 

place, a disturbance is created at different points along the layout and the impulse 

response is recorded. One file is recorded for every disturbance, resulting in one data file 

which contains the signals for every active geophone. If a disturbance is introduced at 

100 different locations, then there are 100 separate data files. The following figure is an 

example of a 3 D layout which shows the actual location of the recorded data with respect 

to different geophone locations for one source location. For the following figure, a red 
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circle is a geophone, the green diamond is the source location, and a blue square is the 

resulting location of the data. 

o o o o o o 
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Figure 2.5 Seismic Survey Layout 

Note that for multiple sources, this layout results in a redundancy in the data, 

known as the fold, which again increases the signal to noise ratio. A location on the edge 

of the layout will have only one vibration associated with it, i.e. the fold is one, but a 

location near the center of the layout might have been disturbed 30 times, resulting in a 

fold of 30, due to several different combinations of sources and geophones. It can be 

observed from the previous figure that these three lines of geophones will create five 

lines of data once a source has been used on each of the three original lines. Simply 

stated, n lines of geophones will result in 2« - / lines of actual data. Figure 2.6 shows a 

fold map for a biased 3 D layout where the x and^- axes are the surface dimensions and 

the legend gives four times the value of the actual fold. The magenta center is the area of 

the greatest fold and the blue fringes are the areas of the least fold. 
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Figure 2.6 Fold Map, Biased 3D 

Although the geophones used in seismic surveying are simple accelerometers, 

they are extremely sensitive. While the initial disturbance can be physically feft, the 

echoes cannot. The sensitivity required to record these reflections results in some very 

unique noise sources such as walking people or livestock, vehicles operating in the area, 

and even trees blowing in the wind. Furthermore, 60 Hz vibrations are always introduced 

when power lines are nearby, but they are easily removed via FFT. 

Once the data has been recorded, it is processed. One of the first steps in data 

processing is to apply some sort of gain recovery to correct for amplitude loss due to 

spherical divergence and frictional effects. It was stated previously that when the data is 

recorded, one data file exists for every source location with a vibration recorded for every 

geophone, and that the interior points have been redundantly disturbed. One of the first 

steps in the processing is to gather all of these redundant points, called common depth 

points (CDP), into CDP gathers. Once this has taken place several other steps are 

repeated in an almost trial and error process to correct any velocity issues and or 

reflection issues due to a changing unknown media. 

As previously mentioned, acquisition and processing apparently have a large 

impact on the success of a spectral analysis. All of the data herein was processed by two 

different companies, and consistently, one version of the processing would yield poor or 

no results in the spectral domain where as the other had a preserved spectral content. 
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While this subject it is beyond the scope of this thesis, it is evident that certain filters and 

spectral enhancement tools commonly used drastically affect the spectral content of the 

data. Both processing techniques use a FFT based spectral enhancement, termed spectral 

whitening, to improve the data on the interval of 10 to 100 Hertz, but different programs 

were used to process the data, which could yield different results. Another possible 

element is the deconvolution algorithms used to inverse filter the data. Since a 

deconvolution is an inverse problem, it is ill-posed and usually will not have a unique 

solution. Due to these inherent problems, a deconvolution often will remove anomalous 

portions of the data. While these algorithms are very similar, again different programs 

(as well as different people) implement the routines and the spectral content of the data 

could be altered. 
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CHAPTER 3 

APPLICATION 

3.1 Research Approach 

For this research, several different approaches were considered in order to 

establish a trend. For simplicity, the first fluid that was analyzed was gas. For gas, the 

physical properties such as density and viscosity are both about two orders of magnitude 

less than oil or water, making it a good candidate for a spectral based analysis. Based on 

the available data, six gas producing wells were singled out from four different data sets. 

More specifically, the Gragg and Whitaker each contain one predominantly gas 

producing well, the Thompson contains two gas drive oil wells, the Carpenter contains 

one water drive oil well that produces some gas, and finally the Whitaker contains a 

second well 400 ft from the previously mentioned gas well that was declared a dry hole 

and abandoned. 

The first data that was analyzed was the Thompson data. This data set contains 

nine lines of data with 35 traces per line, where each line is parallel and 220 feet apart, 

and each trace is 110 feet apart and extends 2000 ms of two way travel time into the 

Earth. Further detail is given regarding the two wells in the following section, but 

essentially, the Ward-Thompson number one well located on fine one, trace 16 will most 

likely accumulate more reserves than the Thompson number one well located on line 

seven, trace 14. The following is a topographic map that illustrates the locations of these 

two wells relative to the subsurface topography. This topography is of a reflective layer 

that is deposited above the reservoir of interest. For the following figures, the red 

coloring indicates a lower two way travel time than the blue, indicating that the red areas 

have a higher elevation. The two-way travel time is in milliseconds and each contour 

represents one millisecond of two-way travel time, with the muftiples of five represented 

by a bold contour line. The x axis is the trace number and the y axis is the line number. 
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Figure 3.1 Thompson Caddo 

The first step in this analysis was to look at the spectral decomposition of a single 

trace. For this case, the 14'̂  trace on line one, given by the following figure, was 

selected. 

t^H^/>^lyf^'y'^^^{^'^^v|;/^•-^ 
Figure 3.2 Thompson Trace 14 

During this research, several different wavelets were used in the spectral 

decomposition process but the two that were most successful were very different. The 

first wavelet used, identified as Wavelet A, has a much different decay rate than Wavelet 

B. Using Wavelet A with the buih in FWT algorithm, the phase space plot of this trace is 

given by the following, where the x axis is the corrected time values in ms, not the half 

values typical of standard phase space plots and the v axis is the wavelet resolution level. 
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Figure 3.3 Thompson Trace 14 Phase Space 

Looking at the reservoir depth of about 900 ms, a frequency anomaly exists in 

resolution level three. In order to determine the frequency range this level spans, the 

inverse of the FWT needs to be applied to this particular level. The following figure is 

the plot of the inverse FWT of only resolution level three from Figure 3.3. 

silo ^ ^ 91 0 10 

Figure 3.4 Thompson Trace 14 Level 3 

Now that this part of the signal is isolated, the FFT can be used to determine the 

spectmm of this resolution level. The following figure is the spectmm for this signal. 

Figure 3.5 Resolution Level Spectmm 

In order to further investigate the apparent anomaly at resolution level three, 

many other traces from this line were analyzed and compared to those nearest the 
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subsurface stmcture, resulting in a ttend that suggested the frequency anomaly was 

associated with only the stmcture. 

The next step in this analysis involved generating a single resolution level seismic 

section (SRS) for line one. From this point forward, an SRS will have increasing trace 

numbers plotted in the positive x direction and increasing time in ms plotted in the 

negative y direction. The following figure represents an SRS for a resolution level of 

three, where red indicates a sttong wavelet coefficient and blue indicates a zero wavelet 

coefficient. 
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10 15 20 
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Figure 3.6 SRS Line 1 Level 3 

From this figure, the frequency anomaly is approximately 750 feet wide, 150 feet tall and 

is located at the appropriate depth, but is slightly to the side of the center of the 

referenced stmcture. In reality, the width of the stmcture is unknown but the formation is 

approximately 250 feet thick. Once this resolution level was identified as a possible gas 

detector, an SRS of line seven was generated and is shown as the following figure: 
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Figure 3.7 SRS Line 7 Level 3 

While the causes of the anomalies in this figure are unknown, it is evident that the 

reservoir is not the strongest event in this SRS. Furthermore, it carmot be determined at 

what specific frequency these events are occurring, leaving room for improvement in the 

FWT algorithm. 

The first step in developing a new algorithm was to determine the dilation and 

translation parameters. For dilation, the algorithm uses a user defined starting and 

stopping point as well as a linear incrementing component. For most of this research, a 

dilation increment of one was used but in order to explore the frequency domain from a 

frequency of one Hertz to the Nyquist frequency, an increment of 20 was used. In order 

to determine what frequency components were actually being extracted by these wavelets 

at the specified dilations, the FFT was computed for each wavelet with a dilation 

parameter equal to one. For the typical wavelet this results in a mean frequency equal to 

approximately 0.7 Hz. Using the fact that for each integer increment the wavelet 

frequency is increased by the same increment, a resolution level - frequency relationship 

can be derived for any wavelet family, and would be similar to the following equation: 

aj=0.7m (3.1.1) 

where CJ is the frequency and m is the resolution level. 
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The second step was to choose a translation parameter, as well as how to 

implement the inner product. Due to the inherent properties of the 270° translation 

discussed in Section 2.1, this translation was chosen. However, the wavelet as well as the 

data needed to be modified before the inner product between the two could take place. 

One problem with the wavelet transform is the boundary conditions. For the first 

translation, the wavelet typically is not centered about the end of the data resulting in 

weak coefficients near the endpoints regardless of spectral content. In order to avoid this 

issue, the new algorithm automatically pads the data with zeros on each end by an 

amount equal to half the length of the longest wavelet. This ensures that the wavelet 

associated with the first translation of the coarsest resolution is centered over the 

beginning of the data. Once the data is padded, the wavelet is padded with zeros on the 

end of the array to match the padded data length and then the inner product can take 

place. For the second translation, the padded wavelet is rotated so that a specific number 

of zeros that were at the end are now at the beginning and the wavelet is shifted by V^, of 

its period. Due to the linear incrementing resolution variable, this algorithm is called the 

slow wavelet transform (SWT). Despite being slower, the SWT is slightly more accurate 

than the FWT algorithm due to the fact that the FWT algorithm uses only an 

approximation to the inner product. However, it is the fine control over the resolution 

variable that makes the SWT algorithm better suited to analyze low frequencies than the 

FWT algorithm. However, as previously stated, this algorithm does not offer any 

advantage in the higher frequency range. 

Consider the following signal. 

V\A4V//W4^W'^^^'^WV^^^ 
Figure 3.8 Sample Signal 

Figure 3.9 is the phase space plot showing the FWT coefficients using a linear scale for 

the y axis which shows the exponential nature of the dilation parameter. 
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Figure 3.9 Sample Signal FWT Phase Space 

Figure 3.10 is the phase space plot showing the SWT coefficients. 

60 30 
Time Value 

Figure 3.10 Sample Signal SWT Phase Space 

When comparing these two plots, note that the resolution level of 100 from the SWT is 

analogous to the highest frequency in the highest resolution level (level six) from the 

FWT. Furthennore, the range consisting of resolution levels 50 through 100 from the 

SWT correspond to only level six from the FWT. 
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Once this algorithm was completed, the SWT was performed on line one of the 

Thompson data set. The resulting coefficients were then organized into single frequency 

seismic sections (SFS) covering the range of frequencies that was spanned by resolution 

level three from the FWT. Once these SFS plots were generated, it became obvious that 

only the lower end of this spectrum was responsible for the effect present in Figure 3.6. 

Instead of looking at several successive SFS plots, each plot was converted into a two 

dimensional linear interpolating object and then re-sampled so that each SFS contained 

1000 values in the y dimension. This allowed a direct combination of the SFS matrices 

possible, and then a summation was plotted. The following figure is an SFS combination 

plot including the low frequency portion of resolution level three. 

15 20 
T r i c e No. 

Figure 3.11 SFS Combination Line 1 

In order to help minimize some of the random frequency anomalies, a second 

combination approach was tried. After each SFS was re-sampled, the values in the SFS 

matrix were squared before they were combined, in order to separate the stronger 

coefficients from the weaker ones, ft is important to note that for this type of wavelet 

analysis only the absolute value of the wavelet coefficient is important. In Mathematica 

the built in PhaseSpacePlot routine takes the absolute value of the coefficient matrix 
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before plotting it. The following image is a sum-squares (SS) representation of the lower 

frequency range. 

15 20 
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Figure 3.12 SS Line 1 

In the previous figure, there is a frequency at the end of the seismic section that is 

minimizing the effect of the reservoir. To fiirther improve Figure 3.12 two traces were 

removed from the left side and three traces were removed from the right side and the SS 

combination was re-computed and the following image is the resuft: 
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Figure 3.13 SS Line 1 No Oufliers 

This image shows the strongest anomaly at reservoir depth for the appropriate 

trace number. It was at this point when other data was introduced and the spectral 

analysis began, with the primary goal of correlating gas and oil producing wells to 

specific frequency ranges in order to establish a trend. The following sections present the 

results for the specific data sets. 

3.2 Thompson Data Set 

The two wells in the Thompson data set are gas drive oil wells located in the 

Mississippian Limestones which appear around 800 ms deep. However, the reflections 

from these limestones are often difficult to identify due to a shallower, more dominant 

reflector known as the Caddo Limestone. For this situation, the Caddo is interpreted in 

order to find the peak of the Mississippi stmcture. 

The first well that was analyzed was the Ward-Thompson number one well, 

which is found in line one of the Thompson data set. The following image is a decline 

curve for this well which provides the engineer with an approximation technique for the 
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life of the well. Notice that this curve is very similar to the classic single degree of 

freedom over damped decay rate where the curve is similar to e''. 

Piciductlon Month 
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Figure 3.14 Ward Thompson Decline Curve 

This well has averaged 14 barrels of oil per day (BPD) and 47 thousand cubic feet 

of gas per day (MCFD) and should pay out by the end of the year. For a comparison, the 

Thompson number one well is found on line seven of the Thompson data set and its 

decline curve is as follows: 

Production Month 
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Figure 3.15 Thompson Decline Curve 

This well has averaged 15 BPD and 33 MCFD, but from May forward the 

production has begun to fall, suggesting that this well has a smaller volume of reserves 
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than the Ward-Thompson. Though these two wells are both young, they provide a good 

example for an analysis since they are both producing from the same type of reservoir 

and are contained in the same data set. 

The following figure is the Thompson line number one which contains the Ward-

Thompson number one. The peak of the stmctiire for the reflective layer is near trace 

number 16 at 620 ms, while the target reservoir is near 800 ms. 
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Figure 3.16 Thompson Line 1 

The following two figures are the SRS plots for line one, with the first being 

generated with Wavelet A and the second with Wavelet B. 
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Trace No. 

Figure 3.17 SRS Line 1 Wavelet A, Level 3 

T i a c e No. 

Figure 3.18 SRS Line 1 Wavelet B, Level 5 

From these two figures it is clear that Wavelet A has extracted a more dominant 

effect near trace 14 and 900 ms than Wavelet B has. The next two figures show the SS 

combination for the low frequency range from the SWT using Wavelet A and Wavelet B. 
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Figure 3.19 SS Line 1 Wavelet A, Low Frequency 

Figure 3.20 SS Line 1 Wavelet B, Low Frequency 

When the previous images are compared, it is evident that the SWT analysis 

captured the critical features from the FWT, and again Wavelet A yields more content. 

More specifically, when Figure 3.17 is compared to Figure 3.19, the shallow frequency 

anomalies in Figure 3.17 are not present in Figure 3.19, signifying that they most likely 
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represent a different characteristic. With respect to spectral content, the SWT SS plots 

represent about one fifth of the spectmm that the FWT SRS plots represent. From Figure 

3.19 it can be concluded that the anomaly associated with trace 14 and 900 ms is likely to 

be the reservoir due to its height and position. However, the cause for the other 

anomalies is unknown. 

The next figures are for the Thompson number one well on line seven, and the 

exact same approach was taken in this analysis. The following image is the seismic 

section of line seven from the Thompson data set. The Thompson number one reservoir 

is at trace 16 and 900 ms. 

Trace No. 

Figure 3.21 Thompson Line 7 

The next two figures are the FWT results. 
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Figure 3.22 SRS Line 7 Wavelet A, Level 3 

Trace No. 

Figure 3.23 SRS Line 7 Wavelet B, Level 5 

Both of these images seem to represent the same content near the reservoir at 

trace 15 and 900 ms. The following two images are the SWT results. 
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Figure 3.24 SS Line 7 Wavelet A, Low Frequency 

Figure 3.25 SS Line 7 Wavelet B, Low Frequency 

With respect to the reservoir depth, these line seven images are less impressive 

when compared to line one, but maybe rightfully so. The Ward-Thompson number one 

well is a few months older than the Thompson number one well, and the Thompson is 

fading faster, suggesting that it will yield less reserves. Again the SWT using Wavelet A 
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proves to be the best approach for imaging the reservoir. Though Figure 3.24 has an 

impressive anomaly, it is too far from the reservoir depth to be within the uncertainty 

window of the wavelet, and is likely a gas/hydrocarbon shadow instead of the reservoir, 

as mentioned in Castagna, Sun [2003]. 

3.3 Gragg Data Set 

The Karper well in the Gragg data set is the most impressive gas producing well 

that was analyzed. Though initial production began in 1960, the available data begins in 

January of 1970 and from then to the present this well has accumulated about 0.65 

million cubic feet of gas (MMCF). If the data were available, this well would most likely 

have accumulated over 1 MMCF, which if it were discovered today would have 

generated about five million dollars. Shown strictly for comparison to the previous gas 

wells, the following image is the decline curve for the Karper well. 

tb'U^tb i- ^j'K** te ID I- to Ufa ''-tikktek, 
ro K ^ r~ ^. i l i " K K K " ro ro m m m ffi m bo S ro CO o a a cs a a i j a a o o a o g a g 
O i O J C & c s a ' O i a t f f l a . a ) c » a ) c & a i c » « » a a j a ; a a ^ a > c 5 ^ L » ^ u ; a L f t ^ t ^ o r a o o a o 

Production Month 

^HxGAS 

@2004 Diillinglnfii, Inc. 

Figure 3.26 Karper Decline Curve 

The Karper well is completed in the Conglomerate reservoir, which is very 

different than the Caddo Limestone. Instead of drilling the well on the peak of a 

structure, the goal is to drill off-stmcture. Choosing this type of location is usually more 

difficult than just picking the highest point, thus making the interpretation task more 

challenging. The following image is a seismic section of the Gragg number six line. 
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where the Karper well is located at trace 32 and 800 ms. Note that the location is not in a 

saddle, nor is it on a peak. 
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Figure 3.27 Gragg Line 6 

The following two images are the SRS plots for Wavelets A and B, using the 

same resolution levels as before. 
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Figure 3.28 SRS Wavelet A, Level 3 
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Figure 3.29 SRS Wavelet B, Level 5 

Both of these images picked up several anomalies, but only Wavelet B shows a 

dominant effect near the reservoir. Wavelet A does show an anomaly at the reservoir 

position, but it is impossible to conclude that it is depicting the actual reservoir. Both of 

these images show other similar anomalies, one near trace 135 and 800ms and the other 

near trace 130 and 200 ms, both of whose origins are unknown. The next figures are the 

SWT results. 
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Figure 3.30 SS Wavelet A, Low Frequency 
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Figure 3.31 SS Wavelet B, Low Frequency 

With respect to the first plot. Wavelet A does a good job identifying the reservoir. 

At this point the cause of the anomaly on trace 90 is unknown, but it is very possible for 

it to be a gas producing formation. Figure 3.32 is the High Frequency range for Wavelet 
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A and depicts the same hazy area from trace 100 to 150 at 600 ms that Figure 3.30 

depicts, which is likely due to a ringing from the strong reflector at 650 ms. 
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Figure 3.32 SS Wavelet A, High Frequency 

Using Wavelet B, the SWT yields very poor results. For this range of 

frequencies, the gas shadow appears weakly at a single frequency but is minimized using 

the SS combination. Furthermore, the strongest two regions from the low frequency 

SWT analysis are no longer a prominent effect. One of these effects is caused by the gas 

producing Karper well but the cause of the other anomaly is unknown, although its 

absence at higher frequencies suggests that it is not due to ringing, and that these two 

wells could have something in common. 

3.4 Whitaker 

The Whitaker number one is the newest well that was analyzed. This research 

actually began before the well was drilled, but it was not used as a criterion for drilling 

the well. The Whitaker data set is a biased three dimensional data set whose Caddo is 

given by the following topographic time map, where again one contour is one millisecond 

of two way travel time. 
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Figure 3.33 Whitaker Caddo 

The gas producing well is located on line 5, trace 31 and the Moreno dry hole is 

located on line 7, trace 29. This spacing corresponds to only 400 feet of distance between 

these two wells, which made drilling the new well a risky proposition. The Whitaker 

number one is new enough that a decline curve is not available, but the rate of gas 

production looks promising. The following images show the SRS for both wavelets on 

lines five and seven. 
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Figure 3.34 SRS Line 5, Wavelet A, Level 3 

Figure 3.35 SRS Line 7, Wavelet A, Level 3 
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Figure 3.36 SRS Line 5, Wavelet B, Level 5 

i "' I 

Figure 3.37 SRS Line 7, Wavelet B, Level 5 

While both wavelets captured spectral content on both lines, nothing appears to be 

stmcturally related, nor is there much difference between lines. The next images are the 

SS plots for both wavelets for lines two through four and line seven. 
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Figure 3.38 SS Line 2, Wavelet A, Low Frequency 

Figure 3.39 SS Line 3, Wavelet A, Low Frequency 
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Figure 3.40 SS Line 4, Wavelet A, Low Frequency 

Figure 3.41 SS Line 5, Wavelet A, Low Frequency 
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Figure 3.42 SS Line 7, Wavelet A, Low Frequency 

Figure 3.43 SS Line 2, Wavelet B, Low Frequency 
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Figure 3.44 SS Line 3, Wavelet B, Low Frequency 

Figure 3.45 SS Line 4, Wavelet B, Low Frequency 
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Figure 3.46 SS Line 5, Wavelet B, Low Frequency 

Figure 3.47 SS Line 7, Wavelet B, Low Frequency 

While both wavelets seemed to have captured the reservoir. Wavelet A has picked a 

different trace than Wavelet B. The cause for this difference is unknown. However, the 

anomaly definitely seems to be stmcturally related. From line six to the last line, that 

frequency anomaly never shows up again. Though the Whitaker number one was drilled 
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on line five, based on this analysis, the best position might have been 200 feet west on 

line four, trace 31. It is also worth mentioning that this is a large volume to work with 

and for Wavelet B in this low frequency range, each SS plot was moderately clean, 

making the reservoir very prominent. 

3.5 Carpenter Data Set 

The Carpenter number one well from the Carpenter data set is a water drive oil 

well that produces gas, oil and water from the Mississippi Limestone formation. This 

well is just over one year old and has accumulated just over 8000 barrels of oil. The 

following figure is the decline curve of the Carpenter Well. 
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Figure 3.48 Carpenter Decline Curve 

The wells covered in the previous sections of this chapter all bad only one producing 

formation, or their shallower producing formations were already depleted. However, this 

particular well has multiple formations that will produce oil, and they will be produced in 

the fiiture. The current producing formation is likely to have small reserves due to fts low 

value of porosity, but the Caddo formations up the well bore could be stronger. Figure 

3.49 shows the seismic section for the Carpenter line nine data set, where the Carpenter 

number one is located near trace number 74 on the surface. The current producing 
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formation is located between 850 and 900 ms with several other productive formations 

near 750 ms. 
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Figure 3.49 Carpenter Line 9 

The following two images are SRS plots generated using the FWT algorithm and 

Wavelets A and B, respectively. 
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Figure 3.50 SRS Wavelet A, Level 3 
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Figure 3.51 SRS Wavelet B, Level 5 

It is very difficult to draw any conclusions from these figures due to the apparent 

randomness. With respect to Figure 3.50, the streaks that appear at 550 and 750 ms are 

most likely ringing of these dominant reflectors and there is possibly a shadow near 1000 

ms. However, there appears to be a bole in the 750 ms streak that covers the Caddo 

interval. Since this is the same frequency range that was used to identify gas, it is 

possible that an absence of content could indicate a different type of fluid, such as oil or 

water. Figure 3.52 is a reflection strength plot of this data line and can help to identify 

weakly reflecting areas of a formation which can be associated with porosity. 
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Figure 3.52 Carpenter Reflection Strength Section 

When directly compared to Figure 3.52, the frequency anomalies in Figure 3.50 

do not directly correspond to the strongest reflections in Figure 3.52, suggesting that the 

absence of spectral content could be describing a different characteristic, such as a fluid, 

than simply the void space in the rock. The next images are the low frequency SWT 

results computed with both Wavelets A and B. 
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Figure 3.53 SS Wavelet A, Low Frequency 
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Figure 3.54 SS Wavelet B, Low Frequency 

Based on these results, Wavelets A and B are extracting different characteristics 

of the reservoir. In Figure 3.53 Wavelet A is likely imaging the reservoir between traces 

70 and 80 for 800 ms, while in Figure 3.54, Wavelet B is imaging a gas shadow below 

the reservoir. Regarding Figure 3.53, the reservoir imaged is in the correct position and 

this reservoir does produce gas. However, this gas effect is weaker than those previously 

observed, which does fit the daily gas production rates as well as the daily averages for 

the wells in comparison. The cause of the anomaly at trace 90 and 650 ms, as well as the 

light streaking in Figure 3.53 is likely a ringing effect from the Caddo formation. The 

light streaking in Figure 3.54 is also likely to be a ringing effect from the Caddo 

formation. 

The next spectral content that was extracted was the higher frequency range. This 

was a new analysis since an oil producing Caddo formation had not been analyzed. The 

following two images are the FWT resufts for Wavelets A and B but the SRS plots are for 

one higher resolution level than before, which overlaps the previous resolution levels by 

approximately 50%. 
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Figure 3.55 SRS Wavelet A, Level 4 
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Figure 3.56 SRS Wavelet B, Level 6 

When comparing the previous two figures, both are indicating a possible shadow 

near 1000 ms as well as frequency attenuation in the Caddo reservoir near trace 72 and 

800 ms, but each wavelet identifies an additional attenuation. Wavelet A extracted an 

attenuation at trace 95 and 250 ms and Wavelet B extracted an attenuation at trace 100 
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and 450 ms. For comparison, the Carpenter reflective strength section is shown again but 

from 0 to 1000 ms. 
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Figure 3.57 Carpenter Reflective Strength Section, Entire Depth 

From Figure 3.57, four major reflective areas can be identified and the conclusion 

can be made that the attenuation of the frequencies from the previous SWT results are not 

necessarily associated with a weak reflector. The following two images are the SWT 

results for the high frequency range. 
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Figure 3.58 SS Wavelet A, High Frequency 
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Figure 3.59 SS Wavelet B, High Frequency 

Both of the previous two figures contain streaking from the reflectors, but again the 

wavelets seem to image different aspects of the formation. In Figure 3.58, Wavelet A is 

capturing the Mississippi with an anomaly at 900 ms but it is also identifying the Caddo 

with frequency attenuation. Figure 3.59 shows this Caddo attenuation as well as a 
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Mississippi anomaly, but they both appear to be plotted a litfle deep in time, suggesting 

that Wavelet B captures events a little later than Wavelet A. 

3.6 Loving Ranch Data Set 

The Loving Ranch data set contains several producing wells, but in this research 

only two Mississippi wells are compared, the number seven and the number eight. 

Though the individual decline curves are not available for this lease, the number seven 

well averages 20 BPD and is three years old, where as the number eight well averages 4 

BPD and is two years old. Physically, these two wells are very similar. Their stmctures 

are about the same sub-surface elevation, they appear the same in the seismic section and 

they even have the same salt content in their produced fluids. Prior to production there 

was no indication that one would be much better than the other. The following two 

images are the seismic sections for the two data lines that contain these two wells. Well 

number seven is located at trace 52 and 925 ms in line eight and well number eight is 

located at trace 32 and 925 ms in line ten. 
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Figure 3.60 Loving Ranch Line 8 
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Figure 3.61 Loving Ranch Line 10 

The following two images are the FWT results for line eight calculated with 

Wavelets A and B, respectively. 
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Figure 3.62 SRS Line 8 Wavelet A, Level 3 
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Figure 3.63 SRS Line 8 Wavelet B, Level 5 

When Figures 3.60 and 3.61 are compared, it is evident that they are both imaging 

the same features. Both wavelets have captured the reservoir near trace 52 and 925 ms, 

as well as a shadow near trace 55 and 1200 ms. Again the bright bands observed are 

likely the dominant Caddo reflector, since they appear later at a higher resolution level. 

The following two images are the FWT results for Wavelets A and B at the next higher 

resolution levels. 
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Figure 3.64 SRS Line 8 Wavelet A, Level 4 
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Figure 3.65 SRS Line 8 Wavelet B, Level 6 

Though these images do not show any attenuation in the Caddo at 825 ms, they do 

show the same streaks that the lower resolution levels showed in the Caddo, confirming 

the cause of the streaked frequency anomalies. The next images are the SWT results. 
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Figure 3.66 SS Line 8 Wavelet A, Low Frequency 
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Figure 3.67 SS Line 8 Wavelet B, Low Frequency 

These SS plots show the key features from the SRS plots but Figure 3.64 does 

contain the streaking from the Caddo formation. Both of these images show a gas 

shadow for the Mississippi, though the shadow captured by Wavelet B is a liftle deep. 

Next, the high frequency SWT results are shown as SS plots for both wavelets. 
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Figure 3.68 SS Line 8 Wavelet A, High Frequency 
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Figure 3.69 SS Line 8 Wavelet B, High Frequency 

Although both wavelets are accurately imaging the reservoirs, the dominant 

streaking makes the reservoir effect less prominent. When comparing these images, it 

appears that Wavelet B may actually be capturing events later than Wavelet A, resulting 

in the anomalies being shifted deeper in time. 
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The next results displayed are for well number eight on line ten. The subsequent 

figures are the FWT results for both wavelets. 
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Figure 3.70 SRS Line 10 Wavelet A, Level 3 
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Figure 3.71 SRS Line 10 Wavelet B, Level 5 

From the previous images it appears that the wavelets have captured some ringing 

from the reflectors, but they have not captured any shadows or reservoirs. Most of the 
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frequency anomalies centered about trace 32 seem to be connected to the streaking from 

trace 40 to trace 80. The following figures are the next higher resolution levels from the 

FWT results. 
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Figure 3.72 SRS Line 10 Wavelet A, Level 4 
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Figure 3.73 SRS Line 10 Wavelet B, Level 6 
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The previous two figures do show attenuation at the Caddo formation, but they 

show the strong ringing effect observed in Figures 3.70 and 3.71. The following images 

are the SWT results for the low frequency range. 
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Figure 3.74 SS Line 10 Wavelet A, Low Frequency 
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Figure 3.75 SS Line 10 Wavelet B, Low Frequency 
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Recalling the low frequency SWT results for line eight, both wavelets captured a 

prominent shadow with no reservoir. For this line, neither wavelet captures any anomaly 

for the entire depth centered on trace 32. For the previous two images, the only event 

captured by the wavelets is the streaking from the reflectors. The following figures are 

the high frequency results from the SWT. 
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Figure 3.76 SS Line 10 Wavelet A, High Frequency 
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Figure 3.77 SS Line 10 Wavelet B, High Frequency 

68 



Again recalling the results from line eight, the high frequency results from the 

SWT correctly represented the reservoir despite being minimized by the ringing. 

However, the SWT results from line ten do not indicate the Mississippi reservoir, leading 

the analyst to believe that there should be something different between these two wells, 

which is in fact the amount of recoverable oil reserves. 

3.7 Bamey Davis Data Set 

Due to the complex sub-surface stiaictures, the data from the Bamey Davis proved 

very difficult to analyze. This data set actually consists of a combination of two and 

three dimensional sets acquired over a one year period. The two dimensional line herein 

is line three and it mns perpendicular to the most dense axis of the quasi three 

dimensional data set, passing through trace number 28.5 on all seven lines. The surface 

of the Caddo is shown in the following figure and depicts two close but isolated 

stmctures. 
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Figure 3.78 Bamey Davis Caddo 

Although two well placed locations could deplete both stmctures, at least five 

wells have been drilled with the Caddo formation as the target reservoir, each missing the 

top of the stmcture. This is largely to due the inability of two dimensional data to image 

these two stmctures as independent features. The largest stmcture supported two 

producing wells that together accumulated over 300,000 barrels of oil, which would be 

12 miUion dollars at current prices. The smaller stmcture supported two wells that 

accumulated 250,000 barrels of oil, and one well that passed through the very edge and 
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was dry, named the Bamey Davis number one. The focus of this section is to present 

how this dry hole could have been avoided, as well as identify the correct location for the 

well. It is important to note that the three dimensional data was not available when the 

location for the Bamey Davis was selected, only line three. The following figure is the 

seismic section for line three. 
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Figure 3.79 Bamey Davis Line 3 

From Figure 3.79, the interpretation of the top of the Caddo formation from the 

previous figure concluded that the stmcture peaked on trace 45, which correlates to line 2 

and trace 29 from Figure 3.78. However, the Bamey Davis number one was not 

stmcturally tall enough and the analysts were left scratching their heads. The next step 

was to survey the acreage with the quasi three dimensional layout and it quickly became 

obvious that the peak of the stmcture was elsewhere. The following figure is the Bamey 

Davis line three with the stmcture re-interpreted. 
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Figure 3.80 Bamey Davis Line 3 Interpretation 

From the previous, the green line was the original pick for the top of the 

formation, with the yellow line being the dry hole placement. After viewing the new 

data, it was determined that the Caddo actually followed the blue line placing the peak at 

trace 32, which is line 5, trace 29 in Figure 3.78. Although this well has yet to be drilled, 

the same frequency analysis steps are taken in order to interpret this situation. The 

following images are the results of the FWT from line three using Wavelets A and B 

respectively. 
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Figure 3.81 SRS Wavelet A, Level 3 
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Figure 3.82 SRS Wavelet B, Level 5 

In the previous figures it is difficult to draw any conclusions, though Wavelet A 

may be imaging a Mississippi reef or a shadow at trace 32 and 950 ms and Wavelet B is 

possibly imaging a Caddo reservoir on trace 32 and 800 ms. The next figures are the 

SWT results for the low frequency range. 
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Figure 3.83 SS Wavelet A, Low Frequency 
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Figure 3.84 SS Wavelet B, Low Frequency 

From Figure 3.83, the most prominent feature is at reservoir depth at frace 65, 

which is not contained in the three dimensional data. However, this is the approximate 

location of a third Caddo location that produced approximately 250,000 barrels of oil. 

The largest anomalies in Figure 3.84 both seem to indicate shadows, one for the third 
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Caddo sttucture and one between trace 30 and 50. The next two images are the high 

frequency results from the SWT. 

Figure 3.85 SS Wavelet A, High Frequency 
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Figure 3.86 SS Wavelet B, High Frequency 

In Figure 3.85, Wavelet A is likely imaging three different reservoirs. The first 

reservoir is located below trace 10 is new in this analysis but does exist, the second 

74 



reservoir is the Caddo reservoir of interest, and the third is the reservoir previously 

identified with a gas shadow. Again Wavelet B appears to have either imaged two of the 

three reservoirs deeper in time, or imaged a shadow below them. 

Based on these resufts and the inherent reservoir imaging capabilities of Wavelet 

A at high frequencies and the shadow imaging capabilities of Wavelet B at low 

frequencies, the analyst can draw the conclusion that the reservoir of interest is not in fact 

located below trace number 45, but under trace number 32, the center of the stmcture 

from the topographic Caddo map. Had this technique been available at the time of the 

initial analysis, a substantial amount of money could have been saved. 
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CHAPTER 4 

RESULTS 

4.1 Discussion and Conclusions 

In this research ten different existing wells or locations from six different data sets 

were subjected to a spectral analysis via Mathematica®'s Wavelet Explorer® Fast 

Wavelet Transform as well as the author's Slow Wavelet Transform in order to identify 

frequency anomalies and aftenuations. Single resolution level seismic sections, as well as 

single frequency seismic sections were correlated to the available well data to explain the 

observed phenomena. The following tables represent the resufts for both algorithms as 

well as both wavelets for the wells analyzed. For the following, Anom, Attn, Res and 

Sha designate anomaly, attenuation, reservoir and shadow, respectively, while the letters 

P, S and W designate possible, strong and weak, respectively. 

Table 4.1 Wavelet A Results 

Ward Thompson 

Thompson 

Karper 

Whitaker 

Moreno 

Carpenter 

Loving Ranch 7 
Loving Ranch 8 

Bamey Davis 1 

Bamey Davis 2 

Fluid 

Gas/Oil 

Gas/Oil 

Gas 

Gas 

Dry 

Gas/Oil 

Oil 
Dry 

Dry 
To Be 
Drilled 

FWT 

Level 3 

SRes 
W Res/Sha 

PRes 

None 

None 

Attn/Sha 

Res 

None 

None 

P Anom 

Level 4 

X 

X 

X 

X 

X 

Attn/Sha 

None 

X 

X 

X 

SWT 
Low Hz 

SSha 

Sha 

SRes 

SRes 

None 

Res 

Sha 

None 

None 

None 

High Hz 

X 

X 

X 

X 

X 

Res 

WRes 

X 

X 

Anom 
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Table 4.2 Wavelet B Results 

Ward Thompson 

Thompson 

Karper 

Whitaker 

Moreno 

Carpenter 

Loving Ranch 7 

Loving Ranch 8 

Bamey Davis 1 

Bamey Davis 2 

Fluid 

Gas/Oil 

Gas/Oil 

Gas 

Gas 

Dry 

Gas/Oil 

Oil 

Dry 

Dry 
To Be 
Drilled 

FWT 

Level 5 

Res 

W Res/Sha 

SRes 

None 

None 

None 

Res 

None 

None 

S Anom 

Level 6 

X 

X 

X 

X 

X 

Attn/Sha 

None 

X 

X 

X 

SWT 

Low Hz 

None 

Sha 

None 

SRes 

None 

Sha 
SSha 

None 

None 

Anom 

High Hz 

X 

X 

X 

X 

X 

Res/Sha 

WRes 

X 

X 

None 

Based on these resufts, Wavelet A consistently extracted frequency anomalies for 

the productive wells. For the four gas producing wells, an anomaly existed in resolution 

level three for three of the wells when using the FWT. When the SWT algorithm was 

used, an anomaly existed in the low frequency range for every gas producing well. 

Furthermore, the predominantly oil producing wells both contained anomalies in 

Mississippi reservoirs when using the higher frequency ranges for the SWT algorithm. 

When the FWT algorithm was used to analyze the oil producing wells, there existed an 

anomaly for each well in resolution level three but an anomaly existed in level four for 

only one well. With respect to the three non-productive wells, neither of these contained 

an anomaly for either algorithm at the reservoir. 

For Wavelet B, the results are not as consistent. For instance, the Ward-

Thompson contains a more productive reservoir than the Thompson, but Wavelet B was 

unable to capture an anomaly from the Ward-Thompson. Another example is the Karper 

gas well. When using Wavelet B with the SWT algorithm, an anomaly for the reservoir 

does not exist. However, when the Bamey Davis number tiyo was analyzed. Wavelet B 

captiired a low frequency anomaly with the SWT algorithm that Wavelet A had missed. 

Furthermore, Wavelet B failed to capture the high frequency anomaly with the SWT 

algorithm that Wavelet A had captured. Even though Wavelet B failed to capture as 

many anomalies as Wavelet A, it did not give any false results with respect to the non-
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productive wells. Overall, these results indicate that one wavelet is not necessarily better 

than the other, and that they should both be used in a wavelet based spectral analysis. 

Furthermore, the FWT occasionally would outperform the SWT, so both algorithms 

should always be implemented. 

When comparing these results between productive and non-productive wells, it 

becomes clear that this analysis is an effective confirmation tool with respect to 

identifying hydrocarbon reserves. Furthermore, this analysis proved to be a valuable well 

placement tool and would be beneficial in the interpretation of the surface locations of the 

sub-surface stmctures. 

4.2 Future Research Directions 

In this thesis, the effectiveness of two different wavelets as well as two algorithms 

was studied. However, the types of reservoirs used in the research were all near the same 

depth. Several of the data sets herein are believed to contain much shallower, non 

reflective oil producing reservoirs than those studied, though no evidence of such 

reservoirs was observed. To fiarther investigate these shallower reservoirs, a specfral 

analysis should be performed encompassing several different wavelets in order to 

determine if a strong reflector is a necessary condition for the presence of hydrocarbon 

indicating frequency anomalies. 

With respect to the algorithms, it would be worthwhile to change the translation 

parameters from the SWT algorithm to the one point franslation in order to determine if 

the time resolution can be minimized. 
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APPENDIX 

5.1 Noise Removal Via Fast Wavelet Transform 

For this research, the analysis of processed seismic data begins with converting 

the processed data from an IEEE floating-point format to an ASCII format. There are 

several commercial software applications that include a format converter, but most 

include many additional features. For this research, SeisEditl® was used to rewrite the 

data into an ASCII text file so that it could be easily imported into Mathematica®. 

Though the format converter was cheap and is fast, some of the data was cormpted and 

contained erroneous values. Even though these values made up less than one tenth of one 

percent, they were still a problem. The foUowing figure is an example from the 

Carpenter Line 9 dataset. The erroneous value is near 850 ms. 

^ 
V 81 O" 9( 0 10 

Figure 5.1 Noisy Trace 

When this trace is plotted along with the rest of the traces for that section in a 

color amplittide plot, each trace is scaled such that its maximum or minimum value is 

positive or negative one, meaning that the majority of the values from the previous trace 

are near zero. The resulting plot shades a positive value black, a negative value red, and 

a neural value white, so almost the entire trace will appear whfte. The following is the 

Carpenter Line 9 seismic section plotted as a color amplitude section with several 

corrupted amplitudes. 

80 



10 20 30 40 50 60 70 80 90 100 110 120 130 

10 20 30 40 50 60 70 80 90 100 110 120 130 

Trace No. 

Figure 5.2 Noisy Seismic Section 

Since these erroneous values are isolated, the FWT can pick these values out as a 

high frequency burst. Next, the higher resolutions can be muted and the inverse FWT be 

performed, resulting in a fast effective filtering process. Figure 5.3 is a phase space plot 

of the previously shown trace plotted from 0 to 2000 ms where the previous ttace was 

only plotted to 1000 ms. Note that the x-axis values will be exactly half the tme values. 
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Figure 5.3 Noisy Phase Space 

From this figure, it can be observed that the data is contained primarily in the first 

six resolution levels. Simply replacing the top two levels with zeros and performing the 

inverse FWT results in the filtered version of Figure 5.2, shown as the following: 
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Figure 5.4 Filtered Seismic Section 
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Since every data set was reformatted using the same routine, filtering the data in 

this manner became the standard operating procedure prior to a spectral analysis. 

Furthermore, this filtering technique proved to be a very fast and effective approach. 
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