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ABSTRACT

There is a general decrease in the amplitude of the 

reflected P-wave with increasing angle of incidence for 

rocks with oil and/or water in the pore space. However, the 
introduction of gas into the pore space results in an 
increase in the amplitude of the reflected P-wave with 
increasing angle of incidence.

Seismic data from the Bonny field, a shallow Niobrara 
gas field in northeastern Colorado, exhibits an amplitude 
increase with increasing incidence angle. Limits of the 
field can be mapped through offset-amplitude seismic 
analysis and agree with the well observations. This 
behavior can be seen on CDP gathers, common-offset stacks 
and an amplitude difference stack.

Wells in fractured and faulted areas exhibit more 
questionable correlation with the off set-amplitude analysis 
due to the effects of fracturing and the Fresnel zone. 
However, off set-amplitude analysis is useful in fractured 
reservoir areas by assisting in the differentiation between 
water-filled fractures and gas-filled fractures.

iii



T-3399

TABLE OF CONTENTS

Page
A B S T R A C T .........................................  iii
LIST OF F I G U R E S ...............................  v
LIST OF T A B L E S .................................  vii
LIST OF P L A T E S .................................  ix
ACKNOWLEDGEMENTS ...............................  x
INTRODUCTION ....................................  1
THEORY ............................................ 3
GEOLOGY OF THE BONNY F I E L D ...................  14
DATA A N A L Y S I S .................................. 25
Introduction .................................. 25
Seismic D a t a ........................   26
A n a l y s i s .........................................  32
M o d e l i n g .........................................  70
FURTHER RESEARCH ...............................  84
C O N C L U S I O N S ....................................  86
REFERENCES CITED ...............................  88

iv



T-3399

LIST OF FIGURES 

Figure Page

1 (a) Amplitude of reflected P-wave as a 
function of incidence angle for
Vp 2 /Vpi = 0.7143, p 2/pi = 1.0 and 
various values of a^ and o 2, and (b)
Amplitude of reflected P-wave as a function 
of incidence angle for Vp2/Vp x - 1.40,
Pi/Pi - 1.0 and various values of ai
and a 2 .........................................  7

2 (a) P-wave and S-wave velocity versus percent
of gas saturation, and (b ) Poisson’s ratio 
versus percent of gas saturation .......... 9

3. (a) Gas sand model, (b) reflection
coefficient versus angle of incidence
for gas sand m o d e l ..........................  11

4. Stratigraphie column in eastern Colorado . 15
5. Niobrara gas fields of eastern Colorado 

and northwestern Kansas. Structure
contours on top of Niobrara Formation . . 17

6. Dual induction Lateralog, compensated
neutron/formation density and borehole 
compensated sonic logs ...................... 19

7. Location map for Seismic Line 1 and
wells 1-14  ........................... 21

8. Well log cross-section across the Bonny
f i e l d .........................................  22

9. Identification of horizons on
seismic d a t a .................................. 23

10. Niobrara reflection at CDP 2220 near
dry h o l e ....................................... 35

11. Niobrara reflection at CDP 2460 near
dry h o l e ....................................... 36

12. Anomalous Niobrara reflection at
CDP 2270 ....................................... 37

v



T-3399

Figure Page
13. Niobrara reflection at west end of 

seismic line 1 associated with
producing wells ................................  38

14. Gathers at CDP 2220 ...........................  40
15. Gathers at CDP 2460 ...........................  41
16. Common-offset stack using CDPs 2210-2230

near dry hole located at CDP 2220.
Niobrara trough at 470 m s .....................  42

17. Common-offset stack using CDPs 2450-2470 
near dry hole located at CDP 2460.
Niobrara trough at 4 75 m s ...............  44

18. Gathers at CDP 2627 ...........................  45
19. Common-offset stack using CDPs 2610-2630

near producing well at CDP 2627. Niobrara 
trough at 425 m s ................................ 46

20. Gathers at CDP 2822 ...........................  48
21. Common-offset stack using CDPs 2810-2830

near producing well at CDP 2822. Niobrara 
trough at 420 m s ................. .............. 49

22. Amplitude difference stack, CDPs 2210-
2290 ............................................ 52

23. Amplitude difference stack, CDPs 2450-
2530 ............................................ 53

24. Gathers at CDP 2270 ...........................  54
25. Amplitude difference stack, CDPs 2555-

2665 ............................................ 55

26. Amplitude difference stack, CDPs 2790-
2860 ............................................ 57

27. Niobrara reflection at CDP 2514 near
dry h o l e ....................................... 58

vi



ige

59

61

62

63

64

68

69

73

74

75

76

81

82

83

Niobrara reflection at CDP 2 582 near
dry hole . ....................................
Niobrara reflection at CDP 2654 near
dry hole .......................................
Amplitude difference stack, CDPs 2645- 
2705 ...........................................
Niobrara reflection at CDP 2720 near
dry hole .......................................
Amplitude difference stack, CDPs 2690- 
2750 ............................................
Trace plot from west-end of
seismic line 1 . .............................
Color plot of amplitude difference
stack from west end of seismic
line 1 . .......................................
Ray-trace model for non-productive 
Niobrara case ..................................
Reflection coefficient vs. angle of 
incidence for non-productive
Niobrara model ...............................
Ormsby wavelet used for modeling
r o u t i n e s ......................................
Seismic model for non-productive 
Niobrara (trough at 0.475 sec.) ............
Reflection coefficient vs. angle of 
incidence for productive 
Niobrara model
(a) Pierre/Beecher Island interface
(b ) Beecher Island/Niobrara interface . . .
Ray-trace model for productive
Niobrara case .............  . . . . . . . . .
Seismic model for production Niobrara 
case . . . .  ..................................

vii



T-3399

LIST OF TABLES

Table Page

1. Summary of Field Recording Parameters
for Seismic Line 1 ..........................  28

2. Data Processing Sequence for
Seismic Line 1 ...............................  31

3. Productivity for Wells located along
Seismic Line 1 ...............................  34

4. Summary of Parameters for Non-productive 
Niobrara M o d e l ...............................  72

5. Summary of Parameters for Productive
Niobrara Model ...............................  78

viii



T-3399

LIST OF PLATES 

(In pocket)

Plate
1. Final Stacked Section, Line 1
2. Amplitude Difference Section,
3. Synthetic Seismogram, Well 3.

Line 1.

ix



T-3399

ACKNOWLEDGEMENTS
This thesis would not have been possible without the 

guidance and assistance of several individuals and 

companies. First and foremost, I wish to thank my thesis 
advisor, Dr. Thomas L. Davis, whose support and guidance 
made this entire project possible, as well as Dr. William 
Schneider and Dr. Walter Whitman, my other committee 
members. I also wish to thank Bob Kettle for his early 
conversations with me which stimulated my interest in offset 
amplitude analysis and helped formulate my ideas.

Special thanks go to Amoco Production Company for the 
use of the seismic data and the Shell Foundation for their 

financial support enabling me to finish this thesis. 
Continued corporate support of students is extremely 
valuable.

I am grateful to Professional Geophysics, Inc. and 
Mincomp Corp. for allowing me the use of their computers to 
process the seismic da t a . In addition, I wish to thank Paul 
Baumgartner for the use of his offset amplitude modeling 
routine and use of his personal computer.

Finally, I am grateful to Centennial Geophysics Corp. 
for the use of their drafting supplies and photocopying 
machine to aid in the preparation of the figures contained 
herein.

x



T-3399 1

INTRODUCTION

During the last two decades, bright spot analysis has 

become increasingly important in hydrocarbon exploration. 
Geophysicists have learned that seismic amplitudes contain 
information about lithology and pore fluids. These high- 
amplitude seismic reflections can be directly associated 
with hydrocarbon indicators, particularly gas accumulations. 
Gas-filled rocks tend to have lower compressional-wave 

velocities than rocks filled with oil or water. These dif
ferences give rise to lateral changes in seismic amplitudes 
which form the basis for bright spot exploration. This 
method of exploration has met with reasonably good success 
in areas such as the Gulf Coast and Sacramento basin in 
California.

Nevertheless, problems with bright spot exploration 
exist. These amplitude anomalies may be caused by subcom
mercial gas accumulations or by lithologie contrasts result

ing in abnormal velocity contrasts, for example, a coal 
seam.

This thesis is an investigation into bright spot ex
ploration for shallow Cretaceous Niobrara gas in the 
northeastern part of the Denver basin. Characteristics of 
the different bright spots are explored. A method is 

proposed to distinguish between bright spots generated by
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lithologie contrasts and those generated by gas accumula

tions . However, it should be noted that the lithology of 

the Niobrara chalk is very uniform. There are no bright 
spots caused by great lithologie changes in this study area



T-3399 3

THEORY

In any study of seismic amplitudes, it is necessary to 
evaluate the reflection coefficients of a given seismic 
event in terms of the classic %oeppritz equations governing 
the transmission and reflection of seismic wave energy in 
elastic layered media. Definitions for the velocities of 
compressional and shear waves and Poisson’s ratio include:

(1) Oompressional (P) wave velocity (Vp): The velocity

of a wave in which the particle motion is parallel to the 
direction of propagation of the wave:

V  =

P N
K + if, (1)

P

where :

K is the bulk modulus of the medium,
H the shear modulus, and 
p is the density of the medium.
(2) Shear (S) wave velocity (Vp): The velocity of a

wave in which the particle motion is perpendicular to the 
direction of propagation of the wave:

V s f <2
where p and p are the shear modulus and density.



T-3399 4

A P-wave traveling at normal incidence is a pure P- 

wave, whereas an obliquely-incident P-wave will undergo mode 
conversion. Part of the transmitted and reflected energy 

converts to shear wave energy. Many combinations of mode 
conversion exist in nature. We can have P to S conversion,
S to P conversion, P-S-P conversion, and so forth.

The bulk modulus K is a function of the bulk moduli of 

the rock framework, the grains, and the interstitial pore 
fluid. However, the shear modulus pi only depends upon the 

rock framework and grains since, by definition, the shear 
modulus of a fluid is zero.

If a cylindrical rod is subject to axial compression, 
then the length will decrease while the width will increase. 
Poisson’s ratio is then the ratio of the relative change in 
width to the relative change in length:

w = width, and 
L = length.

This ratio can also be expressed in terms of P-wave and S- 

wave velocities:

a = AL/L
Aw/w (3)

where :

a
i]

(4)
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Commonly, materials have Poisson’s ratios between 0 and 1/2. 
Incompressible materials (i.e., liquids) have values 
approaching 1/2, while compressible, "spongy" materials have 

values closer to 0.
With these three definitions, we can now evaluate 

seismic amplitudes as a function of reflection coefficients. 
This can be done through an analysis of Zoeppritz equations 

governing seismic wave propagation.
Zoeppritz (1919) analyzed the partition of energy of a 

plane wave incident on an acoustic impedance boundary. His 
equations are cited frequently throughout literature and 

will not be repeated he r e . Later approximations to the 
Zoeppritz equations were made by Bortfeld (1961), Koefoed 
(1962), and Shuey (1985) among others. The case for spheri
cal waves was recently investigated by Krail and Brysk 
(1983); however, due to a Imited range of offsets for data 
obtained in this study, only the plane-wave case will be 
addressed in this thesis.

In general, for an obliquely-incident plane wave, four 
waves are generated: transmitted P-waves, transmitted S-
waves, reflected P-waves, and reflected 8-waves. These 
waves must obey Snell’s law and the continuity of boundary 
conditions across the impedance contrast. The reflection 
and transmission coefficients are a function of five 

parameters : P-wave velocity (Vp), S-wave velocity (V s ),
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angle of incidence (6^ ) , density (p) and Poisson’s ratio (a) 
for each of the bounding media.

Work by Muskat and Meres (1940) demonstrated that an 

analysis of Zoeppritz equations yielded a slight decrease in 
the absolute value of the reflection coefficient with in
creasing angle of incidence for planar P-waves. In this 

study, Muskat and Meres (1940) assumed that the values of 
Poisson's ratios for the incident and underlying media were 
the same and both equal to 0.25. No consideration was given 

to the effect of Poisson's ratio on the reflection coeffi
cient .

Koefoed (1955) found that with varying Poisson’s ratios 

across the impedance boundary, there was a much larger 
change in the absolute value of the reflection coefficient 
with increasing angle of incidence. Koefoed (1962) analyzed 
the effect of changing the ratios of Vp, a and p in the 
upper and lower media. He showed a general decrease in the 
reflection coefficient with increasing angle of incidence 

(Figure 1). However, it should be noted that Koefoed (1962) 
did not investigate the amplitudes of the reflected P-wave 
for the case of one medium having a lower P-wave velocity in 
addition to a lower Poisson’s ratio in the same medium than
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Figure 1(a) Amplitude of reflected P-wave as a func
tion of incidence angle for V p 2/ V p  ̂ = 
0.7143, p 2/p i = 1.0 and various values of 
a ! and a 2 (from Koefoed, 1962).
A: ai = 0.333; a 2 = 0.333 
B : a ! = 0.258; a 2 = 0.333
C : a ! = 0.180; a 2 = 0.180

1(b) Amplitude of reflected P-wave as a
function of incidence angle for Vp 2/Vp ̂ = 
1.40 p 2/pi = 1.0 and various values of ai 
and a 2 (from (Koefoed, 1962).
D : a ! = 0.333; a 2 = 0.333
E : a ! = 0.333; a 2 = 0.258
F : a ! = 0.180; a 2 = 0.180
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those values in the other medium. Gregory (1976) 
demonstrated that lowering the P-wave velocity can result in 

a decrease in Poisson’s ratio. This is especially true in 
the case of rocks with gas-filled pore space.

Gregory (1976) showed that under laboratory conditions, 
an increase in gas saturation led to a decrease in Vp/Vs by 

as much as 30 percent in consolidated rocks. This decrease 
can also lead to a decrease in Poisson’s ratio. This 
results from the fact that the shear modulus does not change 
when the pore fluid is changed ; however, the bulk modulus 

changes significantly (Gassmann, 1951). The introduction of 
gas into the pore spaces has no effect on the shear modulus. 

The density would be somewhat lower, resulting in a slight 
increase in V s . The bulk modulus is substantially lowered 

since brine is significantly stiffen than g a s , leading to a 
reduced Vp (Ostrander, 1984). The result of gas being 
introduced into the pore spaces gives rise to a simultaneous 
decrease in Vp and Poisson’s ratio. Domenico (1976) found 
this to be true in an unconsolidated sand reservoir. The 
replacement of brine with gas reduced Poisson’s ratio from 

0.4 to 0.1, a substantial decrease. These results are 
summarized in Figures 2.
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Figure 2(a) P-wave and S-wave velocity versus percent 
of gas saturation (from Ostrander, 1984).

2(b) Poisson’s ratio versus percent of gas 
saturation (from Ostrander, 1984).
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Ostrander (1984) used these results to analyze the re

flection coefficients as a function of angle incidence for a 
gas sand model bounded by shale. He found that the intro
duction of gas into the pore spaces in the sand lowered Vp 
and Poisson’s ratio. The net result is an increase in the 
absolute value of the reflection coefficient with increasing 

angle of incidence. His results are shown in Figure 3.
In summary, Zoeppritz equations indicate that the re

flection and transmission coefficients for planar P-waves 
incident upon an impedance contrast are a function of the P- 
wave velocity, S-wave velocity, density, angle of incidence 
and Poisson’s ratio. In general, for a P-wave with a non

zero angle of incidence, there is a decrease in the absolute 
value of the reflection coefficient with increasing angle of 
incidence. Oil or water in the pore space results in a 

higher bulk modulus than would be found with gas-filled pore 
space. This increased bulk modulus increases Vp and the 

Vp/Vs ratio. Analysis of Zoeppritz equations shows that an 
increase in the Vp/Vs ratio decreases the reflection 

coefficient with increasing incidence angle. However, the 
introduction of gas in the pore space causes a lowering of 

both the P-wave velocity and Poisson’s ratio. This results 
in an increase in the absolute value of the reflection 
coefficient with increasing incidence angle. Several
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Figure 3
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(a) Gas sand model, (b ) reflection coeffi
cient versus angle of incidence for gas 
sand model (from Ostrander, 1984).
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factors can influence or change the relationship between in
cidence angle and reflection coefficient. The depth of 

burial, amount of consolidation and differential pressure 

all affect this relationship. Sediment consolidation and 
increased differential pressures tend to decrease fluid 
saturation effects with increased depth of burial (Gregory, 
1976 ; Ostrander, 1984 ). The above discussion is valid for 
incident angles less than the critical angle. As the cri
tical angle is approached and surpassed, the results become 
much more complex. Although worth noting, reflections 
approaching and beyond the critical angle will not be dis
cussed in this thesis. Angles less than the critical angle 
are very common in current recording of CDP seismic d a t a .
The critical angle for the study area in this thesis is 
calculated to be 62°, corresponding to a source-to-receiver 
offset of 6,100 feet. The seismic data obtained in this 
area have a maximum source-to-receiver offset of 2,970 feet, 
far less than the critical angle.

These results suggest that a gas reservoir should 
exhibit an increase in reflection coefficient with increas
ing source-to-receiver offset, whereas a non-productive 

horizon (or lithologically-generated bright spot) should 
exhibit a decrease in the reflection coefficient with in

creasing source-to-receiver offset. This thesis will test 
this hypothesis by using the above results to analyze a
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shallow gas field in eastern Colorado. The Bonny field 

produces shallow gas from the Cretaceous Niobrara chalk 
formation. An analysis of actual seismic data over the 
field should show this amplitude increase on the CDP gathers 
as well as on a stack generated by a difference between near 
and far trace stacks.
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GEOLOGY OF THE BONNY FIELD

Niobrara chalk was deposited in de e p , quiet waters over 
a wide area during a high stand condition of the Late Cre
taceous seaway in the western interior of the United States. 

The chalk has cumulative thicknesses of a few hundred feet 
in many areas (Figure 4). Generally these chalks interf
inger with shale and sandstone to the west and thin to the 
east (Lockridge and Scholle, 1978).

Low relief closures in the Niobrara occur on the east 
and southeast flank of the Denver basin where regional dips 
are less than one degree. These closures range from 50 to 
200 feet and are domal in nature with no strong regional 
trends. Due to the brittle nature of the chalk, these 
structural highs are frequently modified by small listric 
faults (Lockridge and Scholle, 1978). These listric faults, 
in turn, seem to be associated with basement faults rejuven
ated during the Late Cretaceous (Weimer and Davis, 1977).

The presence of abundant organic matter within the 
Niobrara allowed low temperature gas generation (Lockridge 
and Scholle, 1978). The shallow depth of burial of the 
chalk resulted in a reservoir with high porosity and 
sufficient permeability at depths less than 2,000 feet for
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Colorado.
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production. The formation of the structures in the Niobrara 
allowed gas to accumulate in economic quantities. The 

listric faulting associated with these structures enhanced 
the permeability in the gas producing zone ; however, the gas 
reservoir is not restricted to these fractures. In general, 
there is a decrease in porosity in the Niobrara in a wester
ly direction corresponding to an increasing depth of burial 
into the Denver basin. Due to a loss of permeability by 

compaction and cementation with burial depth, there seems to 

be an economic limitation to gas production at 3,000 to 
4,000 feet of depth, except where the section is overpres
sured or intensely fractured (Lockridge and Scholle, 1978). 

However, on the east flank of the Denver basin, the Niobrara 
gas fields are 1,000 to 3,200 feet deep, well within the 
economic limitation (Smagala, 1981).

One such shallow Niobrara gas field is the Bonny field, 
located in southeastern Yuma County, Colorado, approximately 
12 to 15 miles south of the Beecher Island field (Figure 5). 
The field was discovered in 1978 and as of January 1986, has 
produced over 6,000,000 mcf of gas (Oil and Gas Statistics, 
State of Colorado, 1985). Production is from the upper 20
to 50 feet of chalk at the top of the Smoky Hill member of 

the Niobrara, commonly referred to as the "Beecher Island 
zone" (Lockridge, 1977).
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Gas production from the Beecher Island zone occurs at 
depths ranging from 1,500 to 1,800 feet. Characteristi

cally, the reservoir zone has high porosity, ranging from 

35% to 40%, but low permeability (1 to 2 millidarcies). 
However, natural and induced fracturing provides sufficient 
permeability for economic gas production. The Beecher 
Island zone is under-pressured relative to normal hydrosta
tic pressure for wells of these depths in eastern Colorado 
(Lockridge and Scholle, 1978). The wells are low volume 
producers with stabilized production rates from 20 to 300 
mcf gas per d a y . Usually the wells are stimulated by foam 
fracture treatment. Initial production from stimulated 
wells is from 100 to 500 mcf gas per day with rapid decline 
within the first 30 to 60 days to 50 to 300 mcf gas per day 
due to the influence of enhanced permeability by hydraulic 
fracturing. This is followed by a sustained decline of 
approximately 3-10% per year over the life of a well 
(Lockridge and Scholle, 1978). Reserve estimates of the 
neighboring Beecher Island field calculated by Lockridge and 
Scholle (1978) indicate an ultimate recovery range of 30 to 
50 billion cubic feet of gas. The Bonny field presumably 

contains gas reserves the same order of magnitude.
The Beecher Island zone has a very characteristic well 

log response (Figure 6). The well-developed SP log response 

indicates the presence of good permeability in the pay zone.
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The resistivity log indicates an anomalously high res
istivity (approximately 10-20 ohms) versus a resistivity on 
the order of 1 to 2 ohms for the non-productive zone. The 

gamma ray logs show a lateral consistency of lithology 
throughout the entire area (Smagala, 1981). The compensated 
neutron/formation density logs exhibit the characteristic 
crossover of neutron porosity and density porosity curves in 
the pay zone. However, this crossover has been known to 
diminish and disappear within a few days after drilling due 
to invasion of the Beecher Island zone by filtrates 
(Lockridge and Scholle, 1978). Sonic logs from the non

productive wells show the velocity of the Niobrara is the 
same as the overlying Pierre Shale, whereas the productive 
Beecher Island zone is about 1,000 feet per second slower in 
velocity than the Pierre. A sonic well log cross-section 

(A-A*; Figure 7) has been constructed across the Bonny field 
parallel to seismic line 1 (Figure 8). This cross-section 
shows the lateral lithologie consistency across the Bonny 
field and throughout northeastern Colorado.

The effects of these velocity differences can be seen 
in terms of amplitude on a seismic section (Figure 9). For 
the non-productive areas, the top of the Niobrara is char
acterized by a wea k , discontinuous reflector. On a zero- 

phase, normal polarity (trough representing a negative
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reflection coefficient) seismic section this reflector is a 
varying weak trough, depending upon the local velocity con
trast. However, the productive Niobrara is characterized by 

a stronger trough indicating a lower P-wave velocity in the 
pay zone, followed by a strong peak representing the transi
tion from productive Smoky Hill to non-productive Smoky Hill 
with its much higher P-wave velocity. Claussen (1982) found 
that gas saturation on the order of 30 to 35 percent are 
required to generate Niobrara bright spots in this area, 

possibly due to an uneven gas distribution in the pore space 
within the Beecher Island zone. The Fort Hays limestone 
basal member of the Niobrara is characteristically a peak. 
This peak is a strong, continuous reflector throughout the 
are a . Figure 9 shows a portion of seismic data with horizon 
identifications from a synthetic seismogram generated from a 

well in the Bonny field. Both the seismic section and syn
thetic seismogram are plates found in the back of this 
thesis.

A seismic line from the Bonny field was processed and 
displayed in true relative amplitude. Neighboring wells 
were projected onto the line and the results evaluated by 
analysis of CDP gathers, stacked seismic data, common-offset 
stacks, and a difference between near-offset and far-offset 
stacks. Modeling was also done to help evaluate the 
results.
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DATA ANALYSIS

Introduction

An east-west seismic line through the Bonny field was 
obtained from Amoco Production Company. Due to the 
proprietary nature of the data, the line location or station 
numbers cannot be revealed. However, fictitious CDP numbers 
were assigned to each trace for identification purposes 
(Figure 7). Plate 1 in the back of this thesis is a copy of 

the seismic line, named line 1. A synthetic seismogram was 
generated from the sonic log of a well close to the seismic 
line. Again, so as not to reveal the location of the data, 
the well name has been omitted and called well 3 (Plate 3). 
The synthetic seismogram has been used for event 
identification and phase determination.

Completion cards for wells drilled within one mile on 
either side of the line were obtained from Petroleum 
Information. Because of the rapid local variation in 
geology, only those wells lying no more than one thousand 
feet off the line were used for this analysis. The well 
locations were projected onto the seismic line, and their 
status noted (Plate 1).

An analysis of the seismic data was made in light of 

the projected well information. CDP gathers and common
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distance stacks were evaluated at various well locations. 

Ideally, the Niobrara reflection should show amplitude 
increase with increasing source-to-receiver offset over 
productive areas and amplitude decrease in the non
productive regions.

Models were developed by using ray tracing and wavelet 
convolution. Ideally the responses should agree with the 

field d a t a , each exhibiting increasing amplitude with 
increasing offset for the productive zones and decreasing 

amplitude with decreasing offset in non-producing areas.
The results of the data analysis are given in the following 
sections.

Seismic Data
Seismic line 1 (Plate 1) was recorded with a 

V i b r o s e i s ^ M  source using an 8-96 Hz. linear upsweep of 17 

seconds duration. These data were recorded with 48-channel 
MDS-10 recording instruments using an SEG-B format. The 
data were sampled every two milliseconds for a recording 
length of 20 seconds, the net correlated output being three

Vibroseis TM a registered trademark of Conoco, Inc.
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seconds. Field recording filters of out-125 Hz. with a 60- 
H z . notch filter were use d .

The data were recorded 24-fold using 110-ft. group 

intervals and 110-ft. shotpoint intervals. Geophones used 
were 10 Hz. phones with an array of 24 phones inline over 
220 ft. A seven station gap around the shotpoint was used, 
creating a spread with the near traces offset 4 40 feet from 
the source and the far traces offset 2,970 feet from the 
source. The field recording parameters are summarized in 
Table 1.

For an offset amplitude analysis of these data, a 
carefully planned processing sequence was necessary. True 
relative amplitude processing of the data was essential.
All steps were chosen carefully so as not to distort the 
amplitudes of the data. No phase alteration of these data 
were attempted, thereby preserving the phase as recorded in 
the field. This worked quite well; after final stack the 

data were compared to a zero-phase synthetic seismogram 
(Plate 3). The data compared quite well ; it was therefore 
determined that the data were very close to zero-phase.

Demultiplexing and V i b r o s e i s ^ M  correlation were 

followed by gain recovery. Since a spherical divergence 
correction was not available in the software used to process
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Table 1. Summary of
for S

Energy Source 
Type
Sweep Frequency 
Sweep Length

Recording Instruments 
Type 
Format
Recording Length 
Sample Rate 
Recording Filter

Field Geometry 
Channels 
Coverage 
SP Interval 
Group Interval 
Near Trace Offset 
Far Trace Offset

Geophones
Type
Frequency
Configuration

Field Recording Parameters 
ismic Line 1

VibroseisTM
8-96 Hz.
17 seconds

MDS-10
SEG-B
20 seconds
2 milliseconds
OUT-125 Hz., 60 Hz. notch

48 trace split-spread 
2400%
110 ft.
110 ft.
440 ft.
2,970 ft.

L15A 
10 Hz.
24 phones inline over 220 ft.
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the seismic dat a , a transmission loss correction (Tn curve) 
was u s e d . This was followed by trace equalization scaling 
utilizing offset-dependent windows (encompassing the data at 
each offset) later in the processing sequence (post-NMO). 
These two steps were done in hope of simulating a spherical 
divergence correction, a correction that is very important 
when dealing with a spherically-spreading wavefront. The 
results seemed adequate, especially considering the shallow 

target depth and limited offsets. Calculations done for a 
1,600 foot target depth and 1,600 foot maximum usable 
source-to-receiver offset (as encountered with these data) 
indicate that spherical divergence correction would actually 

increase the offset-amplitude effects by 12 percent.
Field statics were removed by refraction-derived 

weathering statics analysis using the generalized linear 
inversion method. The data were corrected to a datum of 
3,700 feet using a replacement velocity of 7,350 feet per 
second, derived by a least-squares fit of the first 

arrivals. The data were then gathered by common depth point 
and whitened using a frequency-domain deconvolution routine. 
This is an amplitude-whitening (non-phase operative) routine 

whereby the amplitude spectrum is multiplied by its inverse 
over a pre-defined frequency range (in this case, 10-90 Hz.) 
creating a flat spectrum. Although this may distort the 
amplitude spectrum, it also may compensate for high-
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frequency loss due to absorption by the earth. The offset- 
ampl i tude results did not appear to be appreciably affected 

by this deconvolution.
The data were then corrected for normal moveout and 

residual statics by an iterative sequence of velocity 
analysis/NMO correction/mute/surface-consistent static 
analysis. Here, one serious limitation was encountered. 
Because of the shallow arrival time of the Niobrara and the 
field recording parameters, a front-end mute was applied 

which severely limited the usable offset range to a maximum 
offset of approximately 1,600 feet (source-to-receiver 
distance). There was no way around this problem ; however, 

the final results indicate that the offset-analysis 
technique could still be used effectively.

Finally, a pass of CDP statics using a 1-trace moving 

pilot was applied to remove all residual statics. A 
bandpass filter with corner frequencies of 15-20-80-90 Hz., 
followed by the trace-equalization scaling described above, 
was applied and the data stacked. The final stacked section 
is shown on Plate 1 in the back of this thesis. Table 2 
contains a summary of the data processing sequence.

A change in the field recording parameters may improve 
the offset amplitude analysis for such a shallow target. 
Since longer offsets would not result in more usable data

cox . ,
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Table 2. Data Processing Sequence for Seismic Line 1

Data Processing Sequence 

Demultiplex
VibroseisTM Correlation 
Gain Recovery (Tn )
Refraction-Derived Weathering Statics 

datum = 3,700 ft.,
replacement velocity = 7,350 ft/sec.

Common Depth Point Gather
Frequency-Domain Deconvolution (10-90 Hz.)
Brute Velocity Analysis
Brute NMO
Preliminary Mute
Surface-Consistent Statics
Final Velocity Analysis
Final NMO
Final Mute
Surface-Consistent Statics
CDP Statics
Filter

15-20-80-90 Hz.
Trace-Equalization Scaling

offset-dependent windows from base of mute 
to 1200 m s .

CDP stack
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due to the time of the direct arrivals, a shorter group 
interval may give added statistical information. A method 

is also needed to reduce the dominance of the direct 
arrivals. This would help to lessen the severity of the 

front-end trace mute, presumably extending the range of 
usable offsets. This may be accomplished in several ways. 

Potted geophone arrays simulating point receivers can lead 
to higher frequencies and better resolution. A change to an 

impulsive source such as dynamite may reduce the effect of 
the P-wave arrivals. If using a V i b r o s e i s T M  source, a 

change in the sweep may lessen this effect. A higher low- 
end frequency, a non-linear sweep or a downsweep are among 
the possibilities.

Analysis
Both producing and non-producing wells within 1,000 

feet of the seismic line were projected onto the final 

stacked data (Table 3). The top of the Niobrara reflection 
is a poorly-defined broad trough occurring at about 470 ms. 
at CDP 2006 (east-end of the line). It becomes a strong, 
well-defined trough occurring at 415 ms. at CDP 2878 (west- 
end of the line). Between these two points, the trough 
increases and decreases in strength (Plate 1).

In general, the eastern half of the seismic line is 

non-productive while the western half is productive. A
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Niobrara high begins at about CDP 2500 and extends west to 

the end of the line (Plate 1). Dry holes at CDP locations 

2220 (Figure 10) and 2460 (Figure 11) are associated with a 
very weak Niobrara reflection. This is to be expected due 
to a very minimal velocity contrast at the Pierre/Niobrara 
interface indicative of no gas in the Beecher Island zone.
A small but interesting amplitude anomaly in the Niobrara 
occurs at 490 ms. at CDP 2270 (Figure 12). This anomaly 
will be discussed later.

CDP 2600 to the west end contains productive gas wells 
except at two locations (CDPs 2654 and 2720). The producing 
wells all seem to correlate with high-amplitude anomalies 
(Figure 13). (It should be noted here that the gas well at 
CDP 2774 is projected into a skip zone; therefore, no 
conclusions can adequately be drawn.)

The Niobrara trough should exhibit increasing amplitude 
with increasing distance for the productive case and 
decreasing amplitude with increasing distance for the non
productive case. Several locations were investigated by an 
analysis of the CDP gathers and common-offset stacks. Two 
dry holes located at CDP 2220 and CDP 2460 and two producing 
areas located at CDP 2627 and CDP 2822 were examined.
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Table 3. Production Statistics for Wells Located along 
Seismic Line 1, as of January 1986

Well no
CDP

location
Completion

Date
Production Average Monthly 

(MCF ) Production (MCF)

11
12
13
14

2220
2460
2514
2582
2606
2627
2654
2675
2720
2774
2798
2822
2846
2864

7/69
12/78
12/81
3/82
4/85
9/80

11/82
3/82

12/78
12/78
5/84
3/82
5/84

11/81

0 
0 
0 
0
273 
074 
0
194 
0
352 

--,108 
150,518 

8,802 
93,985

21
133

31
68

2,659
2 , 1 1 2

115
369

3,585
3,345

463
1,918
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Figure 10. Niobrara reflection at CDP 2220 near dry 
hol e .



T-3399 36

550 ft.
<>

CDP 2490  2 480  2470  2460 2450 2 440  2430 CDP

0. 20

0. 30

0. 20

0. 30

0.  40 0. 4 0

li
NIOBRARA NIOBRARA
5  d . 50 0. 50

H  0. 60 0. 6 0  Hms
0. 70 0.  70

0. 80

0.  9 0

0. 80

0.  90

Figure 11. Niobrara reflection at CDP 2460 near dry 
ho l e .
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Figure 12. Anomalous Niobrara reflection at CDP 2270.



55
0 

ft.

T-3399 38

*

CLQO

OCDi nnj

oo
LDn j

o
LDn j

or uLDn j

on
LDn j

o
LDr u

oID
LDnj

oLDIDr u

CL
Ûo

(035 ) 3UII1
on □

LD

CLÛo
(035 ) 3UI1

o o □
n rr in

o -0
.

N o

Tl Ü]c
+J
CD C n

4J U ro P 73 C 0 O L
*H CL 4-1U rCCD -P
1— I -r4 
IH >CL’L T3 CD rO 4-> L  ro ro - H  L U

(035 ) 3UII1(035 ) 3UII1



T-3399 39

The CDP gathers at location 22 20 (Figure 14) and 
location 2460 (Figure 15) are both associated with dry holes 

and are very similar in nature. In both cases, the Niobrara 

reflection is a trough at about 470-480 ms. We can see that 
the reflection is very weak with a very low signal-to-noise 
ratio. Analysis of the CDP gathers yields no concrete 
conclusions at either location.

In order to evaluate these two locations, common-offset 
stacks were used. These stacks were generated by using 

twenty neighboring CDPs. All common distances within these 
CDPs were stacked together resulting in one trace for each 
offset distance. In this way, the signal-to-noise ratio is 
greatly improved at each location while preserving the 
general trend in offset amplitude in the vicinity of each 
dry hole or anomaly.

Figure 16 is the common-offset stack around the dry 
hole at CDP 2220. This stack was generated using CDPs 2210 

through 2230. We can see that the signal-to-noise ratio is 
greatly improved. The amplitude trend with increasing 
offset distance can now be seen. The amplitude of the 
Niobrara trough (approximately 470 ms) is larger at the near 

offsets and decreases toward the far offsets. This is in 
agreement with the theory at a non-producing location.
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Figure 14. Gathers at CDP 2220.
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Figure 16. Common-offset stack using CDPs 2210-2230

near dry hole located at CDP 2220.
Niobrara trough at 470 ms.
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We can see an increase in the amplitude of reflected events 
deeper in the section (e.g., Morrow/Mississippian). It is 

important to note that offset-amplitude techniques may apply 
to zones other than the Niobrara. However, this thesis is 
only concerned with the Niobrara.

Figure 17 is the common-offset stack for the dry hole 
located at CDP 2460, generated using CDPs 2450-2470. Again, 
the enhanced signal-to-noise ratio enables the amplitude 
trend to be seen. The Niobrara reflection at approximately 
475 ms. shows higher amplitude at the near offsets, 
decreasing toward the far offsets. This also agrees well 
with the theory.

A producing well near CDP 26 27 was analyzed using the 
CDP gathers (Figure 18) and a common-offset stack (Figure 
19). The Niobrara reflection is a strong trough at about 

425 ms. In this case, both the CDP gathers and common- 
offset stack yield the same result, since at this location, 
the signal-to-noise ratio is considerably better than the 
previous locations. The trough is a very high-amplitude 
reflection at the near offsets. In this case, we do not see 
an increase in the amplitude with increasing offset; 
however, we do not see a decrease in the amplitude with 
increasing offsets either. This relationship holds true 
until about 1,650 ft. offset where interference by the trace



T-3399 44

29 70  FT. 1650 FT .  440  FT.
0 . 3

0 . 4

0 . 5

0 . 6

0 . 7

0 . B

0 . 9

1 . 0

i. i

1 . 2

FT. HAYS 0 6

NIOBRARA

STONE
CORRAL

MORROW

0.3

0 . 4

0.5

0 . 7

0 . 8

0 - 9

1 - 0

i. i

1 .2
Figure 17. Common-offset stack using CDPs 2450-2470

near dry hole located at CDP 2460.
Niobrara trough at 475 ms.
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Figure 19. Common-offset stack using CDPs 2610-2630
near producing well at CDP 2627 Niobrara
trough at 425 ms.
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mute affects the amplitude of the traces. Despite the 
limited offsets and mute interference, the data suggest that 

the constant amplitudes over these offsets support the 

theory.
Another producing well at CDP 2822 was analyzed. The 

CDP gathers (Figure 20) and common-offset (Figure 21) again 
show the same results. As at CDP 2627, we can see the 

Niobrara reflection at 420 ms. maintain a steady high 
amplitude with increasing offset until interference from the 
trace mute renders the amplitude information useless. This 

seems to also be consistent with theory at a producing 
location.

An alternate method used to evaluate the correlation of 
well status with offset amplitude analysis is an amplitude 
difference stack. This stack is generated by taking the 
difference in amplitude between a far-offset stack and near 
offset stack. In theory, the increase in amplitude with 
increasing source-to-receiver offset distance should result 
in an amplitude anomaly on the far-offset stack not present 
on the near-offset stack. By taking the difference in 
amplitude of these stacks, we should see an amplitude 
anomaly only at increased amplitude with offset such as in 
the gas-productive areas. Any bright spot due to a high- 

velocity medium embedded within low-velocity layers will
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Figure 20. Gathers at CDP 2822.



T-3399 49

2970  F T .  1650 F T .  440  FT.
0 . 3

0 . 4

0 . 5

0 . 6

0 . 7

0 . 8

0 . 9

1 . 1

1 . 2

NIOBRARA

STONE
CORRAL

MORROW

0 . 3

0 . 4

0 . 5

0 . 6

0 . 7

0 . 8

0 . 9

1 . 0

1 . 1

1 .2

Figure 21. Common-offset stack using CDPs 2810-2830
near producing well at CDP 2822. Niobrara
trough at 420 ms.
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exhibit a decrease in amplitude with offset. This will not 
show up as an anomaly on the amplitude difference stack.

An amplitude difference stack was generated for seismic 

line 1 (Plate 2). The final CDP gathers were stacked using
offset distances of 440-1,000 ft. for the near-offset stack 
and 1,000-1,550 ft. for the far-offset stack (so as to avoid 

trace mute interference). The amplitude difference stack is 
the absolute value of the amplitudes of the near-trace stack 
subtracted from the absolute value of the amplitudes of the 

far-trace stack. In the event that a sample on either the 
near trace stack or far-trace stack is zero, then the output 
result is zero. The absolute values were used to eliminate 

"spikiness" from the stack resulting from trough-peak or 
peak-trough subtractions. An increase in amplitude with 
offset should result in a peak whereas a decrease in 
amplitude with offset is a trough on the output stack. It 
should be noted here that the amplitude difference stack in 
Plate 2 is plotted reverse polarity. The normal-polarity 
difference stack resulted in a strong trough in the 
anomalous areas. The reverse polarity plot enabled the 
anomalous areas to show up as peaks, which is easier for the 
eye to see. The amplitude difference stack is displayed at 

a lower trace gain to emphasize the Niobrara reflection. An 

increased gain display could be used to analyze other 
horizons such as those seen on the common-offset stacks
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(e.g., Morrow/Mississippian; Figure 16). This would be 

useful in the Nebraska portion of the Denver basin where 
there is current interest in the Paleozoic section.

An analysis of the amplitude-difference stack 
correlated with each well status generally compared quite 
favorably. A dry hole at CDP 2220 shows a low amplitude on 

the final stack (Figure 10) as well as no associated 
amplitude anomaly on the amplitude difference stack (Figure 
22). A similar result can be found on a dry hole located at 
CDP 2460. Both the final stack (Figure 11) and difference 
stack (Figure 23) show no amplitude anomaly.

An interesting anomaly can be found at CDP 2270 at an 

undrilled location. The final stack shows a small high- 
amplitude anomaly at 490 ms. (Figure 12). However, the 
amplitude difference stack shows no anomaly (Figure 22).
This indicates that the amplitude anomaly on the stack is 
probably due to a local velocity variation rather than 
introduction of gas into the pore spaces. The CDP gathers at 

this location also show a general decrease of amplitude with 
increasing offset (Figure 24).

A producing well located at CDP 2627 is associated with 
an amplitude anomaly on both the final stack (Figure 13) and 
amplitude difference stack (Figure 25). Similarly, three 

gas wells at CDPs 2798, 2822, and 2846 are all associated 

with high-amplitude Niobrara reflections on the final stack
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550 ft.

Figure 22. Amplitude difference stack, CDPs 2210-2290.
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Figure 23. Amplitude difference s t a c k , CDPs 2450-2530.
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(Figure 13). The amplitude difference stack indicates all 

are associated with an amplitude anomaly, consistent with 

theory (Figure 26).
The wells located between CDPs 2514 and 2720 (excluding 

the producing well at CDP 2627) present some difficulties. 
The relationships of each well status to the final stack and 
amplitude difference stack become much more questionable.
The proximity of these wells to listric faults and the 
effect of these faults on the off set-amplitude relationships 
is of major concern. These problems will be addressed 
later.

A dry hole located at CDP 2514 is associated with an 
amplitude high on the final stack at a structurally-low 
position (Figure 27). The amplitude difference stack shows 
the well to be drilled at the edge of an amplitude anomaly 
(Figure 23). One possible suggestion is that the well might 
have been a producer had it been drilled at a structurally 
higher position associated with an amplitude anomaly. 
Similarly, the dry hole at CDP 2582 has a high amplitude on 
the stack (Figure 28), but no associated amplitude anomaly 
on the difference stack (Figure 25). The amplitude 
difference stack shows an anomaly at the structural high at 
CDP 2565.
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Figure 26. Amplitude difference s t a c k , CDPs 2790-2860.
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Figure 27. Niobrara reflection at CDP 2514 near dry
hole .
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h o l e .

TI
ME
 

( S
EC

)



T-3399 60

CDP 2606 is the location of a gas well. Here we can 
see an amplitude anomaly on the final stack (Figure 13) as 

well as on the amplitude difference stack (Figure 2 5). The 
well occurs on the edge of the amplitude anomaly but seems 
to be drilled into the anomaly. Similarly, the producing 
well at CDP 26 7 5 is associated with a modérâtely-high 
Niobrara reflection amplitude on the final stack (Figure 29) 
and occurs on the edge of an amplitude anomaly on the 
difference stack (Figure 30).

Two wells seem to be curious exceptions. A dry hole at 
CDP 26 54 is associated with a Niobrara amplitude anomaly on 
the final stack (Figure 29). The amplitude difference stack 

also shows an associated amplitude anomaly (Figure 25). 
However, the well occurs at a structurally-low position.
This well may have an anomaly generated by a small, 

uneconomical amount of gas in this position.
Another dry hole at CDP 2720 is drilled in a 

structurally-high position with an associated high-amplitude 

reflection on the final stack (Figure 31). However, the 
amplitude difference stack indicates that the well is 
drilled on the edge of an amplitude anomaly (Figure 32).
This indicates that the well may have just missed a 
producing zone.
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Figure 29. Niobrara reflection at CDP 2654 near dry
h o l e .
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Figure 30. Amplitude difference s t a c k , CDPs 2645-2705.
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Figure 31. Niobrara reflection at CDP 2720 near dry
hole .
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Figure 32. Amplitude difference stack, CDPs 2690-2750.
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Alternate interpretations need to be considered for the 
wells located near listric faults. In the areas with little 
or no faulting we can see excellent correlation between the 

well status and the offset-amplitude analysis. However, in 
highly fractured and/or dipping strata, several other 
factors may dominate.

A change in the reflection amplitude may be a result of 
listric normal faulting instead of gas saturation. The 
juxtaposition of lower velocity Pierre Shale or Beecher 

Island zone with higher velocity Niobrara may result in a 
reflection of increased amplitude at the interface.
However, this interface would be along a fault plane 
resulting in a reflection with much steeper dip at the 
Beecher Island zone than those in this area. As the fault 
plane soles o u t , there is less vertical throw. This creates 
a fault plane with very low d i p s , but more lateral velocity 
continuity. Therefore, a determination can be made on 
whether a high amplitude reflection is from a fault plane or 
gas-saturated Niobrara on the basis of the dip of the event 
for these data. This is not to say that the above 
relationship holds true for all cases ; however, this was not 
fully investigated in this thesis and certainly warrants 
further study. Microfractured areas would also affect the 

reflection amplitude of the Beecher Island zone. Many small 

fractures would lower the velocity and density of the
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medium, affecting the offset-amplitude relationship. The 

fractures may create bright spots. These fracture effects 
may not be separable from the gas saturation effects. Gas 

saturation in these fractured zones may give rise to 
amplitude-with-offset effects.

The Fresnel zone would also have a substantial effect 
on the amplitude of the reflected event. Sheriff (1977) 
demonstrates that a reflection does not come from a point, 
but from a zone called the Fresnel zone. This arises from 
the incidence of a spherical wavefront on a plane surface. 
The disturbance continues for a region behind the wavefront. 
Energy from the far edges of the first Fresnel zone will 
arrive 1/2-wavelength later than the first reflected energy 
for a region 1/4-wavelength behind the wavefront. All 
reflected energy from the first Fresnel zone will interfere 
constructively.

A nomogram for the Fresnel-zone calculation (Sheriff, 
1980) indicates that for these d a t a , a peak frequency of 40 

Hz. results in a Fresnel zone of approximately 600 feet 
radius at the Niobrara level. This 600-foot radius might 
include reflections and diffractions from faults, different 

fault blocks and Niobrara of different dips. Dipping strata 
would have an effect on the reflection amplitude. We can 
see that the amplitude of the reflected event might not 
accurately represent gas saturation effects alone. These
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problems may be corrected (at least partially) by prestack 
migration of these areas. Diffractions would be collapsed 

and proper spatial relationships of fault planes and dipping 
Niobrara beds would be restored.

Finally, Ostrander (1984) points out that only a few 
percent of gas in the pore space is needed to alter the 
off set-amplitude relationship. One needs to be cautious 
when attempting to relate offset-amplitude analysis to gas 
volume. Further investigation into the amount of gas versus 

offset-amplitude relationship is warranted.
Summarizing the results of the analysis of the seismic 

data, we can see good correlation between the theory and the 

actual field data. Dry holes associated with decreasing 
amplitude with offset may or may not have amplitude 

anomalies on the final stack. In all cases (with one 
exception) there is no amplitude anomaly on the amplitude 
difference stack. Producing wells, on the other hand, are 
associated with increasing amplitude with offset and have 

amplitude anomalies on both the final stack and amplitude 
difference stack. These results are also supported by an 
analysis of CDP gathers and/or common offset stacks.

An enhanced display of the amplitude difference stack 

can be obtained by plotting the wiggle trace seismic data 
with a color overlay of the amplitude difference. Figure 33 

is a plot of the stacked data. The color plot in Figure 34
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Figure 33. Trace plot of final stack from west-end of 
seismic line 1.
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Figure 34. Color plot of amplitude difference stack 
from west end of seismic line 1.
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shows the amplitude anomalies plotted in red stand out 

visually quite we l l .

Modeling
Modeling was conducted on an IBM-XT personal computer. 

The program utilized Bortfeld’s (1961) approximations to the 
Zoeppritz equations. Several steps were required for 
program execution. First, the model parameters were entered 

into the routine. This required entering starting and 
ending depth for each layer to be modelled and any two of 
the four following parameters : V p , Vs , Poisson’s ratio a,

and density p. Any combination of two parameters will lead 
to the calculation of the other t w o . Next, the trace 
spacing and maximum offset are needed. This enables the 
calculation of incidence angle and reflection coefficient at 

each interface, outputting a ray-trace model. Finally, a 
wavelet is defined and convolved with the reflection coeffi
cients to output a seismic model.

The first model generated was for the non-productive 
Niobrara reflection. A two-layer (single interface) case 
was used. Pierre shale was assumed to extend from the 

surface down to 1,600 feet depth with a P-wave velocity of 
7,700 feet/second (substantiated by sonic logs in the area). 

Since there was no shear wave velocity information in the 
a r e a , this author assumed the shear wave velocity to be half 
of the P-wave velocity (Vs = 3,850 ft./sec.). The Niobrara
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extended from 1,600 to 2,100 feet depth with a P-wave velo
city of 8,700 ft./sec. and S-wave velocity of 4,350 ft./sec 
Here a Vp increase was used to more dramatically show the 

results of the non-productive case. This resulted in the 
Niobrara reflection being a peak rather than an ill-defined 
trough. The resulting Poisson’s ratios for the Pierre and 
Niobrara are both 0.333. A summary of the modeling 
parameters for the non-productive case can be found in Tabl 
4.

Next, a trace spacing of 110 feet with a 2,970 ft. 
maximum offset was used, thereby simulating the actual 
seismic data (Figure 35). The resulting incidence angles 
calculated range from 0° to 43°. The reflection coeffi
cients range from 0.07606 to 0.06715, a 12% decrease in the 
reflection coefficient with increasing angle of incidence 
(Figure 36). This seems to be consistent with theory.

Finally, an Ormsby wavelet with corner frequencies of 
15-20-80-90 Hz. and zero phase shift was used to convolve 
with the reflection coefficients (Figure 37). A Klauder 
wavelet would have been preferred to model a V i b r o s e i s ^ M  

source but was not available. The resulting seismic model 
shown in Figure 38 exhibits an amplitude decrease with in
creasing offset at the Niobrara peak (approximately 0.475 

sec.) as would be expected for a gas-producing zone.
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Table 4. Summary of Parameters for Non-productive
Niobrara Model

Offset Amplitude Modeling 
TITLE: THESIS T-3399: NON-PRODUCTIVE NIOBRARA MODEL
Filename: NIODRY.amp NUMBER OF HORIZONS : 2
This is horizon number 1
The name for this horizon is - PIERRE SHALE

The depth to the top of the horizon : 0
The depth to the bottom of the horizon : 1600
The compressional wave velocity is: 7 700
The shear wave velocity is : 3850
The formation density is: 2.155
Poisson’s ratio is: 0.333

This is horizon number 2
The name for this horizon is - NIOBRARA

The depth to the top of the horizon: 1600
The depth to the bottom of the horizon : 2100
The compressional wave velocity is: 8700
The shear wave velocity is: 4350
The formation density is: 2.221
Poisson’s ratio is: 0.333
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Shotpoint Trace spacing! 118 Max Offset: 2970

%

Max depth: 2200

Figure 35. Ray-trace model for non-productive Niobrara 
case .
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Filter type i Or*shy wavlet
Filter frequencies I 15 - 28 - 88 - 90
Phase shift : 8 degrees

Figure 37. Ormsby wavelet used for modeling routines.
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Title I THESIS T-3399: NON-PRODUCTIVE NIOBRARA NODELFile naw : NIODRY,a#; Time Shotpoint Trace spacing 110 Max Offset 29700.30- ~|- - - 1— I— I— I— I— i— —̂ i— I— I— I— \— \— I— I— ]— i— I— I— I— I— I— I— I— I— I- -

0,40-

0.50'

Figure 38. Seismic model for non-productive Niobrara 
(peak at 0.475 sec.).



T-3399 77

The next model generated was for the productive 
Niobrara case. A three-layer (two interface) model was used 
with parameters substantiated by sonic logs from producing 

wells in the area. The first layer is the Pierre shale, ex
tending from 0-1,600 ft. deep with Vp = 7,700 ft./sec., V s = 
3,850 ft./sec. and Poisson's ratio calculated to be 0.333. 
Next, a 50-foot thick bed of productive Beecher Island zone 
was placed just below the Pierre. The P-wave velocity was 
determined to be 6,900 ft./sec. while the shear-wave velo
city used was 4,350 ft./sec. as in the non-productive model. 
Since V s essentially does not change with a change in pore 
fluids, this decision seems quite valid. The calculated 

Poisson's ratio for the Beecher Island zone is 0.170. The 
third layer is 450 feet of non-productive Niobrara with 
parameters as in the non-productive model (Vp = 8,700 
ft./sec., Vg = 4,350 ft./sec., a = 0.333). Table 5 is a 
summary of the parameters used for the productive Niobrara 
model.

Use of the same trace spacing, maximum offset, and 
wavelet as in the preceding model yielded similar incidence 
angles. In this case, however, the Pierre/Beecher Island 

interface had reflection coefficients of -0.0687 to 
-0.06932, a 1% increase in the amplitude with increasing 

offset. The Beecher Island/Niobrara interface had a
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Table 5. Summary of Parameters for Productive Niobrara
Model

Offset Amplitude Modeling 
TITLE: THESIS T-3399: PRODUCTIVE NIOBRARA MODEL
FILENAME: NIOGAS.amp NUMBER OF HORIZONS: 3
This is horizon number 1
The name for this horizon is - PIERRE SHALE

The depth to the top of the horizon:
The depth to the bottom of the horizon:
The compressional wave velocity is :
The shear wave velocity is :
The formation density is:
Poisson's ratio is:

This is horizon number 2 
The name for this horizon is - BEECHER ISLAND ZONE

The depth to the top of the horizon: 1600
The depth to the bottom of the horizon: 1650
The compressional wave velocity is : 6900
The shear wave velocity is: 4350
The formation density is: 2.096
Poisson's ratio is: 0.170

This is horizon number 3
The name for this horizon is - NIOBRARA

The depth to the top of the horizon: 1650
The depth to the bottom of the horizon: 2100
The compressional wave velocity is: 8700
The shear wave velocity is : 4350
The formation density is: 2.221
Poisson's ratio is : 0.333

0
1600 
7700 
3850 

2. 155 
0.333



T-3399 79

coefficient range of 0.14361 to 0.15171 representing a 6% 
increase with offset (Figure 39). The resulting ray-trace 
model is in Figure 40.

The seismic model generated for this case lends weak 
support to both the theory and the actual seismic field 
data. We can see a 1% increase in the value of the reflec

tion coefficients with increased offset at the 
Pierre/Beecher Island interface, which is essentially 

indistinguishable (Figure 41). This was also the case with 
the common-offset stacks generated from the actual field 

d a t a . The Beecher Island/Niobrara interface represents a 
strong peak following the productive Beecher Island zone, 
exhibiting a 6% amplitude increase. Again, this lends weak 
support to the theory and the actual seismic data. These 
percentages are within the margin of error resulting from a 
lack of information.

In summary, then, modeling of the actual seismic data 
does not support the theory or the observations from the 
data very strongly. We can see a decrease in amplitude with 
offset in the non-productive case and a very slight increase 
in amplitude with offset in the productive case. However, 

the amounts of increase or decrease fall within the margin- 
of-error arising from a lack of shear wave velocity 
information and density information. Modeling may be 
improved by the incorporation of density logs and shear wave
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velocities in the area or by laboratory studies of these 

properties from cores taken in the area of study.
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Figure 39. Reflection coefficient vs. angle of in
cidence for productive Niobrara model.
(a) Pierre/Beecher Island interface
(b) Beecher Island/Niobrara interface
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Shotpoint Trace spacing: 118 Max Offset: 2970

Max depth: 2288

Figure 40. Ray-trace model for productive Niobrara 
case .
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PRODUCTIVE NIOBRARA MODEL File n a w  Trace spacing 110 I....Title I THESIS T-3399: Tine Shotpoint 0,30- i    ̂ r

0.50

Figure 41. Seismic model for production Niobrara ca s e .
The Pierre/Beecher Island interface is the 
trough at 0.475 sec.; the Beecher 
Island/Niobrara interface is the peak at
0.490 seconds.
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FURTHER RESEARCH
Several areas of future research are warranted to 

substantiate results found in this thesis :

1. Investigation into the amount of gas saturation 
versus offset-amplitude effects would help to 

understand bright-spot generation and offset- 
amplitude analysis.

2. The influence of fracture effects on offset- 
amplitude relationships would aid in the 

interpretation of offset-amplitude analysis in 
faulted and fractured areas.

3. The effects of the Fresnel zone on offset 

amplitudes may help to distinguish between bright 
spots caused by gas saturation and amplitude 
anomalies resulting from interference and tuning 
ef fects.

4. Investigation into the effects of field recording 

parameters and the data processing sequence on
offset-amplitude relationshps is w a r r a n t e d .
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5. A shear wave investigation in the Bonny field area 
would provide information on bright spots caused 

by gas saturation and shear wave velocities for 

use in modeling and future research.
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CONCLUSIONS

An analysis of CDP seismic data from the Bonny field, a 
shallow Cretaceous Niobrara gas field in northeastern 
Colorado shows a good correlation exists between productive 
wells and offset amplitude behavior. The non-productive 
areas exhibit an amplitude decrease with increasing source- 
to-receiver offset. The introduction of gas into the pore 
space results in a lower P-wave velocity, lowering the Vp/Vs 
ratio and Poisson's ratio. This results in an increase in 
the amplitude of the Niobrara with increasing offset 
distance. This behavior can be seen on CDP gathers, common- 

offset stacks and the amplitude-difference stack in the 
productive Niobrara.

Wells in fractured and faulted areas seem to have more 

questionable correlation with offset-amplitude analysis.
This is due to the effects of fracturing on the offset- 

amplitude behavior and the Fresnel Zone effects encompassing 
fractures, diffractions and dipping events. However, 
offset-amplitude analysis is still useful in fractured 
reservoir areas. Bright spots on the CDP stack are 
generated by fracturing. Offset-amplitude analysis assists 
in differentiating between water-filled and gas-filled 

fractured areas.
Modeling was done in an attempt to substantiate
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observations from the seismic data ; however, only weak 
support was lent to the observations. This was due to a 
lack of shear velocity and density information in the study 
area. Incorporation of this information will greatly 
improve the modeling.

Overall, this thesis demonstrates that the use of 
offset-amplitude analysis for Niobrara gas in the Bonny 
field as well as other areas of northeast Colorado is very 
encouraging. The limits of the field can be mapped by 

offset-amplitude analysis.
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