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ABSTRACT
Seismic amplitude study is a crucial aspect in reservoir characterization as it helps
to analyze seismic responses before interpretation. In this study, an attempt was made to
identifying the reservoirs present in the High Island field at well locations. Rock physics
modeling and seismic inversion were applied in an integrated approach to study the
seismic response of these reservoirs and also delineate other hydrocarbon-charged
reservoirs in the field. New elastic logs were generated and subsequently used for the
rock physics analyses. Rock-property models using well-log data from the study area
were evaluated. These models were used in analyzing the sand and shale log response of
the study area. Well-log inversion is also carried out by minimizing the difference
between modeled and measured logs.
The cross-plot analyses from wells successfully distinguished between fluids and
lithology effect in the area, these were subsequently confirmed by AVO modeling. The
result showed that lower values of Lambda-Rho, Vp/Vs ratio and impedance values
correlated with areas containing hydrocarbons. Three-dimensional seismic interpretation
was also carried out to provide structural and stratigraphic information of the study area;
the horizons reflect structural features including faults which could serve as a trapping
mechanism for hydrocarbons. The picked horizons were used to guide the interpolation of the
initial model used during seismic inversion. The seismic inversion helped delineate hydrocarbon
reservoirs and also aided the propagation of reservoir parameters to include areal extent of the
reservoir and to see how this varies within the field.

v

TABLE OF CONTENT
Acknowledgement

…………………………………………….

iii

Abstract Title Page

…………………………………………….

iv

Abstract

…………………………………………….

v

Table of Content

…………………………………………….

vi

List of Figures

…………………………………………….

ix

List of Tables

…………………………………………….

xv

CHAPTER 1:

INTRODUCTION

1.0 Introduction

…………………………………………….

1

1.1 Background and Motivation…………………………………

2

1.2 Research Objectives………………………………………….

3

1.3 Thesis Overview …………………………………………….

4

1.4 Study Area

…………………………………………….

7

1.4.1

Geological Setting of Gulf of Mexico……………….

9

1.4.2

Data Set Overview………………………………….

10

CHAPTER 2:

PETROPHYSICAL STUDY

2.0 Cross-plots Analyses……………………………………….

13

2.1 Well-log Interpretation……………………………………...

16

2.1.1 Gamma Ray Logs…………………………………….

16

2.1.2 Density Logs……………………………….…………

18

vi

2.1.3 Density Porosity and Neutron Porosity Logs……….…

19

2.1.4 P-wave Sonic Logs…………………………………….

22

2.1.5 Pseudo S-wave Logs….……………………………….

22

2.1.6 Resistivity Logs ……………………………………….

22

2.2 Petrophysical Analysis ……………………………………….

23

2.3 Results and Discussion ……………………………………….

27

CHAPTER 3:

AVO ANALYSES AND 3D SEISMIC
INTERPRETATION

3.0 Fluid Substitution Modeling.………………………………….

35

3.1 Seismic-to-Well Tie

……………………………………….

38

3.2 AVO Modeling

…….…………………………………

42

3.3 3D Seismic Data Interpretation..………………………………

48

3.3.1 Horizon Interpretation…………………………………

48

3.3.2 Fault Interpretation

………………………………

50

3.3.3 Seismic Attributes………………………………….…

52

3.3.4 Time Structure Map…………………………………...

53

3.3.5 Amplitude Map ………………………………….…....

54

3.4 Results and Discussion ………………………………….……

56

CHAPTER 4:

ROCK PHYSICS MODELING

4.0 Rock Physics Methodology……………………………………

58

4.1 Theoretical Overview ………….……………………………

58

4.1.1 Gassmann’s Relations…………………………………

60

4.1.2 Krief Model

……………………………………….

62

4.1.3 Friable – Sand Model………………………………….

63

vii

4.2 Grain Property Inversion (Well-log Inversion)……………….

66

4.3 Trend-based Model

……………………………………….

70

4.4 Result and Discussion ……………………………………….

77

CHAPTER 5:

SEISMIC INVERSION

5.0 Seismic Inversion

……………………………………….

82

5.1 Theoretical Overview ……………………………………….

82

5.1.1 Data Processing ………………………………………

84

5.1.2 Simultaneous Inversion Analyses..……………………

85

5.1.3 Simultaneous Seismic Inversion..……..………………

91

CHAPTER 6:

DISCUSSIONS AND CONCLUSION

6.0 Discussions and Conclusions…………………………………

94

6.1 Discussions

………………………………………

94

6.2 Conclusions

………………………………………

98

References

……………………………………………….

viii

100

LIST OF FIGURES
Figure 1.1: Project workflow

……………………………………...

6

Figure 1.2: Map showing the approximate location of the study area in the
High Island area (modified after CGGVeritas)…………………

8

Figure 1.3: Map showing the Gulf of Mexico with its surrounding borders..

10

Figure 1.4: Base map of the study area showing the wells positions………

11

Figure 1.5: Processing workflow (courtesy of Fairfield Nodal Industries)…

12

Figure 2.1: Unstressed rock

…………………………………………

15

Figure 2.2: Compressed rock matrix …………………………………………

15

Figure 2.3: Sheared rock matrix

15

…………………………………………

Figure 2.4: Well 1 upper reservoir showing the observed low Gamma Ray
reading (black arrow points to the reservoir)……………………

17

Figure 2.5: Well 1 Lower reservoir showing the observed low Gamma Ray
reading (black arrow points to the reservoir)……………………

18

Figure 2.6: Well-log from Upper Reservoir showing the cross over between the
neutron and density porosity logs (arrow points to the crossover)…

21

Figure 2.7: Well-log from Lower Reservoir showing the cross over between
neutron and density porosity logs (arrow points to the crossover)…

21

Figure 2.8: Reservoir Zones (Well1 display showing some of the identified
reservoir: black arrows point to the identified reservoirs) ………

ix

28

Figure 2.9: Reservoir Zones (Well1 display showing some of the identified
reservoir: black arrows point to the identified reservoirs) ………

28

Figure 2.10: Well 1 display showing the elastic logs generated
(Arrow points to the reservoir zone)………………………….…

29

Figure 2.11: Well 2 display showing the elastic logs generated
(Arrow points to the reservoir zone)………………………….…

29

Figure 2.12: Cross-plots of VpVs vs P-imp color coded with water saturation… 31
Figure 2.13: Cross-plots of VpVs vs P-imp color coded with porosity……….

32

Figure 2.14: Cross-plots of VpVs vs P-imp color coded with shale vol………

32

Figure 2.15: Cross-plots of Lambda-Rho against Mu-Rho with water saturation…33
Figure 2.16: Cross-plots of Lambda-Rho against Mu-Rho with resistivity……

33

Figure 2.17: Cross-plots of Lambda-Rho against Mu-Rho with water shale vol.… 34
Figure 2.18: Cross-plots of Lambda-Rho against Mu-Rho with porosity………

34

Figure 3.1: Cross-plots of Vp/Vs ratio versus P-impedance showing the Insitu
response (color coded with well name)...…………………………

36

Figure 3.2: Cross-plots of Vp/Vs ratio versus P-impedance showing the brine
response (color coded with well name)...…………………………

37

Figure 3.3: Cross-plots of Vp/Vs ratio versus P-impedance showing the gas
response (color coded with well name)...…………………………

37

Figure 3.4: Extracted statistical wavelet (Well 1)…....…………………………

39

Figure 3.5: Extracted statistical wavelet (Well 2)…....…………………………

40

x

Figure 3.6: Generated synthetic seismogram with the extracted wavelet
(The blue is the synthetic while the red is the field data) – Well 1…

41

Figure 3.7: Generated synthetic seismogram with the extracted wavelet
(The blue is the synthetic while the red is the field data) – Well 2…

41

Figure 3.8: Generated synthetic gathers for both in-situ & brine (Well 1)…...

43

Figure 3.9: Well 1 reservoirs used for the detailed modelling…………...……

44

Figure 3.10: Well 2 reservoirs used for the detailed modelling…………...……

45

Figure 3.11: Detailed modeling of the upper reservoir in Well 1 showing the
AVO signature for brine, oil and gas…....………………………

46

Figure 3.12: Detailed modeling of the lower reservoir in Well 1 showing the
AVO signature for brine, oil and gas…....………………………

46

Figure 3.13: Detailed modeling of the upper reservoir in Well 2 showing the
AVO signature for brine, oil and gas…....………………………

47

Figure 3.14: Detailed modeling of the lower reservoir in Well 2 showing the
AVO signature for brine, oil and gas…....………………………

47

Figure 3.15: Mapped horizon across inline 1837 (far angle stack)…………..

49

Figure 3.16: Mapped horizon across crossline 4082 (far angle stack)...……..

50

Figure 3.17: Mapped fault across inline 1837…………………….…………

51

Figure 3.18: Mapped fault across crossline 4082……………………....……

52

Figure 3.19: Time structure map for horizon 1……………………....………

53

xi

Figure 3.20: RMS Amplitude extraction on horizon 1 from near-angle stack
volume. The red dashed line is an interpretation of the gas-saturated
reservoir’s limit around Well 1 ...……………………....………

55

Figure 3.21: RMS Amplitude extraction on horizon 1 from far-angle stack
volume. The red dashed line is an interpretation of the gas-saturated
reservoir’s limit around Well 1 ...……………………....………

56

Figure 4.1: The summary of how the inversion scheme works……....………

67

Figure 4.2: Cross-plotting of Vp as a function of depth……………....………

71

Figure 4.3: Cross-plotting of Vs as a function of Vp...……………....………

72

Figure 4.4: Cross-plotting of Vp as a function of density…………....………

72

Figure 4.5: Cross-plotting of Vp as a function of density (sand trend)………

73

Figure 4.6: Cross-plotting of Vs as a function of Vp (sand trend)....…………

74

Figure 4.7: Inversion result: a) estimated P-wave velocity (blue) and
measured P-wave velocity (red). b) estimated S-wave velocity (red)
and measured S-wave velocity (blue); C) estimated density (red) and
measured bulk density (blue); applied velocity model is Krief-sand
model

...……………………....………………………

79

Figure 4.8: A match between the trend-based rock physics moodel (red) and
log data (blue) response for Vp,Vs and density (well 1) …………

80

Figure 4.9: A match between the trend-based rock physics moodel (red) and
log data (blue) response for Vp,Vs and density (well 1) …………

xii

81

Figure 5.1: The summary of seismic inversion workflow used in this project…

83

Figure 5.2: Super gathers generated after correcting for statics and
amplitude balancing

...……………………....…………

84

Figure 5.3: CMP stack near Well 1 location (Inserted red curve is the
P-wave sonic log)

...……………………....…………

86

Figure 5.4: CMP gathers near Well 1 location (Inserted red curve is the
P-wave sonic log)

...……………………....…………

87

Figure 5.5: Initial AI model that traverses Well 1 (Inline 1837)...…....………..

87

Figure 5.6: Initial LMR model that traverses Well 1 (Inline 1837)...…....…….

88

Figure 5.7: Set of angle dependent extracted wavelet…………...…....……

89

Figure 5.8: Cross-plot analyses from well information..………………………

90

Figure 5.9: Shows the resulting inversion analysis at the well location……….

91

Figure 5.10: Acoustic impedance seismic attribute volume generated from
the inversion result

……....……………………....…………

92

Figure 5.11: Vp/Vs seismic attribute volume generated from the inversion
result

……....……………………....…………

92

Figure 5.12: LMR seismic attribute volume generated from the inversion
result

……....……………………....…………

93

Figure 6.1: Horizon map through horizon 1 of acoustic impedance inverted
volume (Well 1) ……....……………….………………....………

xiii

97

Figure 6.2: Horizon map through horizon 1 of Vp/Vs inverted volume
(Well 1)

……....……………….………………....………

98

Figure 6.3: Horizon map through horizon 1 of LMR inverted volume (Well 1).... 98

xiv

LIST OF TABLES
Table 4.1: Values used for the well-log inversion………………………………

78

Table 4.2: Values obtained from the inversion result..………………………….

78

xv

CHAPTER 1: INTRODUCTION
1.0

Introduction
Interpretation of seismic amplitude can be extremely non-unique, thus has the

tendency to directly impact risk on exploration prospects and drilling locations. Previous
work has revealed its non-uniqueness as it can be influenced by many geological and
non-geological factors. However, with sufficient application of rock physics,
hydrocarbons can easily be detected with the conventional three-dimensional seismic by
accurately interpreting the effect of hydrocarbons and differentiating this effect from
other geology. The adequate understanding of the origin of the seismic section and the
likely effects of lithology and fluids can effectively aid this process.
Various interpretation techniques have been released on the use of seismic
amplitude in characterizing reservoirs. These include seismic attribute analysis and
Amplitude-Variation-with -Offset (AVO). In the early 1970s, large reflection amplitudes
such as “bright spots” were known as potential hydrocarbon indicators. The addition of
hydrocarbons to a porous sand unit generally influences the reservoir’s acoustic
impedance relative to the surrounding formations thus causing bright spots or any kind of
amplitude anomalies. In 1970, Pan and De Bremaecker published results from Pan’s 1969
PhD dissertation on direct location of hydrocarbons using seismic amplitude. In 1973, the
Geophysical Society of Houston (GSH) organized a symposium on direct detection
indicators which included features like flat spots, velocity push downs, etc.
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However, as efficient as these techniques were, they have accounted for numerous
abandoned wells. Recent studies have confirmed that bright spots may also be caused by
the presence of unusual lithology such as over-pressured shale and coal (Sen, 2006).
Hence the need to critically analyze what actually influences the seismic response
(seismic amplitude) before interpretation. In order to accomplish this task, a rockproperty model that relates the petrophysical properties to the seismic rock properties is
established. Gassmann (1951) made a significant contribution for calibrating
petrophysical properties to the seismic velocities and this serves as the workhorse of this
research.

1.1

Background and Motivation
The hydrocarbon-charged reservoirs in the study area are tertiary sediments that

exhibit AVO class 2 signatures. The sand reservoirs are characterized by acoustic
impedance values that are approximately equal to that of the encasing shale medium and
the relative reflection amplitude increases with offsets. Rutherford and Williams (1989)
argued that the Class 2 sand formations are generally moderately compacted and
consolidated.
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Class 2 anomalies have been observed to exhibit the following properties (Hilterman,
2001):
-

Little indication of the gas sand on the near-angle stack.

-

Increase in angle makes the gas sand event increase amplitude.

-

The level at which the gas sand event is evident on the full stack is dependent on
the far angle amplitude contribution to the stack.

-

For a hydrocarbon-charged thin bed, wavelet character on the stack may or may
not be trough-peak.

-

Inferences about lithology are contained in the amplitude variation with incident
angle.
Previous work has also shown that conventional three-dimensional seismic data

has had limited success in detecting hydrocarbons in this area. To solve this issue, I
integrated both rock physics modeling and seismic inversion to characterize the reservoir.

1.2

Research Objectives
This research attempts to apply rock physics modeling in: studying the seismic

amplitude response, carrying out three-dimensional interpretation of the seismic data,
establishing a link between the reservoir and elastic properties of the study area, and
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subsequently carrying out seismic inversion to identify hydrocarbon-bearing sands in part
of the High Island Field, as well as delineating other potential hydrocarbon zones away
from the existing wells.

1.3

Thesis Overview
The first part of this project focuses on carrying out a detailed petrophysical

analysis of the well-logs to determine the porosity (𝟇), water saturation (Sw) and
lithology (Vsh). This is followed by analyzing the well-logs in order to identify the
reservoir zones. These reservoir zones were analyzed for lithology and fluid saturation
effects using rock physics analysis. Results from applying rock physics analysis clearly
showed fluid response. The next step involved investigating a corresponding response on
seismic data i.e. if the fluid response can also be seen on seismic data. In doing this,
seismic to well ties are carried out to match reservoir zones identified in the well-log data
to the seismic data. Synthetic gathers (0-45 degrees) are generated for each well for
different fluid scenarios.
The second part requires detailed three-dimensional seismic interpretation to
provide structural and stratigraphic information spanning the areal extent of the study
area. This is followed by evaluating three rock-property models using well-log data from
the study area: Krief, Friable, and Trend-based model. These models were used in
reconstructing P-wave logs, S-wave logs, and density logs.
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Well-log inversion is also carried out. From this result, density and elastic moduli of the
individual rock constituents is estimated by minimizing the difference between modeled
and measured sonic logs (P-wave and S-wave) and density.
Reservoir rock parameters obtained from rock physics modeling are only known
at well locations, but we seek to propagate these parameters everywhere on the reservoir
in the survey area. So the last phase of the project involves the integration of the results
from both seismic and rock physics modeling in a joint inversion based technique to
propagate reservoir parameters to include areal extent of the reservoir and to see how this
varies within the field. The project work flow is summarized in figure 1.1.
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Sand Volume Estimation
Petrophysical
Analysis

Hydrocarbon Saturation Estimation
Effective Porosity Estimation
Reservoir Identifications

Grain Properties Estimation
Rock Physics
Analysis

Log Calculations/Generation
Cross-plot Analysis
Fluid Substitution
Seismic – Well Ties
Synthetic AVO Modeling
Horizon Interpretation

AVO Modeling&3D
Seismic Interpretation

Fault Interpretation

Seismic Attributes generation

Gassmann Relations
Krief Model

Rock Property
Model & Inversions

Friable Sand Model
Trend-based Model
Well-log Inversion

Initial Model Creation

Seismic
Inversion

Inversion Analysis
Pre Stack Inversion

Figure 1.1: Project Workflow
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1.4

Study Area
The study area is located in the High Island area (figure 1.2). The High Island is

in the North Western part of offshore Gulf of Mexico (GOM). The field is an oil and gas
field which was discovered in 1984 but was not producing at the time due to low prices
(Chowdhury, 1997). The field was named High Island due to the presence of a large salt
dome (which is as high as 11 meters) in the area thus giving the field the highest
elevation of any point on the Gulf Coast (Brown, 2004). It has listric faults which are not
interrupted by salts from other areas. The sediments within the field are from the
Pleistocene to late Miocene in age and they thicken rapidly toward the south.
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Figure 1.2: Map showing the approximate location of the study area in the High Island
area (modified after CGGVeritas)

The High Island field is characterized by a lowstand slope fan, slumped sediments
associated with sequence boundaries and channel levee systems (Brown, 2004). It was
discovered that the field has both false and true cap rock. The true cap rock consists of a
series of anhydrite formations which grades upward to gypsum while the false cap rock is
hard sandstone and limestone (Halbouty 1936). This makes the field an attraction for
exploration.
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1.4.1

Geological Setting of Gulf of Mexico
As earlier mentioned, the area of study is situated in part of offshore Gulf of

Mexico (figure 1.2). The Gulf is bordered by the United States (US) to the north, five
Mexican states to the west and the Island of Cuba to the south east (figure 1.3). The
geographical setting shows that the eastern, northern, and northwestern shores lie along
five U.S. states (figure 1.3) deriving water from thirty-three major rivers that drain the
state.
The Gulf originates in the late Triassic time as a result of rifting processes which
occurred sequentially within the Pangaea. The rifting led to the formation of rift valleys,
stretching, thinning of the continental crust and other structural processes resulting to a
roughly circular basin with up to 15km of sediments ranging in age from late Triassic to
Holocene which is now the present GOM.
Approximately 20 percent of the surface area lies in the water depth greater than
300m. The structural and stratigraphic framework of the GOM basin was established
during the late Triassic and Jurassic from the interplay of high sedimentation and salt
tectonics which are the major factors controlling deposition process within the basin.
Sediments that are deposited on the outer shelf and upper slope have greatest potential for
hydrocarbon accumulation on the continental shelf of the Northern GOM (Bormann et.al.
2006).
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Figure 1.3: Map showing the Gulf of Mexico with its surrounding borders
(www.worldatlas.com)

1.4.2

Data Set Overview
Seismic data and well-log data were used for this research. The well-log data used

were provided by Geokinetics Inc., while the seismic data used were provided by
Fairfield Industries. A base map of the High Island field showing an aerial extent of about
75km2 is shown in (figure 1.4).
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This survey area spans seismic inlines ranging from 1786-1965 with spacing of
17m, crosslines ranging from 3876-4382 with spacing of 34m and sample rate of 6ms.
The seismic data is provided with pre-stack migrated CMP gathers (0-42°), near (2-15°)
and far (15 - 42°) angle stack volumes. A full angle stack (0-42°) was also provided. The
data were processed using Kirchhoff pre-stack time migration. The processing sequence
employed is shown in (figure 1.5). Data from five wells were also available with suite of
logs including gamma ray, resistivity, P-wave, S-wave, density, self-potential (SP),
caliper, and neutron porosity logs. For this research, the seismic interpretation and welllog analysis were carried out using Petrel, Hampson Russell, Rokdoc, and Petro seismic
TIPS software.

N

Figure 1.4: Base map of the study area showing the wells positions
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Figure 1.5: Processing Workflow (courtesy of Fairfield Nodal Industries)
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CHAPTER 2: PETROPHYSICAL STUDY
2.0

Cross-plots Analysis
Cross-plotting has advanced to be a widely used technique in rock physics

analysis as it enables a fast and meaningful evaluation of attributes with ease (Castagna
and Swan, 1997). Generally, common lithology units and fluid types tend to form
separate clusters in cross-plot space and this helps in making a straightforward
interpretation.
The Lame parameters; incompressibility (ƛ), rigidity (µ), and density (𝞺), can
enhance the identification of reservoir zones. This is relatively because the
compressibility of a rock unit is very sensitive to pore fluid content, thus it is expected
that the combination of these parameters will help discriminate fluid effects. Pickett
(1963) and Goodway et al. (1997) suggested four attributes for lithology and pore fluid
discrimation as listed below;
-

Vp/Vs ratio

-

Lambda modulus and density

-

Shear rigidity and density

-

P-wave Impedance

Goodway et al. (1997) affirmed that Lambda-rho (ƛ𝞺) is a pore-fluid indicator
that has its origin in the hard-rock exploration areas. He related Lambda-rho to Gassmann
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fluid substitution term and concluded that Lambda-rho attribute is a good approximation
for Gassmann’s bulk modulus of the pore fluid effect.
Figure 2.1 shows an unstressed rock matrix. In other words, this rock will have
the maximum amount of pore space between its grains, while figure 2.2 shows a rock
matrix in which hydrostatics stress (compression) is being applied. When compression is
applied to a rock, it squeezes the grains, causing a decrease in pore space and hence if a
fluid such as oil or water is introduced to the pore space, it will resist compression by
increasing the pressure against the grains, producing a more incompressible rock whereas
the introduction of gas into pore space will reduce incompressibity. Thus we expect a gas
reservoir to have low incompressibility.
Also, lithological variations tend to be characterized better by rigidity. Figure 2.3
shows a sheared rock matrix in which shearing attempts to slide grains across one
another. The pore space remained unchanged during shearing regardless of pore-fluid
type. Therefore rigidity, which measures a rock resistance to shearing, should be able to
characterize lithology than pore fluid.

14

Hydrostatic stress

Figure 2.1: Unstressed rock
matrix

es

Figure 2.2: Compressed rock matrix

Shear stress

Figure 2.3: Sheared rock matrix
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2.1

Well-log Interpretation
For effective Cross-plot analysis, there is a need to carry out detailed

petrophysical analysis of the well-log data. This section involves analysis of well-log
data. The first step involves conditioning the logs for erroneous data. This process
involves plotting each log against depth to establish a trend. Data values that show
abnormal deviation from this trend are considered outliers and are edited appropriately.
Hydrocarbon-bearing reservoirs were identified both qualitatively and quantitatively. The
qualitative analysis involves scanning through the well-logs for hydrocarbon reservoir
signatures such as low gamma ray, low SP, high resistivity, Cross-over of neutron and
density logs (gas reservoirs), while the quantitative method entails calculating for
parameters such as sand volume, water saturation, and effective porosity.

2.1.1

Gamma Ray Logs
The gamma ray logs measure the radioactive content of formation. Shale

formations have high radioactive content, explaining the high gamma ray reading
observed in shales. Shale-free formations such as sandstones and carbonates have low
radioactive contents and thus have low gamma ray readings. Exceptions to this are
sandstones containing potassium feldspars, micas, and glauconitic (Asquith & Gibson,
1982).
Generally, reservoirs show low gamma ray reading and deflection to the left
towards the lower scale which indicate sand formations. The values for gamma ray logs
16

in clastic sediments vary from 0 – 150 API units, where readings below 75 indicate sand
units and values above 75 indicate shale units. As for the High Island well, which is the
study area, the lowest and highest readings on the gamma ray log are 30 and 126
respectively, and this is an indication that the sand reservoirs are shaly sand and the
shales are also sandy in nature. Figures 2.4 and 2.5 shows the well-logs from well 1
(Upper and Lower reservoirs respectively). In well 1, the reservoir interval from 2450m –
2462m has a low value of 30 API units while the reservoir interval from 2662m – 2671m
has a low value of around 40 API units. The same trend is observed in all the wells, thus
giving us an insight that the sands in High Island are shaly sands.

Figure 2.4: Well 1 upper reservoir showing the observed low gamma ray reading (black lines
define the top and bottom of the reservoir)
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Figure 2.5: Well 1 Lower reservoir showing the observed low Gamma Ray reading (black lines
define the top and bottom of the reservoir)

2.1.2

Density Logs
The density logs measure the formation’s bulk density which is the overall density

of a rock comprising of the solid matrix and fluid enclosed within. These logs can be
used quantitatively to calculate porosity and also estimate hydrocarbon density. Well 1
records a high density of about 2.44 g/cc in the shale unit at 2444m and decreases to
about 2.05 g/cc in the sand reservoir at 2450m. Similar behavior is exhibited in other
wells. Generally, low densities are observed in all sand units while the gas-saturated
reservoirs record the lowest densities, which indicate the presence of hydrocarbons.
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The average density value for brine-saturated sand is about 2.25 g/cc. The
neutron and density logs are good discriminator between gas and oil. They generally
crossover in gas reservoir zones as explained later on.

2.1.3

Density Porosity and Neutron Porosity Logs
Gluyas and Swarbrick (2004) affirmed porosity as the amount of pore or void

spaces found in a rock which determines its capacity to store or hold fluids. This can be
mathematically expressed as shown below

Φ=(

) x100 %

Where, Φ = Porosity (%)
However, due to the fact that density logging tools do not directly measure
porosity, it is estimated as,

Where, Φ is the porosity
is the bulk density of the rock,
is the density of the matrix,
is the density of the fluid.
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The density porosities are calculated by identifying

(observed on the log), and

(sandstone) which for quartz is 2.6 g/cc. In order to determine the density of the fluid
( ), equation 2.2 was used:
(

)

(

)

= 0.29 g/cc and
= 1.09 g/cc
The approximate
These

values in the wells range between 0.4 g/cc and 0.5 g/cc.

values are then substituted into equation 2.1 to determine the porosities. It was

observed that in the gas-saturated reservoir, Well 1 has an average density porosity value
of 31% while Well 2 has an average porosity value of 25%. In general, the average
porosity of all the wells ranges between 20 – 35 %.
The neutron porosity logs measure formation’s reaction to fast neutron
bombardment which is related to the formation’s hydrogen index. Neutron logs generally
have low readings in gas reservoir zones. This is because gases usually have low
hydrogen content, thus we have neutron logs reading too low and density porosity logs
reading high in gas reservoirs giving rise to a crossover between neutron and density logs
when plotted on the same scale. For Well 1, there is a significant crossover on the
neutron-density plot which suggests good gas saturation (figure 2.6 and 2.7).

20

Figure 2.6: Well-log from Upper Reservoir showing the cross over between the neutron
and density porosity logs (arrow points to the crossover)

Figure 2.7: Well-log from Lower Reservoir showing the cross over between neutron and
density porosity logs (arrow points to the crossover)
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2.1.4

P-wave Sonic Logs
Veeken (2007) asserts that P-wave sonic log measures the interval transit time (Δt

in μs/ft) of a compressional sound wave travelling through one foot of formation. The
transit time is dependent upon both lithology and porosity (Asquith & Gibson, 1982).
Generally, all the available wells show an increase in velocity with depth.

2.1.5

Pseudo S-wave Logs
Using the Greenberg-Castagna equation (1992), the P-wave log form a basis for

the Pseudo-shear wave log used in this research work. When shear waves are compared
to the P-waves, they have slower velocity.

2.1.6

Resistivity Log
Sheriff (2002) defined resistivity as an inverse of conductivity and the electrical

property of materials that describes the ability to resist the flow of electric current. The
presences of free ions in brine-saturated rocks make the rocks conductive as these ions
enhance the flow of current, thus having low resistivity. The induction logs are the
electrical type logs available for this research.

A brine-saturated rock is expected to have a lower resistivity than hydrocarbonsaturated rock, as it is more conductive. Resistivity logs available in the area show higher
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values at the reservoirs as compared to lower values in the surrounding formation (shale).
Values of resistivity in the gas-saturated reservoir of Well 1 range between 30 and 40
ohm-m, 1 to 3 ohm-m in the surrounding shale and 0.3 to 0.7 ohm-m in brine-saturated
sand formations. These resistivity values are used in the estimation of water saturation in
the reservoir which will be discussed later.

2.2

Petrophysical Analysis
This involves the quantitative analysis of well-log data. Hydrocarbon-bearing

reservoirs were identified both qualitatively and quantitatively. As described earlier, the
qualitative analysis involves scanning through the well-logs for hydrocarbon reservoir
signatures such as low gamma ray, low SP, high resistivity, and cross-plot of neutron and
density logs (gas reservoirs), while the quantitative analysis entails calculating for
parameters such as shale volume, water saturation and effective porosity. The dual –
water model is applied to estimate the shale volume, effective porosity and water
saturation (Dewan, 1983). The steps shown in the following equations define the
petrophysical methods adopted.
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To estimate the shale volume;

(

(

(

)

)

……………………………………………

2.3

……………………………………………

2.4

……………………………………………

2.5

) …………………………………………… 2.6

Where;
gamma ray (GR), spontaneous potential (SP) reading of formation.
gamma ray (GR), spontaneous potential (SP) reading of nearby clean
sand zone.
gamma ray (GR), spontaneous potential (SP) reading of nearby shale
zone.
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To estimate effective porosity (

-

If

) for the shaly sand, two conditions were observed:

, which indicates that the pore fluid is gas, effective porosity

is estimated as shown in equation (2.7).

(

)

√

-

If

……………………………………………

2.7

, which indicates that the pore fluid is water or oil, effective

porosity is estimated as shown in equation (2.8).

……………………………………………

Where

2.8

are corrected neutron and density porosity from neutron

porosity log and density log respectively as shown in equations (2.9) and (2.10) below.

Where

……………………………………………

2.9

……………………………………………

2.10

are density porosity and neutron porosity read in nearby shale

zone.
are the density and neutron porosity log of the zone respectively.

25

To estimate the total water saturation corrected for shale;

(

√

)

……………………………………………

2.11

……………………………………………

2.12

……………………………………………

2.13

……………………………………………

2.14

……………………………………………

2.15

where;

(

)

(

)

(
where the value of

)

ranges from 0.5 to 1 depending on the lithology, for this work, 0.7

will be used.

where

……………………………………………

2.16

……………………………………………

2.17

are resistivity readings from the formation, nearby clean sand

zone, nearby shale zone and porosity reading of nearby clean sand zone respectively.
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2.3

Results and Discussion
Based on the petrophysical analysis earlier described, reservoir zones where

identified (figure 2.8 and figure 2.9) and were used for the Cross-plots analysis. Prior to
the cross-plots analysis, elastic logs such as shear impedance (S), P-impedance (P),
Lambda-Rho (λƥ), Mu-Rho (µƥ) were computed from the in-situ logs (equation 2.18 2.22) . New elastic logs (Lambda-Rho, Mu-Rho, and Lambda/Mu) were created (figures
2.10 - 2.11). Poisson ratio logs, and Vp/Vs ratio logs were also generated. The logs
created were subsequently used for the cross-plots analysis.
P-impedance = P-wave * velocity

……………………………………………

2.18

S-Impedance = S-wave * velocity

……………………………………………

2.19

Mu-Rho = (S-impedance) 2

……………………………………………

2.20

Lambda-Rho= (P-impedance) 2 – c * (S-Impedance) 2 …………………………

2.21

Poisson Ratio= (γ2 - 2)/ (2γ2-2), where γ is Vp/Vs
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…………………………… 2.22

Gamma Ray

P-wave
(ft/s)

S-Wave

Resistivity
(ohm-m)

Neutron Porosity Water
Saturation

Density(g/c) Density- Porosity

Shale Vol

Porosity

Figure 2.8: Reservoir Zones (Well1 display showing some of the identified reservoirs:
black arrows point to the identified reservoirs)

Figure 2.9: Reservoir Zone (Well2 display showing some of the identified reservoir
(black arrow points to the identified reservoirs)
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Figure 2.10: Well 1 display showing the elastic logs generated (Arrow points to the
Reservoir Zone)
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Figure 2.11: Well 2 display showing the elastic logs generated (Arrow points to the
Figure
2.11:Zone)
Well 2 display showing the elastic logs generated (Arrow points to the
Reservoir
Reservoir Zone)

As earlier mentioned, Mu-Rho corresponds to shear impedance while Lambda-rho
As earlier mentioned, Mu-Rho corresponds to shear impedance while Lambda-Rho
corresponds to bulk modulus which is highly sensitive to fluid effect. Thus, it is expected
that their cross-plots will be able to differentiate fluid types. In a normal sequence
conventional play, shales generally have high Vp/Vs as compared to sand. Previous work
has shown that Vp/Vs ratio for hydrocarbons is generally lower than brine because Pwave velocity is more sensitive to fluid changes than the S -wave velocity. Changes in
the fluid type result in changes in Vp/Vs ratio, thus it is expected the cross-plots of Vp/Vs
and P-impedance will help differentiate both fluid and lithology effect.
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In this study, the cross-plots of Vp/Vs ratio versus P-impedance (figures 2.12 &
2.14) and cross-plots of lambda-rho against mu-rho (figure 2.15 & 2.18) color coded with
various attributes such as density, resistivity, gamma ray, and porosity, successfully
distinguished between fluids and lithology. The anomalous data points (enclosed in the
broken line) coincided with some of the reservoirs that were earlier picked. The
anomalous data points has low Vp/Vs ratio, high resistivity, low density, high porosity,
low gamma ray, low lambda-rho, low mu-rho, and low impedance values, all these are
attributes of hydrocarbon reservoirs. The anomalous region was interpreted as
hydrocarbon-bearing intervals as it clearly shows fluid response. To buttress this result,
fluid substitution modeling as discussed later in this chapter was carried out on the data.

Figure 2.12: Cross-plots of VpVs vs P-impedance Color coded with water saturation
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Figure 2.13: Cross-plots of VpVs vs P-impedance Color coded with porosity

Figure 2.14: Cross-plots of VpVs vs P-impedance Color coded with Shale volume

32

Figure 2.15: Cross-plots of Lambda-Rho against Mu-Rho color coded with water sat

Figure 2.16: Cross-plots of Lambda-Rho against Mu-Rho color coded with Resistivity
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Figure 2.17: Cross-plots of Lambda-Rho against Mu-Rho color coded with shale volume

Figure 2.18: Cross-plots of Lambda-Rho against Mu-Rho color coded with porosity
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CHAPTER 3: AVO ANALYSIS AND 3D SEISMIC
INTERPRETATION
3.0

Fluid Substitution Modeling
Fluid substitution modeling is an important part of seismic attribute studies

because it provides the interpreter with a valuable tool for modeling the seismic
responses for various fluid scenarios (Smith et al. 2003).
In this project, fluid substitution modeling is carried out on the hydrocarbon
saturated reservoir sands using the Gassmann’s equation and the Batzle & Wang
equations (Batzle & Wang, 1992). The Gassmann’s equation relates the bulk moduli of
the porous rock frame, mineral matrix and the pore fluids while the Batzle and Wang
equations provides the bulk moduli and density of the pore fluids as a function of
temperature, pore pressure, specific gravity and water salinity. The application of these
equations are a two part process, whereby we first determine the bulk modulus of the
porous rock frame (the bulk modulus of the rock drained of its initial pore-filling fluid,
also referred to as the “dry frame” bulk modulus), after which we calculate the bulk
modulus of the rock saturated with any fluid of our choice (Smith et al. 2003).
In the interest zones, the Insitu fluid is gas and water (with an average water
saturation of approximately 20%). During modeling, the gas reservoirs are replaced with
hundred percent brine. It was observed that there was an increase in the density,
compressional wave velocity (VP) increased, while the shear wave velocity (Vs) dropped

35

slightly for all the reservoir zones. This in turn increased the P-impedance and Vp-Vs
ratio.
The in-situ fluid was also replaced with 100 percent gas. The same response was
observed for both the in-situ and 100 percent gas, and this gives a clue that the in-situ
reservoirs are gas reservoirs as the same response was observed. However, the gas effect
was not observed on the brine response.

Figure 3.1: Cross-plot of Vp/Vs ratio versus P-impedance, showing the insitu response
(color coded with well name)
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Figure 3.2: Cross-plot of Vp/Vs ratio versus P-impedance, showing the brine response
(color coded with well name)

Figure 3.3: Cross-plot of Vp/Vs ratio versus P-impedance, showing the gas response
(color coded with well name)
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3.1

Seismic- to- Well Tie
In order to investigate the fluid substitution modeling response on the seismic

data, synthetic seismograms are generated. In doing this, synthetic gathers (0-450) are
generated for each well for the different fluid scenarios.
Synthetic seismograms are generally created to match well-bore data with surface
seismic such that accurate tops and base of reservoirs can be established on the seismic.
Generation of synthetic seismograms entails the convolution of wavelet (w (t)) extracted
from the seismic at zones close the coordinates of the well with the reflectivity series (r
(t)).
In this study, seismic-to-well tie was conducted on the wells. Statistical wavelet
with a zero phase was extracted and applied to align reflections on the synthetic to the
composite trace (figure 3.4 & 3.5). The synthetic is then stretched and squeezed so as to
make events on the synthetic tie the event on the seismic data. The ultimate product of
the seismic-well tie process is the generation of new sonic, depth-time data pairs and well
synthetics that properly align the events on seismic. Figure 3.6 & 3.7 show the synthetic
seismograms that were generated from the field data.
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Figure 3.4: Extracted statistical wavelet (Well 1).
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Figure 3.5: Extracted statistical wavelet (Well 2).
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Figure 3.6: Generated Synthetic Seismogram with the extracted wavelet (The blue is the
synthetic while the red are the field data) - Well 1

Figure 3.7: Generated Synthetic Seismogram with the extracted wavelet (The blue is the
synthetic while the red are the field data) - Well 2
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3.2 AVO Modeling
Chriburis et al. (1993) stated that “the key to using AVO for fluid identification is
a comparison of real data with a synthetic seismogram”. The creation of synthetic takes
into account transmission losses and geometric spreading and requires as input the time –
depth function obtained after well to seismic tie, P-wave velocity, S-wave velocity,
density, and the wavelet are extracted.
In this work, synthetic gathers (0- 45°) were generated for both the in-situ
reservoirs and the modeled brine and oil reservoirs using linear approximation of
Zoeppritz equations. The Zoeppritz equation calculates the amplitude of seismic waves
and considers only plane-wave amplitudes of reflected P-waves and ignores interbed
multiples and mode converted waves (Hampson and Russell, 1999). The AVO modeling
was carried out using Hampson and Russell (H-R) software, the in-situ AVO synthetics
for well 1 for both in-situ and brine condition is shown in (figure 3.6). Also, the overplots
of the incident angles are displayed on the synthetic in increment of 15°. In all,
satisfactory AVO modeling was not achieved in the H-R software and this is seen in the
lack of difference between hydrocarbon-charged and brine-saturated AVO signatures
(figure 3.8).
A more detailed modeling for the reservoirs using TIPS software was carried out,
velocity and density information were extracted from the reservoirs of interest (figure 3.9
& 3.10).
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Figures 3.11 - 3.14 show the result of the modeling for the reservoirs in well 1. The AVO
signatures show notable difference between reservoirs charged with and without
hydrocarbon and it is seen that the amplitude of the gas reservoir increases with
increasing angles.

Figure 3.8: Showing generated synthetic gathers for both in-situ & brine (well 1)
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Model: Lower Reservoir

Model: Upper Reservoir

Figure 3.9: Showing Well 1 reservoirs used for the detailed modeling
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Lower
Reservoir

Upper
Reservoir

Figure 3.10: Showing Well 2 reservoirs used for the detailed modeling
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Figure 3.11: Detailed modeling of the Upper reservoir in Well 1 showing the AVO
signature for brine, oil, and gas

Figure 3.12: Detailed modeling of the Lower reservoir in Well 1 showing the AVO
signature for brine, oil, and gas
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Figure 3.13: Detailed modeling of the Upper reservoir in Well 2 showing the AVO
signature for brine, oil, and gas

Figure 3.14: Detailed modeling of the Lower reservoir in Well 2 showing the AVO
signature for brine, oil, and gas
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3.3

3D Seismic Data Interpretation
This section describes the seismic analysis which was carried out on the data

volumes. The analysis were carried out on both the near and far stack seismic volumes.
The steps used in the seismic volume analysis are outlined below:
 Horizon interpretation
 Fault interpretation
 Seismic attributes
 Time structure maps on three horizons
 Interval-based Root-Mean-Square (RMS) amplitude

3.3.1

Horizon Interpretation
Gao (2010) described horizon interpretation as “an interpretational concept that

separates different geological units such as water from shallow sediments and
sedimentary rock from salt diapirs”. In this section, horizons were picked and mapped
based on the well-log analysis and seismic - well ties.
Three horizons were picked both on the near-angle stack and far angle stack
volumes within the time interval of 1400 ms and 3000 ms. Horizon 1 was picked based
on the identified gas-saturated reservoir time in well 1 at about 2260 ms, while horizon 2
was picked at about 1860 ms and horizon 3 was picked near gas-saturated reservoir time
in well 2 at about 2800 ms.
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The picking was based on reflection peaks. These horizons reflect the structural features
including faults, which serve as a trapping mechanism for the hydrocarbons (only the
major faults in the area were picked). These picked horizons will also be used to guide
the interpolation of the initial model during seismic inversion.
Figures 3.15 and 3.16 show an inline and crossline from the far angle stack with
the interpreted horizons around well 1 (inline = 1837 and crossline = 4082). It is observed
that reflection strength on the seismic reduces with depth as a result of the loss of high
frequencies. Also, amplitudes on far angle stack are larger than those on near-angle stack.

Figure 3.15: Mapped horizons across inline 1837 (far angle stack)
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Figure 3.16: Mapped horizons across cross-line 4082 (far angle stack)

3.3.2

Fault interpretation
Faults were also picked on both the near- and far angle stacks (Fault F1, F2, F3,

and F4). These faults were used to guide the horizon interpretation. The faults in this area
are normal faults and their respective displacement increase down dip (figures 3.17 and
3.18). At Well 1 (inline = 1837 and cross-line = 4082), two faults (F1, F2) bound the
reservoir. Also, the same reservoir is shown bounded by faults on the amplitude map as
discussed later in this report.
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F4
F1

F3

F2

Figure 3.17: Mapped faults across inline 1837
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F2
F1

Figure 3.18: Mapped fault across cross-line 4082

3.3.3

Seismic Attributes
Seismic attributes are any quantity derived from seismic data using measured

time, amplitude, frequency and attenuation (Sheriff, 2002). According to Liner (2004),
seismic attributes are specific quantities of geometric, kinematic, or statistical features
derived from seismic data. These attributes can be associated to structure (time-based) or
associated to stratigraphy and reservoir characterization (amplitude-based). These
attributes enhance features of prediction and also enables quick interpretation of seismic
volumes. The attributes generated during this research are discussed below.
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3.3.4

Time Structure Map
According to Asquith and Gibson (1982), a hydrocarbon reservoir is considered to

be a potential prospect if they are trapped within structural traps such as fault blocks or
stratigraphic traps. Figure 3.19 shows the structural map of horizon 1, which includes a
gas-saturated reservoir. This shows the reservoir might be a good prospect as it is
bounded by fault blocks which can aid the hydrocarbon trapping mechanism.

Figure 3.19: Time structure map for Horizon 1
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3.3.5

Amplitude Map
Seismic amplitude variation plays a major role in recognizing potential

hydrocarbon reservoirs and sediment path from its source. In this research, RMS
amplitude is extracted from both the near- and far- angle stack seismic volumes in the
time intervals from 50 ms above to 50 ms below each horizon. The RMS amplitude maps
generated for the horizons for both the near- and far- angle stack volumes are shown
below (figures 3.20 & 3.21). Variations in the amplitude on the near and far angle data
are observed, particularly at the known gas-saturated reservoir which exhibits larger
amplitudes on the far angle stack. The faults that act as a trapping mechanism are well
delineated.
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Figure 3.20: RMS Amplitude extraction on Horizon 1 from near-angle stack volume. The
red dashed line is an interpretation of the gas-saturated reservoir’s limit around Well 1.
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Figure 3.21: RMS Amplitude extraction on Horizon 1 from far- angle stack volume. The
red dashed line is an interpretation of the gas-saturated reservoir’s limit around Well 1.

3.4

Results and Discussion
The seismic sections and attribute maps have shown that the study area is

bounded by different faults which control the trapping mechanism for the reservoirs. The
AVO modeling result shows increasing amplitude with offset. The amplitude analysis
show that amplitudes on the far seismic is greater than the near seismic, particularly
around the hydrocarbon reservoir at Well 1. These hydrocarbon reservoirs are classic
examples of Class 2 AVO anomalies which generally increases with offset. The red
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dashed outline is interpreted to be the reservoir bounds associated with the hydrocarbon
reservoir.
As shown on the time structure map, the reservoirs are conformable with structure
as they are bounded by faults which could aid trapping mechanism. The updip limits of
the reservoirs are provided by bounding faults and the downdip limit are well defined by
the correlation of the amplitude contours with a time structure contour.
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CHAPTER 4: ROCK PHYSICS METHODOLOGY
4.0

Rock Physics Methodology

4.1

Theoretical Overview
In effective reservoir characterization, it is essential to establish a link between

reservoir properties (porosity, lithology, fluid type) and rock properties (S-wave, P-wave
velocities, bulk modulus, shear modulus, and density) (Liner, 2004). There are various
theoretical and empirical models that relate rock properties to petrophysical properties.
The applicability of these models varies depending on the geology of the area involved
and the main aim is to be able to predict the rock properties of the study area as a
function of the reservoir properties.
For this research, three velocity-porosity models were applied in order to see the
most appropriate on the High Island sediments. The empirical models used are the Krief
and Friable-Sand models. From the afore-mentioned models, a trend-based model was
proposed.
Elastic constants (shear and bulk moduli) and densities which can be derived from
the inversion of well-logs are the basis for these models. The inversion involves the use
of petrophysical properties; water saturation, porosity, and mineral volume curves.
As soon as the elastic constants and densities of the matrix and fluid are known,
the velocities of the area as a function of petrophysical properties and rock properties can
be predicted based on equation 4.1 and 4.2
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Vs = √

……………………….…………

4.1

Vp = √

…………………………………

4.2

where Vp is the P- wave velocity, Vs is the S- wave velocity
is the bulk densities,

and

are the bulk and shear moduli of the saturated

rocks respectively.
can be obtained theoretically using Gassmann’s equation as discussed latter

&

in this chapter.
The bulk density of any saturated rock can be obtained using mass balance equation (4.3)
=
where

+(

)

……………………………………

4.3

= Density of pore fluid

= Density of the matrix material
Pore fluid can be a mixture of oil, gas, and brine and as such the mass balance and
Wood’s equations are applied to obtain the density and modulus of the pore fluid (Wood,
1955). This is shown in equation (4.4 & 4.5).
=

+

+

……………………………………
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4.4

=

+

Where
,

,

,

,

4.5

= Density of water, oil and gas respectively

= Saturation of water, oil, and gas respectively

+
,

……………………………………

+

=1
,

= Bulk moduli of water, oil, and gas respectively

In order to obtain the matrix density, the grain matrices are assumed to be
composed of sand and shale, thus the matrix density (

) is expressed as shown in

equation (4.6)
(
Where;

)

+

…………………………… 4.6

= Density of sand grain
Density of shale grain
Volume of shale

4.1.1 Gassmann’s Relations
In estimating the velocities as described in equation, it is very important to be able
to predict these rock velocities at different fluid saturation, (Gassmanns, 1951). Biot’s
theory (1956) predicts how effective bulk modulus (
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) changes with different

saturation as shown in equation 4.7 and 4.8, thus predicting changes from one fluid to
another.

(

)
(

where

)

……………………………

4.7

……………………………

4.8

= effective bulk modulus of dry rock;
= effective bulk modulus of the rock with pore fluid;
= bulk modulus of mineral matrix making up the rock;
= effective bulk modulus of pore fluid;
= porosity;
= effective shear modulus of dry rock;
=effective shear modulus of rock filled with pore fluid;
Gassmann’s relation is void of assumption about the pore geometry but it strongly

assumes homogeneity in the mineral modulus and isotropy of the pore space but the
limitation is that it is only valid at sufficiently low frequencies. Application of this
relation is a two part process, whereby we first determine the bulk modulus of the porous
rock frame (the bulk modulus of the rock drained of its initial pore-filling fluid, also
referred to as the “dry frame” bulk modulus), after which we calculate the bulk modulus
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of the rock saturated with any fluid of our choice (Smith et.al 2003). Additionally, the
behavior of velocities with respect to changes in properties such as clay content, varying
porosity can also be studied.
To obtain the bulk and shear moduli of the matrix (

&

respectively), the

Voigt- Reuss Hill effective medium equation is used (Voigt, 1952).
=(

)

(

=

)

(

)

where;

………………………

+

4.9

…………………………

4.10

……………….…………………

4.11

= Bulk or shear matrix modulus of sand & shale respectively
= Effective bulk or shear moduli of the matrix obtained by Voigt upper bound

(Voigt, 1928) and Reuss lower bound (Reuss, 1929) respectively.
= Bulk or shear modulus of the matrix.

4.1.2

Krief Model
Krief et al. (1990) affirmed a

⁄

prediction approach which shows a general

velocity–porosity relationship in unconsolidated sand. They suggested modeling dry
rocks as porous elastic solid in which the dry rock (
bulk moduli

and

is a coefficient.
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) is a function of the mineral

(

=

……………………………………

)

4.12

They further used the sandstone data of Raymer et al. (1980) to establish a
relationship between
1–

)(

=(

Substituting 1 –
=

((

coefficient and porosity as shown in equation (4.13).

⁄

)

……………………………………

4.13

in equation (4.12), we have
)(

⁄

)

)……………………………………

4.14

Also, the shear modulus is expressed as
=

((

where;

,

4.1.3

)(

⁄

) )……………………………..………

4.15

= bulk and shear moduli of the matrix mineral respectively.

Friable – Sand Model
The Friable-Sand model which was established by Dvorkin & Nur (1996), it

describes how velocity–porosity changes as the sorting/porosity deteriorates and it is
based on the assumption that the porosity decreases from critical porosity as solid
minerals are being added to the pore space. The model work best for high porosity, clean
and unconsolidated sands.
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The model connects two end members. The first is a well-sorted end member
which has a critical porosity ( c) around 40%, the elastic moduli of the dry rock are given
by the Hertz-Midlin theory (Midlin, 1949). (See equation 4.16 – 4.18).
For the other member, he assumed the porosity decreases from critical porosity as
solid minerals are being added to the pore space and explains that the additional mineral
deteriorate sorting and decreases the porosity gradually until it assumes a zero porosity
and has a modulus close to that of the mineral.
Moduli of the poorly sorted sands with porosities between

and

c

are

interpolated between the mineral points and the well-sorted end member using HashinStrikman bounds (Hashin & Strikman, 1963). The moduli of the dry friable sand mixture
are given by equation 4.21-4.23

(

=[

=

=

(

(

(

⁄

)
(

)

]

……………………….……

…………………….……

)

,

…………………………….…………

]

)

[
)

(

where;

⁄

)

4.17

4.18

= dry – rock bulk and shear moduli at critical porosity respectively.

= effective pressure
,

4.16

= bulk and shear moduli of the matrix material.

= Poisson’s ratio of the matrix material.
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= Coordination number
The effective pressure ( ) as a function of depth can be obtained from equation (4.19)

0.535z (

(MPa)

)……………..………….………

⁄

4.19

where z represents depth.
The coordination number

depends on porosity as shown equation 4.20 (Murphy,

Reischer, and Hsu, 1993).
………………….……….………

4.20

…………..………

4.21

…………………………..………

4.22

] ……….………………….………………

4.23

= 20 - 34

⁄

=[

⁄

⁄

=[

Z=

where;

⁄
⁄

⁄

[

and

] -

] -

are the bulk moduli and the shear moduli of the dry friable sand

mixture.
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4.2

Grain Property Inversion (Well-log Inversion)
The physical properties Vp, Vs and rho can be estimated from the elastic moduli

and densities of the mineral and pore fluid constituents using theories such as effective
media theory. In order to reconstruct P-wave velocity, S-wave velocity, and density logs
for different petrophysical conditions such as porosity, lithology, and pore fluids,
knowledge of the elastic moduli and densities of the constituents are needed. These
elastic moduli are generally derived and assumed from empirical values. However, recent
studies have shown that these elastic moduli vary with local geology and can
significantly vary within basin (Nasser, 2010). Hence, there is need to estimate these
parameters from local calibrations.
In order to estimate the elastic parameters of the High Island field, a well-log
inversion was carried out using the result obtained from the Krief model based on the
scheme proposed by Chaveste (2003) as shown in equation 4.24. The well-log inversion
method estimates the constituents by minimizing the difference between modeled and
measured well-log properties. Figure 4.1 shows the summary of how the inversion
scheme works.
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𝒌𝒈𝒂𝒔 , 𝒌𝒃𝒓𝒊𝒏𝒆 , 𝒌𝒔𝒂𝒏𝒅

Figure 4.1: The summary of how the inversion scheme works.
As earlier illustrated in this chapter (equation 4.1 - 4.6), Vp & Vs can be
expressed as a function of the petrophysical properties (shale volume, porosity, and water
saturation), and grain properties (Ksand , Kshale, 𝞺sand , 𝞺shale, µsand , µshale). The density and
bulk modulus of the pore fluid, which are essential components in the solution for the
saturated velocities and density, are obtained from the Batzle and Wang method (1992).
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In this project, the grain matrix elastic moduli and density are derived by
inversion from well-log data. The matrix is assumed to be composed of sand and shale,
hence Han empirical for GOM quartz and shales were used (Han, Nur and Morgan,
1986). For sandstone, we assumed 39GPA for its bulk modulus, and 33GPA for its shear
modulus. Those values significantly vary with reservoirs (local geology). However, more
precise values are obtained from the well-log data inversion.

{

‖

‖

‖

‖

‖

‖}……………….

4.24

Where:
weighting factors whose sum is equal to 1,
measured density, P- and S- wave velocities,
computed density, P- and S-wave velocities based on a specific
velocity model,
‖ ‖ represents absolute value.
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In this work, the density estimation is removed from equation (4.24) and the
objective function to minimize for grain density of sand and shale is

(

)

=

where:
and

= ith computed and measured sample

N = number of samples measured from well-log data
Having derived the density of the matrix, elastic constants are inverted based on
the objective function.

√(

(

) )

where:
and

= standard deviation of P-and S-wave velocities in the extraction

interval respectively.
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The procedure for estimating the grain properties was to start with a guess using
either the Krief or Friable model to obtain Vp and Vs. The grain moduli of the study area
are later obtained by minimizing the objective function. A generic algorithm in excel is
applied to solve the objective equations.

4.3

Trend-based Model
In this study, I developed a trend-based model proposed by Nasser (2010) to

constrain the velocity-porosity study of my study area. Shale trend and sand trend of the
study area were derived from the analysis of all the available well-logs. Petrophysical
trends at varying depths for the end-member sands and shales were established.
For the shale trends, we derived a trend by cross-plotting Vp as a function of
depth (figure 4.2) as well as Vs and density as a function of Vp (figure 4.3 & 4.4). This is
based on the assumption that the shale is entirely impermeable to hydrocarbon and only
saturated with brine that was trapped during deposition.
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Figure 4.2: Cross-plotting of Vp as a function of depth.
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Figure 4.3: Cross-plotting of Vs as a function of Vp.

Figure 4.4: Cross-plotting of Vp as a function of density.
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For the sand trend, P-wave velocity and density were cross-plotted (figure 4.5)
and a trend is established between them. P-velocity and S-velocity were also crossplotted and a relationship is established between them regardless of their depths (figure
4.6). The relationship between Vp and density as well as Vp and Vs indirectly account
for the effects of vertical stress on the sand porosity and stiffness due to compaction
(Nasser, 2010). The clean wet sands that were derived from brine-filled logs were used.
The brine-filled logs were created using Gassmann’s fluid substitution by substituting the
hydrocarbon-filled logs to brine filled logs as described in chapter 3.

Figure 4.5: Cross-plotting of Vp as a function of density.
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Figure 4.6: Cross-plotting of Vs as a function of Vp.

From the cross-plots, we established relationships between the elastic properties
(equations 4.25 – 4.29). We then compute the elastic moduli and bulk density of the brine
sands using equation (4.30 – 4.31).
For Shale Trend
…………………………………………

4.25

…………………………………………

4.26

…………………………………………

4.27
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For Sand Trend

(

)

∗

(

……………………………………

4.28

……………………………………

4.29

)

√

(Modeled

)

√

4.30

……………………………

4.31

) ………………………

4.32

……………………………

4.33

……………………………

4.34

……………………………

4.35

……………………………

4.36

∗

(Reuss)

(Modeled

…………………………

……………………………

where;
M is the plane wave modulus.
is the bulk modulus of the wet sand
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4.37

is P-wave velocity of the wet sand
is the S- wave velocity of the wet sand

is density

is the volume of shale
Gassmann’s theory as earlier described was then applied to perform fluid
substitution on the brine-filled logs to hydrocarbon-filled logs, Vp, Vs, and 𝞺 of
hydrocarbon sand are then estimated using volume fraction logs of sand and shale
volume, in-situ saturation and porosity as input.
Voigt and Reuss bounds (equation 4.32 – 4.37) are then applied to estimate the
effective properties of the interbedded shale and sand sequences using lithology volume
fractions obtained from the petrophysical analysis.
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4.4

Result and Discussion
The Krief-based grain property inversion gave a good match with a correlation

coefficient between the measured and modeled of about 0.95 for density log, 0.89 for Swave log and 0.9 for P-wave log.
Tables 4.1 and 4.2 shows the assumed elastic parameters and the estimated elastic
parameters that were used and obtained from the rock physics modeling and inversion
respectively. Figure 4.7(a, b & c) also show the modeled logs obtained from the well-log
inversion having a correlation coefficient of about 0.95. Figure 4.8 also shows the
velocity-porosity trends obtained from the Krief model. For the trend-based model, a
good match match betweeen the model response and the log data was achieved for all the
wells (figure 4.9).
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Bulk

modulus Shear

modulus Density (g/cm3 )

(GPa)

(GPa)

Sand

39

33

2.65

Shale

21

9

2.55

Table 4.1:Values used for the well-log inversion

Bulk

modulus Shear

modulus Density (g/cm3 )

(GPa)

(GPa)

Sand

41.7

31

2.69

Shale

25.8

8.6

2.61

Table 4.2: Values obtained from the inversion result
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a

b

c

Figure 4.7: Inversion Result: a) estimated P-wave velocity (blue) and measured P-wave
velocity (red). b) estimated S-wave velocity (red) and measured S-wave velocity (blue);
C)estimated density (red) and measured bulk density (blue); Applied velocity model is
Krief-sand model.
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Figure 4.8: A match between the trend-based rock physics moodel (red) and log data
(blue) response for Vp,Vs, and density (well 1)
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Fig 4.9: A match between the trend-based rock physics moodel (red) and log data (blue)
response for Vp,Vs, and density (well 2)
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CHAPTER 5: SEISMIC INVERSION
5.0

Seismic Inversion

5.1

Theoretical Overview
Seismic inversion is the process of extracting from seismic data, the underlying

geology that gave rise to the seismic (Russell, 2005). It does that by deriving impedance
from seismic data, which is an interval property useful for estimating properties such as
porosity.
Impedance as discussed by Veeken (2007), is an important tool as it contains
essential data from the logs and seismic. Unlike seismic data which is an interface
property, acoustic impedance is a rock property which shows geologic layer and is also
closely related to lithology and reservoir characteristics such as porosity and hydrocarbon
saturation. Figure 5.1 shows the summary of seismic inversion workflow used in this
project. This process as emphasized by Trietal and Lines (2001) aims at reconstructing
subsurface features from geophysical measurements such that the model response “fits”
the observation with some measure of error.

82

Figure 5.1: The summary of seismic inversion workflow used in this project
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5.1.1 Data Processing
The success of any prestack inversion critically depends on the quality of the input
seismic data (Russel, 2005). Hence, there is need to ensure the CDP gathers are processed
carefully for AVO analysis. For the process of this inversion, I carried out three major
processing steps as listed below:
1. Generating super gathers to enhance the signal to noise ratio
2. Application of trim statics to align events
3. Amplitude balancing
The processing was done using Hampson-Russel’s AVO program. Figure 5.2
shows the results obtained after applying the processing steps.

Figure 5.2: Super gathers generated after correcting for statics and amplitude balancing
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5.1.2

Simulteneous Inversion Analysis

Figure (5.3 & 5.4) shows the CMPs stack and CMP gathers near Well 1 location. The
inversion entails building an initial model using the sonic log time-depth generated after
the well to seismic tie, the density log and the mapped horizon. The horizon helps to
interpolate for all traces over the whole seismic volume.The first stage involved
importing the wells, horizons and the seismic. Figures (5.5 & 5.6) shows the initial
models obtained from the inversion process.
Pre-stack analysis was then carried out at well locations, a set of wavelets were used
to validate inversion parameters and enhance the seismic scaling with the help of crossplots from well information (figures 5.7 & 5.8). This reduces non-uniqueness of result as
the parameters are used to stabilize the inversion process. Figure 5.9 shows the resulting
inversion analysis at the well location. A good fit between inverted log and original logs
with a correlation of about 0.9 was obtained showing that the inversion parameters are
optimum.

85

Figure 5.3: CMP stack near Well 1 location (Inserted red curve is the P-wave sonic log)

Figure 5.4: CMP gathers near Well 1 location (Inserted red curve is the P-wave sonic
log)
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Figure 5.5: Initial AI model that traverses Well 1 (inline 1837)

Figure 5.6: Initial LMR model that traverses Well 1 (inline 1837
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Figure 5.7: Set of Angle-Dependent Extracted Wavelets
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Figure 5.8: Cross-plot analysis from well information
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Figure 5.9: shows the resulting inversion analysis at the well location

5.1.3 Simulteneous Seismic Inversion
A simultaneous inversion was ran on the seismic data after effectively tweaking
the impedance parameters with the help of cross-plots from well information. Figures
5.10, 5.11, and 5.12 show results of inversion volumes obtained between crossline 3876
and 4282. The impedance values range between 12833- 25356 (ft/sec)*(g/cc).
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Figure 5.10: Acoustic impedance seismic attribute volume generated from the inversion
result

Figure 5.11: Vp/Vs seismic attribute volume generated from the inversion result
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Figure 5.12: LMR seismic attribute volume generated from the inversion result
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CHAPTER 6: DISCUSSIONS AND CONCLUSIONS
6.1

Discussions
In this research, High Island data (well-logs and seismic) have been investigated

for hydrocarbons using cross-plot analysis, AVO modeling, Rock physics modeling, 3D
seismic interpretation methods, and simultaneous inversion methods.
The cross-plot analysis from wells aided the discrimination between fluids and
lithology effect in the area as well as the reservoir identification. The reservoir sands at
Well 1 have an average thickness of about 40ft (~10 m) and they are characterized by low
bulk densities, low relative P-wave velocities, high resistivities, and high porosities as
compared to the overlying shale. The cross-over effect of the neutron porosity and
density porosity logs indicates that the reservoir is a gas-saturated sand. The acoustic
impedance logs generated for both wells could not clearly differentiate the gas-saturated
reservoir from the surrounding shale; hence I cross-plotted attributes such as LambdaRho vs Mhu-Rho and P-impedance vs Vp/Vs to help discriminate gas reservoirs from
other lithology.
The fluid substitution modeling reveals how the reservoir properties change with
different fluids. The addition of brine to the reservoir increases P-wave velocity and
density but slightly decreases the shear wave velocity. The AVO modeling for the gas
scenario shows an increase in amplitude with offset. The result observed from the AVO
modeling confirms the study area as a class 2 AVO anomaly environment having a nearzero impedance contrast and also increasing amplitude with offset.
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Three-dimensional interpretations of the seismic data show the structural features
of the reservoir and the study area. Detailed inspection of the seismic data was carried out
by analyzing the anomalies on both near-and far-angle stack and also correlating these
anomalies to the well-logs information. Three horizons were mapped on both the nearand far-angle stack. In mapping the horizons, the different faults in the study area were
also analyzed and picked which aided the horizon mapping across faults planes. The
mapped faults and horizons were used in generating surfaces which were subsequently
used in creating the root-mean-square (RMS) amplitude maps as earlier discussed.
Differences in amplitude were observed on both near- and far-angle stacks. Increased
amplitudes are seen on the far angle stack as compared to the near angle stack at well 1.
Rock physics modeling helped characterize and calibrate the study area locally.
The Krief model and Friable model were used for the modeling. The Krief shows a
higher correlation between the modeled and the well-log data, hence a well-log inversion
was carried out on the modeled result to give an estimate of the elastic parameters of the
study area. A velocity-porosity trend of the study area was also established.
In this study, a trend-based model was also proposed, based on assumption that If
well-log data points fall along a trend, a regression line can be fit along the line and the
internal structure of a rock is similar to the idealized structure predicted by the model.
Petrophysical trends at varying depth for sand and shales were established using brine
filled logs. For the sand trends, relationship between Vp and density as well as Vp and Vs
were established and these indirectly account for the effect of vertical stress on the sand
porosity and stiffness due to compaction. For the shale trends, relationship between Vp
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and depth as well as Vs and density as a function of Vp was established based on the
assumption that the shale is completely impermeable to hydrocarbons and only saturated
with brine trapped during deposition. The Voigt-Reuss hill were then used to mix and
give an estimate of the effective properties of the interbedded shale and sand sequences
using various net to gross values, ranging from 0 to 1.
Simultaneous inversion was also carried on the data. Prior to the inversion
process, the data was reprocessed to increase the data quality for AVO analysis and the
inversion process. The processing steps included generating super gathers to enhance the
signal to noise ratio, application of trim statics to align events and also amplitude
balancing was also carried out as seen in the resulting data. The processed data were
subsequently used for the inversion process.
Simultaneous inversions were carried out to help delineate reservoirs using the
sonic log obtained after the seismic to well tie and also the mapped horizons from the 3D
interpretation. The horizons helped to interpolate for all traces over the seismic volumes.
A low-frequency model is built initially prior to inverting the whole seismic data, as this
is required because of the disparity in frequency contents of well-log and seismic data.
Inversion analysis carried out shows a good fit between the inverted logs and original
logs, the inversion was then carried out after effectively tweaking the impedance
parameters with the help of cross-plots from well information. Horizon slices with
average time window between time intervals of 50ms below and 50ms above.
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Horizon 1 slices was generated from the inverted Vp/Vs, P-impedance as well as
LMR volume and the reservoir bounds are shown by the black broken lines (figure 6.1 –
6.3). The already known gas reservoir area around Well 1 has a low Vp/Vs, low LMR
and low P-Impedance amplitude.
In general, values of Vp/Vs are very low at the reservoir, as is expected of a gassaturated reservoir. All of the following (3D seismic data interpretation, well-log
analysis, AVO modeling, rock physics modeling, and simultaneous inversion) have
helped to discriminate the gas zones and also helped characterize the High Island
reservoir. The presence of hydrocarbon zones can be said to be affirmative.

Figure 6.1: Horizon map through horizon 1 of acoustic impedance inverted volume
(Well 1).
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Figure 6.2: Horizon map through horizon 1 of Vp/Vs inverted volume (Well 1)

Figure 6.3: Horizon map through horizon 1 of LMR inverted volume (Well 1)
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6.2

Conclusion
Results show that rock physics is an important tool in reservoir characterization as

it helps in seismic amplitude studies. The cross-plot analysis facilitated the discrimination
of gas sands from brine-fluid sands as well as the discrimination between sands and shale
while the fluid substitution helped in modeling the seismic responses for various fluid
scenarios.
Amplitude anomalies observed on seismic data were analyzed and it was
determined that these anomalies were a response to the hydrocarbon present in the
reservoirs. This was further established by the integration of results from petrophysical
analysis, cross-plots analysis, rock physics modeling, detailed AVO synthetic modeling,
and 3D seismic interpretation.
The inversion results also helped map lithologies and aided interpretation of
complex geology in the High Island field. The attributes volumes (Vp/Vs, Acoustic
impedance) also helped delineate hydrocarbon-saturated reservoirs.
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