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Abstract
Amplitude variation with offset (AVO) analysis was carried out on OTG field, deep offshore Niger Delta for the purpose of predicting gas in the reservoirs. Exploration for oil and gas are being shifted to more complex and difficult terrain such as the deep offshore, quantitative studies such as AVO analysis are needed to reduce exploration risks associated with this environment. The dataset used for this study includes 3D seismic pre-stack migrated data with near and far offset gathers, full stack 3D seismic and composite well logs including compressional and shear sonics. Methods adopted involved the correlation of wells, generation of synthetic seismograms, surface attribute analysis, estimation of rock attributes, AVO modelling and classification of AVO anomaly type for subsequent prediction of fluids saturating the reservoir. Surface attributes analysis showed amplitude anomalies on the surface around the well tops indicating possible gas distribution. Cross plots of estimated rock attributes showed clusters that distinctively showed the distribution of fluid which are brine, oil and gas. Gradient versus intercept cross plot presented some of the plotted clusters as falling within the third quadrant and this was interpreted as indicative of the presence of gas in the reservoir. The AVO anomaly was classified as being of the class III type. Amplitude of reflection coefficients were observed to decrease with offset on seismic gather. The study concluded that though the reservoir was abundant in oil reserves, it contained significant amount of gas.
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CHAPTER ONE
1.1 Introduction 
Over the past years in the geosciences field, seismic amplitude-versus offset (AVO) analysis has been an effective geophysical tool in aiding the direct detection of gas-filled reservoirs from seismic records (Ohaegbuchu and Igboekwe 2016). AVO was founded on the findings of Koefoed (1955, 1962) that the variation in reflection coefficient of seismic waves with the incident angle, depends on the Poisson’s ratio difference across an elastic boundary. He also propounded that critical observation of the orientation of the reflection coefficient versus angle of incidence curve could be a viable means of discriminating lithologies and their saturating fluid. Ostrander (1984) established a practical application of the amplitude variation with incident angle phenomenon. Further analyzing the reflection coefficients as a function of the angle of incidence for a simple three-layer, gas-sand model, he applied the Zoeppritz amplitude expressions from which he was able to discriminate sand and shale layers. This model was made of a sand layer encased in two shale layers (a similar geology to the geology of Niger Delta basin). 
By using published values of Poisson’s ratio for shale, brine saturated sands, and gas saturated sands, it was determined that there is a noteworthy enough variation in reflection coefficient with angle of incidence to differentiate between gas saturated sands and brine saturated sands. These theoretical observations were examined with real seismic data and established that AVO could be useful as a method of detecting gas sands (Coulombe et al., 1993). Generally, AVO is restricted by the assumptions and estimations intrinsic in surface seismic acquisition, processing, and interpretation. These factors include receiver arrays, near surface velocity variations, differences in geometrical spreading from near offset to far offset, dispersive phase distortion, multiples interfering with primaries, wavelet phase, source directivity and array effects (pers. Comm. R. R. Stewart, 1990        
1.2 Statement of Problem  	
In recent years, as the easy to find conventional hydrocarbon reserves in the earth’s subsurface are
being exploited, the oil industries tend to search in more difficult terrains and much deeper waters to match the growing demand for fossil fuels. Therefore, exploration for oil and gas over time has advanced from being qualitative to quantitative. Quantitative studies of the subsurface generally and hydrocarbon fields in particular, require a lot of integrated data and analysis from geologists, geophysicists, petrophysicists, and reservoir engineers. Accurate characterization requires a combination of 3D seismic volume interpretations, amplitude analyses, rock physics and AVO (amplitude versus offset) analysis.
There are also exploration risks associated with the deep-water environment and this research is part of an effort to reduce those risks and to also identify exploration development opportunities away from the location within the study area.
1.3 Research Aim and Objectives 
1.3.1 Aim
The aim of this study is to carry out AVO and Seismic Attribute analysis on OTG Field, in order to characterize gas in hydrocarbon reservoirs to reduce the exploration risk of oil and gas in Deep Offshore, Niger Delta.
1.3.2 Objectives
(i) Correlate the well logs in order to identify the reservoirs and characterize the fluid type.
(ii) Generate synthetic seismograms in order to map the horizons across the 3D seismic
(iii) Seismic interpretation and attributes analysis to indicate possible presence of hydrocarbon
(iv) Rock attributes estimation and evaluation for fluid distribution within the reservoir
(v) Perform AVO analysis on seismic data to identify the AVO classes and implication on the type of hydrocarbon saturating the reservoir.
1.4 Significance of Study
This research discusses the impact of observing common depth point gathers on Near, Mid and Far-offsets, to verify the credibility of the amplitude response in the prospect evaluation. It is also aimed at characterizing the fluid content or the lithology of a possible reservoir and reducing the exploration drilling risk in oil fields. 
















CHAPTER TWO
LITERATURE REVIEW
2.1 Review of Previous Works Done
AVO analysis of 3-D seismic data at G-field, Norway was carried out by Ogochukwu and Edmund (2014). Variations of amplitude depicted in survey vintages emphasized the activity of fluid contacts and variations in fluid compositions within the reservoir. AVO analysis was carried on the three wells. The analysis involved creating a synthetic model to deduct the amplitude responses observed at a particular reservoir horizon. Four types of fluid model substitution were created; pure brine, pure oil, pure gas and brine mix (70% Brine, 20% Gas and 10% Oil). Prominent amplitude changes which correspond primarily to the production effects was identified in the Tarbert reservoir.
AVO modelling was also carried out using pre-stack seismic and well-log data in the south-east Coastal Swamp of Niger Delta by Uko and Emudianughe (2014). The results of the work demonstrated that the seismic pre-stack and well-log data provided valuable information in modelling a reservoir and other important intervals in wells. Amplitude-Versus-Angle (AVA)/Amplitude-Versus-Offset (AVO) extracted from pre-stack seismic data identified gas sand of AVO Class 3 type. Sand-shale lithology is deduced, with sandstone volume decreasing with increasing depth, while shale volume increases with depth. Porosity and permeability showed decreasing trend with depth for both sandstone and shale units. Velocity, Gamma ray (API), Poisson’s ratio, Vp /Vs and density increase with increasing depth. Compressional-velocity Vp and shear-wave Vs are linearly related, and mudrock line equation is established for the study area: Vp =0.807Vs+1.600. Thus, the method was useful in the identification of prospective areas and also for feasibility studies during appraisal activity.
Ogagarue and Anine (2015) integrated rock physics, AVO modelling and analysis to identify reservoir fluid and lithology discrimination in a Niger Delta deep water block. This study was carried out to aid interpretation of seismic data and eventually reduce exploration risks associated with deep-water environments. This study involved the integration of rock physics and AVO technique in characterization and delineation of rock types and fluid effects, as well as delineate the seismic responses in the reservoir. The Castagna’s mud rock line relationship was used to derive the in-situ shear wave log while the linearized Zoeppritz equations were used to model the seismic response at the reservoir top by the introduction of the various fluids using the Gassmann’s equations. It was deducted from the outcome of the modelling that the sandstone reservoir exhibits a Class IV amplitude anomaly, and the Gassmann’s simulated reservoir fluids could be clearly delineated within the reservoir except for the in-situ case using log data alone. Poisson’s Ratio and Impedance relations were most effective in discriminating the gas sands. Results depicted amplitude anomalies away from the well bore, identifying possible prospective zones of hydrocarbon interests which was mainly gas.
A study including forward modeling from rock parameters measured from well logs and AVO analysis of events on pre-stack time migrated 3D seismic gathers was carried out by Ohaegbuchu and Igboekwe (2016) on Konga field, an onshore field in the Niger Delta. Forward modeling predicted specific AVO behaviour of anomalous reservoir sands in the field. AVO attributes (intercept and gradient) were derived from analysis of common depth point (CDP) gathers obtained from a 3D pre-stack seismic survey. The attributes were cross-plotted to establish trends against which anomalous amplitude behaviour were identified. Reflections related to shales and brine sands exhibit a relatively small range of orientations creating a dominant ‘‘background trend’’ against which anomalous events related to hydrocarbon-saturated reservoirs show clear deviations. On the basis of cross plot analyses (reflectivity versus offset/angle and intercept versus gradient) and modeled acoustic impedance, Class 1 type AVO anomalies were observed and they were associated with non-hydrocarbon bearing clastic rocks that are most probably brine saturated in the field. These results however showed that drilling in this field in search of hydrocarbon reservoirs poses a risky venture.
Three AVO-based workflows were applied to marine seismic data acquired from offshore Norway by Mitchel and Rodrigo (2019) in order to emphasize the importance of AVO analysis on pre-stack gathers in aiding geoscientists in fluid identification and improved delineation of boundaries of hydrocarbon accumulation. The workflows were graphic visualization of amplitude versus offset curves, analysis of seismic volumes and cross-plots of intercept versus gradient, and interpretation of amplitude versus offset cube. In the case study, amplitude values increased significantly when the offset value increased, thus indicating the presence of gas.











2.2 Geology of the study area 
The Niger delta province is situated in the south of Nigeria; it is bordered to the North by the Benin flank and to the south by the Atlantic Ocean. It extends from longitudes 3°E-9°E and latitudes 4°30′N - 5°20′N. The Niger Delta, located in the Gulf of Guinea of West Africa as illustrated in Figure 2.1, contains the Tertiary Niger Delta Petroleum System. The majority of the province lies within the borders of Nigeria where this study was carried out.  Delineating lithology is not a difficulty in the Niger Delta because it is basically either shale or sand, and as such, it is suggested that the AVO analysis would be a more useful tool in the prediction of fluid type in the reservoirs. 
2.2.1 Tectonics 
[bookmark: _Hlk62019840]The tectonic framework of the continental margin along the West Coast of equatorial Africa is controlled by Cretaceous fracture zones expressed as trenches and ridges in the deep Atlantic. The fracture zone ridges subdivide the margin into individual basins, and, in Nigeria, form the boundary faults of the Cretaceous Benue-Abakaliki trough, which cuts far into the West African shield. The trough represents a failed arm of a rift triple junction associated with the opening of the South Atlantic. In the region of the Niger Delta, rifting diminished altogether in the Late Cretaceous.  After rifting ceased, gravity tectonism became the primary deformational process. Shale mobility induced internal deformation and occurred in response to two processes (Kulke, 1995). First, shale diapirs formed from loading of poorly compacted, over-pressured, prodelta and delta-slope clays (Akata Fm.) by the higher density delta-front sands (Agbada Fm.). Second, slope instability occurred due to a lack of lateral, basin-ward, support for the under-compacted delta-slope clays (Akata Fm.). For any given depobelts, gravity tectonics were completed before deposition of the Benin Formation and are expressed in complex structures, including shale diapirs, roll-over anticlines, collapsed growth fault crests, back-to-back features, and steeply dipping, closely spaced flank faults (Evamy et al., 1978; Xiao and Suppe, 1992). These faults mostly offset different parts of the Agbada Formation and flatten into detachment planes near the top of the Akata Formation.



















Figure 2.1 Geology Map of Niger Delta (after Nwajide C.S., 2013) [image: ]








2.2.2 Lithology
Akata Formation
The Akata Formation (figure 2.2) is the major time transgressive lithological unit of the Niger Delta. It is mainly marine mud facies with turbiditic sands and continental slope channel fills. The formation underlies the whole of the Niger Delta complex south of the Imo Shale outcrop area and is taken as the up-dip equivalent of the Akata lithofacies (Whiteman, 1982). At present the Akata facies is being deposited on the continental shelf and slope and perhaps on the lower part of the prodelta slope. The Akata Formation consists of dark gray uniform shales, especially in its upper part. It tends to be sandy in the upper parts from where it grades into the Agbada Formation. The top of the formation is not clearly defined. It is taken arbitrarily as the deepest development of deltaic sandstones assignable to the Agbada Formation. Formation thickness ranges from 2,000 ft. to 20,000 ft. From the abundant planktonic foraminifera, the formation is inferred to have been deposited in a relatively deep open marine shelf setting.
Agbada Formation
The Agbada Formation (figure 2.2) underlies the Benin Formation and it consists of intercalations of shale and sandstone lithologies. The Agbada Formation is the main reservoir rock of the basin while its shale layers as well as those of the underlying formation serve as the source rocks. This unit constitutes the middle part of the tripartite Niger Delta stratigraphic succession. The formation is strongly diachronous, ranging in age from Eocene to present day. The mangrove swamp to coastal barriers and fluviomarine zones of the present-day delta constitute the surface exposure of Recent age. 


Benin Formation
[bookmark: _Hlk62020163][bookmark: _Hlk62020172]According to Short and Stable (1967) this unit consists predominantly of continental fluvial sands that underlie an extensive area of southern Nigeria typified by the sands around Benin City where it is estimated to be 3050 m thick. The unit is generally friable and consists of white, fine to coarse and pebbly, poorly sorted sands. Lignite occurs as thin streaks or as finely dispersed fragments. Within the formation are thin grayish brown shale bands containing plant fragments. The Benin Formation is reconstructed as the upper and lower flood (delta) plain setting. Also involved are deltaic, estuarine, lagoonal, and fluviolacustrine sub-environments. Although some marine shale breaks have been identified within the formation, the bulk of the belt facies (Allen, 1965a; Dessauvagie, 1972). The shale breaks probably are the source of the fossils on which Reyment (1965) based the observation that the formation is “partly marine, partly deltaic, partly estuarine, partly lagoonal, and fluviolacustrine in origin.” The age is Eocene to Recent (Short and Stauble, 1967; Whiteman, 1982.). In the southeastern parts of the offshore Niger Delta, the Benin Formation extends from the ocean bottom with a thickness of about 914 m. It retains its characteristics as a deposit consisting of fine to coarse grained, pebbly, poorly sorted, feldspathic and hematitic quartz sand, interbedded with shales, and occasional lignite streaks. The formation here is primarily nonmarine to paralic onshore, but becomes neritic in the offshore. (Opara, 1981). Its basal shale beds, with some sands, have been dated Pliocene to Recent, and designated informally as a member of the Benin Formation. The formation is hydrocarbon bearing in some of the Mobil fields, contrary to the situation elsewhere where it is solely water bearing. In several parts of the subsurface Niger Delta, within the Agbada and Benin Formations, deep and relatively a really extensive erosional canyons are found filled with clays and subordinate sands. They occur in both the eastern and western re-entrants of the delta, but are more common in the eastern side. Their location has been attributed to ocean current action at the re-entrants of the Nigerian coastline. The canyons are said to represent erosional processes during relative sea level falls, followed by canyon filling during the subsequent relative sea level rises. At those low stands of the sea, the Niger Delta built pronouncedly seaward and in fact became a shelf edge delta with sediment debouching as turbidity flows that nourished deep sea fans.




[image: ]Figure 2.2 Stratigraphy column of the Niger Delta basin (after Ozumba et al.  2013) 


2.2.3 Depobelts 
Deposition of the three formations occurred in each of the five off-lapping siliciclastic sedimentation cycles that comprise the Niger Delta. These cycles (depobelts) are 30-60 kilometers wide, prograde southwestward 250 kilometers over oceanic crust into the Gulf of Guinea (Stacher, 1995), and are defined by synsedimentary faulting that occurred in response to variable rates of subsidence3 and sediment supply (Doust and Omatsola, 1990). The interplay of subsidence and supply rates resulted in deposition of discrete depobelts-- when further crustal subsidence of the basin could no longer be accommodated, the focus of sediment deposition shifted seaward, forming a new depobelt (Doust and Omatsola, 1990). Each depobelt is a separate unit that corresponds to a break in regional dip of the delta and is bounded landward by growth faults and seaward by large counter-regional faults or the growth fault of the next seaward belt (Evamy et al., 1978; Doust and Omatsola, 1990). Five major depobelts are generally recognized, each with its own sedimentation, deformation, and petroleum history. Doust and Omatsola (1990) describe three depobelt provinces based on structure. The northern delta province, which overlies relatively shallow basement, has the oldest growth faults that are generally rotational, evenly spaced, and increase their steepness seaward. The central delta province has depobelts with well-defined structures such as successively deeper rollover crests that shift seaward for any given growth fault.  The distal delta province is the most structurally complex due to internal gravity tectonics on the modern continental slope (Figure 2.3).




Figure 2.3 Geologic map of Nigeria showing the location of the Niger Delta Basin (a) (after Ebong et al. 2017) and sectional map of the Niger Delta depobelts and structural limits (b) (from Ebong et al. 2017) Study area is highlighted in red box.











2.3 Basic Theory 
2.2.1 Rock Physics
There are a large number of rock physics models and relations that provide tools for data QC, characterization and generation of model scenarios. Commonly used are the models are categorized below as;
1. Gassmann’s equation
2. Empirical models: Vp – Vs Relation
3. Theoretical bound (Hashin–Shtrikman) 
4. Contact models
Gassmann’s relations
One of the most important problems in the rock physics analysis of logs, cores, and seismic data is using seismic velocities in rocks saturated with one fluid to predict those of rocks saturated with a second fluid, or equivalently, predicting saturated-rock velocities from dry-rock velocities, and vice versa. This is the fluid substitution problem. Generally, when a rock is loaded under an increment of compression, such as from a passing seismic wave, an increment of pore-pressure change is induced, which resists the compression and therefore stiffens the rock. The low-frequency Gassmann–Biot (Gassmann, 1951; Biot, 1956) theory predicts the resulting increase in effective bulk modulus, K(sat), of the saturated rock using the following equation below:
  (1)
where K(dry) is the effective bulk modulus of dry rock, K(sat) is the effective bulk modulus of the rock with pore fluid, K0 is the bulk modulus of mineral material making up rock, K(fl) is the effective bulk modulus of pore fluid, f is the porosity, µ(dry) is the effective shear modulus of dry rock, and µ(sat) is the effective shear modulus of rock with pore fluid.
Gassmann’s equation assumes a homogeneous mineral modulus and statistical isotropy of the pore space but is free of assumptions about the pore geometry. Most importantly, it is valid only at sufficiently low frequencies such that the induced pore pressures are equilibrated throughout the pore space (i.e., there is sufficient time for the pore fluid to flow and eliminate wave-induced pore-pressure gradients). This limitation to low frequencies explains why Gassmann’s relation works best for very low-frequency in-situ seismic data (<100 Hz) and may perform less well as frequencies increase toward sonic logging (about 104 Hz) and laboratory ultrasonic measurements (about 106 Hz).
P-wave Velocity – S wave Velocity relations
Vp–Vs relations are key to the determination of lithology from seismic or sonic log data as well as for direct seismic identification of pore fluids using, for example, AVO analysis. Castagna et al. (1993) give an excellent review of the subject. There is a wide and sometimes confusing variety of published Vp–Vs relations and Vs prediction techniques, which at first appear to be quite distinct. 
The fact remains that the most reliable and most often used Vp–Vs relations are empirical fits to laboratory or log data, or both. The most useful role of theoretical methods is extending these empirical relations to different pore fluids or measurement frequencies, which accounts for the two steps listed above. A summary of a few of the popular Vp–Vs relations compared with laboratory and log data sets and illustrate some of the variations that can result from lithology, pore fluids, and measurement frequency was discussed.




Sandstones and shales
Figures 2.4 and 2.5 show laboratory Vp–Vs data for water-saturated sandstones and shales from Castagna et al. (1985, 1993) and Thomsen (1986), as compiled by Castagna et al. (1993). Superimposed, for comparison, are a least-squares linear fit to these data offered by Castagna et al. (1993)
Vs = 0.794Vp – 0.787 (km/s)
This relation by Han (1986) and Castagna et al. (1985) give the best overall fit to the sandstones. The mudrock line predicts systematically lower Vs because it is best suited to the most shaley samples, as shown in Figure 2.4. Castagna et al. (1993) suggest that if the lithology is well known, one can fine tune these relations to slightly lower Vs/Vp for high shale content and higher Vs/Vp in cleaner sands. When the lithology is not well constrained, (Han and the Castagna et al.) lines give a reasonable average. 


[image: ][image: ]Figure 2.4 Laboratory Vp-Vs data for water-saturated sandstones (Mavko et al., (2009)

Figure 2.5 Laboratory Vp-Vs data for water-saturated sandstones (Mavko et al 2009)

2.3.2 Theory of AVO
[bookmark: _Hlk62020422][bookmark: _Hlk62020431]Amplitude Variation with offset (AVO) method evaluates disparities in seismic reflection amplitude with differences in distance between receivers and shot points. The AVO analysis permits geophysicists to better evaluates reservoir rock properties, including porosity, density, lithology and fluid content. In the early 90s, Knott and Zoeppritz came up with the theoretical work essential for theory of AVO (Knott, 1899; Zoeppritz, 1919), given that the P-wave and S-wave velocities alongside with the densities of the two-bounding media. Plane-wave reflection amplitudes expressions are a function of incident angle were developed. Subsequently the Zoeppritz’s equation was modified by Bortfeld (1961), making it less difficult to comprehend how reflection amplitudes is dependent on incident angle and physical parameters. The relation of AVO to change in Poisson’s ratio across a boundary was outlined by Koefoed (1955). The results were on the basis of exact Zoeppritz equation. Hence Koefoed’s deductions are the basis of today’s AVO interpretation. Inspired by Koefoed’s work, Shuey (1985) made a quantum leap in the work in relation to lithology prediction from AVO. Ostrander (1982) defined the advantages of AVO interpretation with field data, fast-tracking the discovery of amplitude interpretation. Subsequently Allen and Peddy in 1993 collected seismic data, well information, and interpretation from the Gulf Coast of Texas and published a practical approach at AVO that recorded not only successes but also the interpretational failures learned from dry holes. Attributes (seismic amplitude) at layer boundaries are a function of the variations of the physical attributes immediately below and above the interfaces which has led to AVO analysis becoming a common tool in detection of hydrocarbon, lithology identification, and fluid parameter analysis. In recent years, theories and techniques in data acquisition, processing, and interpretation of seismic data have been modified extensively. Generally, AVO analysis is becoming progressively lucrative. 
2.4 Principles of AVO
Seismic waves propagated via the subsurface and comes in contact with lithology interfaces with contrasting velocities and densities, the energy of the incident wave is partitioned at each interface as illustrated in figure 2.6. A fraction of the incident energy associated with a compressional source is transformed to a shear wave concretely; then both the compressional and shear wave energy are reflected and transmitted partially via the boundaries of these layers. The angle of incidence influences the fraction of the incident energy that is reflected. Reflection amplitudes evaluation as a function of incidence angle can sometimes be used to delineate changes in elastic properties of reservoir rocks, such as the change in Poisson’s ratio. A change in the ratio of velocity of primary wave to shear wave velocity which could be as a result of change in fluid saturation within the reservoir rocks. The wave equations for plane elastic waves in an isotropic media can be derived and resolved starting with the equations of motion and Hooke’s law. The continuity equations for the vertical and tangential components of stress and strain at a layer interface, plane wave solutions and Snell’s law that relates propagation angles to wave velocities. Hence the derivation of the expression for computing the waves’ amplitudes are obtained. 
Approximations of the Zoeppritz Equations 
The exact plane wave amplitudes of a reflected P wave as a function of angle, can be derived in respect to Zoeppritz equations but how these amplitudes relate to the various physical parameters is not intuitively comprehended. Subsequently several approximations to the Zoeppritz equations have been made the first being Bortfeld’s (1961). His approximation to the Zoeppritz equation for PP reflection amplitude expressed as:
[image: ](2.1)

[image: ]
Figure 2.6 Wave propagation of incidence of compressible wave at solid-solid interface.










A significant feature of Bortfeld’s equations is, they provide an insight into the amplitude variation with offset as a function of rock properties. The first term in Bortfeld’s PP equation is fluid-fluid reflection coefficient. The second term has been called the rigidity term because of its dependence on the S-wave velocity, and thus on the shear rigidity modulus. However, equation (2.1) does not explicitly indicate angle- or offset- dependence of reflection amplitudes; therefore, its practical implementation for AVO analysis has not been considered. 
Subsequently Richards and Frasier (1976) modified the Bortfeld approximation followed by Aki and Richards (1980). The Aki, Richards and Frasier approximation are better because it is depicted as three terms, the first involving P-wave velocity, the second involving density, and the third associated with S-wave velocity. Their formula is expressed thus: 
  …………………………………………………………….. (2.2)



Practically, the discrete reverberations of reflectivity of primary wave αα /Δ, S wave reflectivity ββ /Δ and fractional density variation ρρ /Δ on the reflection amplitude R(θ) are not observed. However, reflection amplitude variation as a function of angle of incidence is quite evident. Equation (2.2) can be otherwise expressed in series of angles of incidence as
………..… (2.3)
[bookmark: _Hlk62021069][bookmark: _Hlk62021076]We have three terms in equation (2.3). It was rearranged by Shuey (1985) in terms of Poisson’s ratio rather than S wave velocity to give his well-known approximation, and was also rearranged by Wiggins (1987) at Mobil, and published by Gelfand and Larner (1986) as an approximation established on reflectivity of primary and shear waves.
The ratio of S wave to P wave velocity is thus defined as, 5 .0/ = αβ, then the third term in equation (2.3) becomes negligible,
……………………………………. (2.4)
Letting
…………………..…………………………………………………..… (2.5)
And
……………………………………………………………………..……..(2.6)

Equation (2.4) becomes
[image: ]
From the equation above we can get
 ………………………………………………………………………………………….. (2.8)
Where G=Rp-2Rs.
Thus we have the AVO attribute expression for the estimation of shear wave reflectivity. With the AVO intercept and AVO gradient G parameters provided, half of the difference between the two attributes can be used to define the shear wave reflectivity s R as shown in equation (2.8).




Shuey (1985) published a closed form approximation of the Zoeppritz equations which involved α, ρ and σ (Poisson’s ratio) 
……………………..…………… (2.9) 
With several assumptions, the equation above can be simplified as;
……………………………...………………………………………. (2.10)
The equation above is linear hence if we plot R as a function of Sin θ. A linear regression analysis on the seismic amplitudes to estimate intercept Rp, and gradient G is carried out. Prior to the linear regression, our data must be transformed from constant offset form to constant angle form.
Smith and Gidlow (1987) developed another approximation based on the Aki and Richards equation. They first rearranged equation (2.3) to get 
 ……………………. (2.11)

And then they simplified equation (2.11) by eliminating the dependence on density with Gardner’s relationship 
………………………………………………………………………….……… (2.12)







This can be differentiated to give
 …………………………………………………………………………………. (2.13)
Substituting equation (13) into equation (11) gives
……………………………………………………………………. (2.14) 
Using this equation, we can estimate Δα/α and Δβ/β by using generalized linear inversion (GLI). The GLI solution in matrix form is given by
…………………………………………………………. (2.15)
The two variables Δα/α and Δβ/β, estimated by using the least squares solution given by equation (2.15), are fractional changes in P and S wave velocity. As such, they are related to P and S wave reflectivity, respectively. Also, the derivation of two other types of weighted stacks, the “Pseudo- Poisson’s ratio reflectivity and the “fluid factor” by Smith and Gidlow (1987).  Goodway et al. (1998) gave another way to approximate the fluctuation P and S wave based on transforming the Aki-Richards equation to the new variables Δ Ip/Ip and ΔIs/Is
 ……………………… (2.16)
Goodway et al. (1998) used a specific form of equation (2.16) to define the AVO attributes Δ Ip/Ip and ΔIs/Is. For a specific value of α/β = 2 and small angles of incidence for which tan θ = sin θ, the third term in equation (2.16) vanishes and equation (2.16) takes the form
…………………………...………………………... (2.17)
[bookmark: _Hlk62021089]Following the approximation of the P wave and S wave fluctuation by using the generalized linear inversion (GLI) given by equation (2.15), the P wave and S wave impedance can be determined by integration. Furthermore, Goodway et al. (1998) estimated two additional AVO attributes in terms of Lame’s constant calibrated by density λρ and μρ.


Comparison of the Approximations of Zoeppritz’s Equation
[bookmark: _Hlk62021097][bookmark: _Hlk62021107]We have several expressions for the linear approximation of Zoeppritz’s equation, each with different significance. Bortfeld (1961) highlighted the fluid and rigidity terms which provided insight when interpreting fluid-substitution difficulties, Aki and Richard’s equation highlighted the contribution of variations in the P- and S- wave velocities and density. Shuey, after learning about the contributions of Koefoed and the amplitude dependence on Poisson’s ratio, decided to cast Aki and Richards’s equation in terms of Poisson’s ratio. One of the Shuey’s main contributions is that he identified how various rock properties can be associated with near, mid, and far angle ranges. The first term is the normal-incident reflectivity on the right side of Shuey’s equation, and this is constant across all angles of incidence. No significant contribution is made by the second term until incident angles of 15 degree or greater are reached. Shuey argued further argued the third term, is trivial and can be neglected if the range of incident-angle is below 30 degrees. The first and second term in Shuey’s equation both have the normal-incident reflection coefficient. Verm and Hilterman (1995) modified Shuey’s equation to emphasize the lithological characteristic is a function of incident angle: 
[bookmark: _Hlk63237875]                (2.18)



2.5 AVO Classification 
Generally, the reflection coefficient curves classification as defined by Williams and Rutherford has become conventional and it is related to the classes of bright spot, phase reversal, and dim out established in the 1970s. The classification was modified for reflections within hydrocarbon saturated formations. According to Rutherford and Williams’s classification, the slope of the reflection coefficient curve is negative for all classes (Figure 2.7). The reflection amplitude decreases in relation to the incident angle. Nevertheless, the non-relative amplitude can increase in relation to the incident angle as shown for both Class 2 and 3 AVO gas saturated anomalies. The discovery of slowly decreasing amplitudes with offset due to specific Class 3 AVO gas saturated anomalies was made by Castagna et al. (1998). There were named Class 4 AVO anomalies. Although, the main characteristic attribute for the Class 4 anomalies is still the high amplitude linked to the presence of hydrocarbon.
Properties of Class 1 Anomalies:
(i) Decreasing amplitudes with increase in angle, and there is possibility of phase reversal on the far angle stack
(ii) Amplitude on the full stack is lesser for the hydrocarbon zone than for an equivalent wet saturated zone.
(iii) Nature of wavelet is likely be peak-trough on the far angle stack or not. 
(iv) Nature of wavelet is peak-trough on near angle stack.





[image: ]
Figure 2.7 Classification of AVO Responses Class 1, Class 2, Class 3, and Class 4. (Hanafy, Said et al. (2014).






Properties of Class 2 Anomalies: 
(i) The indicator of the gas sand on the near angle stack is minute.
(ii) As the angles increase, the amplitude of gas sand event increases. This attribute is more prominent than expected due to the decreasing amplitude of the shale upon-shale reflections. 
(iii) It is possible the event of gas sand likely to be or not evident on the full stack, dependent on the influence of far angle amplitude to the stack.
(iv) Nature of the wavelet on the stack may or may not be trough-peak for a hydrocarbon charged thin bed.
(v) Wavelet appears as trough-peak on the far angle stack.
(vi) It is inferred that the rock types are within in the amplitude variation with angle of incidence. 
(vii) AVO is unable distinctively a clean wet sand from a gas sand, because they both have increasing behavior with offset. 
Properties of Class 3 Anomalies:
(i) Regions saturated with hydrocarbon appear bright on the stack section including on all angle limited stacks. 
(ii) The hydrocarbon reflection amplitude, in relation to the surround reflection amplitude increases moderately with incident angle range. Although the amplitude of the hydrocarbon event can decrease with angle.
(iii) The presiding phase of the seismic wavelet is zero and the tuning extent is above the reservoir which is due to the fact that the wavelet appears trough-peak on all angle stacks.
(iv) Prediction of hydrocarbon from stack section is feasible
2.6 Limitations of the AVO 
[bookmark: _Hlk61274453]The Zoeppritz equation considers only the elastic properties of the rocks ignoring the non-elastic properties such as velocity dispersion attenuation. Considering these factors, the AVO technology is still very much limited. As different lithologies may exhibit distinct Poisson’s ratios and gas bearing strata usually exhibit anomalously low Poisson’s ratios. According to Castagna 2014, AVO has proven that it could be a prospective seismic lithology tool and direct hydrocarbon indicator. However, experience has shown that the theoretical potential for AVO analysis is, most times has not been achieved in practice. Altogether, AVO analysis has proven to be unsuccessful in some other areas, perhaps with a different type of geology and this is a limitation to this method. 













CHAPTER THREE
METHODOLOGY 
3.0 Introduction
The materials and methods employed in the determination of subsurface rock properties from AVO analysis in the OTG field, Niger Delta are outlined in this chapter. 
3.1 Processes and Workflow
Figure shows the summary of the processes and the workflow carried out in this research.
3.2 Available Data Set
The seismic data used for this study includes pre-stack seismic data with far, near offset gathers, a full stack gather was also provided alongside wireline logs for five wells (wells OTG 01 - 05), seismic base map, each well comprises a compressional sonic log, shear sonic log, gamma ray log, bulk density, resistivity log. The available wells in the field were screened for their suitability for the AVO analysis and forward modelling. The depth referencing and well deviation surveys were checked for consistency and accuracy. The depth was referenced to true vertical depth subsea.


[image: ]Figure 3.1 Workflow showing the methodology.


	WELL NAME
	CALIPER
	GAMMA
	RESISTIVITY
	NEUTRON
	DENSITY
	CHECKSHOT
	SONIC

	OTG 01
	+
	+
	+
	+
	+
	+
	+

	OTG 02
	+
	+
	+
	+
	+
	+
	+

	OTG 03
	+
	+
	+
	+
	+
	+
	+

	OTG 04
	+
	+
	+
	+
	+
	+
	+

	OTG 05
	+
	+
	+
	+
	+
	+
	+


Table 3.1 Table showing all the available logs in the data set


3.3 Data Interpretation
3.3.1 Data QC and Loading
The pre-stack seismic data and available logs were quality checked and loaded into the Petrel software for interpretation, the check shot was also loaded alongside for the well-to-seismic tie to be done later in the workflow. Figure 3.2 shows the location of our wells on the base map and Figure 3.3 shows the 3D view of the seismic volume and loaded wells.
3.3.2 Well Correlation
The logs were displayed and arranged in the north to south direction within the study area on the well section window (figure 3.4a), then a lithological correlation was carried out using gamma ray log. The resistivity log was used to delineate the reservoirs with potential hydrocarbon saturation. Three reservoirs namely OTG Sand 1-5 were correlated across the wells. As seen in the figure below, the wells were correlated according to position in the base map and were correlated in the north to south direction as shown below (figure 3.4b). 
[image: ]
 Figure 3.2 OTG Field Base Map
[image: ]Figure 3.3 Seismic 3D volume and wells




[image: ]
Figure 3.4a Well Section showing Lithological Correlation across all wells.






.
Figure 3.4b: Base Map showing direction of Well Correlation [image: ]





3.3 Well to Seismic Tie
A time depth relationship was computed by integrating the slowness function measure at a wellbore. Using the well logs (bulk density and P-sonic) thus the acoustic impedance was computed. The earth reflectivity coefficient generated which was convolved in this case with the extracted wavelet was used to generate a synthetic seismogram at the well location as shown in figure 3.6 below. The generated synthetic had a relatively precise correlation with the original seismic with the top of reservoir – OTG Sand Top B falling on the peak(red).  This is a fundamental step in seismic interpretation, it relates subsurface measurements obtained at borehole measured in depth and seismic data measured in time. It helps to compare what we see on the seismic data compared to the synthetic.
3.3.5 Horizon Mapping
After the correlation of possible reservoir from the qualitative interpretation from the well section and well to seismic tie, it is much easier to display the wells on seismic section and locate the top of the mapped reservoirs on seismic. These horizons were mapped across the 3D volume as shown in figures 3.6, 3.7a and 3.7b respectively to estimate reservoir thickness and select the suitable reservoir for the AVO analysis later on and also generate surfaces. 
 



 

[image: ]
Figure 3.5 Seismic Section showing the horizons mapped across the seismic volume. 

[image: ]
Figure 3.6 Seismic Section showing the horizons mapped across the seismic volume. 
[image: ]
[image: ]Figure 3.7a OTG Sand Top B Horizon
Figure 3.7b OTG Sand Top C Horizon
3.3.7 Data Export to Hampson Russell
After interpretation on Petrel, the well tops and mapped horizons were exported from Petrel to Hampson Russell for rock physics and AVO analysis.
3.4 Rock Physics and AVO Analysis
3.4.1 Subsurface rock properties obtained
Several rock properties were derived from the available logs within the data set, which in turn was used as fluid prediction tools, in this case the fluid being gas. Such properties include; P-wave velocity, S-wave velocity, Poisson’s ratio, Acoustic impedance.
3.4.2 S-wave velocity
The velocity of S wave was derived from the shear wave sonic log (dTS) in Petrel. The S-wave speed Vs, depends on the shear modulus and the density. Even though they are slower than P-waves, the S-waves still has considerable velocity. An essential unique characteristic of S-wave is its inability to propagate through fluid because fluids cannot transmit a shear stress. The knowledge of this behavior was useful in the prediction of the nature of fluid saturating the reservoir. This is deduced when S wave velocity is plotted against other rock parameters.
3.4.3 Acoustic Impedance
The difference in acoustic impedance between rock layers affects the reflection coefficient. Hydrocarbon saturated sands have lower acoustic impedance which are usually encased by units of higher acoustic impedance, while non-hydrocarbon clastic hard rocks have higher acoustic impedance than their overlying units. In the light of these highlighted rock properties, our target horizon exhibits a Poisson’s ratio change in the range above 0.4 which is typical of brine. 


3.4.4 P-wave/S-wave Cross plot for Castagna’s Equation
In rock physics and petrophysics, the mud rock line, also called Castagna's equation or Castagna's relation, is an empirical linear relation between seismic P-wave velocity and S-wave velocity in brine-saturated siliciclastic rocks (i.e. sandstones and shales).
The equation reads:
 Vp = aVs + b ……………………………………………………………………………….… (3.1)
In this research, the velocities of the P wave and the velocities of the S wave were extracted from the wells and subsequently plotted against each other (figure 3.8) to compute the values for a and b in the Castagna’s equation to arrive at a reasonable well-seismic correlation.  The derived a and b values from our cross plot are 1.1251 and 1229.6 respectively.
Selecting the seismic and correlating the well 
The seismic data is needed for these steps in the AVO modeling workflow:
(1) To extract a wavelet.
(2) To correlate the well, i.e., to optimize the depth-time relationship between well and
seismic.
(3) To compare with the resulting synthetic seismogram.




 
Figure 3.8 Vp-Vs Cross plot to estimate values of a and b for Castagna’s equation











3.4.5 Wavelet Extraction
Using statistical approach, a wavelet was extracted from angle gathers for the near offset. An average zero phase wavelet was generated using these two wavelets for the seismic to well data correlation.
There are two basic methods for extracting the wavelet. One method uses the wells, and can give a good estimate of both amplitude and phase spectra of the wavelet. However, that method cannot be used until the well is correlated, i.e., until the proper depth-time relationship has been determined. 
The second method – called “statistical” – uses the seismic data alone to extract the wavelet as shown in figure 3.15. This will evaluate the amplitude spectrum from the seismic data; however, assumption was made about the phase – typically assuming the data are zero phase. In this step, we extracted a statistical wavelet. The wavelet extraction was processed and rarefied using the wells subsequently. The extracted wavelet is shown in the figure 3.16.
[image: ]
Figure 3.9 Extracted Wavelet from Seismic
[image: ]
Figure 3.10 Extracted Wavelet from Wells

3.4.6 Log Correlation
This process involved evaluating the current depth-time conversion and optimizing it so that the derived synthetic matches the seismic optimally (Figure 3.11). This is necessary because the depth-time curve derived from the input sonic log is rarely sufficient for that purpose. 
3.4.7 Identifying scenarios and creating synthetics
The next step in the Workflow was to Extract wavelet using wells. This process was carried out within the Log Correlation Window. The zero-phase statistical wavelet was used here to identify scenarios.
One scenario was chosen – the in-situ scenario which is present in the logs. In addition, up to 4 other scenarios were modelled. In the figure 3.19, Pure Oil and Pure Brine were selected, as well. Note that in addition to specifying pure hydrocarbons, a combination of the three components was specified using the Ternary diagram. The well display was modified to show the 3 scenarios for each of the P-wave, S-wave, Density, and Poisson’s Ratio curves.










[image: ]
Figure 3.11 Well to Seismic Correlation Window in Hampson Russell
[image: ]
Figure 3.12 Cross-Correlation Window




3.4.8 Super Gather 
This process was done on the input seismic data. Super Gather is the process of forming average CDPs to enhance the signal-to-noise ratio. The averaging was done by collecting similar offset traces within adjacent CDPs and adding them together. This process reduces random noise, while maintaining amplitude versus offset relationships (figure 3.13). This means that 3 adjacent CDP’s will be summed to give each output CDP. This was done to reduce random noise. 
3.4.9 Trim Statics
Trim Statics is the process which attempts to correct for residual moveout errors and align the events on the gathers. There are a number of reasons why this process is necessary, including errors in velocity analysis, and non-hyperbolic moveout. Whatever the cause, these residual moveout errors can cause significant distortions to the calculated AVO attributes, so they need to be corrected before proceeding. In the Trim Statics process, a pilot trace is formed by stacking each CDP gather. Then, each gather trace is correlated with the pilot trace, using a series of sliding windows. The cross correlations are used to calculate an optimal time shift for that window. Finally, the shifts for the windows were interpolated to produce a time-variant stretch of the trace. The result is to align events with the pilot trace. The resulting section is displayed below (figure 3.14)
[image: ][image: ]Figure 3.13 Seismic section showing the super gather
Figure 3.14 Seismic section showing trim statics output derived from super gather


3.4.10 Setting Up Velocity Model
A velocity model was set up which we used for all subsequent angle calculations. A single log was used from the well, with a 500 m smoothness and a sample interval of 0.2m:
Angle Gather:
This process involved the change from offset to the angle domain (figure 3.15) From the display from the super gather colored volume, our angle was about 5 degrees, velocity field set up initially was used for this process.
3.5 AVO Analysis
Deterministic AVO analysis was carried in Reservoir 1 with OTG Sand 01 to study the offset-reflectivity of gas sands in the area. Similar study was carried out in the same well OTG 01 but on another reservoir 2 to also see if it depicted characteristic AVO response.
 The S-wave log was created using Castagna’s mud rock equation, which relates S- and P-wave velocities. The resulting Poisson’s ratio log is shown. Castagna’s equation was used to calculate the correct shear-wave velocity for the layer at this water saturation. The synthetic was created using the P-wave sonic log, the created S-wave log and the density log. The created synthetic seismogram showed clear AVO effects at approximately the same depth with the real seismic data. That is, events in the synthetic seismogram match the original seismic data. Also, the data was amplitude preserved thus fit for AVO studies. To remove long unwanted offset and early arrivals which might distort the AVO signal. For the data to be suitable for AVO studies, the angle of incidence was tested for by plotting RMS velocities or P-wave on the seismic data. It was found that the data contained angles of incidence between 0 and 17 degrees. Super gather was done to enhance the signal-to-noise ratio, this was done by averaging adjacent CDPs and adding them together. The number of offsets was set to 20 and the rolling parameters was set to five cross lines and five In-lines after super gather, the events were more visible and aligned. Angle gather was then created and the events were well aligned. The P-wave log was used as input velocity and a smoothening of 500 ms was applied after the angle gather have been created.  To make the detection of hydrocarbon an easy task, the AVO data must be interpreted correctly. A gradient analysis was done on the real data to determine the shape of the curve which would help in the classification of the anomaly.

















[bookmark: _Hlk61275311][image: ]Figure 3.15 Seismic sections showing the angle gathers












Chapter Four
Results and Discussion
Qualitative Well Log Interpretation
From the gamma ray log several reservoirs were identified, furthermore, using the resistivity log, reservoirs with potential hydrocarbon saturation were delineated and correlated across the five wells; however, two reservoirs, figure 4.1 and figure 4.2 were selected from the OTG well 01 due to the likely presence of gas in these reservoirs. This observation was made by a qualitative study of the logs (gamma, resistivity and neutron/porosity). The presence of gas in these reservoirs makes them suitable for this study hence their selection.
Surface Generation
Having mapped the horizons of the reservoirs across the seismic volume. Time surfaces were generated from the mapped horizons as illustrated in Figure 3.10a and Figure 3.11a and converted into depth maps with a derived velocity model from the sonic logs, depths maps are displayed below in figures 3.10b and figure 3.11b.
[image: ]Figure 4.1 Well Section for OTG Sand Top B Reservoir
[image: ]Figure 4.2 Well Section for OTG Sand Top C Reservoir 
[image: ][image: ]Figure 4.3 (A) OTG Sand Top B Time Map, Figure 4.3 (B) OTG Sand Top B Depth Map-3000.00
-3200.00
-3400.00
-3600.00
-3800.00
Elevation depth [m]
A
B
A
B
3200
3400
3600
3800
4000
4200
Elevation depth[m]
3200

Figure 4.4 (A) OTG Sand Top B Time Map, Figure 4.4 (B) OTG Sand Top B Depth Map
4.1 Attributes Analysis
Seismic attributes analyses carried out on extracted amplitude map for the two reservoir tops (OTG sand top B and OTG SAND Top C) showed that strong amplitude anomalies exist at the OTG 01 well location (Figure 4.4a and 4.4b), OTG 01 well is the case study well. The part of the field where these strong amplitude anomalies were observed corresponded to the location of the OTG 01 well, this further validated the prediction of the occurrence of hydrocarbon within the reservoir in the well. Other parts of the field where the amplitude anomalies were observed also corresponded to the other well locations found in the field particularly for OTG 03 and OTG 04 wells. The seismic amplitude attributes are indicative of hydrocarbon presence.
The root-mean-square (RMS) amplitude attribute was used for the identification of potential hydrocarbon zones because it is more sensitive to direct hydrocarbon indicators (DHIs) and its pattern of bright spot anomaly superposition on the regions of prospectivity are discrete.
[image: ]Figure 4.4a OTG Sand Top B RMS Amplitude Map
[image: ]
Figure 4.4b OTG Sand Top C RMS Amplitude Map
4.2 Rock Physics Analysis
The nature of the fluid within the reservoir was identified from the physical properties of the reservoir rocks. This is important for better understanding and interpretation of seismic amplitudes in terms of pore fluids and their distribution. Some rock parameters such as velocity of P and S waves, density was plotted against each other. These cross-plots were used to determine the resolution of rock properties in various lithologies in the area, determine the sensitivity of various attributes to fluid effects contribute velocity constraints such as mud rock line values to AVO analysis of seismic data.
Vp/Vs Ratio versus Compressional Travel Time (DTc) Cross plot
It has been established by various studies that Vp/Vs ratio tends to be around 1.58-1.6 for gas it reaches beyond this value in unconsolidated sands and low effective stress regimes (Jain et al. 2012). It can be observed that few points fell below the Vp/ Vs value of 1.6 in the cross plot of Vp/Vs ratio versus DTc. This is indicative of gas saturation within the reservoir as shown in the (figure 4.5)
Vp/Vs Ratio vs. Density Cross-plot
This cross-plot of Vp/Vs ratio against density differentiates the region into four zones as illustrated in figure 4.7 The lowest values of the Vp/Vs ratio and density associated with hydrocarbon are validated by low bulk density as observed from the color legend. This plot further confirms the presence of gas within our OTG 01 well. The plot also indicated that the both rock attributes, showed good discrimination. 

[image: ]
[image: ]Figure 4.5 Vp/Vs ratio versus dTC Cross-plot
Figure 4.6 Vp/Vs Ratio versus P-wave velocity Cross-plot
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Figure 4.7 Vp/Vs Ratio versus Density Cross-plot









4.3 AVO Analysis
The curves showed a negative gradient, and thus results in a class III AVO anomaly which has higher impedance than the overlying medium, usually shale. A shale-sand interface for these sands has a fairly large positive R0. The reflection coefficient of a high-impedance sand is positive at zero offset and initially decreases in magnitude with offset. It is indicative of a class III AVO anomaly where the target layer is overlain by a layer of lower impedance values. Class III AVO anomalies have negative reflection and decreased ∆Vs   reduces the gradient. The sand is suspected to be poorly compacted and will give off a bright spot on seismic. 
4.3.1 Reservoir 1 (Well OTG 01)
The AVO response was then modelled for this reservoir unit at the boundary between the shale and porous sand. Evaluating the gradient curve (figure 4.8), it is observed that the intercept and gradient both decrease as is expected for the addition of hydrocarbons. As the negative amplitude increases, it is expected to brighten in the seismic data.  The intercept gradient cross-plot  also shows how the data for the brine case lies on the wet trendline and that for the pure oil and pure gas move off this trendline into the top of the lower left hand quadrant denoting a class III low impedance sand, which is expected for the OTG field on the basis of previous works done within the area.
[image: ]
Figure 4.8 Gradient Curve for Reservoir 1
TOP OF RESERVOIR 1

Figure 4.9 Gradient vs Intercept Cross-plot for Reservoir 1


4.3.2 Reservoir 2(Well OTG 01)
The gradient analysis carried out on the real seismic data showed the AVO curves from the analysis having a decrease in amplitude against increasing offset (figure 4.10). By this, the AVO anomaly can be classified as a Class III AVO anomaly according to the Rutherford and Williams (1989) classification of AVO anomalies. It is observed from this class of AVO anomaly that the sands have high porosity, with sediment velocity on the order of 5100 to 8000 ft/sec. This anomaly is due to the presence of light oils and gas, but in this case gas. The same anomaly was observed for both the reservoir tops in this study. 
A cross plot of the intercept and gradient data (figure 4.9) showed the anomaly plotting along the fluid line or wet background shale line. This is an indication that the AVO anomaly is hydrocarbon bearing anomaly since the presence of hydrocarbon presents a deviation from the fluid line.
4.3.3 Amplitude Anomaly on Seismic
The amplitudes around the OTG 01 well were carefully observed on the near and far gathers of the seismic data. It was observed that the amplitudes depicted on the far offset gathers (figure 4.12) were more pronounced and larger than the amplitudes in the near offset gathers seismic (figure 4.12. On the other hand, other amplitudes were observed to be unchanged indicated by the blue box, thus confirming that only change(decrease) in amplitude with offset occurred within the region of our reservoir. This observation further corroborates the outcome of the AVO analysis as the gradient curve in both reservoir 1 and 2 indicated a class III anomaly which is represented by decreasing amplitude with increasing offset. 

[image: ]
Figure 4.10 Gradient Curve for Reservoir 2


Figure 4.11 Gradient vs Intercept Cross-plot for Reservoir 2

[image: ]Figure 4.12 Amplitude decrease with increasing offset shown on seismic section.



Chapter Five
5.1 Conclusion
AVO and Seismic attribute analysis has been carried out on OTG field, Deep Offshore, Niger Delta to classify the associated AVO anomaly and ultimately identify the presence of hydrocarbon (gas) in the delineated reservoirs.
Rock attributes such as Vp/Vs ratio against density, Vp/Vs ratio against P-wave velocity and DTc were cross plotted against each other to identify the presence of gas within the reservoirs. The cross plots of Vp/Vs ratio against density and sonic log showed clusters below the gas-sand line on the cross plots and this was interpreted as indicating the presence of gas in the reservoir. The Vp/Vs ratio was also plotted against density and the distribution of fluid within the reservoir were delineated and have shown clusters indicating presence of gas.
Surface attribute analysis carried out using the RMS amplitude which is sensitive to fluid distribution and have shown high amplitude anomaly in regions around the well.
The gradient-intercept cross plots showed clusters deviating from the background trendline and falling into the third quadrant which is expressive of the presence of hydrocarbon (gas).
The AVO anomaly from the evaluation of the gradient curve falls within the classification of class III indicative of gas bearing sands. Therefore, it is expected that the amplitude will decrease with increase in offset. This can be validated by observing the seismic wiggles around the wellbore on the near and far offset gathers. Interestingly, amplitude on the near offset is distinguishably high compared to the far offset.
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