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ABSTRACT 

The Mansoura area locates in the north of the Nile Delta Hinge Zone. It geologically 

comprises a thick sequence of deltaic sediments from Recent to Oligocene age 

overlying older Mesozoic sequences which are probably too deep for hydrocarbon 

exploration. The middle and late Miocene in the onshore Nile Delta is dominated by 

siliclastic sediments with excellent reservoir quality, which allows the researchers to 

introduce different techniques for reservoir properties prediction for the sensitivity of 

this type of sediments to the reservoir characterization studies. West Dikirnis (WD) 

and West Khilala (WKH) fields were selected for the reservoir characterization 

studies done in this thesis because they are typical examples for the onshore Nile delta 

geological setting. 

In 2003, a successful aggressive drilling program started in the Mansoura area in the 

onshore Nile Delta with a high success ratio depending on the direct hydrocarbon 

indicators from the post-stack seismic data.  However, after proving hydrocarbon 

presence and many fields discovered, some challenges appeared. Lately, the most 

important ones are the lithology and fluid discrimination due to the inconvenient shale 

behavior, reliability of more than half the available pre-stack seismic data, and the 

delineation of different reservoir properties like clay content, water saturation, and 

porosity. One of the big challenges facing different operators in the on-shore Nile 

Delta is the discrimination between residual gas saturations and mobile commercial 

gas. Analysis of pre-stack seismic data for different reservoir properties prediction is 

commonly used for reservoir geophysics. As a result of the problems facing the 

acquisition and processing in the Mansoura area, the output pre-stack seismic data 

needs some improvements especially for the ultra-far data; consequently, the gathers 

pre-conditioning becomes essential before proceeding in any reservoir delineation 

process. After a crucial review of the gathers, it was found that there is a potential to 

improve the signal to noise ratio and to prove the reliability of the ultra-far data, after 

several iterations and testing several processing parameters, a conditioning workflow 

was developed and applied to the prestack seismic data. The clean ultra-far data was 

an output that resulted from the gathers conditioning developed a workflow that was 

applied to the whole common depth point (CDP) gathers for Mansoura area in the 
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onshore Nile Delta. This workflow can be applied simply in the whole onshore Nile 

Delta, not just the Mansoura area. The application of spectral decomposition and 

frequency attributes on pre-stack seismic data has opened the door to think about the 

relationship between frequency attenuation and reservoir properties. We will see later 

in the thesis how spectral decomposition can be used to discriminate between low gas 

saturations and mobile, commercial gas in the area of study. The popped-out 

amplitudes are vital to be analyzed. Understanding the phase and polarity of the 

seismic data is critical; the seismic survey design should take into consideration the 

special geophysical techniques. Building up a rock physics model in the onshore Nile 

Delta can play an important role in linking the elastic properties to the reservoir 

properties and applying the results in the unexplored areas within the concession, 

which help in di-risking the delineated prospects. The rock physics model built in the 

study area helps significantly in the discrimination of sand and shale, wet and gas 

sands. The amplitude versus offset (AVO) simultaneous inversion applied to the ultra-

far seismic data helped in qualitative interpretation for the reservoir in both WD and 

WKH fields by combining the results of the Zp, Zs, Vp/Vs and density above, within 

and below the reservoir. The middle and late Messinian are typically sand-rich 

sections with excellent reservoir quality encountered in the drilled wells within both 

fields. Different reservoir properties have been predicted using advanced inversion 

techniques. The well data showing strong correlation at the well locations increases 

the confidence in using this prediction in prospects drilling. Developing workflows to 

increase the reliability of the far and ultra-far seismic data (one third of the recorded 

seismic data was useless before) is one of the innovations of this study. The cross-plot 

of the acoustic impedance versus shear impedance represents one of the best tools in 

the onshore Nile Delta for sand and shale discrimination. Using Elastic impedance 

logs, we can discriminate the water bearing sand, hydrocarbon sand and shale, 

especially at the ultra-far angle (in this case, 45 degrees). The application of spectral 

decomposition, frequency attributes and amplitude attributes on the ultra-far stacked 

data shows excellent results in terms of the tuning frequency response. The strong 

relationship between gas saturation and frequency attenuation was proven and will be 

shown in this study. The work done in this study will broaden the role of spectral 

decomposition and frequency attribute analysis beyond its use as a hydrocarbon 

indicator by further emphasizing its role in reservoir properties delineation.  
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Chapter-1 

 

 

Introduction 

 

 

 
The Mansoura & SE Mansoura concessions located in the north of the Nile Delta 

Hinge Zone and geologically comprise a thick sequence of deltaic sediments from 

Recent to Oligocene age overlying older Mesozoic sequences, are probably too deep 

for hydrocarbon exploration.  In the area of study, predicting sand distribution and 

reservoir properties are major exploration risks. From Mansoura 3D seismic data; 

amplitude anomalies visually "popped out" of the data, consequently, several 

prospects were chosen to be drilled as untested anomalies. Extracting different 

attributes from the 3-D Seismic data   in Mansoura area - Onshore Nile Delta resulted 

in a high success exploration ratio; since the positives vastly outweigh the negatives. 
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Figure 1.1 Couple of seismic sections and their associated amplitude anomalies 

The unsuccessful attributes attempts attracted the attention to throw a light of different 

ways of investigation. 

The research objective is to integrate state-of-the-art technologies including 3D 

seismic reflection surveys pre-stack data to minimise risk through recognition and 

accurate prospects delineation. This study shows that the use of pre-stack seismic 

plays a significant role in observing the lithology changes and fluid behaviour within 

clastic reservoirs encompassing shale streaks. 

The outcome from this review leads to a real motivation for solving some problems 

and challenges in reservoir properties delineation.The main challenges started with 

the first 3D seismic acquisition in the onshore Nile Delta in 2003; this had provided 

the key to successful aggressive drilling programme. 

Like most of the onshore Nile Delta, the terrain within the Mansoura area is 

predominantly prime agricultural farmland. The terrain conditions and the presence of 

many surface obstacles such as urban areas and restricted areas affect, in many cases, 

the seismic data quality, in terms of getting low signal to noise ratio in addition to 

missing some near offsets which may reach, in some cases, in the area of study about 

30 % from the total coverage. 

Figure (1.1) shows a couple of seismic sections with associated amplitude maps; each 

of them represents a significant amplitude anomaly after drilling both anomalies; it 

was found that one of them is a dry case and the other is a gas case. 

Figure (1.2) shows a useful approach to apply in the Mansoura area to analyse the pre-

stack seismic data to predict the contrast between both the hydrocarbon bearing and 

wet sands more precisely and the encompassing shales were evident. 
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Figure 1.2 Two raw CDP gathers : the left hand side 

a gas case and to the right hand side a dry case 

 

 

 

 

 

 

 

 

 

Using different seismic attributes consequent from gathers enhancement is widely 

utilized to solve many challenges, as we will see in the coming chapters. Another 

major challenge that faces different operators in the onshore Nile Delta and 

consequently Mansoura area is the lithology and fluid discrimination. This challenge 

appears here due to the inconvenient shale behaviour in the area of the study. 

Additionally, differentiation was made between the low gas saturation gas and the 

commercial gas. Working hard on those problems may bring the solution using 

simultaneous pre-stack inversion and extended elastic inversion; both inversions 

depend on the pre-stack seismic data. Using frequency attributes also has a significant 

role in solving this puzzle. 

 

 General Overview 

 

Seismic reservoir characterisation studies involve analysis of pre-stack seismic data, 

which provide reservoir elastic properties used to map these reservoir properties over 

the extent of the seismic data. The far and ultra-far seismic data’s reliability is critical 

in monitoring the fluid behaviour in a typical siliclastic reservoir (Z. Mei et al., 2013). 

 

Building up the rock physics model plays an important role in linking the elastic 

properties to the reservoir properties, applying the results in the unexplored areas, 

helps in di- risking the delineated prospects (Bairwa, G. K et al., 2011). The gas has a 

significant effect on the petro-elastic properties of a clastic reservoir (Batzle and 

Wang, 1992).  
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Figure 1.3 Effect of water saturation on Vp and Vs Russell. (2010) 

Figure (1.3) illustrates that typical gas sand is characterised by a dramatic decrease in 

p-velocity, for the p-velocity is highly sensitive to the fluid modulus of a certain rock, 

while the shear velocity (Vs) is characterised by a slight increase due to the effect of 

the fluid on the density (Russell B., 2010).   

In the next section, general highlights will be given from the literature about some 

terms, techniques and processes, which will be mentioned and explained later in the 

thesis and how it was linked to the area of the study. 

Reservoir Properties 

This section will highlight the reservoir properties incorporated into the rock physics 

model. Generally, building up a rock physics model can play an important role in 

linking the elastic properties to the reservoir properties, and in the area of study, it 

helps in better understanding the key factors that affect the seismic amplitude. 
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Furthermore, using the log data can get a lithology and fluid discrimination, which 

should be constrained later by the reservoir geophysics different techniques. 

• Volume of Shale: shale is a clastic sedimentary rock containing fine-grained 

material made of clay and silty particles. The percentage of the volume of this fine-

grained material to the total rock volume is defined as the shale volume. 

• Porosity: the percentage of rock occupied by fluids 

• Water saturation (Sw): the percentage of water volume to total fluid volume 

occupying the pore volume, consequently the hydrocarbon saturation (Sh) is the 

ratio of hydrocarbon volume to total fluid volume  

Petrophysical parameters are listed below: 

 

– Shale volume  

– Water saturation  

– Porosity  

– Net Reservoir (Net Sand)  

– Permeability  

 

Well logs measure none of these directly. Instead, the petrophysical variables are 

calculated using equations initiated based on log measurements and different 

elements describing the rock properties. 

➢ Data Acquisition Methods Wireline (Figure 1.4) 

– Vertical and slightly deviated wells 

– Recording logs by electric wireline 

– The best-recorded log quality.  

➢ Pipe Conveyed Logging (Figure 1.5) 

– Deviated well with high angle 

– Recording the logs by entering the tools in the well through drill pipes 

➢ Logging while drilling  (Figure 1.6) 

– Sensors included in the drilling assembly  

– Recording log data during the drilling by sending signals through the drilling mud 
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 Shale Volume 

 

Volume of Shale is the fraction of shale involving the water bound to the shale 

constituents. Gamma Ray (GR) evaluation estimates the percentage of naturally 

Figure 1.4 Wireline Logs 

Figure 1.6 LWD tools 

Figure 1.5 Logging through drill pipes 
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occurring radioactive elements such as K40; Potassium, Th232; Thorium, U238; 

Uranium. The conventional Gamma ray tool only measures the counts of the total 

radioactive minerals in a certain rock. The spectral GR tool measures the total 

radioactivity; additionally, it can separately provide a percentage for each radioactive 

element.  The reservoir rocks such as Sandstone, Limestone and Dolomite are 

characterised by low GR, while shale contains a large amount of Th and K atoms; 

consequently, it is characterised by high GR. Figure (1.7) 

 

 

 

 

 

 

 

 

 

 

 

 

 

                  

 Porosity 

 

Rock porosity is the ratio of the volume of pore space to the volume of the rock 

expressed as a percentage or fraction. Porosity is described in terms of fluid, matrix 

and bulk densities. Porosity ranges from less than 0.01 for hard rocks-like to more 

than 0.4 for Sandstones.  

The sandstones and carbonates are sedimentary rocks considered the main 

hydrocarbon reservoirs with porosity values ranging from 10-35% in sandstones and 

5-25% in carbonates (Rob Simm, 2003). 

Figure 1.7 GR log interpretation 
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Total porosity is the total pore space of the whole rock volume. Effective porosity is 

part of the total porosity where the in-situ fluid can escape from the rock matrix; the 

other part is bounded in the rock and cannot escape (bound water). 

Data integration from core characterisation, thin section petrography, scanning 

electron microscopy, and capillary pressure tests indicate that the clastic and 

carbonate pore types are different, and these differences have a major impact on the 

reservoir quality. 

 

1.2.2.1 Sandstone Pore Systems  

 

Four basic porosity types characterise the sandstones: (a) intergranular (primary), (b) 

microporosity, (c) dissolution (secondary), and (d) fracture, Figure (1.8). Intergranular 

porosity is the space between detrital grains. Microporosity represents the small pores 

(less than 2 μm) commonly associated with detrital and clay minerals. Dissolution 

porosity is the pore space that resulted from a partial to complete dissolution of 

framework grains and/or cements. Fracture porosity defines the void space associated 

with natural fractures. 

 

 

 

 

 

 

 

 

 

 

 

 

          

 

 

 

 

Figure 1.8 Sandstone pore shapes (Choquette, P. W., and L. C. Pray, 1970) 
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1.2.2.2  Carbonate Pore Systems 

 

The pore systems in carbonates are classified into three groups; (1) fabric selective, 

(2) not fabric selective, and (3) fabric selective or not, seven porosity types. Figure 

(1.9) Factors such as intraparticle, intercrystal, moldic, fenestral, fracture, and vugs 

are well known and critical in volumetric calculations. 

 

 Water Saturation 

 

Saturation occurs when the fraction of the formation pore volume is filled with a 

certain fluid. Water Saturation (Sw) is the fraction of the pore volume containing 

formation water. Water saturation (Sw) can be measured from resistivity logs. Matrix 

(dry rock), oil and gas are characterised by a high resistivity because it is good 

insulator. Figure (1.10) show that water and Shales, which contain bound water, have 

low resistivity because they act as conductors. 

 

 

Figure 1.9 Carbonate pore shapes (Choquette, P. W., and L. C. Pray, 1970) 
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a)                                                               b)                                          
 

 
 

𝑆𝑤 = (
aRw

Φm Rt
)

1/n
              Archie equation, 1987                                                       1-1                                                                                                    

a= tortuosity factor, m = cementation factor, n = saturation component, standard  

 

values: a=1, m=2, n=2 
      

“Archie with standard values” 

 Sw =
1

Φ
√

Rw

Rt
→ If Sw = 1 (in water zone):                                                             1-2 

Rw = Φ2Rt,                                                                                                                1-3 

Rw is Formation water resistivity, Rt is true formation resistivity, 

and Φ is the total porosity.                                                                                         

 

The petrophysical analysis is the main input for volumetric calculation and risk 

assessment of new prospects and even producing fields by incorporating them into the 

buildup of static models. The tools used in measuring the petrophysical properties of 

both rocks and fluids are; Gamma ray, Neutron porosity, Density and Resistivity. 

Figure (1.11) 

The petrophysical analysis of these tools resulted in calculating the petrophysical 

properties including porosity, water saturation, volume of shale, net to gross and 

permeability. 

Figure 1.10 Water Saturation calculation technique 
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 Gas Detection Using Seismic and Logs 

 

This section introduces how gas can be detected using seismic data and logs. The 

hydrocarbon detection using seismic will be started with seismic attributes, commonly 

known as direct hydrocarbon indicators (DHI). In the 1960s, geophysicists observed 

changes in seismic reflectivity with offset caused by reservoir properties variation 

(Castagna and Backus, 1993). The discovery of gas zones in these strong events leads 

to the concept specifically of bright spots, or more generally, DHIs. A major 

challenge in bright spots is the possibility of drilling low-hydrocarbon-percentage 

amplitude anomalies because the large change in P-wave velocity occurs in the initial 

introduction of gas into the pore fluid (fizz-gas in Sw 1-0.9) (Domenico, 1976).  

There is always a risk in DHI interpretation (false amplitude anomalies may be due to 

fizz gas, lithology variations, processing artefacts) in exploration and we must get 

away from the idea that if DHI’s worked, there would be no need for risking. Rob 

Simm (2003) defined some factors that increase the confidence in the amplitude 

interpretation, as follows: 

Figure 1.11 Petrophysical evaluation summary 
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❖ Data Quality: The data is good enough to interpret relative amplitudes, i.e. 

high S/N ratio. The processing parameters have been checked, true amplitude 

is preserved. Migration errors and imaging artifacts are not a problem. Good 

quality well ties provide confidence in the phase and polarity of the data. If 

AVO is a critical element of the play, reflectors can be tracked from near to far 

traces and there are no major problems with residual moveout (Singleton, 

2009). 

❖ Trap Definition: The trap is well defined and fits geologically with the trap 

style for this play. 

❖ Well Control: There is enough well data of good quality that can be easily 

calibrate the seismic data. Appropriate reflection and impedance models have 

been generated. 

❖ Amplitude Relationships: There are clear differences in the amplitude across 

the prospect area that fit the rock physics model. The best calibration is the 

offset synthetics from wells that agree with the coincident seismic prestack 

amplitudes. 

❖ Conformance of amplitude to structure: The amplitudes show, to a certain 

degree, conformance with the structure contours. 

❖ Flat Spot: Seismically, the hydrocarbon contact is represented by flat spots, 

which seems apparently flat on the seismic, Figure (1.12). This contact may be 

between gas, oil and water. The reservoir thickness is crucial to get a flat spot 

on the seismic, in which the thickness should be higher than the vertical 

seismic resolution. Generally, it is not easy to find flat spots. However, some 

geological features can be misinterpreted as flat spots such as; low angle 

faults, edge or base of channels and processing artefacts. Flat spots may also 

be caused by low saturated gas in a reservoir. A flat spot that shows 

discordance to stratigraphy can be used in gross pay interval mapping. 
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DHI 

DHI 

 The hydrocarbon detection using logs will be started with the neutron tool.   The 

hydrogen index of both oil and water is approximately similar (Schlumberger, 1987). 

Thus, the neutron tool measures the total porosity in either oil or water-filled 

formations. On the other hand, gas has lower hydrogen per unit volume when 

compared to water or oil which causes the neutron tool’s measurements of the 

porosity values to be remarkably low. Generally, gas has a considerably lower 

hydrogen concentration. When pore spaces in the rock are excavated and filled with 

gas, the formation characteristics changes and become less sensitive to slow down the 

neutrons emitted from neutron logging tools. This phenomenon is called "Excavation 

Effect” Segesman and Liu (1971) improve the ability of the neutron tool to measure a 

total porosity value that is even lower than that accounted for by the decrement in 

hydrogen index. The excavation effect is improved in combination with water 

(saturating or bound) and maximized at higher porosities and intermediate water 

saturations and (or) higher clay volumes.  

On well logs, the gas effect is usually demonstrated as a visual “crossover” of 

neutron-porosity and density-porosity curves. This crossover serves an important 

role in gas exploration. However, as clay content and associated bound water 

increase, the neutron-porosity and density porosity curves separate until the 

Figure 1.12 Seismic section shows DHI, (R. Simm, 2003) 
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crossover occurs no longer. The gas effect, though still present, is no longer 

detectable on these well logs. An effective method for detecting the gas effect in this 

situation is using a crossplot of neutron minus density versus GR. The crossplot 

serves to separate porosity due to the gas effect from that due to clay and associated 

bound water. In this way, the gas effect—i.e., the presence of gas as shown by the 

crossover of well-log curves on the crossplot is revealed without regard to clay 

content (J.C. Thomson 1990).  

The significance of the gas effect is highly related to the bulk volume of gas present 

in the rocks surrounding the borehole. Thus, the gas effect is an indirect measure of 

gas-charged porosity and may replace the water-saturation determinations as a 

qualitative measure of gas concentration and as an indicator of production potential. 

An index system part of the crossplot measures and scales the gas effect into 12 

levels of magnitude. The index values referred to here as the “gas-production 

index” (GPI) are linked to actual gas production. In this way, the GPI can provide 

an estimated potential of gas-production for a wide range of reservoir conditions. 

(Figure 1.13). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.13 Neutron Porosity minus Density porosity versus GR x-plot, Condon, S.M., et. al, (2000) 
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Calculating the formation porosity is commonly performed via sonic log; however, 

the values from the Density and Neutron logs are higher (Campen, E.B., 1975). Figure 

(1.14) shows the effect of gas on the sonic derived porosity. 

Gas has a low density and thus reduces the apparent density of the formation. In the 

velocity calculation, density is on the denominator.  So decreasing density should 

increase velocity. What is more important is the decrease in bulk modulus on top.  It 

is larger than the density effect.  Hence, porosity is overestimated (W.G. Cutress, 

1974). 

The gas-production index is a reliable indicator of gas-production potential. The index 

has been specifically calibrated for shallow gas-bearing sandstone reservoirs of the 

northern Great Plains (J.C. Thomson, 1990). 

Figure 1.14 Effect of gas on sonic logs, W.G., Cutress, (1974) 
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 Low Gas Saturation versus Commercial Gas 

 

The P-wave velocity decreases dramatically due to any amount of gas in the reservoir. 

This decrease occurs due to the high influence of the fluid modulus on the P-wave 

velocity. This reduction in the P-wave velocity makes it difficult to discriminate 

between the low gas saturation and the economic gas using just the P-wave velocity 

(Domenico 1976). In other words, the use of conventional seismic, which is based 

mainly on the P-wave reflectivity, can result in the delineation of amplitude anomalies 

with low gas saturation inside the reservoir (De-hua han, 2002 & O’ Brian, 2004).  

Xingang Chi and Han (2009) innovated a new method to look at the fluid modulus 

using the elastic properties inverted by the prestack seismic inversion.  

Khalid P. et al. (2010) used the AVO analysis to predict the low gas saturation areas 

in the gas field in the North Sea, but it was under certain thermodynamic and pressure 

conditions of the reservoir. 

Li and Han (2005) have found a relation between the frequency attenuation and the 

gas saturation by calculating Q factor using different spectral attributes analysis. The 

spectral attributes used are the attributes of peak frequency, bandwidth, and Q factor. 

This relation concludes that the low saturation gas has a higher attenuation than the 

commercial gas. 

Commonly, the techniques used in the low gas saturation and commercial gas 

discrimination are looking for the fluid modulus, shear modulus and bulk modulus 

using the elastic parameters (Vp, Vs and density) obtained from the pre-stack 

inversion, the limitation of this technique is the high sensitivity for the bulk modulus 

for any amount of gas encountered in the reservoir. Spectral decomposition and 

frequency attributes are used to di-risk prospects that can find low gas saturation in 

the reservoir. In my thesis, I am trying to extend the efforts of the geoscientists in 

finding a solution for the challenge of the low gas saturation and commercial gas 

discrimination by introducing the application of frequency attributes on the ultra-far 

stacked seismic data. 

Spectral decomposition was used to identify erosional remnants of thin reservoirs in a 

meandering channel system by breaking down the seismic signal into its frequency 

components (B. Fahmy et al., 2008). 
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 Gathers Conditioning 

 

The main objective for seismic processing is to improve seismic data quality to be 

appropriate for both structural and stratigraphic interpretation. The preservation of 

true seismic amplitude, which is considered a direct hydrocarbon indicator, is 

paramount and considered essential for applying advanced geophysical techniques 

useful for successful seismic reservoir characterisation (Kevin Davies, 2002). 

Studying the seismic amplitude associated with hydrocarbon in pre-stack seismic is 

the approach used to investigate the validity of the amplitude anomalies observed on 

the stacked seismic data (Russell, 2014). 

Although multiples may apparently not affect the stack quality, in some times, the 

pre-stack data shows strong multiple contaminations that may cause false structures; 

consequently, seismic data cannot be used for seismic reservoir characterisation 

without considerable pre-conditioning. Different techniques have been developed to 

provide a complete workflow of seismic data conditioning steps to optimize the 

quality of pre-stack seismic data before use in seismic inversion, AVO analysis and 

reservoir properties prediction (S. Chopra and J. Castagna, 2014). 

In AVO, the main challenges are suppressing the noise, frequency loss, 5D 

interpolation and keeping the gathers flat while preserving the amplitudes of the 

signals. In addition, several iterations have been selected for qualitative analysis based 

on the original trace gathers to enhance the signal to noise ratio on the data.  

Applying those tested processing steps for different drilled holes to determine how 

seismic amplitudes behave in successful cases of hydrocarbon-bearing zone versus the 

dry case responses; validating different prospects located within the same geological 

setting raises the confidence for drilling proposals (Kevin Davies, 2002). 

Geophysicists commonly know that the reservoir characterisation studies area is more 

complicated far beyond the conventional structural interpretation. Accordingly, some 

prestack features can harm the data and reduce the signal to noise ratio need to be 

diminished before application of reservoir characterisation studies, and they are well 

known. Three specific seismic properties will be discussed; signal to noise ratio, 

frequency attenuation with offset, and gather flattening (S. Singleton, 2009). 

Seismic processing aims to extract useful and reliable information from seismic data 

relevant for locating and producing hydrocarbons. The researchers’ goal in seismic 
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processing is to recognise, prioritise and provide adequate responses to limitations in 

the current seismic processing methods and capability. 

Signal to Noise Ratio improvement: noise is an undesired component of the seismic 

signal that has a negative impact or in other words leads to poor or misleading 

interpretation for the results of any analysis applied on the prestack seismic data. 

Random noise is assumed to still exist after standard processing and cause data 

contamination to increase the signal to noise ratio. Therefore, some filters as band 

pass filter, may need to be applied carefully to the data before the signal to noise ratio 

improvement (S. Singleton, 2009). 

Normal Move Out (NMO) stretch removal: frequency attenuation occurs because of 

the NMO correction, particularly for shallow events and large offsets. This is called 

NMO stretching. The time period (T) of the waveform is stretched and becomes (T0), 

by which (T0) becomes greater than (T) after NMO correction, Figure (1.15) (Kevin 

Davies, 2002). Stretching is a frequency distortion in which events are moved to 

lower frequencies.  

 

 

 

 

 

 

 

 

 

 

         

The accurate calculation of the angle of reflection is the best way to remove the NMO 

stretch effect (S. Singleton, 2009). Another initiated concept is the proper evaluation 

of the spectral analysis of both the near and far traces to solve the issue of frequency 

attenuation with offset (Lazaratos and Finn, 2004; Xu and Chopra, 2007). 

 

Figure 1.15 NMO stretch, S. Singleton, 2009 
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Gather flattening: an essential condition for the AVO analysis is that the gathers 

should be flat because the curvature in the seismic reflectors, especially at the 

reservoir level, may led to misinterpretation in the AVO response and consequently 

AVO classes. To ensure this condition, two approaches control the acquired seismic 

data to validate this condition named “velocity-based” and “statics-based. Regarding 

the velocity-based methods, residual NMO (RMO) is assumed to be the main reason 

for non-flat gathers, which can be corrected by properly assessing the stacking 

velocity field. On the other hand, statics-based methods assume local velocity 

anomalies in the seismic ray path that cause problems in the gathers. These could be 

revealed to static problems in the seismic data (Hinkley et al., 2007). Figure (1.16) 

shows an example of CDP gathers in the Norwegian sea before and after conditioning. 

Before applying the conditioning to the pre-stack seismic data in the onshore Nile 

delta in general, the far and ultra-far data reliability was questionable and risky. The 

developed conditioning workflow in this thesis has e strong impact on increasing the 

reliability of the ultra-far stack data, consequently, the different conducted reservoir 

studies. 
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Sub Angle Stacks 

The amplitude variation dependent on offset (AVO) can provide an important tool for 

hydrocarbon delineation in certain depositional settings. The reflection coefficient for 

an incident plane P-wave can increase or decrease (and even change polarity) with 

reflection angle, depending on changes in elastic parameters across a reflecting 

boundary (R. Simm, 2003). 

Figure 1.16 Example of CDP gathers from the Norwegian Sea before and after 

conditioning (Singleton, 2009) 
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Conventional common mid-point (CMP) stacking suppresses this information because 

the amplitude of each event in the stack represents an average over all offsets Figure 

(1.17). Consequently, reflection seismic character, event amplitude and continuity on 

conventional CMP stacks can differ from a zero-offset recorded section.  

Several methods exist which allow seismic traces to be generated that, unlike 

conventionally stacked traces, provide information about the dependence of amplitude 

on reflection angle; with AVO, traces, recorded at fixed offsets, are transformed into 

traces characterised by their angles of incidence. Traces with reflection angles within 

the desired range are then stacked to produce an angle trace. Repeating this process 

for different reflection angles produces an angle gather. The Reflection angles are 

computed from offset-time by either a straight-ray or a bending-ray approximation, 

with velocities derived from the RMS velocities or the log data (Russell, 2010). 

1.6 AVO 

This refers to Amplitude Versus Offset (AVO) or, more correctly, Amplitude Versus 

Angle (AVA). AVO monitor changes in seismic amplitude concerning the offset of 

the traces from the source (i.e., the shot point), Figure (1.18). Ostrander (1980) was 

the first to propose the application of AVO in modern reflection CDP data. 

Figure 1.17 Example of Sub-Angle stacks Alberta, Canada (Greg Cameron (2009) 
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AVO works as a fluid and lithology indicator of reservoir rocks through a 

combination of different mathematical and modeling processes using both pre-stack 

seismic (CMP Gathers) and well log data (Castagna,1997). 

 AVO is considered an essential interpretation tool for the description of hydrocarbon 

delineation and reservoir properties. Moreover, it plays a major role in studying the 

risk associated with the amplitude anomalies with AVO response (S. Singh et al., 

2014). 

In the literature, there are different AVO techniques; selection of the appropriate 

technique should be guided by building up a rock physics model, which plays an 

important role in linking the elastic properties to the reservoir properties and applying 

the results in the unexplored areas that helps in di risking the delineated prospects 

(Downton et al., 2000). 

The AVO technique has developed in the last twenty years, and many variations have 

been proposed. The AVO techniques have been divided into seismic reflectivity and 

Figure 1.18 Definitions of Angle and Offset, Ostrander, (1984) 
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inversion methods. The confidence in the AVO analysis has increased because of 

acquisition design improvements, increased implementation of full waveform sonic in 

wells, and the increased use of techniques to identify uncertainties in the analysis until 

it becomes one of the best tools in reservoir characterisation studies as well as 

hydrocarbon exploration. By comparing both interpretations, one based on an AVO 

analysis and the other based just on conventional stacked seismic data, the 

interpretation of the AVO analysis provides comprehensive information far beyond 

that of the conventional stacked data regarding the elastic properties of the reservoir. 

The stacked data utilised in a traditional interpretation represents the average 

amplitude picking for different offsets at an assumed location. It calculates the band 

passed P-wave impedance reflectivity, where P-impedance results from P-wave 

velocity and density. The reflectivity is the difference of the P-impedance two 

consecutive layers divided by their sum at each geological boundary (Downton, et al., 

2000). 

 AVO analysis focuses on the change in amplitudes with all offsets rather than just 

looking at the average amplitude on the stacked data. Furthermore, AVO analysis 

allows the interpreters to generate elastic parameters band passed P-wave, density and 

S-wave impedance reflectivity, in which S-wave velocity and density result in S-wave 

impedance. Therefore, rather than just dealing with one elastic parameter, which is P-

impedance reflectivity on the stack as in a traditional interpretation, an AVO analysis 

involves the interpretation of both the P and S impedance stacks, which helps in better 

understanding for the reservoir properties contained within the structural and 

stratigraphic setting illustrated by the CDP stacked data (Downton et al., 2000). 

 

In the AVO analysis, the change of amplitude with the angle of incidence of the 

seismic wave at certain boundary is determined by the elastic characteristics of the 

rock namely, compressional-wave velocity (Vp), Shear wave velocity (Vs) and 

density.  These characteristics are directly impacted by both lithology and fluid 

content.  
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Figure (1.19). The two main parameters of the AVO response of a reflector are the 

intercept and gradient.   

The different AVO classes were invented by Rutherford and Williams (1989) and 

modified by Ross (1995) and Castagna (1997). It was realized that the cross plot of 

intercept and gradient provided a tool for analysing the AVO responses and 

determining the appropriate use of intercept and gradient to highlight anomalies 

(Figure 1.20).  The AVO classes fall in particular parts of the cross plot and anomalies 

can be discriminated based either on zones or linear combinations of intercept and 

gradient (Castagna, 1997).  

The ultra-far data that was innovated in this thesis played an essential role in 

monitoring the AVO in both WD and WKH fields and, consequently, predicting 

reservoir properties, which led to the fluid and lithology proper discrimination. 

Comparing the maps from AVO of using the ultra-far data with the amplitude maps 

from the conventional seismic shows the big difference in the sand delineation and 

definition of the field geometry for both fields. 

Figure 1.19 Shale/Sand geological model and angle of incidence with its seismic representation 
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Figures (1.21 and 1.22) are examples of AVO attributes that show fluid indication 

from Alberta, Canada (Russell, et al., 2011). 

Figure 1.20 AVO cross plot 

Figure 1.21 AVO cross plot real data from Alberta, Canada (Russell, 2011). The blue 

and red polygons represent the top and bas gas respectively. 
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Seismic Inversion 

The main objective of the seismic interpreter is to use the seismic sections to better 

understand the geology of a particular area and identify the prospectivity for 

hydrocarbons contained in the geology. Seismic inversion helps significantly to 

achieve this objective because it adds the quantitative interpretation to the qualitative 

one coming from mapping the conventional seismic reflectivity. In a multidisciplinary 

asset team, seismic inversion, working in the impedance domain, is considered a 

common language between the working geoscientists that facilitates the integration 

between different disciplines. Inverting seismic traces mixed with different noises into 

acoustic impedance (product of density and velocity) is the recursive process of 

transforming these two logs into a synthetic seismogram. Thus, seismic inversion was 

performed in the first process, but in the second one, it will be acquired.  

The inversion process requires a model constrained to the well logs; accordingly, the 

better log quality incorporated into the model, the more reliable inversion, which 

leads to the more accurate quantitative analysis that helps in volumetric calculations 

and risk assessment. Therefore, the target seismic data for inversion should be of 

outstanding quality with true amplitude and without processing artefacts.  

Figure 1.22 X-section from the product of intercept and gradient attribute Alberta, 

Canada (Russell, 2011) 
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The process of transforming different impedance layers coming from different 

contrasts at the geological boundaries (On the left) to a seismic signal to (the right) is 

called the seismic reflectivity approach Figure (1.23). Toward the direction of 

acquiring seismic reflectivity, the resulted reflectivity series from different 

impedances at the geological boundaries is convolved with a wavelet and summed to 

uncorrelated noise to get the seismic trace finally. 

The seismic inversion process leads us to the opposite direction trying to determine 

the acoustic impedance of the individual rock layers. Selecting a proper wavelet is 

critical in this process; many tests should be applied to get the optimum bandwidth 

and wavelength for the imported wavelet into the model.  One of the benefits of 

seismic inversion is the possibility of extension beyond the seismic wavelength.  

Figure 1.23 Concept of amplitude Inversion (Castagna, 1997) 
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Arguably, there are many benefits for seismic inversion, but there are also challenges 

such as the data quality for both seismic and logs and the bed thickness. 

 Pre-Stack Simultaneous Inversion  

 

Lately, this term and its derivatives have been widely used, for this technique mainly 

focuses on getting information about the different elastic properties such as density, 

shear and compression velocities (Goodway et al., 1997, Gray and Anderson, 2000).  

 

P and S-wave properties of a rock can be used to detect the fluid content within 

reservoirs since P-waves are sensitive to changes in pore fluid, whereas S-waves are 

remarkably affected by the rock matrix and relatively unaffected by the pore fluid.  

 

Pre-stack inversion could help in reservoir delineation for both clastic and carbonate 

rocks, and it is crucial for lithology and fluid discrimination (Goodway et al., 1997, 

Gray and Anderson, 2000). Pre-stack simultaneous inversion helps in predicting 

reservoirs with different degrees of complexity since we can get P-wave, S-wave and 

density data at the same time. The velocities of sand can be very adjacent to shale in 

these sediments consequently; there is overlap in their p-impedance ranges. Therefore, 

it can be difficult practically to delineate reservoirs depending on the p-impedance 

only (Li et al., 2008). Though, as one of the reservoir geophysics aspects, the post-

stack inversion has developed to pre-stack inversion with success in reservoir 

prediction by taking the privilege of getting information simultaneously from the P-

wave log, S-wave log, density log and far to ultra-far offset seismic data.  

 

The pre-stack simultaneous inversion method used in the present study depends on P- 

wave and S-wave simultaneous inversion of partial angle stacks, where the seismic 

reflection amplitudes are correlated with P-velocity, S-velocity, density and incident 

angle. The out comings from pre-stack simultaneous inversion involve P- and S-

impedance, density and Vp/Vs. Compared with normal offset gathers, angle gathers, 

could be utilised to explore the amplitude variations of seismic reflections from 

various geologic contrasts within the selected angle range. The increase of reliability 

of the far and ultra-far offset data was one of the objectives of this study for this data 

include important reservoir information, which aids in identifying lithology, rock 
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properties and fluid characteristics. The surface seismic acquisition defines the offset 

as the horizontal distance from the source to a receiver. The distance between the 

source to the near receivers are defined as the near offset data, and consequently, the 

far and ultra-far receivers are defined as the far and ultra-far offset data.

The different angle stacks (near, mid, far and ultra-far) are essential for pre-stack 

inversion. Furthermore, the seismic data should be amplitude preserved and has high 

quality to ensure good inversion n results.  

For the sand/shale model, P-velocity is linearly related to S-velocity at the rock 

saturation with the same fluid. This robust linear relation is noticed in sands in most 

areas (Zhang et al., 2008). However, when water is substituted by gas in the pores of a 

rock, P-velocity declines dramatically while S-velocity slightly affected (Russell, 

2010), Figure (1.24).   

Therefore, combining both P-velocity and S-velocity data is very useful in 

investigating the rock properties and fluids.  

Figure 1.24 example of inverted sections from GOM, (Russell, 2010) 
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  Motivations 

 

The importance of hydrocarbon exploration in the oil and gas industry always creates 

enthusiasm for researchers to solve the risks and challenges that lead to drilling 

unsuccessful cases in different geological environments. However, reviewing the 

literature on different geophysical techniques initiated for hydrocarbon exploration 

and reservoir characterisation emphasises that still there are many questions, which 

need more efforts and consequently need more research work to be answered. 

 

For example, the problem of fizz and commercial gas discrimination is still 

questionable. Although efforts have been spent on this issue, so far no clear workflow 

can work in all geological settings. The risk assessment failed in many cases 

worldwide,  and many unsuccessful wells had been drilled with a loss of millions of 

dollars because of this problem. Indeed, the AVO techniques, especially the pre-stack 

simultaneous inversion and AVO inversion, added great value in reservoir studies and 

prediction of reservoir properties. However, due to the similarity in the reservoir 

properties, especially the p-velocity as an effect of the presence of any amount of gas 

in the reservoir makes the problem still there. Despite many efforts that have been 

done which led to many successful studies, there are various limitations depending on 

the geological setting of the area (Hampson et al., 2006, Simmons J.L. and Backus, 

1996, Liang Yan, et al., 2013). 

 

The application of frequency attributes, especially spectral decomposition is later used 

in hydrocarbon delineation, and it is proven in many areas around the world. Based on 

this success, there is a trend now to extend the objective of spectral decomposition 

and increase its reliability in saturation determination. Chapter-6 in this thesis proves 

the role of frequency attributes and the spectral decomposition in finding a relation 

between attenuation and gas saturation. The reservoir thickness and the seismic 

bandwidth are critical factors that affect the accuracy of this technique (Li X. and D. 

H. Han, 2005, O’Brien J., 2004). 

The dataset used in this study has reliable developed ultra-far seismic data, 

representing a significant amount of seismic data that is useless in many surveys in 

general and in the area of study specifically. If the AVO techniques ignore the ultra-
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far seismic data, it means that about half of the acquired seismic survey is unreliable, 

and this will get managers to ask about the benefits of spending several million in 

acquiring the seismic survey then just rely on half the data. To use the ultra-far data, a 

proper conditioning workflow should be applied to the CMP gathers to ensure the 

high signal to noise ratio, remove the NMO stretch and avoid anisotropy. The far and 

ultra-far data provide a useful tool for hydrocarbon delineation due to the strong 

relationship between the amplitude anomalies in the ultra-far data with the 

hydrocarbon content of the reservoir. 

 

 Objectives and Thesis Outlines 

 

Finding new tools that help in accurate risk assessment of new drillable prospects to 

avoid drilling false amplitude anomalies in the onshore Nile Delta with low gas 

saturation is the primary objective of this thesis. I will try to find a relation between 

attenuation and gas saturation within the reservoir. 

The reliability of ultra-far seismic data is another primary objective for this thesis; 

before the maximum reliable data in the Mansoura area in the onshore Nile Delta is 

up to 30 degrees this is equivalent to 1500 m out of 4800 m, which is the total offset. 

A gathers conditioning workflow was used to optimise the reliable data and monitor 

the effect of hydrocarbon on the far and ultra-far seismic data. 

Consequent for improving the ultra-far data is to prove the benefits of introducing 

ultra-far data to the inverted model and its impact on the quality of the AVO inversion 

Building up rock physics model for Mansoura area to see the relationship between 

different reservoir parameters and if there is a definite trend from the measured log 

data that helps in both lithology and fluid discrimination. This can be encouraging and 

may increase the confidence in this trend using the seismic inversion and AVO 

techniques. 

The rock physics model helps identify the optimum inversion type that can constrain 

the inverted model to well data. This thesis’s findings of will be used to perform a 

proper risk assessment for future drillable prospects, especially in the Mansoura area 

and generally in the onshore Nile Delta. Additionally, a better understanding of the 

reservoir properties and the possibility of finding good quality reservoirs add to the 

productivity of the area. 
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This thesis will define the best type of inversion that can reflect the actual petro-

elastic model of the area and fit with the seismic bandwidth and wavelet 

characteristics of the existing seismic. Here are the chapters of my thesis in brief: 

 

Chapter 2: Geological Setting of the Area of Study  

 

This chapter talks briefly about the geological setting of the Mansoura area in the 

onshore Nile Delta. This part will include an explanation of the structure regime and 

its role in the trap configuration of the area. Full stratigraphic details for the 

geological section passing through different formations with a brief lithological 

description of each unit will be given. In addition, the petroleum system elements 

(reservoir, source and seal) will be shown. The geological setting of both WD and 

WKH fields will be discussed focusing on the differences in the geological age and 

reservoir properties and their impact on the production from both fields. 

At the end of the chapter, there is a brief on the exploration history of both fields.  

 

Chapter 3: Theory of Applied Techniques 

 

This chapter focuses on the mathematical background and theory for the different 

techniques used in this thesis. First, the original theory will be discussed, in addition 

to the approximations from the literature review. For example, the AVO techniques 

were based on Zeoppritz equations (1919) and then different techniques had been 

invented as approximations for the original one such as Aki-Richard (1980), Shuey 

(1985) and Connolly (1999). Hence, I will illustrate the original theory and all other 

developed approximations with associated mathematical equations. 

 

Chapter 4: Seismic Acquisition and Processing, Gathers Conditioning and 

Petrophysics and Rock Physics  

 

This chapter is divided into three parts; the first focuses on the details of the used 

seismic survey regarding the acquisition parameters and survey design. It will be 

highlighted the problems and challenges that faced the seismic acquisition. The 
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processing and reprocessing sequences applied to the seismic data will be shown, 

especially its impact on the data quality and the gathers conditioning workflow. 

The second part focuses on the CDP gathers and its quality, the conditioning 

workflow that I have applied and the output of this conditioning that let me get more 

reliable ultra-far data (up to 45 degrees) and include it in the reservoir characterisation 

studies. The reliability of ultra-far data in the onshore Nile Delta is one of the 

inventions in this thesis.  

The last part focuses on the petrophysical interpretation of the existing reservoir in 

both fields. The different methods used for porosity, water saturation and shale 

volume calculation will be illustrated. Rock physics is a very important section in this 

chapter because it opens the door for understanding the log character of the reservoir 

section in both fields. Additionally, it encourages me to apply the different reservoir 

geophysical techniques because there is a clear trend for most of the petrophysical 

parameters, which has to be seen in the different seismic attributes giving the 

confidence away from the well control after calibration at the well locations.  

 

Chapter 5: Seismic Interpretation  

 

This chapter focuses on the horizon interpretation for the ultra-far stacked data to be 

imported to the inversion process. Monitoring the AVO response for the reservoir in 

WD and WKH fields using cross plots and AVO attributes are important part in this 

chapter. The main section of this chapter is the AVO inversion process, which had 

been selected after analysing both the AVO response and rock physics for both fields. 

The parameters and methodology of the inversion process will be discussed in this 

chapter. The results and interpretation of the inversion results (Zp, Zs, density and 

Vp/Vs cubes) will be explained and discussed. The inversion results and the ultra-far 

seismic are initially used for reservoir properties prediction for the WD field and as 

proof of concept for the WKH field. 

 

Although the two fields have different geologic ages, different formations and 

different reservoir architecture, in this chapter, we will see how the ultra-far stacked 

data together gives excellent inversion results and the water saturation and porosity 

prediction with a strong correlation with the well data. 
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Chapter 6: Fizz and Commercial gas discrimination By Spectral Decomposition 

Using Ultra-Far seismic data 

 

I will discuss in this chapter a case study, which is the presence of a potential 

accumulation, with an outstanding seismic response, compared to that observed in a 

major producing field nearby. The results of a well drilled in this prospect were not 

encouraging and the well was classified as a dry well with gas shows (gas saturation 

in the tested reservoir was up to 28%).  

The analysis started with studying the pre-drilling scopes and the risk assessment and 

post drilling results.  Then, forward modelling using log data and the CDP gathers for 

both the drilled well and the producing field was conducted to assess the impact of 

changing reservoir properties on the seismic character at the two wells locations. 

After building the rock physics model, AVO analysis was applied on the ultra-far 

synthetic gathers to monitor the amplitude versus offset (angles) response in different 

cases (in-situ, gas, and wet cases). This chapter shows how spectral decomposition 

was employed to differentiate between low gas saturations and mobile, commercial 

gas in the area of study. 

The spectral decomposition used in two steps is as follows. The first is the Tunning 

cube that decomposes each 1D trace from the time domain into its corresponding 2D 

representation in the time-frequency domain by means of any method of time-

frequency decomposition. The second part is the volume reconnaissance, which is a 

generation of discrete (Iso) Frequency Volumes using a running-window approach on 

each seismic trace in a time seismic volume. The application of spectral 

decomposition and frequency attributes on pre-stack seismic data highlighted the 

relationship between frequency attenuation and reservoir properties as a critical factor 

to consider.  

 

Chapter 7: Summary and Conclusions  

 

The findings and conclusions of this thesis will be shown in this chapter, in addition 

to the recommendations of different techniques and workflows that worked 

adequately in the area of study, and hence it can be generalized in the onshore Nile 

Delta. 
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Chapter-2 

 

Geological Setting  
 

 

 General Background 

 

The geological development of the Nile Delta is comparatively younger than the other 

major deltas of the world, such as the Niger and the Mississippi. Although the 

ancestral Nile existed in the region of the present Delta during Middle-Late Miocene, 

the true deltaic progradation of the present Nile Delta did not commence until the 

Pliocene. The essentially clastic sediments of the study area can be grouped into three 

sedimentary mega cycles; Miocene, Plio-Pleistocene and Holocene cycles (Said, 

1981). This thick clastic package overlies Palaeogene carbonates and clastics. The 

hydrocarbon potential of the study area is limited for the time being to the Neogene 

sequences. However, the pre-Miocene formations that form the base of these Neogene 

sequences probably have a good hydrocarbon potential, although this is not yet 

proven in the Nile Delta. Mesozoic and older sequences have not been encountered to 

date in the Mansoura area but, if present would be at inaccessible depths.  

 

Regarding the plate tectonics and different structure regimes in the Eastern 

Mediterranean, The Nile Delta region has a significant role in emphasizing structure 

development and synthetizes various structure trends in the area. It is located in the 

northern margin of the African Plate, which covers the area from the subduction zone 

adjacent to the Cretan and Cyprus arcs to the Red Sea, where it rifted apart from the 

Arabian plate. The Nile Delta is kinematically dominated by two different layered 

strains. The first one is controlled by shallow layered tectonics attributed to the 

northward prograded sedimentary lobes. The second strain is related to the convergent 

suture boundary between the North Africa leading front and Eurasian Plate. The latter 

convergence results in a deep–layered strain. Said (1981) found that the River Nile 

was originated at a major tectonic event, which affected the Mediterranean Sea in the 
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Late Miocene epoch. The disturbed current from the Atlantic Ocean resulted in 

gradual desiccation of the Mediterranean Sea, with the following deposition of 

extensively thick salt precipitates and evaporates deposits (Rosetta Formation). 

Different reserve estimation studies have assumed that the Nile Delta basin 

encountered 200-300 TCF of undiscovered gas reserves in the Nile Delta Basin 

Province, located in the Eastern Mediterranean region (USGS, 2010). 

 

The Nile Delta could be viewed as Egypt’s most important gas province and an area 

of utmost potential for future petroleum exploration in North-Eastern Africa (Younis 

M., 2015), Figure (2.1). The Nile Delta is progressing huge gas province around 58 

Tcf of gas reserves have been discovered until the present, mainly from the effective 

deep-water exploration for the Pliocene slope-channel systems (Nini, 2010). The Nile 

Delta has a complex stratigraphic and structural framework and is affected by the 

Hinge Zone, which separates between the southern and northern basins; the northern 

basin is considered a part of the Nile Delta region and contains thick Neogene 

sediments, while the southern basin is considered a combination between the Western 

Desert and the Nile Delta regions. 

 

The study area (Mansoura Area) exists in the Northern part of Egypt, 150 km NE of 

Cairo on the Eastern side of the onshore Nile Delta. The terrain is within the 

concession is predominantly prime agricultural farmland Figure (2.2). Geologically, 

the area covers the north and south of the Nile Delta Hinge Zone and it is formed of a 

thick sequence of Tertiary deltaic sediments from Oligocene to Recent age overlying 

older Mesozoic sequences, Figures (2.3 and 2.4). Understanding the distribution of 

the sandstone beds and heterolithic facies is a crucial challenge in the Mansoura area 

development, facilitating connectivity between the main sandstone bodies. 



59 
 

 

 

The Mansoura area is a section of the “unstable shelf” structural regime of the Nile Delta 

(Dolson et al., 2005). This is a thick wedge of Tertiary sediments, which has been 

generated through general delta building processes. This structural regime is separated 

from the more platform regime of the “stable shelf” to the south.  

 

 

 

 

Figure 2.1 Satellite image for the Nile Delta, The golden area is the Nile Delta 
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Figure 2.2 Satellite image for the Area of Study (Mansoura area) 

Figure 2.3 N-S cross section shows the plays in the Mansoura area, Rezk R., 2010 
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Regional SE – NW seismic line is shown in Figure (2.5); this section shows the main 

structural styles seen in the Mansoura. Seismically, The Oligocene to Tortonian 

sections appear in the form of tilted and faulted events, forming rotated fault block 

traps. The Messinian and younger successions sit unconformably on top of these tilted 

events and generally form flat-lying, sub-parallel events. The Mansoura area (WD and 

WKH fields) are examples used in this thesis) is characterised by the presence of 

Figure 2.4 The stratigraphic column of the onshore Nile Delta, Darwish M., 2008 
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hydrocarbon (gas cap and light oil) in Late Messinian sands, and this is proven from 

well tests which bring WD field as one of the major fields in the area. WKH field is a 

gas field producing from Messinian sands. 

 

The exploration work has started with the first 3D seismic acquisition in the onshore 

Nile Delta in 2003; this had provided the key to a successful aggressive drilling 

program. The main challenge in the seismic acquisition was the terrain within the 

Mansoura area, similar to most of the onshore Nile Delta, which is predominantly 

prime agricultural farmland, Figure (2.6).  

The terrain conditions and the presence of many surface obstacles such as urban areas 

and restricted areas affect, in many cases, the seismic data quality. This could be 

demonstrated by getting a low signal to noise ratio and missing some near offsets, 

which may reach, in some cases in the area of study, about 30% of the total seismic 

coverage. Figure (2.7) 

 

Figure 2.5 NE-SW Regional seismic section across Mansoura area 
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Figure 2.6 The predominantly agriculture terrain in the area of study, company internal report, 

2008 
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  Structure Style in the Area of Study 

 

El Mansoura is a section of the “unstable shelf” structural regime of the Nile Delta. 

This is a thick wedge of Tertiary sediment, which has been generated through general 

delta building processes. This structural regime is separated from the more platform 

regime of the “stable shelf” to the south. Figure (2.8) 

Figure 2.7 0-500m fold map shows the surface obstacles in the area of study, company internal 

report, 2008 
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The history of deposition of the Nile Delta basin was impacted by multiple tectonic 

events and Mediterranean Sea-level fluctuations that both controlled both the 

sediment supply to the basin and the accumulation space.  

 

Following the Tethyan rifting and the opening of the Mediterranean in the Jurassic, 

prominent Cretaceous mixed clastic and carbonate shelf edges aggraded vertically 

along a steep fault-bounded shelf-slope break. This "hinge line" in the northern part of 

Egypt has fundamentally controlled the reservoir distribution in Tertiary age strata 

(Dolson et al., 2005), Figure (2.9). 

Figure 2.8 Structure regime of Mansoura area, Rezk R., 2010 
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  Stratigraphy 

 
As the Tertiary is the deepest drilled section in El Mansoura area, the focus of the 

tectono-stratigraphic history will be from the Oligocene to the recent epoch.  

 

 Oligocene  

 

The Oligocene epoch in northern Egypt was marked by the onset of Gulf of Suez 

rifting. El Mansoura area and modern-day Nile Delta were the sites of an extensive 

delta system during the Oligocene time. The Oligocene epoch in El Mansoura is 

characterised by its high amount of marine shale content with relatively minor sands. 

Many of the reservoir sandstone units were formed as deltas fed by the erosion of the 

emergent parts of the Gulf of Suez and other topographically high areas to the south 

(Dolson et al., 2005).  

Figure 2.9 The tectonic elements of the Nile Delta, Abu Naga M., 2012 



67 
 

The marine shales of the Oligocene (Tineh Formation) provide the primary source 

rock for the onshore Nile Delta. Oligocene reservoir has been encountered in the 

Mansoura in The Tarif-1, Tarif-2A, Bilqas SW-1 and N. Bilqas-1 wells. Reservoir 

porosity is around 11%, with a net to gross ratio of less than 10%. The Tarif wells 

encountered good oil shows within the Oligocene, suggesting oil potential for this 

section. The top of the Oligocene is a regional seismic pick throughout the Mansoura 

area.  

 

 Early Miocene  

 

The Early Miocene epoch was marked by a predominantly marine setting in the 

Mansoura probably due to a rise in the global sea levels. Much of the Mansoura area 

was part of a marine slope setting, with associated shales being mainly deposited. In 

addition, reservoir sands may have been deposited as proximal turbidites on the slope, 

as seen in the North Bilqas-1 well (Harms and Wray, 1990). 

The rotational block faulting in the eastern and west-central parts of the Nile Delta 

highly impacts on thickness of early Miocene beds. Early Miocene strata may be 

extended far to the south, although the beds were thin, and the thickness was 

noticeably influenced by the erosion of the high parts of the fault blocks during the 

late middle Miocene unconformity as compared to the influence of the structural 

growth during deposition. Early Miocene beds have also been erosionally removed 

from the central part of the delta around North Bilqas-1 because of the mid-Miocene 

unconformity (Harms and Wray, 1990). The early Miocene in El Mansoura is marked 

by the Qantara formation, the top of which is a regional seismic pick.  

 

 Middle Miocene  

 

The middle Miocene depositional environments resemble the early Miocene in those 

non-marine deposits covering the southern part of the delta and ranging from paralic 

to shelf and slope towards the north (Harms & Wray, 1990).  

The Middle to late Miocene (Serravallian – lower Tortonian) in the Nile Delta is 

marked by a strong pulse of basinward progradation of deep-water siliclastics from 
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south to north in the Mediterranean. The precise entry points of feeder systems remain 

unknown, but they were presumably from the proto-Nile, which would have been 

developed west of the Gulf of Suez uplifts and from coastal uplands along with the 

North Sinai (Dolson et al., 2005).  

 

During the middle Miocene eustatic sea levels continued to rise to a higher level than 

the present, accounting for some marine Miocene outcrops at the south edge of the 

modern delta plain. Sea dropped rapidly in the mid-Serravallian and again at the close 

of the middle Miocene. The sea-level drop, in addition to a widespread uplift in the 

eastern Mediterranean in the middle Miocene, resulted in the noticeable unconformity 

that separates the middle and late Miocene (Harms and Wray, 1990). 

  

The Middle to early-Late Miocene in El Mansoura is represented by the Sidi Salim 

formation. The Sidi Salim has only been completely sampled by the Tarif-1 and Tarif-

2A wells. The upper part of the Sidi Salim has also been drilled in Buhut-1, Bilqas 

SW-1 and North Bilqas-1 wells. The Sidi Salim is generally a mixed clastic section 

with the best reservoir potential found in Tarif-1 well, where several hundred feet of 

reservoir quality sandstone is present. Progressing further north towards the North 

Bilqas-1 and Bilqas SW-1 wells, the section becomes more shale- rich. This suggests 

a more distal, marine dominated depositional environment.  

 

 Late Miocene  

 

The Late Miocene in the Nile Delta and the surrounding Mediterranean is dominated 

by the Messinian crisis, which occurred at around 6.7 Ma. This was essentially a 

tectonic-driven event related to the late-stage closure of the African plate against 

Europe, causing the closure of the Straits of Gibraltar and evaporation of the 

Mediterranean Sea (Dolson et al., 2005).  

Compressional deformation in the Nile Delta area created wide uplifted arches and 

local strike-slip grabens, which were deeply incised during the evaporitic draw-down. 

Grand Canyon-scale incisions of these arches occurred along with many coastal areas 

and the proto-Nile valley. As the Mediterranean re-filled, subsequent flooding back-

filled these valleys with fluvial and estuarine strata (Dolson et al., 2005). This is 
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reflected in the early Messinian Qawasim and late Messinian Abu Madi formations 

seen in the Mansoura area. Qawasim reservoirs in the Mansoura range from Gilbert 

deltas at WD to delta front-channel sands to the north of the block. The Qawasim is a 

proven petroleum reservoir and produces oil and gas in the Mansoura area. The 

reservoir quality is excellent, with porosities of over 20%.  

 

The Abu Madi formation sits unconformably over the Qawasim formation and was 

deposited during the back-stepping fill of incised canyons during general 

transgression throughout the Messinian. The Abu Madi formation is a fluvio-estuarine 

facies with erosive-based channel sands at the base of the sequence, which deepen 

upwards to estuarine, central basin deposits. Marine transgressions were episodic, and 

numerous unconformities can be mapped from seismic data throughout the Messinian 

section (Dolson et al., 2005). These episodic transgressions form the two different 

Abu Madi III and Abu Madi II sections. The Abu Madi formation is also a proven 

petroleum reservoir in Egypt and is currently producing gas from the WKH gas field.  

 

 Pliocene – Pleistocene  

 

The Pliocene of the Nile Delta unconformably overlies the Messinian section below 

it. The Pliocene was marked by a major marine transgression, completely 

overstepping the Messinian incised canyons. This resulted in the Kafr el-Sheikh 

marine shales being deposited at the base of the Pliocene (providing an excellent top 

seal for the underlying Messinian reservoirs), followed by the progradation and 

deposition of a thick wedge of Kafr el-Sheikh prodelta muds (Dolson et al., 2001, 

Harms and Wray, 1990). Channel and turbidite fan sands form the reservoir units of 

this section, while organic-rich shales provide a biogenic gas source for the Kafr el- 

Sheikh play.  

 

The Kafr el Sheikh is a proven gas play in the onshore and offshore Nile Delta; the 

Kafr el-Sheikh formation is overlain  via  the fluvial and shoreline sandy sediments of 

the El Wastani formation (Harms & Wray, 1990). The El Wastani Formation is a 

proven gas play in the onshore Nile Delta (Cross et al., 2009). 

 



70 
 

  Petroleum System 

 

 Hydrocarbon Origin 

Petroleum is any hydrocarbon amount extracted from the earth’s subsurface after 

drilling, such as oil and gas. Nowadays, Oil and gas are the energy source for 60% of 

the energy used by people worldwide (B.P.Tissot and D.H.Welte, 1984). 

Hydrocarbon exists in the void spaces (pores) of sedimentary rocks. Seismic 

reflection surveys using acoustic waves are the most crucial technique for remote 

delineation of potential reservoirs of petroleum (Libes S., 2009) 

Petroleum is generated from plants and micro-organisms that died and were buried 

millions of years ago. Over the millions of years, the plants and micro-organisms, 

which are rich in organic content, are subjected to deeper burial and are exposed to 

high pressure and temperature, which cause them to be mature and have the ability to 

generate Petroleum (M. F. Mirchink et al., 1971).  

Understanding the geochemical processes that cause petroleum generation is essential 

and the way of movement of the generated petroleum inside the earth until it formed 

different accumulations waiting for work force to extract it and utilize it in all life 

requirements (B.P.Tissot and D.H.Welte, 1984). Petroleum exists either in a liquid 

state, oil or in a gaseous state, which is natural gas. The exceptionally great efforts 

and the large amount of money spent in the petroleum industry are for Petroleum 

exploration, development and production. The following section covers how it is 

generated, migrates and accumulates. 

 Hydrocarbon generation (Maturation Process) 

Hydrocarbon originated from prospective source rocks characterised by rich 

carbonaceous matter coming from the bacterial decay of the dead bodies of plants and 

animals. Maturation is the ability of the rock to generate hydrocarbons and indicates 

its maturity (Libes S., 2009). Therefore, the quality of the rock is indicated by its 

maturity. Source rock maturity is measured by vitrinite reflectance of coal. 

Diagenesis, catagenesis and metagenesis take place over millions of years, causing 
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source rock maturation to convert the residual biogenic organic matter into 

hydrocarbon (Tissot and D.H.Welte, 1984).  

 Diagenesis 

Diagenesis is defined as whatever changes occurred, whether biological, chemical or 

physical, in the first time after burial encountered by a sediment after its initial 

deposition, after its lithification (M. F. Mirchink et al., 1971). Surface alteration 

(weathering) and metamorphism are excluded from this process. These changes occur 

at relatively low temperatures (below 50◦C) and pressures that induce changes to the 

original properties of the rock (Hunt, 1995). However, there is no well-defined limit 

between metamorphism and diagenesis; metamorphism occurs at higher temperatures 

and pressures (Hunt, 1995). 

 Catagenesis 

Catagenetic reactions occur at a high temperature ranging from 60 to 200◦C. In these 

conditions, organic compounds undergo diverse thermal degradation reactions, 

cracking reactions and condensation reactions (B.P.Tissot and D.H.Welte, 1984). 

Catagenesis is the second stage of organic carbon maturation to be graphitic. 

Therefore, this geochemical process highly impacted the biogenic materials that 

formed the carbonaceous sediment (Hunt, 1995). 

During catagenesis, both organic and inorganic constituents of the source rock are 

subjected to an increase in temperature and pressure, which adjusts their properties to 

compensate for abrupt physical conditions (M. F. Mirchink et al., 1971). The process 

of “lithification” begins during this stage. A rise in temperature results in the 

volatization of weakly attached elements to carbon atoms. The biogenic process is 

highly affected by a further increase in both temperature and pressure that end the 

process (Hunt, 1995).  

 Metagenesis 

Metagenesis occurs at temperatures exceeding 200◦C, and it is regarded as a type of 

very low-grade metamorphism. Figure (2.10) explains the changes in organic matter 
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during diagenesis, catagenesis and metamorphism after petroleum migration taking 

place and hydrocarbon moving until being trapped geologically in the subsurface. 

 

 

 

To conclude the previous section, as the burial of the sediments progresses, the 

increase in temperature and pressure leads to various chemical reactions, resulting in 

the origin of a variety of hydrocarbons and other oil and gas constituents from the 

organic matter. The intensity of the thermocatalytic and thermal processes grades 

upwards with depth reaching its maximum and then decreases because of the 

depletion of the primitive material and changes in the character of reactions. Below, a 

brief about the migration process will be provided.  

 

 

Figure 2.10 Diagenesis, catagenesis and metagenesis processes, (B.P.Tissot and 

D.H.Welte.1984) 

https://petrowiki.org/File:Changes_in_organic_matter_during_diagenesis,_catagenesis_and_metagenesis.png
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 Petroleum Migration and Accumulation 

 

Primary, lateral and vertical migrations of gas and oil are distinguished. The 

generation of oil and gas may occur in clay, in carbonate, and some cases, in sand-

silty rock (M. F. Mirchink et al., 1971). Migration occurs in two stages: 

• Primary Migration 

The generation of oil and gas causes a pressure increase within the source rock, which 

leads to fracturing and cracking through which the primary migration of hydrocarbon 

occurs. This pressure increase is due to the lower density of the gases and liquids than 

the solids. One of the important source rock properties is the ability of the rock to be 

normally fractured by the gas and liquids pressure that let the fluid movement through 

it (B.P.Tissot and D.H.Welte, 1984). 

In the course of the primary migration, oil and gas move together as one liquid phase 

due to the high pressures in the source rock higher than that in the bubble point 

pressure at which gases start to be separated from the liquid. Generally, Expulsion 

from the source rock takes place in pulses. With time, petroleum becomes pressurized 

to the extent that it can open fractures and pores, inducing the expulsion and the 

pulses to happen continuously as long as the petroleum can rebuild enough pressure to 

reopen its way out of the source rock. The pressure decreases after migration, and the 

fractures and pores tend to close. Finally, petroleum migrates out of the source rock, 

which reduces the pressure, especially if the migration of the petroleum is vertical 

(Hunt, 1995). 

• Secondary Migration 

Secondary migration is the drive out of the petroleum from source rock into the 

reservoir layer/layers. The gas and oil get unconnected throughout secondary 

migration with the gas migrating ahead of oil. The lateral migration provides a larger 

drainage volume of the source rock than the vertical migration, which results in a 

huge amount of petroleum deposits. In most cases, the difference in permeability 

between adjacent stratigraphic layers controls the migration. This causes petroleum to 

flow within geologic units. A cap rock or seal is essential for the hydrocarbon to be 
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trapped. Gas hydrates are the best seals due to their low permeability. Evaporates are 

the second-best seals. Finally, it is essential to mention requirements for favorable 

petroleum accumulations as these accumulations will supply the world with its 

petroleum needs.  

Essential elements for Hydrocarbon System configuration 

• Source rock with rich organic matter 

• Rapid burial or a reducing environment 

• Overburden pressure sufficient for the maturation process 

• The pathway of migration from source rock to the reservoir  

• Reservoir rock with high porosity and permeability 

• Existence of hydrocarbon traps (structural or stratigraphic) 

• Seal rocks to prevent the trapped hydrocarbon from migration 

Oil generation requires productive source rocks of high organic carbon content. This 

source rock will be able to generate petroleum over a long period, during which the 

rocks are exposed to three stages of transformation: diagenesis, metagenesis, and 

catagenesis. After these processes and the generation of petroleum, petroleum 

migrates until trapped. However, the accumulation is not considered for production 

unless it is found in commercial amounts and satisfies the requirements for favorable 

petroleum prospect (Hunt, 1995). Generally, gas mobility is higher than that of oil. 

Therefore, gas migration and distribution are easier than oil in all directions. 

 Source  

 

 

Lower Cretaceous AEB Formation generally contains poor to fair quality mixed oil- 

prone and gas-prone source rocks. Potential source rocks in Lower Cretaceous AEB 

were recorded in many wells; TOC % ranges from 1 to 2.5 up to 3.5. 

Oligocene Dabaa Shales is widely extended, covering most of the Western Desert and 

Nile Delta. It consists mainly of a thick series of predominantly shales with sandstone 

interbeds. The Dabaa shale has mixed oil/gas-prone source rocks with moderate 

potential of TOC % about 0.7-0.8 in Sindy-1 and Mit Ghamr NE-1 wells with some 

intervals of oil-prone source rocks with TOC % up to 0.9-1.3 in Mit Ghamr NE-1 

well. Pliocene Kafr El-Sheikh Formation is widely deposited in the Nile Delta. It is 
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mainly thick shale with some sandstone interbeds. It generally has mixed oil/gas-

prone source rocks with a TOC % of 0.7-1.0.  

2.4.7.1 Organic Richness 

 

Although TOC alone does not qualify a sedimentary unit as an effective source rock, 

effective source rocks normally contain a minimum of 1% TOC or above (as low as 

0.5% for exceptionally well-drained carbonate sources). Figure (2.11) shows a 

histogram of all samples with TOC data indicating a typical log-normal TOC 

distribution with most samples exhibiting TOC of >1.0%. Expansion of the y-axis in 

the inset histogram indicates the almost complete absence of coal samples in the 

dataset.  

 

The smaller inset histogram contains only samples considered effective source rock 

candidates, i.e. those with Rock-Eval S2 values over 2.0 kg/ton, ignoring the mass of 

organically lean samples with TOC values <1.0%.  

 

The TOC range histogram indicates that almost all samples from Oligocene, Eocene, 

Lower Cretaceous (mainly Neocomian) and Middle Jurassic intervals reflect a fair to 

good source rock potential. The inset histogram shows the subset of samples with 

Rock-Eval® S2 >2.0mg/g indicating potential source rocks in Jurassic, Lower 

Cretaceous, Eocene and Oligocene intervals. 

 

2.4.7.2  Source Rock Maturity 

 

Two clear maturity trends emerge from the available vitrinite reflectance data for the 

database samples. North of the hinge zone, Figure (2.12), the data suggest fairly low 

heat flow with maximum burial likely to occur at the present day due to high 

Pliocene-Recent sedimentation rates. South of the hinge, Figure (2.13), in South 

Mansoura area, the data show some evidence of Neogene uplift, with the extrapolated 

VR-depth trend line intersecting the depth axis above the surface. Heat flow appears 

to be low and no evidence of palaeo-heating events is seen in the data. 
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Figure 2.11 TOC Vs chronostratigraphy, company internal report, 2012 

Figure 2.13 Maturity South Hinge Zone, 

company internal report, 2012                       
Figure 2.12 Maturity North Hinge Zone, 

company internal report, 2012         
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2.4.7.3 Maturity Maps 

 

The Oligocene source is Early Mature over much of the southern part of the Mansoura 

area and Mid-Post mature to the north of the hinge line. This northernmost area 

entered the early mature window during the Miocene but stagnated until the 

Pleistocene when reburial following the Messinian event was sufficient to restart the 

continuation of maturation. 

 

The Lower Cretaceous Alam El Buieb source is Early-Mid Mature south of the hinge 

line and Mid-Gas Mature north of this boundary, Figure (2.14). Maturation occurred 

in two main pulses, with gradual burial during the Oligocene and Early-Middle 

Miocene, which was interrupted by the Messinian Event, followed by 

recommencement of maturation in the Pleistocene during rapid burial by the Kafr el- 

Sheikh and El Wastani Formations. 

 

The Middle Jurassic Khatatba Formation follows a very similar trend to the AEB, 

with the 1800ft of extra burial pushing this source into the Mid-post Mature window 

throughout south Mansoura. 

       
Figure 2.14 Maturity Map of Alam El Beuib Formation, company internal report, 2012 
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2.4.7.4 Using Gas Geochemistry to Distinguish Biogenic Gas From Thermogenic Gas  

 

The origin of the gas, whether it is biogenic or thermogenic, can be achieved easily by 

using gas geochemistry. Furthermore, the source rock thermal maturity, which is the 

cause for gas generation can be distinguished from the composition of thermogenic 

gas. Thermogenic gas is mainly associated with liquids, so the biogenic gas is mostly 

a drier gas than the thermogenic one. Therefore, the definition of different gas ranges 

composition most probably is: (1) bacterial gas, (2) thermogenic, oil-associated gas, 

(3) dry, post-mature thermogenic gas, and (4) gas of mixed biogenic/thermogenic 

origin; this definition clearly illustrates the gas compositional data (Schoell, 1983, 

Faber et al., 1992 and Whiticar, 1994).  

 

The generation of thermogenic gas components namely, methane, ethane, propane, 

occurs at a given thermal maturity contain, on average, isotopically heavier carbon 

than the corresponding gas components generated at a lower thermal maturity. 

Therefore, the calibration between gas isotopic compositions and source maturity 

enables the estimation of the vitrinite reflectance equivalent (VRo) of the gas source 

from the gas geochemistry as reported by (Faber, 1987, Berner and Faber, 1988 and 

Berner, 1989).  

 

The stable isotope measurements of the individual molecular components provide 

valuable insights into the complex origins of the gases. Using a pair of traditional 

Schoell (1983) plots Figure (2.15), along with one from Whiticar (1990), it is apparent 

that the Kafr el-Skeikh gases are plotted in the biogenic zone, and the gases from Abu 

Madi and Qawasim formations are plotted in the thermogenic zone. Furthermore, it is 

observed that data can be divided into two groups. This data generally shows a 

general maturity trend, which increases towards the Tamad -1 well. It also appears 

that the Tamad -1 well gases have been generated at a higher maturity than that of the 

other gases.  

Figure (2.16) presents a cross plot of Methane carbon isotopes versus C1/ (C2+C3), it 

shows the same story as Schoell’s Figure, but it has been used to confirm the 

interpretation. This diagram also complements the previous results and shows that the 

Kafr el-Sheikh gases are plotted in the biogenic zone while Abu Madi and Qawasim 

gases are plotted in the thermogenic area. It is noted that most gases are generated 
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from Type II/III kerogen. Collectively, the gas chromatography, isotope and 

biomarker data suggest that the majority of the study area fluids were generated from 

different sources and/or source facies. Most of the hydrocarbon fluids were sourced 

predominantly from multiple source rocks, higher-plant-rich; fluvio-deltaic source(s) 

rich in Type III, gas-prone kerogen.  

 

In the Mansoura area, the bulk composition data indicate that there are dominant 

trends based on wet gases, and it is observed that the gases that are chemically drier 

are present in the shallower reservoirs and that these samples are isotopically lighter. 

Therefore, the hydrocarbon source in the area of study is summarized as follows: 

• The gas chromatography, isotope and biomarker data suggest that most of the 

Mansoura area fluids were sourced from multiple source rocks predominantly from 

higher-plant-rich, fluvio-deltaic and marine sources, Mixed Type II/III kerogen.  

• Fluids encountered in some wells appear to have marine input to their source rocks.  

 

 

Figure 2.15 δD Methane (‰) and gas wetness (% C2+) vs. δC13 Methane (‰), company internal 

report, 2012 
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• A dominant fluvio-deltaic source is suggested by the high pristane/phytane ratios 

(≥ 3.0) in the non-biodegraded fluids and low DBT/Phenanthrene ratios (< 1.0).  

• At least two groups of oils, Family A and Family B, are identified based initially 

on bulk fraction isotope ratios but subsequently confirmed using biomarkers data.  

• Oleanane is present in most oils, but abundance is constant in Family A and highly 

variable in Family B, suggesting an autochthonous source for the former and 

possible natural contamination for the latter.  

• The presence of Oleanane in 6 samples indicates Late Cretaceous or younger 

source rocks contributing hydrocarbon in the study of the Mansoura area. The 

absence of Oleanane in 3 fluids samples is an evidence for a lower Cretaceous 

source rock, but not conclusive.  

• Family A are isotopically light oils (WD, NE Abu Zahrah-1 & Qantara-1), which 

also have very high Pr/Ph values (>5), indicating a terrigenous source input.  

• Family B constitutes a second group of isotopically heavier condensates, including 

Alkane distributions and sterane maturity parameters suggesting that Family A oils 

are of low maturity. Family B comprises thermal condensates expelled from a high 

maturity source.  

Figure 2.16 δ13C Methane (‰) Vs C1/(C2+C3), company internal report, 2012 
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• A direct correlation of the oils and source rocks is difficult to notice because 

biomarker data are not available for the latter. Based on the limited data and 

considering the modelling results, which suggest that the Oligocene is only mature 

in the kitchen areas closest to the WD Field, the balance of evidence points to an 

Oligocene source for oils of Family A. It is possible that Family B is also 

Oligocene and sourced via the channel-canyon system, which demarcates the 

offshore Baltim trend and extends onshore, serving as a likely migration conduit. 

However, the considerable uncertainty associated with long-distance migration 

favours a Mesozoic source for Family B oils, although this relies on the 

allochthonous origin of Oleanane in these oils.  

• The chemically drier gases are present in the shallower reservoirs, and these 

samples are isotopically lighter.  

• Most of the Pliocene gases are biogenic in origin. The thermogenic gases generally 

increase with depth. On the other hand, the thermogenic gases are increased 

relatively in the shallow levels of the study reservoirs, most probably due to the 

presence of deep-seated faults.  

• All Abu Madi and Qawasim gases are thermogenic in origin.  

• Gas chromatography, isotopic composition, and saturate and aromatic biomarker 

data suggest that the light oils and condensates were derived from multiple sources.  

 

  Reservoir & Seal  

 

 

It is well-known that the Early Cretaceous opening of the Atlantic was accompanied 

by deformation within the African plate, re-activating pre-existing zones of crustal 

weakness. Accordingly, a phase of rifting occurred along the North-African Arabian 

margin and within the intraplate domain during the Neocomian to early Aptian, 

Darwish M. (2008). This re-activation phase resulted in deposition of different types 

of sedimentary facies, which could be geometrically suitable reservoirs within the 

sandstones facies. Fluviatile facies complex of  Alam El Beuib sands have a high 

reservoir potential in SE El Mansoura, and where they have been sampled and  

developed, they show favourable reservoir properties, as seen in Monaga -1 and Mit 

Ghamr NE-1 wells with PHIE of 18.5%.  Estuarine and incised valley with tidal 

dominated siliciclastic deposits of Oligocene acts as a good reservoir in the study 
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area. The Albian system is represented by fluvial deposits of tha Kharita Formation 

that grade upwards to the shallow marine facies of the Bahariya Formation. 

Lower Cretaceous AEB Formation consists of fine-grained sandstone, siltstone and 

shale with local limestone, dolomitic limestone, and Dolomite interbeds. 

Petrographical and petrophysical analysis of AEB sandstones in these fields indicated 

the porosity range of 10-20%. While the shale and siltstone interbeds act as seals. As 

AEB Formation is one of the main reservoirs in the Western Desert,  it is a proven 

source rock in the area of study, it is considered a potential reservoir in area of study; 

however it is not tested yet. 

Oligocene Qantara Formation consists mainly of sandstones, interbedded with thick 

shales and siltstones. This formation is fine to coarse-grained, deficiently sorted sand 

interbedded with brownish grey claystone.  

Qantara formation encountered in Tanta-1 well unconformably underlies the Sidi 

Salem formation with about 640 ft net reservoir thickness. The formation was 

deposited principally in the supra-intertidal regime, although a deeper marine phase is 

recognized during the middle – lower Miocene. Messinian Abu Madi Formation 

consists mainly of shale and sandstone interbeds in the onshore Nile Delta with 

anhydrite intercalations in the offshore area as in Abu Qir field, Rosetta-1 and Baltim-

1 wells. The sandstone is fine to medium-grained, partly coarse. The porosity range is 

18- 25%. The Qawasim Formation is a prolific hydrocarbon play in the Mansoura and 

the onshore Nile Delta in general. The formation is early Messinian aged. The 

Qawasim is typically a sand-rich section with an excellent reservoir quality 

encountered in drilled wells and fields. It is also a proven hydrocarbon-bearing 

reservoir. An isopach map for the Qawasim formation is shown below in Figure 

(2.17). This map clearly shows the extensive variation in depositional systems within 

the Qawasim in the Mansoura area, including the western Qawasim channel system 

and the fan delta systems towards the east. 
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The reservoir depositional system varies from confined Gilbert Delta facies in the 

south around the WD field to a more estuarine system in the north. As a result, the 

average reservoir porosity within the Qawasim in this part of the Mansoura area 

varies from 19-25%.  

 

 

Figure 2.17 Qawasim isopach map, company internal report, 2012 

Figure 2.18 Stratigraphic correlation for WD Qawasim reservoir 



84 
 

The Qawasim reservoir intersected at WD field is interpreted to be of slightly 

different ages within the Messinian-aged Qawasim system. Biostratigraphically 

speaking, the Qawasim is identified from calcareous nannofossils and is marked by 

the presence of the NN11b taxon. The Qawasim is often a barren zone, which may 

give rise to uncertainty in accurate age dating. (Figure 2.18) 

 

Pliocene Kafr El-Sheikh Formation consists of thick marine shale with occasional 

sand and sandstone interbeds. The sandstone is very fine to medium-grained and 

sometimes coarse. The sandstone porosity range is 20-30%. The Kafr El-Sheikh shale 

is an excellent top seal unit in the Mansoura area, comprising thousands of feet of low 

permeability pelagic shales. Therefore, it can be considered a regional effective top 

seal for the whole area. 

Figure (2.19) shows Qawasim seismic section in which the Qawasim reflectors sit 

unconformably over the steeply dipping Sidi Salim reflectors below. Reservoir 

quality, hydrocarbon charged reservoir show bright amplitude anomalies on the 

seismic. This has been a key hydrocarbon indicator, along with AVO and low- 

frequency shadow attributes, for identifying the Qawasim reservoir and pay in the 

Mansoura area.  

 

Figure 2.19 Qawasim seismic section 
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       Trap 

 

 

Proven traps within the Qawasim formation include structural traps such as fault 

bound closures; four-way dip closures (WD Field) or combined structural traps with 

strong stratigraphic components. Qawasim traps were formed in the Messinian. 

Structural traps, such as the WD pop up structure, were developed syn-depositionally 

by Messinian transpression along a pre-existing normal fault, (Figure 2.20). 

 

 

All proven and mapped traps for the Abu Madi are combined traps with a strong 

stratigraphic component (WKH field). Stratigraphic traps were formed during and 

shortly after deposition in the Late Messinian.  

 

As the Abu Madi is assumed to be sourced from the Oligocene, migration pathways 

are thought to be vertical from deep, basinal areas in the Mansoura and up to deep- 

seated faults and along carrier beds.  

 

  Exploration & Production History for WD Field 

 

 

The actual first recognition of the discovery of the WD field makes an interesting story.  

WD-1 well was the first exploratory well drilled in this field spudded on December 2nd, 

Figure 2.20 Geoseismic cross section showing WD trapping mechanism 
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2005 reached 9432 ft, penetrated different sand bodies across what is interpreted to be the 

boundary between the Miocene Qawasim and Sidi Salim intervals. The well penetrated 

2620 ft. of Pleistocene clastics, 5324 ft. of Pliocene clastics and carbonates, 1476 ft. of 

Late Miocene clastics.  

The encountered gross gas column was 147ft with no indications from the logs for a gas 

water contact or gas down-to. The total net sand was 101ft divided into three separate 

Qawasim (Late Miocene) sand units, the two upper units are characterised by a very good 

reservoir quality, and the deeper one is of poorer quality. 

WD-1 confirmed the presence of thick shale unit in the Pliocene / Kafr El-Sheikh 

Formation, which is considered sufficient to provide an adequate vertical and lateral seal 

for the underlying Miocene Qawasim/ Sidi Salim Sands. Generally, the shale of the 

underlying and overlying sequences, deposited during the transgressive high stand phases, 

or the pro-delta shale-prone facies, should represent the sealing section. The well results 

verified the strategy of exploring the main channel reservoir in the eastern part of the 

Mansoura area. 

WD-2 was the first assessment well on the WD field drilled in May 2006; the well was a 

proven oil discovery, which confirms that WD field is not just a gas field, but actually, it 

has an oil zone with overlying gas cap.  

WD-2 well encountered a significant amount of oil tested about 5,000 bopd. The next well 

in the field, the WD-4 assessment well, assured the existence of oil down-dip to the north 

of the proven WD structure. Extra appraisal drilling has assured that the oil zone extends 

to the north of the main structure and supports the play concept, and promotes oil 

exploration in the area. 

In January 2007, the WD-7 appraisal well was drilled with objectives to prove the presence 

of more oil reserves on the northern flank of the structure. The well results were 

encouraging as it assures the existence of a good oil reservoir and confirms that the field 

extends to the north. Furthermore, it was effectively tested at a maximum rate of over 

2,000 bopd. As a result, WD oil and gas field production was commenced in Nov. 2007, 

and the field development plan was designed for an oil and gas field with initial production 

of 10,000 bopd and 15 MMcfpd of gas scheduled before the end of the third quarter of 

2007. Petroceltic internal report (2015) 

The field comprises a 70 ft oil column encountered in Late Miocene Qawasim sands 

overlain by a gas cap and, the operating company has focused on maximizing the 



87 
 

production by drilling horizontal wells and installing LPG and gas reinjection facilities.  

The appraisal and development-drilling program on the fields was performed 

simultaneously with the production devices preparation. This resulted in; the field tracked 

through a very fast development plan, and the production started within 18 months of the 

first discovery. 

The plan to initiate production from the field in two phases: the first phase involves 

production from the oil rim and then, when the oil is depleted, the field is switched to gas 

production from the gas cap. Oil production started in late Nov. 2007 and, the data 

acquisition plan for both the reservoir and the well tests is extremely upgraded. 

Consequently, a gradual increase in production occurred until reaching the target rate of 

10,000 bopd in late February 2008.  

The first phase of the investment program comprised three basics, including; 1) the drilling 

of horizontal production wells to maximize productivity. 2) The re-injection of any gas 

associated with the oil into the gas cap to maintain pressure support. 3) Installing a Liquid 

Petroleum Gas (“LPG”) recovery plant to extract more hydrocarbon liquids from the gas 

and consequently increase revenues.  

In mid-2008, the first horizontal well (WD-7 HZ) had been drilled whilst installation of the 

gas reinjection facilities and the LPG plant was performed in the second quarter of 2009. 

 In 2008, the second phase of the investment programme started to maximize the recovery 

of hydrocarbon liquids before producing the gas cap. The programme included the drilling 

of up to five horizontal wells, the first of which was effectively brought on stream in late 

2008 at a rate of about 3,300 bopd. In this well, a 1,100 ft horizontal section was drilled 

within the reservoir interval, and 820 feet of the reservoir was perforated and opened to 

flow.  

The second horizontal well was drilled with a 2,100 horizontal wellbore and tested, before 

being brought on stream, at 2,700 bopd. The Phase 2 programme also involves installing 

an LPG plant to extract propane and butane in liquid form from any gas, produced in 

association with the oil. The gas will then be re-injected into the gas cap to maintain 

reservoir pressure and consequently maximize the oil recovery rates and minimize gas 

flaring. Petroceltic internal report (2015) 

In 2009, the field produced oil from 8 wells, 4 of which are vertical or slightly deviated 

wells and 4 of which are horizontal wells. During 2009, this field flowed at an average rate 

of 6,765 bpd of oil and condensate and 19.5 MMcfpd of gas. 
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The three new wells were completed with an average horizontal wellbore length of 1,400 

feet drilled in the reservoir formation and an average initial rate of 2,400 bopd. The 

horizontal well programme represents the first use of this technology in the onshore Nile 

Delta. 

In 2010, the field produced from 6 wells, 3 vertical or slightly deviated wells, while the 

other 3 are horizontal wells. In 2011, 2 new wells were drilled in the field, and hence, total 

wells in the field were 7 active production wells divided into 4 horizontal and 3 vertical. 

Additionally, there is one gas injection well.  

The LPG plant expansion project was accomplished in the fourth quarter of 2013, which 

improved the recovery of hydrocarbon liquids efficiently by adding a turbo expander and 

refrigeration unit. Petroceltic internal report (2015) 

After the depletion of the oil rim, the field is planned to convert to gas production and the 

fields ultimate proved plus probable reserves are estimated at 18.7 MMbbl of hydrocarbon 

liquids and 73 Bcf of gas. The remaining reserves at the end of 2013 were 8.5 MMbbl of 

liquids and 31 Bcf of gas. 

Fourteen wells have been drilled in this field with average porosity: of 21%, Average Sw: 

28%, the original field regional GOC@-8289 ft.ss. The field regional OWC@-8359 ft.ss  

 

  Exploration & Production History for WKH Field 

 

Gas and minor condensate had been tested and produced from the Abu Madi 

sandstones / Messinian reservoir in WKH Field through six wells; started with WKH-

1 well, which had been drilled in September 2005, recovered 20.9 MMSCF/D Gas 

and 41.6 BPD Condensate on 32/64” choke size. The second well was WKH -2 ST., 

which had been drilled in June 2006, recovered 21 MMSCF/D Gas and 63 BPD 

Condensate on 32/64” choke size. The third well was WKH-4, which had been drilled 

in November 2006, recovered 19 MMSCF/D Gas and 48 BPD Condensate on 32/64” 

choke size. The fourth well was WKH-3 which had been drilled in December 2006, 

recovered 16.5 MMSCF/D Gas on 28/64” choke size. The fifth well was WKH-6 

S.T., which had been drilled in March 2007, recovered 9.2 MMSCF/D Gas on 20/64” 

choke size, while the sixth well was WKH-5, which had been drilled in May 2007, 

recovered 12.5 MMSCF/D Gas on 24/64” choke size. 
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Chapter-3 

 

Theoretical Background 
 

 

This chapter describes the theoretical background that aids in developing a way out 

for some challenges existing in the area of study. The theoretical framework, which 

will be covered in this chapter, will define, discuss and evaluate theories relevant to 

the challenges in the thesis. 

 

 Gathers Conditioning 

 

 Filtering (Frequency or Velocity)  

 

Most source related noises are in two dimensions; therefore, it is necessary to use 2-D 

filtering techniques to remove or attenuate the source related or other 2-D noise from 

the data. Some of the side effects of 2-D filters include the following: 

1) 2-D mixing of seismic data can mask AVO. 

2) Reflection amplitudes may also be attenuated or enhanced at some of the 

offsets. 

3) Amplitudes of the low velocity reflection events may be attenuated. 

Despite these drawbacks, the F-K filter and band-pass filter remain powerful tools to 

attenuate 2-D noise and adjust the seismic data’s desired frequency range. 

Analysing the amplitude spectrum of the data is important to define the study’s 

objective. The filter is a zero-phase filter with a trapezoidal amplitude spectrum 

described by the four corner frequencies and a slope cut. Figure (3.1). 

The seismic function module selectively passes and rejects dipping events on seismic 

data through a two-dimensional filtering process. Input may be in any order, sorted by 

a common trace header value. Filters are designed in the frequency-wavenumber (f-k) 
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domain by specifying either a fan-shaped region using velocities, seismic dips 

(ms/trace) or a polygonal region defined by a set of f-k points. The filters may 

optionally be Fourier transformed to the time-offset (t-x) domain where they are 

temporally and spatially truncated and tapered. This eliminates the wraparound 

generated by some f-k and frequency-offset (f-x) domain filters and reduces the size 

of t-x and f-x filters. The filters may be applied in the f-k, t-x, or f-x domains. Dip 

filter can process split-spread data by filtering the second side of the spread with a 

spatially reversed version of the specified filter. Separate input gathers may have 

traces interleaved, filtered, and then separated on output. This option is useful when 

filtering regular but spatially sparse CMPs. AGC gain may be applied before and 

removed after filtering. This reduces the pervasive effects of spikes and other large 

amplitudes that would otherwise overwhelm the f-k spectrum.  

Dip filter may output a t-x or f-k domain filter to an external file, which may later be 

used as an auxiliary filter input. T-x domain impulse responses may be automatically 

generated. Dipping events that overlap in the t-x domain can be separated in the f-k 

domain. This separation enables events with unwanted dips to be attenuated while the 

remaining dips are unaffected. 

 F-k filtering can be used to reject linear noise from either non-stack or stack data. 

The linear noise may be air blast, ground roll, or trapped waves in a water layer on 

shot gathered data. Such noise generally propagates away from the shot with a fairly 

low velocity, that is, large moveout. The linear noise is often associated with 

diffracted energy that is poorly attenuated by the stacking procedure on stack data. 

This noise usually has steep dips in both directions. Therefore, F-k filtering of CMP 

gathered data should be limited to f-k multiple attenuation. 

The term trace positions in this Technical Discussion refers to the position at which an 

acceptable input trace from an input gather is placed in the processing gather. 

The standard convention is that an event has a positive dip if the reflection time 

increases as the trace position increases. Conversely, an event has a negative dip if the 

reflection time decreases as the trace position increases. 

 Positive dips in the t-x domain are associated with positive wavenumbers in the f-k 

domain. 
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Negative dips in the t-x domain are associated with negative wavenumbers in the f-k 

domain. A seismic trace is an array of samples representing the amplitude of a seismic 

signal as a function of reflection time. It is often useful to analyze the different 

frequency components that make up the trace. To do this, we convert the signal from 

a function of time (t) to a function of frequency (f) using a mathematical method 

called the Fourier transforms. The frequency domain data contains all the information 

present in the time domain. When the trace has been transformed to the frequency 

domain, processes such as band-pass filtering and deconvolution can be performed 

simply by scaling the individual frequency components. The data can then be 

converted back to the time domain by an inverse Fourier transform. 

 This approach can easily be extended to two or more dimensions. A seismic section 

such as a shot gather, CMP gather, or stack section is a two-dimensional array of 

samples representing the amplitude of the seismic signal as a function of reflection 

time t, and trace position x. A two-dimensional Fourier transform converts the signal 

to a function of temporal frequency f, and spatial frequency or wavenumber k. 

 Just as frequency equals the number of cycles per second in the temporal dimension, 

wavenumber is proportional to the number of cycles per unit of distance in the spatial 

dimension. Therefore, all wavenumbers are measured as a fraction of the Nyquist 

wavenumber (0.5 cycle per trace interval). 

 

 

 

 

                

 

 

 

 

 

 

Figure 3.1 Bandpass filter 
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 Parabolic Radon Transform  

 

Performing either multiple elimination or noise suppression can be done by the 

process of the Parabolic Radon Filter. The goal is providing an identification of the 

long-period multiples or the random noise in the data. The  model of these multiples 

or noise from the data is then subtracted by Radon Transform, generating a data set 

that is highly improved  in terms of noise and optimizes the traces. The waveform is 

also better preserved at both near and far offsets.  

The Radon Transform is an operator that translates from one domain to another (e.g. 

from Time-Domain to Frequency-Domain) to eliminate noise and optimize the 

primary signal more effectively. Random noise is usually eliminated in the time-

domain with a time-variant adaptive subtraction.  

 This step performs either multiples elimination or radon noise suppression. The 

parameters of this model are adjusted to delineate the long-period multiples or the 

randomly occurring noise within the data. After creating the model, the Radon 

Transform then subtracts the multiples or noise model from the data, leaving the data 

set with a significantly decreased noise and optimizes the traces (Yalmiz, 1970) 

tx = to + ∆t ∗ (
x

offset
)

2
                                                                                                               3-1                                                                                                                                                                          

Where: tx = Time at offset x, to = Time at zero offset, ∆t = Moveout for this parabola, 

Offset = Defined far offset 

 

3.1.2.1 The Parabolic Radon Transform Process 

 

Hilary Meakin (2000) explained the aim of the radon transform, in which this process 

is set to separate-out primary and multiple energy to remove multiple. 

This can be carried out either by isolating the primary energy and throwing everything 

else away (REPLACEMENT) or by isolating the multiple and subtracting it from the 

input (DIFFERENCE). NMO-correction with primary velocity is usually followed by 

using velocity mute within tau-p space. NMO-correction with multiple velocity means 

that moveout range can sometimes be specified to just convert multiple energy to tau-

p space. Figure (3.2a) 
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In Figure (3.2b), the data were NMO-corrected with primary velocity before 

transforming to the tau-p domain. As a result, the flat primary in the t-x domain 

transforms to p=0 in the tau-p domain. 

 

The solid black line gives an idea of how a mute can be used to separate primary from 

multiple. However, there is still some multiple energy leaks through to the 'primary' 

Figure 3.2 (a) NMO correction with a selected velocity means that primary and multiple energy 

can be more easily distinguished in tau-p domain 

Figure 3.2 (b) two gathers in Tau-p domain. (WesternGeco, 2020) 
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side of the mute. This is why the multiple attenuation was not perfect on the example 

gathers. 

This process assumes that all the coherent data within a gather can be modelled as a 

linear combination of a series of parabolic shapes of constant amplitude. While the 

process is performed in the frequency domain, it can be thought of as a set of 

parabolas (e.g. 20) located at each time sample. Its (constant) amplitude and its 

moveout define each parabola. The moveout is the curvature of the parabola, 

measured as the difference in time (ms) between the parabola at the far offset and the 

parabola at the near offset. The set of parabolas typically spans the range of moveouts, 

from -10 ms to 200 ms, for example, assumed to cover the range of possible data, 

including primaries and multiples.  

 

It is noted that since a Radon Transform is usually applied to NMO-corrected data, 

the primary events should have a moveout of about 0 ms, while any multiples should 

have positive moveouts. A key set of parameters in this process is the number of 

parabolas used and their moveout range. In conclusion, RADON can be used in 

several ways to attenuate noise (linear or multiples). The preferred moveout method is 

to model multiples and subtract. 

 

 Creating Seismic Super Gathers  

 

The super gather process analyses a subset of the gathers then calculates several 

"super-gathers", where each trace reflects a range of offsets. Thus, it constitutes 

average CDPs to improve the signal-to-noise ratio by collecting adjacent CDPs and 

putting them together. It is noticed that this is for pre-stack data only.  

 

Stacking the data should increase the signal-to-noise ratio while maintaining 

amplitude versus offset information, and decreasing the size of the dataset, although 

the range of input bins should be kept small to minimize smearing of the events. The 

super gather option creates traces in a number of equal sized ranges, as set by the 

number of offsets  
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Rolling super gathers, where each output bin contains the traces derived from an 

offset stack of all bins within the inline/crossline rectangle as set in the size of rolling 

window box. In other words, adjacent CDPs are averaged, with this range "rolling" 

along with the sampling. This value sets how many input CDPs are averaged for each 

output CDP.  

 

 AVO Offset to Angle Theory 

 

Both Zoeppritz equations and Shuey's equation (an approximation to the Zoeppritz 

equation) are based on the angle of incidence where the seismic ray strikes the 

horizon of interest. Although the seismic data is recorded as a function of offset 

around a common midpoint, offset, and angle are approximately similar, there is a 

non-linear relationship between them. This relationship should primarily be accounted 

for in processing and analysis schemes that necessitate that angle to be utilised as an 

alternative of offset. This type of analysis is rather termed AVA amplitude versus 

angle than AVO, which was the terminology used in the early days of prestack 

analysis. The final AVO data, the angle gather considered an out of this transform. 

Figure (3.3) shows a clear example of offset transfer to angles. 

Figure 3.3 Shows AVO response and AVA (amplitude versus angle) response of two traces for an event. 
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The relation between the offset traces and angle traces are shown in Figure (3.4) 

(Brian Russell, 2000). It increases the S/N ratio while preserving the offset data. The 

angle stack on the right has each bin representing a constant angle (instead of a 

constant offset).  

 

 

Straight Ray Method 

tan Ɵ = X/2d                                                                                                           3-2  

where: x = offset, d = depth =  VRMS t0/2, t0= 2 way time, VRMS = RMS Velocity 

If the velocity down to the layer of interest is defined, we can write: 

D = Vt0 \ 2                                                                                                                  3-3 

where: V = velocity (RMS or average), usually VRMS is used. 

t0 = time at zero point-offset travel time  

Substituting equation (3-2) into (3-1) generates:  tan Ɵ = X/Vt0                                3-4  

Straight Ray Conversion Equation, this provides the mapping from offset to angle 

(Bale et al., 2001). 

 

Ray Parameter Method  

By inverting equation (3-3), we get the mapping from angle to offset:  

Figure 3.4 How Traces are developed in Offset and Angle Gathers 
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X = Vt0tan Ɵ                                                                                                         3-5  

Thus equation (3-4) allows the amplitudes to be mapped on an offset gather to 

amplitudes on an angle gather. Figure (3.5) presents curves for 4 various angles, 

namely, 5, 10, 20 and 30 degrees.  It could be noted that these curves increase to 

larger offsets at deeper times.  This indicates that a constant angle seismic trace would 

include amplitudes collected from longer offset on the AVO gather as the travel time 

increases.  

 

The preceding equations are strictly valid only for a single layer. An approximation 

that can be used for the multi-layer case involves using the ray parameter p and total 

travel time t, where:  

P = sin Ɵ / Vint                                                                                                                                                             3-6 

t2 = t0
2 + X2/ VRMS

2                                                                                                 3-7 

VINT is interval velocity for a particular layer 

VRMS is RMS velocity down to the layer  

It is noted that p and t are related via the equation: dt / dx = p                                 3-8 

Substituting equation (3-7) into (3-6), gives: 

Figure 3.5 A plot of constant angle curves superimposed on constant offset traces. (Bale et al., 

2001). 
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P = X / t VRMS
2                                                                                                            3-9 

Substituting equation (3-8) into (3-5), gives (Walden, 1991): 

Sin Ɵ = X Vint / t VRMS
2, Ray Parameter Equation                                                   3-10         

This is a good compromise between Straight Ray Approximation and Full Ray-

Tracing.  Connolly (1999) giving an alternative expression, using an NMO form of t, 

for angle stacks: 

Sin2 Ɵ = X2 V2int / V4
RMS t2                                                                                     3-11 

The Ray Parameter method is usually used for seismic data as it is much faster than 

Ray Tracing. It does start degrading slightly at angles greater than 50Â°. Figure (3.6) 

 

 

 

  Rock Physics Analysis Basics 

 

Rock Physics designates the physical properties of a reservoir rock, which will impact 

the seismic behaviour of the waves when they physically travel through the rocks. The 

Rock Physicist looks to build interactions between the different physical properties 

and the monitored seismic behaviour, and try to predict a concept that can help detect 

those properties from seismic data. Understanding the elastic properties of both fluids 

and the rock matrix is essential in building up relations between the seismic response 

and the physical characteristics of different rocks. 

Figure 3.6 Ray path geometry for a single shot-receiver pair in a constant velocity 

medium. (Yilmaz, 2000) 
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 Rock Physics versus Petrophysics 

 

Stating very simply, (and therefore with apologies to Rock Physicists and to 

Petrophysicists): 

Rock Physics... Petrophysics... 

Rock Physics is mainly concerned with 

density logs and dipole logs. 

Petrophysics integrates relevant 

information from all log types, core data, 

pressure data and production data. 

Rock Physics objectives are to build and 

assess relationships between P-wave 

velocity, shear wave velocity and density 

with the different elastic parameters such 

as elastic moduli κ (bulk modulus) and μ 

(rigidity Modulus) from one side, and 

porosity, pore fluid, temperature, 

pressure, from the other side. For given 

lithologies and fluid types. 

Petrophysics objectives are to analyse 

and interpret the physical properties of 

the reservoir, such as porosity, saturation 

and permeability, which can be linked to 

production. 

Rock Physics links the elastic 

parameters with reservoir rock properties 

by dealing with the velocities because it 

is the direct relationship between the 

physical rock properties and the seismic 

signature. 

Petrophysics is more concerned with 

using wellbore measurements to 

contribute to different reservoir 

characterization studies; meanwhile, it 

shows less interest in seismic.  

Rock Physics has to use vital and critical 

interpretation provided by the 

petrophysicist, such as volume of shale, 

water saturation, and porosity to build a 

proper rock physics model or aply fluid 

substitution processes. 

Petrophysics explain reservoir 

parameters, including porosity, 

saturation, permeability, net pay, fluid 

contacts, shale volume, and reservoir 

zonation. 

 

Table 3-1 Comparison between petrophysics and rock physics 
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Importance of Rock Physics 

Relations, of high accuracy, between rock characteristics and seismic attributes can be 

called “flesh on the bones” of a seismic interpretation. In other words, Rock Physics 

permits the interpreter to put “rock properties together with seismic horizons.”  In 

addition, information concerning fluids and lithology is available to augment the 

seismic interpretation. 

Building a proper rock physics model can detect hydrocarbon from the conventional 

3D seismic; otherwise, some tools are required to facilitate the interpretation of 

risking decisions. 

This section presents the basic elements of the rock physics interpretation of seismic 

data and well logs. The importance of rock physics helps in understanding the key 

factors that affect the seismic amplitude or the AVO anomaly. 

Basic rock properties 

The seismic interpreter aims to relate measured attributes to the modelled response of 

rocks with different compositions, porosity and fluid saturation. Building up a rock 

physics model can play an important role in linking the elastic properties (Vp, Vs and 

density) to the reservoir properties and applying the results in the unexplored areas 

covered by seismic data, which helps in de-risking the different prospects. Two basic 

rock properties, acoustic impedance and the ratio of compressional to shear wave 

velocity (Vp/Vs), control the elastic properties of isotropic rocks to sound waves. 

Acoustic impedance resulted simply from the compressional velocity and the bulk 

density of the rock: 

Acoustic impedance (AI) = Vp ƿb        3-12 

Compressional waves, also called P-waves and shear waves (S-waves), have different 

motions, with compressional sound waves oscillating in the direction of travel of the 

wave, while shear waves oscillate in a direction perpendicular to the direction of 

travel. Compressional and shear velocities respond to different rock properties.  The 

bulk modulus can be defined as the degree to which the rock can be changed in its 
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volume, while the shear modulus is the degree to which its shape can change.  Figure 

(3.7) 

3.2.3.1 P-Wave (VP) 

 From the elastic properties of sound waves, the 

direction of particles oscillation is the same direction 

of wave propagation. In the seismic studies, P-waves 

are one of the important variables that need to be 

analyzed.    

Vp
2 =  

K + 4/3 μ

ρ
    3-13 

Bulk modulus (K) = S / (ΔV-V)          3-14 

also, K= ƿ (Vp2 – 4/3 Vs2)        3-15 

Figure 3.7 Illustrations for the p-wave and s-wave direction of propagation (Smithsonian Institution, 

2011) 

Figure 3.8 Illustration for the stress direction/effect for the P-wave 



102 
 

1/K = compressibility                                                                                               3-16 

The bulk modulus change the volume of a solid substance as the pressure on it is 

changed. (Figure 3.8)               

3.2.3.2  S-Wave (Vs) 

 

From the elastic properties of sound waves, the direction of particles oscillation is 

perpendicular to the direction of wave propagation Figure (3.9). The shear wave 

velocity is lower than the p-wave velocity; the effect of the fluids on the shear wave 

velocity is negligible because it has no impact on the shear. Studying both P-velocity 

and shear velocity is very useful for reservoir characterization and gives useful 

relations that can add more potential in oil and gas exploration and exploitation (S. 

Chopra, and J. Castagna, 2014). 

 

VS
2 = µ/ƿ                                    3-17     

Stress = Force (Kg-m/sec2) / Area (πr2) 

3-18 

 

 

Strain is the amount of deformation an object experiences compared to its original 

size and shape (dimensionless). (Figure 3.9)           

Shear modulus (µ) = Shear stress / shear strain   Resistance to change in shape 

(rigidity) v                                                                                                                 3-19 

Poisson′s ratio (σ) =  
ΔI/I

ΔV/V
=

Transverse strain

longitudinal strain
=  

3K−2μ

2 (3K+ μ)
                                    3-20 

                                 

The Poisson ratio as a function of VP and VS: 

Poisson′s ratio (σ) =  
0.5−(Vs /Vp)2

1−(Vs /Vp)2                                                                           3-21 

Figure (3.10) shows the x-plot between Vp/Vs versus Poisson’s ratio. It is clear that 

the Vp/Vs increase by increasing Poisson’s ratio (Chopra and Castagna, 2014). 

Figure 3.9 Illustration for the shear stress direction 
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Young′s Modulus (E) =  
Stress (S)

Strain (ε)
=  

9Kμ

3K+ μ
                                                             3-22 

(Quantifies the strength of the material)  

 

3.2.3.3 Density Estimation 

 

The most explicit manner of computing density is by applying the mass-balance 

equation, given as: 

ρSat =  ρm (1 −  Φ) +  ρw SwΦ +  ρhc (1 − Sw)Φ                                                 3-23 

 

Φ:  porosity, Sw: water saturation, ρm: rock matrix density, ρsat: saturated rock density, 

ρw: water density, and ρhc hydrocarbon density.  

 

As predicted, for a reservoir saturated with gas, its density decreases faster than a 

reservoir saturated with oil, and that discrimination seems significant in AVO 

interpretation. This is clear in Figure (3.11a) through (3.11e), plotted for various 

Figure 3.10 X-plot for Vp/Vs versus Poisson’s ratio, the values of Vp/Vs for sandstone 

reservoir is 1.6-1.7 (Chopra and Castagna, 2014) 
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porosity values. Figures (3.11f) and (3.11g), exhibits 3D plots for the impact of 

changing porosity and water saturation on density. It could be noticed that as water 

saturation decreases, density decreases for a known porosity.  Similarly, density 

decreases with increasing porosity for a given saturation. Several factors, including 

(but not limited to) porosity, lithology, saturation, pressure, and temperature, can 

influence the P- and S-wave velocities.  
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Rock Physics Relationships 

The effects of lithology and fluid on the elastic parameters of rocks can be defined 

Figure (3.12) in the next section: 

• Porosity generally decreases with depth (compaction)

• Bulk density is linearly related to porosity

Figure 3.11 (a through e) impact of changing water saturation on density at different porosities 

(f and g): 3D plots for different water saturation, density and porosity.  

(Chopra and Castagna, 2014) 
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• Acoustic impedance is negatively correlated with porosity

• For a given porosity, density and acoustic impedance can be lowered by:

- Introduction of hydrocarbon 

- Increase in the distribution of flatter pore shapes 

• Poisson ratio (Vp/Vs) decreases with increasing depth

• Presence of hydrocarbon lowers Poisson ratio and acoustic impedance (R.

Simm, 2007).

The offset synthetics are crucial in comparing the results of both rock physics

and petrophysics with the seismic response at the different geological

boundaries. Hence, the good correlation between offset synthetics and the

seismic gathers increases the confidence in most of the reservoir geophysics

techniques.

3.2.4.1 Relationship of Velocities to Rock Properties and Fluids 

Batzle & Wang (1992) summarized important properties of reservoir fluids, allowing 

rock physics parameters to be calculated from petrophysical data. Hooke’s law (linear 

elasticity) and Newton's law (force=mass*acceleration). The fluid does not affect the 

Figure 3.12 Rock physics relations. (R. Simm, 2003) 
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shear modulus for shear waves, so the shear restoring force is unaltered. However, 

because the density drops when the fluid is gas, a rock element disturbed by a shear 

wave is lighter than a water-filled element. For the same force, if the mass decreases, 

the acceleration increases. The faster acceleration causes the gas-filled element to 

transmit its disturbance faster to the next element, i.e. the S-wave travels faster 

in the gas-filled rock.  

In the case of the P-waves, a small amount of gas dramatically reduces the elastic 

modulus with little effect on the density. Because the elastic restoring force drops 

much more than the density, the acceleration drops, and the P-wave slow down. 

Pumping more gas in does not have much more effect on the modulus, but the density 

continues to decrease steadily. Eventually the decreasing density, with almost the 

same elastic restoring forces, causes the acceleration to increase, and the P-wave 

velocity shows a steady but not startling increase. Gassmann's equations allow the 

theoretical velocities to be calculated for oil and gas at various water saturations. By 

doing this, for the observed water saturations of around 15%,  

Vp2 = (K + 4/3.Mu)/Rho                                                                                          3-24 

Vp is compressional velocity, K = bulk modulus, Mu = shear modulus, Rho = density. 

Take the gas example: introduce 5% gas. K drops dramatically (pulling Vp down), 

and Rho is not changed all that much (pushing Vp up slightly): the net result is Vp 

down quite a lot. Introduce 90% gas. K has not dropped all that much more (pulling 

Vp down only a little more), but Rho has decreased quite a lot (pushing Vp up quite a 

bit): the net result is Vp up relative to Vp@5%gas (in fact, there are documented 

cases where Vp@90% gas > Vp@100% water). 

We have the same opposing effects for oil, but they go a bit more gently, so we 

should expect velocities to be similar in oil and gas bearing legs (Domenico, 76). 

3.2.4.2 Fluid Substitution (Gassmann Equations) 

Gassmann is the most applicable model for different reservoir properties for 

understanding the effect of different parameters such as bulk modulus, pore fluids, 

temperature and pressure. It approximates real rocks, Wang and Nur (1992) described 
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a rock regarding the incompressibilities of a two-phase medium. It applies to rocks 

with intergranular porosity and uniform grain size. 

Ksat

Kma−Ksat
=  

Kd

Kma−Kd
+

K

Φ (Kma−Kfl)
3-25 

Ksat = saturated bulk modulus of the rock, Kma = bulk modulus of the matrix 

Kd = bulk modulus of the dry rock frame, Kfl = bulk modulus of the pore fluid and Φ 

= porosity. 

This relation, as shown above, can be reformulated; the saturated bulk modulus and 

the shear modulus are calculated via the velocities (VP and Vs) and bulk density. In 

addition, the dry bulk modulus is a key unknown. The application of Gassmann 

equations is a two-part process in which the first is to resolve the entire components 

dry rock frame. The second part is simply calculating the effect of substituting the 

new fluid. 

Before performing the fluid substitution, the dry rock parameters need to be 

determined. The first step in the inversion of Gassmann for the dry rock parameters is 

the calculation of the bulk modulus, which is followed by calculation of density using 

the shear modulus µ: 

𝜇 = 𝑉𝑆
2 𝜌𝑏                                                                                                                                                                    3-26

The saturated modulus (Ksat) can then be derived using the following relation; 

 Ksat = Vp
2 ƿb – 4/3 µ                                                                                                 3-27 

To derive the dry bulk modulus (Kd), additional parameters are required, such as the 

porosity, the matrix modulus and the fluid modulus. 

Kd =  
Ksat (Φ Kma / Kfl+1−Φ) −Kma

Φ Kma / Kfl +Ksat / Kma −1−Φ
3-28 

Once the dry modulus has been calculated, the dry Poisson ratio (σd) can also be 

calculated: 

𝜎𝑑 =  
3𝐾𝑑−2𝜇

2 𝜇+6𝐾𝑑
3-29 

QC of the dry rock Poisson ratio is a key part of ensuring that the results of Gassmann 

inversion fit with the known behaviour of real rocks. If the dry moduli do not fit into 

the expected range, the inputs should be varied. 
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Once the various parameters (elastic properties, pressure, temperature, fluid modulus, 

porosity and saturation) of Gassmann equations have been justified the fluid, modulus 

can be changed to evaluate the effect of pore fill on velocities and density. 

Virgin fluid and bulk densities are calculated for the range of Sw 

 Ƿfl = (Ƿw   Sw) + (1 – Sw) Ƿh                                                                                    3-30 

 Ƿb = (Ƿma Volma) + (1 – Volma) Ƿfl                                                                                                                   3-31 

Ksat is determined for the range of saturations: 

Ksat = Kd +  
(1−Kd/Kma)2

Φ/K𝑓𝑙+1 − Φ/Kma−Kd/Kma
2 3-32 

                           

Vp of fluid substituted rock based on Ksat, µ and Ƿb for range of saturations: 

VP =  √
Ksat + 4/3 μ

ρb
                                                                                                     3-33 

Vs is derived from µ and Ƿb: 

𝑉𝑆 =  √
𝜇

𝜌𝑏
                                                                                                                              3-34 

 

3.2.4.3 Calculating Porosity 

 

The porosity of a rock is the ratio of the volume of pore space to the volume of the 

rock and is expressed as a percentage. Porosity is described in terms of fluid, matrix 

and bulk densities: 

Φ =  
𝜌𝑚𝑎− 𝜌𝑏

𝜌𝑚𝑎− 𝜌𝑓𝑙
                                                                                                             3-35 

Where Ƿmat is the matrix density, Ƿfl is the fluid density, and Ƿb is the bulk density 

Once these parameters have been defined, then the porosity calculation is 

straightforward. The consistency between any porosity calculation and the density log 

must be checked. It is worth saying that a good density log is a key requirement to 

perform meaningful rock physics analysis. 
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Each rock has its porosity cut-off below in which the porosity is ineffective, and the 

rock is essentially impermeable. This is a significant aspect for Gassmann modelling 

as there is no point trying to model the effect of saturation changes in a rock that 

comprises only ineffective porosity. The bound water associated with clay in shale is 

another example of ineffective porosity. 

The primary rock physics analysis on log data comprises cross plots of the main 

parameters. An important parameter is porosity versus compressional velocity plot. 

There must be a first order correlation between porosity and compressional velocity. 

The rock becomes harder and the compressional velocity increases as porosity 

decreases. 

 

3.2.4.4 The Effect of Oil and Gas Saturations on Rock Properties 

 

The following Figures are some cross plots showing how a small amount of gas can 

dramatically affect the modulus of the rock and significantly lower the velocity.  

 

 

 

 

 

 

 

 

 

 

The saturations versus velocity, Figure (3.13) and saturation versus impedance, Figure 

(3.14) show that the effect of light oil is more linear. There is a potential for a 

prospective saturation from seismic amplitude. Interestingly, there may be a little 

Figure 3.13 cross plot between Vp and Sw, R. Simm, 2003 
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difference between gas and oil in terms of the compressional velocity at low water 

saturations. As the oil becomes heavier, the Vp/Sw curve becomes flatter.   

The acoustic impedance plot shows that 60% of the lowering of impedance occurs 

with the first 5% of added gas to the reservoir. This can explain why sands with low 

gas saturations can have significant amplitudes on seismic sections, which is the fizz 

gas effect. However, the addition of gas always serves to lower the impedance. The 

problem then, in interpreting bright spots on seismic sections, is that may not have 

sufficient  insight on the critical factors (e.g. rock properties and wavelet shape) to 

distinguish fizz from reasonable saturations of gas (B. Fahmy and Chen, 2009). 

 

 

 

 

 

 

 

Figure 3.14 cross plot between acoustic impedance (AI) and water saturation (Sw). (R. Simm, 

2003) 
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3.2.4.5 Shale and total versus effective porosity 

 

The reality of clastic silicate rocks is that the total pore space of a rock may be 

composed of different types of porosity (usually termed effective and non-effective 

porosity), and this distinction may be related to a variety of lithological factors. 

Effective porosity refers to connected pore space and is a key factor in the 

permeability of the rock Figures (3.15 & 3.16). The degree to which the porosity is 

effective versus non effective is related to grain size distributions, shape and packing, 

and composition. In shaley sands, there is a porosity associated with the shale that is 

non-effective (i.e. the water cannot move in and out of the rock). Shale combines clay 

and silt minerals together with the chemical bound water (i.e. porosity) associated 

with the clay. 

 

A commonly used relation between effective and total porosity is: 

Φe =
(ρb− ρma)−(Vsh (ρsh− ρma))

ρfl− ρma
                                                                                  3-36 

Where Ƿsh and Vsh are the density and volume of shale respectively (Katahara, 2008). 

 

Figure 3.15 Definition of Total porosity and effective porosity 
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 AVO Theory 

 

 Background 

 

The following section covers the theoretical background for the AVO or AVA 

analysis. As mentioned before in chapter-1, AVO is a powerful tool to understand a 

certain area’s rock and fluid properties with a well-known geological setting.  

 

The section covers the definition of Zeoppritz equations, two-term solutions, 

especially the intercept gradient method and the three-term solution (curvature as an 

example was added as the third term). Additionally, AVO attributes will be covered in 

detail in this section. 

 

The definition of seismic amplitude is the maximum departure of a wave from its 

average value (Sheriff, 1974). The difference between the maximum displacement of 

a wave and the point of no displacement, or the null point is tackled. It is an interface 

property rather than a layer property as is impedance. Understanding the nature and 

reason behind any amplitude anomaly on the stacked seismic data is very important in 

order to mitigate the risk of drilling dry wells as well as accurate volumetric 

calculations. Unfortunately, lithologic variations, as well as gas sands, can cause 

Figure 3.16 cross plot between total porosity (PHIT) and effective porosity (PHIE) R. Simm, 

2003 

http://www.glossary.oilfield.slb.com/Display.cfm?Term=wave
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“bright spots” on the stacked seismic data. These led geophysicists in the 1980s to 

start looking at pre-stack seismic data.   

The AVO response for certain gas sands was predicted by Ostrander (1982) showed 

that the gas sands has less Poisson’s ratio than the water-bearing sandstone This 

causes variations in the AVO behaviour at the sandstone-shale interface reflections. 

However, he also pointed out this difference can be utilized to detect gas-sandstones 

from the primary wave as the main driver from the conventional seismic data that can 

be successfully achieved using the difference in Poisson’s ratio. 

 

Gassaway and Richgels (1983) and Verm & Hilterman (1995) showed that inverting 

AVO data can estimate Poisson’s ratio. Chiburis (1993) revealed the amplitude 

variation with offset data of the main reservoir as a ratio related to the amplitude the 

above surface/horizon. This discourse removes the influences of the change in AVO 

response and ends up with a trusted and reliable oil and gas exploration tool.  

Wiggins et al. (1984) and Smith and Gidlow (1987) found that as a function of angle 

of incidence, different fitting techniques of an approximation of the Zoeppritz 

equations to the reflection amplitudes within a CMP gather, Can be used in 

calculating the P-wave and S-wave, zero-offset reflectivity traces. 

 

Smith and Gidlow (1987) also showed that stacking different traces of CMP gathers is 

one of the best tools for the least squares fitting. A combination of resulting P-wave 

and S-wave reflectivity traces can help in direct fluid indication, which aids in gas 

detection. The gas-bearing sandstone is characterised by the highest amplitudes in a 

sand-shale sequence.  

 Zoeppritz Equations 

 

The most complete theory for the reflected P-wave amplitude comes from the 

Zoeppritz equations, the formula representing the transfer of energy due to the hitting 

of plane waves on a boundary with different density and velocity properties. 

Generally, at the boundary and when the incident angle >0, 4 waves are produced 

Figure (3.17):  

Reflected P-wave, S-wave, transmitted P-wave and S-wave. Snell’s law states that:  
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Sinθ P1/Vp1 = Sinθ S1/Vs1 = Sinθ P2/Vp2 = Sinθ S2/Vs2                                3-37 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The acute angle at which a raypath impinges upon a line normal to an interface, i.e. a 

seismic wave impinging upon strata. Normal incidence is the case where the angle of 

incidence is zero, the wavefront is parallel to the surface, and its raypath is 

perpendicular, or normal, to the interface. Snell's law explained the relationship 

between the angle of incidence and the angle of refraction of a wave or ray (Kevin D., 

2002). Figure (3.18) shows all angles; when the angle of incidence for P- and S-waves 

is not equal to 90o, the refraction phenomena disappear.  

 

Figure 3.17 generated waves from interface between two solids. (Yalmiz, 1970) 
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Similar relationships in terms of potentials are known as Knott’s equations (Sheriff 

and Geldart, 1995).  The Zeoppritz Equations (1919) are the origin of mathematics for 

the theory of the amplitude partition of P-waves incident at an impedance boundary.  

There are four equations and four unknowns (Reflected P-wave, reflected S-wave, 

transmitted). 

 

 

 

 

 

 

3-38 

R(θ) = aRVP + bRVS + cRD,                                                                                   3-39 

where: 

 RVP =
∆VP

2V̅P
, RVS =  

∆VS

2V̅S
 , RD =  

∆ρ

2ρ̅
 , a = 1 + tan2θ, b = −8Ksin2θ,                      3-40 

Rp (𝜃1)        -sin 𝜃1      -cos ∅1                     sin 𝜃2                       cos ∅2 

Rs (𝜃1)         cos 𝜃1       -sin ∅1                     cos 𝜃2                      -sin ∅2 

Tp (𝜃1)   =   sin 2𝜃1      Vp1/Vs1 cos 2∅1       
𝜌2𝑉𝑠22𝑉𝑝1
𝜌1𝑉𝑠12𝑉𝑝2

sin 2𝜃2    
𝜌2𝑉𝑠2𝑉𝑝1

𝜌1𝑉𝑠12
cos 2∅2 

Ts (𝜃1)         -cos 2∅1    Vs1/Vp1 sin 2∅1       
𝜌2𝑉𝑝2
𝜌1𝑉𝑝1

 cos 2∅2          - 
𝜌2𝑉𝑠2
𝜌1𝑉𝑝1

 sin 2∅2 

    

sin θ1  

cosθ1  

sin 2θ1 

cos 2 ∅1  

  

-1 

Figure 3.18 incident angle, (Yalmiz, 1970) 
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c = 1 − 4Ksin2θ, and K = (
V̅s

V̅p
)

2

 

, P-wave and transmitted S-wave) and what comes next is a linear approximation for 

Zeoppritz equations (Russell, 2014). 

 

 

 

 

 

 

 

 

 

 

 

Other angles are modelled with the Aki-Richards equation, a linearised form of the 

Zoeppritz equations is the basis of different AVO techniques, Figure (3.19). The Aki-

Richards equation found that the reflectivity at angle Ɵ is the weighted sum of the Vp, 

Vs and density reflectivities. (Rvp, Rvs and RD, respectively). Fatti et al. (1994) re-

formulated the Aki-Richards equation as:  

RPP(θ) = c1RP + c2RS + c3RD                                                                               3-41 

where: 

c1 = 1 + tan2θ, c2 = −8 (
VS

VP
)

2
sin2θ, c3 = 2 (

VS

VP
)

2
sin2θ −

1

2
 tan2θ,                  3-42 

RP = RP(00) =
1

2
 [

∆VP

VP
+

∆ρ

ρ
] , RS = RS(00) =

1

2
[

∆VS

VS
+

∆ρ

ρ
]  and RD =

∆ρ

ρ
               3-43 

 

This models reflection amplitude as a function of incident angle: 

Figure 3.19 Development of AVO techniques (Russell, 2010) 
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Notice that Rp (0) = RAI, equals zero-angle or normal incidence reflectivity.  

 
The Fatti formulation is slightly different from the Aki-Richards one since factor two 

has been moved to the c3 term rather than being in the denominator of the RD term. 

This changes Fatti’s equation to:  

 

T(θ) = c̃1W(θ)DLP + c̃2W(θ)D∆LS + c3W(θ)D∆LD                                             3-44 

Where:c̃1 = (1/2)c1 + (1/2)kc2 + mc3, c̃2 = (1/2)c2, W(θ) = wavelet at angle θ, 

D = Derivative operator, LP = ln (ZP) 

Fatti et al. (1994) is a refinement of the original work of Smith and Gidlow (1987). 

The main difference between the two studies is that Smith and Gidlow utilised the 

original Aki-Richards equation and proposed that density relates to VP using 

Gardner’s equation. 

In non-mathematical terms, Fatti et al (1994), Smith and Gidlow (1987) defined ΔF as 

the difference away from the Vp versus Vs line, which defines wet sands and shales, 

the so-called background line. These differences should indicate fluid anomalies. 

Figure (3.20) 
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 The Intercept Gradient Method 

 

Another perspective to AVO is the Intercept/Gradient method that involves re-

arranging the Aki-Richards equation to:  
 

 

RP(θ) = RAI + Gsin2θ + RVP sin2θ tan2θ, where: G= RVP – 8KRVS – 4KRD= the 

gradient                                                                                                                      3-45 

Again, here is a weighted reflectivity equation with weights of a = 1, b = sin2Ɵ  

, c = sin2 Ɵ tan2 Ɵ 

The 3 reflectivities are often called A, B, and C (intercept, gradient and curvature)  

(Russell, 2010). The amplitudes are extracted at all times, two of which are presented 

in (Figure 3.21) 

Figure 3.20 cross plot between Vp and Vs defines wet sands and shales and can indicate 

fluid anomalies, Castagna, 1995 
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Figure 3.22 AVO plot to explain the relation between intercept and gradient 

 

 

Figure 3.21 amplitude versus angle analysis 
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The Aki-Richards equation prospect a linear relationship between these amplitudes 

and sin2θ. Regression curves are calculated to show RAI and G values for each time 

sample. Figure (3.22) 

Figure (3.23) shows that the calculation produced two basic attribute volumes. 

(Intercept and Gradient) 

 

 

 

 

 

 

 

 

 

 

 

The development of different equations of AVO started with the reflectivity 

definition; the reflectivity at every interface is shown by dividing the change in the 

value of the parameter by twice its average. (Figure 3.24) 

This is can be written in equation as: 

Ri =
Pi+1−Pi

Pi+1+Pi
=  

∆Pi

2Pi̅̅ ̅
,                                                       3-46 

where: ∆Pi = Pi+1 − Pi and Pi̅ =  
Pi+1 + Pi

2
 

 

 

 

 

 

 

 

 

 

Figure 3.23 a couple of seismic sections show the intercept and gradient as an AVO 

attributes 

Figure 3.24 Reflectivity and well logs 
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Essentially, the interpreters model used to explain the seismic trace is very simple, 

comprising a reflection series (interfaces between different lithologies) convolved 

with a band limited filter or wavelet (the seismic source pulse). The seismic trace is 

the convolution of a wavelet (S = W*R) with the reflectivity. This is called the 

convolution earth model. (Figure 3.25) 

  

3.3.4. AVO Classes 

Rutherford and Williams (1989) derived the following classification scheme for AVO 

anomalies, with further modifications (Ross and Kinman, 1995 and Castagna, 1997). 

Figures (3.26 & 3.28)  

 

 

 

 

 

 

Figure 3.25 The convolutional model 
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R0 (intercept)

G (gradient)

Class III

Class II Class IIp

Class I

Class IV

Class VI

Class V
Class Vp

Red top sand

Blue base sand

Table 3-2 AVO Classes 

 

           

 

 

 

 

 

 

    Figure 3.26 Summary of AVO classes on AVO plot 

 

Class 1: High impedance sand with low 

AVO. The sand layer has 

higher impedance than the 

surrounding Shales. 

Rare. Low positive amplitudes (peaks)  

Class 2: Near-zero impedance contrast 

between the sand and 

surrounding Shales. 

Small positive reflectivity (peak) 

changes into negative 

reflectivities with offset, giving a 

polarity flip and dimming or 

brightening the reflection on 

stacking. 

Class 2pl: Close to Zero impedance 

contrast. 

 

Class 3: Small impedance sand with 

high AVO, in comparison with 

surrounding Shales. 

Gradual increase of negative 

amplitude (trough) with offset 

(Brightening) 

Class 4: Small impedance sand with 

low AVO. 

Negative amplitude decreases negative 

with offset. (Dimming) 
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The classification depends only on the contrast in Acoustic Impedance between the 

target sand and the surrounding shales: Figure (3.27) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Class I is characterised by higher impedance sand with lower AVO. The sand layer 

has higher impedance than the surrounding shales, rare. Low positive amplitudes 

(peaks) Figure (3.29) 

Figure 3.27 Sand-Shale geological model 
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Class II is characterised by close to zero impedance contrast. Ross and Kinman (1995) 

suggested creating a near trace range stack (NTS) and a far trace range stack (FTS). 

Figure (3.30) 

Figure 3.28 AVO classes, Rutherford and Williams, 1987 

Figure 3.29 class 1 AVO, Rutherford and Williams, 1998 
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For Class 2p:  Final Stack = Far trace stack (FTS) – near trace stack (NTS) 

For Class 2: Final Stack =FTS  

The difference between class2 and class 2P is illustrated in Figure (3.31) 

 

 

 

 

 

 

 

Class 2P reveals a near-zero impedance contrast between the sand and surrounding 

shales. Small positive reflectivity (peak) changes into negative reflectivities with 

 

Figure 3.30 class 2 AVO, Ross and Kinman, 1995 

Figure 3.31 schematic diagram for the near and far stacks shows the difference between class2 

and class2p, Ross and Kinman, 1995 
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offset, giving a polarity flip and a dimming or brightening of the reflection on 

stacking. Figure (3.32) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.32 class 2P AVO, Ross and Kinman, 1995 
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The (a) near angle (0o-15o) and (b) far angle (15o-30o) stacks from the Colony seismic 

dataset are shown.  It could be observed that the amplitude of the “bright-spot” event 

at about 630 ms is stronger on the far-angle stack than the near-angle stack.  

Accordingly, this is a gas-sand induced “bright-spot”. Figure (3.33) 

Class III characterised by low impedance sand with a higher AVO than the 

surrounding shales. A gradual increase of negative amplitude (trough) occurs with 

offset (Brightening). Castagna et al. (1998) suggested that for a very large value of A, 

and a small change in Poisson’s ratio, we may see a reversal of the standard Class III 

anomaly, as shown below.  Castagna termed this a Class IV anomaly.  Here is a 

simple example using Shuey’s approximation: 

B =
9

4
∆σ − A, (1) If ∆σ = −0.3 and A = −0.1, then B = −0.575 (Class 3) 

Figure 3.33 class 3 AVO, Russell, 2010 
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(2) If ∆σ = −0.1 and A = −0.3, then B = 0.075 (Class4)  

Castagna also estimates the following elastic parameters using data from East African 

gas sand; 

Table 3-3 Elastic parameters estimation from East Africa. (Castagna) 

 

Class IV is characterised by low impedance sand with decreasing AVO. Negative 

amplitude decreases negative with offset. (Dimming) 

 

N.B. For Class IV anomalies, the gradient term may be the same for brine sand as gas 

sand. (Figure 3.34) 

Figure 3.34 cross plot between angle and reflectivity shows the gradient in class 4 anomalies, 

Russell, 2010 
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Figure (3.35) shows CDP gathers with different AVO responses, representing 

different AVO classes and their relation with the porosity at a defined reservoir. It is 

clear from this Figure that while porosity increases gradually at the same depth, we 

move from class 2 to class 4 for negative intercept. 

 

Finally, the AVO or AVA is directly related to the elastic and inelastic wave 

propagation properties of rocks. These properties are controlled by the rock 

parameters of Vp, Vs, density, porosity, type of pore fluid, and lithologic properties of 

rocks. 

Some of the important petrophysical aspects used in AVO analysis are: 

1- Getting Vp, Vs and density information. 

2- Developing  Vp versus Vs or Vp versus density trends for sands and shales. 

3- P, T, and composition dependence of p and k of pore fluids. 

4- Using Biot-Gassmann equations, derive the skeleton properties, and effect of 

fluid substitution. 

5- Obtaining attenuation measurements from various sources, including 

attenuation from VSP. 

 

Figure 3.35 Different AVO classes with AVO response at a certain zone of interest and in relation 

with porosity, Royle, Logel and Lines, 2003 
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 AVO Pitfalls 

 

Some occurrences may cause false AVO anomaly and, consequently, throw out 

millions of dollars due to the improper study for the AVO anomaly reasons. The 

following section will address some of these issues. 

 

3.3.5.1 NMO Tuning 

 

 

 

 

 

 

 

 

 

 

 

▪ Here is the effect of NMO tuning for constant velocity earth. Figure (3.36) 

▪ Notice that it is plotted against offset normalized by depth. 

▪ The key thing to note is that differential tuning is now a function of offset, which 

compounds the zero-offset tuning effect. 

 

NMO tuning, for a 
constant velocity earth.  

b. Notice that it is plotted 
against offset 
normalized by depth. 

c. The key thing to note is 
that there is now 
differential tuning as a 
function of offset, which 
compounds the zero-
offset tuning effect. 

Figure 3. 36 NMO tuning as one of the challenges in defining AVO, Russell, 2010 
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3.3.5.2  AVO and Transverse Isotropy 

 

Table 3-4  Isotropy behaviour of different material properties, Wright, 1987 

 

Blangy (1992) computed the effect of anisotropy on models of the three Rutherford 

Williams type. Blangy’s models are shown below, but since he used Thomsen’s 

formulations for the linearised approximation, his Figures have been recomputed in 

Figure (3.37) for the wet and gas cases using Ruger’s formulation.   

 

(a) Gas sandstone case: Note that the effect of δ and ε is to increase the AVO 

effects 

Figure 3.37 Anisotropy as a pitfall for AVO analysis (Blangy, 1992) 
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(b) Wet sandstone case: Note that the effect of δ and ε is to create apparent AVO 

decreases (Gregg & Bukowski, 2000) 

3.3.5.3 Low Gas Saturation 

O’Brien (2004) estimated that 10-30% of wells drilled on prospects that are supported 

by amplitude anomalies are dry holes. A post-drill appraisal attributes these mis-

interpretations to either: 

▪  Abrupt changes in lithology 

▪  Pressure anomalies 

▪  Seismic tuning  

▪  Low gas saturation 

▪  Contamination of multiples and other undesired energy 
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In Figure (3.38), the amplitude anomaly to the west is a proven hydrocarbon bearing 

sand, and in the production phase, while to the east, there is more or less similar 

amplitude anomaly, with gas saturation ranges from 5-25 % with thicker sand and 

good porosity. 

Low gas saturation reservoirs are mainly characterized by a similar amplitude 

response to the commercial gas saturations; this can be found in all geological 

settings. Also, rock properties have a role in this phenomenon. (O’ Brian 2004). 

 

Figure 3.38 Seismic section from GOM shows two amplitude anomalies, O’Brien, 2004 
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 Seismic Inversion 

 

 Generalities 

 

Acoustic impedance or shear impedance is the physical property (velocity x density or 

V*ρ), changes in acoustic impedance or/and shear impedance lead to the 

determination of reflection coefficients, for the variation of reflection coefficients 

with angle, the term elastic impedance is commonly used in non-normal incidence 

cases (Connolly, 1998). 

Absolute Acoustic Impedance is a ‘deterministic’ inversion method where an accurate 

low frequency trend is imposed on the inversion giving absolute values of impedance. 

Impedance is a layer property rather than an interface property, as is amplitude. 

Relative Acoustic Impedance is an inversion where the low frequency trend is 

ignored, resulting in the computation of relative impedance values rather than 

absolute. e.g. ‘Coloured Inversion’ scheme. 

Before any inversions are attempted, first, we must find out if there are any trends in 

the data at the wells to make the inversion worthwhile. To do this, we made a series of 

cross-plots of various data and impedance types to find the impedances best suited for 

the inversion. Cross-plots were created for each of the oil, gas and water bearing data 

for all the wells. For each plot type, the wells all showed a good grouping, with little 

variation between wells, indicating that there is little in the way of regional variation. 

By effectively applying the convolutional model in reverse is possible to derive an 

estimate of impedance from seismic data; there are several benefits to the interpreter 

in doing this: Inversion simplifies the seismic picture by removing the effects of the 

wavelet, and it commonly provides a clearer picture of stratigraphic, lithological and 

fluid changes. Impedance is the geophysical link to geological parameters we need to 

know such as, porosity and water saturation. As a layer property, impedance (or the 

derivatives of impedance) forms a common parameter between disciplines 

(geologists, engineers and geophysicists). 

The standard acoustic impedance inversion requires model building that usually 

incorporates well log data from all the nearby wells.  Therefore, the final inversion 
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result is a data set that ties all the wells and honors all the seismic data. In this sense, 

inversion can also be considered a sophisticated method of integrating well logs and 

seismic data (Kelly Mike et al., 2001). 

Firstly, the basis of Seismic Inversion should be considered. Acoustic Impedance is 

the product of interval velocity and density and is normally represented by the 

following equation: 

Reflectivity (j) = Vp (j) * ρ (j) where Vp is p-wave velocity and ρ is density    3-47 

The change in the Acoustic Impedance of the layers gives the seismic reflections 

according to the following equation: 

RC (j) = (Reflectivity (j +1) – Reflectivity (j)) / (Reflectivity (j + 1) + Reflectivity (j)) 

3-48 

Thus, the normal assumption is that the seismic trace is considered a primary only 

reflectivity model convolved with the seismic wavelet that is summed with some 

uncorrelated noise and could be represented by the relation: 

S (t) = R (t) * W (t) + N (t)                                                                                3-49 

 

 Post Stack Inversion 

 

Below is the acoustic impedance inversion stack seismic. The gas sand is a vague low 

impedance event because the shales are also low impedance. Figure (3.39) 

It is observed that the seismic reflectivity could be formulated as the AI difference 

divided by twice its average: 

Figure 3.39 Post-stack inversion Russell, 2010 
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𝑅𝐴𝐼 =
∆𝐴𝐼

2𝐴𝐼
                                                                                                                   3-50 

 

 Simultaneous Pre Stack Inversion Theory 

 

Figure (3.40) shows the pre-stack simultaneous inversion summary. 

 

 

 

 

 

 

 

 

                             

A novel inversion approach is to build AI (ƿ Vp), SI (ƿ Vs) and density (r) models and 

invert the seismic angle gathers simultaneously. The next displays show the gathers 

and the pre-stack inversion result. (Figure 3.41) 

Figure 3.41 Pre-stack inversion output example from Gulf of Mexico (Russell, 2014) 

Figure 3.40 Pre-stack simultaneous inversion summary Russell, 2010 
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Figures (3.42 and 3.43) show that the model and the real data are related by Fatti’s 

equation, which reformulates the original Aki-Richard’s equation. In Fatti’s equation, 

The coefficients and reflectivity terms contain information about the P and S-wave 

impedances and densities, as well as the angles of incidence.  

 

Figure 3.42 The relation between the initial model and the real data and how they are 

related by Fatti’s equation (Russell, 2014) 
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 Elastic Impedance 

 

The equivalent impedance method to near and far angle stacking is the elastic 

impedance (EI) (Connolly, 1999).  Acoustic impedance  that is angle-dependent, to 

explain EI; recalls the Aki-Richards equation:  

RP(θ) = a
∆VP

2VP
+ b

∆VS

2VS
+ c

∆ρ

2ρ
                                                                                    3-51 

where: a = 1 + tan2θ, b = −8Ksin2θ, and c = 1 − 4Ksin2θ 

Connolly postulated that associated with this equation is prime elastic impedance, 

written (the EI reflectivity was renamed to match the AI concept):  

 

R𝐸𝐼 =
1

2

∆EI(θ)

EI(θ)
≈

1

2
∆ln EI(θ), where: EI(θ) = VP

aVS
bρc                                          3-52 

 

The inversion approach for EI implies building an EI (Ɵ) model and inverting an 

angle stack volume at an angle Ɵ to generate an EI output. 

 

Figure 3.43 The relation between the final model and the real data and how they are 

related by Fatti’s equation (Russell, 2014) 

http://scitation.aip.org/servlet/SearchSegDict?ResultMaxDocs=500&chrondocsPerPage=25&sort=rel&dsq=yes&queryText=Acoustic+impedance&submit=GO
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Figures (3.44 and 3.45) show the comparison between the EI inversions of the near-

angle stack and the far-angle stack. It could be observed that there is a decrease in the 

elastic impedance value on the far-angle stack. 

 

The next points have to be studied carefully to ensure inversion success. 

 

(1) Make sure the input seismic data is well conditioned. 

(2) Use angle-dependent wavelets for pre-stack inversion. 

(3) Make sure the horizons are smooth. 

(4) Edit the logs before building the model. 

(5) Use an external velocity field to guide interpolation of the wells. 

 

 

At the end of this chapter, I tried hard to cover the theoretical background for most of 

the applications that have been used in the thesis. This supports the findings and 

innovations driven from work conducted in the thesis in the area of study. 

 

Figure 3.44 The elastic impedance for near far stack data from 

Gulf of Mexico. (Russell, 2014) 

Figure 3.45 The elastic impedance for far stack data from 

Gulf of Mexico. (Russell, 2014) 
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Chapter-4 

 

Seismic Acquisition and Processing, Gathers 

Conditioning and Petrophysics and Rock 

Physics  

 

 

 Seismic Acquisition 

 

The 3D seismic imaging has replaced 2D imaging as the industry standard for mapping 

the extent and thickness of gas reservoirs in the three dimensions and identifying the 

fluid, stratigraphic heterogeneity and channels within a reservoir. 3D surveys provide 

“point–to-point” sampling of a site in three dimensions, producing millions of discrete 

data points (numerical and spatial sampling volumes) that are unequaled by other 

investigating methods. 

This section will discuss a brief analysis of the seismic data acquisition.  First, it will be 

highlighted in details, the transference of the proposed seismic programme from a map 

to the field, the definition of the seismic source for generating the propagated seismic 

waves, the relation of the geophone array for recording the arrival waves of the reflector, 

then the permission for the recorded seismic signals to be switched on in the recording 

truck to be filtered, amplified, converted to mechanical vibrations, then recorded on the 

seismogram as magnetic tape on the monitor. Finally, this seismic reflection data are 

displayed in wiggle or variable density shapes. 

A key challenge in the Mansoura area development understands the distribution of the 

sandstone beds and heterolithic facies, which facilitate connectivity between the main 

sandstone bodies. 
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The objective of the Mansoura 3D seismic acquisition was to map the Pliocene 

Formation approximately 2,000 feet to 3,000 feet in depth and Abu Madi Formation 

approximately 9,500 feet to 10,000 feet in depth for potential gas reservoirs and 

production within Petroceltic’s development leases. To reach this depth, the offset 

selected to be 4800m in order to cover the 10000 feet. 

The study area is located at the north of El Mansoura town, so the land is mostly 

cultured flat terrain with several channels and many large farms on the edge of the 

river, rice and sugar cane fields, and harvested wheat fields in the prospect area. The 

whole area is well populated with villages; also, there are many infrastructures such as 

national roads, secondary roads, highways and railways. The planning effort focused 

on two aspects, the safety distance rules and the designed fold coverage. Thus, it is 

decided to use Dynamite as the main energy source to be more suitable to the 

agricultural environment of the area and the high population area, Figure (4.1). All 

seismic processing steps were taken into consideration the true amplitude preservation 

to keep the validity of the stratigraphic interpretation and the special geophysical 

techniques like AVO and seismic inversion. 
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The prospect area contained many obstacles, including towns and villages, kilometers of 

roads, military compounds, and farms.  

Each seismic survey carried out has its field parameters, which differ from that of 

another survey. In addition, the seismic surveys are usually divided into many phases 

covering a specific area due to recording or receivers. The study place has been fully 

investigated by 3D seismic data with 25m x 25m spacing and 4ms sample rate in 

addition to many wells penetrations. For example, the field parameters of the seismic 

survey carried out by WesternGeco Company covered the Mansoura area, Mansoura 

Internal Report, (2010) was as follows: 

 Recording Parameters of the Acquired 3D Survey 

 

4.1.1.1 Spread Geometry 

 

Figure 4.1 Mansoura site agricultural environment.  
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 Spread:   Symmetrical split-spread 

 Shooting Geometry:  Brick Pattern, Orthogonal patch 

 Receiver Orientation:  North-South 

 Source Orientation:  East-West 

 In-Line Offsets:  4475m - 25m - 0m -25m - 4475m 

 Receiver Spacing:  50m 

 Receiver Line Spacing: 300m 

 Receiver Lines/Swath: 10 

 Active channels/Line:  180 

 Source Point Spacing:             500m, 250m stagger between adjacent swaths 

 (Brick Pattern). 

 Shot Locations:  Between receiver lines 5 and 6 

 Number of shots per salvo: 6 

 Nominal Fold:   45  

 Inline Spread Roll  10 receiver points (500m) within swath. 

 Cross-line Roll  1 receiver line (300m) 

 Roll On-Off   6 receiver lines live, 5 in front for first swath 

                 Roll 1 receiver line and have t in front, 2 behind 

and so on until5 receiver lines front and back in the same manner but in reverse. 

 Energy Gap:   0 Station Gap 

 Shot Point Location:  Mid-way Between RPs 

 

4.1.1.2  Recording Instrument Parameters 

 

 Recorder   I/O System II 

 Source Control  Pelton Shot pro 

 Channel Recorded  1800 data channels, 3 auxiliary channels 

 Auxiliary Channels  Aux 1 - System Time Break 

                Aux 2 - Decoded Time Break Confirmation                                                                  

     time break, uphole time. 

                                                           Aux 3 - 100 hz 
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 Up Hole Phone Placement 1 meter from shot point 

 Camera   OYO DFM-480 

 Record Length   6 Sec. 

 Sample Rate   2 Ms 

 Tape Deck   Fujitsu M2483, 3490 Cartridge Tapes 

 Tape Format   SEGD 8058 IEEE. 

 Lo Cut Filter   Out 

 Hi Cut Filter   ¾ Nyquist, minimum Phase 

 Recording Gain  48 db. 

 Noise Burst Scaling  Out 

 Diversity Stacking  Out 

 Polarity   SEG Recommended 

 Geophone Polarity  Normal SEG Standard - downward motion of  

     Seismometer ( tap on TOP results in positive 

              Number on tape (UPBREAK on camera monitor)  

4.1.1.3 Receiver Parameters                

(Figure 4.2) 

 Geophone Type:  SM-4 with Spikes. 

 Natural Frequency  10 Hz. 

 Coil Resistance  375 Ohms. 

 String Construction  12 Geophones per string (2 parallel x 6series) 

 String Geometry  5m between geophones, 15m lead on both ends 

 Receiver array   Linear, Inline 

 Geophones per Pattern 24 2 strings of 12 

 Element Spacing  2.0833 m. between Phones  

            Pattern length   47.92 m 

            

4.1.1.4 Source Parameters 

 

 Source    Dynamite 
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SP R
ec
ei
ve
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 Electronics   Pelton Shotpro (Blasters) 

 Number of Holes  Single 

 Hole Depth   12m 

 Source Array   Single Hole 

 Hole Inline Spacing  0m  

           Array Length   0m 

          Charge Per Hole            2kg 

  Figure 4.2 Recording Geometry patch 
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The survey’s design is based on several input parameters and constraints, so it 

becomes quite an art. Laying out lines of sources and receivers should be conducted 

with an eye toward the anticipated results, Figure (4.3). A reliable perception of the 

required geophysical parameters should be available before embarking on the 3D 

design project. Some rules of thumb and guidance are crucial to help on through the 

maze of various parameters to be considered. Thus, the survey department provides 

the client with many different pre and post plot base and fold maps showing the 3D 

seismic design regarding all the infrastructures at the site. This is to give a complete 

view of all the problems faced during the seismic acquisition and to improve and 

maintain the fold coverage. The designed fold by special technique requires the 

survey to increase the source and receiver points (Infill’s) around the area of low fold 

coverage and to preserve the designed fold to be fully covered. Figure (4.4) 

 

Figure 4.3 Receiver Array 
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After recording the data on a removable hard disk in the field and return back to the 

field office, the field quality control (QC Department) personnel make a daily check 

on the recorded data and all the recorded shots. if they find any extreme noisy shots 

need to be reshoot again, so it will be reshoot the next day before removing the spread 

(receiver’s cable). Then, they carried out fast processing quickly, producing brute 

stack lines to evaluate the integrity of the raw data and forwarding the preliminary 

processed data for early interpretation before sending the data to the processing center 

on magnetic tapes. Figure (4.5). 

 

 

 

Figure 4.4 Mansoura 3D Project Post-Fold (All Phases)      
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4.1.1.5 Upholes 

 

A comprehensive uphole program was also surveyed. A total of seven upholes stations 

were selected out of ten throughout the operation area. All these uphole stations were 

drilled to 120 m depth. The uphole survey provided high quality, representative seismic 

velocity model for the near surface depths that can effectively be used in the final data 

processing. Figure (4.6). 

Figure 4.5 Inline Brute Stack 1233 
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Figure 4.6 upholes summary results   

 

                 Table 4-1 Upholes summary results 
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The brute stacks of both WD field and WKH fields are shown in (Figures 4.7 and 4.8) 

respectively.  

  

 

Figure 4.7 brute stack for xline in WD field 

Figure 4.8 brute stack for inline in WKH field 
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 Seismic Processing 

 

 Introduction 

 

It is the second step, in which the seismic data recorded in the field are processed 

through several steps in a processing center. Finally, each acquired and processed 

seismic line will be represented by a seismic section. 

In general, the main object of seismic data processing is to produce a visual display in 

the form of a seismic section for each seismic line recorded in the field. This section 

shows the subsurface reflection pattern at every reflection point, so that interpretation 

can yield a geological section of the earth down to or below a geologic marker. During 

the data processing, the interpreter seeks to evaluate parameters such as seismic 

velocities, amplitude and wave-form that aids in interpreting the seismic data. 

Seismic data processing necessarily follows a uniform series of steps. These steps differ 

in detail and sequence among processing centers, but the output is the same. 

In this section, a brief account of seismic data processing will be discussed through the 

stages of the processing sequence. 

 

 Seismic Data Processing Sequence 

 

The purpose of conditioning and processing the seismic data is to increase the signal 

to noise ratio (S/N) and to be able to draw out the rock characteristics from the 

seismic data along with the structural image improvement. So, the true amplitude 

recovery (TAR) must be preserved for proper gradient change over a range of offsets. 

Therefore, extraordinary attention must be careful to preserve this variation to 

amplitude due to the variation of the lithology and fluid contents. Agreeing to Yalmiz 

(2001), there are three significant processing steps:  

1) The amplitudes of the seismic data should be maintained throughout the analysis to 

identify the variation of amplitude with the offset.  

2) The broadband signal should be retained in the data with a flat spectrum.  
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3) Pre-stack amplitude inversion must be employed to common-depth-point (CDP) 

gather to obtain the AVO attributes. The following steps summarize the processing 

sequence applied to the 3D seismic data until generating the final stack and extracting 

the AVO attribute, as follows: 

• Reformat SEG-D to Internal Format 

• Geometry Assignment 

• Geometry QC / Refraction Statics Analysis 

o Weathering Velocity : 750 m/sec 

o Intermediate Datum: -40 m 

o Replacement Velocity: 950 m/sec 

o Final Datum      : Sea Level @1800 m/sec 

• Spherical Divergence and Geometric Spreading 

• Noise Attenuation 

• Deconvolution 

o Surface Consistent Spiking – 160 ms Operator 

o White Noise – 0.1% 

o Analysis Gate – 500 – 4500 ms 

• Surface Consistent Gain 

• 1st Pass Velocity Analysis – 2 km² Grid 

• 1st Pass Residual Statics 

• 2nd Pass Velocity Analysis – 1 km² Grid 

• 2nd Pass Residual Statics 

• PSTM Velocity Analysis – 1 km² Grid 

• Kirchhoff Ray Bending Pre-Stack Time Migration 

• 4th Order Residual Velocity Analysis – 1 km² Grid 

• Final Stack and AVO Attributes 

 

4.2.2.1  Reformat of Field Tapes 

 

This acquisition was delivered in SEG-D format on 3490E tapes. SPS files provided 

the coordinate and relational information. The SEG-D tapes were reformatted to 

internal format, and geometry was merged with the SPS data. 

Geometry Assignment 

The Geometry was provided in SPS format from the field crew. This information was 

merged with the reformatted SEG-D seismic data, and the first breaks were picked for 

the dual purpose of confirming geometry application and calculating refraction static 

corrections. The final processing grid used for the assignment of CDP numbers and 

inline/crossline pairs is as follows (25 x 25 m): Figure (4.9) 
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Inline=1       Inline=4884 

Xline=3764       Xline=3764 

X=623000        X=745075 

Y=967975       Y=967975 

 

 

 

 

 

 
 

Inline=1       Inline=4884 

Xline=1                  Xline=1 

X=623000                  X=745075 

Y=873900                   Y=873900 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Geometry QC/Refraction Statics Analysis 

The seismic data displays were examined to verify shot or receiver positioning error 

corrections, identify and eliminate bad quality shot or receiver gathers, and identify 

and repair receiver polarity reversals. Other quality control measurements include 

pick time error distributions and delay time deviations.  

Figure 4.9 Fold Distribution (scale: 1 to 171) 
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1st breaks were picked and modeled using 800-1800 meters of offset. Figures (4.10 & 

4.11). The resulting velocity of the refractor was calculated to be 1780 m/sec +/- 20 

m/sec. Delay times averaged around 35 ms, ranging from 20 to 75 ms. The resultant 

weathering thickness was fairly consistent, around 30 meters. The near surface model  

used a weathering velocity of 750 m/sec and an intermediate datum of 40 meters 

below mean sea level and used a replacement velocity of 950 m/sec to approximate a 

standard elevation correction of mean sea level @ 1800 m/sec. Figures (4.12 - 4.13). 

 

Figure 4.11 Shot record showing first break picks  

Figure 4.10 Receiver gather showing first break pick 
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Figure 4.13 Weathering Velocity (scale: 400 to 1200 meters per second) 

Figure 4.12 Refractor velocity (scale: 1755 to 1800 meters per second) 
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4.2.2.2  Spherical Divergence Application 

 

A Spherical divergence and geometric spreading gain function were implemented on 

the data to make up the amplitude decay. (Figure 4.14) 

The gain function is a V²T correction. 

The gain functions are spatially invariant, but they do vary as a function of offset. 

  Time         Velocity       Time     Velocity 

  0  1450          2000        2250 

  250  1550          2500        2550 

  750  1950          3000        2800 

  1000  2050          4000        3250 

  1500  2150          6000        3800 

(Figures 4.15 & 4.16) show the data after applying the spherical divergence and the 

ground roll attenuation. 

   

Figure 4.14 Refraction Static Corrections (Source) (scale: -40 to 20 milliseconds) 
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Figure 4.15 Spherical divergence 

Figure 4.16 Field Record 
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4.2.2.3  Model-Based Noise Attenuation (Mbna) 

 

Model-Based Noise Attenuation is principally a noise analysis and subtraction 

process.  The data acquired in this project contain a significant amount of unwanted 

coherent noise (ground roll) (Figure 4.17). This noise is analysed and then separated 

from the original record in the shot domain. The first and second order separations are 

implemented by isolating the frequency and wavenumber characteristics of the 

coherent noise in contrast to the primary energy. This will produce a residual template 

from which a third and final separation can occur.  In this third phase, windowed 

mean amplitudes are calculated and sample values whose amplitudes exceed a user 

specified ratio to the mean are modulated and output to a final template. All amplitude 

sample points that are smaller to the mean than the user specified ratio does not pass 

to the final template. This final template is then used to subtract directly from the 

original input shot. The figures below show a typical shot gather the output from the 

noise attenuation process and the subtracted noise. (Figure 4.18) 

Figure 4.17 Ground Roll Attenuation / Random Noise Attenuation 
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4.2.2.4 Deconvolution 

 

Deconvolution is a process that improves the temporal resolution of seismic data by 

compressing the basic seismic wavelet.  By applying an inverse filter to undo the 

filtering effects of the earth, the data are compressed to an approximation of a 

succession of spikes representing the reflectivity series of the earth.  It can also 

attenuate a significant portion of the multiple energy that reverberates with short 

periodicity. 

A surface consistent deconvolution was applied to the data. This is a two-part 

operation that consists of windowed spectral estimations, which were decomposed 

into three terms, shot, receiver and offset. The resultant operators are then applied, in 

this case, for shot and receiver terms only. Figures (4.19 & 4.20) show the staked data 

before and after noise attenuation, respectively. 

The location of the design window was controlled by the initiation times so that high 

amplitude, first-break energy was omitted from the spectral estimates. Ground roll 

Figure 4.18 Typical Shot: Input, MBNA, and Difference 
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and random noise were attenuated before the design of operators by the MBNA 

method described above. 

Deconvolution Operator Design 

Operator Length    : 160 ms 

Gap                        : Spiking 

White Noise          :  .1% 

Analysis Window :  500-4500 ms  (zero offset times) 

(Figures 4.21) shows the staked data after applying the deconvolution.   

 

 

 

 

 

 

 

 

 

                            

 

            

          

 

Figure 4.19 Stack prior to Noise Attenuation 
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Figure 4.20 Stack after applying Noise Attenuation 

Figure 4.21 Stack after applying Deconvolution 
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4.2.2.5 Surface Consistent Gain  

 

Surface consistent gain is a three-step process designed to compensate for amplitude 

variances caused by surface variables such as source energy differences or receiver 

coupling issues. The first step involves the measurement of RMS levels across the 

signal band of the data, followed by decomposition, and finally, the application of 

compensating scalars in a surface consistent manner.  RMS measurements were made 

in the same analysis window as the deconvolution operator design. The 

decomposition was performed for three terms, shot, receiver, and offset. Only the 

receiver and source terms were applied at this point in the processing. Figures (4.22 & 

4.23) 

 

 

 

 

 

 

 

 

 

 

             

Preliminary velocity analysis has been conducted utilising the GDC Interactive 

Velocity Analysis package.  CMP gather data were selected at regular intervals at a 

two km grid. The input data was preconditioned with a 256ms AGC and a time-

variant bandpass filter, and the refraction static corrections were applied.  From this 

data, Multi-Velocity Function (MVF) stacks and velocity semblance values were 

computed.  In addition, MVF data, semblances and gathers are interactively shown for 

each velocity location, which lets stacking velocities, be understood. 

Figure 4.22 Receiver RMS Levels (scale: 0 to 4) 
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4.2.2.6  Surface Consistent Reflection Statics 1st Pass 

 

Pre-processed, CMP gathers were utilised to calculate first pass surface-consistent 

reflection residual statics.  The input velocity field was a two-mile grid for the first 

pass statics calculation. The input data is preconditioned with a 2-4-40-50hz bandpass 

filter and a 750ms AGC. The resultant statics were evaluated for accuracy by studying 

the static profiles and the quality of the subsequent stack volumes.  

The process is a three-part operation, cross-correlation of individual traces against a 

model trace, decomposition of the pick times into shot, receiver, structural terms, and 

an applied step.  

The static values for each trace are written into that trace’s header to be available for 

subsequent processing. Parameter Values: 

•     Model Window(s)    :1000 ms to 3900 ms 

•     Maximum Correlation Shift  : 24 ms 

•     Maximum Distance for Correlation : 3000 meters 

Figure 4.23 Source RMS Levels (scale: 0 to 4) 
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4.2.2.7  Velocity Analysis 

 

Post-residuals velocity analysis was conducted utilising the GDC Interactive Velocity 

Analysis package.  CMP gather data were selected at regular intervals at a one km 

grid. The input data were preconditioned with a 256ms AGC and a time variant filter, 

and the refraction static corrections and 1st pass residual static corrections were 

applied.  From this data Multi-Velocity Function (MVF) stacks and velocity 

semblance values were computed.  MVF data, semblances and gathers are 

interactively shown for each velocity location, which lets stacking velocities to be 

understood. 

 

4.2.2.8  Surface Consistent Reflection Statics 2nd Pass 

 

Pre-processed and CMP gathers were used to calculate the second pass surface-

consistent reflection residual statics.  The input velocity field was a one km grid for 

the second pass statics calculation. The input data is preconditioned with a 2-4-40-50 

Hz bandpass filter and a 750ms AGC. The resultant statics were evaluated for 

accuracy by studying of the static profiles and the quality of the subsequent stack 

volumes. 

The process is a three-part operation, cross-correlation of individual traces against a 

model trace, decomposition of the pick times to shot, receiver, and structural terms, 

and an applied step.  (Figures 4.24 & 4.25) 

The static values for each trace are written into that trace’s header to be available for 

subsequent processing. 

Parameter Values: 

•     Model Window(s)    : 500 ms to 3500 ms 

•     Maximum Correlation Shift  : 24 ms 

•     Maximum Distance for Correlation : 3000 meters 
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(Figure 4.26) shows stack after applying static corrections 

Figure 4.24 Total Residual Static Corrections – Source (scale: -15 to 15) 

Figure 4.25 Total Residual Static Corrections – Detector (scale: -15 to 15) 
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4.2.2.9  PSTM Velocity Analysis 

An inline output interval of one kilometer was pre-stack time migrated with a curved 

ray Kirchhoff summation non-zero offset method.  The final stacking velocities were 

used to migrate these velocity lines, and the resultant picked migration velocities were 

used to migrate the volume. After migration, the velocity field was removed, and the 

GDC Interactive Velocity Analysis package was used to conduct a new velocity 

analysis.  CMP gather data were selected at the same one square kilometer grid.  From 

these data Multi-Velocity Function (MVF) percentage stacks, NMO corrected gathers, 

and velocity semblance values were computed and used to interpret stacking 

velocities interactively. (Figure 4.27) 

Figure 4.26 Stack – Elevation Static Corrections 
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4.2.2.10  Kirchhoff Curved Ray Prestack Time Migration 

 A curved ray Kirchhoff summation non-zero offset prestack migration was used. The 

data were migrated and grouped on output in common offset. A 60-degree maximum 

dip aperture was used for operator computation. This parameter was derived from 

impulse response tests, trial migrations on velocity lines, and observation of dip and 

noise. The aperture is effectively time and offset variant. A max half aperture distance 

of 4000 m was chosen. The input data was offset regularised to offsets of 200 m to 

4800 m with increments of 200 m before migration 

Figure 4.27 Iso-velocity Plot of Final PSTM Velocity Field 
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4.2.2.11  Residual Velocity Analysis 

Residual velocity analysis using 4th order moveout was performed using the GDC 

Interactive Velocity Analysis package.  CMP gather data post migration were selected 

at regular intervals at a one km grid. The input data were preconditioned with a 500ms 

AGC and a 10-50hz bandpass filter.  From this data Multi-Velocity Function (MVF) 

stacks and velocity semblance values were computed (Figure 4.28).  The MVF data, 

semblances, and gathers are interactively interpreted for each velocity location to 

obtain final stacking velocities. (Figure 4.29) 

Figure 4.28 MVF Stack (93 – 107 %) 

(Figure 4.30) shows the final velocity volume in a 3D cube view. 



170 

Figure 4.29 Typical Semblance Display with Interactive Gather

Figure 4.30 Final Velocity Cube Display 
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At the end of this section, the challenges of the study area will be highlighted again. 

The challenges started with the first 3D seismic acquisition in the onshore Nile Delta 

in 2003; this had provided the key to successful aggressive drilling program. 

Like most of the onshore Nile Delta, the terrain within the Mansoura area is 

predominantly prime agricultural farmland. Therefore, the terrain conditions and 

many surface obstacles are the main challenges. These surface obstacles, include 

urban areas and restricted areas, affects in many cases the seismic data quality, in 

terms of getting low signal to noise ratio in addition to missing some near offsets 

which may reach, in some cases in the area of study, about 30 % from the total 

coverage. 

The false amplitude anomalies due to lithology or acquisition problems are the main 

challenges in the study area. Additionally, the amplitude anomalies in the stacked 

seismic due to non commercial gas saturation (residual gas) knocked the door for this 

study, which led to the innovations from studying the pre-stack seismic data, which 

will be shown in the following chapters. 
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Pre-Stack Seismic Data Conditioning 

By looking into the quality of the pre-stack seismic data, we realised that there is a 

potential to improve the signal to noise ratio and prove the reliability of the ultra-far 

or high angles data. Thus, the gathers pre-conditioning becomes essential before 

proceeding in any reservoir delineation process (Singelton S., 2009). Several 

workflows have been iterated with different parameters to apply the gathers pre-

conditioning and prepare the data for the further sophisticated process that can aids in 

better understanding for the reservoir characteristics. 

The operating company had acquired 3D PSTM seismic data (3420 km2), which was 

used in this study. Figure (4.31) shows that the most reliable angle range in the 

original gathers is from 0 to 38 degrees equal to offset ranging from 0 to 2000m (less 

than half the full offset 4800m).  

Figure 4.31 Offset traces overlaid by incident angles color annotations
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The several iterations and testing parameters resulted in developing gathers 

conditioning workflow which improves the data quality regarding the signal to noise 

ratio and gathers flattening. Furthermore, the developed workflow increased the 

reliability of the ultra-far data, in other words, the used pre-stack seismic data now 

can be extended to 3200m (45 degrees) instead of 2000m (38 degrees) in the original 

gathers, this step is considered one of the main innovations in this thesis, and this 

conditioning workflow can be generally applied in the areas characterized by surface 

obstacles and specifically in the onshore Nile delta. Additionally, this developed 

workflow prepares the data for a further sophisticated process that can aids in better 

understanding for the reservoir characteristics. After reviewing, the original CDP 

gathers (Figure 4.32 and 4.33) for the study area, it was decided to apply the 

following workflow. The advantages of the developed workflow are improving the 

signal to noise ratio over the whole seismic data for both WD and WKH fields, 

flattening the gathers at the reservoir level Those advantages have been achieved 

while preserving the true amplitude and keeping the stratigraphic and structural 

features. Additionally, the final pre-stack seismic data was not affected by any NMO 

stretch. 

Figure 4.32 Original CDP gathers for WD field 
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Figure 4.33 Original CDP gathers for WKH field 

Band Pass Filter 

Used to lessen contamination in the data, low Cut is 5 Hz, and High Cut is 60 Hz. 

Figures (4.34) and (4.35) 

Figure 4.34 Gathers for WD field after applying band pass filter. 
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Figure 4.35 Gathers for WKH field after applying band pass filter 

Figure 4.36 Gathers for WD field after applying parabolic radon transform for noise 

attenuation 
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Figure 4.38 Gathers for WKH field after applying parabolic radon transform for noise 

attenuation 

 Parabolic Radon Transfer (Noise Attenuation) 

Firstly, it was used for noise attenuation to get clean gathers, as shown in Figures 

(4.36 and 4.38). The difference between the filtered gathers and the gathers after 

applying the first run of radon is illustrated in Figures (4.37 and 4.39) 

Figure 4.37 Difference between filtered gathers and gathers after applying first pass of 

Radon transform for WD field 
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Figure 4.39 Difference between filtered gathers and gathers after applying first pass of 

Radon transform for WKH field 

 Parabolic Radon Transfer (Multiple Suppression) 

The previous step’s output is considered as an input for this step (same technique but 

for multiple suppression), Figures (4.40 and 4.42). The difference between both the 

gathers after applying first and second runs of radon is illustrated in Figures (4.41 and 

4.43). 
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 Figure 4.41 Difference in gathers after applying both first and second passes of Radon 

transform for WD field 

Figure 4.40 Gathers for WD field after applying parabolic radon transform for multiple 

suppression  
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Figure 4.42 Gathers for WKH field after applying parabolic Radon transform for multiple 

suppression 

Figure 4.43 Difference in gathers after applying both first and second passes of Radon 

transform for WKH field
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Super Gather 

The generation of the super gathers is forming average CDPs to enhance the signal-to-

noise ratio while maintaining the AVO amplitude information. The averaging was 

conducted by collecting adjacent CDPs and adding them together. Because of the 

direction of shooting is in the inline direction (N-S), the size of rolling window used 

in this process is every 3 in the x-line direction and every 1 in the in-line direction. 

Figures (4.44 and 4.45) show the super gathers of WKH and WD, respectively. 

Figure 4.44 Super Gathers for WKH field 

Figure 4.45 Super Gathers for WD field 
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Figure 4.46 The applied Pre-conditioning workflow on Mansoura 3D cube with a sample;   
before, after and the difference for each step.      

Using the developed conditioning workflow as shown in Figure (4.46), the gathers 

become cleaner with much improvement in the signal to noise ratio. Meanwhile, the 

amplitude remains preserved for any stratigraphic interpretation. 

The angle gathers which is the main input for the AVO simultaneous Prestack seismic 

inversion was calculated from the super gathers using the velocity function of WD-1. 

Figure (4.47). 

For WKH field, the angle gathers was calculated from the super gathers using the 

velocity function of WKH-2 as shown in Figure (4.48). Additionally, in the same 

Figure, the original gathers were displayed together with the angle gathers after 

conditioning. As a result, the notable improvement in the data quality can be observed 

regarding the signal to noise ratio and the gathers flattening. Figure (4.49) shows a 

zoom in view at the reservoir level for both the original and the conditioned gathers at 

the reservoir level. 
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Reservoir Level 

   

Figure 4.47 Full angle gathers for WD field

Figure 4.48 Full angle gathers for WKH field after conditioning together with the original 

gathers 
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Fold Normalisation 

As a validation process for the reliability of the ultra-far angle sub-stack, the fold 

(number of traces) taken for each angle sub-stack should be very close to each other 

to avoid discrepancy in the amplitude variations reveal the amplitude values into 

geology (lithology or fluid content). The nominal fold of the different stacks is crucial 

in the AVO analysis and AVO inversion.  

Different sub-angle stacks had been generated consequently (0-10, 5-15, 10-20, 15-

25, 20-30, 25-35, 30-40, and 35-45) after testing the number of folds for each stack as 

shown in Figure (4.50). Therefore, it was decided to select the final angle sub stacks 

depending on the fold normalization as follows:  

(0-15) near angle stack, (10-25) mid angle stack, (20-35) far angle stack and (30-45) 

ultra-far angle stack. Figure (4.50) shows that every angle stack has five traces. The 

reliability of the ultra-far data (to 45 degrees) is the main yield of this exercise. 

Figure 4.49 Zoom in display from full angle gathers for WKH field after data conditioning at 

the reservoir level 
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The range limited stacks with different angle ranges (Near, Mid, Far and Ultra far) 

had been generated using the angle gathers. Figures (4.51 and 4.52) show the different 

angle stacks for WD and WKH fields, respectively. At the reservoir level, we can 

notice the fanciful AVO response at the ultra-far angle that is considered one of the 

findings of this thesis, and it will be highlighted later in the inversion. 

Figure 4.50 Fold normalization for different sub angle stacks, as well as the fold 

normalization for final sub angle stacks 
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Figure 4.51 Different angle stacks for WD field 

Figure 4.52 Different angle stacks for WKH field 
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Petrophysics & Rock Physics for WD Field 

A petrophysical database consists of conventional wireline logs, MDT pressure, combined 

magnetic resonance (CMR) and FMI image data. In addition, cores were taken over reservoir 

gas and oil columns at the WD-2, 7, 8 & 9 wells. Routine core analysis data, including 

porosity, permeability and grain density are available for core-log integration. Neutron data 

for all logs were reviewed and checked with the original logs. Field applied corrections were 

then “backed out”, and a consistent set of corrections was applied for each well. It should be 

noted that correction to the neutron data could be significant. However, tool combinations are 

usually selected to minimize this effect. 

Gas Correction for Density Neutron 

The quantitative response of neutron tools to gas or light hydrocarbon depends primarily on 

hydrogen index, which can be estimated from the composition and density of the 

hydrocarbons. 

Generally, gas has a considerably lower hydrogen concentration. When pore spaces in the 

rock are excavated and filled with gas, the formation characteristics changes and become less 

sensitive to slow down the neutrons emitted from neutron logging tools. This phenomenon is 

called "Excavation Effect". A neutron log will show a low porosity value if this effect is 

ignored. This characteristic allows a neutron porosity log to be used with other porosity logs 

(such as a density log) to detect gas zones and identify gas-liquid contacts.  

On the other hand, the density tool measures the total number of formation electrons. In gas- 

bearing condition, a lower number of electrons is equivalent to a lower bulk formation 

density leads to a higher apparent formation porosity. Therefore, Density derived porosity is 

higher when compared to the true porosity. Overlaying the neutron and density curves in a 

gas-bearing zone results in the classic crossover separation Figure (4.53). 
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Shale Volume (Vsh) Calculation 

Three methods were used to derive Vsh:  Figures (4.54 & 4.55) 

1- GR log 

2- Density-Neutron log 

3- Resistivity log 

• Vsh was calculated using the averaging method by taking the minimum value of GR,

and Density-Neutron derived Vsh curves.

• The Gas effect correction was considered while calculating Vsh using the Density-

Neutron method.

• To assure the calculated Vsh, it was decided to use the resistivity log to calculate Vsh

and incorporate the resulted curve in the final average.

• Resistivity derived Vsh shows a good matching with the other two methods down to the

OWC.

• Below OWC, the Resistivity log could not distinguish the correct shale volume as the

water bearing sand resistivity become equal to shale resistivity.

Figure 4.53 Density-neutron cross plot with the lithology lines 
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• The current final shale volume is an average of the three methods derived Vsh curves

down to the OWC, and then the average of the GR, and Density-Neutron derived Vsh

down to the well TD.

• Arithmetic mean average is the method used to average the three Vsh curves.

Figure 4.54 E-logs of WD-9 with the calculated Vsh logs 



189 

 Water Saturation 

 The Indonesian method was utilised to calculate water saturation (Sw), which is a simple 

Sw model to accommodate the correction of clay conductivity by the input of log 

resistivity value over shale intervals. It is often used when the core measurement of 

Cation Exchange Capacity (CEC) is unavailable or unreliable. This Sw model works, 

especially well in circumstances such that formation connate water salinity is fresh and 

the reservoir rock is unconsolidated.  

Effective Porosity 

∅ =
∅new−Vcl×NeuCl+NeuMatrix+Exfact+NeuSal

Sxo+(1−Sxo)×NeuHyHI
 from neutron log 4-1 

Vcl = Wet clay volume

NeuCl = Neutron wet clay volume 

NeuMatrix = Neutron matrix correction 

Figure 4.55 E-logs of WD-9 and the differences in Vsh logs 
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Exfact = Neutron excavation factor 

NeuSal = Neutron formation salinity corerction 

Sxo = Flushed zone water saturation 

NeuHyHI = Neutron hydrocarbon apparent hydrogen index 

NeuHyHI = 9 × ρhden ×
(4−2.5×ρhden)

(16−2.5×ρhden)
     4-2 

∅ =
ρma−ρb−Vcl×(ρma−ρcl)

ρma−ρfl×Sxo−ρHyAP×(1−Sxo)
 from Density log      4-3 

ρma = Matrix density, can be a curve, parameter or calculated 

 from the mineral volume (multi − mineral deposits) 

ρb = Input bulk density log 

ρcl = Wet clay density 

ρfl = Filterate density  

ρHyAp = Apparent hydrocarbon density 

Vcl = Wet clay volume 

Sxo = Flushed zone water saturation 

ρHYAP = 2 × ρhden ×
(10−2.5×ρhden)

(16−2.5×ρhden)
4-4 

Both neutron and density logs were used from several wells in the WD field, and mostly, 

the results are very close to each other. 

Figure (4.56) shows the petrophysical analysis for well WD-1, which can be summarized 

as follows: 

Depth Interval: 8171’- 8315’

Gross Thickness: 144ft 

Net Pay: 94ft 

Avg. Porosity: 28% 

SW: 20% 
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The Production test for WD-1 shows the following: 

Perforated interval: 8292’- 8316’ 

Recovery: Gas and condensate 

Gas rate: 21.7 MMSCF/D 

Condensate rate: 893.5 BBL/D 

FWHP: 2368 PSI Chock size: 32”/64 

Figure 4.56 Petrophysical analysis for WD-1 
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Rock Physics Model 

Before applying the different pre-stack inversion techniques, a rock physics model had 

been built up to help in better understanding the key factors that affect the seismic 

amplitude. Building up rock physics models in both WD and WKH fields can play an 

important role in linking the elastic properties to the reservoir properties and applying the 

results in the unexplored areas within the study area, which help in di-risking the 

delineated prospects. In addition, cross-plots which are very beneficial in the study area, 

effectively discriminate between shale, wet sand and hydrocarbon bearing sand at the 

reservoir level. 

4.4.5.1  Rock Physics Model for WD Field 

WD-1, WD-2 and WD-9 wells were selected for the rock physics analysis for they have 

good coverage of the gas/oil/water bearing Tortonian sand and shale. The used logs in the 

rock physics model of the WD field are detailed as follows: 

1- Effective porosity logs from petrophysical interpretation shown previously. 

2- P-impedance logs (product of density and primary velocity logs) 

3- Shear impedance logs (product of density and shear velocity logs) 

4- Vp/Vs logs (ratio of primary velocity versus shear velocity) 

5- Water saturation logs from petrophysical interpretation shown previously. 

6- V-clay logs from petrophysical interpretation shown previously. 

Neutron-density cross-plot shown of three wells from WD field indicates the presence of 

shale, sand and gas. Shales are characterised by high neutron porosity values and pull the 

data points towards the right downward of the x–axis. On the other hand, gas tends to pull 

the data points towards the left upwards on the y-axis between the depth ranges of 8220’-

8480’ that consents with the geological interpretation of the wells Figure (4.57). 

The density (RHOZ) versus sonic (DTCO) cross-plot is also an important lithology 

indicator. The presence of gas and shale leads to an increase in sonic slowness. This 

causes the data points to be plotted away from the lithology line towards the high DTCO, 

Figure (4.58). 
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In the cross-plot of DTCO-neutron porosity, The DTCO is in the y-axis and neutron 

porosity in the x-axis. The presence of shale is characterised by high neutron porosity and 

high sonic slowness. On the other hand, gas bearing sands have high sonic slowness and 

low porosity as the hydrogen index of gas is low. This combined effect causes data points 

to spread from the lithology line Figure (4.59). 

Figure 4.57 Cross plot of neutron porosity versus density for WD-2
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Figure 4.58 Cross plot of sonic versus density for WD-2 

Figure 4.59 Cross plot of sonic versus neutron for WD-2 
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The plotted interval for all next x-plots is above the reservoir with 200 ft to the TD of the 

three wells (WD-1, WD-2, and WD-9). 

Using both X-plots of P-impedance and S-impedance with the porosity can help in 

lithology and fluid discrimination as shown in Figures (4.60 & 4.61), whereas the 

impedance plotted on Y-axis and the porosity plotted in the X-axis. In both x-plots, in 

both Figures (4.60 and 4.61), it is noted that the porosity of the WD field ranges from 20 

to 30%. In Figure (4.60), the upper x-plot was coloured by a V-clay log (dark colours  

represent high v-clay, while the bright colours represent a lower clay content, which is 

sand) to discriminate between sand and shale, certainly, the shale is characterised by a 

Figure 4.60 Cross plot of porosity versus P-impedance and coloured by Vcl (upper x-

plot) and by Sw (lower x-plot) 
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very high v-clay percentage that reaches >90%.  Additionally, it is commonly known that 

the shale is characterised by a low effective porosity compared with the sand, whatever 

the type of fluid in the sand reservoir. Regarding the p-impedance values, in both sand 

and shale, we can notice that the wide range (21000-32000 (ft/sec)*(g/cc)) depends on the 

type of fluid in the reservoir, which can easily be recognised in the lower x-plot in Figure 

(4.60), in which, colouring the x-plot by water saturation indicates that the hydrocarbon 

saturation in the main reservoir of WD field reaches 90% (red colour clusters in the lower 

right corner of the x-plot). The p-impedance values of the gas bearing sand range from 

2000 to 25000 (ft/sec)*(g/cc), which can be considered as lower impedances due to the 

effect of the gas within the reservoir decreasing both the velocity and the density 

significantly. On the other hand, the p-impedance values of the water bearing sand (lies in 

the middle of the x-plot) ranges from 25000-33000 (ft/sec)*(g/cc). As for the encountered 

shale (the clusters in the lower left corner of the x-plot), it is characterised by p-

impedance ranges from 22000 to 28000 (ft/sec)*(g/cc). To conclude what we have from 

the two x-plots in Figure (4.60), it is easy to discriminate between the Tortonian sand and 

shale in the WD field using the effective porosity and the impedance logs.  In addition, 

the discrimination between the hydrocarbon bearing sand of the WD field and the wet 

sand can be achieved. The hydrocarbon bearing sand is characterised by very high 

porosity and very low p-impedance, and the shale has very low effective porosity and 

lower p-impedances. The wet sand is characterised by medium effective porosity and 

medium to high p-impedances. 

In Figure (4.61), the upper x-plot, shows the shear impedance versus porosity, coloured 

by the v-clay. We can notice that the shale is characterised by very a low shear impedance 

ranges from 10000 to 13000 (ft/sec)*(g/cc) and a very low effective porosity, while the 

Tortonian sand is characterised by a high effective porosity reaches 30% and higher shear 

impedance ranges from 13000 to 19000 (ft/sec)*(g/cc). The lower x-plot in Figure (4.61) 

is similar to the upper one but coloured with the water saturation log instead of v-clay. It 

is clear that the differences in the shear impedances between the gas bearing sand and the 

wet sand are negligible; however,  the effective porosity still is the main discriminator for 

the hydrocarbon sand in this x-plot. 
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P-impedance of the hydrocarbon bearing sands is slightly less than that of the shale, while 

there is a significant P-impedance difference between the hydrocarbon and water bearing 

sands. On the other hand, there is a considerable difference in the S-impedance of the 

sand and shale. Both the hydrocarbon bearing sand and wet sand have very close S-

impedances; in other words, the difference is negligible Figure (4.61). 

Figure 4.61 Cross plot of porosity versus shear-impedance and coloured by Vcl (upper x-

plot) and by Sw (lower x-plot) 
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Figure (4.62) shows the cross-plot of the acoustic impedance (Zp) (x-axis) versus shear 

impedance (Zs) (y-axis) measured from the log data at the reservoir level. The upper x-plot 

coloured by v-clay log shows the clear discrimination between sand yellow to red colour 

clusters) and shale (blue to purple clusters) in which the shear impedance of the sand is 

higher than that of the shale. In addition, the magnificent discrimination between both the 

wet sand and hydrocarbon bearing sand is clear in the lower x-plot in Figure (4.62) which 

is coloured by the water saturation log in which the bright colours represent a lower water 

saturation, and the dark colour represents a high water saturation, in which the hydrocarbon 

bearing sand (red clusters) is characterised by lower p-impedance and slightly higher s-

impedance than the wet sand.  

Figure 4.62 Cross plot of P-impedance versus shear impedance and coloured by Vcl (upper 

x-plot) and by Sw (lower x-plot) 

Figure 4.63 Cross plot of P-impedance versus Vp/Vs and coloured by Vcl (upper x-plot) and 

by Sw (lower x-plot) 
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Generally, sandstones are characterised by low Vp/Vs depending on the degree of shaliness 

within the reservoir. Shales themselves have significantly higher Vp/Vs than sandstones. 

The x-plot of Vp/Vs plotted on the y-axis versus P-Impedance plotted on the x-axis and 

coloured by v-clay log, upper x-plot in Figure (4.63) which indicates that the Tortonian 

sands in WD field has lower Vp/Vs than the shale within the reservoir and also above it. In 

the lower x-plot in Figure (4.63) which is coloured by the water saturation log, it is clear 

that the gas sand (red clusters lies in the lower left corner of the x-plot) is characterised by 

a very low Vp/Vs ratio and very low impedance. Wet sand (blue-purple clusters in the 

middle of the x-plot) is characterised by high impedance, and the Vp/Vs ratio is higher 

than gas sand and at the same time lower than that of shale. The shale (purple clusters 

upper left corner) is characterised by high Vp/Vs and low impedance.  

In the same cross plot, we can notice the different shale behaviours above and within the 

reservoir, and this was revealed for the shale above the reservoir is a proper shale with high 

gamma ray reading. On the other hand, the shale within the lower part of the reservoir is 

not a proper shale, it is intercalations between calcareous Argillaceous Siltstone and 

calcareous Argillaceous Sandstone, but it is interpreted as shale because its gamma ray is 

higher in this part than the upper part of the reservoir. This can remove the ambiguity about 

the differences in physical properties between the shale above the reservoir and the sand in 

the upper part of the reservoir and the laminated Siltstone in the lower part of the reservoir. 

However, the overburden pressure increases with the depth and the differential compaction 

increases, which leads to a decrease in porosity and an increase in velocity. 

4.4.5.2 Elastic Impedance 

The equivalent impedance method to near and far angle stacking is Elastic Impedance, or 

EI (Connolly, 1999). To understand EI, recall the Aki-Richards equation:  

RP(θ) = a
∆VP

2VP
+ b

∆VS

2VS
+ c

∆ρ

2ρ
4-5 

where: a = 1 + tan2θ, b = − 8Ksin2θ, and c = 1 − 4Ksin2θ
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Veecken and Rauch-Davies (2006) stated that if we assume the Curvature to be nearly 

zero, C=0, then we can change the tan term to a sin term to get:  

R𝐸𝐼 =
1

2

∆EI(θ)

EI(θ)
≈

1

2
∆ln EI(θ), where: EI(θ) = VP

aVS
bρc       4-6 

This equation is used in the creation of elastic impedance logs, 

It assumes that: 

1. The Dix equation is valid for the data.

2. The amplitudes approximately vary with sin2q.

These assumptions mean that we assume a layered geometry (i.e. stacked stratigraphy) for 

transversely isotropic rock (i.e. the rock does not change its properties horizontally over 

the scales we use), with the offset much smaller than the depth of the reflectors (usually 

the case). 

3. It is assumed that the pre-stack amplitudes have been correctly balanced during

processing. It is noticed that elastic impedance amplitudes do decrease with increasing 

angle. 

It is observed that far offset data has lower frequencies due to attenuation and NMO 

stretch. Elastic inversion may identify residual NMO errors so they can be corrected 

before performing more inversions or gradient analysis. 

Four elastic impedance (EI) logs had been generated (near, mid, far and ultra-far) to x-

plot those logs versus porosity in order to monitor the lithology and fluids behaviour 

within different non-normal incidence data with a function of both acoustic impedance 

and offset reflectivity.  
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The generation of different elastic impedance logs for three wells (WD-1, WD-2, and 

WD-9) has been carried out using 0o for near angle, 15o for mid angle, 30o for far angle 

and 45o for ultra-far angle. The cross plot of the different elastic impedance logs versus 

the porosity coloured with the water saturation is shown in Figures (4.64 & 4.65), in 

which, the near angle (0o) x-plot, the difference in elastic impedance from shale to 

hydrocarbon bearing sand is very minor (both ranges from 4000-5000 ft/sec*gm/cc). In 

the mid angle (15o) x-plot, the range of elastic impedance becomes higher compared with 

the near angle (11000-14000 ft/sec*gm/cc); however, the same negligible difference 

between the shale and the hydrocarbon bearing sand still exists, Figure (4.64) 

Figure 4.64 cross plots of Elastic impedance logs (near and mid angles) versus porosity 
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 In the far angle (30o) x-plot, the values of the elastic impedance become in the range of 

(1000-2000 ft/sec*gm/cc). In the ultra-far (45o) x-plot, there is a drop in the values of the 

elastic impedance (250-400 ft/sec*gm/cc(. so, we can notice the significant drop of elastic 

impedance values from the mid to ultra-far angles, and this could be revealed to the gas 

effect in the reservoir. The porosity range is nearly constant for all angles, and this is clear 

in all x-plots in Figures (4.64 and 4.65). 

Figure (4.65) shows a significant drop of both the far and ultra-far elastic impedance 

from shale to hydrocarbon bearing sand. Using EI (far and ultra-far) can discriminate 

between sand and shale and also between the water bearing sand and the gas sand. 

Therefore, those angles are proposed as the best data to delineate the hydrocarbon bearing 

Figure 4.65 cross plots of Elastic impedance logs (far and ultra-far angles) versus porosity 
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sands. In Figure (4.65), we can notice this sharp discrimination in the ultra-far angle cross 

plot.   

 Petrophysics & Rock Physics for WKH Field 

The petrophysical evaluation of the WKH Field was conducted using the recorded e-logs 

(Gamma ray, resistivity, density, neutron, PE curve, sonic, FMI, CMR and MDT 

interpretation) to evaluate the Late Miocene (Abu Madi) reservoir.  

All the above-mentioned logs were used to define the lithology, porosity, permeability 

and hydrocarbon saturation. Additionally, this analysis is integrated with the core data to 

get a more precise petrophysical interpretation.   

A qualitative petrophysical interpretation was carried out, where the clay volume has 

been identified utilising gamma ray, neutron and density logs. The effective porosity was 

calculated utilizing weighted average neutron-density with clay correction. Finally, the 

Indonesian equation has derived the water saturation with connate water resistivity 

estimated from apparent connate water (Rwa).  

The gas water contact was defined from log analysis and confirmed by both MDT 

interpretation and visual MDT sampling of each fluid. This sort of data integration serves 

the comprehensive evaluation and better understanding of Abu Madi reservoir properties, 

which is the main gas producer for WKH field. 

Reservoir evaluation is strongly influenced by several parameters; these are the 

lithological identification, formation temperature, reservoir water resistivity, saturation 

exponent, cementation factor that also involves in water saturation calculations. 

Lithology identification is one of the key factors for reservoir evaluation; its identification 

needs full integrity with all the available logs. The importance of lithological 

identification came from the water saturation method selection, which depends on 

reservoir facies (clean or dirty). On the other hand, the lithology affected choosing the 

parameters for porosity calculation (i.e. sandy or limy matrix) and for permeability cut-

off.  

The reservoir temperature is an important factor in estimating fluid saturation more 

precisely, where all resistivity data are temperature dependent. There are two sources for 

reservoir temperature calculations; the first is derived from temperature gradient using 

bottom hole temperature after correcting it (using the surface temperature and maximum 
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recorded temperature and time since circulation charts) . The second source is the 

memory gauge readings through the production test. The comparison between both gives 

a little difference reflecting the accuracy of the calculated data. The temperature for the 

Abu Madi reservoir in WKH field ranges from 215 to 235 F deg. 

Shale Volume (Vsh) Calculation 

The same exercise that was done in WD field was repeated in WKH field, and the same 

conclusion was reached. Figure (4.66) 

To some extent, all tool measurements used in this example to calculate the VSH, 

Volume of Shale including the GR, Resistivity and Neutron-Density tools, show fair 

agreements in the calculated VSH output. There are no fluid contacts observed in this 

Figure 4.66 Shale volume calculations for WKH-2 
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well. However, and for consistency purposes, the VSH from the GR tool measurement is 

used as the primary output for consequent steps for the porosity and water saturation 

calculation in the Petrophysical model. 

Water Saturation 

Log data had been conventionally calculated as a percentage of water in the available 

pore space of a volume of rock. This percentage of water expressed as Water saturation 

(Sw) is considered one of the most important cut-off parameters in reservoir evaluations 

since it is the percentage of the pore volume of the reservoir rock that is filled with water 

(1- hydrocarbon saturation). Determination of water saturation depends on the lithological 

characters, where for “clean” formation with homogeneous intergranular porosity, the 

water saturation was computed using the Archie equation. 

Otherwise, in the Shaly formation, such as the current case, the Indonesia equation must 

be applied, because WKH reservoir is sandstone intercalated with siltstone beds, 

especially towards the top. 

The importance of reservoir water resistivity (Rw) came from the fact that it is required to 

calculate saturation (water and/or hydrocarbon) from resistivity logs. There are several 

sources for formation water resistivity information; these include chemical analysis, the 

spontaneous potential (SP) curve, Rw calculation in a water bearing interval, various 

resistivity-porosity computations (cross plots) and finally, from MDT analysis results. 

MDT water samples were collected in WKH-2, and its salinity is 81,716.25 mg/l ; this 

high salinity is reflected the presence of impurities (mud filtrate where the potassium 

reached 452,124 mg/l and PH was 8.61). For this reason, the MDT samples analysis was 

ignored. 

The Picket plot method was done on WKH-2 well within the clean sand water-bearing 

interval,  Rw=0.16 ohm.m, the cementation factor (m) =1.91 and the saturation exponent 

(n) =2. (Figure 4.67) 
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m = 1.91 

n = 2 

a = 2 

Three parameters are input data for water saturation calculation derived from the 

conventional core study; these are”m” cementation factor, “n” saturation exponent and 

“a” Archie constant. Theoretically, they had a default value of 2, 2 & 1, respectively. 

Through the IP software, these parameters are determined as m=1.91, n=2 and a=1. From 

the special core analysis of WKH -2 cored well, these values are m=1.87, n=1.88 and 

a=1. Figure (4.67) shows the relationship between the porosity and the formation 

resistivity factor at the overburden pressure, and "m" is nearly 1.87.  

The lithology of WKH reservoir consists mainly of clastic sediments (sandstone, siltstone 

and shale). According to the type of lithology and its percentage in a single interval, we 

can divide the reservoir into several units (Sandstone, Siltstone & Mudstone). The 

petrophysical evaluations (i.e. computations of reservoir zones and pay zones) can be 

done easily by choosing the proper cut-off. 

Effective Porosity 

∅ =
∅new−Vcl×NeuCl+NeuMatrix+Exfact+NeuSal

Sxo+(1−Sxo)×NeuHyHI
 from neutron log 4-7 

Vcl = Wet clay volume

Figure 4.67 Picket plot for water saturation calculation of WKH-2 
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NeuCl = Neutron wet clay volume 

NeuMatrix = Neutron matrix correction 

Exfact = Neutron excavation factor 

NeuSal = Neutron formation salinity corerction 

Sxo = Flushed zone water saturation 

NeuHyHI = Neutron hydrocarbon apparent hydrogen index 

NeuHyHI = 9 × ρhden ×
(4−2.5×ρhden)

(16−2.5×ρhden)
    4-8 

∅ =
ρma−ρb−Vcl×(ρma−ρcl)

ρma−ρfl×Sxo−ρHyAP×(1−Sxo)
 from Density log     4-9 

ρma = Matrix density, can be a curve, parameter or calculated 

 from the mineral volume (multi − mineral deposits) 

ρb = Input bulk density log 

ρcl = Wet clay density 

ρfl = Filterate density  

ρHyAp = Apparent hydrocarbon density 

Vcl = Wet clay volume 

Sxo = Flushed zone water saturation 

ρHYAP = 2 × ρhden ×
(10−2.5×ρhden)

(16−2.5×ρhden)
4-10 

It is worth stressing again that the qualitative interpretation of the electric logs is 

commonly used to assess the reservoir properties, including porosity, permeability, and 

initial water saturation. These outputs are calibrated with the core data that cannot be 

measured directly from logging tools. Both the interpreted logs of WKH-2 and the main 

logs are displayed in Figure (4.68)  
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The integration between log and core data is very useful to quantify the uncertainty of 

reservoir parameters, which strongly impacts the economic evaluation and the associated 

risk mitigation. The core analysis provides information about porosity, permeability, 

water saturation, grain size and mineralogical composition; all of this information led to 

matching or integrity with these data derived from the log analysis.  

Figure 4.68 Raw and interpreted logs for WKH-2 
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Core-log matching is not an easy task because it involves the compression of 

measurements obtained at different condition. Where the hole condition and vertical 

resolution of electric logs tools had a strong impact on the evaluation. Moreover, factors 

such as the type of sampling affected on cores, the laboratory conditions under which the 

core measurements are carried out, the volume of investigation and the precision of each 

measurement may affect the precision of each measurement and may affect the 

compression of wire line log interpretations. 

The petrophysical analysis for WKH field is summarized in Table (4.2). 

Well Name W. KH-1 W. KH-2 W. KH-3 W. KH-4 W. KH-6 W. KH-6ST 
W. 

KH-5 

Top Pay Zone 
-9891 

ft. 
-9888 ft. -9922 ft. -9927 ft. -9975 ft. -9946.5 ft. 

-9938 

ft. 

G. Pay Thick. 120' 133.5' 94' 98' 34' 67.5' 73' 

N. Pay Thick. 94' 109' 58' 83' 15' 49' 47' 

N/G % 78 82 62 85    44 73 64 

Avg. Por. % 24 27 26 26 20 26 22 

Avg. Sw. % 34 38 37 37 42 36 46 

Table 4-2 Petrophysical analysis for WKH field 

One of the most important applications from the petrophysical evaluations is establishing 

of the hydrocarbon water contact, which is useful for detecting the fluid type and its 

properties by sampling and analysing it.  

The original Gas Water Contact in WKH Field was detected from WKH-2 petrophysical 

analysis @ 10,021.5 ft. ss., confirmed from MDT interpretations at the same depth.  

On the other hand, it had been noticed that average initial reservoir pressure of WKH-1 & 

2 wells was 4695 psi,  
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ROCK PHYSICS MODEL for WKH FIELD 

Same exactly as what has been mentioned in WD, which is before applying the different 

pre-stack inversion techniques, a rock physics model for WKH field was built up to help 

in better understanding the key factors that affect the seismic amplitude. 

Cross-plots, which are very beneficial in the area of study, effectively discriminate 

between shale, wet sand and hydrocarbon bearing sand at the reservoir level. WKH-1, 

WKH-2 and WKH-3 wells were selected for the rock physics analysis for they have good 

coverage of the gas/water bearing Messinian sand and shale. 

The plotted interval is above the reservoir with 200ft to the TD of the three wells. 

The used logs in the rock physics model of WKH field are detailed as follows: 

1- Effective porosity logs from petrophysical interpretation shown previously. 

2- P-impedance logs (product of density and primary velocity logs) 

3- Shear impedance logs (product of density and shear velocity logs) 

4- Vp/Vs logs (ratio of primary velocity versus shear velocity) 

5- Water saturation logs from petrophysical interpretation shown previously. 

6- V-clay logs from petrophysical interpretation shown previously. 

The x-plot of  the effective porosity versus p-impedance indicates that the porosity range 

of the Messinian sands in WKH field ranges between 15 and 33%, and the p-impedance 

values range from 9000 to 27000 ft/sec*g/cc. The shale p-impedances range from 9000 to 

27000 ft/sec*g/cc, and the porosity ranges from 0 to 13%. From the previous, and by 

colouring the x-plot by v-clay log, we can realize the easily discrimination between sand 

and shale using the effective porosity and p-impedance logs. The v-clay values range 

from 0 to 1, the minimum values are represented by bright colours, and the higher values 

are represented by dark colours. As shown in Figure (4.69). 
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By changing the coloured log in Figure (4.69) to be water saturation log in Figure (4.70), 

in which the water saturation log ranges from 0 to 1, the minimum values are represented 

by blue and green colours, and the higher values are represented by red colours. We can 

see the excellent differentiation between the Messinian gas bearing sand (red clusters in 

the lower medium part from the x-plot) and the Messinian wet sand (green and blue 

colours) certainly. The water saturation values in the gas bearing sand (10%) are higher 

than in the wet sand. 

Figure (4.71) shows the x-plot between the p-impedance logs (x-axis) versus the shear 

impedance logs (y-axis) for WKH-field and the x-plot coloured by v-clay log, obviously, 

and according to the colours of the v-clay log, the red clusters represent the Messinian 

sand in WKH field, which is characterised by a higher shear impedance (11500-16500 

ft/sec*g/cc)  than the shale (7000-16500) and more narrow range for P-impedance 

(19500-28000 ft/sec*g/cc). 

Figure 4.69 Effective porosity versus P-impedance logs, Coloured by V-clay log 
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The same x-plot was coloured by the water saturation log in Figure (4.72), the 

discrimination between the Messinian gas bearing sand and the wet sand is clear, such 

that the gas sand has a  higher shear impedance than both the wet sand and the shale, for, 

the p-impedance, the gas sand has lower values than the wet sand. 

Figure 4.70 Effective porosity versus P-impedance logs, Coloured by water saturation log 

Figure 4.71 P-impedance versus shear impedance logs, Coloured by V-clay log 
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The x-plot of p-impedance versus Vp/Vs, as we have seen earlier in WD field, is a very 

powerful tool for both lithology and fluid discrimination.  

In Figure (4.73), the p-impedance was plotted on the x-axis, Vp/Vs plotted on the y-axis, 

and the x-plot was coloured by v-clay log. We can observe the red clusters representing 

the Messinian sand of WKH field with a very low Vp/vs compared to the surrounding 

Figure 4.72 P-impedance versus shear impedance logs, coloured by water saturation log 

Figure 4.73 P-impedance versus Vp/Vs logs, coloured by V-clay log 
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shale. In Figure (4.74), which is the same x-plot but coloured by water saturation log, we 

can notice the very low Vp/vs values in the gas bearing sand and that the water bearing 

sand has values intermediate between the gas bearing sand and the shale. 

Summary 

The seismic acquisition and processing design were done to help in better understanding 

the geology of the area, delineation of prospects targeting different stratigraphic levels 

and applying advanced geophysical techniques that help inaccurate risk assessment and 

volumetric calculations. For example, maximum the depth of the target (10000ft) is the 

main trigger for defining the offset of the seismic survey (4800m); this offset was selected 

to ensure good seismic coverage for Qawasim targets and whatever above. 

The source of energy was selected as dynamite which convenient for the agricultural 

terrain in the area of study. 

The gathers conditioning section is one of the important and crucial work in this thesis, by 

which, the developed conditioning workflow aids in increasing the reliability of the ultra-

far data (45 degrees), which led consequently to involve about two third of the pre-stack 

seismic data in all later studies instead of just using half of the pre-stack seismic data in 

the past. Furthermore, this developed workflow improved significantly the signal to noise 

Figure 4.74 P-impedance versus Vp/Vs logs, coloured by water saturation log 
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ratio over the whole data set and flattened the gathers at the reservoir level while 

preserving the amplitude and keeping all the stratigraphic and structural features. 

It is highly recommended in such areas with lots of surface obstacles and needs to study 

the pre-stack seismic data to apply this developed conditioning workflow to achieve good 

drilling results and reach the goals and objectives of such studies. 

It is concluded from the rock physics model of both WD field and WKH fields that, there 

is a clear and excellent lithology discrimination between sand and shale, and on the other 

hand, the fluid discrimination between hydrocarbon bearing sand and wet sand. Although 

the two fields have different reservoir properties related to the different depositional 

environments (WD is Tortonian deltaic sands and WKH is Messinain fluvial marine 

channels), we can find the same responses from the different x-plots that may have 

different values, but both have the same trend. 

Now, we can expect from seismic inversion to get the same sort of discrimination and 

validate the conclusions that we have got from building up the rock physics model for the 

two fields. In addition, we will see in the next chapter the results of the inversion and its 

relation with the rock physics models. 

 

Below are some highlights for findings from the rock physics model of WD and WKH 

fields: 

• Building up rock physics models in both WD and WKH fields can play an important 

role in linking the elastic properties to the reservoir properties and applying the results 

in the unexplored areas within the area of study, which helps in di-risking the delineated 

prospects.  

• The RHOB vs. DTCO cross-plot is also an important lithology indicator. The presence 

of gas and shale leads to an increase in sonic slowness. This causes the data points to be 

plotted away from the lithology line towards the high DTCO. 

• Using both x-plots of P-impedance and S-impedance with the porosity can help in 

lithology and fluid discrimination, in which the porosity of WD and WKH fields ranges 

from 20 to 30%, also, colouring the x-plots by water saturation indicates that the water 

saturation in the main reservoir of the two fields is about 10%. 

• The cross-plot of the acoustic impedance versus shear impedance measured from log 

data at the reservoir level shows the clear discrimination between sand and shale in 

which the shear impedance of the sand is higher than that of the shale. 
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• P-impedance of the hydrocarbon bearing sands is slightly less than that of the shale, 

while there is a significant P-impedance difference between the hydrocarbon and water 

bearing sands. On the other hand, there is a considerable difference in the S-impedance 

of the sand and shale. Hydrocarbon sand and water sand have close S-impedances.  

• Wet sand is characterised by high impedance, and the Vp/Vs ratio is higher than gas 

sand and, at the same time, lower than shale. The shale is characterised by high Vp/Vs 

and low impedance. 

• In the area of study, the cross plots of P-impedance versus shear impedance, as well as 

the P-impedance versus Vp/Vs, are a very good tool for both lithology and fluid 

discrimination, and it is highly recommended to use both cross plots prior for any 

inversion process to see the possibility of such discrimination using the e-logs.  

• Using EI (35) can discriminate the water bearing sand, shale and the water bearing sand 

, and gas sand. Therefore, this angle is proposed as the best data to separate the 

hydrocarbon bearing sands only.   

• The EI confirms that the ultra-far angle stacks response is good and reliable and can be 

used in fluid delineation. 
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Chapter-5 

 

 

Seismic Interpretation 
 

 

  Seismic Interpretation 

 

The seismic interpretation chapter includes conventional seismic interpretation, AVO 

analysis, seismic inversion and prediction of reservoir properties. Most of the work done 

before in the area of study focuses on the AVO analysis and post-stack seismic inversion 

or lately the pre-stack simultaneous inversion for full stack data set. The developed 

technique here in this thesis in the seismic inversion is to use the four data sets (near, mid, 

far and ultra-far) as an input for the four pre-stack simultaneous inversion processes, each 

data set was inverted with its own extracted wavelet, and this was done for both WD and 

WKH fields. This developed workflow helps in better imaging for the reservoir level, 

better geometry definition for the reservoir, better identification for the sand distribution 

and, accurate results for the reservoir properties prediction.  

In the AVO analysis, the monitoring of the AVO response was extended to include the 

developed ultra-far data (45 degrees), which gives an excellent fluid indication in both 

fields.  

The seismic interpretation process for both WD and WKH fields started with a seismic 

well tie process. Figure (5.1) shows the general workflow for synthetic seismogram 

generation (R. Simm, 2003). 

The seismic well tie process is crucial before any seismic interpretation to ensure the right 

linkage between the different seismic reflections and the geological boundaries. 

Additionally, the wavelet used in the synthetic generation is important in any inversion 

technique, the usage of this wavelet in the seismic well tie process in case of good and 

accepted correlation was achieved, and this will increase both the confidence and 

reliability for the used wavelet to be incorporated into any seismic inversion technique. 

Understanding the phase and polarity is one of the advantages of the well to seismic tie 



 

218 
 

Figure 5.1 General workflow for synthetic seismogram generation, R. Simm, 2003) 

process that aids in understanding the amplitude response of the seismic data and 

consequently the AVO terms for a certain reservoir. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The developed process of well to seismic tie in the area of study is illustrated in Figure 

(5.2) and summarized as follows:  

1. Edit and calibrate the sonic and density logs.  

2. Calculate the acoustic impedance logs by multiplying density and sonic logs. 

3. Choose and construct the appropriate reflection series (usually primaries only), 

4. Estimate the wavelet and analyze it using the amplitude and frequency spectrum.  

5. Construct the synthetic seismogram by convolving the generated reflectivity series 

with the estimated wavelet 

6. Perform the match with the seismic line passing through the well. 

Finally, to pick seismic or invert seismic for rock features, the seismic data must be 

calibrated to the geology encountered in a well. This calibration activity (often referred to 

"making a well tie") involves the comparison of a synthetic (or modeled) seismic trace 

with the real seismic. The general workflow that was done by R. Simm (2003) is similar 
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Figure 5.2 How to make synthetic seismogram 

to the developed one in this thesis except for the wavelet extraction, and this will be 

explained in detail later in this chapter. 

 

 

 

 Methodology 

 

Generally, the seismic data used in the all-coming geophysical techniques is the different 

partial stack seismic cubes, which is the main output from the gathers conditioning 

workflow shown in chapter-4.  

Figures (5.3 and 5.4) show the seismic lines from the Ultra-far cube passing through 

WKH-2 and WD-1, respectively. 

In Figure (5.3), the seismic line passing through WKH-2 shows the main WKH sand 

reservoir in late Messinian formation at time 2.68sec. Furthermore, the line shows a clear 

gas water contact at time 2.71sec. We can notice the high seismic resolution (high signal 

to noise ratio) as a by-product of the gathers conditioning process. 
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Figure 5.3 Seismic line from WKH ultra-far cube passing through WKH-2 

Figure 5.4 Seismic line from WD ultra-far cube passing through WD-1 

 

WD field is characterized by a combined stratigraphic and structure trap in which the 

amplitude is a key player in delineating the field (Figure 5.4).  The main reservoir is 

Qawasim Formation (Middle Miocene). The main producing sand reservoir is 

encountered at 2.25sec in WD-1. 
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Figure 5.5  Data used in synthetic seismogram generation for WKH-1 

In theory, the well tie process (following the concept of the convolutional model) is 

simple. Involving a time calibration of the sonic log to the check-shots leads to the 

generation of the acoustic impedance log, which is the product of the calibrated sonic log 

and the density log. Converting the acoustic impedance log into time reflectivity series 

results in a convolution of the time reflection series with a wavelet and compared to the 

seismic. Figure (5.5) shows the data used in the synthetic generation of WKH-1 

 

The wavelet extraction is critical in the well to seismic tie process. A zero-phase wavelet 

was extracted statistically from the seismic data by which the amplitude spectrum of the 

extracted wavelet is compatible with that of the seismic data. Figure (5.6) displays the 

used wavelet in the convolutional models for synthetic generation of WKH-1, 

Figure (5.7) shows the correlation between the synthetic traces of WKH-1 and the CDP 

gathers of the well. A remarkable match between the synthetic trace and the composite 

seismic trace (correlation coefficient is 70%) can be noticed.  Consequently, we can use 

the velocity of this well, which comes from the calibrated sonic curve in the AVO 

analysis and the simultaneous pre-stack inversion. The operation to create an offset 

dependent synthetic gathers Figure (5.8) utilising ray-tracing to calculate the incidence 

angles and the Zoeppritz equations to calculate the amplitude.  
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Figure 5.6  Wavelet used in synthetic seismogram generation for WKH-1 

Horizons can be picked on both the synthetic and real seismic data, where all the picks 

with their amplitude versus offset can be easily displayed. This can be considered a quick 

introductory look for the AVO response at a certain level. This quick horizon picking has 

shown in Figure (5.8) can help in validate the AVO response at a certain location, and 

hence, proceed with a comprehensive AVO analysis in the next stage; Figure (5.9) 

supports the same idea of an introduction to AVO. 

 

Figure 5.7  Correlation between the seismic data and the generated synthetic data 

 

The creation of synthetic gathers and consequently the horizon analysis in WKH field 

indicated a gradual increase with negative amplitude with offset, which refers to class III 

AVO. (Figure 5.9) 
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Class III AVO 
Increase of –ve amplitude with offset 

Figure 5.8 Generation of synthetic gathers technique and correlation with seismic data. 

Figure 5.9 Introductory AVO analysis for WKH field 

 

In WD field, after several trials and contrary to WKH field, it was found that Ricker 

wavelet with 20 Hz and 200m wavelength Figure (5.10) gives the highest match between 

the synthetic seismogram and the seismic passing through WD field. Figure (5.11) shows 

the correlation between the synthetic traces of WD-2 and the CDP gathers at the well 

location. A considerable match (80%) between the synthetic and the gathers at the well 

location could be noticed. The wavelet used in the convolutional model for WD is a 

theoretical Ricker wavelet with 20 Hz. It is clear that the extracted wavelets in both fields 

are different. This is due to the variation of the correlation coefficient in WD wells while 

using the statistical wavelet, which is the vice versa in WKH wells (all wells have mostly 

the same correlation coefficient while using the statistical wavelet). Therefore, it is highly 
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Figure 5.10 Ricker wavelet 20hz used in seismic to synthetic generation 

for WD field 

recommended in the area of study and also in any area to take a careful look for the 

correlation coefficient between the seismic data and the synthetic seismogram, stick to the 

wavelet that gives higher correlation, whether it is statistical or theoretical and ensure that 

this correlation is consistent among all wells in the field. In other words, try to use the 

wavelet (whatever its method of extraction) that gives high and consistent correlation 

among the wells of a certain field. 
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Figure 5.11 Synthetic seismogram for WD-2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

       Seismic Interpretation for WD Field 

 

WD field is structurally represented by a four-way dip closure associated with an amplitude 

anomaly near the top of Qawasim unconformity. WD trap is structure and stratigraphic type 

formed by a four way dip closure, bounded from the south by normal fault trending E – 

W and from the west by normal fault trending N – S. The closure of WD Field had a 

gentle dip towards the northeast and northwest directions, (Figure 5.12). 
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Figure 5.12 WD Structure map 

The main producing unit of WD field is the hydrocarbon occurrence within a 4-way dip 

faulted block mapped at the Miocene Qawasim Formation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 A special seismic interpretation was conducted to WD field. Its main objective is to map the 

strong seismic amplitude anomaly within Qawasim. The seismic line from the ultra-far 

volume passing through WD field shows the strong negative amplitude anomaly at the 

reservoir level Figure (5.13). The structure map represents the main producing sand caped 

(mapped as a seismic trough) by shale section (mapped as upper seismic peak). Additionally, 

the main reservoir is bottomed by a shale layer (mapped as lower seismic peak) and overlaid 



 

227 
 

Figure 5.13 Arbitrary line passing through WD field shows the amplitude anomaly 

by a four-way dip structural closure for WD field. This  gives the impression of having a gas 

cap at the shallow level and oil below the gas cap at the deeper level. 
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Figure 5.14 three-time maps for the three horizons used in the inversion 
The three seismic horizons were used in the inversion process a strong peak representing 

the shale above the reservoir, a strong trough representing the main reservoir and a strong 

peak representing the shale below the reservoir. Figure (5.14) 

The time structure maps indicate that WD field is a four-way dip closure well emphasized 

in the time domain, especially at the main reservoir and consequently the bottom shale, 

while the upper shale extends to the north.  

The amplitude extraction from the innovated ultra-far seismic cube was carried out at the 

main reservoir level. Strong negative amplitude is shown in Figure (5.15), in which the 

strong negative amplitude anomaly is very clear among WD field. 
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Figure 5.15 Amplitude map from the ultra-far cube at WD field main reservoir 
  

 Seismic Interpretation for WKH Field 

 

The main objective of the seismic interpretation for WKH field is to interpret the 

appropriate seismic event equivalent to the reservoir level encountered in the Late 

Messinian (Abu Madi II Formation). Employing a horizon-slicing tool enabled the 

identification of the geometry of the good reservoir using different seismic attributes, 

shown by the amplitude map derived from the ultra-far seismic volume overlaid by 

structure depth contours (Figure 5.16). This map shows a body of high negative 

amplitude representing the main producing sand in WKH field. The overlaid structural 

contours indicate that WKH field is located in a high structural position. (Up thrown side 
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Figure 5.16  Amplitude map for main reservoir of WKH field overlaid by structure contours. 

from a major fault trending NW-SE) compared with the eastern part, which represents the 

down thrown side of this fault. It can be said that structurally, the field is formed by a 

NW-SE trending fault, down throwing to the east, creating an elongated three-way dip 

closure along with the same trend of the bounding fault. In WKH field, the different 

amplitude maps can provide perfect indicators of gas existence, sand thickness and facies 

changes. 

Integrating well data analysis and the interpreted ultra-far seismic data allowed us to 

improve our understanding of WKH field. Therefore, it may considered that the ultra-far 

seismic data in the zone of interest is ideal for appropriate amplitude recovery. Figure 

(5.17) shows an arbitrary line from the ultra-far seismic cube passing through WKH wells 

showing the strong negative amplitude response at the reservoir level (Abu Madi Sands). 
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Figure 5.17 Arbitrary line passing through WKH wells 

The seismic interpretation of the top reservoir level represents Abu Madi sand and it is 

considered the main output horizon for the AVO and the simultaneous seismic inversion. 

 

  AVO Analysis for WD & WKH Fields 

 

As previously illustrated in the introductory chapters, AVO stands for Amplitude Versus 

Offset; change in amplitude versus angle of the incidence of the seismic wave 

encountering the geological boundary across which the rock properties change. The 

principal component of the seismic waves are P (compressional) and S (shear); the 

motion of the P wave is parallel to the direction of wave propagation, while the S wave is 

perpendicular. As the angle of incidence increases, the S wave begins to contribute, via 

mode conversion, to the P wave energy returning back to the surface. P wave and Shear 

wave velocities are determined by the rock compressibility and rigidity. The component 

of the rock, minerals, fluids, and the framework contribute to the overall compressibility 

and rigidity of the rock and directly influence P and S wave (Batzle M L et al., 1993). 
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Figure 5.18 A Diagram shows the AVO definition 

We could utilize AVO results to derive elastic rock characteristics that, in turn, can help 

in quick determination of reservoir lithology and fluid content (Castagna J., 1997). 

Fundamentally, the main control for this technique includes two input data streams: Pre-

stack seismic data and rock parameter measurements.  

The input of rock parameter measurements into AVO is conducted by reading well log 

data. A common method is to plot the amplitude of the signal for a reflector (i.e., horizon) 

against the offset of the trace (or the calculated angle that the corresponding sound wave 

would make when it met the reflector). This plot yields the "Intercept", where the trend of 

the amplitude measurements meets the zero-offset line (so it would be equivalent to a 

geophone directly next to the source). It also yields the "Gradient", which is the slope of 

the curve made by the plot points (Castagna J. and Backus, 1993). Figure (5.18) 

AVO effects associated with gas sands are normally found in the exploration; this effect 

has been classified into different classes based on gas-sand reservoir versus AVO 

characterisations; (Steven Rutherford and Williams, 2000). Figure (5.19) 

Class I: High impedance contrast sands 

Class II: Near-zero impedance contrast sands 
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Figure 5.19 Intercept gradient cross plot define the different AVO classes. Steven Rutherford and 

Williams, 2000 

Class IIp: Same as 2, with polarity change 

Class III: Low impedance sands with positive AVO 

Class IV: Low impedance sands with negative AVO 

 

 AVO Analysis for WD Field 

 

The methodology followed to optimize the velocity required for the AVO analysis, 

analyse and resolve the differences in times from the sonic and the check shots. The 

differences between log time and seismic time are then plotted, and some form of 

minimized fit was made to the data. This fit is called a drift curve and is used as a 

correction factor to the sonic log or as to create a detailed time-depth curve. If the 

corrections are applied to the sonic log, then the log velocities are changed. Figure (5.20) 
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Figure 5.20 Velocity data for WD-1. 

 

 

 

 

 

 

 

 

 

 

   

 

 

Figure (5.21) shows the CDP gathers of WD field results from the conditioning workflow 

that was demonstrated in chapter-4, in which we can see the high signal to noise ratio in 

the entire data, especially at the middle Miocene, Qawasim Formation (2.25 sec), which 

is the main reservoir in WD field. The CDP gathers for WD field is the main seismic 

input used for AVO analysis. 

Partial stack was done using the final super gather resulted from the data conditioning 

process by averaging over specified angle ranges. The angle ranges had been selected to 

represent the near (0-15deg), mid (10-25deg), far (20-35deg) and ultra-far angle (30-

45deg) stacks, Figure (5.22). The advantage of performing this partial stack is to monitor 

the amplitude response in the different angle stacks, in other words, detecting the AVO 

response at the target level, which allows selecting the angle stack that gives the best 

reservoir definition to use in the AVO analysis, seismic inversion and reservoir properties 

prediction.  
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Figure 5.21 The conditioned CDP gathers of WD field 

  

In the case of WD field, it is clear from Figure (5.22) that the ultra-far stack (30-45deg) is 

the best stack that defines the reservoir in terms of continuity, amplitude response and 

clear reflector for seismic interpretation. Furthermore, if we monitor the change in 

amplitude among the four angle stacks, we will find the gradual increase of negative 

amplitude with angles which is class III AVO. Prior to going to the AVO attributes in 

WD field, another exercise was done to confirm the AVO response quantitatively at the 

reservoir level in WD field. The amplitude at each stack was picked manually two times, 

one at the reservoir level at WD-1 location and the other at the same level but away from 

any drilled wells. Figure (5.23) shows the AVO plot for the picked amplitudes, in which 

the angle stack is plotted on the x-axis and the corresponding amplitude value is plotted 

on the y-axis, readings from the plot to the right hand. This indicates that at WD-1 

location, we can find the amplitude at the near stack (-2), at mid stack (-2.2), at the far 

stack (-2.8) and at the ultra-far stack (-3.7). The interpretation of those values indicates 

that the negative amplitude increases gradually while moving from the near stack to ultra-

far stack, confirming that WD-1 is a class III AVO. The plot to the left hand in Figure 

(5.23) indicates the following amplitude readings; -2 for near stack,  -2.07 for mid stack, -

2.05 for far stack and -1.8 for the ultra-far stack. 
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Figure 5.22 WD field partial stacks from the conditioned gathers  

Figure 5.23 Manual picking for the amplitude at the reservoir level at both WD-1 location and in 

another area inside WD field but without pay 

 The interpretation of this data does not indicate any AVO anomaly, and the AVO curve 

shows no AVO response in such area within WD field but without hydrocarbon 

occurrences.   

 

 

 

 

5.2.1.1. AVO Attributes for WD FIELD 

 

It could be stated that the AVO attributes are the output that we can get from the AVO 

analysis. AVO attributes had been extracted from the angle gathers using WD-1 velocity.  
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Figure 5.24 Seismic line passing through WD-1 from the product of intercept and gradient cube 

shows the AVO anomaly 

5.2.1.1.1 Intercept and Gradient 

 

The process of calculating intercept and gradient volumes using input prestack seismic 

data is simple; this only requires the velocity data. The product of intercept and gradient  

 

for WD field directly reflects the fluid accumulations within the Qawasim reservoir and 

proof the AVO response (probably class III) within the field. (Figure. 5.24)  

Figure (5.24) reveals the AVO anomaly noticed in the intercept and gradient volumes. 

The  trace data in this display shows the intercept, while the colour display represents the 

outcome of multiplying both the intercept and gradient, indicating the AVO anomaly at 

time (2.25sec). Calibrating this AVO anomaly using the gamma ray log and top pay of 

WD-1 well, an excellent match was observed amongst the AVO anomaly, the sand 

reservoir, and the top pay of the well. Furthermore, the outcome map that covers WD 

field generated from the multiplication of the intercept by gradient shows a very sharp 

delineation for the geometry of WD field as well as a better definition for the sand 
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Figure 5.25 Product of Intercept and gradient map for WD field 

distribution within the field, Figure (5.25). This map was used in to confirm volumetric 

calculations for WD field. 
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Figure 5.26 Intercept and gradient cross plot for WD field 

5.2.1.1.2 Cross Plot 

 

A good applicable approach to be used is to cross plot the intercept and gradient for all 

time samples at all trace locations in an aerial window (x-line from 2255 to 2480 and in-

line from 1840 to 1975 sampling one by one for both) and time gate (1500-2500 ms). 

This is of important advantage, namely, availing the capability of studying further 

samples other than those of the seismic event selected and interpreted (information about 

an interface is included in the whole wavelet, not just the peak or trough). The key feature 

of the AVO cross plot is reflected via the diversity of reasonable petrophysical 

hypotheses, reflections from brine saturated sandstones and shale from an explicit 

background trend. Deviation from this could act as a hydrocarbon delineation tool. 

Intercept and gradient pairs move more away from the background trend with decreasing 

fluid density so gas sands will be better separated. As shown in Figure (5.26), the degree 

of shift is impacted by the stiffness of the rock.  

AVO interpretation employing this technique was: 

 1- Background trend around the origin was defined (yellow colour). 
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Figure 5.27 cross section passing by WD-1 shows the interpreted zones from the intercept and 

gradient cross plot 

 2- Points outside this trend were highlighted (blue indicates top gas zone and gre 

indicates base gas zone. 

 3- These anomalies dropped to the seismic and calibrated with the well result 

Additionally, the advantage of this method is that it can be used to display these selected 

zones throughout the entire data volume, and we can notice any anomaly, so we locate it 

and go to the conventional seismic and see how it may work. Figure (5.27) shows an 

example of the seismic line passing through WD-1 and indicates the gas zone and the wet 

background trend that was initially interpreted from the intercept and gradient cross plot 

Figure (5.26) at the reservoir level at time (2.25sec). 

 AVO for WKH FIELD  

 

The methodology followed to optimize the velocity required for the AVO analysis is to 

analyse and resolve the differences in times from the sonic and the check shots. The 

differences between log time and seismic time are then plotted, and some form of 

minimized fit made to the data. This fit is called a drift curve and is used as a correction 
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Figure 5.28  Velocity data for WKH-2. 

factor to the sonic log or to create a detailed time-depth curve. If the corrections are 

applied to the sonic log, then the log velocities are changed. (Figure 5.28) 
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Figure 5.29 The conditioned CDP gathers of WKH field 

Figure (5.29) shows the CDP gathers of WD field results from the conditioning workflow 

that was demonstrated in chapter-4 in which we can see the high signal to noise ratio in 

the entire data especially at Messinian, Abu Madi Formation (2.68 sec), which is the 

main reservoir in WKH field. Therefore, the CDP gathers for WKH field represent the 

main seismic input used for AVO analysis. 

A Partial stack was conducted for gathers belong to WKH field using the final super 

gather resulting from the data conditioning process by averaging over specified angle 

ranges. The angle ranges had been selected to represent the near (0-15deg), mid (10-

25deg), far (20-35deg) and ultra-far angle (30-45deg) stacks (Figure 5.30). As mentioned 

in WD field, the advantage of performing this partial stack is to monitor the amplitude 

response in the different angle stacks, in other words, detecting the AVO response at the 

target level, which allows selecting the angle stack that gives the best reservoir definition 

to use it in the AVO analysis, seismic inversion and reservoir properties prediction. In the 

case of WKH field, it is clear from Figure (5.30) that the ultra-far stack (30-45 deg) is the 

best stack that defines the reservoir in terms of continuity, amplitude response and clear 

reflector for seismic interpretation. Furthermore, if we monitor the change in amplitude 

among the four angle stacks, we will find a gradual increase of negative amplitude with 

angles, which is class III AVO. Before going to the AVO attributes in WKH field, 

another exercise was done to quantitatively confirm the AVO response at the reservoir 

level in WKH field.  The amplitude at each stack was picked manually two times, one at 

the reservoir level at WKH-2 location and the other at the same level but away from any 

drilled wells. Figure (5.31) shows the AVO plot for the picked amplitudes, in which the 
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Figure 5.30 WKH field partial stacks from the conditioned gathers  

angle stack is plotted on the x-axis and the corresponding amplitude value is plotted on 

the y-axis. Readings from the plot to the right hand indicate that at WKH-2 location, we 

can find the amplitude at the near stack ( -2.5), at mid stack ( -3.8), at the far stack ( -5.8) 

and at the ultra-far stack (-6.2). The interpretation of those values indicates that the 

negative amplitude increases gradually while moving from the near stack to ultra-far 

stack, confirming that WKH-2 is a class III AVO. The plot to the left hand in Figure 

(5.31) displays the following amplitude readings; -1.42 for near stack, -0.3 for mid stack, 

-0.8 for far stack and -1.85 for the ultra-far stack. The interpretation of this data does not 

indicate any AVO anomaly and the AVO curve shows no AVO response in such area 

within WKH field but without hydrocarbon occurrences.  This confirmed the AVO 

response in the hydrocarbon occurrences and confirmed the benefits of AVO in testing 

prospects before drilling for risk mitigation and economics analysis as well. 
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Figure 5.31 Manual picking for the amplitude at the reservoir level at both WKH-2 location and in 

another area inside WKH field but without pay 

 

5.2.2.1  AVO Attributes 

 

The AVO attributes represent the output that we can get from the AVO analysis. 

 

5.2.2.1.1 Intercept and Gradient 

 

Calculating intercept and gradient volumes using input prestack seismic data is simple; 

this only requires the velocity data, the velocity data of WKH-2 well as our velocity 

control. 

Figure (5.32) shows  the AVO response generated from the intercept and gradient 

volumes. In this Figure, the trace data shows the intercept, while the colour display 

represents the product of the intercept and gradient which indicates the AVO anomaly. By 

calibration of this AVO anomaly with both the gamma ray log and top pay of WKH-2 

well, it can be observed that the AVO response is compatible with the sand reservoir and 

the top pay of the well (Mohamed Hussein and Ahmed Abu.El-Ata, 2019) 

 

5.2.2.1.2 Cross Plot 

 

A good applicable approach is to cross plot the intercept and gradient for all time samples 

at all trace locations within an aerial window (x line from 3135 to 3435 and inline from 

560 to 739 by one for both of them) and time gate (1500-2500 ms). The key feature of the 

AVO cross plot is that under a variety of reasonable petrophysical assumptions, 
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Figure 5.32 Seismic line passing through WKH2 from the product of intercept and gradient cube 

shows the AVO anomaly 

reflections from brine saturated sandstones and shales from a well-defined background 

trend. 

Deviation from this is probably a hydrocarbon indicator. Intercept and gradient pairs 

located outside the background trend with decreasing fluid density so gas sands will be 

the most well separated, as shown in Figure (5.33). 

AVO interpretation employing this technique was carried out in this project by: (1) 

Background trend around the origin was defined (yellow colour). (2) Points which lie 

outside this trend were highlighted (blue indicates top gas zone, and grey indicates base 

gas zone. (3) These anomalies dropped to the seismic and calibrated with the well result 

Figure (5.34)   
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Figure 5.33 Intercept and gradient cross lot for WKH field 

The advantage of this method is that it can be used to display these selected zones 

throughout the entire data volume and we can notice any anomaly, so we locate it and go 

to the conventional seismic and see how it may works. 
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Figure 5.34 Overlying of the different fluids zones to the seismic data and comparing them with 

the well results. 

 

  Prestack Simultaneous AVO Inversion 

 

Lately, the pre-stack simultaneous inversion and its derivatives are widely used, for this 

technique mainly focuses on getting information about the different elastic properties 

such as density, shear and compression velocities (Goodway et al., 1997, Gray and 

Anderson, 2000). 

P- and S-wave properties of a rock could be utilised to detect the fluid content within 

reservoirs. This is due to the fact that P-waves are sensitive to alterations in pore fluid; 

However, S-waves are strongly affected by the rock matrix and slightly uninfluenced by 

the pore fluid.  

Pre-stack inversion can help reservoir delineation for clastic and carbonate rocks; 

therefore, it is important for lithology and fluid discrimination (Goodway et al., 1997, 

Burianyk, 2000, Gray and Andersen, 2000).                                                                                               
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Pre-stack simultaneous inversion helps in predicting reservoirs with different degrees of 

complexity since we can get P-wave, S-wave and density data simultaneously. It is well-

known that the velocities of sand are similar to those of shale in these sediments 

consequently, there is an overlap in their P-impedance ranges. Therefore, it is difficult 

practically to delineate reservoirs depending on the p-impedance only (Li et al., 2008). 

Though, as one of the reservoir geophysics aspects, the post-stack inversion has 

developed to pre-stack inversion with success in reservoir prediction by making use of 

getting information simultaneously from P-wave log, S-wave log, density log and far to 

ultra-far offset seismic data. 

The pre-stack simultaneous inversion approach investigated in this thesis depends on P- 

wave and S-wave simultaneous inversion of partial angle stacks, in which seismic 

reflection amplitudes are interrelated with P-velocity, S-velocity, density and incident 

angle. The outcome from pre-stack simultaneous inversion have P- and S-impedance and 

Vp/Vs. Angle gathers, compared with normal offset gathers, is employed  to look at the 

amplitude variations of seismic reflections from variant geologic contrasts in the selected 

angle range. The increase of reliability of the Far and ultra-far offset data was one of the 

objectives of this study for this data containing important reservoir information that aids 

in identifying lithology, rock traits and fluid properties. Pre-stack simultaneous inversion 

needs amplitude-preserved full stack high quality seismic data and a group of near, 

middle and far angle limited stacks as its input (Yan Liang, 2011) 

For the sand/shale model, P-velocity is linearly correlated with S-velocity in the case of 

the rock saturation with similar fluid. This robust linear relation was found in sands in 

most areas (Zhang, et al, 2008). However,  in the case of water being substituted by gas in 

the pores of a rock, P-velocity is dramatically reduced while S-velocity slightly affected. 

Therefore, it is very useful to use P-velocity and S-velocity data to delineate both rock 

and fluids characterization.                                                                                                                                                                       

The same conditioned gathers used for the AVO analysis above were used as a starting 

point for the AVO inversion, by which using the well velocity, the offset gathers were 

converted to angle gathers, where angles between 0° & 45° were used, by which the 0-

15°, 10-25°, 20-35° and 30-45° represents the near, mid, far and ultra-far partial angle 

stacks respectively.     

The pre-stack simultaneous inversion method used for both WD and WKH fields is a 

model-based inversion. This theory has been used in the Model-Based Inversion function. 

This method depends on the convolutional model. The model is an initial low frequency 
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P-impedance model resulted from well data and horizons. The seismic trace and the 

wavelet have been identified and the noise is random and uncorrelated with the signal. 

This method solves the reflectivity iteratively, looking for differences between the real 

seismic trace and the synthetic formed from this model and modifying the model to 

compensate.  

Mathematical Basis  

The approach is to reduce this function:  

J=weight1 X (T-W*r) + weight2  X (M-H*r) 

Where: s = the seismic trace  

W = the wavelet  

r = the final reflectivity  

M = the initial guess model impedance  

H = the integration operator which convolves with the final reflectivity to produce the 

final impedance.  

* = convolution  

Minimizing the first part, (s-W*r), forces a solution that models the seismic trace. 

Minimizing the second part, (M-H*r), forces a solution that models the initial guess 

impedance using the specified block size. These conditions are usually incompatible, so 

the weight values determine how this is balanced. It is noticed that that weight1 + weight2 

= 1.0.  

In Stochastic Model Inversion, the Model Constraint parameter sets the value for weight2 

(and therefore weight1. This is considered a soft constraint because the model can deviate 

from the initial guess.  

In Constrained Model Inversion, weight2 is zero, and the eventual impedance values are 

expressed within upper and lower values (this is called the Maximum Impedance Change 

and is a percentage of the average impedance for the log). This is a hard constraint 

because the model cannot go beyond these values. Therefore, Constrained Model 

Inversion is recommended. The Model-Based Inversion algorithm is an iterative 

procedure in which the impedance is allowed to change gradually in such a way as to 

continuously improve the fit of the calculated synthetic trace and the real one. Such a 
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process requires to be constrained to prohibit little amounts of noise in the data, or 

modeling errors, from directing the algorithm towards the inaccurate direction.  

The used “Model" inversion algorithm produces a series of pseudo-velocity logs by 

dividing the zone into layers or blocks (hence it has been called the "Blocky" method). 

You set the average size of a block, but it is generally larger than input data sample rate.  

As a result, the Model pseudo-velocity logs have a coarser resolution than sonic or 

density logs calculated from well information.  

Using the blocked model and the wavelet, a synthetic trace is calculated, which is then 

matched to the actual seismic trace. The layers are modified in thickness and amplitude to 

improve the match. Then another trace is calculated, compared and so on. It is noted that 

the number of the blocks stays the same, and if a block is made bigger, another must be 

made smaller, so the average block size is constant.  

A large blocking interval tends to produce a coarse blocky velocity structure.  As the 

blocking interval becomes smaller, the resolution increases. However, the run time tends 

to increase proportionally. If the blocking interval is made too small, in comparison to the 

width of the main lobe of the seismic wavelet, an unstable condition may arise, where the 

algorithm converges to a model that does not match the seismic data acceptably. In this 

case, the blocking interval needs to be increased, or the wavelet needs to be changed.  

If you use a smaller block size (and therefore get a larger number of blocks), the model 

will have a greater resolution, and the synthetic trace will fit the seismic trace better, but 

the detail may depend on the initial guess and not on the real rocks.  
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Figure 5.35 Concept of Initial model   

 

Figure (5.35) shows the concept of the initial model, which mainly used well logs and 

interpreted horizons. First, the logs are interpolated using inverse distance weighting, and 

then the interpolated logs are low-pass filtered to keep only the low-frequency 

component. 

The initial model for both WD and WKH fields was built using the previously mentioned 

interpreted horizons and the well logs. The results are shown in Figures (5.36) and (5.37), 

respectively. 
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Figure 5.36 Zp and Zs initial model for WKH Field 
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Figure 5.37 Zp and Zs initial model for WD Field 

 

  AVO Simultaneous Inversion for WD Field 

 

In Wells WD-1, WD-2 and WD-3 are vertical; wells WD-4, WD-6, WD-7, WD-8, and 

WD-9 are all deviated, at angles of inclination of between 10 and 20 degrees. These 

deviations are at the limit acceptable for the wavelet extraction process, which requires 

wells to be vertical  to get a good match with seismic data. So only, the vertical wells 

were considered for wavelet extraction. However, after several trials and iterations, it was 

found that the statistical wavelet gives a better well tie than the wavelet derived from 

wells. The best trace location for the wavelet was found to coincide with the well 

location. The proportion energy predicted is centered strongly around the well location, a 

good indicator of good extraction. Partial stack wavelets were also extracted statistically 
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Figure 5.38 The statistical extracted wavelets for the four partial angle stacks for WD field 

from each partial stack seismic volume and the zero-phase wavelet can be noticed which 

can be used in the seismic inversion process Figure (5.38). Each of these partial stack 

wavelets have a similar phase and frequency spectrum as the full stack wavelet. The 

wavelets were statistically extracted from the four partial angle stacks seismic with wave-

length 200m and frequency spectrum from 0-64 Hz. 

To perform the final model-based inversion, a 3D model reflecting the geology of the 

field was built. The used TWT surfaces are the shale above the reservoir, top reservoir, 

shale below the reservoir. It was quickly identified that in order to correctly model and to 

improve the detail at the target intervals, the model was made coarse in the topmost and 

bottom most zones (Intra_Qawasim and Tortonian) and fine in the main reservoir zone 

(depo cycles b and c). 

AI and SI are not independent parameters; as one changes, the other will likely change 

consistently. So, a joint inversion was performed rather than independently inverting AI 

and SI. A cloud transform created from well data is used to form a relationship between 

AI and SI. This is then used to link the SI inverted data to the already inverted AI values, 

keeping the two in sync in a geologically reasonable manner. 

The main quality control for the inversion is the analysis done before running the final 

model in which the inversion results were tested by comparing the inverted AI and SI 

values with the well data along the well path. As expected, the well data has a higher 

frequency, but the match between the inverted and well data was perfect. 
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Before applying the final inversion process, the result has to be analyzed, and this was 

done by correlating the final inverted log with the original one for the three wells WD-1, 

2 & 9 Figure-(5.39). From this analysis, it was noticed the high correlation within the 

reservoir for the Zp, Zs, density and the Vp/Vs logs, while above the reservoir the 

correlation becomes lower. 

Additionally, in Figure (5.39), the correlation between the original logs and the inverted 

logs indicates a decrease in the Zp at the top reservoir while Zs slightly increase. 

Furthermore, there is a decrease in density and Vp/VS at the top reservoir.  

Four-times application for the simultaneous pre-stack inversion according to the number 

of partial stacks; each time the inversion applied, the wavelet used was the corresponding 

statistically extracted wavelet from the partial angle stack.  

50 iterations were used to get the best inversion results and to achieve the main objectives 

of the inversion, which are the lithology and fluid discrimination and good mapping for 

the reservoir geometry. 
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Figure 5.39 Simultaneous pre-stack inversion analysis for WD-1, 2 &9 

 

5.3.1.1 Results and observations 

 

The Prestack seismic inversion has been implemented to estimate acoustic and shear 

impedances simultaneously. The inversion method was  effectively  applied to the seismic 

data to generate acoustic and shear impedances comparable to log data of similar 

bandwidth. The estimated acoustic and shear impedances combined and other elastic 

parameters were driven such as  density and Vp/Vs, which could  be employed to  

identify lithology and fluid content of reservoirs. 

The results of the inversion matching largely the rock physics model of the area in which: 

1) P-Impedance: There is a decrease in the acoustic impedance within the reservoir due 

to the presence of hydrocarbon. The reduction was quite clear in the ultra-far stack 

with a very clear imaging for the pay zone Figure (5.40). 

2) S-Impedance: There is a slight increase in the shear impedance at the reservoir, 

perhaps due to an increase in the bulk density Figure (5.41). 

3) Density: There is a sharp decrease in the density between the shale above the 

reservoir and the main sand body within the reservoir, and it is noticed that the pay 

zone is clearly represented in the far and ultra-far density cubes, with high resolution. 

Figure (5.42). 
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Figure 5.40 Inverted Zp from the 4 partial angle stacks (near, mid, far and ultra far) 

4) Vp/Vs: as the presence of hydrocarbon decreases, the velocity and density, so Vp 

becomes smaller; meanwhile, the shear velocity is slightly affected with the 

hydrocarbon presence that results in finding low Vp/Vs in the pay zone, which is 

clear in our inversion results. Figure (5.43). 
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Figure 5.41 Inverted Zs from the 4 partial angle stacks (near, mid, far and ultra-far) 
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Figure 5.42 Inverted density from the 4 partial angle stacks (near, mid, far and ultra-far) 
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Figure 5.43 Inverted Vp/Vs from the 4 partial angle stacks (near, mid, far and ultra-far) 

 

From the results of the inversion, a couple of cross plots were generated; 1) The inverted 

P-impedance volume versus the inverted shear impedance volume both volumes are from 

the ultra-far cube. Figure (5.45) shows this cross plot twice, the upper one coloured by the 

Vclay and the lower one coloured by the water saturation. 2), the inverted P-impedance 

volume versus the Vp/Vs volume, also both from the ultra-far cube. Figure (5.47) shows 

this cross plot twice, the upper one coloured by the Vclay and the lower one coloured by 

the water saturation. By comparison of those cross plots with the one came from the logs 

Figures (5.44) and (5.46), we can observe a similar response and/or behaviour between 

the log data and the inverted data, which confirms the good results of the inversion and 

increase the confidence and reliability in the inverted volumes. This comparison is highly 
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Figure 5.44 P-impedance Versus S-impedance cross plot from well data 

Figure 5.45 P-impedance Versus S-impedance cross plot from inverted seismic data 

recommended to be done in any area to validate the inversion results and to increase the 

confidence in the volumetric calculations for any type of reservoir if the response of the 

x-plots resulting from the seismic inversion is not close to the one that came from the e-

logs, a revisit for the inversion parameters and the input seismic data should be done. 
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Figure 5.46 P-impedance Versus Vp/Vs cross plot from the well data 

Figure 5.47 P-impedance Versus Vp/Vs cross plot from inverted seismic data 
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Figure 5.48 The statistical extracted wavelets for the four partial angle stacks for WKH field 

 AVO SIMULTANEOUS INVERSION for WKH FIELD 

 

Wells WKH-1, WKH-2, WKH-3 and WKH-8 are vertical; wells WKH-4, WKH-5, 

WKH-6 and WKH-9, are all deviated at angles of inclination of between 10 and 30 

degrees. These deviations are at the limit acceptable for the wavelet extraction process, 

which requires wells to be vertical to get a good match with seismic data. So only, the 

vertical wells were considered for wavelet extraction. However, after several trials and 

iterations, it was found that the statistical wavelet gives a better well tie than the wavelet 

derived from wells. The best trace location for the wavelet was found to coincide with the 

well location. The Proportion energy predicted is centered strongly around the well 

location, a good indicator of good extraction. Partial stack wavelets were also extracted 

statistically from each partial stack seismic volume, and we can see the zero-phase 

wavelet, which can be used in the seismic inversion process Figure (5.48). Each of these 

partial stack wavelets have a similar phase and frequency spectrum as the full stack 

wavelet. The wavelets were statistically extracted from the four partial angle stacks 

seismic with wave-length 200m and frequency spectrum from 0-64 Hz. 

 

To perform the final model-based inversion, a 3D model reflecting the geology of the 

field was built. The used TWT surfaces are the top reservoir within the Abu Madi III 

formation. The Abu Madi reservoir is characterized by clean sand and very good reservoir 

properties. 
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Figure 5.49  Simultaneous pre-stack inversion analysis for WKH-2 

As was done in WD, the same was performed in WKH regarding the inversion analysis 

before applying the final inversion process, the result must be analyzed, and this was done 

by correlating the final inverted log with the original one for the three wells WKH2 

Figure (5.49). From this analysis, it was noticed the high correlation within the reservoir 

for the Zp, Zs, density and the Vp/Vs logs, while above the reservoir, the correlation 

becomes lower. 

Additionally, in Figure (5.49), the correlation between the original logs and the inverted 

logs indicates a decrease in the Zp caused by the decrease in velocity and density due to 

the gas effect at the top reservoir in Abu Madi formation while Zs slightly increases. 

Furthermore, there is a decrease in density and Vp/VS at the top reservoir.  

Four-times application for the simultaneous pre-stack inversion according to the number 

of partial stacks; each time the inversion applied, the wavelet used was the corresponding 

statistically extracted wavelet from the partial angle stack.  

 

 

50 iterations were used to get the best inversion results and achieve the main objectives 

of the inversion, which are the lithology and fluid discrimination and good mapping for 

the reservoir geometry.  
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5.3.2.1 Results and observations 

 

The Prestack seismic inversion has been implemented to estimate acoustic and shear 

impedances simultaneously. The inversion method was effectively applied to the seismic 

data to generate acoustic and shear impedances comparable to log data of similar 

bandwidth. The estimated acoustic and shear impedances combined and other elastic 

parameters were driven such as density and Vp/Vs, which could be employed to identify 

lithology and fluid content of reservoirs. 

The results of the inversion matching largely the rock physics model of the area in which: 

1) P-Impedance: There is a decrease in the acoustic impedance within the reservoir due 

to the presence of hydrocarbon. The reduction was quite clear in the ultra-far stack 

with a very clear imaging for the pay zone Figure (5.50). 

2) S-Impedance: There is a slight increase in the shear impedance at the reservoir, 

perhaps due to an increase in the bulk density Figure (5.51). 

3) Density: There is a sharp decrease in the density between the shale above the 

reservoir and the main sand body within the reservoir, and we can notice that in the 

far and ultra-far density cubes the pay zone is clearly represented with high 

resolution. Figure (5.52). 

4) Vp/Vs: as the presence of hydrocarbon decreases the velocity and density, so Vp 

becomes smaller; meanwhile, the shear velocity is slightly affected by the 

hydrocarbon presence that results in finding low Vp/Vs in the pay zone, which is clear 

in our inversion results. Figure (5.53). 
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Figure 5.50 Inverted Zp from the 4 partial angle stacks (near, mid, far and ultra-far) for WKH field 
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Figure 5.51 Inverted Zs from the 4 partial angle stacks (near, mid, far and ultra-far) for WKH field 
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Figure 5.52 Inverted density from the 4 partial angle stacks (near, mid, far and ultra-far) for WKH 

field 
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Figure 5.53 Inverted Vp/Vs from the 4 partial angle stacks (near, mid, far and ultra-far) for WKH 

field 

 

 Forward plan and Recommendations 

The forward plan and recommendations are to use the previously inverted cubes for both 

WDK and WKH fields in the following workflow. 
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 Generating Advanced Rock Properties. (Lambda-Rho and Mu-Rho, λρ and μρ) 

 

- Goodway et al. (1997) proposed to use the Lamé 

parameters, Lambda (incompressibility, λ, related to pore fluid) and Mu (rigidity, 

μ, related to the rock matrix), and density RHO to perform AVO inversion. The 

Lamé parameters assume an isotropic case (i.e., homogeneous rock in the layer in 

question). This approach is called the Lambda-Mu-Rho, or LMR©. 

- The Lamé parameters are derived by extracting the P-wave and S-wave 

reflectivities from pre-stack seismic and inverting them to P-wave and S-wave 

impedances (assuming that VP/VS=2). Then μρ is estimated by (VS)2 and λρ is 

estimated by (VP)2 – 2 μρ. 

- Derivation of λρ and μρ. 

Mu = μ = ρVS
2, Lambda = λ = ρVP

2 − 2ρVS
2 = ρVP

2 − 2μ                             5-1 

 

VP = √
λ+2μ

ρ
 and VS = √

μ

ρ
 , therefore ZS

2 = (ρVS)2 = μρ, and ZP
2 = (ρVP)2 =

(λ + 2μ)ρ, so λρ = ZP
2 − 2ZS

2                                                                                           5-2 

 

- Some combined properties of λρ and μρ can be calculated to work as reservoir 

quality and hydrocarbon presence identifiers. 

- Amplitude extraction on both λρ and μρ volumes can be a very good tool to assess 

reservoir quality and distribution. By tracking Low λρ and high MR, potential 

reservoir segments can be spotted. 

 Calculating Geo-mechanical properties 

 

- Deriving Engineering Parameters from Seismic Parameters 

A) Poisson's Ratio (𝛎) 

 

This is the negative ratio of transverse to axial strain, measuring the expansion and 

resulting perpendicular contraction (or vice versa). Figure (5.54) 
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Figure 5.54 A diagram to explain the concept of Poison’s ratio  

 

ν = −
ΔR

R
ΔL

L

=

(
VP
VS

)
2

2
−1

(
VP
VS

)
2

− 1

                                                                                                                  5-3 

 

It measures the change in dimensions perpendicular to compressional or tensile stress (i.e. 

how wide a body gets when compressed or how thin it gets when stretched). A change in 

this ratio can indicate a change in the pore fluid. Poisson's ratio can be defined in terms of 

velocity. 

The smaller the Poisson's ratio, the smaller the horizontal stress and the easier to fracture 

the rock.  Note that Poisson’s ratio is sometimes shown as PR. This is a unitless 

parameter 

B) Young's Modulus 

 

Also, called the elastic modulus. This measure the stiffness of elastic material through the 

ratio of stress and strain. High values indicate rigidity. 
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Figure 5.55 A diagram to explain the concept of Young’s modulus 

 

E = 2 (
IS

2

ρ
) (1 + ν)                                                                                                                       5-4 

 

(E) is the proportionality constant that relates the longitudinal strain to the longitudinal 

stress when the rock is being linearly deformed and follows Hooke's Law:  where s is the 

stress put on the rock and e is the strain the stress causes. A Brittle rock breaks without 

significant deformation (strain) and is easier to frack. A Ductile rock experience more 

deformation before breaking brittleness correlates to Young’s modulus: generally, the 

higher the E, the more brittle the rock. 

 

C) Brittleness Index 

 

Rickman et al. 2008 proposed using Young's modulus E and Poisson's ratio ν to estimate 

brittleness. Defined by the equation: 

BRI =
Eindex+νindex

2
= 100 (

νmax−ν

νmax−νmin
+ (1 + w)

E−Emin

Emax−Emin
)                                        5-5 

This is proportional to the Young's Modulus and inversely proportional to the Poisson's 

Ratio. Brittle failure occurs when the ability of the rock to resist load decreases with increasing 

deformation. Brittle failure is associated with materials that undergo little to no permanent 

deformation before failure and, depending on the test conditions, may occur suddenly and 

catastrophically. 

- Brittle rocks undergo little or no ductile deformation past the yield point (or elastic 

limit) of the rock. However, some materials, including many rocks, have no well-

defined yield point because they have non-linear elasticity. 

http://subsurfwiki.org/wiki/Young%27s_modulus
http://subsurfwiki.org/wiki/Poisson%27s_ratio
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- Brittle rocks absorb relatively little energy before fracturing. Therefore, the energy 

absorbed is equal to the area under the stress-strain curve. 

- Brittle rocks have a higher angle of internal friction. 

 

 Conclusions 

 

- The generated volumes can be used and integrated to identify the reservoir quality 

distribution, hydrocarbon presence and fracture density distribution. 

- The Vp/Vs ratio volume and property extraction on reservoir units can identify 

reservoir presence and quality; low Vp/Vs indicates sand presence and better quality. 

- The λρ and μρ volumes and property extraction on reservoir units can be used to 

identify reservoir presence and hydrocarbon presence with low uncertainty, low λρ 

indicates higher probability of hydrocarbon presence, high μρ indicates reservoir 

presence. Combining λρ and μρ can identify potential sweet spots with low 

uncertainty. 

- The Brittleness index volume and property extraction on reservoir units can be 

directly related to fracture distribution and can be used as a lithology indicator, 

identify sweet spots with low uncertainty. 

- The calibrated porosity volume is the ultimate quantitative output that provides a 

robust prediction of porosity in the 3D space. It can be used directly by extracting 

porosity maps in the target reservoir units. And indirectly, by implementing it into 

the static reservoir model after depth converted, it was provided to the static reservoir 

modeling as an enhanced 3D property for the future planning of the field. 

- Brittleness Index extraction on the target section is a very good tool to identify 

potential spots with high probability of reservoir presence with high fracturing 

presence. 

- All outputs can be implemented in the Static Model to control property distribution in 

the model with low uncertainty. 

- All geomechanical properties can be implemented in a 3D geomechanics model that 

can be used to map fracture distribution and intensity along the target section. 
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  Reservoir Properties Prediction 

 

The methodology used in reservoir properties prediction for both WD and WKH fields is 

to merge well log and seismic data, Roberts R. et al. (2004). The general goal is to predict 

reservoir properties using the seismic attributes and well log data. The workflow is shown 

in Figure (5.56), Analysis proceeds in several stages: 

(1)  Examine the log and seismic data at well locations to decide which set of attributes 

is suitable. 

(2)  Derive a relationship employing Multi-linear Regression. 

(3)  Apply the derived relationship to an inverted 3D come from the ultra-far seismic 

volume to create a volume of the desired log property. 

Seismic attributes are known to be good indicators of rock properties in the reservoir. 

Therefore, the general process is to infer a reservoir property especially porosity and 

water saturation, from multiple attributes, such as acoustic impedance (Zp), shear 

impedance (Zs), density and Vp/Vs. 

We now have a method to determine and rank combinations of attributes, which may 

predict reservoir behaviour better than any single attribute. 

The technique uses a multi-linear training process to systematically compare rock 

properties measured from well logs against increasingly larger combinations of attributes 

until an optimum transform is derived. Once the relationship between reservoir property 

and attributes is known, the resultant transform extrapolates the log property throughout 

the seismic volume. Cross validation is performed to give confidence in the transform 

before  its application to the seismic volume. Any measured or calculated logs, such as 

porosity, density, water saturation, or facies logs, may be selected as the property to 

predict. 

The seismic attributes used are Attributes with an accepted relationship to the reservoir 

property. Attributes are shown from modelling to relate to the reservoir property. 
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Figure 5.56 Summary for the workflow used in the reservoir properties for KH field  

Figure 5.57   log correlation within the reservoir zone  between the both the modelled 

and original porosity and Sw logs  
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Figure 5.58 X-sections from the ultra-far seismic cube, inverted p-impedance cube, predicted 

porosity cube and predicted Sw cube 

Figure 5.59 Amplitude map from the ultra-far cube for WKH field, porosity map from the 

predicted porosity cube and Sw map from the predicted Sw cube 

 

The excellent results for the reservoir properties in WKH field validate the developed 

ultra-far stacked data and the developed AVO simultaneous inversion technique, which 

involves the wavelet extraction methodology and well to seismic tie. 

 

 General Highlights and Conclusions 

 

 Highlights and Conclusions for WD Field  

 

1) Qawasim Formation represents the main hydrocarbon bearing zone encountered 

in WD field. The integration of core data, wireline logs, FMI and seismic 

attributes strongly suggest that the Qawasim sandstones have been deposited in a 
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deltaic environment, where alluvial fans were prograding into shallow water, 

producing a system of fan-deltas.  

2) The Messinian sequence (Qawasim Fm.) in WD field represents High-stand 

systems tract and differentiated into five depositional sequences of 4th to 5th 

order designated from the bottom to the top 3B, 3A,2, 1B and 1A. 

3) The structural configuration of WD field is controlled by two major faults, one of 

them trending E-W direction parallel to the Hinge Line, throwing down to the 

north and the second fault trending N-S direction (Baltim trend) throwing down to 

the west. These faults created a four way dip closure of WD field, which had been 

dissected by sets of minor faults trending E-W and NE-SW directions. 

4) The geochemical analyses of WD oil sample suggest that the oil is generated from 

source rocks that mainly contain terrestrial organic matter type III kerogen 

deposited in a fluvio-deltaic environment. Moreover, WD oil appears to be 

generated from source rocks at early stage of mid-oil window maturity 

(Ro=0.85%). 

5) The best reservoir quality is achieved by the massive, massive pebbly sandstone, 

conglomeratic, pebbly sandstone and laminated sandstone facies with helium 

porosity values ranging between 10% and 32.50%, and horizontal permeability 

values ranging between 165mD and 3181.48mD with a geometric mean value of 

299.04mD. On the other hand, the Silty sandstone facies display poor reservoir 

properties related to relatively high abundances of detrital and authigenics clays. 

6) The Petrophysical model is produced from the integration of wire line logs and 

core data. This integration helped to identify the porosity, permeability, and 

reservoir thickness, net pay, water saturation, fluid contracts and pressure regime. 

7) The Petrophysical parameters that have been used Rw=0.036@199 F°, 

Cementation Factor “m” =2, Saturation exponent “n” =2 and constant Archie “a” 

=1. 

8) The" Oil Net Pay" is derived from net reservoir after utilising the cut-off of water 

Saturation ‘55%, clay volume ‘50%’and porosity ’8% ‘. 

9) Application of different advanced geophysical techniques as AVO analysis and 

AVO simultaneous inversion poof the variation of seismic response with the 

changes in lithology, rock properties and fluid content.  

10) The good match of the synthetics with the real seismic assists the interpretation 

accurately on the reservoir level and increases confidence of interpretation and 

reduces risk in reservoir characterization. The risk in reservoir characterisation 
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may thus be reduced since the interpretation is broadly based, involving 

understanding of seismic, rock physical properties and geology. 

11)  The seismic inversion results confirmed the same behaviour monitored using the 

wireline logs regarding the discrimination between shale and sand, on the other 

hand between the hydrocarbon bearing sand and wet sand. 

12)  Class III AVO anomaly (a trough brightens with offset) at the top of the reservoir 

is consistent with the AVO response in the CDP gather at the location of the 

producing wells. Calibration using AVO modeling in data processing sheds some 

light on optimizing AVO solution combined with rock physical property analysis, 

petrophysical analysis, and geological information. 

13)  WD field is class III AVO (Increase of negative amplitude with offset). By 

partial stacking the conditioned CDP gather angles, the amplitude interpretation 

should be concentrated on the ultra-far stack angle stack, which is considered one 

of the innovations in this thesis. 

14)  Due to the high API of hydrocarbon content in WD field, the real seismic 

response of the CDP corresponds to midway between the oil and gas response. 

15)  Reflection continuity is a good indicator for the relative lateral continuity of 

strata.  

16)  All the geophysical techniques shown in this chapter used the conditioned 

gathers resulted from the developed conditioning workflow shown in chapter-4, 

which illustrates the importance of pre-stack seismic data in the exploration of 

different plays, and the different development plans. 

17)  Understanding the phase & polarity of the seismic data is critical in all 

techniques.  

18)  The AVO analysis and the seismic inversion play a critical role in prospects risk 

assessment to mitigate the risk before drilling, and for proper economic studies. 

 

 Highlights and Conclusions for WKH Field  

 

1. The structural configuration of WKH Field is controlled by a NW-SE trending fault, 

down throwing to the east, creating an elongated three-way dip closure along with the 

same trend of the bounding fault. The closure of WKH Field has a gentle slope 

towards the north, west and east directions. 
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2. The sandstone reservoir of WKH Field is interpreted as a distributary channel in 

deltaic shallow marine water. The sands flow from the south and directed towards 

north.  

3. The petrophysical model was produced from by integrating wire line logs and core 

data. This integration helped to identify the porosity, permeability, reservoir thickness, 

net pay, water saturation, fluid contracts and pressure regime. 

4. The petrophysical parameters that have been used were as follows: Rw=0.016@223 F°, 

cementation factor “m”=1.87, saturation exponent “n” =1.88 and Archie constant 

“a”=1. 

5. The Net Pay is derived from Net Reservoir after utilising the cut-offs of water 

saturation 63%, clay volume 45% and porosity 10%. 

6. The average reservoir parameters were calculated using the IP software. The 

parameters were found to be as follows: porosity (20 – 26%), water saturation (34 – 

46%) and clay volume (18 – 56%). 

7. The geochemical analysis in the nearby wells indicated that the age of the source rock 

is Late Cretaceous or younger, contains type III kerogen and is derived in lacustrine 

environment at the late stage of the mid oil window. The gases are associated with 

condensates and are emphasised to be of thermogenic origin. 

8. The results of AVO analysis and AVO simultaneous inversion developed techniques 

were confirmed that WKH Field is characterised by a body of a high negative 

amplitude feature where all WKH gas discovery wells are located. The amplitude 

strength of this body varies according to the thickness of the gas bearing Abu Madi 

sands (net pay zone). The highest amplitude corresponds to the maximum thickness of 

Abu Madi sands at WKH-1 & -2. The amplitude decreases at WKH-3, -4 & -5 where 

the thickness of Abu Madi sands decreases also. The lowest amplitude corresponds to 

the minimum thickness of Abu Madi sands at WKH-6. This means that as the 

thickness of the gas bearing sands increases, the amplitude strength increases. 

9. The integration of geological, petrophysical and geophysical aspects revealed that 

WKH Field has a homogeneous high porosity and high permeability reservoir. This 

was very clear from the conventional cores cut in the reservoir section, the electric logs 

covered the pay zone, and it was confirmed from the production results of the six 

producing wells.  

10. The observations in WKH field that can be made for this typical study include:  

a) Class III AVO anomaly (a trough brightens with offset) at the top of reservoir.  

This is consistent with the AVO response in the CDP gather at the location of the 

mailto:Rw=0.016@
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producing wells.            

a) The information provided by AVO modeling validates the information from 

seismic data. 

b) Calibration using AVO modeling in data processing sheds some light on 

optimising the AVO solution combined with rock physical property analysis, 

petrophysical analysis, and geological information. 

c) AVO modeling provides useful information in interpretation and thus 

increases certainty in reservoir characterisation. 

d) The difference between the reservoir and non-reservoir cases is quite obvious. 

Since WKH Field is a gas field, its real seismic response of the CDP 

corresponds to the gas response. 

11. The reservoir properties prediction (porosity and water saturation) was done 

extremely successful and matched the e-logs of all the wells in the field, which 

increase the confidence in the generated maps, which consequently can be reflected 

in the volumetric calculation and risk assessment for the field. 

 

 Summary 

 

The developed ultra-far stack data was used in all techniques in this chapter. The 

developed data showed an excellent response in terms of fluid indication. The 

developed AVO simultaneous inversion technique significantly proved the 

hydrocarbon distribution in both fields; this was validated by the interesting match 

between the inversion results and recorded e-logs. The cross plots resulted from the 

developed inversion technique matched precisely with the same cross plots resulted 

from the e-logs, this was a very important achievement in this thesis which led to 

increase in the confidence of the inversion results and the reservoir properties 

prediction. 

The wavelet extraction is very crucial in all geophysical techniques in this chapter, in 

which, the theoretical wavelet extraction was used in WD field, and the statistical 

wavelet was used in WKH field. The main factor that controls the wavelet extraction 

should be the correlation coefficient between the seismic data and the synthetic 

gathers; for this, the wavelets used in each field was different based on such match. 

This developed workflow for wavelet extraction can be used in any area.  
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The developed workflow starts from incorporating ultra-far data into the AVO 

analysis, the methodology of wavelet extraction, well to seismic tie and AVO 

simultaneous inversion (apply separate run for each data set; near, mid far and ultra-

far data with each corresponding wavelet), validate the inversion results by 

comparing it with the e-logs and finally, predict the reservoir properties using all the 

inversion results as well as the AVO attributes can be used in any area. They will 

give very good results that can be reliable in any field development plan and 

consequent economic study. 
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Chapter-6 

Residual Gas and Commercial Gas Discrimination 

by Spectral Decomposition Using Ultra-Far 

Stacked Seismic Data 
 

 

  Introduction 

 

A key challenge facing the different operators in the on-shore Nile Delta and 

consequently in the Mansoura area is the differentiation between the low gas saturation 

and the commercial gas. Using spectral decomposition and frequency attributes on the 

pre-stack seismic data opened the door in thinking about the relationship between 

frequency attenuation and reservoir properties. 

 

In this chapter, we will see how far spectral decomposition can be used as a clue for 

discrimination between the low gas saturation gas and the commercial gas in the area of 

study. 

 

The methodology began with conducting a proper analysis for South Dikirnis-1 (SD-1) 

well that was drilled 2 km south of the WD field, and it was dry well with gas shows. The 

calculated gas saturation encountered in Qawasim reservoir in this well reached 28%, 

which was considered as residual gas. 

 

The analysis started with studying the pre-drilling scopes, the risk assessment and post 

drilling results. During drilling SD-1 well, the mudlog pointed out for gas shows in three 

levels of Qawasim reservoir (same reservoir for WD field), the gas reading reached C4. 

The petrophysical analysis for the recorded log data assures the gas existence with 

average porosity of 20% and gas saturation up to 28%. 

 

Forward modelling utilising log data and the CDP gathers for both WD-1 and SD-1 wells 

had been carried out to monitor the influence of the reservoir characteristics' changes on 

the seismic character at the two wells locations. 
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Using the log data of SD-1, a rock physics model had been built to study the possibility of 

lithology, and fluid discrimination for the presented reservoir and the results were 

compared with the same model in WD-1. 

 

Consequent to building up the rock physics model, AVO analysis was implemented on 

the ultra-far synthetic gathers to monitor the amplitude vs offset (angles) response in 

various cases (in-situ, gas case and wet case). 

 

Spectral Decomposition converts the seismic data into the frequency domain through a 

Discrete Fourier Transform (DFT). 

 

The implementation of spectral decomposition, frequency attributes and amplitude 

attributes on the ultra-far stacked data reveals very good results compared the tunning 

frequency response at each WD field and SD-1 well. The strong relation between the gas 

saturation, frequency attenuation was confirmed and will be presented in this chapter. 

 

Castagna (2003) reported that ‘The spectral decomposition can be classified as 

hydrocarbon indicator”. The role of spectral decomposition and frequency attributes will 

be broadly discussed for not just using it as a hydrocarbon indicator but also emphasizing 

its role in reservoir properties delineation.  

 

  SD-1 Pre-Drilling Scopes and Risk Assessment 

 

SD-1 well was drilled about 2 km south of the WD field Figure (6.1) within the same 

mega structure and dissected by several faults. Using the available 3D seismic data when 

drilling SD-1 well, and all available well data in offset wells, top of Qawasim sandstone 

has been interpreted all over the area around WD field. 

Following this interpretation, a depth structure map for Qawasim sandstone all over the 

area was constructed, on which the SD-1 prospect was delineated south of WD field 

within a mega anticlinal feature and dissected by several faults. 
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Figure 6.1 Location Map for WD field and SD-1 

Figure 6.2 Arbitrary seismic line passing through WD field and SD-1          

The main objective of SD-1 well is to test the possible hydrocarbon accumulation in 

Qawasim sandstones at a high structural position of a tilted fault block associated with 

high negative amplitude anomaly. 
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Figure 6.4 amplitude map of top pay zone 

for  WD field and SD-1 well                                                
Figure 6.3 Structure map of top pay zone for 

WD field and SD-1 well   

The arbitrary line passing through SD-1 proposed location, WD wells.  Figure (6.2) 

shows that South Dikirnis-1 is located in the southern extension of the high negative 

amplitude features of Qawasim sandstones where WD wells are located. As a quick note 

about the source rock in WD area; the Early Tertiary source rocks are currently in the mid 

mature stage (0.7-1.0 Ro) and are capable to expel considerable amount of oil and gas 

from about 3 MY. However, the Oligocene shales have a Total Organic Content (TOC) 

ranging from (0.6 – 2.12 wt %) and are able to generate gas and light oil in the mature 

stage. The expelled hydrocarbons have probably migrated through both the major deep-

seated E–W growth fault and the bedding plan. Figure (6.3) shows that SD-1 well is 

located in the southern part of WD field. At the top of the Qawasim target is a 3-way dip 

closure bounded by north-south and east-west trending faults. The Qawasim reservoir 

sands were deposited as fan-delta prograding from the south to the north and developed 

successive sand loops covering SD-1 well and WD field. (Figure 6.4) 
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As a result of receiving more different facies of sands and shales periodically, antithetic 

and syn-depositional faults were developed due to the differential compaction and 

dissected the earlier and larger titled fault block to relatively smaller compartments, in 

which different structural and stratigraphic traps were developed along the course of the 

fan-delta system.  

The presence of a good sandstone reservoir in the Late Miocene (Qawasim Formation), 

inferred through the seismic anomalies, has been confirmed by the results of WD 

discoveries. The geological studies indicated that the Qawasim reservoir deposited in a 

deltaic environment, as fan-delta systems. From WD Field, the total average thickness of 

the Qawasim reservoir is 125 ft. with a good average porosity of 23% and more than 1000 

mD average permeability. 

The risk assessment that was done collaboratively with the subsurface team pre-drilling to 

SD-1 indicated that there is no risk associated with drilling this prospect regarding the 

reservoir charge and source rock Table (6.1); The main risk is for the lateral seal and the 

sand-sand juxtaposition (no fault seal analysis was done) through the deep-seated faults 

that led to a chance of success (COS) 46%. 

Table 6.1 Pre-drilling risk assessment for SD-1 
 

Finally, SD-1 drilled to a depth of 8500ft MD in Qawasim Formation as deviated well 

and plugged as dry hole with gas shows. 
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 Post Drilling Results  

 

Both the pre and post drilling assessment are very close to each other, and the drilling 

results have proven that the charge is the main challenge in SD-1 well as was analysed 

pre drilling. The post drilling results will be explained in details in the next section. 

 Reservoir 

 

Three sand layers were encountered in the Qawasim reservoir in SD-1, and this is clear 

from the petrophysical analysis for the recorded e-logs Figure (6.5). The upper sand at 

8820ft MD is interpreted as massive Sandstone with N/G 0.96, the porosity of 22% and a 

true vertical thickness of 150 ft. The intermediate sand is intercalated with Shale beds 

with N/G 0.3, the porosity of 15% and a true vertical thickness of  240 ft. The lower sand 

is interpreted as massive Sandstone with N/G 0.8, porosity of 18% and true vertical 

thickness of 170 ft. From the above, it is concluded that the reservoir presence in the SD-

1 well was proven significantly. 

 Charge 

 

The mud log of SD-1 Figure (6.6) shows different gas components reaching C4 with a 

considerably high reading within the three sand units encountered in Qawasim Formation 

Table (6.2).  The observed gas readings confirmed that the different sand units were 

charged with hydrocarbon through the deep-seated faults present in the area, which is 

believed to be the main conduit for the WD field. The gas shows in the three sand units 

detailed in the table below: 

 

UPPER SAND 

   Total Gas         1000-3000 PPM 

C1 259-1000 PPM 

C2 20-30 PPM 

C3 TR-10 PPM 

C4 Nil 

SAND & SHALE 

INTERCALATIONS 

Total Gas 3000-6000 PPM 

C1 1000-5000 PPM 
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N/G     0.96 
PHI      22% 
TVT     150’ 

N/G     0.3 
PHI      15% 

TVT     240’ 

N/G     0.8 
PHI      18% 
TVT   179’ 

Figure 6.5 Petrophysical analysis for Qawasim sands in SD-1 

C2 50-300 PPM 

C3 10-100 PPM 

                      C4           TR-15 PPM 

LOWER SAND 

   Total Gas         3000-8000 PPM 

C1 2000-57000 PPM 

C2 80-300 PPM 

C3 20-100 PPM 

C4 TR-20 PPM 

 

Table 6.2 Gas shows of SD-1  

 

 

 

 

              

 Source 

 

As a result of proving hydrocarbon occurrences generally in the area of study and 

specifically in the WD field, the source rock is proven after drilling SD-1, and the 

evidence for this is the gas shows encountered in the different sand units within the 

Qawasim formation. 
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Figure 6.6  Mud log for SD-1 

 Seal 

 

The Pliocene Kafr El Sheikh seal represents regional top seal for all Messinian Sandstone 

reservoirs. The main risk as mentioned clearly in the pre-drilling risk assessment is the 

lateral seal and this is considered the main reason for the failure of SD-1, by which the 

SD-1 is charged with hydrocarbons through deep-seated faults. However, due to the lack 

of lateral seal, the hydrocarbon migrated to the higher position, which is WD field leaving 

some residual gas within the reservoir (Sg reaches 28%). Figure (6.7) 

As it commonly well known, 5% Sg in the reservoir can show the same response of a 

higher gas saturation on the conventional seismic and accordingly the amplitude 

attributes. Furthermore, the seismic inversion and AVO analysis ordinarily failed to give 

this sort of discrimination. 

This study aims to find the unconventional method that can discriminate between this 

residual gas and the commercial gas within the Qawasim reservoir. 
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WD-6 WD-2 WD-1 SD-1 

Figure 6.7  Seismic line passing through WD field and SD-1, it shows the hydrocarbon migration   

from SD-1 to WD field leaving some residual gas 

                                     

 Workflow for Low Gas Saturation & Commercial Gas 

Discrimination Using the Spectral Decomposition 

 
The workflow for low gas saturation and commercial gas discrimination using the 

spectral decomposition is shown in Figure (6.8) 
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Figure 6.8 Workflow for low gas saturation and commercial gas discrimination using spectral 

decomposition and seismic attributes 
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Figure 6.9 Forward modeling for WD-1 

  Forward Modelling & AVO Analysis for WD Field & SD-1  

 

Several factors  can create amplitude anomalies that have the same character as those 

caused by commercial hydrocarbon saturations, such as: 

- Residual hydrocarbons 

- Lithology variations 

- Tuning affects 

- Acquisition & Processing effects (artifacts) 

Therefore, it is difficult to predict if commercial hydrocarbons or one of the above factors 

cause of a prospective AVO anomaly 

About 65% of the drilled Messinian anomalies are successful cases within the area of 

study (AVO class II/III). Most of the other anomalies that represent 35% are characterised 

by residual gas (low gas saturation). 

 

 Forward Modelling & AVO Analysis for WD Field 

 

 

 

• Three cases for WD-1 have been created using the fluid substitution; Figure (6.9) 

1- In situ case 

2- Modeled fizz gas (80 % water and 20% gas) 

3- Wet case 

 

• The fluid substitution was done by changing the water saturation and keeping the 

porosity constant using the porosity log. 
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Figure 6.10 Synthetic gathers for WD-1 

• Different parameters such as reservoir pressure, water salinity, gas density, gas 

gradient .. etc., were defined from the final well report of WD-1. 

• In each case, three logs have been derived, P-wave sonic, S-wave sonic and density. 

• For each case, two offset synthetics (near and ultra-far synthetics) have been 

generated. 

• Finally, we have six offset synthetics coming from both the modelled and the in-situ 

logs. 

• Six horizons have been picked using the six synthetics, representing each case’s pay 

zone. 

 

 

 

• Amplitude versus angle analysis or, in other words, gradient analysis has been done 

for the picked horizon to monitor the AVO response in each case 

• Minimum P-wave sonic noticed in the in-situ case, while the maximum reading is in 

the wet case, and the modelled fizz gas is in between. 

• Minimum density noticed in the in-situ case, while the maximum reading is in the wet 

case, and the modelled fizz gas is in between. 

• The S-wave sonic is slightly affected in all cases. However, we can notice the 

maximum reading for the s-wave sonic in the in-situ case, while in the wet case, it is 

minimum, and in the modelled fizz gas, it is in between. 

• The pay zone in all the near offset synthetics starts with a positive amplitude, the 

insitu case ends with a negative amplitude (phase change), while the other two-

modelled cases ended with positive amplitude). Figure (6.10) 

• The pay zone in the UF synthetics of both the insitu and the modelled fizz gas cases 

starts with a negative amplitude and this amplitude increases gradually with angles, 

but in the insitu case, the –ve amplitude values are higher. In the wet case, the pay 
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zone represented by a positive amplitude. Figure (6.10) 

• The gradient analysis was carried out for insitu, modeled fizz gas (20%) and modelled 

wet cases using the near angle synthetics and the ultra-far angle synthetics. 

• In the near angle gradient analysis, the two-modeled cases show a similar response, 

namely, a decrease of the positive amplitude with angles, while the insitu case shows 

a decrease of the positive amplitude with angles in addition to phase change (peak 

flipped to trough) forwarded by an increase of the negative amplitude with angles. 

(Figure 6.11) 

• In the ultra-far horizon gradient analysis at the top reservoir, both the in-situ and the 

modelled fizz gas case indicated a gradual increase of the negative amplitude with 

angles (class III AVA), which demonstrates that any percentage of gas within the 

reservoir will lead to the same seismic character and consequently same AVA 

response, especially in the ultra-far plot. Figure (6.12) 

• It is observed that the in-situ case has slightly stronger negative amplitude than the 

modelled fizz gas case. 

• The modeled wet case shows a completely different response than the other two cases 

namely, a slight decrease of the negative amplitude with angles associated with phase 

change forwarded with the increase of positive amplitude with angles). Therefore, we 

cannot classify this AVA response as one of the well-known AVA classes. 
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Figure 6.12 Horizon gradient analysis for WD ultra-far angle gathers 

Figure 6.11 Horizon gradient analysis for WD near angle gathers 
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Figure 6.13 Forward modeling and synthetic gathers for SD-1 

 Forward Modelling & AVO Analysis for SD-1 

 

 

The in-situ AVO model shows that residual hydrocarbon saturations generate negative 

amplitude far offsets. However, the modelled far offset amplitudes are weaker than those 

observed in the SD anomaly seismic gathers. Figure (6.13) 

Using the top reservoir horizon, a horizon gradient analysis was done to monitor the AVA 

response in gas case (100% gas), insitu-5% fizz gas and water case. This time we used the 

full stack, both the modelled gas case and the modelled fizz gas indicated the same AVO 

response, which is class 2p (a decrease of the positive amplitude with angles in addition 

to phase change, peak flipped to trough) forwarded by the increase of negative amplitude 

with angles. The water case indicated a curve shape gradient analysis that cannot be 

classified as AVO response. Figure (6.14) 
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Water 

Insitu-5%fizz 

Gas/light oil 

Figure 6.14 AVO responses for insitu case, modelled gas case and modelled water case 

Figure 6.15 E-logs and petrophysical analysis for WD-2 

 

 

 

 

6.6 Rock Physics Model for WD-2 & SD-1 

 

 Rock Physics Model for WD-2  
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Figure 6.16 X-plot for effective porosity versus P-impedance colored by Vclay log for WD-2 

The E-logs of WD-2 Figure (6.15) used in buildup rock physics model of WD field, two 

x-plots were generated using the effective porosity and the p-impedance logs from the top 

reservoir until the TD of the well. The first x-plot Figure (6.16)is  coloured by V-clay 

interpretation log which was derived from the petrophysical evaluation of WD field, 

while the second x-plot Figure (6. 17) is coloured by Sw to discriminate between shale, 

water bearing sand and gas bearing sand. 

 

It is obvious from the first x-plot Figure (6.16) that the shale is characterised by a very 

low effective porosity and considerably low-medium values of P-impedance, while the 

sand is characterised by a high to very high effective porosity reaches 27% and a very 

wide range of  p-impedance ranging from very low to high values. There is a common 

area between the sand and shale lithological units that can be interpreted as sandy shale or 

shaly sand sub-lithological units. 

In the other x-plot Figure (6.17) coloured by the water saturation log, the P-impedance of 

the hydrocarbon bearing sands is slightly less than that of the shale. However, there is a 

significant P-impedance difference between the hydrocarbon and water bearing sand. 

Furthermore, the hydrocarbon bearing sand is characertised by a very high porosity that  

reaches 27%, and the wet bearing sand is characterised by a medium porosity ranging 

from 14% to 21%, while the porosity of the shale is very low (from 0 to 12%). 
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Figure 6.17  X-plot for effective porosity versus P-impedance colored by water saturation log for 

WD-2 

Figure 6.18 E-logs and petrophysical analysis for SD-1 

 

 Rock Physics Model for SD-1 

 

The recorded logs in SD-1 (sonic and density), as well as the interpreted logs, were used 

(effective porosity, volume of clay and water saturation) Figure (6.18),  
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Figure 6.19 X-plot for effective porosity versus P-impedance colored by Vclay log for SD-1 

A cross-plot had been generated between the interpreted effective porosity log and 

calculated P-impedance log (product of P-wave velocity and density logs). 

The cross plot had been repeated three times, each of them was coloured by a different 

attribute; the first one Figure (6.19) is coloured by volume of clay log in order to 

discriminate between sand and shale within the reservoir. 

The second cross plot, Figure (6.20), is coloured by a water saturation log to recognise the 

gas charged sand and its water saturation. Finally, the third is coloured by depth to 

identify the depth the charged sands encountered in the drilled reservoir section within 

Qawasim formation. 

The generated cross plot between the effective porosity and the p-impedance, which is 

coloured by volume of clay log, shows clear discrimination between sand and shale, in 

which the shale is characterised by a very low effective porosity and low p-impedance. 

However, the sand is characterised by a very high effective porosity, and the p-impedance 

is still low, but slightly higher than that of shale. 

The second cross plot coloured by water saturation log shows two different gas charged 

sands, the gas saturation in one of them reaches 28% with a porosity reaches 15%, and the 

other sand has gas saturation ranging from 10-15% with a higher porosity reaches 25%.  
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Figure 6.21  X-plot for effective porosity versus P-impedance colored by depth

Figure 6.20 X-plot for effective porosity versus P-impedance colored by water saturation log 

for SD-1

The third cross plot, Figure (6.21), recognised that the two charged sands have different 

depths, the shallower one within the top reservoir at depth 8800ft and the deeper one at 
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Figure 6.22 Spectral analysis basics 

depth 9200ft.This rock physics model using the logs confirmed the presence of residual 

gas within the reservoir, which matches with the findings of gas shows reaching C4 

during drilling SD-1. 

The rock physics model of both WD-2 and SD-1 confirmed that the gas bearing sand 

encountered in WD field 100% gas saturation with 27% porosity) has not been recognised 

in SD-1, however; still, there is some residual gas within SD-1 

The rock physics model of SD well revealed the amplitude response seen on the stacked 

seismic to the low gas saturation in the well (confirmed with the gas shows encountered 

in the well). 

The question raised here that is considered a big challenge; is there any tool that can be 

used to discriminate between this residual gas characterised by low gas saturation within 

the reservoir and the commercial gas similar to that of the WD field? 

  

  Spectral Decomposition 

 

 Introduction 

 

The various electromagnetic frequencies are used to “see” various physical properties. 

Figure (6.22). In Spectral decomposition, the key is the wavelength, not the frequency. 

(Although they are not independent of each other as v = fl and we assume v is constant) 

 

Spectral decomposition provides a tool for seismic interpretation. Spectral decomposition 

is utilised for imaging and mapping temporal bed thickness and geologic discontinuities 

over 3D surveys. This technology could enhance the prospect definition beyond seismic 

tuning resolution, and it usually helps resolve what cannot be resolved in the time 

domain.  
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A Spectral decomposition is a necessary tool that can be used for the following: 

- Delineating facies/stratigraphic settings, (including flood plane boundaries, reef 

boundaries, channel sands, incised valley-fill sands, and other thin beds) 

- Resolving the order of deposition 

- Detailed mapping of structural settings, including complex fault systems (i.e. reservoir 

compartmentalization) 

- Mapping of near surface environmental hazards (especially expulsion features and 

other near surface instabilities) 

- Reservoir modeling (mapping fluid changes, pressure changes and changes in 4D 

surveys) 

- Spectral decomposition can be used qualitatively to show stratigraphic and structural 

edges/bodies in addition to relative thickening/thinning. Quantitative employment of 

spectral decomposition is effective at predicting reservoir thickness or intra-reservoir 

travel time. Spectral decomposition maps often display substantially more fidelity than 

full-bandwidth conventional complex trace attributes, whether qualitative or 

quantitative. 

Generally speaking the Spectral Decomposition transforms the seismic data into the 

frequency domain by a Discrete Fourier Transform (DFT) or by a Maximum Entropy 

Method transform (MEM). The transformed (phase-independent) amplitude spectra are 

utilised to delineate temporal bed thickness variability, while the phase spectra denote 

lateral geologic discontinuities. This technique was a robust approach for thickness 

estimation and fault definition. 

The most common approach to characterise reservoirs using spectral decomposition is 

via the “zone-of-interest tuning cube.” 

- Spectral decomposition is a technique that separates and classifies seismic events 

within each trace depending on their frequency content.  

- Spectral decomposition could be classified as a hydrocarbon indicator (Castagna, 

2003) 

- In physics, attenuation is the gradual loss in intensity of any kind of flux through a 

medium. 
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Figure 6.23 The tuning cube concept     

- The frequency-attenuation approach is utilised commonly on the commercial and low 

gas saturation discrimination by implementing a spectral decomposition technique to 

the reservoir that exhibit hydrocarbon signature in the seismic data (Li and Han, 2005) 

- Different spectral attributes such as the attributes of peak frequency, bandwidth, and 

calculation of the Q factor show that the low saturation gas has higher attenuation than 

that of the commercial gas. 

 The Tuning Cube  

 

- Decomposing each 1D trace from the time domain into its corresponding 2D 

representation in the time-frequency domain by means of any time-frequency 

decomposition method is the starting point of spectral decomposition (Patryka, 1999). 

Figure (6.23) 

- After transforming the traces from the time domain into a time-frequency domain, we 

can observe the amplitudes from seismic at any desired frequency. 
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Figure 6.24 Short window analysis 

The workflow has started by mapping the horizon that represents the top pay in WD field 

as well as in SD-1, well which theoretically is the temporal and vertical bounds of the 

zone-of-interest; the interpretation was done on the WD ultra-far stacked data. Then,  

Discrete Fourier Transform transforms a short temporal window (below the horizon 

by100ms) from the time domain into the frequency domain Figure (6.24). The resulting 

“tuning cubes” are seen  in a plan view (common frequency slices). 

 

 

The frequency slice, known as a “tunning map,” is handy because it enables us to 

visualise thin-bed interference patterns in plan view.  

Generally, it is rare to find data in conventional attributes, which is unique to spectral 

decomposition analysis. In other words, if you do not see an event with spectral 

decomposition, you will not see it with traditional complex trace attributes. Moreover, 

events are usually brighter with spectral decomposition when compared to traditional 

attributes.  

The spectral decomposition had been implemented on the WD ultra-far stacked data. The 

transformed results involve tuning cubes and a variety of discrete common frequency 
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Figure 6.25 Different frequency slices resulted from the tuning cube process 

cubes. The presented frequency slices resulted from the tuning cube process are 10 Hz, 15 

Hz, 20 Hz, 24 Hz, 30 Hz, 35 Hz, 45 Hz and 55 Hz. Figure (6.25)  

In Figure (6.25), it could be noticed that the lower frequencies (10HZ and 15Hz) show 

higher amplitudes in both WD field and SD-1, however, the higher amplitude in WD field 

is following certain geometry (still it is not the final geometry of the field).  This means 

that it starts delineating the different sand lobes of WD field that is fully hydrocarbon, 

saturated. However, in SD-1, there is a higher amplitude, but without any geological 

features. In the frequency slices of 20Hz and 24Hz, the higher amplitude in SD-1 

decreased intensely, while in WD field, it follows the geometry of the field (the different 

sand lobes could easily be  recognised, especially in the 24 Hz), in addition to the 

sustainability of the higher amplitudes. From 10 Hz to 24 Hz, the cleanness of the data 

from noises could be observed. 

 

 

The 30 Hz and 35 Hz still show the same amplitude response of 24 Hz, but with a 

decrease in the sharpness of the anomaly of WD field, and the data becomes noisier. In 

SD-1, the amplitude response becomes fainter than the 24 Hz. In the higher frequencies 
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Figure 6.26 The volume recon concept 

(45 Hz and 55 Hz), the data becomes very noisy; this made the imaging difficult. The 

tuning cube led us to define 24 Hz as the tuning frequency in the WD area. 

 

 The Volume Reconnaissance 

 

Volume Recon will generate a set of Discrete (Iso) Frequency Volumes using a running-

window approach on each seismic trace in a time seismic volume.  Figure (6.26) 

Parameterisation for Volume Recon is usually determined by running a tuning cube over 

a zone of interest. However, volume reconnaissance goes beyond the tuning map zone-of-

interest analysis. Instead, the tuning maps address the tuning problem on a local zone-of-

interest scale.  

During the Volume Recon process, a number of iso-frequency cubes are produced for a 

number of frequency ranges. After a number of iterations and using different parameters 

setting, it was observed that a TWT window of 1000-3500 is good enough to lead to 

satisfactory results.  

The chosen frequencies depend on the results of the tuning cube are (10Hz, 15Hz, 20 Hz, 

24 Hz, 30 Hz, 35 Hz, 45 Hz and 55Hz). The volume recon results could be seen in 

horizon amplitude slices or sections for a selected time window of a preferred frequency.  
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Figure 6.27 Amplitude horizon (top pay horizon) slices for selected frequencies 

Figure (6.27) shows different amplitude horizon slices for a selected frequency value in 

the time domain. These slices were generated for a robust interpretation of the 

hydrocarbon occurrence and the geological model for WD area and compared with SD-1 

well. Furthermore, comparing the amplitude response in the time domain with that in the 

frequency domain for the same frequency value explains the water saturation and 

attenuation relationship.  

This was achieved by studying both responses at WD field (higher gas saturation) and 

SD-1 well (higher water saturation).The horizon used is the top pay zone of WD area. 

 

 

The seismic attribute used in the amplitude extraction in Figure (6.27) is instantaneous 

amplitude attribute. 

By scrolling the amplitude slices from 10 Hz iso-frequency cube until 35 Hz iso-

frequency cube, we can notice the brighter amplitude in all slices in the WD field 

compared with SD-1, which can give a robust relation between the amount of the 

hydrocarbon within the reservoir and the frequency attenuation associated with the same 

reservoir. In the WD field, we have commercial gas, which is represented in the slices by 
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Figure 6.28 Comparison between the frequency slice (10 Hz) and the amplitude horizon (top pay 

horizon) slice from 10 Hz iso- frequency cube 

a very bright amplitude in all frequency ranges (lower attenuation), while in SD-1well in 

which we have encountered low gas saturation, we can observe in all amplitude slices for 

all frequency ranges faint amplitudes (higher attenuation). Additionally, the geometry for 

WD field and the clear recognition of the three sand loops that represent the fan delta 

prograding complex is well defined. 

In the horizon amplitude slice from the 24 Hz iso-frequency cube, we can notice the 

brightest amplitude response at WD field and meanwhile the dimmest amplitude at SD-1 

well, which matches with the status of the two prospects, furthermore, confirmed what we 

have mentioned before that the 24 Hz frequency is the tuning frequency for WD area. 

The amplitude slices from the 45 Hz and 55 Hz iso frequency cubes are widely 

contaminated with random noises that did not help geological interpretation. 

  

In the next part, we will compare between the frequency slice at a certain frequency value 

(frequency domain) with the amplitude horizon slice from the same iso-frequency cube 

(time domain). Again, three samples were selected, which are 10 Hz, 24 Hz and 45 Hz. 
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Figure 6.29 Comparison between the frequency slice (24 Hz) and the amplitude horizon (top pay 

horizon) slice from 24 Hz iso- frequency cube 

In the 10 Hz. Figure (6.28), at WD field, both the frequency slice and the amplitude slice 

show the same bright amplitude response versus frequency and versus time. However, at 

SD-1 well, there is a discrepancy between the two responses, in the frequency slice, the 

amplitude is brighter than WD, but it is scattered covering approximately the whole 

southern area, while in the amplitude slice, the amplitude is dimmed in SD-1 well than 

WD field. 

The conclusion from previous is that the lower frequencies from the ultra-seismic data did 

not match with the actual status of SD-1 well in terms of the relationship between 

saturation and attenuation, i.e. the lower frequency did not reflect the low gas saturation 

locations. On the other hand, it can reflect the commercial gas within the reservoir (WD 

field). 

 

In the 24 Hz. Figure (6.29), at WD field, both the frequency slice and the amplitude slice 

show the same response, which is a bright amplitude versus both frequency and time with 

a very good delineation for the field geometry. At SD-1 well, there is also a perfect match 

between the two responses; in the frequency slice, there is no anomaly at all compared 

with that of the WD field, while in the amplitude slice, the amplitude is strongly dimmed 

or very low  in SD-1 well compared with the WD field. 
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Figure 6.30 Comparison between the frequency slice (45 Hz) and the amplitude horizon (top pay 

horizon) slice from 45 Hz iso- frequency cube 

Using the 24 Hz frequency, we achieved a strong match between the results and the actual 

status of both WD field (commercial gas) and SD-1 well (low gas saturation). The 

intermediate frequencies (20 Hz - 35 Hz) of the ultra-far seismic data that resulted from 

the conditioning of the gathers which was shown before in chapter-2, have a high 

sensitivity for the water saturation within the Qawasim reservoir in the Mansoura area in 

terms of the impact of the fluid content within the reservoir on the frequency attenuation. 

We can conclude from the previous explanation that using the tuning frequency resulted 

from the spectral decomposition technique helps distinguish the commercial 

accumulations and define the actual geometry of the associated geological features. 

The application of frequency attributes, especially the spectral decomposition in the area 

of study, shows promising results regarding the discrimination between the commercial 

gas and the residual gas (low gas saturation). 

 

In the 45 Hz. In Figure (6.30), we notice that the higher frequencies from the ultra-far 

seismic data (from 40 Hz and above) are highly contaminated with random noises and do 

not represent any geological features. However, the amplitude slice from the 45 Hz iso-
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Figure 6.31 Comparison between the amplitude horizon slice from the ultra-far seismic stacked 

data and the frequency slice (24 Hz) along the same horizon 

frequency cube shows brightness at the WD field, which represents lower attenuation and 

does not show any response at SD-1, representing a higher attenuation.  

We can say that all horizon amplitude slices from all iso-frequency cubes show an 

excellent match with the actual status of the two prospects, which again confirms the 

ability of the spectral decomposition technique to discriminate between the low gas 

saturation and commercial gas.  

 

Figure (6.31) shows a very important display which we can consider the most essential 

conclusion for this work. To the left-hand side of the display, we can see the amplitude 

horizon slice (top pay horizon) from the conventional seismic (ultra-far stacked seismic 

data), in which the amplitude is extracted along the horizon using the RMS attribute. The 

display’s right-hand side is the 24 Hz frequency slice resulted from the spectral 

decomposition (Tuning cube). The amplitude map shows a strong amplitude anomaly in 

SD-1 well with the same brightness like the WD field, which proved after drilling that it 

is a false anomaly due to the presence of low gas saturation within the Qawasim reservoir 
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Figure 6.32 Comparison between the amplitude horizon slice from the ultra-far seismic stacked data 

and the amplitude horizon slice from the 24 Hz iso-frequency slice cube 

which is the same reservoir of WD. In the frequency domain and by using the tuning 

frequency, there is no anomaly and the frequency slice just shows the hydrocarbon 

accumulation in WD field.  

In WD field, also, we can observe how the amplitude map from the seismic matches the 

frequency slice (24 Hz) that validate the results of the work done and increases our 

confidence in the results. Consequently, we can recommend clearly the crucial usage of 

spectral decomposition in the area of study before drilling any amplitude prospect to 

mitigate the risk associated with drilling false anomalies. 

  

Figure (6.32) shows the same comparison, but this time, the display to the left-hand side 

is similar to that in Figure (6.31). However, the right-hand display is the amplitude 

horizon slice from the 24 Hz iso-frequency cube. Both amplitude maps had been 

extracted along the top pay horizon. Therefore, both maps are seen in the time domain. 

The maps confirmed the same conclusion that mentioned before, which is converting the 
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Figure 6.33 N-S arbitrary line passing through WD field and SD-1 

well from both; ultra-far seismic stacked data (upper figure). The 24 

Hz iso-frequency cube (lower figure). The index map shows the 

direction of the arbitrary line 

data from the time domain to frequency domain aids significantly in low gas saturation 

and commercial gas discrimination. 

Taking an arbitrary seismic line through the WD field in the north and passing through 

SD-1 well in the south from the ultra-far stacked seismic data; along the same horizon 

which is the top pay zone, a very strong amplitude in both locations could be noticed with 

the same strength and the seismic character. On the other hand, the WD field is located in 

a high structural position, as shown in Figure (6. 33)  

The same Figure (6.33) shows the same arbitrary line taken from the 24 Hz iso-frequency 

cube, which we agreed before that is the tuning frequency. This line shows a different 

response than the ultra-far seismic in which the amplitude at the WD field is a very bright 

indicating lower attenuation and assuring the commercial gas within the reservoir. 

However, in the SD-1 well, there is a very faint amplitude that proves the low gas 

saturation found after drilling this well. The frequency attribute proved the false anomaly 

appearing in the conventional seismic, which again shows the significance of the spectral 

decomposition or frequency attributes in prospects evaluation and its role in the low gas 

saturation and commercial gas differentiation. 
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Figure 6.34 Arbitrary line passing through SD-1 well trajectory from the 24 Hz iso-frequency 

cube 

Figure (6.34) shows the arbitrary line passing through the SD-1 well trajectory from the 

24 Hz iso-frequency cube. We can notice a very faint amplitude along the trajectory, 

which confirmed the gas shows encountered in the reservoir section drilled in the well, 

also confirmed the higher attenuation for the frequency content of the seismic data due to 

the low gas saturation in the reservoir. 

As a conclusive interpretation for what we have got from the data of the spectral 

decomposition, the main reason for getting a higher attenuation in the low gas saturation 

and vice versa in commercial gas within the reservoir in the area of study could be 

explained as follows. At higher water saturation, the big pores contribute effectively in 

the energy losses, while in lower water saturation, the large pores are adequately drained 

for it is filled with a mixture of water and gas and no longer contribute to the losses 

(William F. Murphy, 1982). 
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 RGB Blending Display 

 

Blending seismic attributes with additive primary colors (red, green and blue) is a 

standard visualization procedure used by interpreters to integrate the information 

contained in them and carry out comprehensive interpretation. Attributes plotted against 

RGB should be of the same units and have a similar range of values. Example triplets 

include plotting spectral magnitudes at three frequencies or amplitudes at four offsets 

(near, mid, far and ultra-far). Alternatively, attributes will have to be normalized before 

they are input into the primary color channels of the chosen color model. Instead of 

displaying and interpreting such selected or optimized seismic attributes individually, 

they can be displayed in a composite way using RGB co-rendering, depicting all the 

information in the data simultaneously. Such RGB applications have been carried out to 

detect anomalies, define complex lithofacies, identify discontinuities and a long list of 

structural and depositional geological features 

Colour blending can be used to simultaneously display values from multiple volumes in 

an intuitive way. The colour blending group co-renders three volumes using blending 

rules. Each volume is assigned to a colour channel. The final display is a mix of the 

contributions from each of the channels. 

RGB blending provides three colour channels: Red, Green and Blue. The combination 

process is additive: low values in a channel result in dark colours while high amplitudes 

result in bright colours. As a result, a strong response in all three channels will be white. 

RGB blending can be used to simultaneously display different frequency bands from a 

spectral decomposition analysis to help identify frequency dependent structures (such as 

variations in the thickness of channel features). To find out more about our spectral 

decomposition process 

Essentially, we superimposed three different horizon slices coming from three different 

seismic cubes on the same display. Figure (6.36) 

The selected cubes are:  

1. Ultra-far stacked seismic data. 

2. 24 Hz iso-frequency cube 

3. 35 Hz iso-frequency cube 

 

 



 

317 
 

  

 

 

 

 

   

                                      

Each attribute has been given a certain color bar (Red, Green, or Blue). Figure (6.35) 

1. Possible bright amplitude features are identified in spectral decomposition volume, 

brighter in the higher frequencies in WD field. Notice that it was just missed by SD-1 

well. 

2. Let’s put some geological context in here. The base reservoir horizon has been picked 

as a depositional surface just below the channel features. Create a flattener process, 

flattening the data to our horizon.  Displayed time slice of spectral decomposition 

volume in the flattened domain. Scroll through time-slices above the flattened 

horizon. The bright amplitude seen in the full stack may be our channel. Looks 

promising in the flattened, RGB blended spectral decomposition volume. 

3. Let’s use RGB blending to combine our three volumes. RGB blend of Ultra-far 

stacked seismic data, 24 Hz iso-frequency cube and 35 Hz iso-frequency cube. Nice 

example of a possible channel feature missed by SD-1 well.  

The result is the displayed color in Figure (6.36), which represents the WD field, and we 

can notice a very faint color associated with SD-1 well. From this, we can conclude that, 

the combination of different intermediate frequencies with the conventional seismic data 

at the WD field reflects the hydrocarbon occurrences in the area of study. 

 

 

 

 

 

 

 

 

Figure 6.35 RGB blending parameters 
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Figure 6.36 RGB frequency blended display 
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 Summary 

 

The application of spectral decomposition, frequency attributes and amplitude attributes 

on the ultra-far stacked data shows excellent results in terms of the tuning frequency 

response at each of the producing field and the drilled well. In addition, all horizon 

amplitude slices from all iso-frequency cubes show an excellent match with the actual 

status of the two prospects, which again confirm the ability of the spectral decomposition 

technique to discriminate between the low gas saturation and commercial gas.  

The strong relationship between gas saturation and frequency attenuation was proven and 

was shown in this study. As mentioned by Castagna in 2003, ‘The spectral decomposition 

could be classified as hydrocarbon indicator”.  

The work done in this study will broaden the role of spectral decomposition and 

frequency attribute analysis beyond its use as a hydrocarbon indicator by further 

emphasizing its role in reservoir properties delineation.  

The lower frequencies from the ultra-far seismic data did not match with the actual status 

of SD-1 well in terms of the relationship between saturation and attenuation, i.e. the lower 

frequency did not reflect the low gas saturation locations; on the other hand, it can reflect 

the commercial gas within the reservoir (WD field). According to William. F. Murphy 

(1982), At higher water saturation, the large pores contribute significantly to energy 

losses, while in lower water saturation the large pores are sufficiently drained for it is 

filled with a mixture of water and gas and no longer contribute to the losses; this 

considered the main reason for getting higher attenuation in the low gas saturation and 

vice versa in commercial gas within the reservoir in the area of study 

It is highly recommended for the must usage of spectral decomposition in the area of 

study before drilling any amplitude prospect in order to mitigate the risk associated with 

drilling false anomalies. 

 

 

  



 

320 
 

 

Chapter-7 

 

Summary & Conclusions 

 

 Summary  

 

 

From work done and shown in this thesis, the importance of the pre-stack seismic data 

was demonstrated clearly, and certainly, people will realize that the pre-stack seismic data 

is the key for most of the challenges that face the reservoir characterization and the broad 

use of this data in both exploration and exploitation especially in the Nile Delta. 

 

The workflow used in the gathers conditioning and the impact on the quality of the 

gathers increases the reliability of the ultra-far data (45o-47o) degrees. The ultra-far data 

reliability is an innovative topic in this thesis came from the careful conditioning and 

proved the better resolution at reservoir level using the AVO analysis, AVO simultaneous 

inversion and the frequency attributes. 

 

Building up the rock physics models for both WD and WKH fields played an important 

role in linking the elastic properties to the reservoir properties Middle Miocene (Qawasim 

formation for WD) and Messinain (Abu Madi formation for WKH field). Additionally, it 

helps in better understand the key factors that affect the seismic amplitude. I have shown 

how the rock physics model using the log data can discriminate easily between lithology 

and fluids, which was linked to the simultaneous inversion later and give full information 

about the elastic properties of the reservoir. 

 

After the AVO/AVA analysis, that was done to monitor the AVO response in the area of 

study, it was proven that the gas bearing sand is characterized by a very good AVO 

response with different AVO classes. However, still the point of 5% gas saturation within 

the reservoir can give the same response of the commercial gas, 

The AVO simultaneous inversion has validated the rock physics model or, in other words, 

the rock physics model constraints the seismic inversion. In addition to the benefits that 
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have from the ultra-far stacked data in terms of reservoir definition, especially in the 

density and Vp/Vs cubes. 

Using frequency attributes, the discrimination between low gas saturation and 

commercial gas can be achieved in the onshore Nile Delta and di-risk the drilled 

prospects to optimize the exploration strategies.  

In the next section, I’ll highlight and summarize some important findings emanated from 

the work done in this thesis. 

 

✓ The true amplitude recovery is essential to perform AVO analysis. 

✓ The accuracy of the well to seismic tie is very critical. 

✓ Special CDP analysis (including AVO analysis & Pre-Stack inversion) may 

concretely assist in prospects validity. 

✓ The compatibility of all attributes will increase the chance of success for a drillable 

prospect. 

✓ Rock Physics is important in the area of study to help in better understanding the key 

factors that affect the seismic amplitude. 

✓ Cross-plots effectively discriminate between shale, wet sand and hydrocarbon bearing 

sand at the reservoir level. 

✓ Generally, Sandstones are characterized by low Vp/Vs depending on the degree of 

shaliness within the reservoir. Shales themselves have significantly higher Vp/Vs than 

sandstones. The x-plot of Vp/Vs versus P-Impedance indicates that Gas sand is 

characterized by a very low Vp/Vs ratio and very low impedance, Wet sand is 

characterized by high impedance, and the Vp/Vs ratio is higher than gas sand and at 

the same time lower than that of shale. The shale is characterized by high Vp/Vs and 

low impedance. 

✓ The cross-plot of the acoustic impedance versus shear impedance measured from log 

data at the reservoir level shows the clear discrimination between sand and shale in 

which the shear impedance of the sand is higher than that of the shale. 

✓ The x-plots of the inverted p-impedance versus predicted porosity cube are close to 

the one of p-impedance calculated from the log data, and hence, the tie between the 

observed seismic data and the well data is realistic. 

✓ The inverted seismic data delineate the gas sand by a decrease in (Zp), and the density 

was observed and a slight increase in (Zs).  

✓ The gas sand detection with a good resolution is achieved by using the simultaneous 

inversion benefitted from ultra-far. 
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✓ All horizon amplitude slices from all iso-frequency cubes show an excellent match 

with the actual status of the two prospects, which again confirm the ability of the 

spectral decomposition technique to discriminate between the low gas saturation and 

commercial gas.  

 

 Conclusions 

 

The popped-out amplitudes in the area of study are vital to be analyzed in terms of pre-

stack seismic data (Understanding the phase and polarity of the   seismic data is critical). 

Initially, the seismic survey design should take into consideration the special geophysical 

techniques. The gathers conditioning section is one of the crucial work in this thesis, by 

which, the developed and innovated conditioning workflow aids in increasing the 

reliability of the ultra-far data (45 degrees), which led consequently to involve about two 

thirds of the pre-stack seismic data in all later studies instead of just using half of the pre-

stack seismic data in the past. Furthermore, this developed workflow improved the signal 

to noise ratio significantly over the whole data set and flattened the gathers at the 

reservoir level while preserving the amplitude and keeping all the stratigraphic and 

structural features. 

It is highly recommended in such areas with lots of surface obstacles and needs to study 

the pre-stack seismic data to apply this developed conditioning workflow to get much 

improvement in the data quality, in order to achieve good drilling results and reach the 

goals and objectives of such studies. As a result of the gathers conditioning, increasing 

the reliability of the ultra-far seismic data is useful for a detailed reservoir study in any 

deltaic environment.  

It is concluded from the rock physics model of both WD field and WKH fields that, there 

is clear and excellent lithology discrimination between sand and shale from one side, and 

on the other side, the fluid discrimination between hydrocarbon bearing sand and wet 

sand. Although the two fields have different reservoir properties related to the different 

depositional environments (WD is Tortonian deltaic sands and WKH is Messinain fluvial 

marine channels), we can find the same responses from the different x-plots that may 

have different values, but both have the same trend. 

In the area of study, the cross plots of P-impedance versus shear impedance, as well as the 

P-impedance versus Vp/Vs, are a very good tool for both lithology and fluid 

discrimination, and it is highly recommended to use both cross plots prior for any 

inversion process to see the possibility of such discrimination using the e-logs.  
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The developed ultra-far stack data was used in all advanced geophysical techniques in 

this thesis. The developed data showed an excellent response in terms of fluid indication. 

The developed AVO simultaneous inversion technique was significantly proves the 

hydrocarbon distribution in both fields; this was validated by the interesting match 

between the inversion results and recorded e-logs. The cross plots resulted from the 

developed inversion technique matched the same cross plots resulted from the e-logs. 

This was a very important achievement in this thesis which led to an increase in the 

confidence of the inversion results and the reservoir properties prediction. 

The wavelet extraction is crucial in the work done in this thesis, in which, the theoretical 

wavelet extraction was used in WD field, and the statistical wavelet was used in WKH 

field. The main factor that controls the wavelet extraction should be the correlation 

coefficient between the seismic data and the synthetic gathers; for this, the wavelets used 

in each field was different based on such match. This developed workflow for wavelet 

extraction can be used in any area not just the onshore Nile Delta.  

The developed workflow for the seismic inversion starts from incorporating ultra-far data 

into the AVO analysis, the methodology of wavelet extraction, well to seismic tie and 

AVO simultaneous inversion (apply separate run for each data set; near, mid far and 

ultra-far data with each corresponding wavelet). Finally, validating the inversion results 

by comparing with e-logs and finally, predict the reservoir properties using all the 

inversion results as well as the AVO attributes can be used in any area. They will give 

very good results that can be reliable in any field development plan and consequent 

economic study. 

The application of spectral decomposition, frequency attributes and amplitude attributes 

on the ultra-far stacked data shows excellent results in terms of the tuning frequency 

response at each of the producing field and the drilled well. The strong relationship 

between gas saturation and frequency attenuation was proven and well presented in this 

study. As mentioned by Castagna in 2003, ‘The spectral decomposition could be 

classified as hydrocarbon indicator”. The work done in this study will broaden the role of 

spectral decomposition and frequency attribute analysis beyond its use as a hydrocarbon 

indicator by further emphasizing its role in reservoir properties delineation.  

The lower frequencies from the ultra-far seismic data did not match with the actual status 

of SD-1 well in terms of the relationship between saturation and attenuation, i.e. the lower 

frequency did not reflect the low gas saturation locations; on the other hand, it can reflect 

the commercial gas within the reservoir (WD field). According to William. F. Murphy 

(1982), At higher water saturation, the large pores contribute significantly to energy 
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losses, while in lower water saturation the large pores are sufficiently drained for it is 

filled with a mixture of water and gas and no longer contribute to the losses.  

It is highly recommended for the must usage of spectral decomposition in the area of 

study before drilling any amplitude prospect to mitigate the risk associated with drilling 

false anomalies. 
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