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Abstract 

 

The fundamental parameters in seismic reservoir characterization are P-wave, S-

wave velocities, and density. Understanding the relation of these parameters with the 

pore-fluid content and lithology is the key for this research. The purpose of the study is to 

detect and outline a hydrocarbon-saturated reservoir in the Thrace Basin of NW Turkey, 

which is primarily gas-prone, using four 2-D long-offset reflection lines and conventional 

well logs data that were acquired by Turkish Petroleum (TPAO). The major means are 

amplitude versus offset analysis and impedance inversion. In addition, petrophysical 

analysis is performed to understand and determine the rock properties including porosity, 

lithology and pore fluid content. 

Well-2 is interpreted, and reservoir interval is discovered in the depth range of 

878-899 m. According to the available petrophysical data, the reservoir consists of high 

porosity shaly-sandstone with 38% water saturation.  

Seismic data is processed through Kirchhoff Time Migration to image subsurface 

geology with an optimum resolution. The processing flow is designed to preserve true 

amplitude which is required for satisfactory amplitude versus offset (AVO) analysis. 

AVO modeling is performed to understand the AVO response differences between brine 

and gas saturated cases. In the absence of measured shear wave velocity, it is predicted 

using primary wave velocity from sonic log based on Gassmann fluid substitution and 

Castagna equations. Furthermore, AVO analysis is carried out using NMO-corrected 

CDP gathers at Well-2 location to discriminate gas reservoir from background lithology. 



vii 
 

Class III type of AVO Anomaly which is known as “classic bright spot” is observed 

demonstrating amplitude is increasing as offset increases for both the top and base of the 

reservoir. 

Acoustic impedance inversion has been applied to characterize the rock properties 

of the reservoir zone. The reservoir interval is distinguished as a zone of relatively low-

impedance and information regarding lateral extent of the reservoir sand is obtained, as 

well. Elastic impedance inversion using range-limited angle stacks demonstrates an 

increase in amplitude with offset/angle indicating that although the anomalous amplitude 

can be seen at the near offset stack, the reservoir is brightening and is more visible at far 

offset.  
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CHAPTER 1 – INTRODUCTION 

1.1 Introduction 

Reservoir characterization can be described as the integration of the data from 

seismic survey, geophysical well logs and geological samples in order to build up a 

reservoir model based on its characteristics such as porosity, permeability with the 

respect to fluid flow. Seismic reservoir characterization is mostly interested in changes in 

P-wave velocity, S-wave velocity and density associated with pore-fluid content and 

lithology. The relation between P-wave velocity, S-wave velocity, Vp/Vs ratio, and 

Poisson’s ratio with various hydrocarbon saturation, pore-fluid content, and lithology are 

given in Figure 1.1 and Figure 1.2. 

The Thrace Basin is the most gas producing basin in Turkey. The commercial 

production of oil and gas in the Thrace basin was developed in 1970. In the twelve gas 

and two oil fields, production has been continued. In the past two decades, the ratio of 

exploration achievement has augmented up to 65%, and the natural gas production has 

grown from 200 m3 to 350 million m3 by means of direct hydrocarbon indicator analysis 

(Sunnetcioglu et al., 2009). Mainly gas and oil production have been continued by 

conventional exploration manner; however, in recent years unconventional gas and oil 

operations have been started. 

Amplitude variation with offset (AVO) analysis is one of the seismic attributes, 

and an effective tool used as a direct hydrocarbon indicator (DHI) for predicting fluid 

content and reservoir quality. It minimizes drilling expenses and high-risk wells (Smith, 



2 
 

2001). Although it has some limitations and uncertainties, it is still indispensable 

technique used in industry. One can conclude that even dry holes was drilled by existing 

AVO anomaly, provide us essential information to understand characteristics of AVO 

responses that can be caused by fluid content and lithology effect, as well. 

The workflow to assess reservoir properties from seismic data involves a list of 

relevant steps. Initial step is performing a precise petrophysics/rock physics modeling 

analysis that relates elastic properties with reservoir properties (Michelena et al., 2012). It 

continues with post-stack impedance inversion and modeling to perform quantitative 

prediction of reservoir properties from surface seismic data. With satisfactory data quality 

and broad angular coverage, pre-stack inversion for elastic properties takes place, and it 

provides more sophisticated results. The link between the exploration and reservoir 

development processes is usually based on seismic data; however, the presence of well 

data, at the target, gives us a chance to reduce uncertainties. In other words, well 

information serves to constrain the parameterization ranges of empirical relationships that 

can be used to calibrate seismically derived information to well-derived information 

(Wagner, 2012).  

 This research aims to distinguish and outline the hydrocarbon-saturated reservoir 

in the Thrace Basin of northwest Turkey using seismic and well log data. The major 

means are amplitude versus offset analysis and impedance inversion. In addition, 

petrophysical analysis is performed to understand and determine the rock properties 

including porosity, lithology and pore fluid content. 
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Figure 1.1: Relation of P-wave velocity, Poisson’s ratio, and Vp/Vs ratio for various pore fluid content and 

lithology (taken from Cosban et al., 2002). 

 

Figure 1.2: Relation betwenn P-wave, S-wave, Poisson’s ratio, and Vp/Vs ratio with gas saturation (taken 

from Ostrander, 1984). 
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1.2 Geologic Setting  

1.2.1 Regional Geology and Tectonics of the Study Area 

The Thrace Basin is located in the northwestern part of Turkey (Figure 1.3). 

Coşkun (2000) suggested that the Thrace Basin is developed as an intermontane basin 

and discussed influence of the Stradja-Rhodope Massifs and the North Anatolian Fault 

System on oil potential of the basin; however, Görür and Okay (1996) suggested that the 

basin evolved during the Paleogene as a fore-arc basin, linked to the subduction of the 

Intra-Pontide Ocean.  

Tertiary sedimentary rocks of the Thrace Basin comprise predominantly 

siliciclastic and volcanoclastic rocks with slightly carbonates. The sediment thickness 

reaches up to 9000 m in the central parts, and thins towards the margins of the basin 

(Siyako, 2006). This area is bounded by three major geological features of the pre-

Tertiary basement; the crystalline Istranca-Rodop Massif to the north and the Kuleli-

Babaeski paleohigh in the south which lies in east-west direction as a subsurface 

extention of the Istranca-Rodop Massif, and by the Sakarya continent to the south 

(Sunnetcioglu, 2008, and Gurgey, 2009).  

Structural and stratigraphic traps are both exploration targets in the basin (Demir 

et al., 2012). The strike-slip faults, which are Pliocene age, prevail to the Thrace Fault 

System. Terzili and North Osmancık right lateral strike-slip fault zones are the major 

structural elements in the basin (Figure 1.4). 

Coskun (1997) proposed that orientations of the earlier Eocene and latest Miocene 

traps are entirely different from each other. The older structures, controlled by basement 
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paleotopography, direction in a NE-SW direction, while, the younger structures are 

linked to the existence of the transfer zones which direct in a NW-SE under the impact of 

the splays of the North Anatolian Fault (NAF). He also mentioned the importance of 

orientation of these structures in terms of future hydrocarbon discovery in the Thrace 

Basin.  

 

Figure 1.3: Map showing location of Turkey and black box shows the location of the study area (from 

www.google.com/maps). 

http://www.google.com/maps
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Figure 1.4: Map showing location of the Thrace Basin with major stratigraphic formations in different 

colors and structural elements. KFZ is North Osmancik (Kirklareli) Fault Zone, LFZ is Terzili (Luleburgaz) 

Fault Zone, and NAFZ is North Anatolian Fault Zone (modified after Siyako, and Huvaz, 2007). 

 

1.2.2 Hydrocarbon Exploration in the Thrace Basin 

According to the Oil and Gas Journal report in 2011, Turkey’s proved natural gas 

reserves at 218 billion cubic feet (Bcf), located mostly in the Thrace Basin where this 

research takes place (Figure 1.4). My specific study area is near Luleburgaz that belongs 

to Kirklareli province.  

Although first exploration was made in 1890’s that was a non-commercial one, 

the first commercial gas discovery (5x106 cu ft per day) was done by Turkish Petroleum 

Corporation in 1970 in Hamitabat Basin. Later on, important gas reserves have been 
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discovered in the deltaic Osmancik sandstone in Umurca (18x106 cu ft per day) field 

(Coskun, 1996).  

In terms of exploration, the three target formations are (1) turbiditic sandstones of 

the Upper Eocene Hamitabat Formation, (2) reefal limestones of the Upper Eocene 

Sogucak Formation and (3) deltaic sandstones of the Oligocene Osmancik Formation 

(Sunnetcioglu, 2008). My work is going to mostly pay attention to deltaic sandstones of 

the Oligocene Osmancik Formation (Figure 1.5). Osmancik Deltaic System overlies the 

Mezardere Formation conformably, and it is defined as Upper Oligocene aged, is a delta-

front upward coarsening and shallowing sequence consisting of sandstones and shales. 

The interbedded sandstones are very fine to medium grained with greenish gray shales 

and siltstones. Sands are unconsolidated and present high porosity. It also contains a few 

conglomerates, tuffs and lignite beds. The outcrop thickness of the Osmancik Formation 

is about 800 m (Temel and Çiftçi, 2002; Huvaz, 2005).  
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Figure 1.5: Stratigraphy, depositional environments, and petroleum system elements (taken from Siyako, 

and Huvaz, 2007). 

1.3 Data 

In this research, four 2-D long-offset seismic reflection lines and two 

conventional well logs which were acquired by Turkish Petroleum Corporation (TPAO) 

in 2006 was used. Figure 1.6 shows the location of wells and seismic reflection lines. 
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Some of the seismic acquisition parameters are shown in Table 1.1. The layout type was 

asymmetric split spread. The seismic survey was acquired using 1-C receivers whose 

natural frequency was 10 Hz. During the acquisition, geophone locations were fixed 

while shot locations were moving in the array. Shots were performed at mid-point of two 

geophones, and near-offset was chosen as 30 m. 

Table 1.1: Seismic acquisition parameters. 

Line Name Number 

of 

Geophone 

Number 

of Shot 

Geophone 

Interval 

Shot 

Interval 

Source Type, Depth 

and Size 

MAD-205 309 126 20 40 Dynamite / 18 m. / 2 kg. 

MAD-206 417 174 20 40 Dynamite / 18 m. / 2 kg. 

MAD-208 364 127 20 40 Dynamite / 18 m. / 2 kg. 

MAD-210 400 212 20 40 Dynamite / 18 m. / 2 kg. 

 

The conventional well logs are included gamma-ray, sonic, density, neutron, 

spontaneous-potential, and resistivity logs. Well-1 was drilled from surface and goes to 

1779 m., on the other hand, Well-2 was drilled from 249.5 m. to 1052.3 m. 

 

 

 



10 
 

Table 1.2: Log types and their usage areas. 

TYPE OF LOGS  AREA OF USAGE 

Gamma-ray Lithology determination and stratigraphic correlations 

Resistivity Distinguish hydrocarbon from water 

Sonic Provide porosity, density and gas presence. 

Density Provide porosity and gas presence. 

Neutron Measure porosity  

SP Permeable zones and distinguish shale from carbonates and 

sandstone 
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Figure 1.6: Geometry of the four seismic lines, and well log locations. 

1.4 Software Used 

Several commercial software packages are utilized in order to achieve this 

research. The package consist of Paradigm’s Echos and Geodepth softwares for seismic 

data processing and migration; Schlumberger’s Petrel and SMT’s Kingdom softwares for 

2-D structural seismic interpretation; Hampson-Russell (HRS-9) software for well log 

interpretation, amplitude versus offset (AVO) modeling, AVO and AVA analysis, post-

stack inversion, pre-stack inversion and AVO inversion. 
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1.5 Motivation 

The first step of this research is to process the seismic data from raw shot gathers 

through pre-stack Kirchhoff time migration to image subsurface geology with an 

optimum resolution. The processing flow is designed to preserve true amplitude which is 

required for satisfactory amplitude versus offset (AVO) analysis.  

The second step is to interpret the seismic data to have an idea in terms of 

structural elements in the local study area. So the major horizons and faults are 

interpreted, and their relation associated with the reservoir is investigated. 

The research follows by well log interpretation to identify the permeable reservoir 

zone and calculate the reservoir properties including water saturation, total porosity, and 

volume of shale. Then, seismic-well correlation is conducted to link seismic information 

with well. 

AVO modeling is performed to understand the AVO response differences 

between brine and gas saturated cases. In the absence of measured shear wave velocity, it 

is estimated using primary wave velocity from sonic log based on Gassmann fluid 

substitution and Castagna equations. Furthermore, AVO analysis is carried out using 

NMO-corrected CDP gathers at Well-2 location to discriminate gas reservoir from 

background lithology.  

Acoustic impedance (AI) inversion methods including band-limited, sparse-spike, 

and model-based, which are post-stack methods, are performed to distinguish the 

reservoir from encasing formations and try to map the boundaries of the reservoir using 
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available seismic and well data. The effectiveness and limitations of these post-stack AI 

inversion methods are discussed. For further explanation, pre-stack, elastic impedance, 

and LMR inversion techniques are conducted to use these results as a hydrocarbon 

indicator. 

The last step includes combination of all these results and interpretations to 

characterize the reservoir quantitatively meaning that determining lithology, pore-fluid 

content, porosity, quality and extension of the reservoir zone. The workflow is given in 

Figure 1.7. 
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Figure 1.7: Research workflow. 
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CHAPTER 2 – SEISMIC DATA PROCESSING 

2.1 Seismic Data Processing Workflow 

 Seismic data processing is an essential part of any seismic related studies. The 

purpose of seismic data processing is to suppress unwanted signal/noise and enhance 

desirable signal/data. Paradigm’s Echos and Geodepth package softwares were used to 

achieve this goal. Before designing a workflow, the first steps were to set-up the 

geometry and do the quality control. Depends on the noise type, the workflow is shown 

in Figure 2.1 was designed to preserve true amplitude values because of the requirement 

of amplitude versus offset analysis which was my first aim for this study. Therefore, the 

techniques that can cause amplitude distortion were not used such as automatic gain 

control (AGC).  

 

Figure 2.1: Seismic data processing workflow. 
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2.1.1 Set-up Geometry and Quality Control 

The 2-D seismic data were acquired by using asymmetric split spread acquisition 

design, so the recorded shots were not sequential (Figure 2.2). Locations of shots and 

receivers were positioned properly to set-up the geometry. In quality control part, seismic 

shots were checked to see what kind of noise we encounter in the data. Figure 2.3 shows 

70th shot recorded on MAD-205 reflection line with detected different noise elements 

which are included power line whose dominant frequency is 50 Hz. and low-frequency 

ground-rolls. Bad traces and shots were removed from the data and polarity reversal 

issues for some traces were handled for further processing.  During processing, the 

maximum offset was restricted to 3000 m. 

 

Figure 2.2: Raw shot gathers recorded on MAD-205.  
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Figure 2.3: Raw shot gather (No: 70) recorded on MAD-205 with defined noise components including 

ground roll (red), noisy trace at near offset (blue), and power line noise (green). Right: frequency spectrum 

of the recorded data within the green rectangular. 

2.1.2 Deconvolution 

 Deconvolution is a process that improves the temporal resolution of seismic data 

by compressing the basic seismic wavelet (Yilmaz, 1987). It gets rid of multiple 

contaminations. After deconvolution processing, the autocorrelations of the traces are not 

strong between gap length (60 ms) and total filter length (80 ms) and multiples which 

have a delay between 60 and 80 ms are eliminated. 
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In my study, predictive (gapped) deconvolution was applied to the shot gathers to 

suppress power-line noise due to bad performance of notch filter for suppressing power-

line noise. Deconvolution parameters were specified as shown below. 

Operator length   : 20 ms 

Application window  : 0 – 5000 ms 

Gap length   : 60 ms 

Percentage of white noise  : 0.001 

2.1.3 Band Limited Noise Suppression 

 It is applied to suppress ground-roll noise whose dominant frequencies are low. 

Ground-roll waves can be called as “organized noise” because of their frequencies is 

known. In this step, the data is decomposed into signal and noise components by using a 

Butterworth filter. Frequency band of Butterworth filter is specified depends on the data. 

Then noise component is subtracted from the input data to produce a signal component of 

the data. Second step is to compute the envelope of both signal and noise components. 

The time zone where the noise surpasses the signal level is discovered and within those 

time zones, the noise component is scaled down to have its envelope to match the signal 

envelope level. Finally, scaled noise component and signal component are summed to 

produce the final result.  

Figure 2.4 illustrates an example of band limited noise suppression. As we can 

see, it can suppress ground rolls at near offset.  Low-cut and high-cut frequencies were 
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specified as 3 and 15 Hz respectively, and smoothing operator length is 60 ms for this 

processing step. 

 

Figure 2.4: a) Raw shot gather (No: 70) recorded on MAD-205, b) after deconvolution, c) after band-

limited noise suppression, and d) the difference between b and c (b-c). 

2.1.4 Gain Control 

 Spherical divergence is the loss of energy per unit volume caused by the 

spreading of the wave-front as it transmits through the subsurface layers. The loss of 

reflection amplitudes can be compensated via gain control. It depends on velocity of a 

layer and traveltime.  

Spherical Divergence Correction = �V ∗ T0
Vpower� ∗ (Tx

Tpower)                    (2.1) 

where; Vpower : Power value of the average velocity  at time T, Tpower : Power value of 

time T. 
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There are various types of gain functions and each one has its own goal. 

Automatic gain control (AGC) is one of the most used gain functions in the industry; 

however, in order to protect the true reflection amplitudes, AGC was not used in this 

study. Vpower and Tpower parameters were set as 0 and 2, respectively. 

2.1.5 Amplitude Quality Control 

Amplitude quality control is used to overcome abrupt changes in amplitudes due 

to a noisy channel. It consists of two steps, earliest in order; average amplitude values 

within the specified time gates (3000-4000 ms) are calculated via equation 2.2 and 

displayed. Then, second step is designing a mathematical scaling factor to edit noisy 

traces.  By means of amplitude quality control module, noisy traces were scaled down 

resulting that unexpected changes in amplitudes were taken care of. The amplitudes for 

each trace were calculated using below equation.  

Aave = �∑ |ai|n
i=1
n

                                                                                                 (2.2) 

where; Aave = average amplitude, n = number of non-zero samples. 

Top of the Figure 2.5, the average amplitude values for each trace on the 70th shot 

gather are shown. Up to this point, we can examine that power line noise has not been 

able to suppress thoroughly. Having applied amplitude quality control, the noisy trace at 

near offset and the effect of power line noise at the shallow part of the data were reduced. 

As a result, the amplitude spectra were balanced.     
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Figure 2.5: a) Raw shot gather (No: 70), b) analysis of each trace amplitudes, and c) after amplitude 

quality control is applied. The bottom scale bar indicates the amplitude values. The top plot shows the 

amplitude value for each trace.  

2.1.6 Wavelet Shaping 

 The aim of wavelet processing is to recover the subsurface earth reflectivity by 

getting rid of effects of both source and receivers. The process starts with estimating the 

seismic wavelet and removing its effects from the seismic data. As a result, it broadens 

the frequency bandwidth of the data resulting in increasing resolution.  

In this study, wavelet shaping was applied to traces on all shot gathers. One 

wavelet per shot gather was extracted within the analysis window (0-3000 ms) and 

eventually one shaping filter per shot gather was created and applied to the traces in a 
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gather. The desired wavelet, whose length is 300 ms, was determined as a zero-phase 

Butterworth filter with a frequency band of 10-40 Hz, where the slopes are 18-36 

db/octave on the low-cut side and high-cut side respectively. The following equation was 

used in the calculation of a Butterworth wavelet; 

A(f)2 =  
( ffa

)2N

(1+( ffa
)2N)(1+( f

fb
)2M)

                                                                                (2.3) 

where; fa= the low cutoff frequency, fb= the high cutoff frequency, N = slope on the low-

cut side (SL) / 6, M = Slope on the high-cut side (SL) / 6. 

 

Figure 2.6: Shot gather (No: 70) a) after band-limited noise suppression, b) after gain control, c) after 

amplitude quality control is applied, and d) after wavelet shaping is applied. The bottom scale bars 

represent the amplitude values. 
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2.1.7 Surface Consistent Residual Static Correction  

 Static correction is an important step used in land data processing. It aims to solve 

surface weathering problems and to eliminate the effect of variation in elevation of 

source and receiver.  

Residual static correction compensates the time shifts of reflection events on 

difference traces. It is an iterative process that uses pilot traces formed from stacked 

common mid-points to correlate unstacked traces. Cross-correlations from common shot 

and receiver groups are summed, picked and used to form an updated static estimate for 

that group. 

For the preparation, proper time gate (2000 – 4000 ms) was picked which should 

include continuous reflectors. By correlating the input traces with the pilot trace, shot and 

receiver statics were calculated and applied to the gathers. Since the data were already 

adjusted for the field statics of measured elevation and weathering zone effects, residual 

statics measure relatively small misalignments. Mathematically, the traveltime (Tijh) can 

be calculated using equation (2.4); 

Tijh = sj + ri +  Gkh + Mkh   Xij2             (2.4) 

where; sj = the residual static time shift belonging to jth source station, ri = the residual 

static time shift belonging to the ith receiver station, and Gkh = the difference in two-way 

time at a reference common-mid-point location (CMP) and the traveltime at the kth CMP 

location along the hth horizon (Yilmaz, 1987). 
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2.1.8 Normal Move-out (NMO) Correction and Mute  

 Reflection events need to be aligned in order to achieve a successful stacking. The 

alignment process of CMP gathers is called normal move-out correction (Zhou, 2014). In 

order to obtain a flattening of the reflections, the velocity needs to be correct. Once the 

velocity is too low, the reflection is overcorrected, in other words, it creates upward 

curvatures at far offset. Once the velocity is too high, the reflection event is 

undercorrected resulting downward curvatures at far offset (Yilmaz, 1987). Traveltime of 

reflection hyperbola can be calculated via equation 2.5. 

tx  
2 = t02 +  X2

VNMO
2                                                                                                  (2.5) 

where; tx = two-way traveltime at offset X, t0 = two-way traveltime at zero-offset, X = 

offset between source and receiver, and VNMO = velocity of a medium. 

NMO stretch is occurred at far offset once the NMO correction is applied because 

NMO equation is non-linear equation. In order to get rid of this harmful effect at far 

offset, I applied mute function on NMO corrected gathers. This “muted NMO corrected 

CMP gathers” are our input for amplitude versus offset analysis. 
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Figure 2.7: Before (left) and after (right) NMO correction on CDP gather (No: 494). 

 

Figure 2.8: Close-up section before (left) and after (right) NMO correction on CDP gather (No: 494). 
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2.2 Velocity Analysis 

 Velocity plays a vital role in seismic imaging in terms of image quality. It has an 

influence on the focusing data and determines the truthfulness of the position of imaged 

reflectors (Biondi, 2004). Neidell and Taner (1971) provided a way to extract velocity 

information only using seismic data by doing semblance analysis for a number of 

different velocities. The principle of semblance idea was established on NMO correction 

idea that hyperbolic reflections need to be aligned. Since that time, it has been a common 

way to extract information regarding velocity especially, once we have no priori 

information. Velocity analysis is required for NMO correction. Stacking velocity can be 

extracted from semblance velocity analysis; however, for many cases, we can assume that 

stacking velocity nearly equals to RMS velocity which is used as an input in migration 

algorithm. 

In this study, I have used two different velocity analysis methods to image the 

subsurface earth layers with an optimum resolution. First, I implemented semblance 

velocity analysis and then secondly; I applied residual move-out analysis to update the 

velocity of the seismic section. 

2.2.1 Semblance Analysis 

Semblance is a measure of the coherence of seismic data, which is a measure 

similarity of two traces. It can be calculated by dividing energy of a stacked trace to the 

energy of all the traces (Equation 2.6). 

Semblance =  1
M

 
∑ St t

2

∑ ∑ fi
2M

i=1t
                                                                                   (2.6) 
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where; M = the number of traces in a CMP gather, fi = the amplitude on the ith trace at 

two-way time, and st = stacked amplitude. 

Semblance velocity analysis was done using Veldef module in Echos Software. In 

order to increase the reliability of the picked velocity, I used both velocity semblance 

spectrum (Figure 2.9) and constant-velocity stack (CVS) panel (Figure 2.10).  I picked 

the velocities where the coherency of the signal has the highest ratio, and it was 

implemented on each 150 CMP point to create the velocity models for each seismic 

section. As a result, I created RMS velocity section (Figure 2.11), which was used in 

migration algorithm, from picked stacking velocities.  

 

Figure 2.9: Semblance velocity analysis on the CDP Gather. NMO corrected gather (left), and picked time 

vs velocity values from stacked amplitude spectrum (right). The colors represent the stacked amplitudes. 
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Figure 2.10: Semblance velocity analysis on the CDP gather. Constant velocity stack (CVS) panel (right), 

and picked time - velocity pairs from stacked amplitude spectrum (right). Five different panels represent 

different velocities on stacked amplitude spectrum where five separate curves are showed. 

 

Figure 2.11: Created RMS velocity section from semblance velocity analysis on MAD-205 reflection lines. 
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2.2.2 Residual Move-out Analysis (RMO) 

 Residual move-out analysis (RMO) is an extension of semblance velocity 

analysis. It is implemented on common reflection point gathers (CRP) to have more 

accurate and sufficient velocity section in the presence of dipping reflectors.   

In this study, RMO analysis was done by using Geodepth Software. Figure 2.11 is 

an example of RMO analysis. Residual move-out semblance spectra are computed from 

migrated gathers on the right panel. On the semblance spectra, the positive black signs 

demonstrate picked errors and the black curve shows applied delay function. The blue 

and white curves represent initial and updated velocity sections, respectively. On the 

semblance, red color symbolizes zero time delay while green represents the highest delay 

in our case. The picked values that are near zero line indicates small error, except that the 

picked positive signs that away from zero line (between 800 – 1100 ms) illustrates 

relatively high error in velocity. So the velocity volume is updated by adjusting the error. 

Lastly, using the updated RMS velocity section (Figure 2.12), this is the result of the 

RMO analysis, was used to migrate the data secondly to have a better image that 

represents the subsurface geology.  
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Figure 2.12: A CRP gather after pre-stack migration (left), and residual move-out semblance spectra 

computed from migrated gather (right).  
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Figure 2.13: RMS velocity section after applying residual move-out (RMO) on MAD-205 reflection lines. 

The bottom scale bar represents the velocity variations of the seismic section in m/s. 

2.3 Stacking 

 Stacking means summing traces from different shot records into a single trace 

referenced to one surface location, and it is an ultimately essential tool in data processing 

that is used to cancel ragged reflections, enhances the signal to noise ratio and improve 

seismic data quality.  

During the processing, I have stacked the data many times to evaluate the 

improvement of each step. By examining two brute stack sections (Figure 2.13 and 

Figure 2.14), we can understand the effect of each processing step in terms of 

contribution to the image quality. Brute stack-1 was created by using raw CMP gathers 
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that the geometry was already settled. Although it is very poor at shallow part, it is still 

giving an idea about major structures in the study area. Brute stack-2 was generated by 

using processed CMP gathers (after wavelet shaping). It provides much better image than 

Brute stack-1 at almost all levels, especially at shallow part. The resolution is higher and 

more major structures including unconformity and normal fault are able to be detected. I 

have displayed the first 1.5 seconds of the data which consist of targeted major structures. 

Additionally, I compared Stack-1 and Stack-2 sections (Figure 2.16) to assess the 

effect of velocity picking and static correction in this study. Stack-1 was produced by 

using time velocity curves that was provided by Turkish Petroleum and NMO corrected 

gathers.  Stack-2 was created via static corrected NMO gathers and the NMO velocities 

which were analyzed by me. We can easily see that Stack-2 has more continuous 

horizons both shallow and deep parts of the study area (example around 1.6 s.) and 

provides more accurate subsurface image.  

Figures 2.13 to Figure 2.18 are taken from MAD-205 reflection lines. 
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Figure 2.14: Close-up section - Brute stack-1. 

 

Figure 2.15: Close-up section - Brute stack-2. 



34 
 

 

Figure 2.16: Comparison of Stack-1 (left) and Stack-2 (right). 
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2.4 Migration  

 Migration is the last step for data processing that enables us to image subsurface 

geology with high resolution. Stacked section provides a noteworthy picture of 

subsurface structure; however, in some cases this picture is not sufficient enough to 

interpret the structures in the earth. The image is suffering from many distorting effects 

containing diffraction from geologic truncations and lateral changes in velocity and 

steeply dipping reflectors. Basically, seismic migration is the process that gets rid of 

these unwanted effects (Gray, 2001).  

Before the development of computer power, most seismic data are processed after 

stacking because of cost and time issues. Post-stack migration is not sufficient once we 

have steeply dipping reflectors and lateral velocity variations; however, we now have 

powerful computer systems that provide faster and cheaper processing. Another 

important issue is determining what kind of migration we need such as time vs. depth 

migration. Time migration is suitable as long as lateral velocity variations are gently.  

 Kirchhoff time migration operates ray theory approximations. We assume that an 

input data for migration which is processed CMP gathers includes only primary 

reflections, in other words, multiples and ground rolls are suppressed. It consists of two 

steps that start with computing traveltimes from source to subsurface image point, and 

then, integrating the data within a specified migration aperture, which is an input zone for 

migration, through the use of computed traveltimes. 
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Hence, I used 2-D pre-stack Kirchhoff time migration algorithm to image 

subsurface structure with an optimum resolution. Migration algorithm needs velocity 

information. Hence, I used two different velocity sections to migrate the data. First one 

was created from semblance velocity analysis, and the second one was created from after 

RMO analysis. The migration aperture was specified to half of the full offset for all four 

reflection lines.  

In principle, seismic migration algorithm shall be able to place the reflections to 

their correct locations providing much clear image than stack section. In the case of 

horizontally layering medium, we do not expect high velocity error in RMS section 

created from semblance velocity analysis; however, updated RMS velocity with RMO 

analysis has still provided a better image in terms of continuity of the reflections at some 

level (Figure 2.17 and Figure 2.18). Another important point that is captured in this study 

is the power of stacking that enhances the image quality much higher than my original 

expectation. Therefore, there is no mightily improvement between these two migration 

sections.   
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Figure 2.17: Comparison of pre-stack migration (left) and pre-stack migration after RMO analysis (right). 
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Figure 2.18: Close-up section of pre-stack migration (left) and pre-stack migration after RMO analysis 

(right). 
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CHAPTER 3- STRUCTURAL SEISMIC INTERPRETATION 

3.1 Structural Interpretation of the Study Area 

A widely accepted approach for the evolution of the Thrace Basin is that it 

developed as a fore-arc basin between Eocene and Oligocene time (Gorur and Okay, 

1996). They stated that at the beginning the Istanbul zone was in contact with the 

Moesian platform and moved to the south during Cretaceous to Paleocene time along two 

transform faults, at right west Black Sea and at left west Crimean faults. The collision 

occurred between Istanbul zone and Sakarya zone in early Eocene in the south. This 

collision eroded the eastern part of the Intra-Pontide Ocean to the south of the Istanbul 

zone. After the collision, the basin sediments were folded, eroded and then 

unconformable deposited by the Middle Miocene to Quaternary. 

Major structural features in the Thrace Basin are Terzili and North Osmancik 

right lateral strike-slip faults shown in Figure 3.1. A structural interpretation of the study 

area was done based on BB’ geological cross section in Figure 3.2 from previous study 

(Sunnetcioglu, 2008). I interpreted the three seismic horizons based on geological time 

scale in 2-D four reflection lines; however, two of them are shown in this section. MAD-

206 is the one which is the longest and enable us to image normal faults which I called 

NF-1, NF-2, and NF-3 at SE part of the study area. The other one is MAD-210 which is 

the only available seismic section which directly cut through the MAD-206 line. MAD-

206 was acquired the NW to SE, on the other hand; MAD-210 was acquired near the 

North-South direction. So the interpreted horizons are Upper Miocene unconformity, top 

of Mid-Oligocene, and top of Upper Eocene.  
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First of all, the unconformity was interpreted for four 2-D reflection lines, and I 

created the isochron map for this horizon. In the seismic line, the unconformity was 

identified as high positive reflection, and the Mio-Pliocene sediments filled on the 

unconformity. The unconformity is shown in Figures 3.4 and 3.6 by yellow horizon at 

around 0.5 s. in both MAD-206 and MAD-210 reflection lines. 

Second of all, top of the Mid-Oligocene can be seen right below the 

unconformity. The formation was determined with high positive amplitude because of 

formation transition. The isochron map was produced as well for this horizon. The Mid-

Oligocene horizon is shown in Figures 3.4 and 3.6 by turquoise color at around 0.75 s. in 

both MAD-206 and MAD-210 reflection lines.  

Third, top of the Upper Eocene horizon was determined at around 2.75 s. with 

high reflection amplitude. The horizon was picked as a top of Hamitabat formation that is 

a major reservoir rock in the basin. This horizon can be seen in Figures 3.4 and 3.6 as 

purple color. Another point that I want to add is that this horizon is seen as flat in MAD-

206, whereas, in MAD-210, we can easily see that this horizon is dipping to the South.  

In our study area, I also determined four normal faults which of three have 

dipping to the SE (NF-1, NF-2, and NF-3). I thought that these three normal faults are 

detached each other at the deeper part of the study area; however, I was not able to map 

this fault detachment because the faults is located in the edge of the reflection lines where 

the fold number is not enough to image fault dipping sufficiently. Based on my 

interpretation, these three faults cut the late Oligocene formation, cannot be seen in the 

Mio-Pliocene. The other one is located in the middle of the reflection line, and it is 
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dipping to the NW (NF-4). I can say that the NW dipping fault (NF-4) is younger than 

three other identified faults.  

Depends on the interpretation result, I observed two traps including the one is 

stratigraphic, and the other is structural. At the NW part of the reservoir is trapped by 

stratigraphic trap which is defined as an unconformity (Mio-Pliocene unconformity). At 

the SE part of the reservoir is trapped by structural trap which is identified by NF-1 

normal fault. It is shown in Figure 3.4. 

In terms of amplitude anomalies in the seismic section, Bright spot was 

determined as ultimately high amplitude on MAD-206 at around 0.85 s. Moreover, the 

interpreted two horizons including Upper Miocene unconformity, and top of Mid-

Oligocene, are used in building initial model for inversion analysis. So it represents the 

major layers whose acoustic impedance differences are noticeable. 
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Figure 3.1 Major structural features in the Thrace Basin and location of BB’ cross section (taken from 

Sunnetcioglu, 2008). 

 

Figure 3.2: BB’ geological cross section (taken from Sunnetcioglu, 2008). 
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Figure 3.3: Pre-stack time migrated section without interpretation (MAD-206). 
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Figure 3.4: Interpreted pre-stack time migrated section (MAD-206). 
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Figure 3.5:  Pre-stack time migrated section without interpretation (MAD-210). 
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Figure 3.6: Interpreted pre-stack time migrated section (MAD-210). 
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Figure 3.7:3-D illustration of the interpreted study area at the intersection of MAD-206 and MAD-210.  

 

Figure 3.8:3-D illustration of the interpreted study area showing all reflection lines, interpreted four 

normal faults, and isochron map represents top of the Mid-Oligocene aged horizon. 

 

 

N 

N 
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CHAPTER 4 – WELL LOG INTERPRETATION AND AMPLITUDE VERSUS 

OFFSET (AVO) ANALYSIS 

4.1 Well Log Interpretation  

 This section focuses on well log interpretation and petrophysical analysis for 

determining the reservoir and calculating its properties. Two wells are available within 

the study area, and both of them have gamma-ray, resistivity, neutron, density, 

spontaneous potential, and sonic logs. There is no measured shear-wave velocity 

information available; however, in need it was derived by using conversions.  

 

Figure 4.1: Well-2 log interpretation is indicated. Track 1: Gamma-ray, Track 2: Resistivity including deep 

induction (red) and micro-spherical focus log (blue), Track 3: P-impedance, Track 4: Neutron (blue) and 

density porosity (red), Track 5: Volume of shale (green colored zones represent sandstone formations), and 

Track 6: Water saturation (Sw), respectively. Purple bar (left) represents the reservoir zone (878-899 m). 
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Figure 4.2: Well-1 log interpretation is indicated. Track 1: Gamma-ray, Track 2: Resistivity including deep 

induction (red) and micro-spherical focus log (blue), Track 3: P-impedance, Track 4: Neutron (blue) and 

density porosity (red), Track 5: Volume of shale (green colored zones represent sandstone formations), and 

Track 6: Water saturation (Sw), respectively (displayed window 650-1150 m). 

 I used Well-2 to determine permeable reservoir zone and calculate its parameters 

because the reservoir zone was not apparent at Well-1. 

4.1.1 Gamma-ray Log 

 Gamma-ray logs measures the natural radioactivity in formations and can be used 

for the lithology determination and stratigraphic correlations. Pure sandstones and 

carbonates have low radioactive material resulting in low gamma-ray values; however, 

shale has high radioactive material meaning that has high gamma-ray values (Asquith et 

al., 2004).  
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 Depends on the interpretation of gamma-ray log, the reservoir zone was identified 

in the depth range of 878 – 899 m by interpreting resistivity, density and sonic logs. 

Additionally, other sand units above the reservoir zone (742-748 m, 808-817 m, and 836-

840 m) were determined by low values. It can be seen as green colored formations in 

Track 5, which represents the volume of shale values, both in Figures 4.1 and 4.2.    

4.1.2 Density and Neutron Logs (Porosity Logs)  

Density log measures the formation bulk density which is dependent on fluid 

content of a rock, porosity of a rock, and matrix density. Neutron logs measure hydrogen 

concentration in a formation (Asquith et al., 2004). It provides fluid-filled porosity. The 

most reliable indicator of a reservoir rock can be extracted using both neutron and density 

logs, with a lower density and the higher neutron curve resulting touching or crossing two 

curves each other. The greater the crossover between the density and neutron logs means 

the better quality of the reservoir; additionally, gas zones display a greater crossover for a 

given porosity than oil or water zones (Darling, 2005).  

In this study, density log was used in regard to calculate total porosity, to 

determine gas bearing zone, and to create acoustic impedance log.  

4.1.3 Sonic Log (P-wave) 

 Sonic log is a porosity log that measures interval transit time of a compressional 

sound wave (P-wave) traveling through the formation along the axis of the borehole 

(Asquith et al., 2004). P-wave velocity generally increases with depth, whereas we expect 

to decrease in P-wave velocity within the reservoir zone.  
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 In this study, sudden decreasing in P-wave velocity is observed linking that this 

reduction can be associated with the presence of hydrocarbons. Another important point 

is that the sonic log with density information enables us to create synthetic seismogram 

that helps to tie seismic with well information.  

4.1.4 Resistivity Log 

 Resistivity log measures the ability of rocks to conduct electrical current. There is 

a broad range of resistivity tool, but a major difference is their depth investigation. In this 

study, available resistivity logs are spherically focused (MSFL-shallow), medium (ILM), 

and deep induction (ILD) resistivity logs. They were used to determine permeable zones 

and distinguish hydrocarbon bearing zone from water saturated formations. By 

examining the deep induction (ILD) log and spherically focused (MSFL), I found the 

reservoir zone which has relatively higher resistivity than encasing formations. Although, 

I am able to find the pay zone, ILD values are still low (10 ohm-m) for the hydrocarbon-

saturated reservoir. 

4.1.5 Calculation of Petrophysical Parameters 

 There are three essential petrophysical parameters that need to be figured out to 

identify the reservoir. These are water saturation (Sw), porosity (∅) and volume of shale 

(Vsh). Well-2 was used to identify the reservoir depth and thickness (Figure 4.1). Having 

determined the reservoir zone, the reservoir parameters were calculated.  
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Water saturation is the percentage of porosity of a reservoir which is filled by 

water, and is the most fundamental quantity used in log evaluation (Asquith et al., 2004). 

It is calculated by the Archie’s formula (Equation 4.1).  

 

𝑆𝑤 = ( 𝑎
∅𝑚

𝑅𝑤
𝑅𝑡

)1/𝑛                                                                                                (4.1) 

where; Sw = water saturation; a, m, and n = Archie’s parameters,  ∅ = Porosity, Rw = 

formation water resistivity, Rt = true resistivity (deep induction-ILD). For unconsolidated 

sandstones a=0.62, m=2.15 and n=2 are used. 

The second significant parameter is porosity, which is a measure of void space in 

a material and reflects fluid storage capacity of the reservoir (Halliburton, 2001), was 

calculated via two steps. First, mass balance density-porosity equation (Equation 4.2) was 

used to calculate density derived porosity, and then measured neutron porosity with that 

derived density porosity were used to compute the average porosity values via Equation 

4.3.  

 

∅𝑑 =  𝜌𝑚𝑎− 𝜌𝑏
𝜌𝑚𝑎− 𝜌𝑓𝑙

                                                                                                    (4.2) 

where; ∅d = density derived porosity, 𝜌𝑚𝑎= matrix density (2.65 g/cc for sandstone), 𝜌𝑏 

= formation bulk density, and 𝜌𝑓𝑙 = fluid density (1.09 g/cc). 

 

 ∅ =  �(∅𝑑2+ ∅𝑛2)
2

                                                                                                 (4.3) 

where; ∅d= density porosity, and ∅n = neutron porosity. 
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Third and last critical parameter is shale volume.  As a beginning, I calculated the 

Index gamma-ray value (IGR), and then, based on the IGR formula (Equation 4.4), 

volume of shale was computed via equation 4.5 which was proposed by Larionov (1969). 

IGR formula cannot be reliable for all type of rocks and he introduced an empirical 

equations taking into consideration of the rock’s consolidation. The equation for Tertiary 

rocks is given (Equation 4.5). 

 

𝐼𝐺𝑅 = (𝐺𝑅𝑙𝑜𝑔− 𝐺𝑅𝑠𝑠
𝐺𝑅𝑠ℎ− 𝐺𝑅𝑠𝑠

)                                                                                            (4.4) 

where; IGR = gamma-ray index, GRlog = log readings, GRss = gamma-ray values for 

sandstone baseline, and GRsh = gamma-ray values for shale baseline. 

 

𝑉𝑠ℎ = 0.083 ∗ (23.7∗𝐼𝐺𝑅 − 1)                                                                             (4.5) 

where; Vsh = volume of shale, and IGR = gamma-ray index. 

  

Shale baselines are chosen as 28, and 120 API for sandstone and shale, 

respectively. 

The table 4.1 indicates the calculation results for “reservoir zone” which is 

represented purple in Figure 4.1 (878-899 m). Depends on the result of calculations and 

cross plot analysis, lithology of the reservoir is determined as a “shaly-sandstone with 

high porosity”. The high total porosity, which is slightly suspicious, may be caused due 

to the reservoir zone is unconsolidated.  
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Table 4.1: Calculated reservoir parameters from Well-2. 

Reservoir Parameters Volume of Shale Porosity Water Saturation 

Min-Max 18 – 38 % 26 – 32 % 26 – 61 %  

Average 28 % 29 % 38 % 

 

In order to determine lithology of the reservoir and discriminate it from 

background lithology, two cross-plot analyses were carried out utilizing the well log data. 

Vp/Vs ratio is the one of the fundamental properties that give us a chance to discriminate 

gas from brine and in some cases it is used for determining lithology, as well. In the 

absence of shear-wave velocity, it was predicted via Greenberg-Castagna and Gassmann 

equations (Figure 4.6, Figure 4.7, and Figure 4.8). Moreover, using measured P-wave 

sonic, density and neutron logs, I calculated “lithology dependent variables M and N”. M 

and N values are largely independent of matrix porosity (intergranular and 

intercrystalline) (Asquith et al., 2004). M and N can be calculated by the following two 

equations (Schlumberger, 1972) and a cross plot of these two variables allow us to 

determine lithology. Depending on the results, I am able to discriminate not only the 

reservoir zone which is illustrated by red marker in both Figures 4.3 and 4.4 but also 

brine saturated low-porosity sandstones that are represented by blue marker in some 

certain depths. 

𝑀 = 0.01∗(∆𝑡𝑓𝑙− ∆𝑡)
𝜌𝑏− 𝜌𝑓𝑙

                                                                                               (4.6) 
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𝑁 = (∅𝑛𝑓𝑙 − ∅𝑛)
(𝜌𝑏−𝜌𝑓𝑙)

                                                                                                        (4.7) 

where; ∆𝑡 = interval transit time in the fluid in the formation, ∆𝑡𝑓𝑙 = interval transit time 

in the formation (from the log), 𝜌𝑏 = formation bulk density (from the log,) 𝜌𝑓𝑙  = fluid 

density, 𝜃𝑛 = neutron porosity, and 𝜃𝑛𝑓𝑙 = neutron porosity of the fluid of the formation 

(usually=1.0) 

 

Figure 4.3: M-N lithology identification cross plot (right) and cross section (left). Red: Gas saturated 

reservoir zone, Blue: Low porosity pure sandstone units. 
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Figure 4.4: Vp/Vs versus density cross plot (left) and cross section (right). Red: Gas saturated reservoir 

zone, Blue: Low porosity pure sandstone units. 

4.2. Seismic Rock Physics  

4.2.1 Calculation of Shear-wave Velocity 

 In the absence of shear-wave velocity information, assuming that the equation 

works in our case study, Greenberg-Castagna equation for sandstone (Equation 4.6) was 

used to predict shear-wave velocity (Vs). The important point that we need to consider is 

that Greenberg-Castagna equation (1992) works only water-bearing zones, in other 

words, it cannot predict the correct shear-wave velocity in the hydrocarbon saturated 

reservoir. 

 𝑉𝑠 = 0.804 𝑉𝑝 − 856 (𝑖𝑛 𝑚/𝑠)                                                                       (4.6) 

where; Vs is the shear-wave, and Vp is the primary-wave velocities of a rock. 

Density (g/cc) 
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4.2.2 Fluid Substitution 

Fluid substitution is a fundamental part of any seismic rock physics studies. In 

this study, Gassmann equation (4.7) was used iteratively to estimate Vs from measured P-

wave velocity for other fluid saturations within the hydrocarbon saturated zone. It gives 

us a chance to do forward modeling by deriving unavailable velocities using available 

well information. 

          𝐾𝑠𝑎𝑡 = 𝐾𝑑𝑟𝑦 +
(1−

𝐾𝑑𝑟𝑦
𝐾𝑔𝑟

)2

∅
𝐾𝑓𝑙

+(1−∅)
𝐾𝑔𝑟

−
𝐾𝑑𝑟𝑦
𝐾𝑑𝑟𝑦

2

                                                                              (4.7) 

𝜇𝑠 = 𝜇𝑑                                                                                                                (4.8) 

where; 𝐾𝑔𝑟 ,𝐾𝑓𝑙,𝐾𝑑𝑟𝑦,𝐾𝑠𝑎𝑡  are the bulk modulus of the mineral grain, fluid, dry rock, and 

saturated rock frame, respectively. ∅ = porosity, 𝜇𝑠 = saturated shear modulus, 𝜇𝑑 = dry-

rock shear modulus. 

 𝑉𝑝 =  �
𝐾𝑠𝑎𝑡+

4
3𝜇𝑠𝑎𝑡
𝜌

                                                                                                (4.9) 

 𝑉𝑠 = �
𝜇𝑠𝑎𝑡
𝜌

                                                                                                         (4.10) 

where; 𝑉𝑝 and 𝑉𝑠 are P-wave and S-wave velocities. 𝜌 is density, 𝐾𝑠𝑎𝑡 and 𝜇𝑠𝑎𝑡 are bulk 

and shear modulus of the saturated rock respectively. 

We can conclude that pore-fluid affects bulk modulus; however, shear modulus is 

not affected by pore-fluid content. 
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Many assumptions are made in the derivation of Gassmann’s equation. Han and 

Batzle (2004) pointed out these assumptions as below. 

• The porous material is isotropic, elastic and homogeneous. 

• The pores are well connected and in pressure equilibrium. 

• The medium is a closed system meaning no pore-fluid movement across 

boundaries. 

• There is no chemical interaction between pore-fluids and rock frame. 

Fluid substitution is performed iteratively by following four steps which are 

indicated below (Mavko, 2009). 

1) Start with an initial guess for P-wave velocity (Vp brine). 

2) Calculate Vs (brine) corresponding to Vp (brine) via Greenberg-Castagna 

equation. 

3) Perform fluid substitution using Vp (brine) and Vs (brine) in the Gassmann 

equation to estimate Vs (fluid saturated). 

4) Using calculated Vs (fluid saturated) and measured Vp (fluid saturated) to 

estimate Vp (brine) via Gassmann equation.  Compare initially guessed Vp 

(brine saturated) with estimated Vp (fluid saturated), if the misfit between 

them is small enough, fluid substitution works well. 

4.2.3 Seismic-well Tie 

Seismic-well tie ensures correctly identifying horizons to pick and estimating the 

wavelet for inverting seismic data to impedance. The truthfulness of well ties is urgently 
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important to the reliability of seismic lithological techniques for determining pore fluid 

content and lithological properties away from wells (White and Simm, 2003). The 

assumptions below have been made before doing seismic-well tie process. 

• Noise free seismic 

• Multiples have been suppressed 

• True amplitudes have been preserved 

• The data is zero-offset 

In this study, I needed to apply shift (up/down) in order to match the major 

horizons due to datum differences between well and seismic. Some stretching was also 

applied; however, I avoided disturbing the data while stretching was being done. As a 

result, I determined sufficient seismic-well tie between the Well-2 and MAD-208 at the 

well location (correlation - 68.7%) using the wavelet extracted from seismic. After 

extracting wavelet from well log, the correlation was increased as a considerable amount 

(correlation - 77.5%). On the other hand, I determined insufficient seismic-well tie 

between Well-1 and MAD-205 at the well location (correlation - 45%). The reasons why 

we have bad tie may be inaccurate log readings, non-zero phase seismograms, and 

velocity dispersion.  

The specified parameters to extract wavelet are indicated below. 

• Taper length (ms)   : 25 

• Phase type   : Constant 

• Sample rate (ms)   : 1 
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• Wavelet length (ms)  : 200 

Figure 4.5 indicates the two extracted wavelet; one is from seismic, and another 

one is from well. The extracted wavelet from well is used in seismic inversion. 

 

Figure 4.5: The extracted statistical wavelet (left) from seismic and the extracted wavelet (right) from 

Well-2 with their amplitude spectrum. 
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Figure 4.6: Seismic to well tie. Blue traces are non-zero synthetic traces generated from logs with 

extracted wavelet from seismic. Red traces are real traces from stacked section. Yellow bar shows the 

reservoir zone (cross correlation of synthetic and seismic stacked - 68.7% – time window 450-950 ms).   

 

Figure 4.7: Seismic to well tie. Blue traces are non-zero synthetic traces generated from logs with an 

extracted wavelet from Well-2. Red traces are real traces from stacked section. Yellow bar shows the 

reservoir zone (cross correlation of synthetic and stacked seismic - 77.5% – time window 450-950 ms).   



62 
 

4.3 Amplitude versus Offset (AVO) Analysis 

4.3.1 Theory and Background Work 

 The amplitude of seismic reflections is various with offset because of changes in 

angle of incidence. This variation in amplitude can be used to determine changes in rock 

and fluid properties. Castagna and Swan (1997) stated that depending on rock property 

contrasts (velocity, density, and Poisson’s ratio) at any interface, hydrocarbon-related 

AVO anomalies may show increasing or decreasing with offset/angle of incidence.  

The angle dependent reflection coefficients can be calculated using the Zoeppritz 

Equations (1919); notwithstanding, it is difficult to understand thoroughly. Therefore, 

numerous attempts have been made to find accurate and simple approximations (Aki and 

Richards 1980, Shuey 1985, and Hilterman et al. 1995). Shuey’s three terms 

approximation, which is shown below, is widely accepted (1985): 

𝑅 (𝜃) = 𝐴 + 𝐵 𝑠𝑖𝑛2 (𝜃) + 𝐶 𝑠𝑖𝑛2 (𝜃)𝑡𝑎𝑛 2(𝜃)                                              (4.11) 

 

where; R(θ) = P-wave reflection coefficient as a function of angle, A = Normal incidence 

P-wave reflection coefficient, B = second term, and C = third term. 

The first term is called Intercept which is the zero offset reflection coefficient; 

hence, it depends on the P-wave velocity and density of the overlying and underlying 

medium. The second term is called Gradient depends on both P-wave and S-wave 

velocity, and density, as well. It has the effect on amplitude changes with offset. The 



63 
 

third term is called Curvature. It is almost zero at low angles (lower than 30 degrees); 

thus, it might be neglected in some cases.  

Foster et al. (2010) stated that the recognition that hydrocarbons affect the 

acoustic impedance and Poisson’s ratio of reservoir sandstones allow to development of 

seismic attributes to detect these effects.  Some of the most prevalent AVO attributes are 

A*B Product, Rp-Rs, fluid factor (ΔF) and scaled Poisson’s ratio.  Furthermore, cross-

plotting of AVO attributes such as Intercept (A) versus Gradient (B) is a widespread 

technique that allows us to distinguish hydrocarbon saturated reservoir especially gas 

sands from background structure such as brine saturated sandstones and shale. It has 

provided a fundamental understanding for fluid substitution effects on AVO response. 

 

According to Rutherford and Williams’s classification (1989), there are three 

main classes of AVO anomalies; 

• Class 1 – High impedance sands / Dim Out  

• Class 2 – Near-zero impedance sands / Phase Reversal  

• Class 3 – Low-impedance sands / Bright Spots  

Class I sands have higher impedance than the encasing shale resulting in positive 

zero-offset reflection coefficient which decreases with offset. Class II sands have nearly 

the same impedance as the encasing shale. There are two options for Class II type of 

anomaly. The first type of anomaly starts from slightly positive reflection coefficient 

which initially goes to zero and then becomes negative with offset. In this class, polarity 

reversal occurs. The second type of Class II anomaly starts from slightly negative 

reflection coefficient which becomes more negative (increase in magnitude) with offset. 
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Class III sands have lower impedance than the encasing shale with large negative values 

for zero offset reflection coefficient that becomes more negative (increase in magnitude) 

as offset increases.  

Moreover, it was shown by Castagna and Swan (1997) that the same gas saturated 

sand can produce various AVO behaviors depending on its overlying and underlying 

media and for that reason it would be inaccurate to classify a reflector based on the 

property of sand alone. In addition to Rutherford and Williams (1989) classification, they 

introduced Class IV, low impedance gas sand with negative zero-offset reflection 

coefficient, which decreases in magnitude with offset. These four types of anomaly were 

also classified based on the position on the A-B cross-plot (Figure 4.9). 

 

Figure 4.8: Classification of AVO responses (Class I, II, and III) propounded by Rutherford and Williams 

(1989). Later on, Class IV is proposed by Castagna and Swan (1998) (taken from Hilterman, 2001).  
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Figure 4.9: Intercept-Gradient (A-B) cross plot for four possible areas represented by four different AVO 

responses. Brine saturated sandstone and shales are represented by background trend line, whereas, 

hydrocarbon saturated zone are expected to fall below the background trend for top of a reservoir (taken 

from Castagna and Swan, 1998).  

4.3.2 Amplitude versus Offset (AVO) Modeling  

AVO modeling can be described as the creation of angle dependent synthetics 

gathers from logs, and it helps one to understand and discriminate hydrocarbon-related 

AVO responses from background lithology responses.  

Well-2 was used in AVO modeling to create angle dependent synthetic gathers for 

both brine and gas cases. I created acoustic impedance log by utilizing measured primary 

wave velocity and density logs, and then in the absence of shear-wave velocity 

information, it was derived using Greenberg-Castagna conversion equation. The wavelet 
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was extracted from seismic section, and it was used to convolve with created acoustic 

impedance log to create zero-offset synthetic trace which later tied with the real seismic 

stack section at Well-2 location. After seismic-well tie process, I used Hampson Russell 

fluid replacement modeling module to perform fluid substitutions. P-wave velocity, S-

wave velocity and density were predicted via Gassmann equation for gas and brine 

scenarios. Having done fluid substitution, I used Zoeppritz equation to create angle 

dependent synthetic gathers whose maximum offset was limited with 1000 m. and 

gradient analysis was performed on created synthetic gathers for both two scenarios.  

 

Figure 4.10: Left: Poisson-ratio and P-impedance created from logs for brine (blue) and gas (red) cases. 

Yellow balloon presents the reservoir zone.  Middle: Supergather at Well-2 location. Right: Angle 

dependent synthetics for gas and brine. Red and green lines show top and base the reservoir, respectively. 

The created synthetics for brine and gas cases are showed in Figure 4.10 and 

result of gradient analysis is shown in Figure 4.11 and 4.12 with representation on the A-

B plane, as well. As we expected, for gas saturated zone, amplitude is increasing with 
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increasing offset for top and bottom of the reservoir, the only difference for top and 

bottom response are the signature of the amplitude. On the other hand, for brine saturated 

zone, there is no change in amplitude with offset for both top and bottom of the reservoir.  

Depends on the gradient results the reservoir can be classified as Class III type. 

Moreover, A-B cross-plot also gives us a unique approach not only to classify AVO 

anomaly of the reservoir sand but also distinguish it from background structure. 

Additionally, we can also conclude that the gas saturated zone has less Poisson Ratio and 

P-impedance than the brine saturated zone. 

 

Figure 4.11: AVO intercept (A) versus gradient (B) cross plot and P-wave reflection coefficient versus 

angle for “brine saturated zone”. Red and green lines show top and base the reservoir, respectively. The 

color key represents time scale in milliseconds. 

 

(ms) 
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Figure 4.12: AVO intercept (A) versus gradient (B) cross plot and P-wave reflection coefficient versus 

angle for “gas saturated zone”. Red and green lines show top and base the reservoir, respectively. The color 

key represents time scale in milliseconds. 

4.4 Amplitude versus Angle (AVA) Analysis 

AVO and AVA analyses were carried out on NMO-corrected gathers where 

nearest well locations in the four seismic lines. MAD-205 and MAD-208 shows us a 

detectable AVO anomaly that may indicate the reservoir; however, the other two MAD-

206 and MAD-210 shows no clue in regard to hydrocarbon detection. That’s why; MAD-

205 and MAD-208 examples will take place in this section. Intercept (A) versus Gradient 

(B) cross plot was performed, and it distinguishes the gas saturated sandstone from 

background lithology.  

As I said before, NMO-corrected CMP gathers at well location is an input for 

AVO analysis; notwithstanding, gathers need to be conditioned before analyzing changes 

in amplitude with offset/angle.  

(ms) 
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 Well-2 is located on MAD-208 seismic reflection line at CMP 638, on the other 

hand, Well-1 is located on MAD-205 seismic line at CMP 597.  

4.4.1 Gather Conditioning  

Gather conditioning consists of four steps. First, creating super gathers which 

stack neighboring CMP’s in order to increase signal to noise ratio. I stacked five CDP 

stacks which mean stacking five neighbor CMP’s.  

 Second, applying radon transform to get rid of random noise. The specified 

parameters for radon transform; 

• Max frequency (Hz)   : 100 

• Low Delta-T (ms)    : -30 

• High Delta-T (ms)    :300 

• Pre-whitening    : 1 

• Noise smoother length (ms)  : 200 

Third, trim statics, which is shifting the reflections (up and down) to its correct 

location, was performed to align the horizons thoroughly, especially for the reservoir 

horizon. The max shift is limited to 4 milliseconds. 

Last, this conditioned gather was transformed into angle domain from offset 

domain using velocity model created from time-depth curve. These created angle gathers 

are the input for gradient analysis. 
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Figure 4.13: Supergathers created from NMO-corrected gathers at Well-2 location (CDP 638-Middle).   

 

Figure 4.14: After radon transform is applied at Well-2 location (CDP 638-Middle). 
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Figure 4.15: After trim statics is applied at Well-2 location (CDP 638-Middle). 

 

Figure 4.16: Created angle gathers for MAD-208 at Well-2 location (CDP 638) and neighboring angle 

gathers. Colors represent angle of incidence. 
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Figure 4.17: Left: Conditioned angle gather (CDP 638) at Well-2 location on MAD-208. Middle: Gradient 

analysis for both top (green curve) and base (red curve) of the reservoir. Right: AVO intercept (A) versus 

gradient (B) cross plot indicating both top (green dot) and base (red dot) of the reservoir. The color key 

represents time scale in milliseconds. 

 

Figure 4.18:  Left: Conditioned angle gather (CDP 597) at Well-1 location on MAD-205. Middle: Gradient 

analysis for both top (red curve) and base (green curve) of the reservoir. Right: AVO intercept (A) versus 

gradient (B) cross plot indicating both top (red dot) and base (green dot) of the reservoir. The color key 

represents time scale in milliseconds. 

 

(ms) 

(ms) 
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4.4.2 Interpretation of the Results 

For MAD-208 and Well-2, seismic-well tie window is specified to 450-950 ms 

because this window consists of accurate log readings. Initially, the wavelet is extracted 

from seismic section to create zero-offset synthetic trace, and then, the second wavelet is 

extracted using well information in order to increase the correlation. In the first step, I 

avoided using the wavelet from both seismic and well log because this wavelet may cause 

misinterpretation, in other words, the wavelet from seismic prevents misconception. As a 

result, the correlation between seismic and well is 68% and then, is increased to 77% 

which is good enough for specified window.  

For MAD-205 and Well-1, seismic-well tie window is restricted to 500-1000 ms. 

Correlation between seismic and well is 45% which is insufficient for specified window.  

In the matter of MAD-208 seismic line, the maximum used angle for angle gather 

is 27. Gather conditioning provides us a proper angle gather for AVA analysis. As I 

observed in Figure 4.17, there is an observable increase in amplitude (in magnitude) with 

angle for top and base of the gas sand. Top of the reservoir starts with a negative 

reflection coefficient and it goes more negative values with angle; on the other hand, 

normal incidence reflection coefficient is positive, and it rises to high positive values for 

base of the reservoir. According to gradient results for MAD-208 at Well-2 location, the 

reservoir anomaly is Class III.  

In the matter of MAD-205 seismic line, the maximum used angle for angle gather 

is 27 which are same with MAD-208. Gather conditioning prepares us an appropriate 
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angle gather for AVA analysis. Again, as I observed in Figure 4.18, there is an 

observable increase in amplitude (in magnitude) with angle for top and base of the gas 

sand. Top of the reservoir starts with a negative reflection coefficient and it goes more 

negative values with angle; on the other hand, normal incidence reflection coefficient is 

positive, and it rises to high positive values for base of the reservoir. According to 

gradient results for MAD-205 at Well-1 location, the reservoir anomaly is Class III.  
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CHAPTER 5 – SEISMIC INVERSION 

5.1 Introduction 

 The goal of seismic inversion is to convert seismic reflection data into a 

quantitative rock property which can describe the hydrocarbon reservoir (Pendrel, 2006).  

The foundation of the impedance inversion is the one dimensional (1-D) 

convolution model. Russell (1988) expresses that the seismic trace is basically 

convolution of the earth’s reflectivity with a seismic source function/wavelet with the 

addition of a noise component. The basic formula of seismic trace is written below; 

 𝑆(𝑡) = 𝑅(𝑡) ∗ 𝑊(𝑡) + 𝑁(𝑡)                                                                              (5.1) 

where; S(t) is the seismic trace, W(t) is a seismic wavelet, R(t) is earth reflectivity, and 

N(t) is a noise component. 

If we are able to suppress the noise component, deconvolve the wavelet, and 

recovery the true amplitudes, earth’s reflectivity series will be obtained which is related 

to the acoustic impedance. 

Seismic inversion provides several benefits including directly representing layer 

properties such as porosity, suppressing noise inconsistent with a model, and exposing 

thickening and reservoir quality. It provides higher resolution and quantitative reservoir 

characterization because it contains integration of well and seismic information, 

estimation of a source wavelet, and constraint information regarding structure and 

lithology (Marfurt, 2009). 
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There are three main issues that need to be approached carefully in seismic 

inversion process. First, seismic data is band-limited meaning that it is missing both low 

and high frequencies. For that reason, well information which has both low and high 

frequencies are used to compensate lower frequencies than seismic coverage resulting 

extension of frequency bandwidth. Second, a synthetic reflection coefficient series 

created from well information within the boundaries of seismic survey is used to predict 

the wavelet phase and frequency. Accurate wavelet estimation is critical for successful 

inversion result. Third and most importantly, inversion is a non-unique process that there 

is more than one model solution that can give the same synthetic result. That’s why; we 

need more constraints such as geological information to be able to have more reliable 

result. 

 In this study, three post-stack inversion methods including band-limited, sparse-

spike, and model-based inversion, additionally one pre-stack inversion method which is 

simultaneous inversion were conducted using MAD-208 seismic line and Well-2 to 

determine and outline the gas-saturated reservoir. The main difference between post-

stack and pre-stack inversion is that I inverted for only P-impedance in the post-stack 

inversion, whereas, I inverted for P-impedance, S-impedance, and density in the pre-stack 

inversion. Moreover, AVO inversion methods which are elastic impedance and lambda-

mhu-rho (LMR) were accomplished. I compared all the results in terms of limitations, 

resolution, and reliability of each method and most significantly the sensitivity of the 

detection of reservoir and its fluid content were evaluated, as well. 
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Figure 5.1: Performed Inversion methods in this study. 

 

 

 

 

 

 

 

 

Figure 5.2: The basic workflow of seismic inversion processes (modified after Russell, 2013). 
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5.2 Acoustic Impedance Inversion 

 Acoustic impedance (AI) is the product of density (𝜌) and P-wave (Vp) velocity 

of rock and given below equation 5.2 

 𝐴𝐼 =  𝜌 ∗  𝑉𝑝                                                                                                       (5.2) 

 A seismic reflectivity takes place whenever there is a change in acoustic 

impedance, in other words, as a considerable change in rock properties. The reflection 

amplitude of an acoustic wave at a boundary between two different layers can be given 

below equation 5.3.  

𝑅𝑖 =  𝑍𝑖+1−𝑍𝑖
𝑍𝑖+1+𝑍𝑖

                                                                                                       (5.3) 

where; Ri is the reflection coefficient, Zi is the acoustic impedance of overlying medium, 

and Zi+1 is the acoustic impedance of underlying medium. 

The fundamental of the acoustic impedance inversion is to create a synthetic trace 

using estimated wavelet and match the created synthetic with the observed seismic data. 

In most acoustic impedance inversion methods, the inversion analysis continues 

iteratively until the misfit between synthetic and observed seismic is reasonably small. 
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5.3 Post-stack Acoustic Impedance Inversion 

 In post-stack inversion section, band-limited, sparse-spike, and model-based 

inversion methods were performed only for inverting P-impedance to detect and delineate 

the gas-sand reservoir. MAD-208 seismic reflection line and Well-2 were used in 

seismic-well tie process. Initial acoustic impedance model was created by integrating 

low-frequencies from well, seismic stack section, and picked major horizons. This 

created model (Figure 5.4) was used in post-stack inversion analysis. Figure 5.3 shows 

the extracted wavelet which was used in inversion analysis. The created initial P-

impedance model has high vertical resolution and low lateral resolution; however, 

inversion provides better vertical and lateral resolution. 

 

Figure 5.3: Extracted wavelet from Well-2 and its amplitude spectrum. 
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Figure 5.4: Created Initial Acoustic Impedance (AI) Model with picked four horizons. Well-2 is located on 

638th CMP gather displaying P-wave velocity. 

5.3.1 Band-limited Inversion 

 The impedance can be derived from reflectivity directly using the Equation 5.4, if 

we can get rid of the wavelet effect from seismic data. It contains directly inverting 

seismic data to produce a band-limited trace which has same frequency-bandwidth with 

the recorded seismic, and adding the low-frequency information to the inverted traces 

from the geological model (Russell, 1988). 

 𝑍𝑖+1 = 𝑍𝑖(
1+𝑅𝑖
1−𝑅𝑖

)                                                                                                  (5.4) 

where; Ri is the ith reflection coefficient, and Zi and Zi+1 are the acoustic impedances of 

the ith (overlying) and i+1th (underlying) layers. 
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 In this study, the below parameters were set and used while conducting model-

based inversion. 

• High-cut frequency  : 10 Hz. 

• Sampling rate   : 1 ms 

Figure 5.5 and 5.7 shows the band-limited inversion result with picked horizons. 

Band-limited inversion result indicates the gas-saturated reservoir at around 840 ms as 

low P-impedance values relative to encasing formations. At the same time, I have only 

able to detect one high P-impedance brine-saturated sandstone formation above the 

reservoir zone (around 710 ms at Well-2 location). 

 

Figure 5.5: Band-limited inversion result. Displayed log shows P-wave velocity. 
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Figure 5.6: Band-limited inversion analysis result for Well-2. Purple bar on left track shows the reservoir 

zone. Track 1; blue represents the acoustic impedance log, red represents the inverted result, and black 

shows filtered acoustic impedance log from original one. Track 2 and Track 3 show synthetic trace and 

recorded seismic data. Track 4 shows location of the picked horizons. Total impedance RMS error is 1750, 

and inverted synthetic correlation is 0.96. 
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Figure 5.7: Close-up section near the reservoir zone. Displayed log shows gamma-ray values. 

5.3.2 Sparse-spike Inversion 

Russell (2013) explained that sparse-spike inversion aims to restore a sparse 

estimate of the earth’s reflectivity from recorded seismic data. It assumes that the 

reflectivity is a series of large spikes, which are accepted as only meaningful information, 

inserted in the background of small spikes. By scanning the seismic data, locations of 

spikes are decided, and then for each trace a sparse reflectivity series are assessed by 

adding reflection coefficients one by one until an optimum result are achieved. By taking 

advantage of model-based inversion algorithm, the amplitudes of the impedance blocks 

are estimated. In this study, I used the maximum-likelihood sparse-spike inversion 

method. 

The following parameters were set and used while performing sparse-spike 

inversion. 

Time (ms) 
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• Type : Maximum-likelihood sparse-spike 

• Maximum change in impedance: upper and lower limit 100 % 

• Spike detection threshold  : 15 % 

• Iteration    : 10 

• Maximum number of spikes  : 5000 

Figures 5.8 and 5.11 show the maximum-likelihood sparse-spike inversion result 

with picked horizons. The result indicates the gas-saturated reservoir sand at around 840 

ms with low P-impedance values comparatively to encasing formations. I detected the 

brine-saturated sandstone formations as high P-impedance values at around 710 ms and 

770 ms as well. 

 

Figure 5.8: Maximum-likelihood sparse-spike inversion result. Displayed log shows P-wave velocity. 
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Figure 5.9: Maximum-likelihood sparse-spike inversion analysis result. Purple bar on left track shows the 

reservoir zone. Track 1; blue represents the acoustic impedance log, red represents the inverted result, and 

black shows filtered acoustic impedance log from original one. Track 2 and Track 3 show synthetic trace 

and recorded seismic data. Track 4 displays the error between synthetic and observed seismic. Track 5 

shows location of the picked horizons. Total impedance RMS error is 1755, and inverted synthetic 

correlation is 0.97. 
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Figure 5.10: Synthetic error near the reservoir zone. Displayed log shows P-wave velocity for Well-2. 

 

Figure 5.11: Close-up section near the reservoir zone. Displayed log shows gamma-ray values. 

5.3.3 Model-based Inversion 

 Russell and Hampson (1988) came up with an idea to handle the problems of 

band-limited inversion by building an initial geologic model and iteratively update this 

Time (ms) 

Time (ms) 
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model until the derived synthetic seismic best fits the recorded seismic data. The initial 

model was setup by blocking an acoustic impedance log from well log information. 

 In this study, the below parameters were set and used in model-based inversion 

algorithm. 

• Maximum change in impedance: upper and lower limit 100 %. 

• Pre-whitening   : 1 % 

• Iteration   : 20 

• High cut filter   : 10/15 Hz 

Figure 5.12 and 5.15 shows the model-based inversion result. Depends on the 

result, the gas-saturated reservoir sand which is indicated as low P-impedance sand (840 

ms) is detected, and above the reservoir zone brine-saturated sandstone formations which 

are indicated as high P-impedance values at around 710, 770 and 790 ms are observed.  

 

Figure 5.12: Model-based inversion result. Displayed log shows P-wave velocity. 

Time (ms) 
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Figure 5.13: Model-based inversion analysis result. Purple bar on left track shows the reservoir zone. 

Track 1; blue represents the acoustic impedance log, red represents the inverted result, and black shows 

filtered acoustic impedance log from original one. Track 2 and Track 3 show synthetic trace and recorded 

seismic data. Track 4 displays the error between synthetic and observed seismic. Track 5 shows location of 

the picked horizons. Total impedance RMS error is 1687, and inverted synthetic correlation is 0.99. 

 

Figure 5.14: Synthetic error near the reservoir zone. Displayed log shows P-wave velocity for Well-2.  

Time (ms) 
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Figure 5.15: Close-up section near the reservoir zone. Displayed log shows gamma-ray values. 

5.3.4 Interpretation of the Post-stack Inversion Results 

 All three inversion methods yield to detect the gas-saturated reservoir; however, 

in terms of sensitivity in detection of other distinguishable formations, model-based 

inversion provides the most detailed result by demonstrating not only the reservoir zone 

but also the high impedance brine-saturated sands. The worst result is provided by band-

limited inversion due to the missing low frequencies in the inversion analysis, as I 

explained before it is added later from the initial model after inversion is done. Depends 

on the post-stack inversion results, the low impedance gas sand has around 20 ms thick 

and 600 m wide. 

In terms of lateral continuity and vertical resolution of the inversion results, 

model-based inversion demonstrated the best result. Band-limited inversion produced a 

Time (ms) 
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better result than sparse-spike inversion regarding lateral continuity; however, sparse-

spike inversion displayed better vertical resolution than band-limited inversion.  

Table 5.1 shows the total impedance error and inverted synthetic correlation for 

implemented post-stack inversion methods. Again, the less error is given by the model-

based inversion algorithm. Depends on the synthetic error result for sparse-spike 

inversion (Figure 5.10) and model-based (Figure 5.14), model-based inversion provides 

less synthetic error than sparse-spike inversion resulting that model-based inversion gives 

more accurate result. 

Table 5.1: Total impedance error and inverted synthetic correlation for performed post-

stack inversion analyses. 

 Band-limited Sparse-spike Model-based 

Total Impedance 

RMS Error (ft/s) 
1750 1755 1687 

Inverted Synthetic 

Correlation 
0.96 0.97 0.99 

   

I can conclude that band-limited and model-based inversion methods are more 

sensitive to the initial acoustic impedance model, but sparse-spike method has ability to 

handle the incorrect geological features from the initial model.  
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5.4 Pre-stack Acoustic Impedance Inversion 

5.4.1 Simultaneous Inversion 

Simultaneous inversion is a generalization version of post-stack inversion to 

invert pre-stack CDP gathers (angle gathers) to determine P-impedance, S-impedance, 

and density (Hampson, 2005). It is more stable than a post-stack inversion because pre-

stack inversion incorporates that in brine-saturated rocks P-wave velocity, S-wave 

velocity, and density should be related linearly, and this relation is given by several 

authors (Gardner, 1974, and Castagna, 1985). Any deviation from background trend can 

be interpreted as fluid-saturated rock. Simultaneous inversion algorithm solves the Fatti 

equation which is the simplified version of the Zoeppritz equation.   

 The workflow that was used in simultaneous inversion is given below; 

1) Creating an angle gathers from conditioned gathers, extracting wavelets for near 

and far angle (Figure 5.18), and building initial models for P-impedance (Figure 

5.16), S-impedance (Figure 5.17), and density. 

2) Background trend coefficients (k and m) were calculated via well logs (Figure 

5.19). 

3) Synthetic trace was generated for each angle via extracted wavelets. 

4) Estimate the misfit, which is the difference between observed seismic and 

synthetic, and then inversion analysis was done iteratively to reduce the misfit 

(Figure 5.20 and 5.21). 

5) Calculate final Zp (Figure 5.22), Zs (Figure 5.23), and ρ. 
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As a result, inverted P-impedance (Zp) indicates the reservoir zone at around 840 

ms with slightly lower impedance than encasing formations. Inverted S-impedance 

expresses the information about background lithology because it is not affected by pore-

fluid. Inverted density section is not shown due to the fact that inversion of density values 

is more difficult and not reliable enough. According to inversion analysis result,  the total 

RMS impedance error (Figure 5.20) is 1835 which is higher than post-stack inversion 

results. Moreover, track-4 in Figure 5.20 shows Vp/Vs ratio of the inverted window. We 

can easily that the reservoir zone is relatively lower Vp/Vs ratio (≈ 1.85) than the 

overlying and underlying formations. It is an important indicator for determining 

hydrocarbon-saturated zone.  
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Figure 5.16: Initial P-impedance model used in simultaneous inversion for MAD-208 seismic line. 

 

Figure 5.17: Initial S-impedance model used in simultaneous inversion for MAD-208 seismic line. 
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Figure 5.18: Extracted wavelet for near-offset (left) and far-offset (right) with their amplitude spectrums. 

 

Figure 5.19: Results of simultaneous inversion analysis. Zp versus Zs (left) and Zp versus Dn (right) with 

calculated background trend coefficients (k and m). The color key represents depths in meters. 

(m) (m) 
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Figure 5.20: Simultaneous inversion analysis result. Purple bar on left shows the reservoir zone. Track 1,2, 

3and 4; blue represents the acoustic impedance log, red represents the inverted result, and black shows 

filtered acoustic impedance log from original one for P-wave, S-wave, density, and Vp/Vs, respectively.  

 

Figure 5.21: Track 1 and 2; generated synthetic gather and observed seismic trace, respectively. Track 3 

shows the error between observed and synthetic seismic. Track 4 shows the location of the picked horizons. 
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Figure 5.22: Inverted acoustic impedance (P-wave) section for simultaneous inversion. 

 

Figure 5.23: Inverted shear impedance (S-wave) section for simultaneous inversion. 
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5.5 AVO Inversion 

5.5.1 Elastic Impedance Inversion 

Elastic impedance inversion is a generalization of acoustic impedance inversion 

for variable angle of incidence (Connolly, 1999). The inputs for elastic impedance 

inversion are range-limited angle gathers and estimated wavelets. The final shape of 

elastic impedance formula, which was derived from Zoeppritz equation, is indicated 

below. 

𝐸𝐼(𝜃) = 𝑉𝑝
(1+𝑡𝑎𝑛2𝜃)𝑉𝑠

(−8𝐾𝑠𝑖𝑛2𝜃)𝜌(1−4𝐾𝑠𝑖𝑛2𝜃)                                                     (5.5) 

where; EI(θ)is the angle dependent elastic impedance, Vp and Vs are the P-wave and S-

wave velocities; ρ is the density, and K is (Vs/Vp) 2. 

Connolly (1999) demonstrated that scaled elastic impedance calculated from well 

log and cross plot of acoustic impedance versus high angle elastic impedance are 

indicative of hydrocarbon-saturated (Figure 5.24). In this study, acoustic impedance and 

elastic impedance (27 degrees) were calculated via well logs and cross-plotted. The result 

was shown in Figure 5.25 resulting that within the gas sand reservoir scaled elastic 

impedance obviously took lower values than acoustic impedance.  
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Figure 5.24: Comparison of acoustic impedance with scaled elastic impedance (Connolly, 1999). 

 Elastic impedance was used to invert AVO effects. Two wavelets (near and far 

offset) were extracted and used in this process because more accurate results for high 

angles were able to achieve. Two range-limited angle stacks, which are near (0-9 

degrees) and far (9-27 degrees) were created and used in the inversion algorithm (Figure 

5.26). Inverted impedance results showed that the sign of the reservoir become more 

recognizable at far angle section meaning that the reservoir sand brightens as angle 

increases (Figure 5.27 and Figure 5.28).  
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Figure 5.25: Acoustic impedance versus elastic impedance (27degree) plot. 

 

Figure 5.26: Comparison of range limited near (0 to 9 degrees - left) and far (9 to 27 degrees - right) angle 

stack.  
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Figure 5.27: Inverted elastic impedance section for near angle (0-9 degrees). 

 

Figure 5.28: Inverted elastic impedance section for far angle (9-27 degrees).  
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5.5.2 Lambda-mhu-rho (LMR) Inversion 

LMR inversion was proposed by Goodway (1997) as a lithology and fluid 

indicator using Lame parameters λ (incompressibility) and μ (rigidity) besides density 

(ρ). µρ (MR) gives information regarding rock matrix; on the other hand, λρ (LR) reflects 

the fluid information of the rock. 

The most fundamental information about the reservoir rock properties are changes 

in density, P and S velocities. P (Vp) and S (Vs) velocities can be expressed by equation 

5.6. The Lame parameters can be derived from pre-stack gathers or well logs, as well. 

𝑉𝑝 = �λ+2µ
ρ

  and 𝑉𝑠 = �
µ
ρ
                                                                                 (5.6) 

µ =  ρ 𝑉𝑠2 and λ =  ρ 𝑉𝑝2 − 2ρ 𝑉𝑠2                                                                      (5.7) 

λρ = 𝐴𝐼2 − 2𝑆𝐼2 and µρ = 𝑆𝐼2                                                                         (5.8) 

 

where; AI is the acoustic impedance (P-wave) and SI is the shear impedance (S-wave). 

In this study, LMR inversion was carried out to distinguish hydrocarbon-saturated 

reservoir rock from background lithology. As a result, noticeable decrease in λρ (LR), 

and small diminish in µρ (MR) was obtained within the reservoir zone. Normally, I did 

not expect any decrease in µρ (MR); however, this was probably caused by imperfect 

calculation of shear-wave velocity. 
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Figure 5.29: LMR inversion result showing LR (lambda-rho). 

 

Figure 5.30: LMR inversion result showing MR (mhu-rho). 
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CHAPTER 6 – CONCLUSIONS 

 This research aims to investigate a gas-saturated reservoir and characterize the 

reservoir rock properties via AVO analysis and impedance inversion methods using four 

2-D long-offset reflection lines and two conventional well logs acquired in the Thrace 

Basin of northwest Turkey. During the research, quite a few analyses have been 

accomplished, and the results are discussed. 

Seismic data processing is ultimately important for AVO analysis because the true 

amplitudes have to be preserved for reliable analysis. Several signal enhancement and 

noise suppression techniques were applied to image the subsurface structure, especially 

for the reservoir zone with an optimum resolution. Updated velocity analysis and seismic 

migration provided a good image of the study area. 

 2-D structural seismic interpretation aimed to describe the major structures such 

as normal faults, and stratigraphic unconformities, though detailed relation between these 

faults and unconformities with the reservoir was not investigated. In addition, picking of 

the major horizons was achieved based on previous works, and it was shown that 

selection of the horizons for building an initial model for inversion analysis helped a lot 

to increase the success ratio of the inversion result. It is highly recommended that this 

task shall be done with the information from previous studies. 

The permeable and porous reservoir interval was discovered in the depth range of 

878-899 m in Well-2 with the rapid decrease in both P-wave velocity and density, and 

increase in resistivity value (deep induction). According to the petrophysical analysis, the 
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reservoir consists of high porosity shaly-sandstone with 38% water saturation. The 

average volume of shale and porosity percentage was estimated to be 28% and 29%, 

respectively. The results were substantially convincing, except that estimated average 

total porosity was a little bit high. One can conclude that the reservoir is unconsolidated 

that can cause high porosity values. I have been able to detect the low-porosity 

sandstones above the reservoir zone via lithology identification cross plots. 

 AVO modeling results using well logs proved that changes in amplitude with 

offset is totally different for brine and gas cases. One can distinguish AVO effect due to 

fluid saturation especially gas. NMO-corrected conditioned CDP gather on MAD-208 at 

Well-2 location was used in AVA analysis, and the result showed an increase in 

amplitude as offset increases for both top and base of the reservoir demonstrating that 

Class III anomaly, which is known as “classic bright spot”, was detected. Moreover, 

NMO-corrected conditioned CDP gather on MAD-205 at near Well-1 location was used 

in AVA analysis, showing that Class III anomaly, which was the same response with 

MAD-208; however, I would not prefer to use MAD-205 reflection line for inversion 

analysis due to correlation of seismic-well tie was not persuasive enough. The reason for 

bad tie may be caused by noise in seismic data and erroneous tie location. 

 Three post-stack acoustic impedance inversion methods were performed to 

characterize the rock properties of the reservoir. The reservoir interval was distinguished 

as relatively low-impedance zone whose AI value around 15000 ft/s*g/cc (≈ 4500 

m/s*g/cc), and information regarding lateral extent of the reservoir sand was obtained, as 

well. In terms of synthetic error and identification of the reservoir, model-based inversion 
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provided a better result than sparse-spike and band-limited inversion methods. The 

acoustic impedance can be correlative with the porosity meaning that the reservoir sand 

has higher porosity relatively encasing formations. Depends on the inversion results the 

reservoir is about 20 ms (≈ 21 m) thick and lateral extension of the reservoir is about 600 

m.. 

Pre-stack simultaneous inversion was performed to invert P-impedance, S-

impedance, and density. For P-impedance section (Zp), simultaneous inversion still 

provided us the reservoir zone together with some doubt regarding the reservoir quality 

or inversion analysis result. S-impedance section (Zs) just yielded the background 

information of the study area. 

For further investigation, AVO inversion methods were accomplished. Using 

range-limited angle gather stacks elastic impedance inversion was achieved. As a result, 

although the anomalous amplitude can be seen at the near offset stack, the reservoir is 

brightening, which were more visible, at far offset. Moreover, LMR inversion was 

performed to detect the reservoir. It ignored the density effect on the inversion result. 

Subsequently, noticeable decrease in λρ (LR), and small diminish in μρ (MR) was 

acquired within the reservoir zone. Most probably, the decrease in μρ (MR) was caused 

by inadequate prediction of shear-wave velocity.  

 Combining all of these analyses provide a reliable way to interpret and 

characterize rock properties, as well as reservoir parameters with a high level of 

confidence. 
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