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Abstract 

The purpose of this research study was to monitor the recovery process of a heavy oil 

reservoir using the time-lapse seismic data in order to reduce the ambiguity of reservoir 

simulation. The sim2seis (simulation to seismic) procedure was applied in a cold heavy oil 

production with sand (CHOPS) reservoir located in western Saskatchewan, Canada to convert 

the pressure and saturation results to seismic attributes as a function of time. Qualitative and 

quantitative analysis of time-lapse seismic data was also performed to determine the changes 

in the elastic properties that occurred in the reservoir during hydrocarbon production.  

In the studied heavy oilfield, operated by Husky Energy Ltd, time-lapse seismic Amplitude 

versus Offset (AVO) analysis and inversion were also applied to detect the production related 

changes in the reservoir between the wells. Different time-lapse seismic techniques were 

applied to maximize the information taken from the seismic data and to increase the reliability 

of the seismic analysis. Although time-lapse seismic results were successful in identifying the 

anomalous zones, time-lapse seismic attributes were also extracted to highlight the changes 

observed in the reservoir and to better confirm and describe the physical properties of the 

anomalous zones. In addition, forward seismic modeling was applied to derive the AVO 

responses which should be expected in a typical CHOPS reservoir. The minimum thickness of 

the reservoir layer which can be resolved by the time-lapse seismic data was also determined 

by the forward modeling.  

To compare quantitatively the sim2seis results with the time-lapse seismic results, a rock 

physics model was also applied to link the reservoir simulation results to the seismic elastic 

properties and vice versa. This model attempted to mimic the conditions observed in the 

unconsolidated heavy oil reservoirs.  
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In summary, this research study confirmed that the application of the sim2seis process can 

improve the characterization of a heavy oil reservoir in four dimensions in a quantitative sense. 

Different time-lapse seismic analyses were applied to extract the maximum information from 

the time-lapse seismic data and to identify the foamy oil zones and production footprints. This 

procedure leads to the improvement in the forecasting of the future reservoir performance. 
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 Introduction 

1.1 Introduction 

In this chapter, I will review the fluid characteristics of heavy oils and how to classify them. 

Also, a brief discussion of Canadian heavy oil features, their recovery processes and their 

geological setting will be presented. Furthermore, I will discuss the benefits of use of the time-

lapse seismic data in the reservoir management process and also discuss some previous work 

which has done on this subject. The objective of this research and the structure of my thesis 

will also be explained.  

1.2 Heavy Oils 

Conventional oil reserves of hydrocarbons are limited all over the world. On the other hand, 

the demand for oil is increasing. This has led to recent interest in unconventional hydrocarbon 

reserves such as heavy oil reservoirs. For this purpose, the need to understand heavy oil 

reservoir characterization is essential. Oil reservoirs can be classified into different groups by 

their fluid characteristics such as fluid density. The standard calculation technique for oil 

density is based on the American Petroleum Institute (API) criteria. API gravity defined by the 

formula below: 

°API =
141.5

S𝐺
− 131.5                                                 (1.1) 

where (SG) is the specific gravity of oil, which is the ratio of density of oil to the density of 

pure water, both  measured at 60˚F and 1 atmosphere pressure.  

Crude oil is classified into light (>31º), medium (22º–31º), heavy (<22º), and extra heavy 

or bitumen (<10º). Oil sands are a mixture of bitumen, sand, clay and other minerals. 
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Oil sands and heavy oil can be found in many countries including the United States, Russia, 

China, and the Middle East. Canada is one of the countries which has the largest and most 

important deposits of heavy oils. About 350×109 m3 of heavy oil has been evaluated in Alberta 

and Saskatchewan (Dusseault, 2002). Total production from mined oil sands and oil sands 

produced by other in situ recovery techniques increased from 659,000 b/d in 2001 to 1.1 

million b/d in 2006 (Chopra et al, 2010). 

The main resources of heavy oil in Canada are located in high porosity and permeability 

zones. However, some of these resources are also deposited in fractured carbonates which do 

not have high porosity (Dusseault, 2002). 

The source rocks for Canadian oil sands are Cretaceous and Jurassic shales in Alberta. The 

hydrocarbon flow volumes were created by rapid sedimentation of organic material and 

compaction. Deep burial and proper temperature-pressure gradients were two conditions that 

allowed hydrocarbon generation from kerogen (Dusseault, 2002) Furthermore, biodegradation 

has an important role in oil and gas generation; the lower the consumption of living organisms, 

the heavier the oil will be.  

1.3 Heavy Oil Reservoirs in Canada 

The Lower Cretaceous Sparky formation in the Lloydminster area of Saskatchewan 

constitutes a succession of deltaic and marginal-marine deposits. The Mannville Group 

comprises one of the most important hydrocarbon-bearing units in Canada. Heavy-oil 

reservoirs in the Mannville Group are estimated to contain approximately 3 billion m³ (19 

billion barrels) of oil in place in the Lloydminster area in Saskatchewan (Saskatchewan Energy 

and Resources, 2008). The Mannville group is mostly comprised of fine grained sand graded 

into mudstone and shale. The Waseca and Sparky are the main heavy oil producing formations 
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in the Mannville group. Heavy oil reservoirs typically have high saturation, and are located in 

thin unconsolidated sands mostly found at a depth of 400 to 600 meters.  High permeability 

and viscosity, and low GOR are some of important characteristics of heavy oil reservoirs in 

the Lloydminster area. The average permeability is between 1 and 4 Darcy and oil viscosity is 

up to 50000 cp. Most of these reservoirs produce under primary recovery mechanisms (Adams, 

1982). The most common stratigraphic nomenclature for the Mannville group in Lloydminster 

is shown in Figure 1.1 and comprises the Colony, McLaren, Waseca, Sparky, General 

Petroleums (G.P.), Rex, Lloydminster, Cummings, and Dina. 

 
Figure 1.1. Stratigraphic nomenclature for the Mannville group (modified from Morshedian 

et al 2012). 

 

The heavy oil is located in unconsolidated sands which are comprised of 95% uncemented 

sands. Due to their high viscosity, low API, and low initial GOR, heavy oils are almost 

immobile at normal conditions and cannot be extracted by primary recovery techniques which 

http://www.geoscienceworld.org/search?author1=Morshedian,Alireza&gswsubscriber=true&src=gr
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need gas drive mechanism.  Therefore, to extract heavy oil, a recovery process should be 

applied to enhance the gas drive in the reservoirs.  

Different in situ recovery techniques have been applied in Canada for heavy oil production. 

Oil Sands in Fort McMurray in northern Alberta are mostly found in shallow zones. They are 

mainly extracted by surface mining which covers almost 20% of Athabasca deposits and 

cannot be applied to burial depths greater than 80 meters. Further south, the burial depths of 

heavy oil deposits increase to 600 meters or more. In these cases, heat is normally applied to 

lower the viscosity of the heavy oil and increase the mobility of the fluid. Steam-assisted 

gravity drainage (SAGD) technology and cyclic steam stimulation (CSS) are the main 

applicable and commercial recovery techniques which utilize heat in the recovery processes. 

Figure 1.2 and Figure 1.3 schematically illustrate the SAGD and CSS processes, respectively.  

 
Figure 1.2. Schematic description of the SAGD recovery technique (Zhang et al, 2002). 
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Figure 1.3. Schematic description of the CSS recovery technique (Canadian natural 

resources webpage). 

 

On the other hand, cold production techniques are also highly-applicable in Canada. 

CHOPS, which stands for cold heavy oil production with sand, is the main cold production in 

situ recovery technique. CHOPS originated in Canada and is a technique which requires only 

one well, which can be vertical, deviated, or horizontal. Figure 1.4 shows the mechanism of a 

CHOPS well. The main mechanism of the CHOPS recovery method is a gas drive which occurs 

due to the high pressure gradient close to the wells. This causes gas to come out of solution, 

which produces foamy oil. The function of foamy oil is to increase the flow of heavy oil to the 

production wells, similar to the gas drive mechanism in conventional reservoirs.  
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Figure 1.4. The mechanism of the CHOPS technique (Riazi et al, 2014). 

 

CHOPS is mostly applied to wells which contain unconsolidated sand with average 

porosity of 30% and high viscosity, and thin reservoirs which have a low production rate (<20 

m3/day). CHOPS extracts sands with heavy oil by using progressive cavity pumping from the 

subsurface. The sand production plays an important role in CHOPS development by increasing 

the production rate up to several times of the original production rate. The recovery factors for 

CHOPS wells range form 5-15%, with an average of approximately 10% (Maini, 2001). 

The sand influx of a CHOPS well varies during the production period and with the viscosity 

of the heavy oil. Initial sand production is large, about 10-40%, and decreases to as low as 0.5 

% (Figure 1.5) by increasing production time (Dusseault, 2002).  
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Figure 1.5. The relationship between hydrocarbon production and sand influx in 

CHOPS (Dusseault, 2002). 

 

The reason for higher heavy oil production is due to the creation of wormholes in CHOPS 

wells. Wormholes are the high porosity and permeability networks occurring close to CHOPS 

wells due to the simultaneous production of sand and heavy oil (Chen and Lines, 2012). Due 

to sharp decrease of pressure in CHOPS wells below the bubble point, the gas turns into the 

solution and creates foamy oil zones. These gas-saturated zones are also located in the 

wormholes. Identifying foamy oil zones, which are also called the production footprints, has 

an important role in the development of the CHOPS wells. Sawatzky et al. (2002) showed that 

identifying foamy oil zones and production footprints can help to identify prospective locations 

for future wells. Figure 1.6 shows an example of proposed well locations in footprint zones.  
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Figure 1.6. Most likely depletion (drainage) footprint scenario for cold production wells 

(modified from Sawatzky et al, 2002). 

 

1.4 Literature Review 

Time-lapse seismic data plays an important role in monitoring the recovery process of 

conventional and unconventional reservoirs. The time-lapse, or four dimensional (4D), seismic 

data technique involves recording successive seismic surveys over a fixed area at various time 

intervals. The 4D technique helps to detect changes in reservoir properties during hydrocarbon 

production, or the hydrocarbon EOR (Enhanced oil recovery) processes, in both the space and 

time domains. The first time-lapse seismic data was acquired in early 1980s to monitor the 

EOR process in the Holt reservoir in northern Texas. Time-lapse seismic data can be acquired 

in both marine and land surveys, the North Sea being one of the areas where 4D seismic 

analysis is most used. Time-lapse seismic data recording has also been used in Canada to 

monitor carbon dioxide injection, steam injection, and production monitoring of oil sands and 

heavy oil reservoirs. The early application of time-lapse seismic data was shown in the papers 
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of Nur (1984, 1989) and Wang and Nur (1986, 1987, 1988) which mainly discuss the effect of 

temperature and fluid saturation on seismic velocities. Greaves and Fulp (1987) illustrated the 

application of 4D seismic analysis in improving the EOR process for heavy oil. In their studied 

heavy oilfield (Holt field, north-central 

Texas), a fireflood process was used and they showed that the time-lapse seismic analysis 

could qualitatively detect high anomaly zones in the heavy oilfield (Figure 1.7). 

 

Figure 1.7. A profile from (a) preburn, (b) midburn, and (c) postburn 3D seismic data 

volumes. The reflection traces are overlain by a color scale of the computed envelope 

amplitude. A bright spot is created at the top of the reservoir by the midburn stage and 

this increases in lateral extent and intensity by postburn stage, (From Greaves and 

Fulp, 1987). 

 

The fact that time-lapse seismic data can monitor high temperature affected zones was 

investigated in the Gregoire Lake in Situ Steam Pilot (GLISP) in northeastern Alberta, 
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approximately 40 km south of Fort McMurray (Pullin et al., 1987). The authors showed how 

the heated zones could be detected by 4D seismic analysis. Furthermore, Hirsche (2006) 

showed that time delay maps in the GLISP area could be correlated with the heated zones in 

the GLISP oil field for the three recorded monitor surveys. The results of time-delays can be 

seen in the Figure 1.8 (unpublished result from my PhD course work, 2011). 

 
Figure 1.8. Time delay maps from the GLISP surveys between base and monitor 1 

surveys(left), base and monitor 2 surveys (middle), base and monitor 3 surveys (right). 

 

Time-lapse seismic data can be used in the field development and reservoir management 

processes. The time-lapse travel time and amplitude differences over the reservoir optimized 

the placement of new producers in the Ekofisk field (Tolstukhin et al 2012). 

Lines et al, 1989 also showed that velocity near steam injection wells is lowered by 

increasing temperature (Figure 1.9). Monitoring cold heavy oil production is also possible by 

using time-lapse seismic attributes. Zhang and Lines (2007) illustrated that the Vp/Vs ratio 

will have a detectable reduction due to the dramatic reduction of fluid’s bulk modulus after 

heavy oil cold production (Figure 1.10).  
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Figure 1.9. Map of oil-sands velocity model for (a) first monitor survey and (b) second 

monitor surveys (red and blue dots indicate injector wells for Monitor 1 and Monitor 2 

surveys, respectively (Lines et al, 1989). 

 

 
Figure 1.10. Comparison betweenVp/Vs ratios for pre-production, wet and post-

production and the difference of Vp/Vs ratios between post- and pre-production 

conditions (Zhang and Lines, 2007). 
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Time-lapse seismic data is also helpful in discriminating different reservoir fluid contacts. 

A good example of this can be seen in Gullfaks field in the North Sea, which is shown in 

Figure 1.11. The recovery mechanisms were water injection, gas injection and also water/ 

alternating gas injections. Understanding the different fluids in the reservoir helped the 

engineers in the EOR process to recover 70% of in-place hydrocarbon from a complex 

reservoir.  

 
Figure 1.11. Map showing relative water-oil properties, where upper left seismic section 

is pre-production (1985) condition, and lower left seismic section is post-production 

(1999) condition, which shows the water flushed zone (modified from Alsos et al., 2002). 

 

From 2000 onwards, 4D seismic data has had more consistent acquisition and processing 

and can be more reliable in identifying the dynamic properties of the reservoir.   

Rock physics modeling can be used show the effects of saturation and pressure on seismic 

parameters. Rock physics connects reservoir conditions to the reservoir elastic properties 

which can be identified by time-lapse seismic data. During production, pore pressure in the 
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reservoir decreases due to hydrocarbon depletion and fluid saturation also changes due to 

saturation consistency.  

Gassmann (1951) investigated the effect of saturation changes on the bulk and shear moduli 

of an isotropic packing of spherical rock grains. Time-lapse seismic data and reservoir flow 

simulation can be quantitatively integrated in two different techniques. One technique is to 

estimate the seismic properties from simulation results and compare quantitatively with the 

time-lapse seismic results. The second method is to estimate the pressure and saturation from 

the time-lapse seismic analysis and compare quantitatively with the reservoir simulation 

results.   Landrø (2001) attempted to identify pressure and saturation changes using pre-stack 

time-lapse seismic methods.  He used amplitude versus offset (AVO) analysis to distinguish 

between effects of water saturation and pore pressure. As I will discuss later in the thesis, the 

simplest approach to AVO analysis is to compute intercept and gradient terms from the seismic 

gathers.  Using well log data, Landrø developed empirical weighting terms for the intercept 

and gradient so that when the weighted terms were added, they independently predicted the 

saturation and pressure. His relationships are: 

∆𝑅0 =
1

2
(𝐾𝛼∆𝑆 + 𝐾𝜌∆𝑆 + 𝑙𝛼∆𝑃 + 𝑚𝛼∆𝑃2)                            (1.2) 

∆𝐺 =
1

2
(𝐾𝛼∆𝑆 + 𝑙𝛼∆𝑃 + 𝑚𝛼∆𝑃2) − 4

𝑉𝑠2

𝑉𝑝2 (𝑙𝛽∆𝑃 + 𝑚𝛽∆𝑃2)              (1.3) 

 Where ∆𝑅0 and ∆𝐺 are the difference between the base and monitor seismic surveys in 

the intercept and gradient of AVO analysis, respectively. Vp and Vs are P-wave and S-wave 

velocities, respectively. 𝐾𝛼 , 𝑙𝛼, 𝐾𝜌, 𝑚𝛼, 𝑙𝛽 , and 𝑚𝛽 are empirical parameters.  

 Meadows (2001) used inverted acoustic and shear impedances instead of AVO gradient 

and intercept. He showed that the saturation estimation is more accurate in his method when 
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compared to Landrø‘s method.  Tsuneyama and Mavko(2007) also estimated the fluid 

saturation by  combining several rock-physics analytical methods and transforms. They 

showed that the pressure effect is much less than saturation effect on seismic elastic properties. 

They determined water, oil, and gas saturation by solving simultaneous equations in terms of 

the bulk modulus, density and total saturation. Angelov et al 2004 modified the methods of  

Landrø (2001) and Meadows (2001) for discriminating fluid saturation  and pressure .Landrø 

(2001) assumed that 𝑡𝑎𝑛2(𝜃) ≈ 𝑠𝑖𝑛2(𝜃) and therefore, his relationships are valid only for 

small range of angles of incidence. However, Angelov et al. (2004) could use larger ranges of 

angle of incidence by using the impedance in their equations instead of intercept and gradient. 

Avseth et al. (2013) applied a patchy cement rock physics model to quantify the effects of 

stress and fluid changes by using seismic time-shift and time-shift derivatives derived from 

well log data modeling and time-lapse seismic data. Alvarez and MacBeth (2014) also showed 

there is interplay of fluid saturation and pressure effects on seismic data. They investigated a 

large range of clastic rocks which have similar mean porosity and developed an approximation 

which relates seismic amplitudes and time-shifts to the weighted linear sum of pore pressure 

and saturation change. The methods that stated in this section mainly depend on the empirical 

relationships which fit to the specific conventional oilfields.  In this research study, I attempted 

to derive the rock physics modeling which fits to heavy oilfields to convert the reservoir 

simulation outputs to seismic attributes. I also attempted to quantitatively relate the pressure 

and saturation changes in the reservoir to different time-lapse seismic properties.  

1.5 Research Objective 

The main objective of this thesis is to monitor the heavy oil production and recovery 

process by using different time-lapse seismic analysis techniques, including time-lapse AVO 
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analysis and time-lapse seismic inversion, and then integrate these results with the outputs of 

reservoir flow simulation. To be able to integrate the reservoir flow simulation results with the 

time-lapse seismic data, the sim2seis process must be applied to convert the pressure and 

saturation outputs to the elastic seismic attributes. Applying a correct rock physics model to a 

heavy oil reservoir is also an important objective in this research study in order to be able to 

interpret the time-lapse seismic attributes that were obtained from the reservoir flow 

simulations.  

The work done so far on heavy oil mostly focused on thermal recovery processes such as 

SAGD.  Previous work on Canadian heavy oil was mainly focused on the comparison between 

time-lapse seismic results and the production data. However, in this thesis, I attempted to 

quantitatively integrate rock physics modeling, time-lapse seismic inversion and AVO 

analysis, and reservoir simulation in a CHOPS oilfield. 

1.6 Thesis Structure 

This thesis has been arranged in six chapters. Chapter 1 is an introduction which consists 

of a brief background of the characteristics of heavy oilfields and a literature review about my 

research topic. The objectives of this research and the thesis structure are also included in 

Chapter 1.  Chapter 2 consists of an introduction to the dataset available for this research, and 

a brief review of geological setting of the studied heavy oilfield. Time-lapse seismic data 

preparation and the qualitative seismic interpretation are also reviewed in this chapter. Chapter 

3 addresses the time-lapse AVO analysis which was applied in this case study to extract 

different elastic parameters helpful in the reservoir characterization of heavy oil. Rock physics 

modeling for heavy oil is also discussed in this chapter. Chapter 4 discusses my time-lapse 

seismic inversion results and their application to quantitative time-lapse seismic interpretation. 



 

16 

Various different time-lapse seismic inversion techniques were applied in this PhD research. 

Chapter 5 comprises the reservoir flow simulation process and results and the details of the 

simulation to seismic (sim2seis) process. The quantitative comparison between the time-lapse 

seismic results and the sim2seis outputs is also shown in this chapter. Chapter 6 gives my 

overall conclusions and recommendations for future work.  
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 Studied area: Geological setting, Datasets, and Qualitative Seismic 

Interpretation 

2.1 Introduction 

A brief review of the geological setting of the heavy oilfield studied in this thesis and the 

different datasets used in this study will be reviewed. The results of the qualitative 

interpretation of the time-lapse seismic data will be provided. I will also review the time-lapse 

equalization process that I implemented to calibrate the time-lapse seismic data.  

2.2 Studied Area 

The studied heavy oilfield is located in the east of Lloydminster area, close to the border 

of Alberta and Saskatchewan. The oilfield is operated by Husky Energy Ltd and the location 

is shown in Figure 2.1. This field has been recovered by using a cold production recovery 

technique (CHOPS). The other major adjacent heavy oils to the studied area are Pikes Peak 

field, Golden Lake, and Lashbun. The field has been under production since the 1970’s and is 

currently being produced from the unconsolidated Sparky sandstones units of the Upper 

Mannville Group of Early Cretaceous age. This formation is located approximately 460 metres 

below the surface, and contains fine- to medium-grained, clean, highly porous, unconsolidated 

quartz sand bodies. The Mannville Group comprises one of the most important hydrocarbon-

bearing units in Canada. This heavy oil reservoir can be classified as a thin heavy oil reservoir. 

The API gravity of heavy oil is 11.5o, the porosity range in the reservoir is 18-38 %; and the 

average horizontal permeability is 32 mD – 18D. Initial reservoir pressure at the shallowest 

depth was 3900 kPa.  
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Figure 2.1. Types of recovery processes in Alberta and Saskatchewan associated with 

various oilfields. (Adapted from Hedlin et al, 2010). 

 

The studied area contains approximately 185 wells, where about 161 of those wells have 

been produced from the Sparky formation. Figure 2.2 shows the cumulative production of oil 

and gas from 1990 to 2014.  
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Figure 2.2. Cumulative oil (green) and gas (red) production in the studied heavy oilfield 

since 1990. 

 

Figure 2.3 shows gamma ray and density logs in one of the wells in the studied area which 

identify different formations, including the Sparky reservoir formation in the Mannville group. 

The Lower Cretaceous Sparky formation in the Lloydminster area of Saskatchewan consists 

of a succession of deltaic and marginal-marine deposits. Well log data such as gamma ray and 

porosity logs are available for most of the wells. However, among all 165 wells, only a few 

wells have P-wave and density logs. The wells with available P-wave and density logs were 

used in in this study to build the synthetic seismograms for seismic analysis. 
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Figure 2.3. A well from the studied area with gamma ray and density logs (left and right 

logs, respectively) contains the geological markers. 

 

2.3 Time-lapse Seismic Data 

Time-lapse seismic data covers the entire 3D volume of the reservoir and provides valuable 

information about the rock properties of the reservoir. Furthermore, this time lapse seismic 

data is helpful for the production recovery process by indicating the anomalous production 

zones. Post-stack and pre-stack time-lapse seismic data were provided by Husky Energy Ltd. 

The first survey, called the base seismic survey, was acquired in August of 2003 and covered 

a surface area of approximately 10.1 square kilometres.   The second survey, called the monitor 
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seismic survey, was acquired in 2009 using the same source (vibroseis) and receiver locations 

as the base seismic survey. The largest offset between source and receiver was about 1500 

metres. Table 2.1 shows the parameters used for the seismic acquisition of both the base and 

monitor surveys.  

Table 2-1. Time-lapse seismic acquisition parameters for base and monitor surveys 

 

 

Both the base and monitor seismic surveys were processed through same processing steps 

including trace matching, residual statics, zero phase surface consistent deconvolution, 

Kirchhoff prestack time migration, inverse NMO correction, and stacking. The basemap of 

time-lapse seismic data is shown in Figure 2.4. The 20 wells depicted in this figure were 

selected for time-lapse seismic analysis due to availability of sonic and density logs.  

Source point interval 50m

Source line interval 120m

Receiver point interval 50m

Receiver line interval 120m

Number of live lines: 14

Stations per line 41

Inline cell size 25m

Crossline cell size: 25m

Sample rate 2ms

Record Length 3s
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Figure 2.4. Basemap of time-lapse seismic survey in studied area, showing the wells 

used in the time-lapse seismic analysis. 

2.4 Production Data 

Although the field has been producing over two decades, the main development process of 

CHOPS was started after 2003, as seen in Figure 2.2. If the basemap of seismic area is divided 

into 4 sections (Figure 2.5), the most recent development activities are in NW area. In both 

NW and SW sections, the new wells were drilled and their production mainly was started after 

the base seismic survey acquirement.  
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Figure 2.5. Dividing the basemap of study to 4 sections, NE, NW, SE, and SW to classify 

the production history. 

 

Comparing Figure 2.6 and Figure 2.7 highlights this difference. It is clear that hydrocarbon 

production in the NW section began after 2003; however, production in SE area was being 

produced for a longer time. Also, gas and oil production is higher in the NW area, followed by 

the NE, and SW sections respectively. This information helps us to understand the time-lapse 

seismic changes which will be discussed more completely in the next chapters.  
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Figure 2.6. Oil and gas production history in the NW studied area 

It is also observed that gas production is much higher in the wells which commenced the 

hydrocarbon production after 2003. This could be due to the high sand production rate and 

hence the sharp pressure gradient close to these wells. One of the purposes of this study is to 

find the relationship between theses production anomalous zones and time lapse seismic 

changes applying AVO analysis and different seismic inversion.  
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Figure 2.7. Oil and gas production history in SE studied area 

2.5 Time-lapse Seismic Calibration 

Time-lapse seismic analysis provides significant information about production related 

changes; however, the changes must be carefully considered. Any residual differences in the 

repeated time-lapse data can affect the effectiveness of the analysis (Kragh and Christie, 2002). 

Differences in survey acquisition geometry and spatial amplitude gain, wavelet bandwidth and 

phase, differential static time shifts, and relative mispositioning of imaged reflection events 

decrease the repeatability of the time-lapse seismic data (Rickett and Lumley, 2001). Table 2-

2 shows the other possible pitfalls causing non-repeatability of time-lapse seismic data (Ross 

and Atlan, 1997).  
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Table 2-2. Some potential pitfalls associated with time-lapse seismic data (Ross and 

Atlan, 1997) 

 

 

To remove these non-production effects in time-lapse seismic surveys, a set of processing 

tools known as cross-equalization have been developed. The equalization process, shown in 

Figure 2.8, was used in this research study to calibrate the base and monitor surveys. The full 

calibration process consists of the phase and time shifting, phase and frequency filtering, and 

cross-normalization. 
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Figure 2.8. The time-lapse seismic calibration process (from unpublished Hampson- 

Russell course notes) 

 

 The first step in this flow involved phase and time shift equalization between the base and 

monitor surveys.  The analysis window should not cover the reservoir zone to ensure that the 

computed time and phase shifts are not attributed to the non-production related changes (Riazi 

and Lines 2013). Cross-correlation between the base and monitor surveys was computed to 

derive the time and phase shift in the monitor seismic survey compared to the base seismic 

volume, and then these shifts are applied to the monitor seismic volume. Figure 2.9 shows the 

result of applying phase and frequency matching between base and monitor surveys. It is clear 

that the difference is small. Few bright difference amplitudes can be seen between each of the 

monitor surveys and the base seismic especially below the reservoir. 
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Figure 2.9. : Applying phase and time shift equalization, where a) shows the data before 

equalization and b) shows the data after equalization. The seismic traces are from base 

survey and color shows the difference between the monitor and base survey. 

 

The next step in the cross-equalization flow is the application of a shaping filter to the time-

lapse seismic data.  The shaping filter estimates a full Wiener-Levinson transfer function, 

including the frequency-dependent phase (note that the previous correction was for a constant 

phase) as well as average power, so that the wavelet is consistent between the two surveys 

(Riazi and Lines, 2013). It attempts average frequency matching between two surveys. 

Figure 2.10 below shows the application of this filter on the seismic section in the studied area.  
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Figure 2.10. Applying the shaping filter, where a) shows the data before equalization 

and b) shows the data after equalization. The color shows the difference between the 

monitor and base survey. 

 

Different acquisition parameters can cause incorrect amplitude differences. Amplitude 

differences caused by scaling can be corrected using cross-normalization method. In cross-

normalization technique, the ratio of RMS amplitude values of the reference and input survey 

are calculated and then they are applied to the input volume in order to minimize the unwanted 

amplitude scaling differences and have the same RMS amplitude (HRS unpublished notes). In 

the final step, the average time shift is calculated and applied to the volume. Figure 2.11 shows 

the final result of cross-equalization in a seismic section of the studied area. 
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Figure 2.11. The effect of applying all the cross-normalization steps shown in Figure 4 

where (a) is the input and (b) is the output, and the colour shows the normalized 

difference between the base and monitor surveys.  The wiggle-trace variable area plot 

shows the base survey. 

 

2.6 Time-lapse Horizon Interpretation 

Seismic horizon interpretation needs to match the wells with the seismic data. For this 

purpose, the wells which contained both sonic and density logs were selected to make synthetic 

seismograms. In synthetic seismogram creation, convolution of the earth’s reflectivity with a 

wavelet extracted from the seismic data is used to build the synthetic traces, and then these 

synthetic traces are compared with the real seismic data.  Shifting and stretching techniques 

can be used to increase the correlation between the synthetic and real seismic data. By building 

the synthetic seismogram, the well log data can be compared with the seismic data, and thus 

the geology of the reservoir could be correlated to the seismic response. Figure 2.12 shows an 

example of finding the best match between the seismic and synthetic seismogram.  
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Figure 2.12. Synthetic seismogram for a CHOPS well in the studied area, Track 1 and 

Track 2 from left are density and P-wave velocity logs, respectively. Seismic traces (red 

traces) matched with synthetic traces (blue traces) 

 

After creating the synthetic seismogram using available wells, seismic interpretation was 

done for both base and monitor surveys at the top and base of the reservoir. Figure 2.13 depicts 

the structural map of base of the Sparky formation (reservoir formation). 
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Figure 2.13. Time structural map for the base-horizon 

 

Due to hydrocarbon production in the reservoir, the decrease in velocity and density in the 

reservoir will result in a time delay in the base of the reservoir (Figure 2.14).  For this reason, 

the reservoir base horizon was also interpreted in the monitor survey. The general structural 

trend was similar in both maps. However, small changes in the base of the reservoir are 

important to recognize in order to understand the production related zones in the reservoir. 

Figure 2.15 shows the time-shift of the base horizon between the base and monitor surveys. 
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Figure 2.14. Changes observed during hydrocarbon production in the time and 

amplitude of seismic traces. 
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Figure 2.15. Time-shift map for base-horizon between base and monitor surveys 

 

The amplitude difference between the base and monitor surveys was also calculated in the 

base horizon of the reservoir, as shown in Figure 2.16.  
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Figure 2.16. Amplitude differences in base-horizon between base and monitor surveys 

 

Both the time-shift and amplitude difference maps give significant information about the 

oil and gas production related changes observed in the reservoir. In the next chapter, more 

details about the amplitude variation in the reservoir and the underlying reasons for this 

amplitude variation will be discussed. 

Because pre-stack seismic data is also available in this research study, the seismic horizon 

at the base of the reservoir was interpreted in the near and far stack data for both base and 

monitor seismic data. Near stack seismic data covers an angle of incidence range between 0 

and 30 degrees and far angle stack includes angle of incidence between 30 and 60 degrees. 

Figure 2.17 shows the isochron maps at the base of the reservoir in the near and far angle 
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stacks. It is clear that the far stack seismic data can highlight better the anomalous zones in the 

reservoir zone. 

 
Figure 2.17. Isochron maps at the base of the reservoir in near stack (top) and far stack 

(bottom); far stack data shows higher anomalous zones. 



 

37 

 

2.7 Concluding Remarks 

The geological setting of the studied heavy oilfield was described in this chapter. I also 

reviewed the different datasets used in this study. The qualitative interpretation of the time-

lapse seismic data was provided by the interpreting the seismic horizons at the top and base of 

the reservoir. I showed that the base of the reservoir has time-delays and amplitude changes 

due to the heavy oil production in the reservoir. Furthermore, time-lapse equalization was 

applied to calibrate the time-lapse seismic data and lead to a much more reliable set of data for 

quantitative analysis later in this thesis. I also showed the seismic interpretation results on two 

near and far angle stacks. These results showed  that the isochron map at the base of the 

reservoir in the far stack seismic data display  larger anomalous zones which coincide with the 

higher cumulative oil and gas zones. This emphasizes the need for studying the behavior of 

amplitudes of the seismic data as a function of angle of incidence, commonly known as AVO.   

This will be done in the next chapter. 
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 AVO and Rock Physics Modeling 

3.1 Introduction 

In this chapter, I will review the amplitude versus offset/angle (AVO/AVA) concept and 

some of common techniques for AVO analysis. To understand AVO analysis better, I will 

present rock physics modeling. Furthermore, applications of rock physics modeling for heavy 

oil saturated rocks will be shown. In one of the sections of this chapter, I will show the 

importance of AVO modeling in the AVO analysis. One of the important topics in this chapter 

is the study of reservoir production effects on the AVO response using time-lapse seismic data. 

For this purpose, I will derive  the time-lapse AVO behavior in a  heavy oil case study and will 

discuss the significance of time-lapse AVO on the reservoir development process by analyzing 

different attributes extracted from  AVO analysis that  show the details of the reservoir changes.   

3.2 Methodology 

Amplitude versus offset/angle is a standard technique in seismic analysis which is applied 

to pre-stack seismic gathers, and has been used for several decades Ostrander (Ostrander, 1984) 

showed that the detection of gas sand is possible by tracking AVO changes caused by the drop 

in Poisson’s ratio of the gas sand with respect to the encasing shale layers. The purpose of 

AVO analysis is to derive different rock properties by analyzing offset-/angle-dependent 

seismic amplitudes. The mathematical basis of AVO analysis is given by the Zoeppritz 

equations (1919). Zoeppritz derived the amplitude of reflected and transmitted waves at an 

interface by applying the conservation of stress and displacement across a layer boundary. 

Figure 3.1 shows the raypaths of different waves produced from an incident P-wave, including 

two reflected waves and two transmitted waves. 
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Figure 3.1. The reflected and transmitted rays created by an incident P-wave at non-

normal incidence. 

 

Aki and Richards (1980) express Zoeppritz’s equations in matrix form (Equation 3.1). 

They use a special notation to determine the type of incident wave reflected and transmitted 

wave. Their notation is gown in Figure 3.2. 

 
Figure 3.2. Notation for the sixteen different possible reflection / transmission coefficients (Lines 

and Newrick, 2004) 
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Equation 3.1 is nonlinear, so to better understand its implications, approximations to the 

Zoeppritz equations have been derived. These approximations help us understand how various 

elastic parameters impact the modeled seismic amplitudes. The most common approximation 

used in oil and gas industry is the Aki-Richards‘s equation (1980), which is expressed in 

Equation (3.2). Aki and Richards derived their equation by assuming a small contrast between 

layer properties.  

 
𝑅𝑃𝑃(𝜃) ≈ 𝑎 

∆𝑉𝑃

𝑉𝑃
̅̅ ̅

+ 𝑏 
∆𝑉𝑆

𝑉�̅�

+ 𝑐 
∆𝜌

�̅�
 

(3.2) 

 

where:  

𝑎 =
1

2
𝑠𝑒𝑐2𝜃 
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𝑏 = −4 (
𝑉𝑆

𝑉𝑃
)
2

𝑠𝑖𝑛2(𝜃) 

𝑐 =
1

2
−2 (

𝑉𝑆

𝑉𝑃
)
2

𝑠𝑖𝑛2(𝜃) 

In equation 3.2,   is the operator giving the difference in velocity or density between two 

layers across the interface and �̅�𝑃 , 𝑉�̅� , and �̅� are the average values in P-wave velocity, S-

wave velocity, and density, respectively which can be defined as below 

𝑉𝑃
̅̅ ̅ = (1 2)⁄ (𝑉𝑃2

+ 𝑉𝑃1
),𝑉�̅� = (1 2⁄ )(𝑉𝑆2

+ 𝑉𝑆1
), and �̅� = (1 2)⁄ (𝜌2 + 𝜌1).        (3.3) 

There is also another arrangement of the Aki-Richards equations which is called the 

gradient and intercept formulation. This method is also common to be used in industry and can 

be derived by rearrangement of Aki-Richards equations as displayed in Equation 3.4:  

𝑅𝑃𝑃(𝜃) ≈ 𝑅𝑃0 + 𝐺𝑠𝑖𝑛2(𝜃) + 𝐶(𝑡𝑎𝑛2(𝜃)𝑠𝑖𝑛2(𝜃))                            (3.4) 

where 

𝑅𝑃0 ≈
1

2
(
∆𝑉𝑃

𝑉𝑃
̅̅ ̅

+ 
∆𝜌

�̅�
) 

𝐺 ≈
1

2

∆𝑉𝑃

𝑉𝑃
̅̅ ̅

−2 (
𝑉𝑆

𝑉𝑃
)
2

(2 
∆𝑉𝑆

𝑉�̅�

+ 
∆𝜌

�̅�
) 

𝐶 ≈
1

2

∆𝑉𝑃

𝑉𝑃
̅̅ ̅

 

Where RP0 is the zero offset reflection coefficient or intercept term and G is the gradient of 

the slope of the curve made by the plot points (Figure 3.3).  
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Figure 3.3. Schematic description of intercept and gradient concepts in AVO analysis. 

 

C is the curvature which is more accurate if high offset/angle pre-stack gather data is 

available. C is ignored in low offset seismic data, where the angle of incidence is less than 

thirty degrees. Figure 3.4 shows a comparison between the full Zoeppritz equations and two 

forms of Aki-Richards equations (two terms and three terms) for the top of gas sand. For near 

angles, all three curves are very close, but for high angles the two term truncation becomes less 

accurate (Russell, 2014). 

 



 

43 

 
Figure 3.4. A comparison between the full Zoeppritz equations and the two forms of 

Aki-Richards approximation (Russell, 2014). 

 

Another effective approximation is derived by Shuey, 1985. Shuey determined an 

approximation to the Zoeppritz equations by transforming from shear wave velocity to  

Poisson’s ratio to his equation.  He showed that Poisson’s ratio, P-wave velocity and density 

can be related to seismic reflectivity as a function of offset, rather than P-wave velocity, S-

wave velocity and density in the previous equations given here. His equation can be seen as: 

𝑅𝑃𝑃(𝜃) ≈ 𝑅𝑃0 + [𝐴𝑅𝑃0 +
∆𝜎

(1−𝜎)̅̅̅̅ 2] 𝑠𝑖𝑛
2(𝜃) +

1

2

∆𝑉𝑃

𝑉𝑃̅̅ ̅̅
(𝑡𝑎𝑛2(𝜃) − 𝑠𝑖𝑛2(𝜃))          (3.5) 

where A and E can be defined as below: 

𝐴 = 𝐸 − 2(1 + 𝐸)(
1 − 2𝜎

1 − 𝜎
) 

𝐸 =

∆𝑉𝑃

𝑉𝑃
̅̅ ̅

∆𝑉𝑃

𝑉𝑃
̅̅ ̅ + 

∆𝜌
�̅�

 



 

44 

and =2-1 and = (2+1)/2.  Note that the term A used in Equation 3.5 is from Shuey’s 

original notation and is not the same as the intercept, as it is used in much of the literature.  In 

this document, the term Rp0 has been used for intercept to clarify its relationship with the zero-

offset linearized reflection coefficient. 

3.3 Forward Modeling  

3.3.1 Wedge Synthetic Modeling in a CHOPS Well 

Seismic resolution is an important topic in seismic analysis. By this is meant that we should 

determine the thinnest bed thickness that can be resolved by the seismic data.  Resolution 

effects on seismic data were investigated by  Widess (1973) and Kallweit and Wood (1982). 

Widess (1973) showed that thin bed reflections in seismic data can be detected if their thickness 

is greater than one-eighth of a wavelength (λ/8). However, Rayleigh‘s criterion is to use the 

peak-to-trough time interval (λ/4)( Kallweit and Wood, 1982) 

To model the thickness effect, I used the following from wedge model shown in figure 

below and one of the CHOPS wells in the area. Wedge modeling (as shown in Figure 3.5) 

shows the effects of thickness of bed on seismic data and the minimum thin bed we can detect 

in our seismic data.  

Seismic data cannot detect some of thin beds due to tuning effects on the seismic data. The 

tuning effect happens when two reflectors are very close so that their reflected wavelets 

overlap.  
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Figure 3.5. Wedge modeling with earth model for four layers and the inserted seismic 

traces. 

 

 

I have chosen one of the CHOPS wells in the studied area to model the thickness effect on 

seismic resolution of a CHOPS well By using the wavelet shown in the Figure 3.6, which 

derived by the frequency of seismic data in the studied area.  

 

 
Figure 3.6. Wavelet used for wedge modeling. 
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Figure 3.7 shows the seismic synthetic traces which correspond to the real earth model of 

a CHOPS well by variable thickness of the reservoir from 1-20 meter. As shown in the 

Figure 3.7, the reservoir thickness of less than 8 meters cannot be recognized by seismic data 

with this wavelength.   

 

Figure 3.7. Synthetic seismic wedge modeling where top shows the traces and below 

shows the traces and inserted colors (dashed ellipse shows the minimum thickness 

where the reflectors can be separated.  
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By knowing the minimum thickness for the seismic resolution and by knowing that the 

dominant frequency of the seismic data is about 60 Hz, we can determine which criteria is 

more correct for seismic resolution in the studied heavy oilfield.  

Average velocity in the reservoir=2600 m/s 

Dominant frequency=60 Hz 

Wavelength=2600/60=43.3 m 

Wavelength/x=7m, then x=6  

So, one-sixth of the wavelength seems to be more correct in this heavy oilfield which is 

different from two criteria in thin bed resolution which were discussed.  That is, our result is 

in between the Widess and Rayleigh criteria. 

 

3.3.2 Seismic AVO Modeling 

Next, AVO modeling needs to be done to know what AVO responses should be expected 

from our earth model. AVO modeling is a forward seismic modeling scheme in which I 

generate the synthetic seismic traces from an earth model which has P-wave velocity (Vp), 

shear wave velocity (Vs), and density (). Different methods are presented for considering the 

effects of fluid saturation, matrix and hydrocarbon types. The model can be one dimensional 

(1D), two-dimensional (2D) or three-dimensional (3D). For this case study of geological earth 

models from Alberta and Saskatchewan, the geological events are relatively flat and horizontal, 

and therefore one dimensional forward modeling should be sufficient. 1D forward modeling 

assumes a series of horizontal layers with different values of Vp, Vs, density, and thickness.  

The key objectives of the forward modeling are: 
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To monitor AVO responses in a CHOPS field.  

To model time-lapse AVO response and its effect on reservoir monitoring.  

In this thesis, Aki-Richards synthetic modeling is used for AVO modeling. To begin, we 

know that a seismic trace can be created by convolution model of reflectivity and wavelet as 

below: 

𝑇(𝑡) = ∑𝑟(𝑖)𝑤(𝑡 − 𝜏𝑖)                                                        (3.6) 

where T is all the recorded seismic traces and w is the wavelet. r represents the reflectivity.  

In this modeling approach, ray-tracing was used to model the ray path from source to 

receiver. Ray tracing uses Snell’s law to determine the offset.  The ray parameter for the first 

layer can be derived by Snell’s Law, 𝑝0 =
𝑆𝑖𝑛 𝜃

𝑉1
. 

The offset which the reflected wave comes back to the surface can be calculated by: 

𝑦(𝑝) = ∑
𝑝 𝐷𝑘𝑉𝑘

√1−𝑝2𝑉𝑘
2

𝑘                                                         (3.7) 

The goal here is to find the best p which gives the offset between the source and receiver. 

According to Dahl and Ursin (1991), p0 gives the offset y0. They proposed using Equation 3.8: 

𝑝 = 𝑝0 +
𝜕𝑝

𝜕𝑦
∆𝑦                                                            (3.8) 

where ∆𝑦 = 𝑦 − 𝑦0 , for the perturbations of the ray parameter and iterating from a first 

guess reach the best value for p: 

𝜕𝑝

𝜕𝑦
= [∑

 𝐷𝑘𝑉𝑘

(1−𝑝2𝑉𝑘
2)3/2𝑘 ]

−1

                                               (3.9) 

qthelp://help.hampson-russell.com/HRS-9.1.4/Theory/Theory_References.htm
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I used Aki-Richards modeling which uses an approximation to the Zoeppritz equations to 

model the amplitude variation with offset or angle of incidence. I also used input from 

engineering to make the synthetic modeling close to the reservoir condition of CHOPS field. 

Figure 3.8 shows the result of AVO modeling in one of the CHOPS well and its AVO behavior 

by Aki-Richards approximation in the reservoir zone. As it is clear from the figure the AVO 

behavior seen in the reservoir zone is close to AVO class III sand model which will be 

discussed later.  

 

Figure 3.8. The output of AVO modeling in one of the CHOPS wells and the AVO 

analysis in the reservoir zone.  

3.4 Rock Physics Modeling 

Gassmann equations (Gassmann, 1951  ( are very common and are a standard technique for 

seismic fluid substitution. Gassmann (1951) estimated the effect of fluid saturation changes on 

the elastic parameters in the reservoir. . In his equations, bulk modulus of saturated rock can 
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be estimated by using dry bulk modulus and fluid and rock properties. The basic relationship 

for initial P-wave and S-wave velocity can be expressed as Equation 3.10: 

and
K

V
P

,



3

4

1



  





1S
V ,                                        (3.10) 

where VP1 and VS1, K, and  are the initial values of P-wave velocity, S-wave velocity, 

bulk modulus, and shear modulus, respectively. During hydrocarbon production, pore fluid 

changes and the bulk modulus of saturated rock (Ksat) can be estimated using the Gassmann 

equation, given by Equation 3.11: 
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where is the porosity, Kdry is the bulk modulus of the dry porous frame of the rock, Kfl is 

the bulk modulus of the fluid and Km is the bulk modulus of the mineral. The assumptions in 

this equation are that the pore space is interconnected and the pore pressure is in equilibrium. 

The mineral bulk modulus can be modeled by the Reuss-Voigt-Hill method described by 

Equation 3.12 which is the average of arithmetic mean and harmonic mean.  
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In Equation 3.12 , Vclay and Vqtz are the volume fractions of clay and quartz, respectively, 

and Kclay and Kqtz are the clay and quartz bulk moduli, respectively.  The value of Km is an 

average of the arithmetic mean (Voigt average), that is an upper bound, and the harmonic mean 
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(Reuss average), that is a lower bound. The fluid modulus is given by the weighted harmonic 

average of the bulk moduli of the individual phases by Equation 3.13:  

g

g

o

o

w

w

fl K

S

K

S

K

S

K


1
                                                       (3.13) 

where Sw, So and Sg are the water, oil and gas saturations respectively, and Kw, Ko and Kg 

are the water, oil and gas moduli respectively. To consider heavy oil phase’s behavior, the bulk 

moduli of the various phases should be used with the appropriate fluid modulus. Here, I 

obtained the heavy oil properties by using the equations of Batzle and Wang (1992), (See 

appendix A for the details of equations used for estimation of fluid bulk modulus and velocity), 

which are dependent on hydrocarbon temperature, API, GOR, and pressure. Saturated P-wave 

and S-wave velocities can be estimated by  

sat
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satP

K
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                           (3.14) 

where VP_sat and VS_sat are the saturated P-wave and S-wave velocities, respectively. In 

Gassmann (1951) equations, the shear modulus does not change for varying saturation at a 

constant porosity. The density sat is found using the volume average equation given by 

Equation 3.15.  

 ggoowwmsat SρSρSρ)(ρρ  1                                    (3.15) 

Figure 3.9 shows the results of a heavy oil velocity example where the initial conditions 

were Sw=20%, and SO=80%. By decreasing the pressure, the gas comes out of solution. We 

modeled the changes of the P-wave, and S-wave velocities by adding different percentages of 

gas to see the changes in the reservoir. We also modeled the fluid effect when gas comes out 

of solution by 10% using   well log data from a producing well in the studied area, where the 
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red and blue curves indicate the initial and final models before and after fluid substitution in 

the reservoir zone.  The curves from left to right are P-wave velocity, S-wave velocity, and the 

density logs. 

 
Figure 3.9. The fluid substitution modeling results, where red shows the logs before 

fluid substitution and blue shows the logs after fluid substitution. From left to right, the 

tracks represent P-wave velocity, S-wave velocity, and density. 

 

To understand the pressure effects on elastic properties of the unconsolidated heavy oil 

reservoir, we used Hertz-Mindlin modeling (Mindlin, 1949). The Hertz-Mindlin equations 

(Equation 3.16 and 3.17) describe the elastic moduli of dry dense random pack of identical 

spherical grains at critical porosity ( in terms of the effective pressure (P), grain shear 

modulus (, and grain Poisson’s ratio ( of the rock.  
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C is the coordination number, which is the average number of contacts per sphere.  

Equations 3.16 and 3.17 allow us to compute the elastic properties of sand at critical 

porosity. In order to find the effective moduli at different porosities, the Hashin-Shtrikman 

lower bound is used to model the unconsolidated sand (Dvorkin and Nur, 1996) as shown 

below in equations 3.18 and 3.19: 
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where K and are the bulk and shear moduli of the grain of the rock Figure 3.10 shows 

the effective bulk and shear modulus variation with pressure change. It is obvious that both 

bulk and shear moduli decrease by dropping the pressure in the reservoir.  We can re-write the 

Equation 3.14, in terms of the effective bulk and shear modulus as below: 

and,3

4
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Figure 3.10. Effective bulk and shear modulus versus pressure. 

 

I chose one of CHOPS wells in the studied area and applied AVO modeling on the well 

log data to see the changes due to different saturation changes in the reservoir. I defined initial 

conditions of Sw=50% and Soil=50% and estimated the saturation changes and pressure changes 

in the reservoir.  
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Figure 3.11. Fluid substitution modeling based on different rock physics scenarios and 

fluids; a) oil, b) gas, and c) water. Red is initial log and blue is target log. Tracks from 

left to right are P-wave, S-wave, density, and Poisson’s ratio. 

 

Figure 3.11 shows the results of rock physics modeling by using the Gassmann equations 

and the conditions mentioned earlier. Well log data for the initial (red color) and target 

conditions (blue color). I defined three cases when we substitute the fluid with oil, gas, and 
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brine. The purpose is to see the effects of this saturation change in the elastic properties. 

Figure 3.11 a) shows when the fluid is substituted with brine, the P-wave velocity, density and 

Poisson‘s ratio increase and S-wave velocity decreases by a small percentage. In second case, 

Figure 3.11 b), fluid substitution was performed using gas. When gas comes to the system, P-

wave velocity, density and Poisson’s ratio decline and S-wave velocity increases.  Poisson’s 

ratio shows a big change compared to other petrophysical parameters. This is because gas has 

a lower velocity and density and because Poisson’s ratio is the product of (Vp/Vs) 2. Hence, 

the difference will be highlighted more. In the last case, Figure 3.11 c), oil is substituted and 

the same changes which we observed in the gas can be seen, but to a lesser degree.  For 

example, the density decreases by oil substitution, but its effect is not as great as with gas 

substitution. The synthetic seismogram for three cases above is also produced in the 

Figure 3.12 which is the combination of AVO and rock physics modeling. These changes were 

displayed by offset using Aki-Richards’ approximation. It is evident from the figure, that gas 

presence increases the amplitude more than oil. On the other hand, water can increase the 

velocity and reduce the amplitude. In this case, it seems that due to a higher velocity of water 

in the reservoir zone, there is no difference between reservoir zone and the reservoir 

underburden and these reflectors are merged.  
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Figure 3.12. Synthetic seismic modeling based on rock physics scenarios A) in situ 

condition, B) oil, C)Gas, and D) Brine substitution. 

 

3.4.1 Shear Modulus in Heavy Oil 

The important assumption in Gassmann equation is that the shear modulus does not change 

with variation in fluid saturation. This is a correct assumption for quasi-static fluids. Heavy oil 

with higher frequency and lower temperature acts as a viscoelastic fluid but in lower frequency 

and higher temperature, it behaves like a Newtonian fluid (Ciz et al, 2009). Different 

researchers have tried to estimate the shear modulus changes in heavy oil. Heavy oil with lower 

frequency and higher temperature acts as a Newtonian fluid but with higher frequency and 

lower temperature, behaves nearly as an elastic solid. Figure 3.13 from Kato et al, (2008) also 

shows that P-wave and S-wave velocities significantly change in temperature below 30˚C. Ciz 

and Shapiro (2007) extended Gassmann‘s equations for solid infill fluid substitution. Their 

equations are expressed in Equations 3.21 and 3.22: 
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Figure 3.13. P- and S-wave velocities of the oil sands as a function of temperature at pore 

pressure of 700 psi and confining pressure of 900 psi (Kato et al, 2008). 
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where Kif and μif are effective bulk and shear moduli and are related to the average 

deformation of the pore filling solid material, Kφ and μφ are related to the average deformation 

of the rock frame pore volume. In homogeneous medium, Kφ=km and μφ= μm and it can be 

conveyed as below: 
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∅(𝜇𝑖𝑓
−1−𝜇𝑚

−1)+(𝜇𝑑𝑟𝑦
−1 −𝜇𝑚

−1)
                                  (3.24) 
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Ciz et al 2009 also showed that they can relate the solid infill in the above equations to a 

viscoelastic fluid like heavy oils by using Maxwell’s equations just by substituting of the 

elastic moduli of solid infill with the frequency-dependent bulk and shear moduli K ifm(ω) and 

μifm(ω) of the viscoelastic infill material. These equations are shown in Equations 3.25 and 

3.26.  

𝜇𝑖𝑓𝑚(𝜔) =
𝜇∞

−𝑖𝜇∞
𝜔𝜂

+1
                                                     (3.25) 

𝐾𝑖𝑓𝑚(𝜔) = 𝐾𝑓 +
5

3

𝜇∞
−𝑖𝜇∞
𝜔𝜂

+1
                                               (3.26) 

where μ∞ is the real (high frequency)  shear modulus of the infill medium, η is the dynamic 

shear viscosity.  

To derive the shear modulus changes in heavy oil by pressure variation during CHOPS 

production, we need to consider the different factors influencing shear modulus changes by 

pressure. Viscosity of heavy oil can vary with both temperature and pressure. Mehrotra and 

Svrcek (1986) presented an empirical model (Equation 3.27) which takes into account both 

temperature and pressure for the viscosity of solvent-free bitumen in Athabasca oil sands: 

𝑙𝑛(𝜂) = 𝑒𝑥𝑝[𝑏1 + 𝑏2𝑙𝑛(𝑇)] + 𝑏3𝑃                                      (3.27) 

Where T is temperature in Kelvin and P is the gauge pressure in MP. They found that b1, 

b2, b3 based on the experimental data. Figure 3.14 shows the plot of viscosity vs. pressure for 

Temperature T=333 (K). 
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Figure 3.14. Viscosity vs. pressure curve based on an empirical relation (Equation 3.27) 

in a constant temperature. 

 

In a CHOPS reservoir, temperatute changes can be ignored and only the pressure will affect 

the viscosity during production. By taking derivative of this equation, the changes of viscosity 

in a constant temperature can be derived by Equation 3.28: 

𝑑𝜂

𝑑𝑃
= 𝑏3 [𝑒𝑥𝑝[𝑏1 + 𝑏2𝑙𝑛(𝑇)] + 𝑏3𝑃]                              (3.28) 

Then, it is possible to extract the changes of  𝜇𝑖𝑓𝑚(𝜔) in Equation 3.25 in according to 

pressure as below: 

𝑑𝜇𝑖𝑓𝑚(𝜔)

𝑑𝑃
=

−𝑖
𝜇∞
𝜔𝜂2

𝑑𝜂

𝑑𝑃

(
−𝑖𝜇∞
𝜔𝜂

+1)2
                                                (3.29) 

To derive the saturated shear modulus changes by pressure, Ciz and Shapiro‘s 2007 

equation is rearranged in the form below: 

𝜇𝑠𝑎𝑡 = 𝜇𝑑𝑟𝑦 + 𝛽2𝑁                                                     (3.30) 
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where 

𝛽 = 1 −
𝜇𝑑𝑟𝑦

𝜇𝑚
                                                          (3.31) 

and 

1

𝑁
=

𝜙

𝜇𝑖𝑓𝑚
+

𝛽−𝜙

𝜇𝑚
                                                        (3.32) 

Then, derivative can be calculated in Equation 3.33: 

𝑑𝜇𝑠𝑎𝑡

𝑑𝑃
=

𝑑𝜇𝑑𝑟𝑦

𝑑𝑃
+ 𝛽2 𝑑𝑁

𝑑𝑃
+ 2𝛽𝑁

𝑑𝛽

𝑑𝑃
                                         (3.33) 

For a complete understanding of the variation of saturated shear modulus in heavy oil, the 

variation of each term in Equation 3.33 should be considered.  
𝜇𝑑𝑟𝑦

𝑑𝑃
 can be derived by taking 

derivative of Hertz-Mindlin modeling as below: 

𝜇𝑑𝑟𝑦

𝑑𝑃
=

𝜇𝐻𝑀

𝑑𝑃
= 𝜀P

−2

3                                                      (3.34) 

where 

𝜀 =
5−4𝜈

4(2−𝜈)
(
3𝐶2(1−𝜙)2𝜇2

2𝜋2(1−𝜈)2
)

1

3
                                                   (3.35) 

and 
  𝑑𝛽

𝑑𝑃
 can be defined by taking the derivative of Equation 3.31:  

𝑑𝛽

𝑑𝑃
= −

1

𝜇𝑚
𝜀P

−2

3                                                         (3.36) 

𝑑𝑁

𝑑𝑃
 can be defined by taking the derivative of Equation 3.32: 

𝑑𝑁

𝑑𝑃
=

𝜇𝑚𝐴
𝑑𝜇𝑖𝑓𝑚

𝑑𝑃
−𝜇𝑖𝑓𝑚𝜇𝑚

𝑑𝐴

𝑑𝑃

𝐴2
                                               (3.37) 

where A can be defined by Equation 3.38: 

𝐴 = 𝜙𝜇𝑚 + (𝛽 − 𝜙)𝜇𝑖𝑓𝑚                                             (3.38) 
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and 

𝑑𝐴

𝑑𝑃
= 𝜇𝑖𝑓𝑚

𝑑𝛽

𝑑𝑃
+ (𝛽 − 𝜙) 

𝑑𝜇𝑖𝑓𝑚

𝑑𝑃
                                       (3.39) 

By considering all the above equations, the shear modulus variation by pressure can be 

defined. There are different papers investigating the effect of pressure on shear velocity. Some 

of these papers predicted the equal changes of P-wave and S-wave velocities with pressure. 

Landrø and Kvam in 2002 showed that Vp and Vs has the same amount of changes with 

pressure variation. Their equations for Vp and Vs are expressed as Equations 3.40 and 3.41, 

respectively.  
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where P0 and VP0 and VS0 are the initial values for pressure, P-wave velocity, and S-wave 

velocity, respectively. As I showed in this section, variation of shear velocity in heavy oil by 

pressure changes is complicated due to shear modulus complexity in heavy oils. Therefore, 

shear velocity changes cannot be equal to the P-wave velocity changes in heavy oil reservoirs.  

3.5 Classification of Sands by AVO 

AVO analysis can be used for lithology classification and facies discrimination. One of the 

examples of AVO application is in classification of sands in the reservoir. Figure 3.15 shows 

the classification of AVO intercept and gradient plots for different gas sands by Castagna et al 

1998. This work is the extension of classification by Rutherford and Williams (1989). AVO 

analysis can be helpful in discriminating different local lithologies. Class I has a positive 

reflectivity and shows a decrease in reflection coefficient with an increasing offset. The 



 

63 

polarity of sand class I changes by increasing the offset/angle of incidence. Class II has a low 

normal incidence reflectivity or low acoustic impedance contrast. Class II sands are relatively 

compacted and consolidated (Lines and Newrick, 2004). Class II sands illustrate the change in 

the polarity in some cases. Class III sands show a high negative normal incidence reflection 

coefficient meaning high acoustic impedance contrasts and show further decrease in the 

reflection coefficient for an increasing the angle of incidence/offset. These types of sands 

mostly exhibit low impedance features in the reservoir. Class IV shows the negative normal 

incidence with positive gradients and amplitude decreases with increasing offset. 

 

Figure 3.15. Classification of the gas sand by using AVO intercept and gradient plot 

trends. (Castagna et al., 1998). 

 

I performed AVO analysis in the unconsolidated sand in the studied heavy oil reservoir. 

The result is shown in Figure 3.16. As it is clear from the figure, the unconsolidated sand in 
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heavy oil correlates well with the class III sand by comparing to sand classification from 

Castagna et al 1998. Unconsolidated sands in the studied area show a high negative normal 

incidence reflection coefficient meaning high acoustic impedance contrasts and their amplitude 

magnitude increase with angle of incidence/offset.  

 

Figure 3.16. Reservoir sand AVO changes in a CHOPS well in studied area. 

 

Avseth et al 2005 investigated cemented and unconsolidated AVO responses when 

saturated with brine or hydrocarbon.  Their result is shown in Figure 3.17. They found out that 

cemented sand and brine saturated sand have a similar AVO behavior and also they showed 

that the hydrocarbon-bearing unconsolidated sands have a distinct difference from brine 

saturated sands. 
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Figure 3.17. AVO responses for cemented and unconsolidated sands saturated with 

heavy oil and brine, from Avseth et al 2005. 

 

Figure 3.18 shows the results of AVO responses in an unconsolidated hydrocarbon bearing 

sand and an unconsolidated brine-bearing sand in the studied heavy oil reservoir.  Comparing 

the results (Figure 3.18 and Figure 3.19) establishes a good correlation between them. Brine 

saturated unconsolidated sand shows an almost zero intercept and negative gradient. Although 

the hydrocarbon unconsolidated sand shows a negative gradient, it illustrates a high negative 

zero offset amplitude. This fact is also tested in the synthetic modeling, too. Figure 16 shows 

the results of synthetic modeling for two cases, one with brine saturated and second in the 

hydrocarbon saturated case. Therefore the results from real seismic data and synthetic data 

confirm the results from Avseth et al 2005 results shown in Figure 3.17.  
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Figure 3.18. Comparison of AVO response in unconsolidated sands saturated with 

heavy oil (red curve) and with brine (green curve). 
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Figure 3.19. The results of AVO behavior from the results of forward modeling in 

brine-saturated unconsolidated (blue color) and oil-saturated unconsolidated (red 

color). 

 

Analysis of the AVO response during hydrocarbon production is an important factor in 

understanding fluid behaviour.  During heavy oil production, fluid saturation and reservoir 

pressure change and therefore the amplitude will vary. Time-lapse AVO responses for 

unconsolidated sands in a CHOPS well are shown in Figure 3.20. As it is clear from the figure, 

the base and monitor surveys follow the class III sand model. Furthermore, the monitor survey 

shows an increase in amplitude magnitude compared to the base survey. This could be due to 

production effect and decrease in velocity in the reservoir zone and hence leads to an increase 

in the amplitude of the reflector. This was also shown in the AVO modeling when we saw an 

increase in the amplitude when the gas saturation increased. During CHOPS heavy oil 

production, due to the sharp pressure changes in the reservoir, especially in the areas close to 

well, gas comes out of solution and a foamy oil zone is created. These changes cause a decrease 
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in velocity and density in the reservoir zone and hence decrease in acoustic impedance and 

increase in the reflectivity and amplitude of the reflector.  

 
Figure 3.20. Time-lapse AVO Intercept-Gradient analysis for unconsolidated sand; red 

is from base survey and blue is from monitor survey. Views left to right are seismic 

section of base survey, seismic survey from monitor survey, and gradient curves, 

respectively. 

 

Also, the base of the reservoir shows the same time-lapse effects. The results for the time-

lapse AVO analysis at the base of the reservoir are shown in Figure 3.21. The interesting point 

in this figure is that there is small difference in the near offset and gets larger in the far offset. 

This shows the importance of the far angle/offset analysis in the time-lapse analysis. I will 

discuss about this effect in the next part.  
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Figure 3.21. Time-lapse AVO Intercept-Gradient analysis for unconsolidated sand; red 

is from base survey and blue is from monitor survey. Views left to right are seismic 

section of base survey, seismic survey from monitor survey, and gradient curves, 

respectively. 

 

3.6 Application of AVO/ AVA Time-lapse Seismic Analysis in the Case Study 

By analyzing AVO and rock physics modeling using well log data, I showed how important 

it is to investigate AVO methods and correlate them to dynamic changes. Time-lapse seismic 

data can provide the information about the variation in the reservoir due to production both at 

vertical and horizontal scales. The vertical resolution of the time-lapse seismic data is less than 

that of the well log data. As was observed in wedge modeling, thin layers with thickness less 

than 7 meter cannot be recognized by current seismic data. However, the advantage of time-

lapse seismic data is its high horizontal resolution in the areas between the wells. Time-lapse 

seismic analysis has the potential to show the reservoir changes happening over time. 

Time-lapse AVO analysis uses pre-stack gathers to study amplitude versus offset/angle in 

the total seismic area. This can provide valuable information about changes in the reservoir 
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reflected in seismic amplitudes due to saturation and pressure changes which will be discussed 

further in chapter 4. 

To begin the time-lapse seismic analysis, it is necessary to convert from the offset domain 

to the angle domain, since the Zoeppritz equations and also approximation to the Zoeppritz 

equation, including the Aki-Richards and Shuey approximations, are dependent on the angle 

of incidence. A ray tracing technique was used to change the offset to angle gathers. This ray 

tracing method was also explained in forward modeling. To know exactly the basic of the ray 

tracing method, the simple ray path geometry model for a single layer is shown in Figure 3.22.  

 
Figure 3.22. Ray path geometry for a single layer with a constant velocity medium (V). 

 

 

As it can be seen in a single layer model (Figure 3.22), Equation 3.42 can be used to change 

offset to angle. 

𝑡𝑎𝑛 𝜃 =
𝑋

𝑉𝑡0
                                                              (3.42) 

There are different methods for calculating angles in multi layers. Here, I will show two 

techniques which give the same answer for converting offset to angle. First, Walden, 1991 

applied the Equation 3.43 to convert offset to angle: 

𝑠𝑖𝑛 𝜃 =
𝑋𝑉𝑖𝑛𝑡

𝑡𝑉𝑟𝑚𝑠
2                                                        (3.43) 
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where Vint is the interval velocity and Vrms is RMS velocity.  

Connolly (1999) also suggested using Equation 3.44: 

𝑠𝑖𝑛2 𝜃 =
𝑋2𝑉𝑖𝑛𝑡

2

𝑉𝑟𝑚𝑠
2 (𝑉𝑟𝑚𝑠

2 𝑡0
2+𝑋2)

                                           (3.44) 

Figure 3.23 shows the result of the offset to angle conversion in pre-stack seismic data 

from base survey. The same process was repeated for the monitor survey. 

 
Figure 3.23. Offset to angle conversion; A) pre-stack offset gathers and B) pre-stack 

angle gathers. 

 

 

Then, I created AVO attribute volumes which produced from Aki-Richards three term 

approximation for base and monitor surveys. As mentioned in previous part, from Aki-

Richards three term approximation can be defined as: 

𝑅𝑃𝑃(𝜃) ≈ 𝑅𝑃0 + 𝐺𝑠𝑖𝑛2(𝜃) + 𝐶(𝑡𝑎𝑛2(𝜃)𝑠𝑖𝑛2(𝜃))                           (3.45) 
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where 𝑅𝑃0, G, and C are defined earlier. In this part, RP0, G, C were created for base and 

monitor surveys. Figure 3.24, Figure 3.25, and Figure 3.26 show the seismic section of A, B, 

C respectively for both base and monitor surveys.  

 
Figure 3.24. Amplitude versus Angle analysis from Aki-Richards 3 term 

approximation- Intercept volumes for A) base survey, and B) monitor survey. 
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Figure 3.25. Amplitude versus Angle analysis from Aki-Richards 3 term approximation 

- Gradient term volumes for A) base survey, and B) monitor survey. 

 

 
Figure 3.26. Amplitude versus Angle analysis from Aki-Richards 3 term approximation 

- C term volumes for A) base survey, and B) monitor survey. 
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As it is evident from the figures, the A, B, C attributes from the Aki-Richards 

approximation show variations between the base and monitor surveys. In time-lapse seismic 

analysis, the emphasis is on the difference between the base and monitor surveys rather than 

focusing on the individual seismic surveys. Therefore, I tried to create the maps for time-lapse 

AVA parameters to be able to see all the changes occurred during the production time. 

Figure 3.27, Figure 3.28, Figure 3.29 show the maps of A, B, and C terms derived from AVA 

analysis by Aki-Richards approximation, respectively. 

 
Figure 3.27. Difference in Aki-Richards A term between base and monitor surveys. 
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Figure 3.28. Difference in Aki-Richards B term between base and monitor surveys. 
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Figure 3.29. Difference in Aki-Richards C (Curvature) term between base and monitor 

surveys. 

 

The intercept, gradient, and curvature illustrate some anomalous zones separately. Most 

zones especially in the north of the map can be attributed to the heavy oil production zones. 

Time-lapse AVO attributes can therefore help us to distinguish production related zones in the 

reservoir better. 

3.7 Time-lapse AVA Seismic Attributes 

3.7.1 Scaled Poisson’s Ratio Change: A+B Attribute 

Seismic attributes can distinguish some important features in time lapse recording. One of 

the significant attributes is Poisson’s ratio. Poisson’s ratio is the ratio of transverse to 

axial strain or the ratio of expansion compressional changes and can also be calculated by 

combination of (Vp/Vs) ratio as: 

http://en.wikipedia.org/wiki/Strain_(materials_science)
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𝜎 =
(𝑉𝑝 𝑉𝑠)⁄ 2

−2

2((𝑉𝑝 𝑉𝑠)⁄ 2
−1)

                                                    (3.46) 

 As mentioned in previous section, due to the simultaneous changes of Vp and Vs ratio, it 

is always helpful to study the effect of their ratio and hence investigate the changes in Poisson’s 

ratio. As is shown in heavy oil fluid substitution modeling, the change in Poisson’s ratio is 

greater than for Vp, Vs, and density, especially when gas comes out of solution.   

By considering Shuey 1985‘s approximation to Zoeppritz equation where he used 

Poisson’s ratio and considering the back ground Poisson’s ratio 

𝑅𝑃𝑃(𝜃) ≈ 𝐴 + 𝐵𝑠𝑖𝑛2(𝜃) +
1

2

∆𝑉𝑃

𝑉𝑃̅̅ ̅̅
(𝑡𝑎𝑛2(𝜃) − 𝑠𝑖𝑛2(𝜃))                 (3.47) 

Where 

𝐴 ≈
1

2
(
∆𝑉𝑃

𝑉𝑃
̅̅ ̅

+ 
∆𝜌

�̅�
) 

𝐵 = [𝐴𝑅𝑃0 +
∆𝜎

(1 − 𝜎)̅̅ ̅2
] 

𝐴 = 𝐸 − 2(1 + 𝐸)(
1 − 2𝜎

1 − 𝜎
) 

𝐸 =

∆𝑉𝑃

𝑉𝑃
̅̅ ̅

∆𝑉𝑃

𝑉𝑃
̅̅ ̅ + 

∆𝜌
�̅�

 

Summation of A and B can give the scaled Poisson ratio if we assume that = 0.33 : 

𝐴 + 𝐵 =
9

4
∆𝜎                                                      (3.48) 

Figure 3.30 shows the scaled Poisson‘s ratio volume in the base and monitor surveys. As 

it is seen in this figure, the monitor seismic survey illustrates the variation which cannot be 
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seen in the base survey. It is evident from the figure that the left side of the CHOPS well (North 

area) show more change compared to the right side (south area).  

 
Figure 3.30. Amplitude versus Angle analysis – Poisson ratio volumes for A) base 

survey, and B) monitor survey. 

 

To understand the changes seen in the Poisson‘s ratio in the base map of the study area, the 

map was created and it is shown in the Figure 3.31. As it is clear from the figure that the 

Poisson’s ratio changes due to heavy oil production in the areas close to high production wells. 

Also, these areas correlate with the pressure decline in the reservoir and the creation of the 

foamy oil zones.  
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Figure 3.31. Difference in scaled Poisson’s ratio between base and monitor survey. 

 

3.7.2 S-wave Reflectivity 

S-wave reflectivity (Rs) is another attribute which can be derived by two methods. In the 

first method, Rs can be derived proportionally from the Aki-Richards approximation. In this 

method Rs can be derived as below: 

𝑅𝑠 =
1

2
(
∆𝑉𝑠

𝑉𝑠
+

∆𝜌

𝜌
) ≈

1

2
(𝐴 − 𝐵)                                         (3.49) 

where A and B are the intercept and gradient in Aki-Richards approximation (See the 

appendix B for the proof of this approximation). 

S-wave also can be extracted from Fatti‘s 1994 approximation which can be expressed as 

below: 

𝑅𝑃𝑃(𝜃) = 𝑎𝑅𝑃 + 𝑏𝑅𝑆 + 𝑐𝑅𝑑                                         (3.50) 

where Rp, Rs and Rd are P-wave, S-wave, density reflectivities. a,b, and c can be defined by: 
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𝑎 = 1 + 𝑡𝑎𝑛2𝜃 

𝑏 = −8(
𝑉𝑠

𝑉𝑝
)2𝑡𝑎𝑛2𝜃 

𝑐 =
1

2
𝑡𝑎𝑛2𝜃 + 2(

𝑉𝑠

𝑉𝑝
)2 𝑠𝑖𝑛2𝜃 

Figure 3.32 shows the S-wave reflectivity both in the base and monitor surveys and 

Figure 3.33 shows the S-wave reflectivity in the total area of the basemap. S-wave reflectivity 

changes are mainly related to the areas close to the wells which recently drilled and their 

production mainly started after acquiring the base seismic survey.   

 

Figure 3.32. Amplitude versus Angle analysis – S-wave reflectivity for A) base survey, 

and B) monitor survey. 

 



 

81 

 
Figure 3.33. S-wave reflectivity difference between the base and monitor surveys. 

 

3.7.3 Density Estimation 

Delta rho () is also an important parameter for understanding the changes in the 

reservoir.  In the CHOPS reservoir, due to simultaneous production of the heavy oil with sand, 

especially in the beginning of oil production, a decrease in the density values can be noted. 

Density is also affected by the pressure and saturation changes in the reservoir. Therefore, this 

combination of different factors can cause the change in the reservoir density.  Estimation of 

density changes in the reservoir needs a higher offset/angle to be able to calculate. By deriving 

three terms of Aki-Richards equation, delta Rho () can be calculated.  

Figure 3.34 shows a seismic section from the density volume for both the base and monitor 

surveys and Figure 3.35 shows the S-wave reflectivity difference between the base and monitor 

seismic surveys in the total area of basemap.  The high changes in density correlate with the 
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well with the high oil and gas production zones and also the areas that the production started 

after the base seismic survey time and hence it can be an indicator for density changes in these 

areas.  

 
Figure 3.34. Amplitude versus angle analysis – Delta Rho for A) base survey, and B) 

monitor survey. 
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Figure 3.35. Delta Rho difference between the base and monitor surveys. 

 

3.7.4 Fluid Factor 

Smith and Gildow (1987) presented an approximation which is mainly dependent on P-

wave and S-wave velocities. Their expression is expressed in Equation 3.51: 

𝑅𝑃𝑃(𝜃) ≈ 𝑎′ 
∆𝑉𝑃

𝑉𝑃̅̅ ̅̅
+ 𝑏′ 

∆𝑉𝑆

𝑉𝑆̅̅ ̅̅
                                          (3.51) 

𝑎′ =
5

8
−

1

2

𝑉�̅�
2

𝑉𝑃
̅̅ ̅2 𝑠𝑖𝑛2(𝜃) +

1

2
𝑡𝑎𝑛2(𝜃) 

𝑏′ = −4
𝑉�̅�

2

𝑉𝑃
̅̅ ̅2 𝑠𝑖𝑛2(𝜃) 

They used the Gardner equation (Gardner et al 1974) to remove density term in their 

equation. Gardner‘s equation is expressed as: 

𝜌 = 𝑎𝑉𝑃
𝑏                                                          (3.52) 
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Where a and b are normally considered as 0.23 and 0.25, respectively. However, the exact 

values can be derived from the regression fit analysis between Vp and . 

Smith and Gidlow also derived Fluid factor term by using Castagna ‘s mudrock line 

(Castagna et al, 1985) to identify hydrocarbon indicator. Castagna mudrock’s equation 

(Equation 3.53) can be expressed as below: 

Vp=1.16 Vs+1360                                                      (3.53)                         

Which leads to 

 ∆𝐹 =
∆𝑉𝑃

𝑉𝑃̅̅ ̅̅
− 1.16 

𝑉𝑠

𝑉𝑃

∆𝑉𝑆

𝑉𝑆̅̅ ̅̅
                                                 (3.54) 

Brine saturated sands, siltstone, and shale should follow the mudrock line and the 

hydrocarbon bearing sand can be distinguished by points far from the mudrock line. 

Figure 3.36 shows the schematic description of fluid factor.  

 
Figure 3.36. Schematic definition of fluid factor (red zone), From Russell (2010 lecture 

notes) and Castagna et al (1985). 

 

 

Figure 3.37, from Russell et al 2011, illustrates the application of fluid factor in 

discrimination of fluid anomaly in a seismic section between 620 and 640 ms.  
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Figure 3.37. The fluid-factor (ΔF) where the picked event starting at 640 ms on the left of the 

section represents the transition from the top to the base of the gas sand (Russell et al 2011). 

 

Fatti et al 1994 used the Geostack technique to approximate Zoeppritz equation. Their work 

is an extension of Smith and Gidlow (1987) method to include the density term. They used 

acoustic impedance (Vp) and shear impedance (Vs) in their approximation. Ray tracing and 

the least-squares curve-fitting should be done to fit the equation to the P-wave reflection 

amplitudes from real data CMP gathers to estimate acoustic and shear impedance changes. The 

output of the weighted stacks will be traces representing P-wave impedance reflectivity, and 

S-wave impedance reflectivity will be output of weighted stacks (Lines and Newrick, 2004). 

Figure 3.38 shows the seismic section from fluid factor seismic volume both in base and 

monitor surveys and Figure 3.39 shows the fluid factor difference between base and monitor 

seismic surveys in total area of the basemap.  These anomalous areas can correlate well with 
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the oil and gas high production zones which was discussed and determined in the previous 

chapter.  

 

Figure 3.38. Amplitude versus Angle analysis Fluid Factor for A) base survey, and B) 

monitor survey. 
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Figure 3.39. Fluid Factor difference between the base and monitor surveys. 

 

3.8 Concluding Remarks 

The amplitude versus offset/angle (AVO/AVA) analysis was performed on CHOPS wells 

and the time-lapse seismic data to detect the changes which are related to the heavy oil 

production and CHOPS recovery process. AVO modeling was initially performed to 

understand the expected AVO responses due to production in the reservoir. 

Rock physics modeling was also applied to know the effect of fluid saturation distribution 

in heavy oils. I used Gassmann equations to derive saturated bulk modulus for different fluid 

saturation schemes to understand the changes in elastic parameters such as P-wave velocity, 

S-wave velocity and density.  Ciz et al 2009 relationships were also used to determine the 

effective changes in saturated bulk and shear modulus in heavy oils. 

The AVO analysis was also applied to the real time-lapse seismic data at the CHOPS 

reservoir. I could show that base and monitor seismic surveys have different AVO parameters; 
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the monitor seismic data showed higher amplitude of the reflector compared to the base seismic 

survey. Furthermore, the amplitude behavior with the angle of incidence is also different in 

both seismic surveys. Different time-lapse AVO seismic attributes were extracted to highlight 

which AVO parameters were more sensitive to the oil production and recovery process of a 

CHOPS field. The results were promising and could highlight the anomalous zones in the 

reservoir. Among many attributes discussed in this chapter, difference in scaled Poisson‘s ratio, 

difference in delta rho, and difference in the fluid factor showed higher anomalous zones and 

more changes in the reservoir. These areas can be attributed to the foamy oil and production 

footprints zones in the reservoir. 

 

 

 

. 
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 Time-lapse Seismic Inversion 

4.1 . Introduction 

Different techniques for time-lapse seismic inversion will be discussed in this chapter, 

including post-stack time-lapse inversion and pre-stack time-lapse seismic inversion. The 

purpose in performing different types of time-lapse seismic inversion is to derive elastic 

attributes such as acoustic impedance, shear impedance, and elastic impedance, which will 

help us to better recognize production-related changes in the reservoir.  

4.2 . Seismic Inversion 

Reservoir characterization consists of the integration of different disciplines such as 

geology, geophysics, and engineering. To be able to integrate geophysical results with 

engineering outputs, quantitative seismic methods such as inversion are valuable.  Seismic 

inversion is a technique to quantitatively analyze reservoir anomalies, and can provide both a 

static and dynamic description of the reservoir. By implementing seismic inversion, the link 

between reservoir engineering outputs and seismic data can be quantified.  

Seismic inversion is the inverse of the forward modeling approach which was discussed in 

the previous chapter. Figure 4.1 shows the schematic concept of the seismic inversion, where 

forward modeling takes us from the earth model to the seismic data and inversion takes from 

the seismic data back to the earth model. The seismic inversion output in Figure 1 consists of 

velocity and density, but we need to be more specific than that.  Although seismic inversion 

techniques have been used for more than two decades, initially they were mostly limited on 

post-stack seismic data to produce an acoustic impedance seismic volume, which is the product 
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of P-wave velocity and density.  The more recent pre-stack inversion technique derives elastic 

properties such as P-wave velocity, S-wave velocity, and density. 

 

Figure 4.1. Schematic description of seismic inversion concept 

Let’s start with the post-stack inversion approach. The convolutional model is the basic 

concept of seismic inversion, and states that the seismic trace can be derived by convolution 

of the earth reflectivity and wavelet as shown in Equation 4.1. 

𝑆𝑖 = ∑ 𝑅𝑖𝑊𝑖−𝑗+1 + 𝑛𝑖
𝑚
𝑗                                                              (4.1) 

where Si is seismic trace at ith interface, and Ri is zero offset reflectivity at ith interface and 

Wi is the wavelet. Reflectivity (Ri) can be defined as below: 

𝑅𝑖 =
𝜌𝑖+1𝑉𝑃𝑖+1−𝜌𝑖𝑉𝑃𝑖

𝜌𝑖+1𝑉𝑃𝑖+1+𝜌𝑖𝑉𝑃𝑖

                                                           (4.2) 
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 In inversion, the attempt is to recover the reflectivity by removing the wavelet effect.  If 

the reflectivity is recovered the acoustic impedance (which is the product of P-wave velocity 

and density) can be derived from the equation below:  

𝑍𝑝𝑖+1
= 𝑍𝑝𝑖

(
1+𝑅𝑖

1−𝑅𝑖
)                                                            (4.3) 

where 𝑍𝑝𝑖
= 𝜌𝑖𝑉𝑃𝑖

 is the acoustic impedance at the ith interface. In the above model, the 

assumptions include no multiples and a vertical raypath.  This equation is applied in the 

recursive seismic inversion technique, the simplest of the seismic inversion techniques. 

  

4.3 Time-lapse Seismic Inversion Techniques 

Seismic inversion technique can be applied on the time-lapse seismic data which is called 

the time-lapse seismic inversion. The purpose is to produce the different elastic properties for 

the available base and monitor seismic surveys. A number of different seismic inversion 

methods were applied in this research study. The background theory for each technique will 

be initially explained and then the application of that inversion method, in the heavy oil case 

study, will be discussed.   

4.3.1 Model-based Time-lapse Seismic Inversion 

The model-based seismic inversion method was developed to address two major 

weaknesses in the recursive inversion: 

 Seismic data is bandlimited and does not include low frequency content in 

the 0 to 10 Hz band. 

 The solution is non-unique, which means that there are many geological 

models that will fit the seismic data.  
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Information regarding the low frequency seismic data can be taken from well log data. 

Unlike seismic data, the low and high frequency content is included in the well log data. Low 

frequency data is important in reaching a correct solution for seismic inversion by providing 

the trend in the final acoustic impedance traces. Figure 4.2 shows the effect of the low-

frequency log in providing the trend to the acoustic impedance log.  

 

Figure 4.2. Comparison of actual acoustic impedance log (red) with low-frequency 

acoustic impedance log (green), and acoustic impedance log with no low-frequency data 

(blue). 

 

In model-based inversion (Russell and Hampson, 1991), an initial low frequency model 

was used as a starting guess to the seismic data to provide the full range of frequency in final 

seismic inversion result. The initial low frequency model can be derived by high-cut filtering 

of the acoustic impedance log data, and the interpolation of the log data with seismic 

interpreted horizons. The model is then perturbed so that the output seismic synthetic traces 
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match the seismic data in the best least-squares sense. The comparison between real traces and 

synthetic seismic traces is made in the next step. The goal is to update the model in an iterative 

way to minimize the difference between the seismic and synthetic traces by generalized linear 

inversion algorithm as shown below: 

𝐽 = 𝑤𝑒𝑖𝑔ℎ𝑡1(𝑆 − 𝑊 ∗ 𝑅) + 𝑤𝑒𝑖𝑔ℎ𝑡2(𝑀 − 𝐻 ∗ 𝑅)                         (4.4) 

𝑤𝑒𝑖𝑔ℎ𝑡1 + 𝑤𝑒𝑖𝑔ℎ𝑡2 = 1                                                         (4.5) 

where M is the initial model and H is the integration operator which convolves with the 

final reflectivity (R) to produce the final impedance (Hampson-Russell software Manual). 

Minimizing both expressions inside the two brackets forces a solution that models both the 

initial low frequency guess and seismic traces.  Weight1 and weight2 determine the balance 

between these two expressions. They determine how much the acoustic impedance values in 

the initial model can deviate from the initial guess.  

In this heavy oil research study, time-lapse (4D) post-stack model-based inversion was 

applied. In 4D inversion, time-shift information is used to update the velocity log and then this 

updated velocity log is used in building the low-frequency initial model for the monitor survey. 

The process is repeated for the base and monitor seismic surveys and the difference in acoustic 

impedance can be extracted as a seismic volume. As discussed earlier, the P-wave velocity and 

density decreases during the production time due to saturation and pressure changes in the 

reservoir. The acoustic impedance difference volume can therefore provide significant 

information in quantitatively monitoring these changes. As mentioned earlier, one of the 

important elements for model-based seismic inversion is building a low frequency initial 

model.  This is created by interpolating seismic horizons and low frequency acoustic 
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impedance logs for both for the base and monitor surveys. Figure 4.3 shows the low frequency 

initial model in the research study.  

 

Figure 4.3. Initial low frequency model (input for model-based inversion) 

Figure 4.4 illustrates the result of inversion analysis in one of the wells in the seismic area. 

The correlation between the extracted synthetic traces and real seismic traces was 99.6%, 

which shows a good fit.  This is also confirmed by the red traces at the right hand side of the 

figure, which show the difference between the synthetic seismic and the real data The wavelet 

used for this analysis is shown in Figure 4.5.  
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Figure 4.4. Inversion analysis for one of CHOPS well in the studied area 

The wavelet was extracted using the frequency of seismic data. The wavelet amplitude 

spectrum was extracted by the autocorrelation of a set of traces over a selected time window 

which includes the reservoir zone.  Because the correlation option was used, rather than a 

Wiener-Levinson wavelet extraction between the well and the seismic data, the phase of the 

wavelet was not extracted.  Hence, the wavelet phase in Figure is zero.  
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Figure 4.5. A wavelet used for seismic inversion 

 

Figure 4.6 illustrates the result of seismic inversion of the base survey. From this result, 

low acoustic impedance values were detected in the reservoir zone which were significant in 

delineating the reservoir net pay zone.   This confirms the result of rock physics modeling 

which the decrease in P-wave velocity and density were observed in the reservoir zone.   

 

Figure 4.6. A section from acoustic impedance volume from base survey showing the 

low impedance zones in the elliptical regions  
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 To analyze how well the inversion results predict the real acoustic impedance of the earth, 

several wells were considered as blind wells. Then, a comparison between the results of 

inversion in these wells and original acoustic impedance log was made. Figure 4.7 shows one 

of these wells (acoustic impedance log is inserted as color) which was compared with adjacent 

acoustic impedance traces from acoustic impedance seismic volume.  The correlation between 

the real and estimated acoustic impedance is good and the seismic inversion seems to be 

reliable. 

 

Figure 4.7. Comparison of real acoustic impedance from well log data (inserted as 

colored well log) and seismic inversion results 

 

The inversion procedure used in the base survey was repeated for the monitor survey. The 

difference acoustic impedance seismic volume, which is the difference in acoustic impedance 

between base and monitor surveys, is shown in Figure 4.8. The colored amplitudes in 

Figure 4.8 show the difference in acoustic impedance values between the base and monitor 
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seismic surveys. The yellow color zones highlight higher differences between base and monitor 

surveys, which correspond to high production related zones. These zones have acoustic 

impedance values which are 10% more than the average changes in the reservoir zone.  

 

Figure 4.8. A section from difference acoustic impedance volume; yellow color zones 

indicate higher difference between base and monitor surveys. 

 

Figure 4.9 illustrates the normalized RMS (NRMS) map of 4D model-based inversion 

result (Riazi et al, 2013). The color key identifies the difference between base and monitor 

survey.  NRMS can be defined by: 

  ,
)()(

)(200
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                                          (4.6) 

where mt is the monitor survey, and bt is the base survey. If there is no difference between 

base and monitor surveys, NRMS value is 0. And when NRMS value increases it emphasizes 
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more changes between two surveys. RMS is root mean square value which is also called 

quadratic mean, and can be defined as: 

𝑅𝑀𝑆(𝑏𝑡) = √
1

𝑛
∑ (𝑏𝑡)𝑖

2𝑛
𝑖=1

2
                                           (4.7) 

 

Figure 4.9. NRMS map of acoustic impedance in the reservoir zone 

 

4.3.2 Time-lapse Pre-stack Simultaneous Seismic Inversion 

The algorithm we used for pre-stack inversion in this research study was the simultaneous 

seismic inversion technique introduced by Hampson et al, 2005. In simultaneous inversion, 

pre-stack seismic data are inverted to P-impedance, S-impedance, and density volumes 

simultaneously. Simultaneous seismic inversion solves the Fatti et al 1984 equation which 

modifies the Aki-Richards equation: 

𝑅𝑃𝑃(𝜃) ≈ 𝑎 𝑅𝑃 + 𝑏  𝑅𝑆 + 𝑐 𝑅𝐷                                             (4.8) 
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Where RP, RS, RD are the P-, S- and Density reflectivities, respectively. The scale values a, 

b, and c can be defined as: 

𝑎 =
1

2
𝑠𝑒𝑐2𝜃                                                                       (4.9) 

𝑏 = −4 (
𝑉𝑆

𝑉𝑃
)
2

𝑠𝑖𝑛2(𝜃)                                                            (4.10) 

𝑐 =
1

2
−2(

𝑉𝑆

𝑉𝑃
)
2

𝑠𝑖𝑛2(𝜃)                                                           (4.11) 

RP, RS, RD can be related back to the seismic data by: 

𝑆𝑃𝑃(𝜃) = 𝑎𝑊(𝜃)𝐷𝐿𝑃 + 𝑏𝑊(𝜃)𝐷𝐿𝑆 + 𝑐𝑊(𝜃)𝐷𝐿𝐷                                     (4.12) 

                                                      

where W ( is the wavelet matrix which is dependent to  (angle of incidence), D is the 

derivative matrix, and L is the log of the impedance values  defined below: 

𝐿𝑃 = 𝑙𝑛 (𝑍𝑃)                                                                       (4.13) 

𝐿𝑆 = 𝑙𝑛 (𝑍𝑆)                                                                        (4.14) 

𝐿𝐷 = 𝑙𝑛 (𝜌)                                                                          (4.15) 

where Zs is shear impedance which is the product of shear velocity and density.  

One of important elements included in simultaneous seismic inversion is the fact that 

coupling between both VP and Vs (according to Castagna et al (1985)) and VP and Density 

(Gardner et al. (1974)) is considered. To include this effect on Equation (4.12), a well-log 

crossplot is used to give the background trend. The crossplots between both acoustic and shear 

impedance and density and acoustic impedance provide the different coefficients (such as ∆𝐿𝑆 

and ∆𝐿𝐷) as shown below: 

𝐿𝑆 = 𝑘 𝐿𝑃 + 𝐾𝑐 + ∆𝐿𝑆                                                    (4.16) 
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𝐿𝐷 = 𝑚 𝐿𝑃 + 𝑚𝑐 + ∆𝐿𝐷                                               (4.17) 

By including the background trend, Equation 4.12 can be rewritten as below: 

𝑇𝑃𝑃(𝜃) = �̃�𝑊(𝜃)𝐷𝐿𝑃 + �̃�𝑊(𝜃)𝐷𝐿𝑆 + 𝑐𝑊(𝜃)𝐷𝐿𝐷                              (4.18) 

where  

�̃� =
1

2
𝑎 +

1

2
𝑘𝑏 + 𝑚𝑐                                                                 (4.19) 

�̃� =
1

2
𝑏                                                                             (4.20) 

Equation 4.18 is then solved by the conjugate gradient method and the final values of 

acoustic impedance (ZP), shear impedance (ZS), and density () calculated as shown below: 

𝑍𝑃 = 𝑒𝑥𝑝(𝐿𝑃)                                                                     (4.21) 

𝑍𝑆 = 𝑒𝑥𝑝(𝑘 𝐿𝑃 + 𝐾𝑐 + ∆𝐿𝑆)                                                          (4.22) 

𝜌 = 𝑒𝑥𝑝(𝑚 𝐿𝑃 + 𝑚𝑐 + ∆𝐿𝐷)                                                         (4.23) 

 

This procedure was performed for both the base and monitor surveys. Angle-dependent 

wavelets were initially created statistically from the autocorrelation of angle gathers over a 

selected time window. The angle gather seismic data includes angles that range between 0 

and 44. The extracted wavelets for base survey are shown in Figure 4.10, where the first 

wavelet was extracted from 0 to 22 degrees and the second wavelet between 23 and 44 degrees 
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Figure 4.10. Angle-dependent wavelets (blue is for angles (0-22) and green is for angles 

(23-44). 

 

As mentioned earlier, an initial model needs be defined to provide the low frequency 

information and also be utilized as an initial guess in the seismic inversion process. In addition 

to initial low frequency acoustic impedance, initial low frequency shear impedance and density 

volumes are also created in the pre-stack simultaneous inversion. Figure 4.11 displays cross-

sections of the initial low frequency acoustic impedance, shear impedance, and density in the 

base seismic survey.  
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Figure 4.11. Initial low frequency model for acoustic impedance (left), shear impedance 

(middle), and density (right). 

 

To consider the coupling effect between P-wave velocity and density and P-wave velocity 

and S-wave velocity, the CHOPS well log data in the studied area was used to derive the 

coefficients for the seismic inversion process, as explained in equations 4.16 and 4.17. 

Figure 4.12 shows the crossplot between P-wave velocity (Vp) and density (), and the 

crossplot between P-wave velocity (Vp) and S-wave velocity (Vs). The coefficients (∆𝐿𝑆 or 

∆𝐿𝐷) were also shown in each crossplot.  
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Figure 4.12. Crossplot between P-wave velocity (Vp) and density () and P-wave 

velocity (Vp) and S-wave velocity (Vs). 

 

Figure 4.13 shows the result of running inversion at the location of one of CHOPS wells in 

the studied seismic area. This step was done to QC and optimize the inversion parameters. A 

comparison between inverted results and real logs is displayed for acoustic impedance, shear 

impedance, and density results.  The red line shows the inversion and blue line shows the 

original log.  Although the fit is not perfect, it is quite acceptable. 
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Figure 4.13. The result of running inversion at the location of one of CHOPS wells in 

the studied seismic area; red line is the inversion results and blue is original logs. 

 

Figure 4.14 displays the results of acoustic impedance, shear impedance, and density 

seismic volumes from the base survey.  As is clear, a decrease in acoustic impedance and 

density, and an increase in shear impedance can be attributed to the anomalous zone in the 

reservoir.  
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Figure 4.14. Outputs of pre-stack seismic inversion for the base survey: left to right are 

acoustic impedance, shear impedance, and density sections. 

 

The pre-stack simultaneous inversion process was then repeated for the monitor survey. As 

mentioned earlier, the main focus on time-lapse seismic inversion is to derive the difference 

volumes for seismic attributes and compare them to production-related variations in the 

reservoir. Figure 4.15 shows a seismic section from the difference acoustic impedance volume 

derived from time-lapse pre-stack simultaneous inversion, where the yellow color zones 

highlights higher difference between base and monitor surveys. Compared to Figure 4.8, these 

zones show a larger anomalous area. This result indicates that time-lapse pre-stack 

simultaneous inversion can better reveal the changes observed in the reservoir zone than 

post=stack inversion. Figure 4.16 shows the acoustic Impedance and shear impedance, and 

Figure 4.17 shows the density NRMS maps in the reservoir zones.  
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Figure 4.15. A section from difference acoustic impedance volume taken from pre-stack 

inversion, yellow color zones indicate higher difference between base and monitor 

surveys. 

 

 
Figure 4.16. NRMS maps of acoustic impedance (left), and shear impedance (right) in 

the reservoir zone; average NRMS values for acoustic impedance and shear impedance 

in anomalous zones are 8% and 5%, respectively.  
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Figure 4.17. NRMS density map in the reservoir zone. 

 

As observed from both Figure 4.16 and Figure 4.17, the average NRMS value for acoustic 

impedance changes is more than the average NRMS values in the shear impedance and density 

in the reservoir zone. Acoustic impedance and density changes can be attributed to the pressure 

and saturation changes in the reservoir. However, shear impedance changes are mostly related 

to pressure changes. As described in chapter 3, the shear modulus can mainly change by a 

change in the pressure gradient in heavy oil reservoirs. However, the change in shear 

impedance is generally smaller than the change in acoustic impedance. In general, the high 

difference zones correlate well with the production related zones. However, some zones in the 

central and NorthEast sections of the map could not be detected by time-lapse post-stack 

seismic inversion or time-lapse pre-stack seismic inversion. To derive more information, time-

lapse seismic inversion difference attributes were extracted from the time lapse data. Time-
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lapse seismic inversion attributes results are given below, followed by a discussion of their 

application in the detection of reservoir changes during the heavy oil recovery processes.  

 

4.3.2.1 Time-lapse Seismic Attributes 

Seismic attributes can be used to determine the geologic features and fluid properties in the 

reservoir zone, and can reveal specific characteristics in the seismic data which better 

distinguish the static and dynamic characteristics of subsurface. There are many typs of seismic 

attributes, including frequency, phase and amplitude attributes.  But the type of attributes I will 

be discussing here are derived from the inversion volumes just described. One of the benefits 

of performing time-lapse pre-stack simultaneous inversion is the availability of acoustic 

impedance, shear impedance and density volumes for both the base and monitor surveys. 

Therefore, we can extract different seismic attributes from by manipulating the pre-stack 

inversion outputs in various ways.  Furthermore, extracting the differences in the seismic 

attribute volumes between the base and monitor surveys will highlight changes in the reservoir 

during the production. Specifically, I will extract Vp/Vs ratio and various lambda-MuRho 

volumes, which I will describe below.  I will also discuss and apply a different type of inversion 

procedure, called Elastic Impedance, or EI, inversion.  

 

4.3.2.1.1 Vp/Vs Ratio 

The Vp/Vs ratio is one of fundamental attributes that is used to identify gas effects in the 

reservoir.  The Vp/Vs ratio seismic volume can be derived by dividing the acoustic impedance 

volume by the shear impedance volume. In presence of the gas in the reservoir, the P-wave 

velocity decreases and the S-wave velocity increases and hence the Vp/Vs ratio will also 
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decrease and can highlight the gas zone. In the studied area, the Vp/Vs ratio seismic volumes 

were extracted for the base and monitor surveys.  Figure 4.18 shows the NRMS map of time-

lapse Vp/Vs ratio change in the reservoir zone. The changes seen in Vp/Vs are mainly 

correlated with higher gas production zones in the north central section of the studied area; 

however, it does not appear to identify all of the gas zones.   

 

 

Figure 4.18. NRMS difference map of Vp/Vs ratio in the reservoir zone 

4.3.2.1.2 Lambda-MuRho Attributes 

LambdaRho ( and MuRho  are two attributes used to detect fluid and lithology 

changes in the reservoir. The application of these two attributes in reservoir characterization 

was initially proposed in 1997 by Goodway et al. According to Goodway et al, 1997, 

LambdaRho is more sensitive to fluid changes and MuRho is more sensitive to lithology 

changes. LambdaRho and MuRho are defined as below:  
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𝜆𝜌 = 𝑍𝑃
2 − 2𝑍𝑆

2                                                      (4.24) 

𝜇𝜌 = 𝑍𝑆
2                                                            (4.25) 

Figure 4.19 shows a seismic-section of LambdaRho in the base and monitor surveys. It can 

be observed that LambdaRho detects a larger area regarding production related changes in the 

reservoir. The zone inside the eclipse displays these changes close to a CHOPS well.  

 

Figure 4.19. Seismic-section of LambdaRho in the base (A) and monitor (B) surveys. 

Figure 4.20 shows NRMS difference map of LambdaRho and MuRho in the reservoir zone.  

It is evident from the results that LambdaRho can give higher NRMS changes closed to the 

producing CHOPS wells in the studied seismic area. MuRho changes, more related to the 

lithology changes in the reservoir, identifies the wells which were newly drilled and hence had 

higher sand production.  
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Figure 4.20. NRMS difference map of LambdaRho and MuRho in the reservoir zone. 

 

4.3.2.1.3 Lambda/Mu Ratio 

The Lambda/Mu ratio is also proven to be applicable in detecting the fluid effect, since by 

taking the ratio of LambdaRho over MuRho we remove the effects of density and enhance the 

fluid effects (Riazi et al, 2014). Figure 4.21 shows a seismic section which displays the 

difference in Lambda/Mu ratio between the base and monitor seismic surveys. The high 

difference zones, shown in yellow, are highly correlated with the areas with high gas and oil 

production.  

Figure 4.22 illustrates the NRMS difference map of Lambda/Rho in the reservoir zone. The 

highest changes (high NRMS value) among all extracted attributes can be seen in this attribute 

map. The Time-lapse Lambda/Mu ratio difference result matches well with the pressure 

changes derived from reservoir simulation (Chapter 5). The anomalous zone observed by the 

Lambda/Mu ratio difference can discriminate the effect of wormholes and production 

footprints in heavy oil CHOPS fields. These results can help engineers to develop heavy 

oilfields in the areas where wormholes and footprints are more prominent.  
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Figure 4.21. A seismic section of Lambda/Mu difference volume 

 

 

Figure 4.22. NRMS difference map of Lambda/Mu difference 

 

4.3.3 Time-lapse Elastic Impedance Inversion  

As mentioned earlier, the seismic amplitude can be affected by variations in the elastic 

properties of subsurface strata, particularly P-wave velocity (Vp), S-wave velocity (Vs), and 

density (ρ). In addition to elastic properties, dynamic properties such as pressure and fluid 

saturation can alter the amplitude of seismic reflectivity.  Determining the elastic properties of 

heavy oil reservoirs were the main reason I investigated the behavior of these reservoirs using 
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time-lapse pre-stack analysis. An alternate method of inversion to that described earlier is the 

elastic impedance, or EI, method. Here, I will discuss the elastic impedance inversion 

procedure and will show how this technique can help in detection of anomalous zone in the 

reservoir zone.   

For post-stack inversion, we saw that the zero-offset trace could be considered as the 

convolution of a wavelet with the reflectivity derived from the acoustic impedance. Connolly 

(1999) proposed the elastic impedance technique as a generalization of the acoustic impedance 

for any angle of incidence in the partial angle-stacks. It is based on Aki-Richards equation and 

can be written: 

𝐸𝐼 = 𝑉𝑃
(1+𝑡𝑎𝑛2(𝜃))

𝑉𝑆
(−8𝐾𝑠𝑖𝑛2(𝜃))

𝜌(1−𝐾𝑠𝑖𝑛2(𝜃))                               (4.26) 

where 𝐾 = (
𝑉𝑆

𝑉𝑃
)
2

and normally can be considered for an interval as the constant of the 

average of the ratio (Vs /Vp)2. Note that the exponential terms in equation 4.26 are the same 

as the scaling terms in the original Aki-Richards equation. Acoustic impedance is elastic 

impedance at normal incidence. However, elastic impedance is a generalized form of acoustic 

impedance which can be derived for different angles of incidence.  This method can be utilized 

in the seismic inversion and has the benefit of taking account the AVO effects. The other 

seismic inversion techniques which discussed earlier do not directly consider AVO effects. 

The process for the elastic inversion method is shown in Figure 4.23. First, two angle stacks, 

including near stack (0-15) and far stack (16-30) were created. The initial low frequency 

model which is based on P-wave, S-wave, and density logs were created as the inputs for EI 

inversion.  
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Figure 4.23. Schematic Description of EI inversion. 

 

This process was repeated for the base and monitor surveys and the difference volume for 

near elastic inversion and far elastic inversion was produced. Figure 4.24 illustrates a seismic 

section for time-lapse near EI inversion, and far EI inversion.  
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Figure 4.24. A seismic section from EI inversion Difference Volume, where a) near EI 

inversion, and b) far EI inversion 

 

Figure 4.25 displays the NRMS difference map of time-lapse near and far elastic 

impedance inversion. It is evident that time-lapse far EI inversion shows larger anomalous 

zones. However, because the far angle of incidence was not large, it did not yield as much 

detail about production-related zones as would have been found with a larger far angle. 

 
Figure 4.25. NRMS EI inversion map in the target zone, where a) near elastic 

impedance inversion, and b) far elastic impedance inversion 
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4.3.4 Extended Elastic Impedance (EEI) Inversion 

One of the main problems with the EI method is that it does not scale correctly for different 

angles.  Whitcombe (2002) modified Connolly’s elastic impedance equation by normalizing 

the equation using reference velocity and density constants (𝑉𝑃0
,  𝑉𝑆0

, and 𝜌0) in a target 

interval. This improved the non-dimensionality of the Connolly equation, and is written 

𝐸𝐼(𝜃) = 𝑉𝑃0
𝜌0 [(

𝑉𝑃

𝑉𝑃0

)
(1+𝑡𝑎𝑛2(𝜃))

(
𝑉𝑆

𝑉𝑆0

)
(−8𝐾𝑠𝑖𝑛2(𝜃))

(
𝜌

𝜌0

)
(1−𝐾𝑠𝑖𝑛2(𝜃))

]                       (4.27) 

 Whitcombe et al (2002) also proposed replacing sin2 (with tan (in the second term of 

the Shuey equation to create a new transform in which the A and B intercept terms could be 

rotated. The reflectivity was also multiplied by cos (and a scaled reflectivity 𝑅𝑆 expressed 

as: 

𝑅 = 𝐴 + 𝐵 tan 𝜒 =
(𝐴 cos(𝜒)+𝐵 sin (𝜒))

𝐶𝑜𝑠(𝜒)
                                             (4.28) 

𝑅𝑆 = 𝑅 cos(𝜒) = 𝐴 cos(𝜒) + 𝐵 sin (𝜒)                                          (4.29) 

Then, the elastic impedance equation is written as: 

𝐸𝐸𝐼(𝜒) = 𝑉𝑃0
𝜌0 [(

𝑉𝑃

𝑉𝑃0

)
𝑝

(
𝑉𝑆

𝑉𝑆0

)
𝑞

(
𝜌

𝜌0
)
𝑟

]                                          (4.30) 

where 

𝑝 = cos(𝜒) +  sin (𝜒)                                                    (4.31) 

𝑞 = −8K sinχ                                                             (4.32) 

𝑟 = cos(𝜒) − 4𝐾 sin (𝜒)                                                 (4.33) 

The chi angle (𝜒) ranges between -90 to +90. EEI is equal to acoustic impedance 

when(𝜒 = 0).The chi angle can be chosen in a way that correlates with different elastic 
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properties such as bulk modulus, the Lamé constants, VShale, Sw and porosity. In EEI, inversion 

is used to invert seismic volume, which is the rotated A/B attribute given by Equation 4.30.  

The modified version allows us to discriminate between fluid discrimination and lithology 

prediction. I applied elastic impedance inversion to pre-stack time-lapse seismic data in the 

studied heavy oilfield, using the total range of angle gathers in the EEI process. The first two 

terms in the Aki-Richards equation, A and B, were derived by AVO intercept/gradient analysis 

both in both for the base and monitor surveys using their respective angle gathers. In the next 

step, the best chi angle () was derived by using two methods. In the first method, EEI values 

from well data were cross-correlated with different petrophysical and elastic parameters such 

as P-wave velocity, S-wave velocity, acoustic impedance, shear impedance, bulk modulus, 

shear modulus, and the Lamé attributes.  Whitcombe et al (2002) proposed that the following 

values for chi angle correlated well with the attributes shown on the left: 

𝜅 ∝ 𝐸𝐸𝐼(𝜒 = 12.4) ≈ 𝐸𝐼(𝜃 = 28)  

𝜆 ∝ 𝐸𝐸𝐼(𝜒 = 19.8) ≈ 𝐸𝐼(𝜃 = 37) 

𝜇 ∝ 𝐸𝐸𝐼(𝜒 = −51.3) ≈ 𝐸𝐼( 𝑛𝑜 𝑟𝑒𝑎𝑙 𝑣𝑎𝑙𝑢𝑒 𝑓𝑜𝑟 𝜃 ) 

In this research study, I used the well log data to empirically determine the optimum chi 

angles for different attributes. Therefore, these chi angles are only appropriate for this study 

and cannot be generalized for other heavy oilfields. . In our studied area, the values for the 

different elastic properties are shown below (see the curves in Figure 4.26). Note that all the 

correlation coefficients for parameters given above are greater than 0.97.   

𝜅 ∝ 𝐸𝐸𝐼(𝜒 = 54) ≈ 𝐸𝐼(𝑛𝑜 𝑟𝑒𝑎𝑙 𝑣𝑎𝑙𝑢𝑒 𝑓𝑜𝑟 𝜃) 

𝜆 ∝ 𝐸𝐸𝐼(𝜒 = 27) ≈ 𝐸𝐼(𝜃 = 45) 

𝜆𝜌 ∝ 𝐸𝐸𝐼(𝜒 = 16) ≈ 𝐸𝐼(𝜃 = 32) 
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𝜇𝜌 ∝ 𝐸𝐸𝐼(𝜒 = −45) ≈ 𝐸𝐼(𝑛𝑜 𝑟𝑒𝑎𝑙 𝑣𝑎𝑙𝑢𝑒 𝑓𝑜𝑟 𝜃) 

𝜇 ∝ 𝐸𝐸𝐼(𝜒 = −40) ≈ 𝐸𝐼(𝑛𝑜 𝑟𝑒𝑎𝑙 𝑣𝑎𝑙𝑢𝑒 𝑓𝑜𝑟 𝜃) 

 

Figure 4.26. Correlation coefficient (vertical axis) of chi angles (horizontal axis) with 

petrophysical parameters 

 

In the second method EEI inversions for angles of -90, -80, -70… 80, 90 were 

performed to visually distinguish their application in detecting the anomalous zones. In this 

analysis, similar chi angles were derived and confirmed.  

To implement time-lapse EEI inversion, the EEI reflectivity for the different chi angles 

were derived from AVO analysis by Equation 4.29 for both the base and monitor surveys. 

Figure 4.27 illustrates the result of EEI reflectivity for (𝜒 = 54) from AVO results in the base 

survey.  
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Figure 4.27. Extracting EEI reflectivity for (𝝌 = 𝟓𝟒) from AVO results (A and B 

volumes) 

 

This procedure was repeated for the monitor survey. After extracting EEI reflectivities 

corresponding the specific chi angles and also defining a low-frequency elastic impedance 

model, inversion was performed to derive EEI volumes for different chi angles. Figure 4.28 

displays a seismic section of EEI (𝜒 = 54) in the base and monitor surveys. The areas inside 

the ellipse is located at the reservoir zone illustrates the changes during production and 

recovery process. The areas inside the ellipse points to the EEI changes close to a CHOPS well. 



 

121 

 

Figure 4.28. A seismic section of EEI (𝝌 = 𝟓𝟒˚) in A) base survey B) monitor survey. 

The areas inside the ellipse is located at the reservoir zone, illustrate the changes during 

the production and recovery process. 

 

Figure 4.29 shows the map of the difference between EEI in the base and monitor surveys for 

various chi angles.  

 



 

122 

 
Figure 4.29. Time-slice map of elastic impedance inside the reservoir for different chi 

angles which correlate with petrophysical parameters 

 

The changes in elastic properties in well data predicted by Gassmann’s method were 

described in chapter 3. Figure 4.30 shows how an EEI (=45) log can be changed by adding 

10 percent gas into the system. It is clear that EEI (=45) values decreases by gas input to the 

reservoir.  For better comparison EEI inversion results, NRMS difference maps are also made 

between the top and base of the reservoir. Figure 4.30 illustrates the NRMS maps of time-lapse 

EEI (𝜒 = 45) . As is evident, EEI (𝜒 = 45) shows higher changes (up to 15%) in the 

production zone.  



 

123 

 

Figure 4.30. left ) Gassmann fluid substation modeling for EEI log, blue is original and 

red is target logs and rightNRMS EEI (45) map. 

 

By comparing the results of near and far time-lapse elastic impedance inversion 

(Figure 4.25) with EEI results (Figure 4.29 and Figure 4.30), it is observed that the far inversion 

output is similar to the EEI inversion results. This confirms the benefits of acquiring high offset 

seismic surveys in reservoir characterization studies.  However, it does not clearly show the 

production-related changes in the west of the reservoir area. The EEI inversion detected all the 

wells which have higher production rates and illustrated the changes in larger zones compared 

to EI inversion results.  

 

4.4 Porosity Estimation 

Porosity is a key attribute in heavy oil reservoir characterization. One of the benefits of 

applying different seismic inversion techniques is that it allows us to derive the porosity 

volume. For estimating porosity, I used a multi regression technique to determine 
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which combination of attributes could be most useful for predicting the target porosity log. 

Most of the seismic attributes described in this study were utilized in the porosity estimation. 

These attributes were chosen in a way that logically correlated with porosity changes. For 

example, Figure 4.31 shows two crossplots of attributes in two different CHOPS wells. It is 

evident that high porosity zones correlated well with low acoustic impedance, shear 

impedance, LambdaRho, and MuRho.  
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Figure 4.31. Crossplots of two different wells, A) acoustic impedance vs shear 

impedance, and B) MuRho vs LambdaRho. The zones shown by ellipse are high 

porosity zones.  
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Multi attribute regression is an extension of linear regression to more than two variables. 

A weight for each attribute was applied to compensate the impact of each attribute on 

estimation of the target log (HRS manual help).  Figure 4.32 and Equation 4.34 show how this 

techniques works.  

 
Figure 4.32. The schematic description of multi-regression technique to estimate target 

log (T) from attribute logs of A, B, C, and D 

 

𝑇𝑖 = 𝑤0 + 𝑤1𝐴𝑖 + 𝑤2𝐵𝑖 + 𝑤3𝐶𝑖 + 𝑤4𝐷𝑖                                 (4.34) 

where 𝑇𝑖 is the i-th sample of Target log and 𝐴𝑖,𝐵𝑖, 𝐶𝑖, and 𝐷𝑖 are four attributes and 

𝑤0, 𝑤1, 𝑤2, 𝑤3, and 𝑤4 are the weights used in the target log estimation .  

In the case study, porosity is estimated using the following seven seismic attributes: 

 Amplitude envelope 

 LambdaRho 

 MuRho 

 Acoustic impedance  

 “B” attribute from Aki-Richards approximation in base survey 

 “C” attribute from Aki-Richards approximation in base survey 



 

127 

 EEI inversion 

Figure 4.33 shows a comparison between predicted porosity log and original porosity log in a 

target time window. The correlation between original and estimated logs is strong.  

 
Figure 4.33. comparison between predicted porosity log (red color) and original 

porosity log (black color) in a target time window 

 

Figure 4.34 shows a seismic section from porosity estimation volume and Figure 4.35 

illustrates the average porosity map in the reservoir zone.  
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Figure 4.34 A seismic line from porosity estimation using multi-attribute analysis. 

 

 

Figure 4.35. Average porosity estimation using multi-attribute prediction in the 

reservoir zone 
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4.5 Concluding Remarks 

Different techniques for the time-lapse seismic inversion were used to derive various 

elastic attributes. These attributes can be attributed to the reservoir simulations and engineering 

parameters. Post-stack time-lapse seismic inversion was used to produce the acoustic 

impedance in the base and monitor seismic surveys. The difference in the acoustic impedance 

between the base and monitor seismic could highlight the changes of this attribute during 

production time between 2003 and 2009. Pre-stack time-lapse seismic inversion techniques 

were also used to maximize the information taken from the time-lapse seismic data. Pre-stack 

simultaneous inversion technique was applied on the time-lapse pre-stack data to produce 

acoustic impedance, shear impedance, and density in the base and monitor seismic surveys. 

The combination of these attributes could also helpful in extracting seismic attributes.  I 

could show that the seismic attributes such as Lamé attributes (LambdaRho(), Murho (), 

Lambda/Mu ratio(/)) were showing the higher changes close to CHOPS wells which have 

higher hydrocarbon production. Higher changes zones can be associated to the foamy oil and 

production footprints. Extended elastic impedance (EEI) inversion was also applied on the 

time-lapse seismic data to highlight production-related changes in the reservoir better. I could 

show that EEI (=45) could provide higher changes in the areas close to the wells compared 

to other zeta angles.   
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 Reservoir Flow Simulation and Simulation to Seismic (Sim2Seis) Process 

5.1 Introduction 

In Chapter 4, I described the application of various time-lapse difference seismic attributes 

to reservoir characterization. I also showed that the amplitude of time-lapse seismic data is 

sensitive to the saturation and pressure changes observed in the rock physics modeling and 

AVO modeling sections. However, associating the anomalous zone found in the time-lapse 

seismic results to the saturation and pressure changes could not be done without running a 

reservoir flow simulation.  In this chapter, I will outline the reservoir flow simulation process 

used in this research study and will describe how the pressure and saturation changes in the 

reservoir agreed  with the results of time-lapse seismic analysis. By converting the simulation 

results to synthetic seismic data using a seismic conversion process, different seismic attributes 

from the reservoir flow simulations were extracted. These results were compared with time-

lapse seismic results and the similarities and differences between the seismic data and the 

simulator-derived seismic models were analyzed.  

5.2 Reservoir Flow Simulation 

Reservoir flow simulation enables engineers to predict reservoir behavior by applying 

production data in a specific time to a given input model. This prediction includes the 

production rate as well as pressure and saturation changes in the reservoir. The hydrocarbon 

behavior in the reservoir is described by a phase diagram which relates the reservoir fluid state 

to the pressure and temperature. Depending on the reservoir conditions, different types of flow 

simulations can be applied. I applied the black oil reservoir model in the ECLIPSE software. 
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Figure 5.1 shows the pressure and temperature condition of a black oil reservoir model in 

comparison to other models.  Note from this diagram that a black oil reservoir has the following 

pressure and temperature conditions when compared to wet gas, dry gas, and gas condensate 

and solution-gas reservoirs. The initial pressure and temperature of the reservoir in the studied 

heavy oilfield was in the left of the critical point and initial pressure was above the bubble 

point, the reservoir is classified in the black oil reservoir.  

 

 
Figure 5.1. Schematic diagram for hydrocarbon reservoir fluids (modified from 

Danesh, 1998) 

 

The basic two equations for a multiphase flow medium are mass conservation and Darcy‘s 

Law. By considering the presence of three phases, the conservation of mass can be expressed 

as: 

 𝑆𝑤 + 𝑆𝑜 + 𝑆𝑔 = 1   5.1         
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where Sw,So,and Sg are saturation percentages (expressed in decimal value) of the water, 

oil, and gas phases, respectively. If we assume there is no mass transfer between phases, mass 

is conserved within each phase, which can be expressed by the following partial differential 

equation: 

 𝜕(∅𝜌𝛼𝑆𝛼)

𝜕𝑡
= −∇. (𝜌𝛼𝑈𝛼) + 𝑞𝛼 

  5.2           

Each phase (has its own density (𝜌𝛼) , mass flow rate (𝑞𝛼),  and Darcy’s velocity (𝑈𝛼), 

where ∅ is the porosity of the porous medium. 

The mass flow rate (𝑞𝛼) can be derived from Darcy’s Law in the multi-phase medium. 

Darcy‘s Law associates the total volumetric flow rate in each phase to its pressure gradient, 

the viscosity of the fluid ( 𝜇𝛼), the permeability of the porous medium (𝐾𝛼), and the cross 

sectional area (A). Equation 5.3 illustrates Darcy’s equation in x-direction: 

 
𝑞𝛼 = −

𝐾𝛼𝐴

𝜇𝛼

𝜕𝑃

𝜕𝑥
 

5.3 

where P is pressure and Darcy’s velocity (𝑈𝛼) can be derived by dividing the mass flow rate 

by the cross-sectional area, or: 

 
𝑈𝛼 =

𝑞𝛼

𝐴
= −

𝐾𝛼

𝜇𝛼

𝜕𝑃

𝜕𝑥
 

5.4 

Equation 5.4 can be extended to the multi-dimensional form as: 

 
𝑈𝛼 = −

𝐾𝛼

𝜇𝛼
∇(𝑃𝛼 − 𝜌𝛼𝑔𝑧) 

5.5 

where g is the gravitational acceleration and Z is the depth.  

In this case study, I used the ECLIPSE.black oil model simulator The black oil model 

simulator is a set of partial differential equations that estimates derivatives in both space and 
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time by applying the finite difference method (Trangenstein and Bell, 1989). The ECLIPSE 

black oil model is fully implicit and considers three phases and components of water, oil, and 

gas through a porous medium. In a black oil model, the temperature is assumed to be constant. 

The gas component can be resolved both in the gas and oil phases; however, oil and water can 

just be resolved in in their own respective phases. Flow equations for the three phases can be 

expressed by the equations below (For full derivation of these equations, please refer to Ertekin 

et al (2001)): 

 
∇. [

𝜌𝑤𝑘𝑘𝑟𝑤

𝜇𝑤
∇(𝑃𝑤 − 𝜌𝑤𝑔𝑧)]  − 𝑞𝑤 =

𝜕(∅𝜌𝑤𝑆𝑤)

𝜕𝑡
 

5.6 

 

 
∇. [

𝜌𝑜𝑠𝑘𝑘𝑟𝑜

𝐵𝑜𝜇𝑜
∇(𝑃𝑜 − 𝜌𝑜𝑔𝑧)]  − 𝑞𝑜 =

𝜕(∅𝜌𝑜𝑆𝑜)

𝜕𝑡
 

5.7 

 

 
∇. [

𝑅𝑠𝜌𝑔𝑠𝑘𝑘𝑟𝑜

𝐵𝑜𝜇𝑜
∇(𝑃𝑜 − 𝜌𝑜𝑔𝑧) +

𝜌𝑔𝑘𝑘𝑟𝑔

𝜇𝑔
∇(𝑃𝑔 − 𝜌𝑔𝑔𝑧)]  − 𝑞𝑔

=
𝜕

𝜕𝑡
(
∅𝑅𝑠𝜌𝑔𝑠𝑆𝑜

𝐵𝑜
+ ∅𝜌𝑔𝑆𝑔) 

5.8 

where: 

𝜌𝑔𝑠: Density of gas at standard condition, 

𝜌𝑜𝑠: Density of oil at standard condition, 

𝜌𝑤𝑠: Density of water at standard condition, 

𝑅𝑠: Solution gas-oil ratio 

𝐵𝑜: Oil formation volume factor 

k: absolute permeability 
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krw: relative permeability of water 

kro: relative permeability of oil 

krg: relative permeability of gas 

The actual densities of the oil and gas phases can be given by: 

 
𝜌𝑜 =

𝑅𝑠𝜌𝑔𝑠+𝜌𝑜𝑠

𝐵𝑜
 

5.9 

 𝜌𝑔 =
𝜌𝑔𝑠

𝐵𝑔
 5.10 

5.2.1 Fluid and Rock Properties 

Importing the fluid and rock properties is an essential element in the simulation process. In 

reservoir engineering, reservoir fluids can be characterized by a pressure-volume-temperature 

(PVT) analysis. Many publications have discussed the PVT analysis of fluids in the different 

reservoirs (Pedersen et al, 2012, Pedersen et al, 1992, Vazquez et al, 1980). Figure 5.2 and 

Figure 5.3 illustrate the typical behavior of the oil and gas fluids used in this heavy oil reservoir.   
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Figure 5.2. Inputs for the simulator: GOR vs. Pressure (top) and Oil formation volume 

factors vs. pressure used plots.  
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Figure 5.3. . Inputs for the simulator: Gas viscosity vs. Pressure and Gas formation 

volume factor vs. pressure plots 

 

The rock properties of the reservoir were derived from parameters which are dependent on 

pressure, fluid saturation, and temperature. The relative permeability curves of oil-water and 

gas-oil systems are two important inputs in this section, and Figure 5.4 illustrates the 

permeability curves used in this study.  
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Figure 5.4. The relative permeability curves for oil-water (top) and gas-oil (bottom) 

systems. 

 

5.2.2 Geological Property Modeling  

Building proper petrophysical models from discrete geological information is an essential 

step in performing reliable reservoir flow simulations. The petrophysical modeling done here 

involved the process of filling the grid cells beyond the wells with different petrophysical 

properties. A detailed description for building these property models, including the basic 

geostatistical methodology, and its application to a heavy oil reservoir will now be discussed.  

Geostatistics is an application of statistics in geoscience that focuses on spatial 

relationships between sampled data in order to predict physical properties in unknown grid 

cells around a set of known well values. This geostatistical technique used here assumes 



 

138 

stationary data,   which requires that the sampled data is representative of the population such 

that statistical properties of the data (such as mean and variance) do not vary spatially.  

However, requiring the entire reservoir to be stationary is often an unrealistic assumption. 

Therefore, the reservoir is often divided into different zones and rock types which are each 

assumed to be stationary.  

5.2.2.1 Variogram 

The covariance and variogram are two statistical measurements which capture the spatial 

relationship within data sets, where the covariance is the measure of similarity, and the 

variogram is the measure of the variability of data. The variogram, 𝛾(�⃗� ), computes the average 

squared difference between the pairs of data values at different lags  and can be expressed as : 

 

𝛾(�⃗� ) =
1

2𝑛(�⃗� )
∑[𝑥(�⃗� 𝑖) − 𝑥(�⃗� 𝑖 + �⃗� )]2

𝑛(�⃗� )

𝑖=1

 

 

5.11 

where 𝑛(�⃗� ) is a number of pairs at lag distance �⃗� , and 𝑥(�⃗� 𝑖) and 𝑥(�⃗� 𝑖 + �⃗� ) are data values 

for the ith pair located �⃗�  lag distance apart (Chiles and Delfiner, 2009; Diggle and Ribeiro, 

2007). 

Covariance and variance are essentially mirror images of each other, as seen in Figure 5.5.  
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Figure 5.5. The relationship between the variogram (L) and the covariance C(L)(Brian 

Russell, personal communication) 

 

The relationship between covariance and variogram can be expressed as: 

 𝛾(𝐿   ) = 𝐶(0) − 𝐶(𝐿  )    5.12 

where  𝛾(𝐿) is the variogram at lag distance L, and C is the covariance as a function of lag 

distance ( �⃗� ). The highest correlation occurs at L=0, which gives the variance of the data 

expressed and is identical to the autocovariance covariance. The variogram at L = 0 is equal to 

zero, indicating that there is no variability between the data points (in other words, the sum of 

the differences between the points themselves is equal to zero.) As the lag increases the 

covariance decreases toward zero, since the data at distance are no longer correlated. However, 

at the lag increases the variogram tends to the value of the zero covariance, which is also called 

the sill.  This distance is referred to as the range value, which describes the lag distance after 

which there is no correlation.  All of these points are illustrated in Figure 5.5a. 
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5.2.2.2 Search Cone Method 

One of the difficulties in the calculation of the variogram is the lack of sufficient pairs. 

This issue is more pronounced for variograms in horizontal direction, where wells are 

irregularly separated by several hundreds of meters (Bohling, 2005). A practical approach is 

to scan a broader area rather than using a direct line to capture more data points. Figure 5.6 

illustrates different parameters to define lag bins.  

 

 
Figure 5.6. Elements in a search cone; different parameters to define lag bins (modified 

from Petrel user help) 

5.2.2.3 Kriging 

Kriging is an estimation technique that interpolates the input data at grid cells around the 

wells by using variograms. First, the variogram model type, orientation, nugget and range are 

determined.  In Figure 5.5a, the variogram used was a spherical variogram, the most common, 

but other variogram types include linear, Gaussian and exponential.  The range was indicated 
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in Figure 5.5a but not the nugget or the orientation.  The nugget is a non-zero shift of the 

variogram at L = 0, often referred to as 0. The orientation is found by mapping the variogram 

in x-y space and allows us to build anisotropy into the result.  In our example, we will use 

isotropic variograms.   

Once the spatial relationship between the data set has been established from the variogram, 

the next step is to utilize these relationships to estimate the values at unsampled locations. 

Kriging estimates the unknown values z(x0⃗⃗  ⃗) as the weighted sum of known values, z(xi⃗⃗⃗  ): 

 
z(x0⃗⃗  ⃗) = ∑λiz(xi⃗⃗⃗  ) 

n

i

 
 

5.13 

where λi are weights assigned to each sampled data points. There are two ways to reach 

the final solution of Kriging: simple kriging and ordinary kriging. 

The assumption in simple Kriging is that we know the global mean of the population (not 

a practical assumption), which enables the estimation of the unsampled data according to 

Equation 5.14: 

 
𝑧(𝑥0⃗⃗⃗⃗ ) = ∑𝜆𝑖𝑧(𝑥𝑖⃗⃗  ⃗) + 𝑚(1 − ∑𝜆𝑖

𝑛

𝑖

) 

𝑛

𝑖

 
 

5.14 

where m is the global mean. According to Equation 5.14, the smaller weights have more 

influence on the mean (Bohling, 2005). 

In order to find the weights, the condition of minimum variance is applied, by minimizing 

the following relationship: 

 σ2[z(x0⃗⃗  ⃗) − z′(x0⃗⃗  ⃗)] 5.15 

The result of minimizing this equation is 
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∑λiC(ui⃗⃗  ⃗, uj⃗⃗  ⃗) 

n

j

= C(ui⃗⃗  ⃗, u0⃗⃗⃗⃗ )  
 

5.16 

It can be expressed as a matrix form in Equation 5.17 (Bohling, 2005): 

 

[
C(u1⃗⃗⃗⃗ , u1⃗⃗⃗⃗ ) … C(u1⃗⃗⃗⃗ , un⃗⃗⃗⃗ )

⋮ ⋱ ⋮
C(un⃗⃗⃗⃗ , u1⃗⃗⃗⃗ ) … C(un⃗⃗⃗⃗ , un⃗⃗⃗⃗ )

] [
λ1

⋮
λn

] = [
C(u1⃗⃗⃗⃗ , u0⃗⃗⃗⃗ ) 

⋮
C(un⃗⃗⃗⃗ , u0⃗⃗⃗⃗ )

] 

 

5.17 

where C(ui⃗⃗  ⃗, uj⃗⃗  ⃗) is the covariance value between the sampled points, and C(ui⃗⃗  ⃗, u0⃗⃗⃗⃗ ) is the 

covariance between sampled and unsampled points. All of these values can be read from the 

estimated variogram by using Equation 5.11. Once the weights are calculated, the error 

variance (𝜎𝐸
2) can be computed according to the Equation (5.18): 

 
𝜎𝐸

2 = 𝐶(𝑢0⃗⃗⃗⃗ , 𝑢0⃗⃗⃗⃗ ) − ∑λiC(ui⃗⃗  ⃗, u0⃗⃗⃗⃗ )  

n

i

 
 

5.18 

The limitation of the simple kriging method is the availability of a global mean value. 

However, in most of practical cases, it leads to using the mean of the sampled values instead, 

which is not a reasonable choice. To overcome this issue, we can use the ordinary kriging 

method by removing the mean and by forcing, ∑ 𝜆𝑖 = 1 𝑛
𝑖 . This will reduce Equation 5.13 to 

the following: 

 
z′(x0⃗⃗  ⃗) = ∑λiz(xi⃗⃗⃗  ) 

n

i

 
  

5.19 

In addition, minimizing the variance with constraint∑ 𝜆𝑖 = 1 𝑛
𝑖 , results in 

 
∑λiC(ui⃗⃗  ⃗, uj⃗⃗  ⃗) 

n

j

+ μ = C(ui⃗⃗  ⃗, u0⃗⃗⃗⃗ )  
 

5.20 

where μ is the lagrangian parameter. This equation in matrix form is now written: 
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[

𝐶(𝑢1⃗⃗⃗⃗ , 𝑢1⃗⃗⃗⃗ ) … 𝐶(𝑢1⃗⃗⃗⃗ , 𝑢𝑛⃗⃗ ⃗⃗ ) 1
⋮ ⋱                  ⋮

𝐶(𝑢𝑛⃗⃗ ⃗⃗ , 𝑢1⃗⃗⃗⃗ )
1

⋯
⋯

𝐶(𝑢𝑛⃗⃗ ⃗⃗ , 𝑢𝑛⃗⃗ ⃗⃗ ) 1
        1        0

] [

𝜆1

⋮
𝜆𝑛

𝜇

] = [

𝐶(𝑢1⃗⃗⃗⃗ , 𝑢0⃗⃗⃗⃗ ) 
⋮

𝐶(𝑢𝑛⃗⃗ ⃗⃗ , 𝑢0⃗⃗⃗⃗ )
1

] 

 

5.21 

 

The error variance can also be calculated from: 

 𝜎𝐸
2 = 𝐶(𝑢0⃗⃗⃗⃗ , 𝑢0⃗⃗⃗⃗ ) − ∑ 𝜆𝑖𝐶(𝑢𝑖⃗⃗  ⃗, 𝑢0⃗⃗⃗⃗ ) − μ𝑛

𝑖                                        5.22 

5.2.2.4 Simulation Methods 

Stochastic methods apply the kriging technique to simulate the properties of the reservoir 

at unsampled locations. These methods reproduce histograms which are appropriate for 

uncertainty assessments (Mata Lima, 2005). In stochastic methods, unsampled grids are visited 

sequentially in random order and their values are estimated based on kriging. These estimated 

grids are then treated as sampled data and employed in the simulation of the next unsampled 

points. Since the visiting path is randomly selected, it is possible to come up with many 

different realizations, which are equally probable and hence acceptable. The two most popular 

methods commonly used for sequential simulation are sequential indicator simulation (SIS), 

used mainly for discrete variables, and sequential Gaussian simulation (SGS), which is used 

for continuous variables. Using SGS for discrete variables leads to truncated Gaussian 

Simulation. In general, all the sequential simulation methods follow these common steps 

(Petrel help manual): 

1. Normal score transforming of the input data  

2. Variogram analysis 

3. Random Path selection 

4. Kriging 

5. Uncertainty quantification using the inverse normal score transformation. 
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6. Back transformation 

The simulation follows a univariate distribution and hence the input data should be 

transformed using normal score transformation.  Normal score transformation will force the 

input distribution to have a standard normal distribution, shown in Figure 5.7.  Normal 

distribution is a distribution with a mean of zero and standard deviation of 1 (bell shaped 

curve).  

 

Figure 5.7. Histograms before and after a normal score transformation 

 

The normal score is expressed as the probability in percent of how much of the data is 

within the area range of normal distribution. Equation below shows the probability of normal 

distribution.  

𝑃(𝑥;𝑀, 𝜎) =
1

𝜎√2𝜋
𝑒

−(
(𝑥−𝑀)2

2𝜎2 )
                                            5.23 

Where M is mean, x is variable and is the standard deviation. Normal score 

transformation can be expressed as: 
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𝑃(𝑥; 1,0) =
1

√2𝜋
𝑒

−(
𝑥2

2
)
                                                5.24 

The simulation result should also be back-transformed in reverse order to add the trend 

observed in the input data to the output distribution. By doing so, final property values honors 

the input distribution.  

Disregarding the 3rd, 5th, and 6th steps will turn the simulation method into the kriging 

estimation process. Both these steps strongly are controlled by random processes. Differences 

in sequential simulation methods, apart from variable type (discrete or continuous), mainly 

stem from the use of different transformations as well as uncertainty quantifications. 

 

5.2.2.5 Porosity and Permeability Modeling in the Case Study 

Porosity and permeability are two key inputs for reservoir simulation modeling. For 

building the reservoir simulation, the grid cells should be first made based on two horizons, 

generally the top and base of the reservoir. Figure 5.8 shows the top and base horizons in our 

survey, which were created using the geological markers from the inserted wells.  
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Figure 5.8. Top and base of the reservoir and different vertical zones with including all 

the wells in the studied area. 

 

To perform any type of petrophysical modeling such as porosity and permeability 

modeling, the well log data for each property needs to be scaled up. Scaling up well log data 

is an essential process since we have limited number of cells to which only one value can be 

assigned.. The most common averaging methods are arithmetic, geometric, and harmonic 

averaging. In this study, different averaging methods were used for different properties. 

Arithmetic averaging was applied for porosity modeling, which is defined as: 

𝑋𝑎 =
1

𝑛
∑ 𝑋𝑖

𝑛
𝑖=1    ,                                                       5.25 

where Xa is the arithmetic average for the n points Xi.  For permeability modeling, the 

geometric mean was used when dealing with a random heterogeneous structure, expressed as:  

𝑋𝑔 = √∏ 𝑋𝑖
𝑛
𝑖=1

𝑛
    ,                                                       5.26 

Figure 5.9 shows the results of upscaling process for porosity and permeability logs.  
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Figure 5.9. Upscaled logs for porosity and permeability 

Variogram analysis was then performed for porosity and permeability. The results are 

presented in Figure 5.10 and Figure 5.11.  

 
Figure 5.10. Porosity Variogram analysis 
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Figure 5.11. Permeability variogram analysis 

 

Next, porosity and permeability were derived by using the sequential Gaussian simulation 

technique.  The results are shown in the Figure 5.12 and Figure 5.13.  

 

Figure 5.12. Porosity estimation by sequential Gaussian simulation method in the 

reservoir zone. 
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Figure 5.13. Permeability estimation by sequential Gaussian simulation method in the 

reservoir zone. 

 

5.2.3 Reservoir Flow Simulation in Case Study 

After deriving the various  petrophysical properties, reservoir flow simulation was 

performed using the Eclipse black oil model. Saturation and pressure are the two main dynamic 

results computed by reservoir flow simulations.  Figure 5.14 and Figure 5.15 illustrate the 

result of the pressure and gas saturation computation in the 2009 survey (time of seismic 

monitor survey), respectively. Note that the initial pressure is 40 bar and initial gas saturation 

is 0 percent.   
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Figure 5.14. Pressure estimation at 2009 (monitor survey time) 

 

Figure 5.15. Gas saturation estimation at 2009 (monitor survey time). 
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5.2.4 History Matching 

To validate the results of flow simulations, history matching analysis was performed. 

History matching is the process of finding the difference between estimated hydrocarbon 

production rates and the observed production data. If the difference is small, the model can be 

considered reliable. If the difference is not small, the geological model should be changed until 

it closely models the past behavior of a reservoir. 

In history matching calculations (Eclipse user help), the mean squared error between the 

observed and simulated values at each time step was derived as follows: 

𝑀 = √1

𝑁
∑ (

𝑆𝑖−𝑂𝑖

𝜎
)
2

𝑁
𝑖=1                                                          5.27 

where M is the match value, N is the number of time samples, Si is the simulated value Oi 

is the observed value at time i and  is a normalization parameter. The normalization value is 

used to make the match unitless and make the result be in a certain 'normalized' range. 

Figure 5.16 and Figure 5.17 show good matches in the cumulative gas and oil production 

in most of the wells.  
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Figure 5.16. Gas cumulative production history matching, the numbers on the circles refer 

to unique well numbers.  The best and poor matches are shown in green and red, 

respectively. 

 

 

Figure 5.17.  Oil cumulative production history matching, the numbers on the circles refer 

to unique well numbers.  The best and poor matches are shown in green and red, 

respectively. 
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Figure 5.18 shows a plot of predicted and observed of gas production rate in all CHOPS 

wells in the monitor survey time. These results show that most wells are located close to 1:1 

line in the plot.  

 
Figure 5.18. History matching of gas production rate at monitor survey time (2009) 

 

Figure 5.19 shows the comparison of simulated and observed oil production rate in one of 

the CHOPS wells. All of these results show a high correlation between the observed and 

simulated results in this heavy oilfield.  
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Figure 5.19. Oil production rate history matching in one of chops well 

 

5.3 Sim2Seis Process 

The Sim2Seis process converts the simulation results to seismic attribute results. Applying 

the Gassmann equation, I derived the saturated bulk modulus changes due to the pressure and 

saturation changes. Equation 5.28 shows the Gassmann equation re-rewritten form that will 

allow us to take the derivative easily: 



















m

dry

fl
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mdry

drysat

K

K
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)1(
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                                 5.28 

where is the porosity, Kdry is the bulk modulus of the dry porous frame of the rock, Kfl is 

the bulk modulus of the fluid and Km is the bulk modulus of the mineral. 

Considering M=Ksat , we can compute the changes of M as a function of  saturation and 

pressure. First, I derived changes in saturation:  

S
S

SM
SMSSM 






)(
)()(                                         5.29 

In equation 5.27, 
S

SM



 )(
is derived by: 
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where 
dS

dK f
 is derived from Equation 5.31 (by considering : 

1

𝐾𝑓
=

𝑆

𝐾0
+

1−𝑆

𝐾𝑤
) 

2))1((
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wowof
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Finally U(S) can be written as: 
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The following equations show the changes seen in the bulk density as a function of the 

saturation change: 

mfl  )1(                                                      5.33 

SSWSSS  ))(1)(()(                                             5.34 

where W(S) was derived by: 
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                                              5.35 

To mimic the conditions seen in the unconsolidated heavy oilfield, the Hertz-Mindlin 

equations were used to compute the effective bulk modulus and shear modulus. The Hertz-

Mindlin equations are given as: 

3
22

222

118

1
P

c
K eff
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                                                                  5.36 

and 
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where is critical porosity and  and   are grain shear modulus and grain Poisson’s ratio of 

the rock, respectively.   

These equations were used to derive the impact of these moduli with the pressure changes:  

PPXPKPPK  ))(1)(()(                                                       5.38 

PPYPPP  ))(1)(()(                                                            5.39 

where: 

P
PYPX

3

1
 )()(                                                                    5.40 

and finally: 

P
P

PKPPK  ))(()(
3

1
1                                                         5.41 

 P
P

PPP  ))(()(
3

1
1                                                          5.42 

 Figure 5.20 shows the results of the elastic modulus changes. It is clear that by decreasing 

pressure, both bulk modulus and shear modulus decrease. Figure 5.21 shows the bulk modulus 

changes with porosity and pressure change. 
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Figure 5.20. A plot of elastic modulus changes with pressure  

 

 
Figure 5.21. A plot of bulk modulus changes with porosity 

 

To model the variation of dry bulk modulus with pressure, the MacBeth (2004) 

relationships were used to convert pressure and saturation changes to seismic attribute 
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volumes. MacBeth introduced several semi-empirical relationships to parameterize the overall 

behavior of the bulk modulus and shear modulus. These relationships were based on the 

laboratory database of 179 sandstones that included outcrop and reservoir core from different 

fields. This database included sandstones with higher porosity ranges, which are relevant to 

the unconsolidated heavy oil reservoirs studied here. MacBeth introduced the excess 

compliance, a pseudo-function, which describes internal weaknesses in the rock. The bulk 

modulus and shear modulus can be derived as below (MacBeth, 2004): 

𝐾(𝑃) =
𝐾∞

1+𝐾∞𝑍𝑁(𝑃)
                                                        5.43 

and 

𝜇(𝑃) =
𝜇∞

1+𝜇∞(4𝑍𝑁(𝑃)+6𝑍𝑇(𝑃))/15
   ,                                         5.44 

where P is confining pressure, and  𝐾∞ and  𝜇∞ are the background high pressure bulk 

modulus and shear modulus, respectively. 𝑍𝑁 and 𝑍𝑇 are total normal and tangential 

compliances is given to the rock mass respectively.  These relationships are valid for both the 

consolidated and unconsolidated sandstones. Due to the fact that compliances can be slowly 

changing with confining pressure, the excess compliance present at a particular pressure can 

be proportionally derived from the rate of decrease in compliance. By using  𝑍(𝑝) = 𝑍(0)𝑒−𝐾𝑃 

, Equation 5.43 and 5.44 can be converted to: 

𝐾(𝑃) =
𝐾∞

1+𝐸𝐾𝑒−𝑃/𝑃𝐾
  ,                                             5.45 

and 

𝜇(𝑃) =
𝜇∞

1+𝐸𝜇𝑒−𝑃/𝑃𝜇
  ,                                              5.46 
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where Z(0) is the zero pressure compliance, and k is constant which is derived by the sum 

of the total cracks and contacts in the rock under zero loading. Pκ and Pµ are the characteristic 

pressure constants from which the relative insensitivity in the rock frame will be made.  Total 

variation of the moduli K and are given by the equations below: 

𝑆𝐾 =
𝐾∞−𝐾(0)

𝐾∞
=

𝐸𝐾

1+𝐸𝐾
 ,                                                 5.47 

and 

𝑆𝜇 =
𝜇∞−𝜇(0)

𝜇∞
=

𝐸𝜇

1+𝐸𝜇
  ,                                                5.48 

where 𝐸𝐾 and 𝐸𝜇  are the excess compliance of the bulk and shear modulus, respectively. 

𝑆𝐾 and 𝑆𝜇 cannot be lower than 0 and greater than unity.  

On the other hand, the density variation due to the pressure change is given by the 

exponential compaction law: 

𝜌(𝑃) = 𝜌∞ + (𝜌(0) − 𝜌∞)𝑒−𝑃 𝑃𝜌⁄                                    5.49 

where 𝜌∞ and 𝜌(0) are the density values at high pressure and zero pressure measurements, 

respectively. Pρ is the characteristic pressure for the variation.  

The 179 sets of data from different geological settings were studied to derive the different 

trends in density, bulk modulus, and shear modulus as a function of confining pressure. The 

rocks contain different ranges of porosity and permeability. The results are shown in 

Figure 5.22, taken from MacBeth (2004). For each dataset, bulk and shear modulus were 

calculated by using measured values of Vp, Vs, and density.  Figure 5.23 illustrates the high 

porosity samples from MacBeth (2004).  
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Figure 5.22. The plots of a) density variation b) bulk modulus, and c) shear modulus 

versus confining pressure for different sandstones (Modified from MacBeth 2004) 
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Figure 5.23. Selection of sandstone samples which fit to the high porosity group 

including the unconsolidated group (Modified from MacBeth 2004) 

 

A Matlab program was written to derive bulk and shear modulus from the reservoir flow 

simulation results by considering different parameters. The results obtained from rock physics 

modeling (Figure 5.20 and Figure 5.21) were compared with the curves obtained from 

MacBeth‘s results (Figure 5.22 and Figure 5.23) to derive different lap parameters defined in 

those curves.  
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The results were compared with the time-lapse seismic inversion at the monitor survey 

time (presented in Figure 5.24). The result from Sim2Seis shows a good correlation with the 

time-lapse seismic result.   

 

Figure 5.24. Acoustic impedance map taken from sim2seis process at the monitor 

seismic survey time. 

.  
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Figure 5.25. Acoustic impedance map taken from monitor survey seismic inversion 

result. 

 

As discussed earlier in the time-lapse seismic inversion section (Chapter 4), the difference 

in seismic attribute values between the base and monitor seismic surveys can highlight the 

production-related changes in the reservoir. Therefore, the difference in the results from 

Sim2Seis between the base and monitor seismic survey times were extracted. Figure 5.26 

displays the result of acoustic impedance difference from the Sim2Seis process. As is clear 

from this figure, the anomalous zones are very similar to what was seen in the difference in 

acoustic impedance from the time-lapse seismic inversion results.  
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Figure 5.26. Acoustic impedance difference volume between the base and monitor 

surveys (from sim2seis process); red zones highlights higher changes and purple zones 

shows the lower changes.  

 

Because the simulation was performed until 2014, the acoustic impedance at 2014 could 

be extracted from (Sim2Seis process) and the difference between acoustic impedance volumes 

in 2014 and 2003 (base seismic survey time) was derived. The result is presented in 

Figure 5.27.  It is clear that in 2014, we can see more anomalous zones in the reservoir zone 

area compared to the result showed in Figure 5.26.  
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Figure 5.27. Acoustic impedance difference volume between the 2003 (base seismic 

survey time) and the 2014 monitor survey. 

 

Figure 5.28 shows a crossplot between the acoustic impedance from time-lapse pre-stack 

inversion and the acoustic impedance values from sim2seis process. This provides a better 

comparison between the results of the time-lapse seismic inversion results with sim2seis 

seismic attributes. As is evident, the general trend between these two results are linear and they 

correlate well in most of the cells.  

 



 

166 

 

Figure 5.28. A crossplot between the acoustic impedance from time-lapse pre-stack 

inversion and the acoustic impedance values from sim2seis process at the monitor 

seismic survey time (2009).  

 

5.4 Concluding Remarks 

The reservoir simulation process was explained in chapter 5, including building different 

geological input models for reservoir simulation. I used the Eclipse black oil model as a 

simulator in this heavy oilfield. The porosity, permeability, and saturation models were built 

by using Sequential Gaussian simulation techniques in the cells beyond the wells in the seismic 

basemap area. The history matching result was very good. The Sim2seis process was applied 

to the reservoir simulation results to convert the pressure and saturation results to elastic 

properties such as acoustic impedance, shear impedance, and extended elastic impedance 

(EEI).s. MacBeth’s (2004) method was used to derive the dry bulk modulus. This is because 

unconsolidated sands have a higher stress sensitivity of dry bulk modulus and understanding 



 

167 

the behavior of the bulk modulus will help to derive the correct elastic parameters which are 

to be correlated with the time-lapse seismic results. The results of applying the sim2seis 

process on the reservoir simulation correlates well with the time-lapse seismic results and 

shows that the results of the reservoir simulation applied on this case study are reliable.  
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 Conclusions 

6.1 Introduction 

In this chapter, I will summarize the main results of my thesis which were discussed in the 

previous chapters. Furthermore, some recommendations for continuing research in this field 

of study will be presented.  

6.2 Conclusions 

The time-lapse seismic method provides valuable information about changes in the 

reservoir during hydrocarbon production and enhanced oil recovery processes beyond the 

measured well values. During CHOPS, due to the sharp pressure changes in the reservoir in 

the areas close to wells, gas comes out of solution and foamy oil zones are created. Detecting 

these foamy oil zone and production footprints helps engineers to develop the recovery 

processes in order to maximize the production in the wells or to drill new wells. New wells are 

drilled outside production footprints, where pressure is depleted. The purpose of my research 

was to understand these production-related changes in the reservoir by integration of the time-

lapse seismic analysis and reservoir simulation results.  

In chapter 2, qualitative seismic interpretation was initially performed and the application 

of these analyses on the studied heavy oilfield was discussed. For this purpose, I created 

synthetic seismograms for the 21 wells with available density and sonic logs. This step created 

a bridge between geological and geophysical markers. Then, two horizons were interpreted at 

the top and base of the reservoir. Due to the heavy oil production in the reservoir, there were 

time-shift and amplitude changes in the reservoir at the monitor seismic survey compared to 

the base seismic survey. These changes can be determined by seismic horizon interpretation at 
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the base of the reservoir in both the base and monitor seismic surveys. The isochron map shown 

in chapter 2, Figure 2.15, illustrated time-shift at the base-horizon between the base and 

monitor surveys. Furthermore, an amplitude difference map was also extracted for the base-

horizon, shown in Figure 2.16. Both the time-shift and amplitude difference maps give 

significant qualitative information about the main oil and gas production related changes 

observed in the reservoir. I also showed that the far stack seismic data illustrated the larger 

anomalous zones which coincided with the higher cumulative heavy oil production zones. This 

emphasizes the importance of larger offset seismic data in better identifying the details about 

the reservoir.  

In chapter 3, amplitude versus offset/angle (AVO/AVA) analysis was performed on the 

time-lapse seismic data to detect the changes which are related to the heavy oil production and 

the CHOPS recovery process. First, AVO modeling was performed to understand the expected 

AVO responses due to production in the reservoir. The Aki-Richards approximation was used 

to extract the AVO responses from one of the CHOPS wells for three fluid distribution cases.  

Rock physics modeling was also applied to understand the effect of fluid saturation 

distribution in heavy oils. I used the Gassmann equations to derive the saturated bulk modulus 

for different fluid saturation schemes in order to understand the changes in elastic parameters 

such as P-wave velocity, S-wave velocity and density.  The Ciz et al. (2009) relationships were 

also used to determine the effective changes in saturated bulk and shear modulus in heavy oils. 

Since a CHOPS reservoir is not sensitive to temperature, I only derived the effect of pressure 

changes on the shear modulus by in the rock physics modeling. 

Chapter 3 also addressed the results of applying AVO analysis to the real time-lapse 

seismic data at the CHOPS reservoir. I showed that base and monitor seismic surveys have 
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different AVO responses. Although both base and monitor seismic surveys display results that 

indicate  class III sand models (that is, low impedance reservoir  encased in  higher  impedance  

shales, resulting  in  and  AVO increase at  top and  base of reservoir), the monitor seismic data 

showed a higher amplitude of the reflector compared to the base seismic survey. Furthermore, 

the amplitude behavior as a function of angle of incidence is also different in both seismic 

surveys; their gradient and curvature are different in the base and monitor seismic surveys. 

Different time-lapse AVO seismic attributes were extracted to highlight which AVO 

parameters were more sensitive to the oil production and recovery process of a CHOPS field. 

The results were promising and could highlight the anomalous zones in the reservoir. Among 

the many attributes discussed in Chapter 3, the difference in scaled Poisson‘s ratio, the 

difference in delta rho, and the difference in fluid factor showed higher anomalous zones and 

more change in the reservoir. These areas can be attributed to the foamy oil and footprint zones 

in the reservoir.  

Chapter 4 addressed the application of the time-lapse seismic inversion in quantitative 

seismic interpretation. Different techniques for time-lapse seismic inversion were applied to 

derive various elastic attributes which could then be calibrated to the changes in the CHOPS 

reservoir. Post-stack time-lapse seismic inversion was used to produce the acoustic impedance 

in the base and monitor seismic surveys. The difference in acoustic impedance between the 

base and monitor seismic surveys highlighted changes of this attribute during production time 

between 2003 and 2009. This attribute showed some of anomalous changes in the reservoir but 

not all of the details. Therefore, pre-stack time-lapse seismic inversion techniques were also 

used to maximize the information taken from the time-lapse seismic data. A pre-stack 

simultaneous inversion technique was applied to the time-lapse pre-stack data to produce 



 

171 

acoustic impedance, shear impedance, and density in the base and monitor seismic surveys. 

Shear impedance and density seismic volumes were very helpful in the discrimination the 

anomalous reservoir zones. The combination of these attributes was also   helpful in detecting 

the changes in the reservoir.  The Lamé attributes (LambdaRho (, MurRho (, and 

Lambda/Mu  ratio) illustrated larger changes close to CHOPS producer wells. The zones 

of larger changes observed by the Lamé attributes were much better than the acoustic 

impedance, shear impedance, and density seismic volumes. This is probably because the Lamé 

attributes are computed by squaring and differencing the impedances, and thus highlight the 

anomalous zones more clearly. These anomalous zones can be correlated with the foamy oil 

and production footprints. These footprint areas normally have low pressure which leads to the 

drainage areas. The detection of these zones plays an important role in reservoir and production 

engineering.  

Extended elastic impedance (EEI) inversion was also applied on the time-lapse seismic 

data to highlight production-related changes in the reservoir better. I showed that EEI at a chi 

angle of 45 degrees (=45o) delineated higher changes in the areas close to the wells compared 

to other chi angles. A combination of all these inversion techniques could help us to be more 

confident in predicting the anomalous zones.   

The reservoir simulation process was explained and utilized in chapter 6, which also 

includes a discussion of the building of different geological input models for reservoir 

simulation. I used the ECLIPSE black oil model as a simulator in this heavy oilfield. The 

porosity, permeability, and saturation models were built by using the Sequential Gaussian 

simulation technique in the area of study. The history matching in the wells was very good. To 

be able to quantitatively compare the reservoir simulation results with the time-lapse seismic 
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outputs, a sim2seis process was applied to convert the pressure and saturation results to the 

elastic properties such as acoustic impedance, shear impedance, and extended elastic 

impedance results. In addition to the rock physics modeling which was discussed in chapter 3, 

the MacBeth (2004) method was used to derive the effective dry bulk modulus in the 

unconsolidated sands. This step was done because unconsolidated sands have a higher stress 

sensitivity of dry bulk modulus and understanding their behavior helps to obtain the correct 

elastic parameters which are correlated well with the time-lapse seismic results. The results of 

applying the sim2seis process on the reservoir simulation correlate well with the time-lapse 

seismic results. The crossplot of the result of acoustic impedance from pre-stack time-lapse 

seismic inversion versus acoustic impedance from the sim2seis process show a general linear 

trend (1:1) which suggests that the simulation results are quite reliable. Also, the acoustic 

impedance volume and other attributes for the 2014 survey was also estimated. The results 

show how the anomalous zones due to production increased between 2003 and 2014. 

 

6.3 Recommendations for Future Work 

There are some anomalous points in the crossplot of the result of acoustic impedance from 

pre-stack time-lapse seismic inversion versus acoustic impedance from the sim2seis process 

which show that the some cells are not matched well. It is recommended that those cells be 

identified and that the initial porosity and permeability input models be updated in those cells 

before running the reservoir simulation and sim2seis process.  This should lead to higher 

correlation between the inverted acoustic impedance from pre-stack time-lapse seismic 

inversion versus the acoustic impedance from the sim2seis process. 
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 I recommend using a geomechanical reservoir simulation to mimic the real stress 

conditions that can be seen in the heavy oil cold production field.  

I also suggest the rock physics modeling be used in a heavy oilfield undergoing a thermal 

recovery process. 

I recommend comparing the result shown in Figure 5.27 with the seismic analysis on the 

new seismic survey which was acquired in 2014.  
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Appendix A 

Here, I listed the relationships that I used in my code for fluid substitutional modeling for 

different fluid properties. They are based on Batzle and Wang (Batzle and Wang, 1992) 

relationships.  

i) Bulk modulus and density of brine: 

Bulk modulus can be derived from: 

𝐾𝑏𝑟𝑖𝑛𝑒 = 𝜌𝑏𝑟𝑖𝑛𝑒𝑉𝑏𝑟𝑖𝑛𝑒
2 × 10−6                                                (A.1) 

Where 𝐾𝑏𝑟𝑖𝑛𝑒(𝐺𝑃𝑎), 𝜌𝑏𝑟𝑖𝑛𝑒(𝑔𝑟/𝑐𝑚3), and 𝑉𝑏𝑟𝑖𝑛𝑒 (𝑚/𝑠)are bulk modulus, density, and P-

eave velocity in brine, respectively. 

Density in brine can be estimated by: 

𝜌𝑏𝑟𝑖𝑛𝑒 = 𝜌𝑤 + 10668𝑆 + 0.44𝑆2 + 10−6𝑆[300𝑃 − 2400𝑃𝑆 + 𝑇[80 + 3𝑇 − 3300𝑆 −

13𝑃 + 47𝑃𝑆)]                                                                                              (A.2) 

where P(MPa) and T(C) are the in-situ pressure and temperature, S (as weight fraction ) is the 

salinity of brine, and 𝜌𝑤 (g/cm3) is density of water given by 

𝜌𝑤 = 1 + 10−6(−80𝑇 − 3.3𝑇2 + 0.00175𝑇3 + 489𝑃 − 2𝑇𝑃 + 0.016𝑇2𝑃 − 1.3 ×

10−5𝑇3𝑃 − 0.333𝑇𝑃2 − 0.002𝑇2𝑃)                                                                                 (A.3) 

P-wave velocity of brine can be estimated by: 

𝑉𝑏𝑟𝑖𝑛𝑒 = 𝑉𝑤 + 𝑆(1170 − 9.6𝑇 + 0.055𝑇2 − 8.5 × 10−5𝑇3 + 2.6𝑃 − 0.0029𝑇𝑃 −

0.0476𝑃2) + 𝑆1.5(780 − 10𝑃 + 0.16𝑃2) − 1820𝑆2                                                        (A.4) 

where Vw (m/s) is P-wave velocity in pure water. 

ii) Bulk modulus and density of gas 

Density of gas can be given as: 
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𝜌𝑔𝑎𝑠 ≅

28.8𝐺𝑃

𝑍𝑅(𝑇 + 273.5)
 

(A.5) 

 

where G is the specific gravity of gas (API), R is the gas constant (8.314) and Z is the 

compressibility factor estimated by: 

 

 𝑍 = [0.03 + 0.00527(3.5 − 𝑇𝑝𝑟)
3]𝑃𝑝𝑟 + (0.642𝑇𝑝𝑟

− 0.007𝑇𝑝𝑟
4 − 0.52) + 𝐸 

(A.6) 

and 

𝐸 = 0.109(3.85 − 𝑇𝑝𝑟)
2𝑒𝑥𝑝 {− [0.45 + 8(0.56 −

1

𝑇𝑝𝑟
)2]

𝑃𝑝𝑟
1.2

𝑇𝑝𝑟
}                          (A.7) 

Where 𝑇𝑝𝑟 and 𝑃𝑝𝑟 are the pseudo-reduced temperature and pressure, respectively and are 

estimated as: 

𝑇𝑝𝑟 =
𝑇+273.15

94.72+170.75𝐺
                                                     (A.8) 

𝑃𝑝𝑟 =
𝑃

4.892−0.4048𝐺
                                                      (A.9) 

The bulk modulus of gas (GPa) is given by: 

 
𝐾𝑔𝑎𝑠 ≅

𝑃

(1 −
𝑃𝑝𝑟

𝑍
𝜕𝑍
𝜕𝑃𝑝𝑟

)
𝑇

𝛾0

1000
 

(A.10) 

where 

𝛾0 = 0.85 +
5.6

𝑃𝑝𝑟+2
+

27.1

(𝑃𝑝𝑟+3.5)2
− 8.7𝑒𝑥𝑝[−0.65(𝑃𝑝𝑟 + 1)]              (A.11) 

(
𝜕𝑍

𝜕𝑃𝑝𝑟
)
𝑇

= 0.03 + 0.00527(3.5 − 𝑇𝑝𝑟) + 0.109(3.85 − 𝑇𝑝𝑟)
2𝐹         (A.12) 



 

184 

𝐹 = −1.2
𝑃𝑝𝑟

0.2

𝑇𝑝𝑟
[0.45 + 8 (0.56 −

1

𝑇𝑝𝑟
)
2

] 𝑒𝑥𝑝 {− [0.45 + 8 (0.56 −
1

𝑇𝑝𝑟
)
2

]
𝑃𝑝𝑟

1.2

𝑇𝑝𝑟
}    (A.13) 

iii) Bulk and shear modulus of oil 

Bulk modulus of oil, Koil (GPa), can be given as: 

𝐾𝑜𝑖𝑙 = 𝜌𝑜𝑖𝑙𝑉𝑜𝑖𝑙
2 × 10−6                                               (A.14) 

where Voil (m/s) and ρoil (g/cm3)  are P-wave velocity the density in oil  and can be given as: 

 
𝜌𝑜𝑖𝑙 =

𝜌𝑠 + (0.00277 − 1.71 × 10−7𝑃3)

0.972 + 3.81 × 10−4(𝑇 + 17.78)1.175
 

(A.15) 

 

𝑉𝑜𝑖𝑙 = 2096√
𝜌𝑝𝑠

2.6−𝜌𝑝𝑠
− 3.7𝑇 + 4.6𝑃 + 0.0115 [√

18.33

𝜌𝑝𝑠
− 16.97 − 1] 𝑇𝑃     (A.16) 

In the above equations, ρs  and ρps can be estimated as: 

 
𝜌𝑠 =

𝜌𝑜 + 0.0012𝑅𝐺𝐺

𝐵𝑜
 

(A.17) 

 𝜌𝑝𝑠 =
𝜌𝑜

(1 + 0.001𝑅𝐺)𝐵𝑜
 (A.18) 

where RG is the GOR (litre/litre), ρ0(gr/cm3) is the reference density of oil measured at 15.6 

C. Bo is the formation volume factor of oil which is estimated as: 

𝐵𝑜 = 0.972 + 0.00038 [2.495𝑅𝐺√
𝐺

𝜌𝑜
+ 𝑇 + 17.8]

1.175

              (A.19) 
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Appendix B 

Appendix B includes the proof of S-wave reflectivity relation(𝑅𝑠 =
1

2
(
∆𝑉𝑠

𝑉𝑠
+

∆𝜌

𝜌
) ≈

1

2
(𝐴 − 𝐵)): 

By considering  

𝑅𝑃𝑃(𝜃) ≈ 𝐴 + 𝐵𝑠𝑖𝑛2(𝜃)                                             (B.1) 

Where 

 
𝐴 ≈

1

2
(
∆𝑉𝑃

𝑉𝑃
̅̅ ̅

+ 
∆𝜌

�̅�
) 

(B.2) 

 
𝐵 ≈

1

2

∆𝑉𝑃

𝑉𝑃
̅̅ ̅

−2 (
𝑉𝑆

𝑉𝑃
)
2

(2 
∆𝑉𝑆

𝑉�̅�

+ 
∆𝜌

�̅�
) 

(B.3) 

Considering  (
𝑉𝑆

𝑉𝑃
) =

1

2
 , then: 

 
𝐵 ≈

1

2

∆𝑉𝑃

𝑉𝑃
̅̅ ̅

−
∆𝑉𝑆

𝑉�̅�

+
1

2
 
∆𝜌

�̅�
 

(B.4) 

Then: 

 
𝑅𝑠 =

1

2
(
∆𝑉𝑠

𝑉𝑠
+

∆𝜌

𝜌
) ≈

1

2
(𝐴 − 𝐵) 

 

(B.5) 

 

 

 

 


