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ABSTRACT 

This thesis research integrates reservoir simulation with time-lapse (4D) seismic 

monitoring of reservoir processes, through rock and fluid physics modeling. During the COz 

injection program at Weyburn Field, changes in reservoir fluid pressure, fluid composition and 

saturation are expected. Fluid models are developed for the acoustic properties of brine, oil, and 

oil - COz mixtures. An anisotropic rock physics model is used to calculate the sensitivity of the 

seismic properties of the reservoir to fluid and stress changes. Reservoir simulation of the 

enhanced oil recovery operations provides estimates of the changes in pore pressure, saturation, 

and fluid composition. The reservoir simulation output is combined with the rock and fluid 

physics models to estimate the change in seismic properties of the reservoir. These predicted 

changes are compared to the time-lapse difference anomalies in the P-wave seismic data. 

The fluid physics models are based on existing empirical relations, laboratory 

measurements and equation of state modeling. The pressure- and porosity-depend anisotropic 

model for the reservoir zones is built from ultrasonic measurements on core samples, analysis of 

geophysical logs, and effective medium modeling for saturated, fractured rocks. This model can 

be used to calculate the density and elastic stiffness matrix of a transversely isotropic rock with a 

horizontal (HTI) symmetry axis. Synthetic seismic modeling shows that changes in the upper and 

lower (Marly and Vuggy) reservoir zones are not independently resolved in the seismic data. The 

magnitude of the expected changes in P-wave reflection amplitude due to COz injection is 15% to 

20%, and should be detected in the time-lapse seismic data. 

Through interpretation of P-wave seismic data volumes, areas effectively contacted by 

CO2 are identified. The observed time-lapse anomalies correlate strongly with the modeled C02  

movement and P-impedance decrease. The differences in the seismic data include more spread 

out anomalies, differences in location of anomalies, and evidence for COz fingering along 

fractures. This thesis research provides the forward model for calculating changes in seismic 

properties from reservoir processes. It can be used in future research in integrated reservoir 

inversion to refine the reservoir model and the reservoir simulation process. 
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CHAPTER 1 

IN'TRODUCTION 

1 .I  Introduction 

This research is sponsored by the Reservoir Characterization Project (RCP) and the Rock 

Physics Lab, industiy-sponsored research consortia at the Colorado School of Mines. The main 

goal of RCP is to integrate dynamic data from time lapse (4-D) multicomponent (9-C) seismic 

surveys into reservoir simulation. Phases VIII and M of RCP focus on Weyburn Field, 

Saskatchewan, a carbonate reservoir undergoing a COz flood. The seismic data acquired during 

injection and production are integrated with geological and engineering data to dynamically 

characterize the reservoir. 

During enhanced oil recovery operations at Weyburn Field, many questions need to be 

answered. Where are the injected fluids going? What is the sweep efficiency? Are there areas 

with bypassed oil? Are some areas more heavily fractured and more permeable than others? 

How can the injection scheme be optimized? To help answer these questions, a time-lapse multi- 

component seismic study is being conducted in a section of the COz flood area at Weyburn Field. 

Rock physics theory is the link between the seismic data and the reservoir processes. The 

purpose of this work is to establish a theoretical and experimental basis for identifying fluid 

composition and fluid pressure changes in the reservoir from changes in the seismic data over 

time. First, the necessary data to model these effects are acquired from ultrasonic testing of 

reservoir fluids and rock core samples, and analysis of geophysical logs. Second, these data are 

integrated to develop a pressure-dependent, anisotropic rock physics model for the seismic 

response of a saturated, fractured, rock-fluid system. Third, this rock physics model is used to 

evaluate the sensitivity of the seismic properties of the reservoir to changes in fluid composition 

and pressure and to estimate the expected changes in the 4-D seismic data based on the reservoir 

simulation results. Fourth, the time-lapse seismic data are compared with the time-lapse seismic 

attributes predicted from reservoir simulation. The data are interpreted for changes in fluid 



pressure and composition due to the enhanced oil recovery (EOR) operations. The information 

gained can be used to update the geological and reservoir models for Weyburn Field. 

In this introductory section, Weyburn Field is described from both an oil production 

(Section 1.2) and geologic (Section 1.3) perspective. The EOR scheme is discussed in Section 

1.4. The RCP Phase M study is introduced in Section 1.5. 

1.2 Wevburn Field 

Weyburn Field is located in the northern part of the Williston Basin in Saskatchewan, 

Canada (Figure 1.1). It is operated by PanCanadian Petroleum. Production is from Mississippian 

age carbonates at depths of 1300 to 1500 meters. The Midale reservoir beds are divided into two 

main zones, an upper Marly dolostone zone and the lower Vuggy limestone zone. These are 

described in Section 1.3. 
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Figure 1.1 Location of Weyburn Field in Saskatchewan, Canada. 



The following development and production data are taken from PanCanadian (1997). 

Weyburn Field was discovered in 1954 and produced on primary production until 1964 when 

waterflood was implemented. Production peaked in 1965 at 46,000 barrelsfday. Because of the 

fractured nature of the Vuggy unit, it was preferentially swept in the waterflood. Horizontal infill 

drilling began in 1991 to target bypassed oil in the Marly unit. In 2000, a COz injection project 

began, which is discussed in more detail in Section 1.4. 

The objective of this enhanced oil recovery project is to increase the recovery rate for 

Weyburn Field. The original oil in place at Weyburn Field is estimated at 1.4 billion barrels 

(PanCanadian Petroleum, personal communication, 2002). As of 2000, approximately 24% of 

this oil has been recovered. 

1.3 Wevburn Field Geoloqv and Reservoir Properties 

The Williston Basin contains sediments of shallow marine origin and Cambrian to 

Tertiary age. The Midale beds of the Mississippian Charles Formation were formed during a 

transgression - regression sequence. The Bakken Shale is a possible source rock for the medium 

gravity crude oil at Weyburn Field. The Midale reservoir beds were deposited in a shallow 

carbonate shelf environment. The petroleum trap is both hydrodynamic and stratigraphic 

(Churcher and Edmunds, 1994). 

A detailed geologic description of Weyburn Field is found in Churcher and Edmunds 

(1994), Bunge (2000), and Reasnor (2001). A stratigraphic column representative of Weyburn 

Field is shown in Figure 1.2. The Marly beds consist of evaporite and carbonate units. The 

carbonate reservoir has been subdivided into the Marly dolostone and the Vuggy limestone. 

The following reservoir description and data are from PanCanadian (1997). The Marly 

zone consists of chalky, microcrystalline dolostone and dolomitic limestone. These are 

commonly separated by tighter, fractured limestone interbeds. In some areas, the Marly 

carbonate beds are partially replaced by mudstones, grainstones, and dolomitic muds, formed as a 

tidal-channel fill sequence. Net pay thickness in the Marly zone is 0.1 m to 9.8 m, with an 

average of 4.3 m. Porosity ranges from 16% to 38%, and averages 26%. Permeability varies 

from 1 md to over 100 md, with an average of 10 md. 



Figure 1.2 Stratigraphic column for Weyburn Field. Left side is after Dietrich and Magnusson 
(1998). Right side is after Wegelin (1984). 

The Vuggy zone is subdivided into two rock types formed in the shoal and inter shoal 

environments. The shoals were higher energy environments where coarse grained carbonate 

(limestone) sands accumulated. These sediments, more prevalent in the west end of Weyburn 

Field, have porosity from 12% to 20%, with an average of 15%. Permeability is very high, from 

10 md to over 500 md, with an average of 50 md. 

Between the shoals, muddy carbonate sediments accumulated in a low energy shallow 

marine environment. Porosity and permeability in the intershoal sediments are lower than in the 

shoal sediments. Porosity ranges from a few % to 1276, with an average of 10%. Matrix 

permeability varies from 0.1 md to 25 md, averaging 3 md. 

Overall, net pay in the Vuggy zone ranges from 0.1 m to 18.6 m, with an average of 6 m. 

Net porosity ranges from 8% to 20%, averaging 11%. The average porosity in the RCP Study 



area is 10% (Section 8.2.1). Matrix air permeability values range from 0.3 md to over 500 md, 

and average 15 md. 

An evaporitic dolomite and shale sequence overlies the Midale reservoir and forms a top 

seal. These beds are capped by the Midale Evaporite. The Ratcliffe and Poplar Beds, a series of 

thin carbonate and evaporitic carbonate sequences, overlie the Midale Evaporite and are truncated 

towards the north by the Mississippian unconformity. Beneath the Midale reservoir lie the 

Frobisher Beds of the Mission Canyon Formation. The lithology and depositional environment 

are similar to the Midale Beds. The original oil-water contact for the Weyburn reservoir is in the 

upper part of the Frobisher Vuggy zone. 

1.4 Enhanced Oil Recoverv Operations 

The following information is taken from PanCanadian (1997). The C 0 2  miscible flood 

operation is expected to enhance oil recovery for several reasons. First, C 0 2  dissolves in and 

significantly increases the volume of Weyburn oil. Waterflooding the swollen oil increases the 

recovery by a maximum of 23%. Second, dissolved COz lowers the viscosity of oil and increases 

its mobility in the reservoir. 

In most other carbonate fields, C 0 2  breakthrough occurs before 5% pore volume has been 

injected. This is due to large scale reservoir heterogeneities, gravity override of the C 0 2  at the 

top of the formation, and lack of total miscibility of the CO2 and oil. A good way to overcome 

early breakthrough problems is to alternate water and CO2 injection (WAG). This minimizes the 

formation of the highly mobile CO2-rich phase and maintains flow in the oil-rich phase. 

Simulation results suggest that four different approaches may be successful at Weyburn. These 

are: simultaneous but separate injection of water and gas (SSWG), Vuggy water alternating gas 

(VWAG), Marly-Vuggy water alternating gas (MVWAG), and straight gas injection (SGI). 

These methods will be used in different parts of the EOR project area and are expected to 

increase oil recovery by more than 16% and extend the life of Weyburn Field by about 25 years. 

In the RCP study area, the enhanced oil recovery strategy is SSWG. 

In the simultaneous but separate water and gas injection scheme, COz is injected into the 

Marly zone through horizontal wells. Water is injected into the Vuggy zone with vertical wells. 



The density contrast should keep the C02 in the Marly zone. Production is through both 

horizontal and vertical wells. A schematic cross section of the EOR scheme is shown in Figure 

1.3. The fluids in the reservoir are C02, mixtures of C02 and oil, original oil, and brine. The 

seismic properties of these fluids are discussed in Chapter 2. 

Horizontal Producer 
I Horizontal C02 Injector 

\ Vertical 
Producer 

Vertical Water 
Injector 

Figure 1.3 Schematic cross section of reservoir showing EOR strategy. 

Injection commenced in October 2000 for 19 patterns at Weyburn Field. The volume of 

CO2 injected has ranged 3 to 7 million cubic feet per well per day. As of the date of the first 

monitor survey (September 2001), 4% to 6% COz by pore volume had been injected into 

reservoir in the RCP study area (Fall 2001 Sponsors Meeting presentation by David Stachniak). 

1.5 RCP Phases Vlll and IX Studv 

The RCP phases VII and IX study area is shown in Figure 1.4. It is approximately 9 km2. 

A plan view of the EOR operations is shown in Figure 1.5. 



Figure 1.4 Location of RCP 4-D 9-C seismic survey area. Modified from PanCanadian 
Petroleum. 
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Horizontal C02 Injector Well 

'7 Horizontal Production Well 

Figure 1.5 EOR infrastructure at RCP 4-D 9-C seismic survey area. 



During the COz and water injection, the reservoir is monitored with several time-lapse 

m~llticomponent (4-D 9-C) seismic reflection and vertical seismic profile surveys. The baseline 

9-C seismic reflection survey was shot immediately prior to C02  injection in late September and 

early October 2000. The first 9-C monitoring survey was shot in September 2001. The seismic 

surveys are described in Chapter 9. An additional monitoring survey is planned for 2003. 

A main focus of RCP research is to integrate time-lapse seismic data into reservoir 

simulation. This thesis research contributes to that goal by extending reservoir simulation from 

flow and compositional modeling to seismic attrib~~te modeling. This is done by integrating the 

reservoir model and compositional reservoir simulation with rock and fluid physics modeling. 

This aids in interpretation of the time-lapse seismic data and is useful for other RCP research in 

fracture analysis, seismic inversion, and reservoir simulation. 



CHAPTER 2 

ACOUSTIC PROPERTIES OF RESERVOIR FLUIDS 

2.1 Introduction 

Estimates of the fluid saturation for the Marly and Vuggy zones at the times of the 

baseline and monitor seismic surveys are used together with the acoustic properties of the fluid 

phases to obtain the effective bulk moduli and density of the reservoir fluids. These data are 

necessary to predict the changes in the seismic properties of the reservoir units due to changes in 

fluid pressure, composition, and saturation. This chapter presents models for the acoustic 

properties of reservoir fluids. The results are used in rock physics modeling (Chapters 4 and 5), 

which will aid in the interpretation of the time lapse seismic data at Weyburn Field. 

Fluid properties are used in calculating the elastic stiffness tensor of the rock-fluid 

system, as in Gassmann's (1951) or Brown and Korringa's (1975) equations. Fluids affect the 

compressional-wave velocity, VP, of the rock-fluid system by influencing the density, p, and bulk 

modulus, K: 

where p is shear modulus. Gassmann's equation is a simple model for determining the seismic 

velocities of a rock under different fluid conditions, a problem known as "fluid substitution." 

Gassmann theory is based on isostress conditions for an isotropic, homogeneous, monoininerallic 

rock at the low frequency limit. A common form is 

where KsAT is saturated rock bulk mod~~lus  to be used in Eq. (2. l), KDRy is "dry" rock bulk 



modulus, KM is mineral modulus, 0 is porosity, and KFL is fluid bulk modulus. "Dry" means 

room dry. According to Gassmann's theory, fluid has no effect on shear modulus, p, and has a 

minor influence on shear-wave velocity, Vs, through density 

To perform fluid substitutions using Gassmann's or other equations, the density and bulk 

modulus of the fluid must be modeled as a function of composition and pressure. 

2.2 Wevburn Reservoir Fluids 

At Weyburn Field, the enhanced oil recovery operations will change the composition and 

saturation of the fluids in the Marly and Vuggy units. The fluids in these units are brine, original 

oil, COz, and mixtures of COz and oil. The following historical data on reservoir fluids are from 

PanCanadian (1997). The average reservoir temperature is 63 "C. The reservoir pore pressure at 

time of discovery is estimated as 14 MPa, the hydraulic gradient pressure. During primary 

production, the pore pressure dropped locally to as low as 2 MPa and averaged over 6 MPa. 

Under watefflood, the pore pressures vary from 8 to 19 MPa. 

Recent pore pressure data are available from reservoir simulation (Section 8.2) and from 

a well pressure survey performed by PanCanadian during 2001. The pressure survey shows that 

the pore pressures in the RCP study vary from approximately 12.5 MPa to 18 MPa and average 

15 to 16 MPa. For modeling purposes the expected pore pressure range is assumed to be 8 to 20 

MPa under C02 flood, with an average of 15 MPa. Higher pressures may occur close to the 

injector wells, but pressure should decrease a short distance away from injectors, due to the 

fract~~red and permeable nature of the reservoir. 

2.2.1 Brine 

According to PanCanadian reports (1997), the Midale reservoir units had an original 

salinity of 229,000 ppm total dissolved solids (TDS). After nearly approximately 25 years of 

watefflooding with water from the Blairmore Fm. (20,000 ppm TDS), the salinity has been 



lowered to 85,000 ppm TDS in the reservoir. Given the non-uniformity of the water flood, it is 

likely that salinity varies within the Marly and Vuggy units. 

Brine is the simplest reservoir fluid to model, with a composition specified by one 

variable, salinity. Fluid Acoustics for Geophysics (FLAG 4), a modeling program developed in 

the Fluids Project at the Colorado School of Mines and Houston Advanced Research Center, 

models the bulk modulus and density of brine as a function of salinity, temperature and pressure. 

NaCl is the only dissolved solid considered. The FLAG relations for acoustic properties of brine, 

oil, and gas are described in Batzle and Wang (1992) and Han and Batzle (200Clb). Figures 2.1 

and 2.2 show the bulk modulus and density, respectively, of brine as a function of salinity and 

(pore) pressure, at an average reservoir temperature of 63 "C. 

Brine is the most dense and least compressible fluid in the reservoir. Its bulk modulus 

and density increase with increasing pressure and salinity. For expected reservoir conditions of 

85,000 ppm TDS and pore pressures from 8 to 20 MPa, the bulk modulus of reservoir brine is 

2.83 to 2.92 GPa. The density ranges from 1.044 to 1.049 glcc. 

Brine, T = 63 OC 

Pressure. MPa 

Figure 2.1 Bulk modulus of brine as a function of salinity and pressure, at reservoir temperature. 
Modeled with FLAG 4.0. 
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Figure 2.2 Density of brine as a function of salinity and pressure, at reservoir temperature. 
Modeled with FLAG 4.0. 

For expected reservoir conditions, the acoustic properties of brine can be represented as 

linear functions of pressure: 

K = 7.424~10-~ P + 2.773 (2.4) 

p = 4.032x10-~ P + 1.041, (2.5) 

where K is GPa, P in NIPa and p in glcc. 

2.2.2 Oil 

Weyburn crude is a light to medium oil. PanCanadian (1997) reports the average oil 

properties as 29 API gravity, 30 LIL gas oil ratio (GOR), and bubble point pressure of 6 MPa. 

The range is 25 to 34 API gravity, 17 to 32 LIL GOR, and 2.2 to 6.7 MPa bubble point pressure. 

Reported gas gravities (G,) range from 0.935 to 1.3. For Weyburn oil, the average G, is assumed 

to be 1.22, the value of a sample tested in the Rock Physics Lab at Colorado School of Mines. 



FLAG specifies the composition of live oil (oil with dissolved gas) by API gravity, GOR, 

and G,. FLAG Hydrocarbon Model 1 was used for bulk modulus and density calculations. 

Figures 2.3 and 2.4 present the bulk modulus and density, respectively, of live Weyburn crude oil. 

The bulk modulus and density of oil increase with decreasing API gravity, decreasing 

GOR, and increasing pressure. Gas gravity affects the amount of gas that can dissolve in oil, but 

has little influence on the properties of live oil. A dramatic decrease in bulk modulus and density 

occurs below the "bubble point" pressure, the pressure at which gas begins to come out of 

solution in the oil. Since gas is several orders of magnitude more compressible than oil at low 

pressures, a small amount of gas will control the bulk modulus of the two-phase mixture. As 

shown in Figure 2.3, this occurs below 4 to 5 MPa pressure in the model for Weyburn oil. The 

density also decreases significantly as shown in Figure 2.4, but not as much as bulk modulus 

does, because density is the arithmetic average of the density of the oil and gas phases. 

The enhanced oil recovery operations are designed to keep the reservoir pressure above 

the bubble point. For the average original Weyburn oil and an expected pore pressure range of 8 

to 20 MPa, the bulk modulus is 1.25 to 1.41 GPa, and the density is 0.826 to 0.834 glcc. 

Weyburn Crude Oil, T = 63 OC 

Pressure, MPa 

Figure 2.3 Bulk modulus of Weyburn crude oil as a function of composition and pressure, at 
reservoir temperature. Modeled with FLAG 4.0. 
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Figure 2.4 Density of Weyburn crude oil as a function of composition and pressure, at reservoir 
temperature. Modeled with FLAG 4.0. 

At reservoir conditions COz is above its critical point of 7.4 MPa and 31 OC. It is a dense 

fluid without a distinct phase transition between liquid and gas. The optimum bottomhole 

injection pressure for COz at Weyburn Field is 24 MPa (PanCanadian, 1997), although this 

pressure may not be realizable throughout the enhanced oil recovery operations. Because of the 

small amount of COz injected compared to the reservoir volume, the expected temperature' 

changes in the reservoir are negligible. 

The acoustic properties of pure COz can be modeled using STRAPP (NIST, 1988,2002). 

STRAPP is a program developed by the National Institute of Standards and Technology to model 

thermophysical properties of hydrocarbon mixtures, using an equation of state. Figures 2.5 and 

2.6 show the bulk modulus and density, respectively, of COT at reservoir conditions, modeled 

with STRAPP. For bottomhole pressures of 18 to 24 MPa, the bulk modulus of pure COz is 0.05 

to 0.17 GPa, and density ranges from 0.66 to 0.76 g/cc. 



Pressure, MPa 

Figure 2.5 Bulk modulus of COz as a function of pressure, at reservoir temperature. Modeled 
with STRAPP. 

Pressure, MPa 

Figure 2.6 Density of COz as a function of pressure, at reservoir temperature. Modeled with 
STRAPP. 



2.2.4 Oil + COP Mixtures 

The injected C 0 2  will not form a pure, separate phase at reservoir conditions. It will 

extract hydrocarbons from the oil until it attains a composition that is miscible with the oil above 

a minimum miscibility pressure of 14 to 17 NIPa (PanCanadian, 1997). Up to approximately 0.66 

mole fraction C 0 2  can dissolve in the oil above the minimum miscibility pressure. If more C02 is 

present, a COz rich phase with dissolved light hydrocarbons will be formed. However, since this 

phase will be more mobile than the oil, it will flow faster, contact fresh oil, and dissolve to 

saturation levels in the oil. 

The acoustic properties of oil and C02  mixtures can be modeled using STRAPP and 

FLAG. The addition of C 0 2  to live oil has the effect of increasing the GOR and the gas gravity. 

The mole percent C 0 2  is calculated based on an estimated average molecular weight of 320 for 

the dead oil samples tested for CSM. STRAPP is used to calculate the volume (for GOR) and gas 

gravity of the C 0 2  and hydrocarbon gas. These are then input into FLAG and the bulk modulus 

and density can be calculated. 

Because the empirical equations in FLAG were optimized for oils with dissolved 

hydrocarbon gases, it is necessary to verify FLAG'S accuracy for modeling dissolved C02. A 

sample of live Weyburn oil with 38% mole C 0 2  was tested in the lab and compared to modeling 

results using STRAPP and FLAG. The measurement procedure is described in Han and Batzle 

(20004 and the Fluid Project Report (2000). Hydrocarbon Model 1 fit the data best, as shown in 

Figure 2.7. For practical reasons, the test was carried out at room temperature and P-wave 

velocity was measured instead of dynamic bulk modulus. The misfit is generally less than 2%. 

Based on the laboratory test results, STRAPP and FLAG are adequate for modeling C 0 2  

dissolved in oil. For modeling, the average properties of 29 API gravity, GOR of 30 L/L, gas 

gravity of 1.22 were used as the base Weyburn oil. The modeled bulk modulus and density for 

mixtures of oil and CO2 are shown in Figures 2.S and 2.9 respectively. The end members of 

original live oil and pure C02 are included for comparison. In Figure 2.9, the apparent higher 

density of pure C02 compared to oil + 66% C02 is not real. C02 properties were calculated in 

STRAPP, a highly accurate equation of state based program, whereas oil + C 0 2  mixtures were 

modeled with the empirical FLAG relations, and may be less accurate. 
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Figure 2.7 Comparison of ultrasonic measurement results of P-wave velocity with FLAG model. 
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Figure 2.8 Bulk Modulus of oil and C02 mixtures as a f~~nction of composition and pressure, at 
reservoir temperature. Modeled with STRAPP and FLAG. 
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Figure 2.9 Density of oil and C02 mixtures as a function of composition and pressure, at 
reservoir temperature. Modeled with STRAPP and FLAG. 

The addition of C 0 2  to live Weyburn oil lowers the bulk modulus and density and raises 

the bubble point pressure. However, the results below the modeled bubble point pressure may be 

inaccurate because C 0 2  would not exsolve as a gas, as assumed in FLAG, but would form a C02 

phase rich with dissolved light hydrocarbons, as discussed previously. The behavior of the bulk 

modulus below the bubble point pressure or minimum miscibility pressure would likely be 

smoother than the FLAG results. 

The acoustic properties of the phase consisting of CO2 with dissolved light hydrocarbons 

could be modeled using STRAPP if the composition were known. Since data on the range in 

composition of this phase were not available, it was not modeled. The properties would likely 

fall between those of pure C 0 2  and Oil + 66% C02. Based on reservoir simulation (Chapter 8), 

this phase is expected to be present close to the C02 injection well. Properties of and options for 

modeling the C02-based phase are discussed in Chapter 7. 

The expected bulk modulus for oil with dissolved COz is 0.6 to 1.4 GPa at pore pressures 

of 15 to 24 MPa. The expected density is 0.675 to 0.83 g/cc. A significant amount of dissolved 



C 0 2  (25% +) is necessary for the acoustic properties of oil and C 0 2  mixtures to be different than 

those for the range in original oil compositions (compare Figures 2.3 and 2.8, 2.4 and 2.9). 

2.3 Summarv 

The generalized bulk modulus and density relations for Weyburn reservoir fluids under 

expected reservoir pressure and temperature conditions are presented in Figures 2.10 and 2.1 1. 

The properties of these homogeneous fluids can be used for fluid substitutions to determine the 

maximum fluid effects on the seismic properties of a saturated rock. In the reservoir, however, 

the pores may contain brine, oil, and C02-rich phases. To determine the effective properties of 

this heterogeneous fluid mixture, a mixing law must be applied, such as Wood's (1955) relation, 

Wood's relation is based on isostress behavior of an isotropic, linear, elastic material. 

The effective bulk modulus, KEm, is expressed as 

and the average density, p, is 

where f,, Ki, and pi are the volume fraction, bulk moduli, and densities of the phases, respectively. 

By combining the relations for acoustic properties of single fluid phases, and the fluid 

saturation and pressure estimates from reservoir simulation, the effective fluid density and bulk 

modulus can be calculated for the Marly and Vuggy zones. These calculations can be done for 

the reservoir conditions at the baseline and repeat seismic surveys. The data are used in rock 

physics modeling to aid in interpretation of the time-lapse seismic data for changes in reservoir 

fluid saturation and pressure. 



Weyburn Reservoir Fluids, T = 63 OC 
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Figure 2.10 Bulk modulus of reservoir fluids as functions of composition and pressure, at 
reservoir temperature. Modeled with STRAPP and FLAG. 

Weyburn Reservoir Fluids, T = 63 OC 

Pressure, MPa 

Figure 2.11 Density of reservoir fluids as functions of composition and pressure, at reservoir 
temperature. Modeled with STRAPP and FLAG. 



CHAPTER 3 

ULTRASONIC MEASURENIENTS ON CORE SAMPLES AND DRY ROCK 

ACOUSTIC PROPER'I'IES 

3.1 Introduction 

Ultrasonic measurements were performed on core samples from the Marly and Vuggy 

units for two main purposes. First, the dry rock elastic moduli are necessary for fluid 

substitutions, i.e. Gassmann's theory (Eq. 2.2), or anisotropic rock physics modeling (Chapter 5). 

Dry rock moduli can be estimated from geophysical logs but there is some uncertainty in fluid 

saturation and pressure. Through lab testing, the pressure dependence of dry rock moduli can be 

determined. This is necessary to model the effects of changing pore pressure during the enhanced 

oil recovery operations. 

The second purpose for laboratory measurements in this work is to measure velocity 

changes during a simulation of the C02 flood. A core sample from the Vuggy unit was tested 

with brine, oil with dissolved CO2, and CO2 saturation. From these test results, the magnitude of 

the expected changes in seismic properties of this reservoir zone can be estimated. The results 

can also be compared to modeling results to test the applicability of models such as Gassmann's 

theory. From test results, seismic attributes are identified that have potential for discriminating 

seismic effects of pore fluid composition and pressure change. 

Although the elastic properties of a rock can be measured very precisely through 

ultrasonic measurements, there are several drawbacks. The core sample does not contain the 

large-scale reservoir features, such as fractures, that influence both fluid flow and seismic 

response. This limitation is shared to some extent with geophysical logs. The information gained 

from core testing is still useful as representative of the background rock matrix in the reservoir, to 

which fractures can be added for modeling. The frequency range of ultrasonic testing (- 500 

kHz) does not correspond to the seismic bandwidth (5 to 100 Hz). In saturated rocks, seismic 

velocities may exhibit significant dispersion over this frequency range, depending on the 

viscosity of the fluid and the permeability of the rock. In the ultrasonic testing system used in the 



CSM rock physics lab, the confining stress is isotropic. The confining and differential stresses in 

the reservoir are not isotropic, but the uncertainty in the magnitude of the horizontal stresses in 

the reservoir justifies lab testing at an estimated equivalent isotropic stress state. 

3.2 General Fluid Substitution 'rheorv 

The effect of fluids on the seismic properties of a rock-fluid system is generally known as 

fluid substitution. Fluids affect seismic velocities in several ways. Increasing the fluid bulk 

modulus increases the bulk modulus of the rock-fluid system, tending to increase the P-wave 

velocity. Less compressible fluids are usually also denser. Increasing fluid density increases the 

density of the porous fluid-rock system and tends to lower P- and S-wave velocities. Changes in 

pressure cause additional complications. Fluid bulk modulus and density both increase with 

increasing pore pressure and cause changes mentioned previously. If the pressure change causes 

a phase change in the pore fluid, the effects can be large. At constant confining (overburden) 

pressure, increasing the pore pressure decreases the differential pressure on the rock skeleton (Eq. 

3.2) and lowers its dry rock moduli, tending to lower P- and S-wave velocities. 

Differential pressure, Pd, is the difference between confining pressure, PC, and pore 

pressure, Pp, 

B, = PC - P, . (3.1) 

Confining pressure is often called 'total' pressure or stress in engineering disciplines. Pressure 

refers to an isotropic or hydraulic stress. Stresses can be arbitrarily anisotropic. The differential 

pressure is usually equivalent to the 'effective' pressure or stress. 

The magnitude of the changes due to fluid saturation and pressure are determined by the 

exact rock and fluid properties and reservoir process. As an example, in a waterflood of an oil 

reservoir, the P-wave velocity will tend to increase because the bulk modulus of water is usually 

higher than that for oil. If pore pressures are maintained or increased, P-wave velocity may 

decrease due to decreasing differential pressure. The total change is the sum of these opposing 

effects. Figure 3.1 shows these processes. 
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Figure 3.1 Example of change in P-wave velocity of reservoir rock under waterflood due to 
changes in fluid saturation and pressure. 

3.3 Ultrasonic Testinq Procedure 

The measurement procedure is described in Castagna et al. (1993) and summarized here. 

3.3.1 Sample Preparation 

The sample is prepared from pre-cleaned 1 W core supplied by PanCanadian Petroleum. 

The samples are identified by well number and depth, which can be compared to geophysical logs 

to identify the geologic unit. The top and bottom of the sample are cut and ground flat and 

perpendicular to the plug axis. Sample dimensions are measured, from which the volume is 

computed. Both the dry sample mass and the water-saturated sample mass are measured. From 

the sample volume and mass, dry density is calculated. Porosity fraction, 0, is calculated from 

dry density, pdry,  saturated density, p,,, and fluid density, pfl 

Psnr - Pdry @ = 7 

P f7 



where the units for pSat, pdry, pfl are the same, i.e. glcc. Grain density, p,,,, is calculated from dry 

density and porosity, 

and is helpful in determining grain composition. Permeability is measured with an air 

permeameter. 

3.3.2 Clltrasonic Testina Equipment 

A schematic of the ultrasonic testing equipment setup is shown in Figure 3.2. The 

sample and lower part of the displacement transducers are enclosed in shrink wrap or Tygon 

tubing, and clamped with metal wire. The transducer casing also has pore fluid lines. The 

transducer wires and pore fluid lines are connected to the ultrasonic testing apparatus. The 

sample assembly is enclosed in a metal confining vessel, so that high confining pressures can be 

applied across the sample membrane. 

To Pressure Board 

Transfer Vessel 

Piston 17 

Figure 3.2 Schematic of ultrasonic testing setup for saturated cores. 



Pore pressure is controlled independently by a digital pump. A transfer vessel with 

floating piston allows water to be used in the pump but the fluid in the sample to be easily 

changed, i.e. from brine to oil or C02. The volume of fluid flowing into the sample is measured 

with the digital pump and the output volume is measured in a graduated cylinder. Both pore and 

confining pressures can range from 0 psi to 10,000 psi (69 MPa). 

A pulse generator is used to send a signal to the transmitting piezometric transducer and 

to trigger the digital oscilloscope used for recording the output signal from the second receiving 

transducer (Figure 3.3). The frequency of the resulting signal is in the range of 500,000 Hz. The 

transducer wires are connected to a junction box so that the input signal and measurement axis 

can be varied from P-wave (particle motion parallel to long axis of sample) and two orthogonal 

shear-wave directions (particle motion perpendicular to long axis of sample). The wave 

velocities are calculated from the travel time of the pulse through the sample, as measured by the 

corrected arrival time at the second transducer (tc), and the length of the sample (L), 

The arrival time must be corrected for by the zero-time calibration of the transducer pair. The 

transducer waveforms can be recorded by a PC running LabView and analyzed later if there is 

uncertainty in arrival times. 

Pulse Generator 

Figure 3.3 Recording setup for ultrasonic testing 



3.3.3 Ultrasonic Measurements 

Once the sample has been prepared and placed in the measurement apparatus, pressure 

lines, transducer wires, and signal cables are connected. For dry measurements, the pore fluid 

lines are left open to the air. The confining pressure is raised incrementally for each 

measurement. After the highest confining pressure is reached, the measurements are repeated, 

decreasing the pressure incrementally to the starting pressure. This shows the stress hysteresis of 

the sample. 

At each confining pressure, the sample is allowed to equilibrate for approximately five 

minutes. The confining pressure is recorded from a digital readout. P-wave and two S-wave 

measurements are made sequentially. The two shear-wave measurements, Vsl and VS2, are 

orthogonal but not necessarily oriented in the principle directions related to core fabric. On the 

received waveforms, the times of the first break, first trough and first peak are recorded. 

Depending on the sample velocity, the arrival times are recorded to a precision of 0.02 or 0.05 ys. 

For typical Weyburn samples with lengths of 4 to 5 cm, this precision corresponds to an error of 

less than 0.5% for P-wave velocity (Vp) and 0.3 % for S-wave velocity (Vs). Optionally, the 

waveforms are also recorded using LabView. Because of attenuation, the first break may be the 

most accurate measurement but is often obscured by noise. Heterogeneity is usually the largest 

source of error. The average of the calibration-corrected first break, trough, and peak times gives 

a stable estimate and reduces the random error in Vp and VS. 

For saturated core measurements, the measurement procedure is largely the same, with 

the additional variable of pore pressure. The pore pressure input line is connected to a fluid 

pressure vessel. The confining and pore pressures are usually kept above the bubble point of the 

test fluid. Five to ten pore volumes of fluid are flowed through the sample, as measured in the 

graduated cylinder at the pore fluid output line. The pore output line is then closed so that any 

remaining gas will dissolve in the test fluid and the sample will be fully saturated. 

Differential pressure controls the stiffness of the rock frame in a fluid-rock system. To 

insure that the core sample remains intact, differential pressure is always kept positive. Several 

options exist for saturated core measurements, including constant differential pressure, in which 

confining and pore pressures are changed by the same increment, and constant confining 

pressure, in which only the pore pressure is varied. The usef~~lness of each test is explained in 



sections 3.5.1 and 3.5.2. For saturated core measurements, the sample is allowed to sit for 10 to 

15 measurements between measurements so that pore pressures can equilibrate. 

3.4 Drv Rock Ultrasonic Measurements 

Dry rock measurements are much simpler and quicker to perform than saturated rock 

measurements. The pore pressure is zero (atmospheric), so the confining pressure is equal to the 

differential pressure. From measurements of Vp and VS for a range of confining pressures, the 

dependence of dry rock bulk modulus, K D R y ,  on differential pressure can be determined by 

This information is necessary for pressure-dependent fluid substitutions using Gassmann's 

equation (Chapter 4). The variation of dry rock density is very small for the Weyburn samples 

tested, and was therefore not measured or applied in Eq. (3.5). In calculating isotropic elastic 

moduli, Vs is taken to be the average of Vsl and V S ~ .  

For the rock physics modeling scheme used in this work, the variation of dry rock Lame's 

parameter, hDRY, and shear modulus,  DRY, with differential pressure are required. These can be 

calculated by 

3.4.1 Marlv Unit 

Two samples from the Marly unit were tested. They are described in Table 3.1. Figures 

3.4 and 3.5 present the variation of Vp and VS with differential pressure for samples PC 12-13 

4626 and PC 14-1 1 4659.5, respectively. Dry rock bulk modulus as a function of pressure for 

both Marly samples is shown in Figure 3.6. Figures 3.7 and 3.8 present the variation of h and p 

with differential pressure for samples PC 12-13 4626 and PC 14-1 1 4659.5, respectively. 



Table 3.1 Description of Marly unit samples. 

Dry Marly Sample PC 12-1 3, 4626 ft 

Confining = Differential Pressure, MPa 

Sample Name 
(well, depth in ft) 

PC 12-13 4626' 

PC 14-11 4659.5' 

Figure 3.4 Variation of ultrasonic P- and S-wave velocities with pressure for dry Marly sample 
PC 12-13 4626. Hysteresis can be seen in the variation between the increasing- versus 
decreasing-pressure measurements. 

Permeability 
(md) 

21.7 

34.8 

Porosity 
(fraction) 

0.29 

0.333 

Dry Density 
(glee) 

1.93 

1.815 

Grain Density 
(gfcc) 

2.88 

2.72 



Dry Marly Sample PC 14-1 1, 4659.5 ft 

Confining = Differential Pressure, MPa 

Figure 3.5 Variation of ultrasonic P- and S-wave velocities with pressure for dry Marly sample 
PC 14-1 1 4659.5. 

Dry Marly Samples 
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Confining = Differential Pressure, MPa 

% PC 14-1 1, 4659.5 ft, 4 = 0.33 

Figure 3.6 Variation of dry rock bulk modulus with pressure for Marly samples PC 12-13 4626 
and PC 14-1 1 4659.5. 



Dry Marly Sample PC 12-1 3, 4626 ft 
11 

10 15 20 25 

Confining = Differential Pressure, MPa 

Figure 3.7 Variation of Lame's parameter and shear modulus with pressure for dry Marly sample 
PC 12-13 4626. 

Dry Marly Sample PC 14-1 1, 4659.5 ft 

0 5 10 15 20 25 30 

Confining = Differential Pressure, MPa 

Figure 3.8 Variation of Lame's parameter and shear modulus with pressure for dry Marly sample 
PC 14-1 1 4659.5. 



Because of the relationship between seismic velocities and moduli (Eq. 3.5, 3.6, and 3.7), 

errors are amplified from velocities to moduli. The dependence of moduli on porosity is shown 

in the sample data (Fig. 3.6). The data on the pressure dependence of elastic moduli are 

smoothed for modeling purposes. The estimated range in differential pressure in the reservoir is 2 

to 14 MPa, as discussed in Section 4.2.2. From 2 to 14 MPa differential pressure, the change in 

Lame's parameter is +11% and +17% and the change in shear modulus is +18% for the two 

Marly samples tested. 

3.4.2 Vuqqv Unit 

The two samples from the Vuggy unit that were tested are described in Table 3.2. 

Figures 3.9 and 3.10 show the variation of Vp and VS with differential pressure for samples PC 

14-1 1 4698 and PC 12-13 4643, respectively. Dry rock bulk modulus as a function of pressure 

for both Vuggy samples is shown in Figure 3.1 1. Figures 3.12 and 3.13 present the variation of h 

and p with differential pressure for samples PC 14-1 1 4698 and PC 12-13 4643, respectively. 

Table 3.2 Description of Vuggy unit samples. 

Due to testing difficulties, only Vsl could be measured on sample PC 12-13 4643. 

Sample PC 14-1 1 4698 is more representative of the Vuggy reservoir units than is PC 12-13 

4643. PC 12-13 4643 is the rock referred to as "Vuggy tight7' in PanCanadian's core testing 

report (Core Laboratories, 1998). It is much stiffer, less permeable, and its elastic moduli have 

little pressure dependence in comparison with sample PC 14-1 1 4698. The properties of PC 14- 

11 4698 are used for the Vuggy unit in rock physics modeling described in Chapter 4. 

Sample Name 
(well, depth in ft) 

PC 12-13 4643' 

PC 14-1 1 4698' 

Porosity 
(fraction) 

0.115 

0.133 

Permeability 
(md! 

1.3 

103 

Dry Density 
(gfcc) 

2.305 

2.34 

Grain Density 
(glee) 

2.60 

2.70 



Dry Vuggy Sample PC 14-1 1, 4698 ft 

Confining = Differential Pressure, MPa 

Figure 3.9 Variation of ultrasonic P- and S-wave velocities with pressure for dry Vuggy sample 
PC 14-11 4698. 
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Dry Vuggy Sample PC 12-1 3, 4643 f t  

Figure 3.10 Variation of ultrasonic P- and S-wave velocities with pressure for dry Vuggy sample 
PC 12-13 4643. 
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Dry Vuggy Samples 

Confining = Differential Pressure, MPa 

Figure 3.11 Variation of dry rock bulk modulus with pressure for Vuggy samples PC 12-13 4643 
and PC 14-1 1 4698. 

Dry Vuggy Sample PC 14-1 1,4698 ft 
19 

Confining = Differential Pressure, MPa 

Figure 3.12 Variation of Lame's parameter and shear modulus with pressure for dry Vuggy 
sample PC 14-1 1 4698. 



Dry Vuggy Sample PC 12-1 3 ,  4643 ft 
19 

10 15 20 25 

Confining = Differential Pressure, MPa 

Figure 3.13 Variation of Lame's parameter and shear modulus with pressure for dry Vuggy 
sample PC 12-13 4643. 

Over a differential pressure range of 2 to 14 MPa, the change in Lame's parameter is -2% 

and +lo% and the change in shear modulus is +4% for the two Vuggy samples tested. Although 

a decrease in Lame's parameter with increasing differential pressure is unusual, it occurs when 

the change in Vs with pressure is more than one half of the change in Vp (Eq. 3.6). 

3.5 Saturated Rock Ultrasonic Measurements 

Ultrasonic measurements were performed on Vuggy sample PC 14-1 1 4698 under 

different saturation conditions. This sample was selected because the Vuggy unit is the thicker of 

the two reservoir zones and for that reason, changes within it may have the most effect on the 

seismic data. The Marly zone shows greater fluid and pressure effects (Chapter 4) but is thinner 

and changes within it may be more difficult to resolve seismically. 

The ultrasonic measurements were performed first with the sample saturated with brine, 

then 27 API Weyburn crude oil with 39% dissolved C02, and finally pure C02. Five to ten pore 

volumes of each fluid were flowed through the sample before each testing phase, but there was 



still residual fluid saturation (i.e, brine) during the oil and C 0 2  measurement phases. The 

measurement of residual fluid saturation was imprecise and is therefore omitted here. 

Measurements were made at confining pressures up to 34.5 MPa (5000 psi) and pore 

pressures up to 27.6 MPa (4000 psi). The data were sorted into two groups for analysis: constant 

differential pressure and constant confining pressure. 

3.5.1 Constant Differential Pressure 

The advantage of making ultrasonic measurements at a constant differential pressure is 

that the "fluid effect" is readily seen. In this measurement scheme, confining pressure and pore 

pressure are varied by equal amounts. Because the dry rock bulk and shear moduli depend on 

differential pressure, which is held constant, differences in velocities measured in the sample 

under different saturation are due to differences in bulk modulus and density of the pore fluid. 

For a common fluid, differences in seismic velocities with changing pore pressure are due to 

changes in the fluid bulk modulus and density with pressure. These measurements provide a 

good estimate of the magnitude of the "fluid effect" on the rock. 

Figures 3.14 and 3.15 show the variation of P- and S-wave velocity, respectively, for 

saturated Vuggy sample PC 14-1 1 4698 at a constant differential pressure of 6.9 MPa (1000 psi). 

This pressure is close to the estimated average differential pressure for the reservoir of 7 MPa. 

Variations in seismic velocities are similar at a differential pressure of 13.8 MPa, so those results 

are omitted here. 

As shown in Figure 3.14, the difference in P-wave velocity for the different reservoir 

fluids is small, 1% to 2%. As expected the P-wave velocities are highest for the least 

compressible reservoir fluid, brine, and lower for oil + CO7 and C02. Below the bubble point 

pressure of the oil + CO2, mixture, P-wave velocity does not distinguish C 0 2  from oil with C02.  

CO2 and oil + CO2 show greater variation in bulk modulus with pressure than brine does 

and this is reflected in the greater change in P-wave velocity with pore pressure for the sample 

saturated with these fluids. However, the changes are only slightly greater than the measurement 

precision of 0.5%. 



Saturated Vuggy Sample PC 14-1 1 4698, Differential Pressure = 6.9 MPa 
51 00 

Pore Pressure. MPa 

Figure 3.14 Variation of ultrasonic P-wave velocity with pore pressure at constant differential 
pressure for saturated Vuggy sample PC 14-1 1 4698. 

Saturated Vuggy Sample PC 14-1 1 4698, Differential Pressure = 6.9 MPa 
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Figure 3.15 Variation of ultrasonic S-wave velocity with pore pressure at constant differential 
pressure for saturated Vuggy sample PC 14-1 1 4698. 
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For the Vuggy sample tested, there is little variation in shear wave velocity with fluid 

type or pore pressure (Fig. 3.15). This is expected from Gassmann's theory, which predicts that 

fluid has no effect on shear modulus. Any change in S-wave velocity would be due to difference 

in density between the fluids and would be minor. At high pore pressure (27.5 MPa) this is seen 

in the brine-saturated S-wave velocity, which is about 1% lower than the COz or oil + C 0 2  

saturated S-wave velocity. Over the expected pore pressure range of 8 to 20 MPa, there is no 

variation in S-wave velocity within the precision (0.3%) of the ultrasonic test data. 

3.5.2 Constant Confininq Pressure 

Ultrasonic measurements at constant confining pressure simulate the enhanced oil 

recovery operations. In this measurement scheme, confining pressure is held constant and pore 

pressure is varied. The confining pressure in ultrasonic testing is isotropic, and represents the 

average of the vertical and horizontal "total" or confining stresses. In the reservoir, the confining 

stress can be thought of as the vertical stress due to the overburden material and horizontal 

stresses due to lateral support from adjacent material. 

In the enhanced oil recoveiy operations, the vertical confining (overburden) stress in the 

reservoir should remain approximately constant. Injecting fluids at high pressure will raise the 

reservoir pore pressure and producing fluids may decrease the pore pressure. Raising the pore 

pressure will also decrease the differential pressure on the rock, both of which will affect seismic 

velocities, as explained in Section 3.2. 

At a single confining pressure and pore pressure, the "fluid effect" is seen by the 

difference in velocities for different pore fluids. For a common pore fluid and constant confining 

pressure, measurements at different pore pressures show both the "fluid effect" and the rock 

skeleton "pressure effect." Figures 3.16 and 3.17 show the variation of P- and S-wave velocity, 

respectively, for saturated Vuggy sample PC 14-1 1 4698 at a constant confining pressure of 34.5 

MPa (5000 psi). 

A confining pressure of 34.5 MPa is probably higher than the average of horizontal and 

vertical confining stresses in the reservoir (see Sections 4.2.2, 8.5). However, since 

measurements were made for a wider range of pore pressures than expected in the reservoir, the 

range of differential pressure in the reservoir is covered by the test data. 



Saturated Vuggy Sample PC 14-1 1 4698, Confining Pressure = 34.5 MPa 
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Figure 3.16 Variation of ultrasonic P-wave velocity with pore pressure at constant confining 
pressure for saturated Vuggy sample PC 14- 1 1 4698. 
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Figure 3.17 Variation of ultrasonic S-wave velocity with pore pressure at constant confining 
pressure for saturated Vuggy sample PC 14-1 1 4698. 



The difference in P-wave velocity at constant confining and pore pressures is 1% to 2% 

for the Vuggy sample saturated with brine, oil + C02, and CO2 (Fig. 3.16). Over a pore pressure 

range of 10 MPa, the variation in P-wave velocity for the sample saturated with a common fluid 

is approximately 1%. For the Vuggy sample tested, P-wave velocity does not uniquely 

distinguish fluid saturation from differential pressure effects. For example, the P-wave velocity 

for brine saturated rock at high pore pressure could be the same as oil + C 0 2  saturated sample at 

low pore pressure. 

As expected from Gassmann's theory, there is little difference in S-wave velocity for 

different fluid saturations in the sample at the same pore and confining pressures (Fig. 3.17). The 

S-wave velocities for the brine saturated sample may be slightly lower because of the fluid 

density effect (Eq. 2.3). S-wave velocity varies by approximately 1 % over a pore pressure range 

of 10 MPa for the Vuggy sample tested. For an isotropic rock, S-wave velocity does not 

discriminate fluid saturation well, but is sensitive to pore pressure. 

3.5.3 Seismic Attributes 

One of the purposes of the ultrasonic velocity measurements is to identify seismic 

attributes that may be useful in interpreting the time-lapse seismic data for fluid and pore pressure 

changes. Although there are major differences between the lab core samples and measurements 

and the seismic data collected over the reservoir, the seismic attributes from the lab can at least be 

qualitatively interpreted in terms of reservoir processes. More realistic modeling of the seismic 

response of the reservoir can be done for these attributes, so that they can be more quantitatively 

interpreted. 

Because the P- and S-wave velocities of the Vuggy sample exhibit approximately the 

same pore pressure dependence (Figs. 3.16 and 3.17), the VPNS ratio removes the pore pressure 

variation in seismic velocities. Changes in the VPNS ratio should then show only differences in 

velocity due to changes in fluid saturation. This is shown in Figure 3.18. The magnitude of the 

difference between brine, oil + CO2, and CO? saturation is 1% to 2%. These values are for the 

Vuggy matrix only and do not take into account large scale fractures present in the reservoir. 



Saturated Vuggy Sample PC 14-1 1 4698, Confining Pressure = 34.5 MPa 

Pore Pressure, MPa 

Figure 3.18 Variation of ultrasonic VpNs with pore pressure at constant confining pressure for 
saturated Vuggy sample PC 14-1 1 4698. 

Velocities were measured for shear waves polarized in orthogonal directions, and are 

denoted Vsl and Vsz. If these directions correspond to the polarizations of the fast and slow 

shear-waves, the shear splitting parameter for an anisotropic rock with transversely isotropic (TI) 

symmetry can be calculated. As defined by Thomsen (1986) for TI media, 

where y is the shear-wave splitting parameter, and VSI and V S ~  are the fast and slow shear-wave 

velocities. 

In the ultrasonic velocity measurements, the orientation of the core samples in the 

borehole was not known and no factors that may create anisotropy, such as layering or fractures, 

were visible. The core samples were oriented arbitrarily for S-wave testing, so that the measured 

shear-wave splitting does not necessarily correspond to the true shear-wave splitting for the 

principal polarization directions. As shown in Figures 3.19 and 3.20, splitting was observed in 

the core samples. 



Saturated Vuggy Sample PC 14-1 1 4698, Confining Pressure = 34.5 MPa 
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Figure 3.19 Variation of shear splitting parameter with pore pressure at constant confining 
pressure for saturated Vuggy sample PC 14-1 1 4698. 
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Figure 3.20 Variation of shear splitting parameter with differential pressure for dry Marly 
samples PC 12-13 4626 and 14-1 1 4659.5. 



Figure 3.19 shows that shear-wave splitting increases with increasing pore pressure at a 

constant confining pressure. This behavior is interpreted as being caused by the opening up of 

preferentially-oriented microcracks in the sample at high pore pressure (low differential pressure), 

Similar rock behavior is discussed in Steensma (1999) and Walsh (1965). Qualitatively, this 

shows what should happen around a high-pressure injection well in the reservoir. Because the 

microcracks or reservoir fractures are preferentially oriented, shear-wave velocity varies with 

azimuth. As pore pressure increases, increased shear-wave splitting should be observed in the 

seismic data. 

In the Vuggy test sample, shear-wave splitting does not vary with fluid saturation in a 

meaningful way, and hence cannot be used to discriminate between fluids. Changes in shear- 

wave splitting should indicate changes in pore (or differential) pressures in the reservoir. 

Figure 3.20 shows similar shear-wave splitting for the Marly core samples. Because 

shear-wave splitting is more sensitive to pressure than fluid saturation, it can also be measured on 

dry core samples. At high differential pressure, most of the microcracks within the samples are 

closed and splitting is low. As differential pressure decreases, splitting increases due to the 

opening up of preferentially aligned microcracks in the rock. 

Because the measurement orientations do not necessarily correspond to the principal 

shear directions, it is not possible to quantitatively correlate changes in shear-wave splitting from 

these lab data to changes observed in the seismic data. The lab data show that shear-wave 

splitting may be more dependent on pressure in the Marly unit than in the Vuggy unit. However, 

the greater fracture density in the Vuggy zone (Section 5.2) suggests that the Vuggy zone may 

exhibit greater shear-wave splitting at the seismic scale. 

3.6 Summarv of PanCanadian Rock Testinq Results 

Core Laboratories Canada Ltd. carried out an acoustic velocity study of Weyburn core 

samples for PanCanadian Resources (Core Laboratories, 1998). Samples of the 'Marly Porous', 

'Vuggy Porous', and 'Vuggy Tight' were tested under varying saturation, confining pressures, 

and temperatures. The results are generally compatible with the testing results of this research. 

Compressional wave velocity was found to be sensitive to both differential pressure and fluid 



saturation, whereas shear-wave velocity was sensitive to differential pressure only. Compared to 

the samples tested in this research, the seismic velocities of samples tested by Core Laboratories 

differed according to porosity. If the porosity of the Core Laboratories samples was higher, 

velocities were lower and vice versa. This emphasizes the limitations of characterizing a 

heterogeneous reservoir by testing of only a few small core samples. 

For the 'Marly Porous' the variability of P-wave velocity from air- to brine-saturation 

and differential pressure from 10 to 25 MPa is 5% to 12%, consistent with sample PCP 14-1 1 

4659.5 and PCP 12-13 4626. The variation of P-wave velocity of the 'Vuggy Porous' for the 

same conditions is 5% to 9%, higher than results from sample PCP 14-1 1 4698. The P-wave 

velocity of the 'Vuggy Tight' varies by less than 1%, consistent with results from sample PCP 

12-13 4643. The effects of temperature variation on the seismic properties were found to be 

insignificant. 

Ultrasonic measurements were performed on core samples from the Vuggy and Marly 

reservoir units for two main purposes. First, from measurements of P- and S-wave velocities on 

dry samples, the pressure variation of elastic moduli is defined. These dry rock moduli are used 

in isotropic rock physics modeling (Chapter 4). They are representative of the dry background 

rock matrix, to which the addition of fractures and fluids will be modeled. 

Second, ultrasonic measurements were made on a Vuggy core sample under different 

pressure and fluid saturation conditions. From a simulation of the COz flood, the magnitude of 

changes in seismic velocities due to changes in pressure and fluid saturation are observed. From 

data sets at both constant differential pressure and constant confining pressure, the pressure 

effects on the rock skeleton can be separated from the fluid saturation effects. 

Seismic attributes are identified that can be used in the interpretation of the time-lapse 

seismic data for changes in fluid pressure and fluid composition. Changes in VpNs may be used 

to monitor changes in fluid composition. Changes in shear-wave splitting may indicate changes 

in fluid pressure. 



Seismic attributes such as VpNs and shear-wave splitting are not uniquely defined by 

fluid composition and pressure. For example, VpNs is also sensitive to mineralogy, porosity, 

pore shape, and fracture density. Shear-wave splitting is also sensitive to fracture density, 

direction, and aspect ratio. In time-lapse monitoring, using seismic difference volumes allows the 

use of changes in these attributes for interpretation. Whereas VpNs or shear-wave splitting from 

a single survey may not be uniquely interpretable, changes in these attributes should be 

constrained to changes in fluid composition and pore pressure, because the other variables remain 

constant in the reservoir over time. 

The magnitude of the changes in seismic velocities for the Vuggy sample tested is 1% to 

2% for fluid composition changes and approximately 1% for expected pore pressure changes. 

These changes are small and may not be resolved by the time-lapse seismic data. However, the 

pressure effects for the Marly unit are greater and the fluid effects are also expected to be greater 

because of its higher porosity and lower elastic moduli. The expected changes in the seismic data 

may be larger once the effect of fractures is included in the modeling. The data collected by 

ultrasonic measurements on cores will be used in rock physics modeling to determine the 

sensitivity of the time-lapse seismic data to changes in fluid composition and pore pressure in the 

Weyburn reservoir. 



CHAPTER 4 

ISOTROPIC ROCK PHYSICS MODELING 

4.1 Introduction 

Rock physics modeling is used to quantitatively relate changes in seismic response to 

changes in reservoir fluid saturation and pressure. Modeling is used to calculate the sensitivity of 

the reservoir zones to fluid saturation and pressure effects (Chapters 4 and 5), obtain the 

parameters necessary for modeling synthetic seismograms (Chapter 6), and predict differences in 

the time lapse seismic data from the reservoir simulation (Chapter 8). An anisotropic rock 

physics model is required to realistically inodel the reservoir changes over time. The model used 

must balance simplicity with accuracy and available input data. This chapter focuses on the 

development of an isotropic rock physics model to predict elastic moduli based on porosity and 

pressure. It is used to describe the matrix material for the anisotropic rock physics model 

(Chapter 5). 

Isotropic rock physics modeling is done based on ultrasonic core data (Chapter 3) and 

geophysical logs (Section 4.3). These data are combined to obtain a pressure- and porosity- 

dependent, isotropic, dry rock model for the elastic constants for the Marly and Vuggy reservoir 

zones. The sensitivity of this model to fluid and pressure changes is calculated for comparison 

with the more detailed anisotropic rock model. 

4.2 Gassmann's Theory 

Fluid substitutions for isotropic rock models are commonly done with Gassmann's 

equation, discussed in Section 2.1 and repeated here 



where KsAT is saturated rock bulk modulus, KDRY is dry rock bulk modulus, KM is mineral 

modulus, 4, is porosity, and KFL is fluid bulk modulus. 

Gassmann's equation may not be directly applicable to seismic modeling of Weyburn 

Field because the reservoir is fractured and anisotropic. However, the Gassmann model is useful 

for comparison with ultrasonic core measurements. Gassmann's equation is the low frequency 

limit (relaxed fluid-rock state) for wave propagation in saturated media; ultrasonic measurements 

may be in the high frequency (unrelaxed fluid-rock state) or transition zone (Batzle et al., 1999). 

Comparison is useful to test the validity of assumptions in Gassmann's equation and to estimate 

error due to fluid viscosity effects and uncertain input parameters. 

Gassmann's equation is also commonly used for initial modeling, i.e. fluid substitutions 

on geophysical logs. The results can then be compared to anisotropic rock physics modeling to 

evaluate the effects of fractures on the seismic properties of the reservoir. 

4.2.1 Comparison of Gassmann's Equation and Lab Results 

Gassmann's equation is used to model saturated rock bulk modulus. Combined with rock 

density estimation, P-wave velocity can be computed for direct comparison with ultrasonic P- 

wave measurements on core samples. This is shown for Vuggy sample 14-1 1 4698 in Figure 4.1. 

For Gassmann's equation, the KDRY VS. pressure relationship was estimated from dry rock 

ultrasonic measurements (Fig. 3.1 I), KFL was calculated using STRAPP and FLAG 4.0, porosity 

was measured on the sample, and KM was estimated as 72 GPa (Reasnor, 2001). For P-wave 

velocity (Eq. 2.1), variation of shear and bulk moduli with pressure and dry rock density were 

measured on the core sample and fluid density values were calculated with STRAPP and FLAG 

4.0. 

As shown in Figure 4.1, P-wave velocity estimated with Gassmann's equation is 

consistently lower than the measured values by approximately 2.5% to 4%. Part of this 

difference could be due to the rock-fluid system being in the unrelaxed (high frequency) state in 

the ultrasonic measurements. More importantly for time-lapse seismic monitoring purposes, the 

magnitude of the changes in P-wave velocity with different fluid saturation and pressure are 

similar for the laboratory measurements as for Gassmann's equation. 



Saturated Vuggy Sample PC 14-1 1 4698, Confining Pressure = 34.5 MPa 

Pore Pressure, MPa 

Figure 4.1 Comparison of P-wave velocities calculated with Gassmann's equation and ultrasonic 
core measurements. Confining pressure was fixed at 34.5 MPa. With increasing pore pressure, 
differential pressure decreases. 

Gassmann's equation predicts a greater fluid effect (3% change between brine and COa) than do 

the laboratory measurements (2% change between brine and C02). This is probably because the 

core had residual water and oil saturation during testing with C 0 2  as the primary pore fluid, and 

modeling was done assuming pure phase fluids. 

Modeling with Gassmann's equation predicts a slightly greater pore pressure effect, 1.5% 

to 2% over the pressure range tested, versus 1% to 1.5% for laboratory measurements. This could 

be due to hysteresis due to different stress paths for the dry and saturated rock ultrasonic 

measurements. Several other assumptions in Gassmann's equation, such as homogeneity and 



isotropy, are not strictly true for the core testing and probably contribute to the discrepancy 

between modeling and laboratory results. 

The laboratory measurements and comparable modeling with Gassmann's equation are 

extreme cases. In the reservoir, there will be mixed fluid saturation, not pure phase fluids. The 

change in pore pressure due to EOR operations is also expected to be much less than the 13 MPa 

range presented in Figure 4.1. However, the salinity of reservoir brine is 85,000 ppm and has a 

higher bulk modulus than the 50,000 ppm brine used in lab testing (Section 2.2.1). The bulk 

modulus and density of COz is also considerably lower at reservoir temperatures (63 "C) than at 

room temperature. These effects will cause a greater difference in seismic properties at the end- 

member fluid saturations at reservoir conditions compared to lab testing. Good correspondence 

between the limited lab results and modeling with Gassmann's equation shows that it will also be 

accurate in modeling differences at reservoir conditions. 

4.2.2 Modelinq with Gassmann's Equation and Lab Data 

Gassmann's equation can be used to estimate the values of seismic attributes at reservoir 

conditions (63 "C) so that the magnitude of differences due to fluid composition and pressure 

effects can be estimated. As discussed in Section 2.2.1, the average value of brine salinity is 

85,000 ppm, which will be used throughout the modeling in this chapter. The equivalent 

isotropic confining pressure, PC, is calculated by 

where ov and ( T H I , ~  are the vertical and orthogonal horizontal total stresses, respectively. The 

total vertical stress due to the overburden material is estimated at approximately 1 psilft (22.6 

MPaIkrn) depth. The total horizontal stresses or horizontal confining pressures are dependent on 

material and deformation history. Horizontal stresses may range from values corresponding to 

zero effective stress in areas with open vertical fractures to magnitudes greater than the vertical 

stress. 

There are no data on the magnitude of horizontal stresses at Weyburn Field. If an 

effective Poisson's ratio, v, were known for the reservoir zone, the ratio of average horizontal to 

vertical stress could be calculated by 



assuming the reservoir is elastic, isotropic, with no lateral strain. A common assumption when 

data on horizontal stresses are lacking is that the horizontal stresses are on average one half of the 

vertical stress. This corresponds to v = 0.33. Average Poisson's ratio calculated from the dipole 

sonic log is 0.3, so this assumption is reasonable for Weyburn reservoir. For average horizontal 

stresses equal to one half of vertical stress, the equivalent isotropic confining pressure for 

Weyburn reservoir would be approximately 22 MPa. For an average of 15 MPa pore pressure 

(Section 2.2), the average differential pressure in the reservoir is approximately 7 MPa. For a 

range in pore pressure from 8 to 20 MPa, the range in differential pressure is 2 to 14 MPa. 

Ultrasonic testing on saturated core samples (Section 3.5.1) showed little difference in the 

sensitivity of the rock moduli to fluid and pressure changes at differential pressures of 6.9 MPa 

and 13.8 MPa. However at very low differential pressures (i.e. 0 to 3 MPa), the sensitivity 

differences may be significant. 

Figures 4.2 to 4.5 show the variation of calculated P-wave velocity and VFNs with fluid 

composition and pressure for the reservoir temperature and pressure range. For the Vuggy zone, 

the properties are based on sample PC 14-1 1 4698 and for the Marly zone, they are based on 

sample PC 12- 13 4626. Grain density values are 2.88 for the Marly zone and 2.70 for the Vuggy 

zone, as measured on the samples (Tables 3.1 and 3.2). The variation of Vp and Vp/Vs with pore 

pressure is generally smooth. The kinks in the calculated curves for oil + COz mixtures are due to 

phase changes in the fluid. 

In general, brine-saturated rock has the highest P-wave velocity and VpNs, followed by 

rock saturated by oil, and then C02. The P-wave velocities for mixtures of oil and C02 are 

complicated due to phase changes with changing pore pressure. Below the bubble point pressure, 

a rock saturated with an oil + COz mixture may have a lower P-wave velocity than one saturated 

with C02. This is because the fluid bulk moduli are comparable but the density of the oil + COz 

mixture is higher than for pure C02. However, below the modeled bubble point pressure of oil + 
COz mixtures, the new phase coming out of solution may be a liquid-like fluid of C02 enriched 

with light hydrocarbons, not a gas, so the modeled results may be unreliable below the bubble 

point pressures. 



Marly Sample PCP 12-1 3 4626, $ = 0.29, PC = 22 MPa 

Pore Pressure, MPa 

Figure 4.2 Variation of Marly dolostone P-wave velocity with fluid composition and pressure, 
calculated with Gassmann's equation. 

Marly Sample PCP 12-1 3 4626, $ = 0.29, PC = 22 MPa 

Pore Pressure, MPa 

Figure 4.3 Variation of Marly dolostone VPNS with fluid composition and pressure, calculated 
with Gassmann's equation. 



Vuggy Sample PCP 14-1 1 4698, $ = 0.1 1, PC = 22 MPa 

Pore Pressure, MPa 

Figure 4.4 Variation of Vuggy limestone P-wave velocity with fluid composition and pressure, 
calculated with Gassmann's equation. 
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Figure 4.5 Variation of Vuggy limestone VpNs with fluid composition and pressure, calculated 
with Gassmann's equation. 



Because Vp/Vs normalizes the effects of changing fluid density with pore pressure, it 

shows separation based on fluid composition (bulk modulus). Because it also partially 

normalizes the effect of changing shear and bulk moduli with differential pressure, it shows less 

pressure dependence than P-wave velocity does. 

Table 4.1 shows the sensitivity calculations made assuming a confining pressure of 22 

MPa and a pore pressure of 15 MPa. In this model, the seismic velocities in the Marly zone are 

roughly twice as sensitive to changes in fluid composition than the Vuggy zone is. The Marly is 

more sensitive because it has lower elastic moduli and higher porosity than the Vuggy. The 

seismic properties of the Marly zone are also more sensitive to pressure than are those of the 

Vuggy zone. For both the Marly and the Vuggy zones, VpNs is more sensitive to changes in 

fluid composition than to changes in pore pressure. 

Table 4.1 Comparison of sensitivity of seismic attributes to changes in fluid composition and 
pressure for Marly and Vuggy zones. Based on isotropic rock physics model from ultrasonic core 
testing. 

4.3 Fluid Substitution on Geophysical Loqs 

Through ultrasonic lab testing, the variation of rock properties with pressure and fluid 

saturation can be determined for a few samples with fixed lithology and porosity. With sonic 

logging, the variation of seismic properties with lithology, porosity, and fluid saturation can be 

measured, at approximately fixed pressure. An advantage of geophysical logging is that it 



samples a larger volume of the reservoir than laboratory measurements on cores do. Geophysical 

logs are affected to some extent by reservoir fractures. From geophysical logs, fluid substitutions 

can be performed using Gassmann's equation and the magnitude of the expected changes 

compared to predictions from laboratory data. 

Most of the necessary information for fluid substitutions using Gassmann's equation can 

be derived from geophysical logs. The input logs are resistivity, neutron porosity, bulk density, 

P-wave velocity, and S-wave velocity. Although it is outside the RCP study area, well 02042364 

was chosen for modeling because it is the closest well with the required geophysical logs through 

the reservoir interval. Figure 4.6 shows the location of well 02042364 in relation to the RCP 

study area and other wells and core samples used in this research. 

RCP / STUDY AREA 

Sam~les 

Figure 4.6 Location of wells 02042364 and 41041663 in relation to RCP study area. The 
locations of core samples are also shown. 

The logs are shown in Figure 4.7. The high reservoir quality Marly zone is from 

approximately 1400 m to 1405 m, with a transition zone upward to the Midale Evaporite at 1396 



m. For sensitivity calculations, the Marly is assumed to extend from 1398 m to 1405 m. The 

Vuggy zone is from 1405 to 1423 m. From the resistivity and porosity logs, water saturation, S,, 

can be estimated using Archie's equation 

where a is a tortuosity factor, R, is the resistivity of formation water at formation temperature, R, 

is the true resistivity formation (corrected for invasion), m is the cementation exponent, and n is 

the saturation exponent (Archie, 1942). The factors are usually calibrated to the area based on 

core measurements. Using water saturation, average Weyburn brine (85,000 ppm NaC1) and oil 

(API 29, GOR 30 L/L) properties, and FLAG 4.0 software, the bulk modulus (KFL) and density 

(pm) of the pore fluids are calculated. A pore pressure of 15 MPa is assumed. 

0 70 0.0 0.2 0.42.0 2.5 3.0 4000 6000 2000 3000 

Resistivitv, Q-m Porositv Density, g/cc P-Velocity, m/s S-Velocity, m/s 

Figure 4.7 Geophysical logs from well 02042364. Marly zone is from approximately 1398 m to 
1405 m, Vuggy zone is from approximately 1405 to 1423 m. 



From P- and S-wave velocity and bulk density, saturated rock bulk modulus is 

determined, using Eq. 3.5 

Shear modulus is determined from the shear wave log and bulk density log, using Eq. 3.7, 

repeated here 

The two S-wave velocities from the dipole sonic log were averaged for the calculations. The dry 

rock bulk modulus can be calculated with an alternative form of Gassmann's equation 

Because of the mixed lithology, mineral moduli are estimated by extrapolating the dry rock 

moduli versus porosity relationships to zero porosity. For the Vuggy zone, this yields KM of 72 

GPa and pM of 33.5 GPa; for the Marly zone Kb1 is 83GPa and p~ is inconclusive (Reasnor, 

2001). For the Marly zone, p~ is estimated to be 48 GPa, based on a range of values for dolomite 

provided in Mavko et al. (1998). The values of the mineral moduli are used later as the maximum 

bounds for the dry rock moduli (Section 4.4.2). In Eq. 4.4, porosity is taken from the neutron 

porosity log, and KFL is from FLAG modeling of fluid saturation (S, and So). The calculated 

K D ~ ~  log is shown in Figure 4.8. 
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Figure 4.8 Dry rock bulk modulus versus depth for well 02042364. Marly zone is approximately 
1398 m to 1405 m; Vuggy zone is approximately 1405 m to 1423 m. 

For the Marly zone, KDRY ranges from 11 GPa to 22 GPa. Most of the variation is due to 

the transition zone with interbedded anhydrite and dolomite. In the Vuggy zone, KDRY varies 

from 20 GPa to 59 GPa. Why is KDRY SO variable within the Vuggy zone? Possible factors 

include mineralogy, fabric, porosity, fracturing. Figure 4.9 shows that porosity influences KDRY 

but is not the only factor. 

Although the geophysical logs are generally compatible with laboratory measurements, it 

may be misleading to compare these values directly to core data because of the effect of reservoir 

fractures, heterogeneities, and differing local stress distribution on the geophysical logs. A sonic 

log often cannot accurately measure velocity in a fractured, vuggy limestone. Some energy goes 

around the pore and fracture network rather than through it, dependent on scale. For a sonic log 

frequency of 10,000 Hz and P-wave velocity of 5000 mls, the wavelengths are 0.5 m. 

Heterogeneities close to this size or larger will not be measured accurately. 



Vuggy Zone, 1405 to 1423 m, Well 02042364 
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Figure 4.9 Dry rock bulk modulus versus porosity for Vuggy Zone, well 02042364. 

The average values from sonic logs and ultrasonic testing are presented in Table 4.2. For 

the sonic logs, the Backus average was used for the moduli (Backus, 1962), which for the vertical 

incidence case corresponds to the (l/moduli) average. For the ultrasonic measurements, a 

differential pressure of 7 MPa was used. 

Table 4.2 Comparison of average values of KDRY,  DRY from borehole sonic log and ultrasonic 
core measurements. 

Moduli 
(GPa) 

KDRY 

PDRY 

Marly Zone 

Sonic Log 
(well 02042364) 

= 0.29 

15.0 

10.4 

Vuggy Zone 

Ultrasonic 
(PC 12-13 4626) 

$J = 0.29 

14.5 

7.4 

Sonic Log 
(well 02042364) 

$- = 0.10 

33.9 

19.5 

Ultrasonic 
(PC 14-11 4698) 

@ = 0.13 

31.2 

17.7 



Except for  DRY, the moduli for the Marly zone calculated from core testing and the sonic 

log compare well. For the Vuggy zone, the moduli from core testing are lower than those from 

the sonic log, which is expected because the core sample has a higher porosity than the average 

porosity in the geophysical log. 

For fluid substitutions, Gassmann's equation (Eq. 2.2) is used to calculate saturated rock 

bulk modulus for a variety of fluid compositions. To calculate seismic velocities, saturated rock 

density is required (Eq. 2.1, 2.3). This is estimated by using the bulk density log, porosity log, 

and fluid density information derived from fluid saturation to calculate dry rock density with an 

alternative form of Eq. 3.2 

Psnr  = P d r y  + @PJ . 

Dry rock density is combined with porosity and new fluid density to get new saturated rock 

density for velocity calculations. 

Figure 4.10 shows the calculated P-wave velocity for the reservoir zone with brine, oil, 

and COz saturation. Figure 4.11 presents the percent difference in P-wave velocity for oil and 

C02  saturation versus brine saturation. The variation of VpNs with fluid saturation is shown in 

Figure 4.12. Figure 4.13 shows the percent change in VpNs from brine-saturated conditions for 

oil and COz saturation. Fluid substitutions for density are shown in Figure 4.14. Figure 4.15 

shows the percent change in density from brine-saturated conditions for oil and C02 saturation. 

The averaged or "blocked variation of seismic impedance with fluid saturation for the Marly and 

Vuggy zones is presented in Figures 4.16 and 4.17. 



P-Wave Velocity, m/s 
Figure 4.10 Vp versus depth, as a function of fluid saturation for well 02042364. Marly zone is 
1398 m to 1405 m; Vuggy zone is 1405 to 1423 m. 
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Figure 4.1 1 Percent change in Vp from brine saturation, for well 02042364. Marly zone is 1398 
m to 1405 m; Vuggy zone is 1405 to 1423 m. 



Figure 4.12 VpNs versus depth, as a function of fluid saturation, for well 02042364. Marly zone 
is 1398 m to 1405 m; Vuggy zone is 1405 to 1423 m. 
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Figure 4.13 Percent change in VpNs from brine saturation, for well 02042364. Marly zone is 
1398 m to 1405 m; Vuggy zone is 1405 to 1423 m. 
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Figure 4.14 Density versus depth, as a function of fluid saturation, for well 02042364. Marly 
zone is 1398 m to 1405 m; Vuggy zone is 1405 to 1423 m. 
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Figure 4.15 Percent change in density from brine saturation, for well 02042364. Marly zone is 
1398 m to 1405 m; Vuggy zone is 1405 to 1423 m. 
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Figure 4.16 Blocked P-wave impedance versus depth, as a function of fluid saturation, for well 
02042364. 
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Figure 4.17 Blocked S-wave impedance versus depth, as a function of fluid saturation, for well 
02042364. 



In the Vuggy zone, sensitivity to fluid saturation varies considerably, i.e. from 0.5% to 

8% between brine- and C02-saturation. The variation in porosity and elastic moduli lead to the 

differences in fluid sensitivity. The average sensitivity to fluids is shown in Table 4.3. While 

100% saturation of any pore fluid is not realistic for the reservoir, these curves are useful for 

showing the maximum sensitivity of seismic properties to fluid composition. In this model, the 

seismic velocities in the Marly zone are roughly 50% more sensitive to changes in fluid 

composition than the Vuggy zone is. 

Table 4.3 Comparison of sensitivity of seismic attributes to changes in fluid composition and 
pressure for Marly and Vuggy zones. Based on geophysical logs for well 02042364. 

4.4 lnteqration of llltrasonic Core and Geophvsical Loq Data 

As shown in Table 4.2, the data from the ultrasonic core measurements and geophysical 

logging are generally compatible. The core data sample a much smaller part of the reservoir than 

the logging data do. As shown in Figure 4.8, there is significant variation in the seismic 

properties of the Marly and Vuggy zones. The geophysical logs can be averaged so they are 

representative of entire reservoir zones. While the absolute values of the ultrasonic core data may 

not be representative of the reservoir zones due to sampling limitations, they can be used to 

establish relative changes and pressure dependence of seismic parameters in the zones. The 

geophysical logs provide information on the relationship between elastic moduli and porosity. A 

porosity- and pressure-dependent model is achieved by integrating the ultrasonic core and the 

geophysical log data. 



4.4.1 Pressure Dependence of Elastic Moduli 

The pressure dependence curves from ultrasonic testing are scaled so that the moduli 

values at the estimated average differential pressure of 7 MPa are equal to the average moduli 

calculated from geophysical logs. This combines the advantages of each data set. In calculating 

the dry rock moduli from the geophysical logs, a pore pressure of 15 MPa and a differential 

pressure of 7 MPa are assumed. For the Marly zone, the pressure dependence is described by 

sample PC 12-13 4626 and for the Vuggy zone it is described by 14-1 1 4698. The pressure 

dependence curves are scaled so that the dry rock moduli from lab testing and geophysical logs 

are equal at a differential pressure of 7 MPa. 

The equations for the variation of dry rock moduli for the total Marly zone are 

where the units of KDRY and IJ-DRY are GPa and the units of pressure, P, are MPa. The pressure- 

dependent moduli equations for the total Vuggy zone are 

The dry rock moduli relations in Eqs. 4.6 and 4.7 are appropriate for the reservoir zones 

in well 02042364, which is outside the RCP study area. They correspond to the average porosity 

values of 0.29 for the Marly zone and 0.10 for the Vuggy zone. If these equations are to be used 

for Weyburn reservoir rock with significantly different porosity, they must be adjusted so the 

moduli and porosity correspond. Table 4.4 shows the sensitivity of seismic attributes to fluid 

saturation and pressure. For velocity calculations, grain density values of 2.87 for the Marly zone 

and 2.71 for the Vuggy zone were used. As expected, the sensitivity to fluid saturation is similar 

to that of the geophysical logs oilly (Table 4.3), with the Marly zone being roughly 50% more 

sensitive to changes in fluid composition than the Vuggy zone. 



Table 4.4 Comparison of sensitivity of seismic attributes to changes in fluid composition and 
pressure for Marly and Vuggy zones. Based on isotropic rock physics model from ultrasonic core 
testing and geophysical logs. Porosity values are based on well 02042364. 

4.4.2 Porositv Dependence of Elastic IVloduli 

As Figure 4.9 shows, dry rock moduli are related to porosity. With Gassmann7s equation 

(Eq. 2.2), the chosen values of porosity must correspond to KDRY for realistic sensitivity of GAT 

to fluids. As an example, if KDRY is held constant and porosity is reduced by one half, the rock 

becomes roughly twice as sensitive to fluids. This seems counterintuitive, since rocks with higher 

porosity are typically more sensitive to fluids. 

KDRY is lower than KM because of the compressible pore space, as shown in Eq. 4.8: 

where KDRy is dry rock bulk modulus, KM is mineral bulk modulus, @ is porosity, v, is pore 

Change 

Brine to Oil 

Brine to COz 

Increase Pore 
Pressure 1 NIPa 
(Oil @ 15 MPa) 

volume, and - is the derivative of pore volume with respect to hydrostatic confining stress 

Vuggy Zone, (I = 0.10 

a0 
under dry conditions (Mavko et al., 1998) Pore space stiffness is defined as v, - 1 ,  . If a 

av, 

Marly Zone, I$ = 0.29 

AVP 

-2.2 % 

-4.2 % 

-0.18 % 

small value of porosity causes a large reduction of KDRY from KM, the pore space stiffness is low, 

making it very sensitive to fluids. It is equivalent to assuming the pores have a very small aspect 

ratio in crack models (Hudson, 1980, 1981; Kuster and Toksoz, 1974). 

AVP 

-3.4 % 

-6.2 % 

-0.64 % 

AVs 

0.4 % 

1.0 % 

-0.15 % 

AVs 

1.4 % 

3.2 % 

-0.90 % 

AVPRS 

-2.6 % 

-5.2 % 

-0.04 % 

AVPRS 

-4.7% 

-9.1 % 

-0.26 % 



In the reservoir simulation model (Section 8.2.1), porosity varies by a factor of about four 

in each layer. A porosity-dependent model for elastic moduli is therefore necessary to 

realistically perform fluid substitutions before upscaling the layers to the reservoir zones. This 

porosity-dependent model is achieved by incorporating a porosity scaling factor obtained from 

the geophysical logs. Figures 4.18 though 4.21 show the variation of KDRY and  DRY with neutron 

porosity for the Marly and Vuggy zones, with linear trend lines fit to the data. For the Marly 

zone in well 02042364, values were taken from a depth of 1396 m to 1405 m, so that a wide 

range of porosity was included. 

The variability in the relations between dry rock moduli and porosity shows that Eq. (4.8) 

only approximates Weyburn reservoir rock behavior. This is probably due to changes in 

lithology within the reservoir zones, so that KM and vary. The trend lines could be 
ao 

changed to polynomials for a better fit to the data for well 02042364. However the uncertainty 

and variability in the reservoir-wide relations probably do not warrant this refinement. Care 

should be taken not to extrapolate the trend lines for the Marly zone moduli to low porosity 

values where unreasonably high or negative moduli would be predicted. The maximum dry rock 

moduli should be less than or equal to the mineral moduli. 

The porosity scaling factors are derived from the linear trend lines fit to llmoduli versus 

porosity. The porosity-scaling factors for the Marly zone are 

The porosity-scaling factors for the Vuggy zone are 
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Figure 4.18 Variation of ~/KDRY with porosity for the Marly zone. 
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Figure 4.19 Variation of l/p,,RY with porosity for the Marly zone. 
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Figure 4.20 Variation of ~/KDRY with porosity for the Vuggy zone. 
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Figure 4.21 Variation of I/PDRY with porosity for the Vuggy zone. 
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The porosity scaling factors are independent of pressure and pressure scaling is 

independent of porosity. In reality, low porosity rocks may be less pressure dependent. These 

assumptions are made for simplicity and data availability and should only cause minor deviations 

over the pore pressure changes in the RCP study area. Equations (4.9) and (4.10) should be used 

with caution outside of the porosity range from which they were developed. The values of dry 

rock moduli should be less than the values of mineral moduli. 

Table 4.5 shows the sensitivity of the seismic attributes to fluid saturation and pressure in 

the porosity-dependent model. The main difference is that porosity of the Marly zone is reduced 

to 0.24, the average value for the RCP study area. The sensitivity to fluids and pressure is almost 

the same as in the model with porosity of 0.29 (Table 4.4), showing that porosity variation has 

only a second order effect on fluid and pressure sensitivity at Weyburn Field. Seismic velocities 

in the Marly zone are approximately 50% more sensitive to fluid changes than are the velocities 

in the Vuggy zone. 

Table 4.5 Comparison of sensitivity of seismic attributes to changes in fluid composition and 
pressure for Marly and Vuggy zones. Based on isotropic rock physics model from ultrasonic core 
testing and geophysical logs. Porosity values are averages for RCP study area. 

4.5 Summary 

A pressure- and porosity-dependent isotropic model for elastic moduli of the reservoir 

zones is developed from ultrasonic core data and geophysical logs. The pressure dependence is 



taken from ultrasonic measurements, which are then scaled to average moduli for the reservoir 

zones. The variation of elastic moduli with porosity is added from geophysical log data. This 

model is used to calculate the sensitivity of Weyburn reservoir rock to changes in fluid saturation 

and pressure using Gassmann's equation, and as input to the anisotropic rock physics model 

described in Chapter 5. 

Gassmann7s equation does not accurately reproduce the seismic velocities measured on 

core velocities, perhaps due to frequency effects. However it does reproduce the differences in 

seismic velocities due to fluid and pressure changes, so it is acceptable for fluid substitution on 

Weyburn reservoir rock for time-lapse monitoring purposes. The sensitivity of models from core 

data alone, geophysical logs alone, and integrated core and log data is approximately the same for 

reasonable ranges in porosity for the reservoir zone. This shows that changes in seismic 

velocities due to changes in fluid saturation and pressure in the reservoir can be calculated using 

simplified models representative of the Marly and Vuggy zones. Spatial variability of lithology 

within these zones causes only a second order effect on sensitivity of the reservoir to fluid 

saturation and pressure. 



CHAPTER 5 

ANISOTROPIC ROCK PHYSICS MODELING 

5.1 Introduction 

The dry, isotropic rock physics model from the combined ultrasonic test data and 

geophysical logs should give a reasonable estimate of the elastic moduli of the reservoir matrix 

material. To more accurately simulate the seismic properties of the reservoir, the effect of 

fractures should be included in an anisotropic rock physics model. Hudson's crack model is used 

to calculate the elastic stiffness tensor of the dry, fractured rock (Section 5.2). Brown and 

Korringa's equation is then applied to calculate the elastic stiffness tensor of the saturated, 

fractured rock (Section 5.3). The elastic coefficients and density data are combined to compute 

seismic velocities (Section 5.4). The end result is an anisotropic rock physics model that can be 

used to model the variation of seismic velocities with pressure and fluid saturation. 

5.2 Fractures 

There are several indications of fractures in Weyburn reservoir. Oil production shows 

definite trend and off-trend patterns. For this reason horizontal wells are oriented parallel to the 

apparent dominant fracture direction. Shear-wave splitting is observed in both the dipole sonic 

logs and multicomponent seismic data. Reservoir core samples have fractures. 

Core samples show varying degree of fracturing, with the Marly zone less fractured than 

the Vuggy zone. There are vertical anhydrite-filled fractures less than 1 rnrn thick, vertical 

extensional fractures off stylolites, and large rough fractures 0.1 m to 0.5 m long. Most of the 

large fractures do not have mineral growth along the fracture surfaces, making discriminatioil 

between natural and drilling-induced fractures ambiguous. Thin section analysis would provide 

more definitive classification of fracture origin. 



5.2.1 Previous Fracture Characterization Studies 

Bunge (2000) obtained information on fracture characteristics from core and image logs. 

Fracture height, aperture, density, and orientation were quantified for three sets of open fractures. 

Table 5.1 lists properties of the open fracture sets at Weyburn. 

Table 5.1 Description of fractures in Marly and Vuggy zones (from Bunge, 2000). 

The average dip of all fracture sets is 80°, with fractures dipping from 80" to 90" 

accounting for 69% of fractures (Bunge, 2000). This supports the assumption that the fractures 

can be modeled as vertical. The average fracture aperture is 0.1 rnm, with a range of 0.004 to 0.2 

mrn. Fracture height averaged 30 cm for all sets and for both the Marly and Vuggy zones, with 

fractures 10 cin to 30 cm high accounting for 70% of fractures. 

Fracture porosity may be calculated by 

where a* is fracture aperture (length) and df is fracture density (lllength). This equation is for 

linear porosity, which assumes that the fractures extend infinitely in the plane normal to the line. 

For Vuggy zone set A, this gives an estimate of 0.038% average fracture porosity. 

An alternative method is to assume that the linear fracture density is the same in all 

directions, so that the volumetric fracture density in fractures/m3 is three times the linear fracture 

density in fracturestm. The geometry of the fractures must be chosen. Assuming the fractures are 

disks, with fracture length equal to fracture height, and width given by aperture, 

Fracture Density Vuggy 
(fractureslm) 

3.8 

2.5 

1.6 

Fracture Density Marly 
(fractureslm) 

2.3 

1.5 

1 .O 

Fracture Set 

A 

B 

C 

Strike Azimuth 
(degrees) 

40" + 5" 

285" + 7" 

328" + 1 1" 



where hf is the fracture height. For Vuggy zone set A, this gives an estimate of 0.0081% for of, a 

factor of about five lower than the fracture porosity from Eq. (5.1). Without additional 

information on fracture shape, it is not possible to know the correct fracture porosity. 

Ideally we would either have data on fracture shape and porosity or have independent 

seismic velocities of the fractured Weyburn reservoir with which we could calibrate Hudson's 

crack model. Because the Vuggy and Marly zones are thin, accurate seismic velocities over these 

separate intervals are difficult to obtain. 

For a single fracture set, crack density, qc, is approximately equal to Thomsen's shear 

splitting parameter, y, for transversely isotropic media. Shear-wave splitting values for the 

reservoir level are available from the dipole sonic log. These values are representative of seismic 

data if the well penetrates representative fractures sets, which may be unlikely for a vertical well 

sampling vertical fractures. For well log 02042364, the average shear splitting is 2.2% for the 

Marly zone and 10% for the Vuggy zone. With a fracture aspect ratio of 0.00033 (0.1 rnrn 

average aperture + 30 cm average height) and density of fracture set A, this corresponds to a 

fracture porosity of 0.0031% for the Marly zone and 0.014% for the Vuggy zone. For the Marly 

and Vuggy zones, these are closer to the volumetrically derived fracture porosity (Eq. 5.2) than 

the linearly derived porosity (Eq. 5.1). The core and image logs show approximately 40% less 

fracture density for the Marly zone versus the Vuggy zone, but the dipole sonic logs show 75% 

less fracturing in the Marly zone compared to the Vuggy zone. The ultrasonic testing of the 

Marly core shows that there may be 3% to 5% shear-wave splitting (Figure 3.20). 

5.2.2 Hudson's Model for Cracked Media 

Hudson's model for cracked media (1980, 1981) can be used to compute the effective 

moduli of an isotropic background matrix with fractures. The model is based on scattering theory 

for a wave field in an elastic solid with idealized ellipsoidal cracks. The cracks may be either dry, 

fluid-filled, or filled with "weak" solids. Hudson's model assumes that the cracks are isolated 

with respect to fluid flow, which corresponds to high-frequency fluid-rock behavior. Because 

seismic data are probably in the low frequency range at Weyburn, Hudson's model is used to 

calculate the elastic constants for a dry, fractured rock and then Brown and Korringa's equation (a 

generalization of Gassmann's equation) is used to calculate the saturated properties. 



In Hudson's crack model, fractures are described by the crack density, qc. Crack density 

is formally defined as 

Where $f is fracture (crack) porosity and a is crack aspect ratio. There is inherent non- 

uniqueness in the interpretation of crack density. For example, a fracture set with high fracture 

porosity and large aspect ratio could have the same crack density as a set with low fracture 

porosity and small aspect ratio. 

5.2.3 Sinqle Fracture Set - Hudson's Model 

Because the main focus of this work is on characterizing pore pressure and fluid 

saturation changes, not fractures, rock physics modeling is done only for the average parameters 

for a single set of fractures. The following summary of Hudson's (1980,1981) model for a single 

set of fractures with normals parallel to the xl-axis (vertical fractures) is adapted from Mavko et 

al. (1998) and Bakulin et al. (2000). The effective medium exhibits HTI symmetry (transversely 

isotropic with a horizontal symmetry axis). The effective moduli, cijeff are described by 

c'ff = c0 + c!. + c2 
!I (I (1 ! I '  (5.4) 

0 1 where cij , cij , cij2 are the isotropic background moduli and the first- and second-order corrections 

for cracks, respectively. For vertical wave propagation, the moduli of interest are c~~ (P-wave), 

c44 (&-wave), C66 (S2-wave). The isotropic background moduli are determined by Lame's 

parameters h and p. The corrections are 



where qc is crack density and 

The other stiffness constants are obtained using the structure of the stiffness tensor for HTI 

symmetry with the xl-symmetry axis, as shown in Eq. 5.6: 

Figure 5.1 shows the variation of c~~ with crack density for the Marly and Vuggy zones. Figure 

5.2 presents the variation of ~44, and C66 with crack density for the Marly and Vuggy zones. In the 

Marly and Vuggy zones, the crack density is estimated to vary from 0% to 10%. Seismic 

velocities are proportional to the square root of elastic coefficients. For vertically traveling waves 

in an HTI medium, crack density has no effect on c44 (VSI), and approximately linear effects on 

C33 (VP) and C66 (VS~).  
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Figure 5.1 Variation of c33 (P-wave modulus) with crack density at constant differential pressure, 
calculated using Hudson's crack model. 
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Figure 5.2 Variation of c41 @,-wave modulus) and C66 (SI-wave modulus) with crack density at 
constant differential pressure, calculated using Hudson's crack model. 
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Figure 5.3 shows the variation of c33 with differential pressure at constant crack density 

for the Marly and Vuggy zones. Figure 5.4 presents the variation of c ~ ~ ,  and C66 with differential 

pressure at constant crack density for the Marly and Vuggy zones. For modeling purposes, the 

crack density is 3% in the Marly zone and 10% in the Vuggy zone. In this constant crack density 

model, the relative amount that Cii is reduced due to cracks is largely independent of differential 

pressure. In other words, cijO varies but cijl and cij2 in Eq. (5.4) are approximately constant. 

Crack Density: Marly 3%, Vuggy 10% 

Figure 5.3 Variation of c33 (P-wave modulus) with differential pressure at constant crack density, 
calculated using Hudson's crack model. 
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Crack Density: Marly 3%, Vuggy 10% 

Figure 5.4 Variation of c44 (S1-wave modulus) and C66 (&wave modulus) with differential 
pressure at constant crack density, calculated using Hudson's crack model. 
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5.2.4 Multiple Fracture Sets 

For reservoir development and seismic response, only one set of vertical fractures is 

usually considered at Weyburn Field. However, the work by Bunge (2000) shows that there may 

be several fracture sets. Several fracture sets would reduce the elastic moduli further from one 

set, change the symmetry of the elastic stiffness matrix, and possibly decrease shear-wave 

splitting. While these effects are important, it is not practical to model them for several reasons. 

First, because of the lack of information on fracture dimensions, the uncertainty in 

fracture porosity would lead to unacceptable error in crack density and the elastic stiffness matrix. 

Although Hudson's crack model can be used to model the effect of multiple fracture sets, several 

of its assumptions would be grossly violated in the case of Weyburn Field. Second, the cracks 

are assumed to be uniform ellipses (penny-shaped), which is convenient but not necessarily 

realistic. Third, Hudson's model should only be used for crack density less than 0.1. A crack 

density of 0.1 for a single fracture set is necessary to match the average shear splitting in the 

Vuggy zone; multiple fracture sets would require a higher crack density to match the shear-wave 
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splitting. Fourth, multiple intersecting fracture sets would interact. The limitation on crack 

density is imposed because the fractures are isolated in Hudson's model. There are other crack 

models besides Hudson's, such as those by Kuster and Toksoz (1974), O'Connell and Budianski 

(1974), Cheng (1993), but they impose similar geometric restrictions on cracks and are usually 

valid only for low crack density. Fifth, the fracture characteristics change with changes in 

differential stress. Existing theories to model this effect (Eshelby, 1957; Walsh, 1965) require 

information on fracture distrib~~tions that is not available. The pressure variation of crack density 

could be modeled empirically or theoretically but there are no data with which to calibrate the 

model. 

How significant are the errors introduced by the simplified crack model used in this 

research? For the interpretation of the zero-offset P-wave volumes, the differences are minor. 

For the interpretation of P-wave AVO or multicomponent data, the differences between the 

simplified crack model and the reservoir are important. The crack model could be improved in 

terms of both static fracture parameters and dynamic fracture characterization (dependence of 

fracture parameters on pressure). 

5.3 Stiffness Tensor of Saturated Anisotropic Rock - Brown and 

Korrinqa's Equation 

Brown and Korringa's (1975) equation relates the effective moduli of a saturated, 

anisotropic rock to a dry, anisotropic rock. Like Gassmann's equation, it applies in the low 

frequency seismic limit. The formulation given here does not include a separate pore space 

compressibility, and assumes a single elastic compliance tensor for the rnineral(s) and complete 

saturation. 

where s ~ ~ ~ ~ ( ~ ~ ~ ) ,  ~ i ~ ~ l ( ~ ~ ) ,  s i jk lM are the effective elastic compliance tensors of the saturated rock, dry 

rock, and mineral material, respectively; Pfl and PM are compressibility of the pore fluid and 

mineral material; @ is porosity. The elastic compliance tensor is the matrix inverse of the elastic 



stiffness tensor. The four-subscript notation is used (Aki and Richards, 1980) and summation is 

over a and p. A more intuitive formulation of Eq. 5.7, which uses the 2-subscript notation, is 

given in Cardona et al. (2001). The symmetry of the saturated rock is the same as that of the dry 

rock (Eq. 5.6). 

For the case of HTI symmetry and vertically traveling waves, the moduli that control 

shear wave velocity, c44 and C66, are not influenced by fluid saturation. C33, which controls 

vertical incidence P-wave velocity, increases with increasing fluid bulk modulus, as shown in 

Figure 5.5. Therefore fluid saturation should not change shear-wave splitting but will affect 

VpNs ratio. As shown in Figure 5.5, the elastic properties of the Marly zone are more sensitive 

to fluid saturation than are those of the Vuggy zone. 

Differential Pressure = 7 MPa, Crack Density: Marly 3%, Vuggy 10% 
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Figure 5.5 Modeled variation of c33 (P-wave modulus) with fluid bulk modulus at constant crack 
density and differential pressure. 

5.4 Pressure-Dependent, Anisotropic, Saturated Rock Phvsics Model 

The stiffness matrix of the sat~~rated, anisotropic rock is combined with bulk density to 

calculate the seismic velocities of the rock. Figures 5.6 and 5.7 show the variation of density with 



pore pressure and fluid composition, for a constant confining pressure and crack density. 

Because bulk density is linearly related to fluid density at constant porosity, matrix density, and 

grain density (Eqs. 3.3 and 4 . 3 ,  the bulk density relations are simply scaled versions of the fluid 

density relations (Figure 2.1 1). Grain density values are 2.87 for the Marly zone and 2.71 for the 

Vuggy zone. 

Figures 5.8 through 5.13 present the variation of Vp, VS1, and VS2 with pore pressure and 

fluid composition at constant confining pressure and crack density, for the Marly and Vuggy 

zones. The seismic velocities change due to variation of fluid density and bulk modulus with 

pore pressure and variation of the elastic stiffness matrix (cij) with differential pressure. 
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Figure 5.6 Marly bulk density as a function of fluid saturation and pore pressure. Fluid density 
values are shown in Figure 2.11. 
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Figure 5.7 Vuggy bulk density as a function of fluid saturation and pore pressure. Fluid density 
values are shown in Figure 2.1 1. 

Marly Dolostone, $ = 0.24, Crack Density = 0.03, PC = 22 MPa 

Pore Pressure, MPa 

Figure 5.8 Marly P-wave velocity as a function of fluid saturation and pore pressure at constant 
crack density and confining pressure. 



Pore Pressure, MPa 

Figure 5.9 Marly SI-wave velocity as a function of fluid saturation and pore pressure at constant 
crack density and confining pressure. 
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Figure 5.10 Marly Sz-wave velocity as a function of fluid saturation and pore pressure at constant 
crack density and confining pressure. 



Vuggy Limestone, 4 = 0.1 0, Crack Density = 0.1 0, P, = 22 MPa 

Pore Pressure, MPa 

Figure 5.1 1 Vuggy P-wave velocity as a function of fluid saturation and pore pressure at constant 
crack density and confining pressure. 

Vuggy Limestone, 4 = 0.1 0, Crack Density = 0.1 0, P, = 22 MPa 

Pore Pressure, MPa 

Figure 5.12 Vuggy S1-wave velocity as a function of fluid saturation and pore pressure at 
constant crack density and confining pressure. 



Vuggy Limestone, $ = 0.1 0, Crack Density = 0.1 0, P, = 22 MPa 

Pore Pressure, MPa 

Figure 5.13 Vuggy Sz-wave velocity as a function of fluid saturation and pore pressure at 
constant crack density and confining pressure. 

In this constant crack density model, Vsz is a scaled version of Vsl. For the Marly zone, 

the reduction factor is approximately 3.4% for 3% crack density. For the Vuggy zone, the 

reduction factor is approximately 11.9% for 10% crack density. The effect of cracks is also to 

reduce Vp by approximately 0.4% for the Marly zone and 1.1% for the Vuggy zone compared to 

the intact, isotropic model. 

The variation of VpNs with pore pressure and fluid composition is shown in Figures 5.14 

and 5.15. VPNsl was chosen because it is usually more accurately derived from seismic data 

than VpNsz, due to noise considerations. In this constant crack density model, VP/VS2 is simply a 

scaled version of VpNsl and contains no new information. 

Figures 5.14 and 5.15 show that the seismic attribute VPNsl is less sensitive to pressure 

than Vp alone. Table 5.2 summarizes the sensitivity of these seismic attributes to changes in fluid 

saturation and pressure, as calculated with the saturated, anisotropic rock physics model. 

Calculations are made assuming a confining pressure of 22 MPa and pore pressure of 15 MPa. 
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Figure 5.14 Marly VpNsl as a function of fluid saturation and pore pressure at constant crack 
density and confining pressure. 
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Figure 5.15 Vuggy VPNSI as a function of fluid saturation and pore pressure at constant crack 
density and confining pressure. 



Table 5.2 Comparison of sensitivity of seismic attributes to changes in fluid composition and 
pressure for Marly and Vuggy zones. Based on saturated, anisotropic rock physics model. 
Porosity values are averages for RCP study area. 

Table 5.2 can be compared to Table 4.5, which shows the sensitivity of the saturated, 

isotropic rock physics model. The fractures increase the sensitivity of the rock to fluid saturation 

changes. After accounting for fractures, the Marly zone is approximately 25% more sensitive to 

changes in fluid saturation than the Vuggy zone. 

Compared with AVp, AVPNS, is more sensitive to fluid composition change and less 

sensitive to change in pore pressure. Because the current model does not include the variation of 

crack density with pressure, shear wave splitting cannot be modeled. The estimation of AVpNs2 

with pressure would also be only approximate, since V S ~  would vary differently with pressure 

than Vsl in a pressure-dependent crack density model. If the multiple vertical fracture sets 

present at Weyburn were modeled, both VSI and Vs2 would vary differently with pressure than in 

the current model. 

The sensitivity values are calculated for the average of the reservoir zones. In the high 

quality reservoir zone in the Marly, the sensitivity to fluids is at least twice that of the average 

values of the Vuggy zone (Figures 4.1 1,4.13). The Marly core samples for ultrasonic testing 

were taken from the high quality Marly zone and exhibit greater sensitivity to fluids (Table 4.1) 

than the anisotropic model (Table 5.2). By including lower quality reservoir rock in the Marly 

models, the sensitivity to fluids decreases but the height of the zone increases. This is done to 

best match the Marly model in the reservoir simulator (Chapter 8). 

Change 
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-0.65% 

AVpNsi 

-3.2% 

-6.5% 

-0.01% 

AVSI 

1.1% 

2.5% 

-0.90% 



Although the sensitivity of the reservoir rock is shown for pure fluid phases in Tables 4.1, 

4.3,4.4,4.5, and 5.2, this maximum sensitivity is not much different than the maximum changes 

expected in the reservoir. This is because the effective bulk modulus of a multiple phase fluid 

mixture with a highly compressible phase (i.e, gas) is similar to the bulk modulus of the 

compressible phase. At Weyburn reservoir, the acoustic properties of a fluid mixture with a light 

hydrocarbon-enriched COz phase are similar to those of pure COz. The maximum expected 

difference in the reservoir is from 2-phase (brine-oil) saturation to 3-phase (brine-oil saturated 

with C02-C02 with light hydrocarbons) saturation. The change in seismic velocities should be 

between the values for brine to oil and brine to C 0 2  given in Table 5.2, for P-wave velocity, the 

expected changes are approximately 4% to 5% for the reservoir. Synthetic seismic modeling 

(Chapter 6) is used to estimate the effect of these changes on the time-lapse seismic reflection 

data and gauge their detectability. 

An anisotropic, pressure-dependent model for the acoustic properties of Weyburn 

reservoir rock is developed from the integrated isotropic model. A single set of vertical fractures 

is modeled with Hudson's crack model and the elastic constants of the saturated, anisotropic rock 

are calculated with Brown and Korringa's equation and the fluid properties for Weyburn 

reservoir. The seismic velocities are calculated for a range in pressure and pure phase saturation 

conditions, to show the maximum sensitivity of the rock to changes in pressure and fluid 

saturation. In general, the Marly zone exhibits greater changes in seismic properties with changes 

in pressure and fluid composition than does the Vuggy zone. 

As Tables 4.1,4.3,4.4,4.5 and 5.2 show, the sensitivity to fluid and pressure changes in 

the isotropic rock physics models from ultrasonic testing is similar to the sensitivity of the 

integrated, anisotropic rock physics model. Why is this and are there any advantages of using the 

more complicated anisotropic model? The values of porosity, dry density, and elastic moduli are 

slightly different between the isotropic and anisotropic models. In addition, the anisotropic 

model includes a set of fractures. These differences affect the absolute value of the calculated 

seismic velocities, but are only second order effects in calculating the changes in seismic 



velocities due to changes in fluid pressure and composition. This finding supports the use of a 

reservoir-zone rock model for time-lapse studies at Weyburn Field. Although the porosity, 

lithology, pressure, and fracture characteristics vary spatially in the reservoir, the first order 

effects in the seismic difference data are caused by changes in pore fluid pressure and saturation. 

The integrated, anisotropic rock physics model has several advantages over core- or log- 

based models. By integrating geophysical logs with ultrasonic core data, the model is more 

representative of the reservoir zones. This is a major improvement in calculating seismic 

velocities, but less important for estimating changes in seismic velocities, as discussed in the 

previous paragraph. The incorporation of fractures causes a static decrease in elastic moduli, 

which increases the sensitivity of the rock to changes in fluid saturation. This effect is significant 

for the Vuggy zone. Although it would improve the modeling of seismic attributes such as 

AVpNs and shear wave splitting, the pressure dependence of crack density was not incorporated 

into the model because the required data are lacking. The simplicity of the fracture model is 

justified because predicted pore pressure changes under C02 flood at Weybum Field are small 

(Section 8.2.2). The seismic interpretation in this research also focuses mainly on the P-wave 

data (Chapter 9), which are less sensitive to vertical fractures than are the S-wave data. 

Another advantage of the integrated, anisotropic rock physics model is that it can be used 

in further RCP research. For some reservoir processes, pressure changes may be significant and a 

more detailed fracture model may be required. In this case, the framework of the anisotropic rock 

physics model is in place and can easily be modified to include this. Time-lapse studies should 

be able to use changes in NMO ellipses, azimuthal AVO response etc. - signatures that cannot be 

modeled isotropically. 



CHAPTER 6 

SYN'THE'TIC SEISMIC MODELING 

6.1 Introduction 

Synthetic seismic modeling is helpful in identifying the horizon of interest in seismic 

data. In time-lapse seismic reflection surveys, synthetics can be used to quantify the change in 

the seismic data due to changes in reservoir properties. In its simplest form, modeling synthetics 

requires a layered earth model of seismic impedance and a source wavelet. The modeling in this 

chapter consists of two main parts: modeling of both P- and S-wave impedance under varying 

pore fluid and pore pressure conditions, and modeling of P-wave reflection synthetics with fluid 

substitution in the reservoir zones. The results indicate the vertical resolution and guide the 

interpretation method of the time-lapse seismic data at Weyburn Field (Chapter 9). 

6.2 Seismic lrr~pedance Modelinq 

Amplitudes of reflection events in seismic data are determined by the changes in seismic 

impedance with depth in the earth (Eqs. 6.2 and 6.3). Seismic impedance, 2, is the product of 

density, p, and seismic velocity, V: 

z = p v .  (6.1) 

The anisotropic rock physics model discussed in Chapter 5 is used to model the variation of P- 

and S-impedance with varyink pore fluid and pore pressure. Figures 6.1 and 6.2 present the Marly 

zone P- and S1-impedance. Figures 6.3 and 6.4 present the Vuggy zone P- and SI-impedance. 

The baseline (before CO2 flood) in-situ impedance is between the values for pure brine and pure 

oil saturation. The repeat (1 year after C02 flood) in-situ impedance varies spatially over the 

reservoir and ranges from the values for pure C02 to between the values for pure brine and pure 

oil saturation. 
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Figure 6.1 Variation of Marly P-wave impedance with fluid saturation and pressure at constant 
crack density. 
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Figure 6.2 Variation of Marly SI-wave impedance with fluid saturation and pressure at constant 
crack density. 



Vuggy Limestone, Crack Density = 0.1, Confining Pressure = 22 MPa 
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Figure 6.3 Variation of Vuggy P-wave impedance with fluid saturation and pressure at constant 
crack density. 

Vuggy Limestone, Crack Density = 0.1, Confining Pressure = 22 MPa 
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Figure 6.4 Variation of Vuggy S1-wave impedance with fluid saturation and pressure at constant 
crack density. 



As shown in Figures 6.1 and 6.3, changes in fluid sat~tration have a greater effect on P- 

wave impedance of the reservoir zones, considering that the expected pore pressure change is less 

than 5 MPa. The Marly zone SI-impedance is more sensitive to pressure changes than to fluid 

saturation. In this model, the Vuggy zone SI-impedance is much less sensitive to fluid saturation 

or pressure changes than is the Marly zone. This is because the elastic moduli of the Vuggy core 

samples are higher than those of the Vuggy zone and exhibit less pressure dependence (Chapter 

3). 

To aid in simplifying impedance contrasts in geophysical logs, the logs can be blocked by 

seismic units. Impedance values from the previous charts could be used for the effective 

properties of the reservoir units in synthetic modeling. Examples of this are shown in Figures 6.5 

and 6.6 for P- and S1-wave impedance, respectively. Fluid substitutions were performed in the 

Marly and Vuggy zones only. As shown in Figures 6.5 and 6.6, the top of the Marly is an 

impedance decrease, the Marly-Vuggy interface is an impedance increase, and the bottom of the 

Vuggy is an impedance decrease. 

For thick beds, the seismic data are easily correlated with seismic impedance differences 

at layer boundaries. For thin beds, tuning effects make this correlation more difficult, as 

discussed in the Section 6.3.1. 



8 10 12 14 

P-Wave Impedance, 1 o6 kg/m2/s 

Figure 6.5 Variation of P-wave impedance with depth, Weyburn reservoir model. Crack density 
of Marly = 0.03, Vuggy = 0.1, PC = 22 MPa, Pp = 15 MPa. 
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Figure 6.6 Variation of SI-wave impedance with depth, Weyburn reservoir model. Crack density 
of Marly = 0.03, Vuggy = 0.1, PC = 22 MPa, Pp = 15 MPa. 



6.3 Svnthetic Seismoqrams 

Hampson-Russell AVO software is used to compute synthetic seismograms. H-R AVO 

uses a convolutional model implemented in the frequency domain to determine the offset- 

dependent seismic trace due to propagation of a source wavelet through a l-D layered earth 

model (Hampson-Russell Software Services, Ltd., 1994). Multiples and mode converted waves 

are not included. The modeling options chosen in this research are simple: vertical incidence 

(zero-offset), with no transmission losses or geometric spreading or added noise. This is so that 

the synthetics can be best compared to the processed seismic data. The seismic data volume is 

post-stack, has been migrated to approximate zero-offset conditions, and has had amplitude 

balancing to counteract transmission losses and geometric spreading. 

The Zoeppritz equation for reflection coefficient, RC, at vertical incidence is: 

where Z is seismic impedance and the s~~bscripts 1 and 2 represent the upper and lower layers, 

respectively (Zoeppritz, 1919). The seismic trace, T(t) is computed by 

T ( t )  = RC(t)  * W ( t )  , (6.3) 

where W(t) is the source wavelet, RC(t) is the reflection coefficient series as a function of two 

way travel time for seismic waves in the media, and * denotes convolution. 

6.3.1 Correlation of Reflectors and Reflections 

The correlation of reflectors (layers in the earth) and reflections (events in the seismic 

data) is done in H-R AVO through synthetic modeling. This aids ill interpreting the reservoir 

horizons in the seismic data. By changing the seismic properties of the reservoir and generating 

synthetics, the changes in the seismic data can be estimated (Section 6.3.2). 

Synthetic modeling requires geophysical logs and an estimate of the source wavelet. Ida 

Herawati (personal communication, 2002) of the RCP provided the P-wave source wavelet. It 

was estimated by least-squares inversion of the seismic data in a 130 ms window around the 

reservoir and three wells in the survey area. The wavelet is shown in Figure 6.7. The dominant 

frequency based on the width of the main peak is approximately 33 Hz. 



Figure 6.7 P-wave wavelet for RCP seismic survey (from Ida Herawati). 

The logs for generating the synthetic were made by combining geophysical logs from 

wells 410416613 and 02042364. Well 41 0416613 is outside of the survey area (Figure 4.6) but 

has continuous data from the near surface to more than 1000 m below the reservoir. Well 

02042364 has the logs necessary for fluid s~~bstitution in the reservoir zone. The reservoir zone 

data of well 02042364 were substituted for the reservoir zone data of well 4 104166 13. 

Figure 6.8 presents the geophysical logs and the P-wave synthetic seismic trace generated 

from them. The largest event is the Mississippian unconformity, which is a large peak on the 

seismic data. Because the Marly and Vuggy zones are thin beds, they are not represented by 

separate events in the seismic data. The Marly zone is approximately 1/16 of the dominant 

wavelength and the Vuggy zone is 118 of the dominant wavelength. The top of the Marly zone 

corresponds to a trough. The middle of the Vuggy zone corresponds to the zero crossing of the 

same wavelet. 



Figure 6.8 P-wave synthetic seismogram from wells 02042364 and 4 104 166 13, wavelet in 
Figure 6.7. 



6.3.2 Sensitivitv of Svnthetics to Fluid Saturation 

Synthetic modeling is used to estimate the changes in the time-lapse seismic data due to 

fluid saturation changes. For the following P-wave synthetics, fluid substitutions were performed 

on the reservoir zones and the seismic traces were generated using the composite log and wavelet 

described in Section 6.3.1. The fluid substitutions are described in Section 4.3. Because the 

emphasis is on differences in the synthetics, not the individual synthetics, the results from these 

well logs are qualitatively representative of the RCP survey area. As discussed in Reasnor (2001) 

spatial variation in layer thickness, fracture density, porosity, and lithology may have first order 

effects on the seismic data. These variations are expected only to have second order effects on 

the time-lapse difference, however, and are therefore not modeled. The sensitivity calculations in 

Chapters 4 and 5 for various isotropic and anisotropic models support this. Because the P-wave 

data are interpreted in this thesis, only P-wave synthetics are generated. 

S-wave synthetics could be generated to show the sensitivity to fluid saturation or 

pressure, using the relations presented in Figures 6.2 and 6.4 and blocked logs. The S-wave 

synthetics are expected to be similar to the P-wave synthetics for several reasons (Reasnor 2001). 

The impedance changes generally correlate between the S- and P-wave velocity profiles. The 

reservoir zones are thin beds to shear waves. The S-wave velocity is approximately 55% of the 

P-wave velocity and the dominant frequency is about 40% of that of the P-wave, so the resolution 

of the S-wave data is less than that of the P-wave data. 

The following figures show the individual synthetics after fluid substitution, with the 

Marly and Vuggy zones delineated. The original synthetic for in-situ fluid saturation is 

subtracted from the synthetics for brine, oil, and C 0 2  saturations. The original in-situ fluid 

saturation varies with depth. It averages 47% brine and 53% oil in the Marly zone and 72% brine 

and 28% oil in the Vuggy zone, based on analysis of geophysical logs for well 02042364. To aid 

in identifying changes, the "difference synthetic" is amplified by six. Figure 6.9 presents the 

synthetics for identical fluid substitutions in the Marly and Vuggy zones. Figure 6.10 shows the 

results for fluid substitutions in the Marly zone only and Figure 6.1 1 shows the synthetics for 

fluid substitutions in the Vuggy zone only. 
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Figure 6.9 Change in P-wave synthetic trace due to fluid change in both Marly and Vuggy zones. 
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Figure 6.10 Change in P-wave synthetic trace due to fluid change in Marly zone. 
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Figure 6.1 1 Change in P-wave synthetic trace due to fluid change in Vuggy zone. 

As seen in Figures 6.9 to 6.1 1, the predicted changes in the seismic data are not unique 

for changes in the fluid saturation of the individual reservoir zones. Although the maximum 

difference changes slightly in time, the fluid changes in the Marly, Vuggy, or Marly and Vuggy 

zones cause changes in the reflections in the seismic data corresponding to both the Marly and 

Vuggy zones. Because of this, the seismic data cannot resolve changes in the Marly and Vuggy 

zones separately. An increase in the bandwidth of the source wavelet is needed to improve the 

resolution of the seismic data. 

The maximum expected changes in amplitude due to fluid saturation changes are 10% to 

20%, with fluid changes in the Vuggy causing roughly half the effect of fluid changes in the 

Marly. Impedance decreases in either zone, as would be expected with COz injection, produce a 

larger trough that correlates with the top of the Marly zone and a larger peak that is close to the 

bottom of the Vuggy zone. To capture the whole change in the seismic data, a window should be 

used in calculating RMS amplitudes of the reflectors corresponding to the reservoir zones. 



6.4 Summarv 

P- and S-wave impedance of the reservoir zones are modeled as a function of fluid 

saturation and pore pressure. The results can be used in synthetic modeling to estimate the 

changes in the seismic data due to expected fluid and pressure changes. As an example, P-wave 

synthetic modeling is performed to quantify changes in the time-lapse seismic data due to fluid 

saturation changes in the reservoir zones. The results show that the effects of fluid changes in the 

Marly and Vuggy zones are not unique, but produce differences in the reflection amplitudes over 

a greater time window than has been considered to correspond to that reflector. This is expected 

because both the Marly and Vuggy zones are seismically thin beds. This suggests that to identify 

time-lapse difference anomalies in the seismic data, RMS amplitude be measured on a window 

around the reflections corresponding the reservoir zones. 

The results apply qualitatively to all P-impedance changes in the reservoir zones. For P- 

waves, a decrease in pore pressure would cause an increase in impedance and have an effect 

similar to changing the fluid saturation to brine. An increase in pore pressure would have an 

effect similar to changing the fluid saturation to oil or COz in the previous examples. Additional 

synthetic modeling could be done to estimate the expected time-lapse changes in the S-wave data 

or to investigate the sensitivity of the change in reflection amplitudes for reservoir zones of 

varying thickness. 



CHAPTER 7 

ACOUSTIC PROPERTIES OF WEYBURN OIL - COs SYSTEM 

7.1 Introduction 

In previous modeling of fluid and rock properties (Chapters 2 to 6), FLAG 4.0 has been 

used to model the acoustic properties of brine and hydrocarbons. This modeling has served to 

estimate the sensitivity of the seismic properties of the reservoir rock to fluid and pressure 

changes. End members were used in the fluid substitutions to estimate the maximum sensitivity 

to fluids. While this is valuable for feasibility studies and qualitative interpretation of time-lapse 

seismic data, more accurate fluid modeling is needed for quantitative interpretation. 

A different method of fluid modeling is needed for three reasons. First, there will be 

multiple phase fluid saturation: brine, oil, andlor a CO2-rich fluid phase. Fluid substitutions need 

to be done for the estimates of fluid saturation and composition from reservoir simulation, which 

are not in a format FLAG can use. Second, previous modeling was done for oil with up to 66% 

mole fraction dissolved CO2. Below the minimum miscibility pressure of approximately 14 to 17 

MPa (Section 2.2.4) or for higher concentrations of CO2, a CO2 phase enriched with light 

hydrocarbons separates from the oil phase. The reservoir sim~~lation (Chapter 8) shows that the 

C02 phase forms near the injectors. This COz phase cannot be modeled accurately with FLAG 

because it behaves differently than the hydrocarbons in the database upon which the FLAG 

relations are built. Third, FLAG cannot be used directly on the detailed compositional o u t p ~ ~ t  

from the reservoir simulation. 

FLAG 4.0 can be used to model the properties of brine from the reservoir simulation 

output, but not the oil phase and COz-rich phase. FLAG requires API gravity, gas oil ratio, and 

gas gravity to specify composition (Section 2.2.2), but the reservoir simulator provides mole 

fraction of seven pseudo-components (Table 7.1). This chapter discusses the compositional data 

from the reservoir simulation and the options for modeling its acoustic properties. 



7.2 Compositional Reservoir Simulation 

Eclipse 300 has been used to model the EOR operations and match the production history 

at Weyburn Field. The Eclipse simulator has been used in compositional mode with the Peng- 

Robinson equation of state (EOS) (Peng and Robinson, 1965) and three phase fluid treatment. 

The Peng-Robinson cubic EOS is used for the "flash" calculations. Flash calculations 

refer to the determination of the composition and relative quantities of the phases present at 

specified total composition, temperature, and pressure. The parameters in an EOS model are 

fully determined for given pressure and temperature conditions. From an EOS model, all the 

thermodynamic properties of a mixture can be determined, including bulk modulus and density. 

The oil and gas hydrocarbon phases are modeled with seven pseudo-components, which 

correspond to groups of compounds with similar properties. Their properties are fit to PVT data 

of the total mixture, as described in PanCanadian (1994) and Schlumberger Geoquest (1996). 

Molecular weight and critical properties are summarized in Table 7.1. Additional properties 

include boiling temperature, critical Z factor, acentric factor, static volume shift, LBC viscosity, 

parachor, reference density, and binary interaction coefficients. 

Table 7.1 Description of components in Weyburn reservoir simulation. 

An advantage to compositional simulation is that fluid phase changes can be modeled 

accurately. Fluid phase changes may be the dominant cause of changes in time-lapse data. 



Development of a small amount of gas or compressible liquid phase in an otherwise oil- or brine- 

saturated rock lowers the bulk modulus significantly. 

7.3 Fluid Modelinq Options 

Fluid modeling options for oil-CO2 systems range from simple to complex, with varying 

accuracy. A simple approximation method is to average the end member properties of oil and 

COz based on volume fraction (Duranti, 2001). This is artificial because the mixture behaves 

differently than the separate components. Miscibility and phase behavior change with pressure. 

On the other extreme, equation of state models may describe the phase behavior and acoustic 

properties very accurately, but require detailed compositional information and are 

computationally intensive. For time-lapse seismic modeling, the fluid model must accurately 

describe the significant changes in acoustic properties and still be practical to implement from 

available data. 

7.3.1 FLAG 4.0 

FLAG 4.0 can be used to model the properties of CO2-rich oil, after STRAPP is used to 

determine the gas oil ratio (Section 2.2.4). The seven-component reservoir simulation data could 

be converted empirically to the API gravity, gas oil ratio, and gas gravity for modeling with 

FLAG. This process may produce a rough estimate for the oil-rich phase but introduce 

significant error for the CO2-rich phase. Currently FLAG has separate models for oil and gas that 

are difficult to apply in the region in-between liquid oil and gas and the relations are not 

optimized for C02. 

7.3.2 STRAPP 

In order to model acoustic properties of fluids with an equation of state such as STRAPP, 

the composition and properties of the components must be precisely known. Chemical analysis 

of Weyburn crude oil samples is available for separator gas, separator liquid, recombined oil and 

dead oil (Core Laboratories, 2000). The composition of live (recombined) oil samples is broken 

down into non-hydrocarbon gases, alkanes up to C30+, napthenes, and aromatic hydrocarbons. 



The average molecular weight of one separator liquid sample at 35 "C and 130 psi is estimated at 

168. Average molecular weight of dead oil was obtained by freezing point depression, yielding 

values of 219 and 364 for two samples. 

In STRAPP, Weyburn oil composition was specified by 20 components up to C30H62 

based on chemical analysis of recombined oil. The amount of gas components was adjusted until 

the live oil average molecular weight matched that of the background oil in the reservoir 

simulator, 157. This corresponds to a dead oil average molecular weight of approximately 210. 

The composition is listed in Table 7.2. To the live oil composition, COT was added in 2.5% 

molar increments, up to 100% COz. Density and bulk modulus were calculated in STRAPP for a 

constant temperature of 63 "C and pressures from 3 to 30 MPa in 0.5 MPa increments. 

Table 7.2 Composition of live Weyburn oil modeled in STRAPP 

The following graphs present the effective properties of the oil-C02 system. In the two 

phase region, bulk moduli were averaged with Wood's (1955) equation (Eq. 2.6) and density 

were averaged by volume (Eq. 2.7). Figures 7.1 and 7.2 show the variation of effective bulk 

modulus and density, respectively, with pressure and mole fraction C02. There are some 

questionable points around 0.5 mole fraction C02 and 10 to 15 MPa pressure due to numerical 

instability in STRAPP. A few unreasonable density values in this regfon were removed. 
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Figure 7.1 Variation of effective bulk modulus with composition and pressure for Weyburn oil - 
C02 system. Temperature is 63 "C. 
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Figure 7.2 Variation of average density with composition and pressure for Weyburn oil - CO2 
system. Temperature is 63 OC. 



The bubble point pressure line is visible in Figures 7.1 and 7.2. As expected, the bubble 

point pressure increases with increasing CO2 content. The phase transition is steeper in bulk 

modulus than density, similar to the FLAG models shown Figures 2.10 and 2.11. At high 

pressure and high C02  content, the phase transition from C02-rich oil to C02-rich oil and light 

hydrocarbon-enriched CO2 is not clearly visible in either the bulk modulus or density models. At 

reservoir conditions, the density of CO2 is similar to that of Weyburn oil. Although the bulk 

modulus of pure CO2 is much lower than that of Weyburn oil, the bulk modulus change from 

C02-rich oil to light-hydrocarbon-enriched C02 is much smoother. 

How would the acoustic properties of oil-C02 mixtures modeled in STRAPP compare to 

a Reuss (isostress) or Voigt (isostrain) average of the end member properties of oil and C02? A 

direct comparison is difficult because volume fractions, not mole fractions, are required for Reuss 

or Voigt averages. The Reuss average would produce a concave bulk modulus surface as a 

function pressure and C02  content, similar to a low pressure slice of the surface in Figure 7.1. 

The Voigt average would produce a linear relationship between bulk modulus and C 0 2  content. 

Neither average would reproduce the complex phase behavior that produces the alternating 

concave and convex bulk modulus surface shown in Figure 7.1. 

The density of oil-C02 systems could be more accurately described through end-member 

averaging than bulk modulus can be. At Weyburn reservoir conditions of approximately 15 MPa 

and 63 "C, the variation in hydrocarbon density is less than 2096, compared to two or three order 

of magnitude change in bulk modulus from CO2 to oil. Still, end-member averaging would not 

reproduce the density changes due to phase transitions. It would also not match the unexpected 

result of density first increasing, then decreasing with increasing CO2 content at high pressures 

(Figure 7.2). 

While modeling a 20-component system is useful for describing the behavior of oil and 

CO2 mixtures, it is impractical for modeling the hydrocarbons in the reservoir simulation. 

Theoretically, the seven pseudo-components could be added to the STRAPP component library 

and the previous calculations repeated for the seven-component system. This effort failed 

because of inconsistencies in the component attributes required in the Eclipse and STRAPP 

equations of state. STRAPP could not take advantage of the many of the component descriptors 



from the Eclipse implementation of the Peng-Robinson EOS and required additional component 

data that were not available from the simulator. 

7.3.3 Reservoir Simulator 

An ideal solution would be to use the equation of state in the reservoir simulator to 

calculate the fluid density and bulk modulus directly. This is possible with the Peng-Robinson 

equation of state. It would eliminate errors in translating the compositional data from reservoir 

simulation into different formats for other empirical or EOS models. It would also ensure that the 

phase treatment is consistent between the transport properties used for flow modeling and the 

acoustic properties used in rock physics modeling. Eclipse can output phase density, and this is 

used in modeling (Chapter 8). Unfortunately, calculating adiabatic bulk modulus would require 

additional programming for the Eclipse software, and is outside the scope of this thesis research. 

7.3.4 Cubic EOS built on STRAPP Database 

The gas model for FLAG 4.0 is based on Van der Waals equation, one of the simplest 

cubic equations of state. Gas composition is specified by gas gravity or average molecular 

weight. Average molecular weight is an attractive descriptor of hydrocarbon composition 

because it can be calculated from any component mixture for which either mass fractions or mole 

fractions are known. The form of the cubic EOS has been used to extend the range of this model 

to heavy gases, condensates, and light oils with average molecular weights up 140 (Brown, 2001). 

Hydrocarbon mixtures, including oils, are specified by their average molecular weight. In this 

cubic EOS, the Van der Waals 'a' and 'b' coefficients are empirical functions of molecular 

weight and pressure, optimized for a hydrocarbon fluid database. 

In anticipation of modeling the C02-oil system at Weyburn Field, the cubic EOS was 

extended to use with medium oils with average molecular weights of up to 250. This work is 

presented in the Appendix. Unfortunately, this cubic EOS produced unacceptable error in 

acoustic properties of oil with more than 25% mole fraction CO2. This shows that dissolved C02 

behaves differently than the short chain alkanes (methane, ethane, butane.. .) commonly 

associated with oil. This model would be applicable to Weyburn if the injected C02 dispersed 

rapidly and small concentrations of CO2 were present in the reservoir. The reservoir sim~llation 



shows that at least in the Marly zone, the injected COz builds up to high molar concentration 

(90%+). It is likely that any model calibrated to typical oil properties would not perform well for 

this COz rich phase. 

The cubic EOS was used to develop separate coefficient relations for a database 

consisting only of the Weyburn oil-COz system. The database was calculated using STRAPP and 

is the same as that shown in Figures 7.1 and 7.2, with the exception that only data points from 5 

MPa to 27 MPa were included and the properties of the fluids in the two phase region are left 

separate. Figure 7.3 presents the variation of bulk modulus with pressure and average molecular 

weight for each fluid phase. In general, lower average molecular weight corresponds to higher 

COX content. 
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Figure 7.3 Variation of single-phase bulk modulus with composition and pressure for Weyburn 
oil - COz system. Temperature is 63" C. (Based on STRAPP modeling). 

Figures 7.4 and 7.5 present the variation of bulk modulus with average molecular weight 

and pressure, respectively. 
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Figure 7.4 Variation of bulk modulus with average molecular weight for Weyburn oil - COz 
system. Temperature is 63 "C, pressure varies from 3 to 27 MPa. 
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Figure 7.5 Variation of bulk modulus with pressure for Weyburn oil - COz system. Temperature 
is 63 "C, average molecular weight varies from 44 to 205. 



Bulk modulus does not vary continuously with average molecular weight and pressure. 

The discontinuity is also shown clearly in the plot of the average molecular weight - pressure 

range of the data (Figure 7.6). The gap is the separation between C02-rich oil and the light 

hydrocarbon-enriched C 0 2  phase. In other words, the fractionation of separate phases from the 

single-phase oil-C02 mixture is not continuous in C 0 2  content. 
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Figure 7.6 Range of average molecular weights and pressures that can exist for single fluid 
phases in the Weyburn oil-C02 system. Calculated with STRAPP. 

A detailed description of the optimization of the coefficients for the cubic EOS is 

provided in the Appendix. The pertinent parts for obtaining fluid bulk modulus are summarized 

here. The cubic EOS is based on Van der Waal's equation of state for a non-ideal gas 

where P is pressure, R is the universal gas constant, T is absolute temperature, V is molar volume, 

'a' is coefficient to account for intermolecular attractfon, and 'b' is a coefficient to correct for 

molecular volume. This equation is referred to as 'cubic' because rewriting the form to solve for 



volume results in a cubic polynomial. Isothermal bulk modulus is defined as 

Rather than making the conversion between adiabatic (also called isentropic or dynamic) 

and isothermal bulk modulus via the heat capacity ratios, an alternative approach is to assume the 

same form and let the empirical coefficients make the conversion implicitly. This produces 

VRT 2a' 
K =  -- 

(V -b'12 v2 ' 
where a' and b' are dynamic coefficients used for the dynamic bulk modulus in fluid acoustics. 

The coefficients a' and b' are functions of average molecular weight, mw: 

Average molecular weight is defined as 

where fi and mwi are the mole fraction and molecular weight of each component. For Eq. 6.3, 

molar volume is obtained from the density, p, output from the reservoir simulation and the 

relation: 

The a'i, b'i coefficients are optimized through generalized non-linear inversion on the oil- 

C 0 2  molar volume and bulk modulus database computed in STRAPP. They are listed in Table 

7.3. Figure 7.7 shows the bulk modulus predicted from the cubic EOS of state versus the bulk 

modulus calculated with STRAPP. 



Table 7.3 Optimum a'i, b'i coefficients for Eq. (6.5) to use in cubic EOS for Weyburn oil-C02 
system. Coefficients correspond to units of L, MPa, K for molar volume, pressure and 
temperature (R= 0.0083 14 L MPaJ(Ke1vin g-mole)). 
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Figure 7.7 Comparison of predicted bulk modulus from cubic EOS with bulk modulus calculated 
in STRAPP for Weyburn oil - C02  system. 

The average error is in bulk modulus 9 MPa, although it is not evenly distributed. The 

greatest errors are at the transition between CO2-rich oil and light hydrocarbon-rich C02 phases. 

For C02-rich oil, bulk modulus is overpredicted and for the light hydrocarbon-rich C02  phase it is 



underpredicted. The maximum error in bulk modulus in this dataset is 152 MPa. Considering 

that the effective fluid bulk modulus in any reservoir simulation cell is the average of the b u k  

moduli of two or three fluid phases and that the effective elastic moduli of the Marly or Vuggy 

zones in the reservoir simulation are averaged from six layers each, the error in fluid bulk 

modulus from the cubic EOS is minor for purposes of this research. 

The cubic EOS coefficients developed for the Weyburn oil-C02 system may not be 

generally applicable to other oil-C02 systems. The form of Van der Waals equation is 

theoretically based and highly nonlinear to be able to simulate fluid phase changes. For liquids, 

the equation can become unstable if V and b are very close in value. On the compositional data 

from the reservoir simulator, the cubic EOS predicts bulk modulus from -0.01 GPa to 1.2 GPa. 

For an ideal gas, isothermal or static bulk modulus is equal to pressure; dynamic bulk modulus 

for a real gas is slightly higher than static bulk modulus. The small negative values of bulk 

modulus from the cubic EOS re replaced with small positive values equal to the pressure. The 

range in bulk modulus estimated from the cubic EOS corresponds well with that predicted for the 

oil-C02 models from FLAG (Figure 2.10). 

7.4 Summarv 

In this chapter several modeling options for fluid bulk modulus of the Weyburn oil-C02 

system are investigated. The acoustic properties of the oil-C02 system are complicated due to 

compositional and phase changes that are not typical of live oil. The fluid modeling option that 

works best is to use the density of the hydrocarbon phases as calculated by the EOS in the 

reservoir simulator and to use an empirically optimized cubic EOS to predict bulk modulus. 



CHAPTER 8 

RESERVOIR SIMULATION AND SEISMIC AlTRIBUTE MODELING 

8.1 Introduction 

Reservoir simulations have been run by Sandy Graham of PanCanadian Petroleum and 

Hiro Yamamoto of the RCP to predict and optimize the EOR operations. Integration of the 

seismic and reservoir simulation data at Weyburn Field is a collaborative effort involving these 

individuals and likely many others in future RCP Phase IX work. This thesis research analyzes 

only the output of the reservoir simulation. 

The uncertainty in the spatial variation of rock properties such as lithology, fracture 

density, porosity and pore shape make it difficult to accurately estimate the seismic properties of 

the reservoir over the RCP study area. Most of these uncertain rock properties remain constant in 

the reservoir over time and therefore are largely cancelled out in the time-lapse seismic data. 

This makes it possible to identify the first-order causes of differences in the time-lapse seismic 

data: changes in fluid pressure, saturation and composition. 

Quantifying fluid changes or estimating reservoir properties from seismic data is an 

inverse problem. In order to solve the inverse problem, the forward problem of estimating 

seismic properties from reservoir properties must first be formulated. This can be done by 

integrating reservoir simulation and rock physics modeling, as explained in this chapter. 

The reservoir simulation results contain much of the information necessary to predict 

changes in the seismic properties of Weyburn reservoir. Specifically, fluid pressure, saturation, 

and composition data from simulation are combined with the rock physics models detailed in 

Chapters 4 and 5 to estimate the seismic properties of the reservoir before and during COz 

flooding. Predicted time-lapse changes in seismic attributes are compared with the seismic 

difference anomaly in Chapter 9. In future work, this method for estimating time-lapse seismic 

differences from reservoir simulation can be used in refining the reservoir model and the 

sim~~lation process. 



8.2 Reservoir Simulation 

Reservoir simulation is used to model reservoir processes and predict future production at 

Weyburn Field. Simulation has been used to evaluate the technical and economic feasibility of 

enhanced oil recovery operations and in designing the C02 flood process (Section 1.4). 

The Weyburn Field C 0 2  flood area has been modeled, of which the RCP study area is a 

subset. The simulator, Eclipse 300, has been used in compositional mode with the Peng- 

Robinson equation of state (EOS), three fluid phase, and single porosity options (Schlumberger 

Geoquest, 1996). The RCP study area is covered by a square grid of cells (x = 1 to 42 , y = 21 to 

60), each 60 m x 60 m. The survey area extends an additional 180 m SW and 60 SE. There are 

15 layers in the reservoir model; 1 to 7 are for the Marly zone and 8 to 15 are for the Vuggy zone. 

In the RCP study area, layers 1, 14, and 15 are not present. Cell thickness varies from layer to 

layer and within layers. 

The reservoir model was created from a detailed stratigraphic model built from 

geophysical logs and core data. The reservoir model was then modified until the simulated 

production closely matched the historical production. Reservoir pressure was not history- 

matched. For simulation of the CO2 flood, the reservoir simulation is run with the actual C 0 2  

injection data. The model has not been adjusted to match the observed COz response in 

production wells. 

8.2.1 Summarv of Reservoir Model 

The 12-layer reservoir model possesses much finer detail than can be resolved with 

seismic data or that can be portrayed easily. For ease in presentation, the reservoir model and 

simulation output have been averaged vertically into the Marly and Vuggy zones. Porosity, pore 

pressure, fluid saturation, and fluid properties are averaged, weighted by pore volume. Key 

properties in the reservoir model are summarized in Table 8.1. The spatial variation of these 

properties is shown in Figures 8.1 through 8.8. 



Table 8.1 Summary of reservoir properties in the reservoir simulation model. 

Figures 8.1 and 8.2 show that both the Marly and Vuggy thickness vary by a factor of 

about two within the RCP study area. This may lead to strong tuning effects in the seismic data, 

since both reservoir zones are seismically "thin" beds (Section 6.3.1) 

As shown in Figures 8.3 through 8.8, the original geologic model used to build the 

reservoir model was detailed and smoothly varying. The modifications to that model could be 

described as "patches" with strongly contrasting properties. Although they may not fit into the 

geologic framework at Weyburn Field, these modifications produce an adequate history match to 

the production data. 
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Figure 8.1 Marly zone thickness in RCP study area, from reservoir simulation model. 
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Figure 8.2 Vuggy zone thickness in RCP study area, from reservoir simulation model. 
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Figure 8.3 Marly zone porosity, from reservoir simulation model. 
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Figure 8.4 Vuggy zone porosity, from reservoir simulation model. 
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Figure 8.5 Marly zone x-direction permeability, from reservoir simulation model. 
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Figure 8.7 Marly zone y-direction permeability, from reservoir simulation model. 
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8.8 Vuggy zone y-direction permeability, from reservoir simulation model. 



8.2.2 Summarv of Output Data 

The reservoir simulation fluid saturation and pressure output from the time of the 

baseline seismic survey (10/1/2000) and the repeat survey (10/2/2001) are used for modeling. 

Table 8.2 summarizes the output at these times. To aid in interpreting the reservoir simulation 

data, a map of the reservoir model with injection and production wells is shown in Figure 8.9. 

Table 8.2 Summary of output pressure and saturation data from the reservoir simulator. Baseline 
refers to the time of the first seismic survey before COz injection and repeat means the time of the 
monitor seismic survey, approximately one year after the commencement of COz injection. Gas 
denotes the presence of a COz-based phase. 
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Figure 8.9 Reservoir simulation area with injection and production wells shown. 

Figures 8.10 through 8.17 present the key pressure and fluid saturation changes from 

reservoir simulation. The pore pressure drops by approximately 2 MPa in the northwest half of 

the survey area. The pore pressure also drops around the horizontal CO2 injection wells in the 

southeastern side. In the Marly zone, pore pressure increases the most near the horizontal 

production wells in the eastern quadrant. These were the lowest pressure areas at baseline and 

were still low pressure areas at the time of the repeat survey (Figure 8.10). 

Around the C02 injectors, oil saturation increases because the CO2 dissolves in and 

swells the oil. The regions with oil saturation increase generally correspond to the regions with 

water saturation decrease. Although the water must be displaced, no distinct water front is visible 

in the saturation change maps. 
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Figure 8.11 Vuggy zone pore pressure at time of repeat survey, froin reservoir simulation. 
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Figure 8.12 Marly zone change in pore pressure, from reservoir simulation model. 
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Figure 8.13 Vuggy zone change in pore pressure, from reservoir simulation model. 
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Figure 8.14 Marly zone change in fractional oil saturation, from reservoir simulation. 
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Figure 8.15 Vuggy zone change in fractional oil saturation, from reservoir simulation. 
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Figure 8.16 Marly zone change in fractional water saturation, from reservoir simulation. 
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Figure 8.17 Vuggy zone change in fractional water saturation, from reservoir simulation. 



In the baseline simulation results there is no gas phase. Figures 8.18 and 8.19 show the 

presence of a gas, or 'vapor' phase in the repeat results. The term 'vapor' is somewhat arbitrary 

in the simulator as it refers to the less dense of the two phases from the EOS flash calculations. 

Both phases may have densities and bulk moduli typical of liquid hydrocarbons and the 'vapor' 

phase may actually have a higher bulk modulus. The presence of the 'gas' phase in the 

simulation is important because it shows that the COz content is high enough that a separate COz- 

based phase is present. The extent of the gas phase correlates well with areas of COz mole 

fraction above 0.5, as shown in Figures 8.20 and 8.21. 

Figures 8.22 and 8.23 show the change in fluid density from reservoir simulation. It is a 

combination of both saturation and compositional changes. The fluid density changes in the 

reservoir zones are small. They produce a maximum bulk density change of 1.5% in the Marly 

zone and 0.6% in the Vuggy zone. 
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Figure 8.18 Marly zone repeat survey fractional "vapor" saturation, from reservoir simulation. 
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Figure 8.19 Vuggy zone repeat survey fractional "vapor" saturation, from reservoir simulation. 
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Figure 8.22 Marly zone change in fluid density, from reservoir simulation. 
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Figure 8.23 Vuggy zone change in fluid density, from reservoir simulation. 



8.3 Mappinq Reservoir Simulation Data to Seismic Attributes 

The process for mapping reservoir simulation data to predicted seismic data is outlined in 

Figure 8.24. The relevant output from the reservoir simulator consists of pore pressure, fluid 

saturation, hydrocarbon composition and density, porosity, and thickness data for each 60 m x 60 

m cell in each of 12 layers. For the seismic attributes, these layers are averaged vertically to 

define the properties of the Marly and Vuggy zones. Although some detail may be lost in this 

upscaling, both zones are still too thin to resolve separately in the seismic reflection survey. 

Initially, the reservoir simulation output is divided into two tracks, one for fluid 

properties and one for dry rock properties (Figure 8.24). The fluid data include pore pressure, 

fluid saturation, hydrocarbon composition, and hydrocarbon density. Pore pressure is used to 

calculate density and bulk modulus of brine, using the FLAG model (Eqs. 2.4, 2.5). From the 

seven-component hydrocarbon composition, average molecular weight is calculated. Density and 

average molecular weight are used to calculate molar volume. Pore pressure, average molecular 

weight, and molar volume are input into the cubic EOS (Section 7.3.4) to estimate bulk modulus. 

Oil and gas phases are treated separately. The properties of the oil, gas, and brine phases are 

averaged (Eqs. 2.6, 2.7) using their saturation values to determine the effective fluid density and 

bulk modulus for each cell. 

The data from the reservoir simulation used in the dry rock properties model are pore 

pressure and porosity. The pore pressure data are used to estimate the differential pressure in the 

reservoir, which is input into the pressure-dependent model (Eqs. 4.6 and 4.7) and then the 

porosity-dependent model (Eqs. 4.9 and 4.10) for the acoustic properties of isotropic rock. The 

output elastic constants (A, p or K, p) are used in Hudson's crack model to calculate the elastic 

stiffness tensor for a dry HTI rock (Section 5.2.3) with a given crack density. 

The fluid and dry rock properties are then combined at the simulation cell scale. Brown 

and Korringa's equation requires the dry rock elastic stiffness tensor, mineral elastic stiffness 

tensor, porosity, and fluid bulk modulus to calculate the saturated rock elastic stiffness tensor 

(Section 5.3). Mineral density, fluid density, and porosity are combined to calculate saturated 

rock density (Eq. 4.5). At this point, the rock parameters are upscaled to the zone of interest, 

using cell thickness from the reservoir simulation model. The Backus average is used to upscale 

the elastic stiffness matrix and an arithmetic average is used for density. From the effective 



elastic stiffness matrix and density, seismic attributes such as velocity and impedance are 

calculated. 
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Figure 8.24 Process for mapping reservoir simulation data to predicted seismic difference 
anomaly. 



8.4 Modelinq Results 

This section presents the results of modeling the output of the reservoir simulator. The 

purpose of this modeling is to identify seismic attributes that best portray the changes in reservoir 

parameters, i.e. change in mole fraction C 0 2  or pore pressure. When practical, Marly and Vuggy 

zone parameters are shown with the same scale so that the magnitude of changes in the zones can 

be compared. 

Figures 8.25 and 8.26 show the change in fluid bulk modulus in the Marly and Vuggy 

zones, respectively. This would be an excellent parameter to invert the time-lapse seismic data 

for, as it is almost identical to the change in CO2 mole fraction. Changes in seismic velocity or 

impedance are easier to invert for because they are more directly related to changes in reflection 

amplitude in the time-lapse data. Figures 8.27 through 8.36 present the predicted changes in P- 

wave velocity, P-impedance, SI-wave velocity, SI-impedance, and VpNs for the Marly and 

Vuggy zones. 
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Figure 8.25 Marly zone change in fluid bulk modulus, from reservoir simulation. 
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Figure 8.26 Vuggy zone change in fluid bulk modulus, from reservoir simulation. 
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Figure 8.27 Marly zone change in P-wave velocity, from reservoir simulation. 
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Figure 8.28 Vuggy zone change in P-wave velocity, from reservoir simulation. 
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X 

Figure 8.29 Marly zone change in P-wave impedance, from reservoir simulation. 

Vuggy: Repeat - Baseline P-Impedance % A Zp 

Figure 8.30 Vuggy zone change in P-wave impedance, from reservoir simulation. 



Marly: Repeat - Baseline S1-Wave Velocity 

Figure 8.31 Marly zone change in SI-wave velocity, from resel 

Vuggy: Repeat - Baseline S1-Wave Velocity o/- A \I=, 

X 

Figure 8.32 Vuggy zone change in SI-wave velocity, from reservoir simulation. 



Marly: Repeat - Baseline S1-Impedance % A Zsl 

Figure 8.33 Marly zone change in SL-wave impedance, from reservoir simulation. 

Vuggy: Repeat - Baseline S1-Impedance % A Zsi 

Figure 8.34 Vuggy zone change in SI-wave impedance, from reservoir simulation. 



Marly: Repeat - Baseline VpNsl A VPNSI 

Figure 8.35 Marly zone change in VP/VSI, from reservoir simulation. 

Vuggy: Repeat - Baseline VPNS, A VdVsr 

X 

Figure 8.36 Vuggy zone change in Vp/Vst, from reservoir simulation. 



Changes in seismic velocity and impedance are almost identical in both magnitude and 

extent. This is because the change in bulk density is relatively small, so that change in impedance 

is approximately equal to change in velocity. The choice of either impedance or velocity for 

interpretation depends on the difficulty and uncertainty in estimating it from the seismic data. 

Generally, impedance is easier to obtain and more robust than is velocity. 

Change in P-wave velocity or P-impedance corresponds well with the change in COz 

mole fraction. Of the three parameters that change (pore pressure, fluid bulk modulus, and fluid 

density), P-wave velocity is most sensitive to fluid bulk modulus, then pressure, and then fluid 

density in the Weyburn modeling results. The pressure effects on the dry rock moduli are mostly 

removed in the change in VP/Vs1 attribute. The usefulness of these attributes will be determined 

by their resolution and the accuracy with which they can be estimated from the seismic data. 

In the integrated reservoir simulation model, change in S1-wave velocity or S1-impedance 

corresponds best with the change in pore pressure. SI-velocity or impedance is most sensitive to 

pressure-induced changes in dry rock moduli, followed by changes in fluid density, and is not 

sensitive to changes in fluid bulk modulus. The actual changes in the seismic data may be 

different from those modeled because of interactions between pore pressure, reservoir fluids, and 

reservoir fractures. Additional RCP research focuses on more accurate modeling of shear wave 

attributes, such as shear-wave splitting. 

Because the synthetic seismic modeling shows that the Marly and Vuggy zones are not 

resolved separately, attribute changes are calculated over the whole reservoir zone. In terms of 

change in seismic response, the most important reservoir parameters are the change in pore 

pressure and COZ content. Figures 8.37 and 8.38 show these data for the whole reservoir. COz 

content is calculated by multiplying the mole fraction of COz in the hydrocarbon phase by the 

hydrocarbon saturation, and is approximately equal to the pore volume fraction of COz. The COz 

difference map incorporates both compositional and saturation changes. Figures 8.39, 8.40, and 

8.41 show the predicted change in P-impedance, S1-impedance and VPNS1. 



Weybu rn Reservoir: Repeat - Baseline Pore Pressure MPa 

Figure 8.37 Weyburn reservoir change in pore pressure from baseline to repeat survey, based on 
reservoir simulation. 



Weyburn Reservoir: Repeat - Baseline Fraction CO, 
A fraction of pore 

volume C o n  

Figure 8.38 Weyburn reservoir change in COz content, as approximate fraction of pore volume, 
from baseline to repeat survey, based on reservoir simulation. 



Weyburn Reservoir: Repeat - Baseline P-Impedance 

Figure 8.39 Weyburn reservoir percent change in P-impedance from baseline to repeat survey, 
based on reservoir simulation and rock physics modeling. 



Weyburn Reservoir: Repeat - Baseline S1-Impedance 

Figure 8.40 Weyburn reservoir percent change in Sl-impedance from baseline to repeat survey, 
based on reservoir simulation and rock physics modeling. 



Weyburn Reservoir: Repeat - Baseline Vfil 

I"'" 

Figure 8.41 Weyburn reservoir percent change in VflSI,  from baseline to repeat survey, based 
on reservoir simulation and rock physics modeling. 

8.5 Discussion of Modelinq 

One of the largest simplifications in the seismic attribute modeling is the treatment of 

reservoir fractures. In this thesis research, the crack density is considered constant within each 

reservoir zone. However, a spatially-variant and/or pressure-dependent crack model could be 

used in future work. PanCanadian's experience has been that existing reservoir fractures open up 



with increasing pore pressure (Sandy Graham, personal communication, 2002). This may have a 

significant effect on permeability and shear wave velocity. The effect on P-wave velocity is less 

important. 

In the modeling of time-lapse seismic attributes at Weyburn Field, changes in pore 

pressure have a more significant effect on dry rock parameters than on fluid density. This is 

because the pore pressures are high enough in the simulation model that density changes due to 

either compositional or pressure changes are minor (See Figure 7.2). At lower average pore 

pressures, phase changes with pressure produce greater density changes. At high pore pressure, 

effective stress is low and the elastic moduli are highly sensitive to pressure (Section 3.4). At 

high effective stress, the elastic moduli are less sensitive to pressure. 

The average data parameters used in the simulator for the RCP study area (Tables 8.1 and 

8.2) differ from the average values assumed for all of Weyburn Field. Because of this, the results 

from integrated reservoir simulation of the RCP study area may only apply qualitatively to the 

rest of Weyburn Field. For example, the average porosity (Section 1.3) for the Vuggy and Marly 

zones for Weyburn Field is 26% and 11%, respectively, compared to 22% and 9.6% in the 

reservoir simulation of the RCP study area. The pore pressures used in the simulation average 

around 20 MPa for both the Marly and Vuggy zones, and vary from 9.2 to 26.7 MPa. These 

values are higher than the estimated range of 8 to 20 MPa (Section 2.2). The average pore 

pressure value of the simulator data is 20.8 MPa, considerably higher than the average of 

approximately 15 to 16 MPa from the 2001 well pressure survey (Section 2.2). 

The high pore pressures used in the reservoir simulation may not be consistent with a 

rock mechanics (strength) model. Mechanical failure occurs when the difference between the 

maximum and minimum principle stresses exceeds the rock strength. For an elastic, isotropic 

rock with no lateral deformation, the horizontal stress is equal to one half of the vertical stress due 

to gravity. The minimum horizontal stress in the reservoir could be higher or lower, depending 

on tectonic stresses and deformation history. 

Assuming the minimal total horizontal stress (17 MPa) is equal to one half of the total 

vertical stress (34 MPa), for pore pressures of 17 MPa and above, there is no differential 

(effective) stress on the rock in the minimum principal stress direction (Eq. 3.1). The rock would 

likely be in the fracture gradient and experience shear failure. Is this occurring in the reservoir? 



There is no evidence of rock fracture from passive seismic investigations (Thomas L. Davis, 

personal communication, 2002). However, PanCanadian's expectation based on hydraulic 

fracture tests is that new fractures do not form at high pore pressures but that the numerous 

existing ones simply open up wider (Sandy Graham, personal communication, 2002). 

The rock physics model developed in Chapter 4 requires that the average (equivalent 

isotropic) differential pressure be greater than zero. The laboratory data are available for 

differential pressures above 1.7 MPa. To compensate for the artificially high pore pressures used 

in the reservoir simulation, higher confining pressures can be assumed in rock modeling. 

Assuming an average total pressure of 27 MPa, rather than 22 MPa, keeps the differential 

pressure positive for the reservoir simulation data. 

Adding five MPa to both the confining and pore pressures keeps the differential pressure 

constant, so the dry rock properties will not be affected. Above miscibility and bubble point 

pressures, the fluid properties vary approximately linearly with pressure. Calculated changes in 

fluid and saturated rock properties over this approximately linear range should be similar, 

regardless of the starting point pressures. However, the fluid and saturated rock behavior varies 

non-linearly across fluid phase boundaries. The main effect of adding five MPa to both the 

confining and pore pressures is that the fluid phase calculations will be different. If the pressures 

are actually lower in the reservoir, lighter C 0 2  and hydrocarbon phases may form that are not 

reproduced in the reservoir simulation. These light fluid phases may control the bulk modulus of 

the hydrocarbon mixture and also changes in the time-lapse seismic data. 

The reservoir model may be fit for the purpose of predicting future production at wells, 

but could be improved for the modeling of time-lapse seismic attributes. The rock parameter 

"patches" on the reservoir model have several undesirable effects. The high and low porosity 

regions (Figures 8.3 and 8.4) have very different elastic moduli and fluid sensitivity in the rock 

physics model. The high permeability zones (Figures 8.5 to 8.8) are in pore pressure equilibrium 

(Figure 8.10) and may produce artificial time-lapse anomalies (Figure 8.12). These high 

permeability zones should be independently verified because they will have a strong influence on 

the movement of COP if they really exist. The apparent disagreement between the pore pressures 

measured in the 2001 field pressure survey and those from reservoir simulation should be 

resolved so that the CO2 miscibility in oil and oil-COz phase changes are accurately modeled. 



8.6 Summarv 

In this chapter, rock and fluid physics models are integrated with the reservoir simulation 

output to predict time-lapse seismic attributes. Change in shear wave velocity correlates best 

with change in pore pressure and change in P-wave velocity and VpNs correlate strongly with 

change in C 0 2  content. This integration process is vital to C 0 2  monitoring because the predicted 

reservoir behavior can be compared to the information obtained through time-lapse seismic 

surveys. This will aid in interpretation of the time-lapse seismic data because the effects of fluid 

saturation and pressure changes on the seismic data are quantified. If the predicted time-lapse 

seismic attributes correspond to the actual time-lapse seismic anomalies, then the reservoir 

simulation is probably adequate for modeling the EOR operations in the reservoir. 

The more likely scenario is that the reservoir simulation and rock physics models do not 

capture all of the features observed in the time-lapse seismic data (Chapter 9). In this case, 

reservoir modeling can be treated as an inverse problem, with the integrated rock and fluid 

physics models used in the formulation of the forward problem. Through inversion, the reservoir 

model and the reservoir simulation process can be refined. 



CHAPTER 9 

INTEGRATED SElSNllC DATA IN'TERPRETATION 

9.1 Introduction 

Time-lapse m~~lticomponent seismic data have been collected at Weyburn Field to 

monitor COz injection in the reservoir. This monitoring is necessary to verify reservoir 

simulation, track the COz front, and obtain the information necessary for optimizing oil recovery 

and minimizing the cost of COz injection. A framework for the integrated interpretation of the 

seismic and reservoir production data is presented in this chapter. Reservoir flow and 

compositional simulation is extended to seismic attribute modeling (Chapter 8), through the rock 

and fluid physics models developed in this research. Seismic attribute modeling is used to link 

the changes observed in the seismic data to fluid composition changes. 

The P-wave seismic volumes are interpreted by comparing reflection amplitude changes 

to changes in seismic impedance predicted by modeling. First, reflection amplitude changes are 

interpreted by calibration with amplitude changes predicted by synthetic seismic modeling 

(Section 6.3) of impedance changes expected for changes in fluid composition. Second, the 

changes in reflection amplitude are compared to the seismic impedance changes predicted by the 

integrated rock physics and reservoir simulation model (Chapter 8). This is done to identify what 

aspects of the COz flood the reservoir simulation models correctly and what reservoir processes 

are not currently modeled well. In future work, this integrated approach can be extended to joint 

inversion of seismic and production data, with the end goal of accurately characterizing reservoir 

processes. 

9.2 Seismic Reflection Survevs 

The baseline 9-C survey was acquired in late September and early October 2000, prior to 

COz injection. Table 9.1 lists the acquisition parameters. The first monitor 9-C survey was 

acquired in late September and early October 2001, approximately one year after the COz 



injection program began. Table 9.1 compares the acquisitioil parameters of the monitoring 

survey to the baseline survey. The surveys were designed for maximum data repeatability, with 

the only design difference being the vibroseis sources. All but 2% of the original geophone and 

shot locations were reoccupied in the repeat survey (Thomas L. Davis, personal communication, 

2002). The main difference in conditions between the baseline and repeat surveys was the ground 

moisture conditions. 

Data processing is being conducted by Veritas DGC Inc. The baseline survey has been 

reprocessed along with the monitor survey to keep processing flows and parameters the same 

between them. A repeat data volume has been cross-equalized to the baseline survey volume for 

use in determining time-lapse difference anomalies. The cross-equalized repeat survey volume 

has pre-stack phase and static shifts for select shots, as well as post-stack trace equalization. 



Table 9.1 Comparison of baseline and monitoring seismic surveys. 

8-180 Hz, nonlinear (P) 8- 180 Hz, nonlinear (P) 
Sweep Parameters 6 - 80 Hz, linear (S) 6 - 80 Hz, linear (S) 



9.3 P-Wave Amplitude Interpretation 

The filtered and scaled migration stack data volumes are used in the following 

interpretation. Figure 9.1 shows the RMS amplitude in a +I-2 ms window around the baseline 

Marly trough reflection event, as identified through modeling in Section 6.3.1. The variability in 

reflection strength is partly due to tuning effects, as the reflection strength generally correlates 

positively with the thickness of the Marly zone in the reservoir simulation model (Figure 8.1). 

The exception is the eastern corner, where reservoir thickness is low and reflection strength is 

high. The low amplitudes in the center and northern part of the survey area are also probably 

related to lower porosity in the Marly and Vuggy zones in these areas (Thomas L. Davis, personal 

communication, 2002). The region of low amplitude also correlates with the salt dissolution edge 

in the underlying Prairie evaporite, as identified in Reasnor (2001). 

The reflection strength is lower if the seismic impedance contrast at the top of the Marly 

layer is lower. This would be the case if the Marly impedance is higher. Differences in reflection 

strength in the baseline survey could be partly due to spatial variation in porosity and lithology. 

As evidence, the CO2 injector well in the northern corner has not performed as well as the other 

three in the survey area (Figure 9.9). This could be due lower porosity, lower permeability in this 

region due to anhydrite-filled pores or another lithologic factor. In that case, baseline Marly 

reflection amplitude may be useful in identifying the best potential areas for C 0 2  injection wells. 

Synthetic seismic modeling (Section 6.3.2) shows that the RMS amplitude of the 

reflection events corresponding to Marly and Vuggy horizons should increase if C 0 2  is added to 

either zone. One way to capture this difference is with an RMS amplitude window. A window of 

2 msec above and below the Marly trough event should capture a significant portion of this 

change. With a sample rate of 2msec, this window includes 3 data points. A window of 3 msec 

above and 9 msec below the Marly trough should capture the almost all of the change in the 

Marly and Vuggy reflection events. This does not consider tuning effects due to variability in 

reservoir zone thickness. 



RMS Amplitude 

Figure 9.1 Baseline P-wave RMS amplitude for +I- 2 ms window around Marly trough 
reflection. 

Figure 9.2 shows the change in RMS amplitude from the baseline to the repeat survey for 

a +I- 2 ms window around the Marly trough~event. RMS amplitude units correspond to the 

scaling of the data volume in Landmark Seisworks. All of the amplitude difference maps have 

been smoothed with a 9-line x 9-trace distance-weighted smoothing filter. 



A RMS Amplitude 

Figure 9.2 Difference (Repeat - Baseline) in P-wave RMS amplitudes, window of +I-2 msec 
around Marly trough reflection. 

Figure 9.3 shows the change in RMS amplitude shown in Figure 9.2 normalized to the 

baseline RMS amplitude. Almost all of the change from baseline to repeat survey is -10% to 

+20% RMS amplitude. This is the range in amplitude change predicted from original fluid 

saturation to brine or C 0 2  saturation (Section 6.3.2). 



% A RMS Amplitude 

Figure 9.3 Percent difference (Repeat - Baseline) in P-wave RMS amplitudes, window of +I-2 
msec around Marly trough reflection. 

Figure 9.4 shows the change in RMS amplitude from the baseline to the repeat survey for 

a window 3 ms above and 9 ms below the Marly trough event. As expected, the results are 

similar to those from the +I- 2 ms window, because both the Marly and Vuggy reflections events 

change together with any fluid saturation change in either zone. 



Figure 9.4 Difference (Repeat - Baseline) in P-wave RMS amplitudes, window of 3 msec above 
and 9 msec below Marly trough reflection. 

Figure 9.5 shows the change in RMS amplitude shown in Figure 9.4 normalized to the 

baseline RMS amplitude. The changes for the -31+9 ms window are similar to the +I-2 ms 

window. 



% A RMS Amplitude 

Figure 9.5 Percent difference (Repeat - Baseline) in P-wave RMS amplitudes, window of 3 msec 
above and 9 msec below Marly trough reflection. 

An increase in RMS amplitude corresponds to a lowering of impedance of the Marly or 

Vuggy zones, caused by an increase in C02 content or oil saturation, or an increase in pore 

pressure.' As Figures 9.2 through 9.5 show, the RMS amplitude window length does not strongly 

influence the seismic difference anomaly. In general, the normalized amplitude change maps are 

noisier than the straight difference amplitude maps, but are useful in showing that the magnitude 

of the change is within the expected range. They are also useful for comparison with seismic 



attribute modeling because the units are removed. The high relative change in RMS amplitude in 

the region of Trace 30 to 70 and Line 60 to 100 is probably not important because the absolute 

change in RMS amplitude in this region is very small. Uncertainty in the data is magnified in the 

areas of low baseline RMS amplitude (Figure 9.1). 

Although imperfect due to noise in the seismic data, uncertainty in the relationship 

between P-wave reflection amplitude and change in seismic impedance, spatial variability in 

sensitivity of the reservoir rock, the superposition of fluid and pressure effects, and the myriad of 

assumptions in the rock and fluid physics models, the P-wave amplitude difference maps can be 

interpreted for C 0 2  movement. The absolute changes in reflection amplitude (Figures 9.2 and 

9.4) are used in the following interpretation because they are less noisy than the percent changes 

in reflection amplitude (Figures 9.3 and 9.5), although implicitly they are linked. Fluid changes 

are interpreted for the entire reservoir zone, because synthetic modeling (Section 6.3) shows that 

the Marly and Vuggy zones are not resolved separately in P-wave amplitude data. 

The scales in Figures 9.2 and 9.4 are adjusted so that white-yellow corresponds to the 

reflection change expected due to fluid change from original saturation to pure C02: a 15% to 

20% increase in P-wave amplitude. If the CO2 concentration is high enough that a separate C02- 

based phase develops, the bulk modulus of the fluid system is similar to that of pure C02. Areas 

of white-yellow can be interpreted as having a separate CO2-based phase present. 

The red areas in Figures 9.2 and 9.4 correspond to the reflection change expected due to 

significantly (25% to 50%) increase in CO2 concentration: a 10% to 15% increase in P-wave 

amplitude. Blues and greens correspond to the noise level, as these colors are generally present in 

the center of the survey - an area with no increase in CO2 content in the reservoir simulation or in 

production. The noise level is considerable, as high as -5% to 10%. This makes it impossible to 

detect small concentrations in C 0 2  content increase or map out the furthest extent of injected C 0 2  

presence. 

The purple and black areas in Figures 9.2 and 9.4 correspond to decreases in reflection 

amplitude of -5% to -15%, expected for an impedance increase in either the Marly or  Vuggy 

reservoir zones. This could be due to pore pressure decrease, increase in water saturation, or lack 

of repeatability of amplitudes in the 4-D seismic data (noise). Reservoir simulation predicts that 

pore pressure decreases by approximately 2 MPa in the northwestern half of the survey area 



(Figure 8.37). Lines 100 to 120 in this area show the decrease in reflection amplitude expected 

from this change. However, the seismic data at the survey edge (within about 10 traces or lines) 

are less reliable because of lower fold. For example, Lines 1 to 20 and Traces 1 to 20 in the 

eastern corner show high negative impedance changes, which are not explainable at present. 

The increases in reflection amplitude are interpreted as due to fluid saturation and 

composition changes because reservoir modeling (Chapter 8) shows that the predicted pressure 

effects on P-wave impedance are minor. However, reflection amplitude increases can d s o  be 

caused by increases in pore pressure and the actual pressure changes may be larger than predicted 

by reservoir simulation. As isotropic rock modeling (Chapter 4), anisotropic rock modeling 

(Chapter 5) and reservoir modeling (Chapter 8) show, multicomponent seismic data can be used 

to separate pressure and fluid effects. For example, Vp/V, ratio is sensitive only to fluid 

saturation and composition changes at Weyburn Field. 

9.4 lnteqration of Seismic and Reservoir Simulation Data 

The scientific method consists of formulating a hypothesis about some observed 

phenomena, using that hypothesis to make predictions, and testing those predictions through 

experiments. The process is repeated until there are no discrepancies between theory and 

experimental observation. While the final hypothesis may satisfactorily explain the phenomena, 

it is not necessarily unique. 

As applied to Weyburn Field, the basic hypothesis could be that reservoir processes, such 

as fluid flow, are adequately described by a reservoir model, fluid properties, and the flow 

sim~~lation process. This hypothesis can be used through reservoir simulation to predict the 

behavior of reservoir fluids with COz injection. To test this hypothesis, the reservoir is monitored 

through time-lapse seismic reflection surveys. The rock and fluid physics models developed in 

this thesis link the reservoir simulation data to the time-lapse seismic data. Predictions from 

reservoir simulation are extended from fluid saturation and pressure to seismic attributes for 

comparison with the seismic data. This process is outlined in Figure 9.6. 

If the original hypothesis is correct, reservoir simulation results should be compatible 

with the difference anomaly observed in the seismic data. In this case, the reservoir model and 
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Figure 9.6 Process for interpretation of time-lapse seismic data, using an integrated reservoir 
simulation and rock and fluid physics model. 

reservoir simulation process may be accurate enough that monitoring of the COz flood is not 

necessary. If there are discrepancies between the results from reservoir simulation and the 

seismic data, they should be interpreted in light of the available geologic and engineering data, 

uncertainty in the simulation process, and noise in the seismic data. 

Figure 9.7 shows the predicted change in seismic impedance from the integrated reservoir 

simulation and rock and fluid physics model. Change in P-wave impedance is the attribute most 

closely related to changes in P-wave reflection amplitude. Still, it is difficult to quantitatively 

relate the magnitude of the amplitude difference from the time-lapse seismic data to the 

magnitude of the change in seismic impedance from the reservoir simulation and rock and fluid 

physics models. 

If a linear relationship between change in P-impedance and reflection amplitude of the 

Marly trough event is assumed, it can be approximately calibrated with the well log fluid 

substitutions and synthetic seismic modeling (Section 6.3). As shown in Figures 4.16 and 6.9, a 

decrease in impedance of 8% to 10 % in the Marly zone and 4% to 5% in the Vuggy zone causes 

a 15% to 20% increase in the magnitude of the Marly reflection trough, approximately a 2:l  to 

3: 1 amplification from change in impedance to change in RMS amplitude. 



Weyburn Reservoir: Repeat - Baseline P-Impedance 
L .  4 

Figure 9.7 Weyburn reservoir percent change in P-impedance, predicted from reservoir 
simulation and rock physics modeling. Horizontal COz injection wells are shown in red, other 
wells in light yellow. 

Comparison of Figures 9.3 and 9.7 shows that this amplification may be nearer to a factor 

of 3:l to 4: 1 ,  or the reservoir simulation-based model underpredicts the change in RMS 

amplitude. Inversion of the seismic data for seismic impedance should remove some of this 

uncertainty as predicted impedance change can be directly compared to impedance change from 

inversion. 



Comparison of the RMS amplitude change (Figure 9.8) around the Marly event with the 

predicted change in seismic impedance (Figure 9.7) yields several important observations. First, 

the general features correlate strongly: the greatest changes are in the southern, eastern, and 

western quadrants around the horizontal C 0 2  injection wells. This is where CO2 presence is 

predicted by reservoir simulation (Figure 8.38) and P-impedance is predicted to decrease in the 

integrated rock physics and reservoir model. The changes are less spread out in the western 

quadrant, as predicted. The center of the survey area from Lines 60 to 75 is largely unaffected by 

the C 0 2  flood. 

There are also notable differences between the reservoir-simulation based predictions and 

the changes in the seismic data. The anomalies in the seismic data are much more spread out than 

in the model. This is probably due to reservoir heterogeneities, such as fractures, which affect the 

flow of reservoir fluids. The reservoir simulation model does not have enough detail to include 

these heterogeneities. Much more C 0 2  content is shown at the center between the southeastern 

pair of horizontal C 0 2  injection wells in the seismic data (Figure 9.8) than in the reservoir 

simulation (Figure 9.7). In the reservoir simulation, COz content is low between these injectors, 

probably because the permeability in the reservoir model is low (Figures 8.5 to 8.8, esp. 8.6). 

The predicted impedance near the injectors in the western quadrant in the reservoir model is 

highest at the branch of the horizontal well legs (Figure 9.7). In the seismic data, the time-lapse 

anomaly in the western quadrant is largest midway along the injectors (Figure 9.8). Again, the 

discrepancy is probably due to the difference in the permeability structure of the reservoir and the 

simulation model. 

COz "fingering" is also seen in the seismic data and is identified on Figure 9.8. Fingering 

is movement of the CO2 phase along high permeability or fracture zones, and can cause 

premature CO2 breakthrough at production wells. When fingering occurs, the enhanced oil 

recovery operations may need to be modified to increase the sweep efficiency or prevent 

premature breakthrough (Section 1.4). Evidence for fingering is seen in the seismic data near 

Traces 10 to 20 and Lines 40 to 60, near well 15-18-6-13. The following production data are 

from PanCanadian's production database, which employs Geoquest's Oil Field Manager, and 

Sandy Graham (personal communication, 2002). COz breakthrough occurred for well 15-18-6-13 

in June 2001, with gas production of about 28 Mscmlday in October 2001. 



A RMS Amplitude 

f Fingering 

Figure 9.8 Difference (Repeat - Baseline) in P-wave RMS amplitudes, window of +/-2 msec 
around Marly trough reflection, with horizontal wells superimposed. C02 injectors are shown in 
red, other wells are shown in light yellow. Areas with C02 fingering are circled in black. Wells 
of special interest are denoted by number. 

Traces 60 to 80 and Lines 40 to 50, near the end of well 1-13-6-14, show evidence of 

C02 fingering. This well experienced an increase in C02 response in August 2001, with gas 

production of approximately 1 1 Mscmtday in October 2001. Traces 90 to 1 10 and Lines 20 to 30 

in the seismic data show high C02 content near well 9-12-6-14. C02 response increased in this 

well around May 2001 with gas production of about 20 Mscdday in October 2001. Traces 110 



to 125 and Lines 90 to 100 show evidence for fingering away from the horizontal injection wells. 

These examples show the ability of time-lapse seismic data to monitor the C 0 2  flood. 

Why is the seismic difference anomaly not present in the northern quadrant? As Figure 

9.9 shows, little C 0 2  has been injected in this region. This has been due primarily to well 

completion problems resulting in extended periods of shut-in and also probably lower 

permeability and porosity in this region. Low porosity rock would also likely show less change 

in seismic properties with fluid change, making COz content difficult to monitor with seismic 

data. 

Figure 9.9 Cumulative C 0 2  injection in horizontal wells as of 912001. Area of circle is 
proportional to volume of injected COz. C 0 2  injection wells are shown in bold. 



9.5 Recommendations for Further Research 

A main contribution of this thesis research is the integration of rock and fluid physics 

modeling with reservoir simulation to generate synthetic seismic attribute maps. Through 

additional research, this forward model could be incorporated into an inversion scheme for 

reservoir modeling. This process is diagrammed in Figure 9.10. 

Reservoir Model 
Inversion - 

Interpretation 

Figure 9.10 Possible future process flow for reservoir model inversion from time-lapse seismic 
surveys, reservoir simulation, and rock and fluid physics models. 

Inversion requires the calculation of data misfit. There are at least two choices for the 

data types for comparison. The predicted seismic impedance horizons for the reservoir could be 

fit into 1-D impedance profiles and used to generate synthetic seismic traces, which could be used 

to create a synthetic seismic volume. Amplitudes or other attributes could be extracted from the 

synthetic volume for comparison with the corresponding attributes from the real data volume. 

A simpler, alternative approach shown in Figure 9.10 is to invert the real data volumes 

for seismic attributes and compare those with the predicted attributes from reservoir simulation 

and rock and fluid physics modeling. Ida Herawati of the RCP is currently researching 



impedance inversion on the Weyburn data set. Interpretation of the impedance changes in the 

Weyburn data set may be more definitive than interpretation of the P-wave amplitude alone. 

The process of P-wave modeling and interpretation in this chapter could be extended to 

shear waves. The rock physics models developed in Chapters 4 and 5 can model the elastic 

moduli for shear waves, and the changes in shear wave attributes have been calculated using 

reservoir simulation data (Chapter 8). Shear wave modeling could be improved through 

development of a more accurate fracture model. In particular, incorporating the spatial variation 

of fracture density and orientation and the pressure-dependence of the fracture parameters would 

improve the modeling. Inclusion of shear wave data can be used to isolate changes in pressure, as 

shown by changes in shear-wave splitting, and changes in fluid composition, as shown by VpNs 

ratio. 

9.6 Summarv 

As part of RCP Phase VIII and IX research, time-lapse multicomponent seismic data 

have been collected to monitor C 0 2  injection at Weyburn Field. A main focus of RCP research is 

to integrate time-lapse seismic data into reservoir simulation. This thesis research contributes to 

that goal by extending reservoir simulation from flow and compositional modeling to seismic 

attribute modeling. This is done by integrating the reservoir model and compositional reservoir 

simulation with rock and fluid physics modeling. 

The reservoir fluid models are described in Chapters 2 and 7. They predict the density 

and bulk modulus of brine, oil, CO2, and oil-C02 mixtures as functions of pore fluid pressure and 

composition. An isotropic rock physics model, based on ultrasonic measurements on core 

samples (Chapter 3) and geophysical logs, is described in Chapter 4. The isotropic model for 

each reservoir zone is both porosity- and pressure-dependent. Weyburn Field is a fractured 

carbonate reservoir and these fractures have a strong effect on both fluid flow and 

multicomponent seismic data. Fracture attributes are combined with the isotropic rock model to 

produce an anisotropic model for rock with HTI symmetry (Chapter 5). This model can be used 

to calculate the elastic stiffness matrix of a rock, as well as density, seismic impedance or 



velocity. It is used to estimate the sensitivity of the reservoir rock properties to changes in fluid 

composition and pore pressure. 

To interpret the time-lapse seismic data at Weyburn Field, changes in seismic properties, 

such as P-wave impedance, must be linked with changes in seismic data, such as P-wave 

reflection amplitude. This is done through synthetic seismic modeling (Chapter 6). Modeling 

results show that changes in the Marly and Vuggy reservoir zones are not independently resolved 

in the seismic data. The magnitude of the expected changes in P-wave reflection amplitude due 

to C 0 2  injection is 15% to 20%, and should be detected in the time-lapse seismic data. 

Reservoir simulation provides an estimate of fluid saturation, composition, and pore 

pressure before and during COz injection. These data are combined with the fluid and rock 

physics models to calculate the seismic properties of the reservoir at the time of the baseline and 

repeat seismic surveys (Chapter 8). Changes in seismic properties are calculated for the Marly 

and Vuggy zones separately and also combined. The seismic attribute that correlates best with 

change in C 0 2  content is change in VpNs. Because the predicted density changes are small, 

changes in velocity and impedance are similar. Modeled fluid composition changes have a larger 

effect on the P-wave properties than do the modeled pressure changes, so changes in P-wave 

velocity can be interpreted as mostly due to fluid composition changes. The shear-wave 

properties are more sensitive to the changes in pressure. 

In this chapter, the P-wave seismic volumes are interpreted. Changes in reflection 

amplitude are calculated for windows around the Marly reflection event. The spatial pattern of 

change in RMS amplitude is similar for small (+/- 2 ms) and large (-3/+9) windows, as predicted 

by synthetic modeling (Section 6.3). Both absolute and percent change in RMS amplitude are 

calculated. The normalized amplitude change maps have more variability but show that the 

amplitude changes are within the range predicted by modeling. Based on rock physics and 

synthetic modeling, the change in RMS amplitude is correlated with fluid composition changes. 

Reservoir areas with separate C02 phase and high C 0 2  content are identified. In this aspect, the 

time-lapse seismic experiment is a success. The areas of the reservoir that are effectively 

contacted by C 0 2  can be tracked. Further improvements in both reservoir modeling and data 

processing will, of course, improve the accuracy of the seismic monitoring. 



The seismic data are also interpreted jointly with the results from the integrated rock 

physics and reservoir simulation model. The general features of the model are matched by the 

seismic data. The areas of predicted P-wave velocity decrease are around the horizontal C 0 2  

injectors. They show the greatest increase in reflection amplitude in the time-lapse seismic data. 

There is little change in the northern quadrant of the survey and simulation areas. The C02 

injector in this quadrant has not performed well. The actual and predicted seismic anomalies in 

the southeastern half of the survey area are more spread out than those in the northwestern half, 

likely because of differences in reservoir properties. 

Several features are present in the time-lapse seismic data that are not modeled by the 

integrated reservoir simulation model. The difference anomalies are more irregularly shaped in 

the seismic data, due to reservoir heterogeneity. In some areas near the injector wells, the seismic 

data show that high amounts of C 0 2  are present that the simulation does not predict. In addition, 

evidence for fingering of C 0 2  along fractures or high permeability zones is seen in the seismic 

data. 

In this thesis research, rock and fluid physics modeling are integrated with reservoir 

simulation in an attempt to quantitatively interpret time-lapse seismic data for changes in fluid 

composition and pressure. Although this goal is not yet fully realized, this work has been 

successful to a large extent. The P-wave data volumes are interpreted for significant changes in 

C02 content, showing that time-lapse seismic surveying can be used to track the C 0 2  flood at 

Weyburn Field. The predictions from the integrated reservoir model can be used in interpretation 

of the inverted attributes from the seismic data. The framework is in place for interpreting the S- 

wave volumes, which should help isolate fluid composition and pressure changes. 

This research applies forward modeling of reservoir processes and properties to interpret 

seismic data. Future RCP research can incorporate this forward model into an inversion process. 

Through joint inversion of seismic and production data, the reservoir model and reservoir 

simulation methods will be improved. This is the framework for dynamically characterizing 

reservoirs, understanding reservoir processes, and optimizing petroleum recovery from our 

reservoirs. 
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APPENDIX: 

CUBIC EQUATION OF STATE MODEL FOR DENSITY AND BULK MODULUS 

OF GAS, CONDENSATE, LIGHT AND MEDIUM OIL 

A.l Introduction 

The purpose of this investigation is to describe the geophysical properties of dry and wet 

gas, retrograde gas (condensate), volatile (light) oils, and medium weight oils with a common 

equation of state (EOS) model. A cubic model based on the Van der Waals equation for gases 

was chosen for its simplicity. The 'a' and 'b' coefficients in the Van der Waals equation are 

given as functions of molecular weight and temperature. Static coefficients are used to estimate 

the density (p) and separate dynamic coefficients are used for bulk modulus (K). Sonic velocity 

can be estimated from p and K. The data represent a range of pressure and temperature 

conditions for hydrocarbon fluids of different average molecular weight. 

Phillips Petroleum supported the initial investigation through a supplemental research 

contract. The work was completed under the supervision of Dr. Michael Batzle, professor of 

geophysics at CSM. V a ~ ~ g h n  Ball of Phillips Petroleum provided guidance and feedback on the 

results. The original work for Phillips Petroleum provided an EOS model that was valid for 

average molecular weights of hydrocarbon mixtures up to 140 (Brown, 2001). 

Through the expansion of the hydrocarbon database, the cubic EOS has been extended 

for average molecular weights of up to 250. This report describes the source of data for the cubic 

EOS model, the procedures used to develop the equations for coefficients, and presents the 

equations in tabular and graphical format. 

The acoustic behavior of hydrocarbons forms a continuum, dependent on temperature, 

pressure, and composition, as shown in Figure A. 1. Outside of the two-phase region, the 

hydrocarbon mixture is a single-phase fluid with a smooth transition from liquid-like to gas-like 

behavior with changing pressure and temperature. The critical (or pseudo-critical) point is the 

temperature and pressure where the bubble point and dew point lines meet. The cricondenbar is 



the highest pressure in the two-phase envelope and the cricondentherm is the highest temperature 

in the two-phase envelope. A pressure drop in the one-phase region may cause gas to exsolve if 

the bubble point line is crossed, liquid to precipitate if the dew point line is crossed, or no phase 

change if the temperature is above the cricondentherm. 

Liquid-like 
behavior 

2-phase region 
Gas and Liquid dew Point 

Temperature + 

Figure A.1 Generalized phase diagram for miscible hydrocarbon mixtures. 

A common, simple EOS model for condensate, gas, and light oil is beneficial in 

petrophysical modeling. The hydrocarbons potentially present in a reservoir form a continuum of 

decreasing density, molecular size and weight, and complexity from black (heavy) oils to volatile 

(light) oils, retrograde gas (condensate), wet gas, and dry gas. A generalized phase diagram for a 

miscible hydrocarbon mixture is shown in Figure A.2. Figure A.2 does not represent the 

hydrocarbons that can be present for given pressure and temperature conditions. The shape and 

position of the phase envelope depends on hydrocarbon composition. What Figure A.2 shows is 

the relative position of the phase envelope with regard to hydrocarbon composition. For example, 



gas exsolves from black oil with a pressure drop, but liquid precipitates from condensate with a 

pressure decrease. A pressure decrease in a dry gas reservoir does not produce any phase change. 

Condensate 

2-phase region 

Temperature + 

Figure A.2 Generalized phase diagram for miscible hydrocarbon mixtures. 

An EOS model that describes smoothly varying properties for these fluids avoids the 

discontinuities at separate fluid-model boundaries and provides more reasonable estimates of 

fluid properties when the fluid present is not known precisely. 

A.2 Procedures 

The equation of state for an ideal gas is 

P V = R T ,  (A. 1) 

where P is absolute pressure, V is molar volume, R is the universal gas constant, and T is absolute 

temperature. Because of the finite volume of gas molecules and intermolecular attraction, the 

ideal gas law does not hold over the range of pressures and temperatures encountered in 



hydrocarbon reservoirs. Van der Wads equation, 

improves upon the ideal gas law by using an 'a' coefficient to account for intermolecular 

attraction and a 'b' coefficient to correct for molecular volume. This equation is referred to as 

'cubic' because rewriting the form to solve for volume results in a cubic polynomial: 

Equation (A.2) in slightly modified form is the basis for many of the most popular EOS 

used in the industry today. For example, the Peng-Robinson EOS (Peng and Robinson, 1965) 

takes the form 

where a~ is a temperature dependent term. 

Using the relationship for density, p, molecular weight, mw, and molar volume, V, 

the density of a gas with known molecular weight can be estimated as a function of pressure and 

temperature by solving for molar volume in Eq. (A.2), if the static a and b coefficients are known. 

The definition of bulk modulus, K, is 

The s~~bscript T denotes isothermal conditions, which is appropriate for static modulus. 

Substituting Eq. (A.2) into Eq. (A.6) yields 

KT = 
VRT 2a -- 

(V -b12 v2 ' 
Adiabatic (not isothermal) is the appropriate modulus from dynamic measurements 

through a uniform fluid. The heat capacity ratios could be used to make this transformation, but 

this process would be very complex and require information not generally available for fluid 



modeling. Instead, we assume that the form of Eq. (A.7) is correct, and derive new "dynamic" 

coefficients to fit the adiabatic bulk modulus data. 

K =  
VRT 2a' -- 

( ~ - b ' ) ~  v 2  ' 

where a' and b' are the dynamic Van der Waals coefficients. Acoustic velocity, Vp, is related to 

adiabatic bulk modulus and density 

and therefore uses both static and dynamic coefficients. 

Van der Waals' a and b coefficients can be calculated analytically for pure compounds. 

For hydrocarbon mixtures, empirical relations for the coefficients, based on simple, measurable 

properties, are more practical. The a, b, a', and b' coefficients are estimated as simple functions 

of average molecular weight (mw) and absolute temperature (T) in Kelvin: 

2 a = a, + a,mw + a2mwT + a3mw 

b = b, +b,mw+ b , m w ~  +b3mw2 

a'= a',+a', mw + a' ,  mwT + a ' ,  mw2 

b' = b',+bt1 mw + b',  mwT + b', mw" 

The optimized values of ai, bi, a'i, b'i  are given in Table A.6. Average molecular weight is 

defined as 

(A. 11) 

where fi and mwi are the mole fraction and molecular weight of each component. 

This work can be summarized as optimizing the ai, bi, a'i, b'i coefficients for a data set of 

density and bulk modulus of hydrocarbon mixtures for a range of pressure and temperature 

conditions. The data set consisted of 2946 density and 3082 bulk modulus points from 43 

hydrocarbon mixtures at pressures from 5 to 130 MPa and temperatures of 20 to 300 OC. The 

sources of the data are described in detail in the following section. 



The ai, bi, a'i, b', coefficients were optimized separately from the density and bulk 

modulus data sets, respectively. For given initial values of &, bi, a'i, byi, Van der Waals cubic Eq. 

(A.3) was solved for volume, which was substituted into Eq. (AS) to get density. For bulk 

inodulus, the estimated volumes from Eq. (A.3) were supplied as input and Eq. (A.8) was used. 

The Matlab function 'lsqnonlin' was used for the optimization of the q ,  bi, b'i coefficients, by 

minimizing the sum squared error between the estimated and actual density or bulk modulus. For 

bulk modulus, the error function was weighted by the square root of bulk modulus, so that gas- 

and liquid-like data would be weighted more equally. 'Lsqnonlin' implements either the Gauss- 

Newton or Marquardt-Levenberg methods for generalized linear inversion (Matlab, 2001). 

Because of the likelihood of inversion resulting in local rather than global error minima, 

Monte-Carlo simulation was used to generate many different starting models. From 100,000 

raildornly generating models (coefficients), the 100 with the lowest error were chosen as initial 

coefficient models for inversion. The inversion scheme was run for 20 iterations for the static 

coefficients and 200 iterations for the bulk modulus coefficients. Commonly, little improvement 

occurred after about half of the maximum number of iterations. The final model with the lowest 

error was then chosen as the optimal coefficients for Eq. (A.lO). 

A.3 Source of Data 

The equations for EOS coefficients were developed by generalized linear inversion on 

data from the Fluids Project at CSM and the Houston Advanced Research Center (HARC), and 

the results of modeling using SUPERTRAPP (STRAPP) Version 2.01 and 3.1 from the National 

Institute of Standards and Technology (NIST, 1998, 2002). STRAPP calculates the 

thermophysical properties of hydrocarboil mixtures. 

The data from the Fluids Project are heavy gases #1 to #5, made at CSM. Heavy gases 

#1, #2, #3, #4, and #5 have compositions and densities as listed in Table A. 1 (Fluids Project 

Reports, 1998-2000). Laboratory measurements of density and sonic velocity were performed at 

temperatures from 20 to 150 OC and pressures from 7 to 103 MPa. More sonic velocity than 

density data were measured. To calculate bulk modulus for inversion from measured sonic 

velocity, density was first estimated with the static cubic EOS coefficients. 



Table A.l Composition of gas samples from Fluids Project. Values are mole fraction. 

Additional gas and condensate "pseudo-samples" consisting of methane through decane 

and carbon dioxide were modeled using STRAPP. The compositions of these fluids, named ST-1 

to ST-10, are listed in Table A.2. They represent molecular weights from 17.3 to 60.7 glmole, or 

gas gravity from 0.6 to 2.1. 

Table A.2 Composition of gas and condensate pseudo-samples 1 to 10 modeled in STRAPP. 
Values are mole fraction. 



To verify the accuracy of STRAPP, laboratory measurements of velocity were made on a 

fluid sample with the composition of ST-7 (but without the H2S and Nz). The STRAPP results 

and laboratory data correspond very well, as shown in Figure A.3. This verification of the 

STRAPP code allows us to save considerable time by using STRAPP to model the velocity and 

density of simple light hydrocarbon mixtures rather than making further lab measurements. The 

data distribution in pressure and temperature space can easily be made uniform in STRAPP, 

whereas it would be very difficult with laboratory measurements. 

Hydrocarbon Mixture ST-7, mw = 50.5, T = - 28'~ 
1400 

Pressure. MPa 

Figure A.3 Comparison of ultrasonic velocity test results with estimates from STRAPP. 

The drawback with using 'STRAPP' itself as the final EOS is that it only works well for 

precisely defined mixtures of simple pure compounds, although future STRAPP development will 

include modeling of petroleum fractions (Marcia Huber, NIST, personal communication, 2002). 

Additional gas and condensate samples were modeled based on compositional data 

supplied by Reginald Beardsley of Unocal (personal comm~inication, 2002). These pseudo- 



samples are listed in Table A.3. The mole fraction and average molecular weight of the C7+ 

fraction were specified and the fraction of C7 to C20 were adjusted to best approximate these 

values in the pseudo-sample. 

Table A.3 Composition of gas and condensate pseudo-samples 11 to 18 modeled in STRAPP. 
Values are mole fraction. 

Ultrasonic measurements on oils are available as part of the Fluids Project. However, the 

exact molecular composition and molecular weight are not known for the samples tested at CSM 

and HARC. Measurements of API gravity and GOR are available for these oils, but the error 

introduced in converting empirically to average molecular weight may be significant. It would be 

very difficult to make up crude oil mixtures in the laboratory for testing. STRAPP 2.0 can model 

mixtures of up to twenty components and hydrocarbons up to size C24H50. This range is probably 



adequate for modeling the seismic properties of light oils. The STRAPP 3.1 component library 

includes normal alkanes up to C4~Hg8, which facilitates the modeling of medium oils. 

The twenty "model" oils are loosely based on the chemical composition of actual oils 

used in the Fluids Project: Conoco#4, Marathon #2, and Exxon #1, BP Gulf of Mexico, 

PailCanadian "Weyburn". The compositions of the light model oils ST-Oil-1 to ST-Oil-10 are 

listed in Table A.4. The compositions of the medium model oils ST-Oil-11 to ST-Oil-20 are 

listed in Table A.5. The model oils have average molecular weights of 63.8 to 250.3 glmole. 

Model oils are included with a wide range of CH4 content and level, central, and bimodal 

component distribution. 

The temperature and pressure range for all STRAPP data are defined by the bounds of the 

geothermal and geobaric gradient. The temperature and pressure range is shown in Figure A.4. 

If the temperature and pressure correspond to the 2-phase region (Figure A.1), both phases with 

different composition are kept as data for inversion. 

0 
0 50 100 150 200 250 300 

Temperature, OC 

Figure A.4 Temperature and pressure range for data modeled in STRAPP. Bounds are defined 
by combination of maximum and minimum geothermal and geobaric gradients (Reginald 
Beardsley, Unocal, personal cornm~~nication, 2002). 



Table A.4 Composition of oil pseudo-samples 1 to 10 modeled in STRAPP. Values are mole 
fraction. 



Table A.5 Composition of oil pseudo-samples 11 to 20 modeled in STRAPP. Values are mole 
fraction. 

Figures A.5 through A.10 show the density and bulk modulus data from laboratory 

measurements and STRAPP modeling which are used for inversion. 
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Figure A.5 Density range as a function of average molecular weight. Temperature and pressure 
vary. 

Pressure, MPa 

Figure A.6 Density range as a function of pore pressure. Temperature and molecular weight 
vary. 
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Figure A.7 Density range as a function of temperature. Molecular weight and pressure vary. 
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Figure A.8 Bulk modulus range as a function of average molecular weight. Temperature and 
pressure vary. 
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Figure A.9 Bulk modulus range as a function of pore pressure. Molecular weight and 
temperature vary. 
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Figure A. 10 Bulk modulus range as a function of temperature. Molecular weight and pressure 
vary. 



A.4 Results 

The three main results of this work are optimum ai, bi, ai', and bi' coefficients for Eq. 

(A. lo), a Matlab script for implementing the cubic EOS, and procedures for inverting for 

optimum coefficients. 

A.4.1 Cubic EOS Coefficients 

The coefficients for Eq. (A.lO) were optimized through generalized linear inversion and 

are given in Table A.6. They work in Eqs. (A.3) and (A.8), for R= 0.008314 L MPa/(Kelvin g- 

mole), with T input in Kelvin, P input in MPa, mw input in g-mole, and output volume in L, 

output K in MPa. 

Table A.6 Optimal &, bi, aj', and bi' coefficients for Eq. (A.lO). Coefficients correspond to units 
of L, MPa, K for molar volume, pressure and temperature. 

To determine the acoustic properties of a hydrocarbon fluid through our cubic EOS, 

average molecular weight, temperature, and pressure must be specified. After Van der Waals 

equation (A.3) is solved for volume, Eqs. (A.5) and (A.8) are used to calculate density and bulk 

modulus. 

A.4.2 Sample Code and Calibration Data 

For ease in implementing and troubleshooting code for the cubic EOS, a sample Matlab 

function is given that implements the cubic EOS. Table A.7 lists sample intermediate and final 

data for calibrating code implementing the cubic EOS. 



function y = EOS-fun(mw, Tc, P) 
% This program calculates density, bulk modulus of hydrocarbon fluids of known average molecular 
% weight, at a specific pressure and temperature using Van Der Waals cubic equation of state model 

% D is density, g/cc; K is bulk modulus, MPa; mw = average molecular weight of fluid 
% P = pressure, NIPa; Tc = temperature, degrees Celsius; T = absolute temperature, Kelvin 
% R = universal gas constant, L MPa/(K mole) 

% regression coefficients to define a, b, c, d as functions of mw, T 
% a,b are static coefficients and are used for density (molar volume) 
Ol0 c,d are dynamic coefficients and are used for bulk modulus 
a0 = -6.70E-02; a1 = 1.67E-02; a2 = -1.41 E-05; a3 = 8.03E-05; 
bO = 1.67E-02; b l  = 8.51 E-04; b2 = 5.05E-07; b3 = 7.45E-08; 
CO = -3.28E-01; CI = 3.02E-02; c2 = -8.27E-07; c3 = -5.07E-04; 
do = 1.75E-02; d l  = 9.1 1 E-04; d2 = 2.13E-07; d3 = 1 .I 1 E-07; 

% Coefficients for Van der Waals equation; c,d are dynamic version of a,b 
a = a0 + a1 *mw + a2*T*mw + a3*mwA2; 
b = bO + b l  *mw + b2*T*mw + b3*mwA2; 
c = cO + c l  *mw + c2*T*mw + c3*mwA2; 
d = do + d l  *mw + d2*T*mw + d3*mwA2: 

% solve for V using Cardano's method and sort out complex and real roots 
h = -(R*T+b*P)/P; 
k = a/P; 
L = -a*b/P; 
r = k - 1/3*hA2; 
s = 2/27*hA3 - 1/3*h*k + L; 

% find discriminant 
Dis = sA2/4 + rA3/27; 

% if Dis s 0, there are one real and two complex roots, find real root only 
if Dis s 0 

if (-s/2 + DisA0.5) < 0; 
A = - ( - (42 + DisW.5))A(1/3); 

else 
A = (-s/2 + Di.~A0.5)~(1/3); 

end 

if (-s/2 - DisA0.5) < 0 
B = -(-(-s/2 - DisA0.5))A(1/3); 

else 
B = (-s/2 - DisA0.5)A(I 13); 

end 

XI = A + B; 
V = XI - h/3; % V is volume in L 

% if Dis < 0, there are three real roots 
else fprintf('caution - three different real roots of V') 

m = 2*(-r/3)"0.5; 



theta = 1 /3*acos(3*s/(r*m)); 
XI = m*cos(theta); 
x2 = m*cos(theta + 2*pi/3); 
x3 = m*cos(theta + 4*pi/3); 
V1 = XI - hl3; 
V2 = x2 - hl3; 
V3 = x3 - hl3; 
% decide which V is the solution 
V = min([Vl V2 V31); %from observation, the smallest value of V is correct 

end 

% solve for density, units are glcc 
Dmodel = mw 1 V 1 1000 

% solve for bulk modulus, units are MPa 
Kmodel = (V*R*T)/(V - d)A2 - 2*cNA2 

Table A.7 Sample values for calibration of cubic EOS code. 

A.4.3 Example Results for Cubic EOS 

Figures A. 11 through A. 18 show the density and bulk modulus results of the cubic EOS 

for molecular weights of 25, 80, 150, and 230. 
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Figure A. l l  Density results from cubic EOS for mw = 25. 
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Figure A. 12 Density results from cubic EOS for mw = 80. 



Figure A. 13 Density results from cubic EOS for mw = 150. 

Cubic EOS, Average Molecular Weight = 150 
o . 9 0 - 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  1 1 1 1 , 1 1 , 1  

.............................. .............................. .............................. 0.85 -...........................I ; 1 .............................. ............................ 

30 MPa 
............... .............................. 

. 50.75 - , ...............- .- 
'4 
c 15 M ' P ~  

............................. .............................. ............................. ........................... 

Cubic EOS, Average Molecular Weight = 230 
1 , , 1 , 1 1 1 1 1 1 1 , 1  I l l 1  I I I I 1 1 1 1  

0.65 

0 50 100 

Temperature, OC 

............................. .............................. ............................................................ ........................... - 1 i ............................ 

Figure A. 14 Density results from cubic EOS for mw = 230. 
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Figure A. 15 Bulk modulus results from cubic EOS for mw = 25. 
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Figure A. 16 Bulk modulus results from cubic EOS for mw = 80. 
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Figure A.17 Bulk modulus results from cubic EOS for mw = 150. 
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Figure A. 18 Bulk modulus results from cubic EOS for mw = 230. 
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Cubic EOS, Pressure = 15 MPa 

Figure A.19 Density results froin cubic EOS for pressure = 15 MPa. 
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Figure A.20 Density results from cubic EOS for pressure = 60 MPa. 
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Figure A.21 Bulk Modulus results from cubic EOS for pressure = 15 MPa. 
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Figure A.22 Bulk Modulus results from cubic EOS for pressure = 60 MPa. 



A.5 Discussion 

This cubic EOS implicitly assumes that the hydrocarbon fluid is single-phase. If the fluid 

is actually in the two-phase region (Figure A.l), the cubic EOS should be applied to each phase 

separately, and then the properties averaged. The accuracy of the cubic EOS is expected to 

decrease as the pressure and temperature conditions near the phase boundary for a given fluid. In 

addition, the region around the critical point is troublesome for almost every EOS. 

Figures A.23 through A.30 show the inversion residuals for density and bulk modulus. 

There is a small bias towards underestimating density at pressures greater than 100 MPa. The 

density residuals versus density, molecular weight, and temperature show an approximately 

random distribution. The error in estimating bulk modulus generally increases with increasing 

bulk modulus. There is also a trend of underestimating bulk modulus at mw < 25, P < 15 MPa, 

and 25 "C > T > 250 "C. 
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Figure A.23 Density residuals versus density. 
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Figure A.24 Density residuals versus average molecular weight. 
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Figure A.25 Density residuals versus pressure. 
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Figure A.26 Density residuals versus temperature. 
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Figure A.27 Bulk modulus residuals versus bulk modulus. 
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Figure A.28 Bulk modulus residuals versus average molecular weight. 
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Figure A.29 Bulk modulus residuals versus pressure. 
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Figure A.30 Bulk modulus residuals versus temperature. 

The average and standard deviation of the error between the actual density data and cubic 

EOS model data are both 1.1 %. The cubic EOS is very accurate at low densities (gas-like) and 

high densities (liquid-like) and slightly less accurate in the transition zone (p = 0.2 to 0.45 glcc). 

Originally, the bulk modulus data were fit given known density (or molar volume) 

values. When done this way, the average and standard deviation of the error between the actual 

and model bulk modulus data were both 17%. There was also an obvious bias towards 

overestimating K at low pressure and low K and underestimating K at high pressure and high K. 

In practice, the density will first be estimated using the cubic EOS, which would change 

the estimate of bulk modulus. The inversion for dynamic coefficients was redone with molar 

volume estimated from static coefficients. The results for bulk modulus are much improved. The 

average and standard deviation of the error between the actual and model bulk modulus data are 

5.5% and 5.1%, respectively. The largest percentage errors are for low values of bulk modulus 

but the absolute errors are not very large (average error = 28 MPa). Since it is the difference in 

bulk modulus between two fluids that is important in hydrocarbon indicator methods such as 

AVO inversion, a small absolute error in bulk modulus is not significant. 



Why is the error in bulk modulus larger than that for density? The cubic EOS has 

difficulty matching the behavior of K over a wide pressure range, especially as pressure drops 

towards the bubble point. This is common for EOS models, even those in STRAPP. As shown in 

Figure A.3, STRAPP does not provide as accurate a match to the lab data at the lowest pressures 

measured (just above the bubble point). Another reason is that the variation of bulk modulus with 

temperature and pressure is larger than that of density, for coildensates and oils. The distribution 

of density with molecular weight is narrower than the distribution of bulk modulus with 

molecular weight, as seen in Figures A.5 and A.8. Errors in density (or molar volume) are also 

amplified in bulk modulus, because the denominators in Eq. (A.8) are often small. 

The error analysis in this work assumes that the laboratory measurements and STRAPP 

database are exact. For the simple mixture tested, the laboratory data and STRAPP compare well 

(Figure A.3). STRAPP modeling was not verified with laboratory measurements for more 

complex mixtures of heavy hydrocarbons, however. It is expected that the uncertainty in 

STRAPP modeling would contribute to the error in the cubic EOS, although this has not been 

quantified. 

A.5.1 Consideration of Phase Behavior 

As currently formulated, the domain of applicability of the cubic EOS is the single-phase 

region. Errors are expected to increase near the phase boundaries and especially near the critical 

point. The cubic EOS has given reasonable results in the two-phase region, if applied to each 

phase separately. This would require separate compositional information for each phase. 

Van der Waal's and other cubic equations of state may have up to three real roots for 

molar volume, depending on the discriminant of the cubic equation. For a pure compound, if 

there is one real root, the fluid is single-phase. If there are three real roots, the fluid is in the two- 

phase region. The largest root is commonly considered the molar volume for vapor, the smallest 

root the molar volume for liquid, and the intermediate root irrelevant. The behavior of mixtures 

is more complex than that of pure compounds; there may be two liquid phases or three phases 

(two liquids and a gas) present, for example (Creek et al., 1990). 

Although the fluid database used to calibrate the cubic EOS consists of single-phase data, 

some of the data produce three real roots in the cubic EOS. In that case, the smallest root was 



chosen in the forward model used in the inversion scheme. Because the coefficients were 

optimized using the smallest root when applicable, the smallest root should be used in applying 

the cubic EOS in its present form. However, the presence of three real roots is a warning that the 

cubic EOS may be outside of its range of applicability. 

Part of the inaccuracy of the cubic EOS near phase boundaries is that phase boundaries 

vary with, but are not uniquely determined by average molecular weight. Figures A.3 1 and A.32 

show critical temperatures and pressures for the STRAPP and laboratory samples in the database. 

Generally, the critical temperature of the samples increases with increasing average 

molecular weight. Critical pressure decreases with increasing molecular weight, but the 

correlation is low. The reason for the apparent lack of relationship between molecular weight and 

critical pressure may be due to the variation in composition of hydrocarbon samples in the 

database (Tables A.l to A.5). The hydrocarbon gas content ( C l -  C4) does not decrease 

uniformly with increasing average molecular weight. While this represents the range of possible 

hydrocarbon mixtures, it makes the critical pressure and bulk modulus less predictable. 

The difference in phase boundaries for all possible oils with the same average molecular 

weight contributes to the inaccuracy of the cubic EOS as presently formulated. As an example, 

consider two oils, both with the same average molecular weight (mw = 137.8). ST-Oil-A is more 

volatile than ST-Oil-B, with 29% methane versus 11% methane. The critical temperature and 

pressure of ST-Oil-A are 435 "C and 5.9 MPa and for ST-Oil-B they are 378 "C and 3.7 MPa. 

Figures A.33 and A.34 show the difference in density and bulk modulus for these two different 

samples, modeled in STRAPP. 
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Figure A.31 Critical temperature versus average molecular weight for hydrocarbon samples. 
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Figure A.32 Critical pressure versus average molecular weight for hydrocarbon samples. 
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Figure A.33 Density versus pressure relationships for two pseudo-samples with the same average 
molecular weight. Data modeled in STRAPP. 
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Figure A.34 Bulk modulus versus pressure relationships for two pseudo-samples with the same 
average molecular weight. Data modeled in STRAPP. 



As shown in Figures A.33 and A.34, if average molecular weight is the only parameter to 

describe the composition of the oil, there will be inherent uncertainty in the estimates of density 

and bulk modulus. The difference in bulk modulus at the same pressure and temperature 

conditions for samples ST-Oil-A and ST-Oil-B is about equal to the difference in bulk modulus 

for a temperature difference of 25 "C for either oil. The difference in density (2 to 3%) is smaller 

than the difference in bulk modulus (5 to 15%). This error is inherent in the cubic EOS as 

presently formulated. 

There are several possibilities for improving the accuracy of the cubic EOS, if desired. 

The hydrocarbon sample database could be added to and the coefficients refined, although several 

iterations of the inversion process with different databases have produced only small changes in 

the coefficients. Phase boundaries could be incorporated into the current EOS, although this 

would make it much more complicated. A more thorough error analysis could also be done so 

that confidence intervals could be assigned to the answers from the cubic EOS. 

A.5.2 Relationship between Descriptive Properties of Oil and Molecular 

Weiq ht 

Oil properties (API gravity, GOR, gas gravity) can be related to average molecular 

weight for the cubic EOS. This is done by first calculating pseudo-density using the FLAG 

models (Fluid Aco~~stics for Geophysics) and then using an empirical relation for average 

molecular weight: 

mw = 2.88e5.IP (A. 12) 

where p is density (or pseudo-density) in glcc. This relation was obtained by regression on Fluids 

Project data consisting of density (or pseudo-density) of single hydrocarbon components at 

standard conditions (60" F, 1 atm). The data are shown in Figure A.35. The relation is valid for 

average mw from 16 to 250 glmole. 
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Figure A.35 Relationship between density and molecular weight. 

In estimating average molecular weight, there will be error introduced in measuring the 

properties of the oil (API, GOR), calculating pseudo-density in FLAG, and applying Eq. (A.12). 

The relationship is tested for one oil sample from the Fluids Project, Conoco #4, with an API 

gravity of 50.6, GOR of 142.5 L/L, and average molecular weight of 78.8. Assuming a gas 

gravity of 0.6 and using FLAG Hydrocarbon Model 1, the pseudo-density is calculated as 0.649 

glcc. This corresponds to an estimated average molecular weight of 78.9 from Eq. (A.1 I), almost 

an exact match. Additional data from oil and condensate samples could be used to test and refine 

Eq. (A.12). 

A.6 Summarv 

A cubic equation of state was developed to predict density and bulk modulus of 

hydrocarbon fluids of known average molecular weight at specific pressure and temperature 

conditions. The EOS applies to both liquid- and gas-like fluids with chemical compositions of 

dry gas, wet gas, condensate, light oil, or medium oil. The estimated seismic properties vary 

smoothly along the hydrocarbon continuum. This is advantageous when the nature of the 

hydrocarbon fluid is unknown. For both density and bulk modulus, the EOS applies only to 



single fluid phases. In the two-phase temperature and pressure region, the EOS could be applied 

separately to each phase composition. 

The cubic EOS is based on Van der Waals equation for non-ideal gas behavior. Both 

static and dynamic 'a' and 'b' coefficients are estimated as functions of average molecular weight 

and temperature (Eq. A. 10). The database used to optimize the coefficients for density and bulk 

modulus consists of both laboratory samples and synthetic samples modeled in STRAPP. The 

pressure and temperature ranges of the database are 5 to 130 MPa and 20 to 300 OC. The range in 

average molecular weight is 17.3 to 250.3. The coefficients were optimized separately for 

density (Eqs. A.3 and A.4) and bulk modulus (Eqs. A.3 and A.8), using a generalized linear 

inversion scheme in Matlab. The optimum coefficients are presented in Table A.6. 

Currently, the cubic EOS predicts density with an average error of 1.1%. The error in 

estimating bulk modulus is larger - on average 5.5%. The absolute error in bulk modulus 

(average 29 MPa) is probably low enough for most fluid modeling purposes in exploration 

geophysics. 

The cubic EOS could be further refined to include phase behavior. A more thorough 

error analysis could be done so that confidence intervals could be assigned to the answers from 

the cubic EOS. This may progress as part of the Fluids Project. As needed, the STRAPP samples 

in the current database could be modified or added to. In conclusion, there will be a balance 

between the simplicity of the EOS, the input information required, the range of applicability of 

the EOS, and the accuracy in predicting acoustic properties. 


