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ABSTRACT 
 

In assessing the efficiency of any CO2 enhanced oil recovery projects, it is essential to track 

the flow path of injected CO2.  Time-lapse seismic is an effective tool for monitoring CO2 

movement and deciphering flow paths in the reservoir.  Reservoir simulation is used by reservoir 

engineers to determine displacement efficiency and dynamic changes of pressure and saturations 

in the reservoir, using production-injection data.  Reservoir simulation also serves as a prediction 

tool to evaluate the economics of the CO2 projects.  Both time-lapse seismic analysis and reservoir 

simulation can complement each other to increase the understanding of CO2 flow paths and CO2 

effectiveness.  

This study reports the findings from a comprehensive workflow and methodology for 

integrated reservoir study of enhanced oil recovery in conventional reservoirs.  The major 

components of the workflow include data collection and validation, geologic modeling, reservoir 

modeling, history matching assisted by seismic monitoring, model calibration, and economic 

evaluation.  Specifically, the study involves an integrated study of geology, geophysics, and 

engineering applied to a continuous CO2 injection EOR project in Delhi Field, Louisiana.  The 

CO2-targeted formations are the Tuscaloosa and Paluxy sandstones of the Early Cretaceous time.  

The production and injection activities in Delhi Field result in changes in fluid saturations and pore 

pressure.  These changes affect properties of the reservoir rock and fluids, which can be detected 

by time-lapse seismic data.  A geologic model was built using well logs, petrophysical 

measurements and seismic inversion for the Reservoir Characterization Project (RCP) area.  

Simulation models, including a black oil model and an eleven-component compositional model, 

were built based on the geologic model.  Production history matches were performed for the 
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primary, secondary and tertiary production phases of the field.  Then, simulation results were 

compared against seismic monitor interpretations to calibrate the reservoir model.   

The results show that the simulated flow paths of the injected CO2 agree with the time-

lapse seismic interpretations.  The agreement validates the effectiveness of integrating geologic 

modeling, reservoir modeling, and time-lapse seismic analysis in assisting field operations to 

maximize oil recovery efficiency.  Furthermore, this agreement can close the loop of geomodel-

4D-seismic-reservoir simulation in a dynamic reservoir characterization process, and can minimize 

the non-uniqueness in the reservoir model.  
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CHAPTER 1  
INTRODUCTION 

1.1 The Thesis Objectives 

The Delhi Field CO2 EOR project is a research project sponsored by the Reservoir 

Characterization Project (RCP) consortium in Colorado School of Mines.  RCP is the front runner 

in the field of 4D seismic monitoring of CO2 Enhanced Oil Recovery (EOR) projects.  

The petroleum industry has more than 65 years of experience researching and 

implementing CO2 EOR operations.  To date, over 130 CO2 EOR projects are in operation, 

producing approximately 350,000 barrels of oil per day (Koottungal, 2014).  The history of 4D 

(time-lapse) seismic reservoir monitoring and integration in dynamic reservoir characterization 

dates back to the 1980s (Greaves and Fulp, 1987).  Nowadays, 4D seismic has been commonly 

applied in various CO2 projects to locate bypassed hydrocarbons, image fluid fronts, and detect 

permeability barriers and potential CO2 leaks.  Incorporating reservoir simulation and 4D seismic 

has become an invaluable tool to facilitate better reservoir characterization and reservoir 

management.  

The objective of this research is to construct a high definition, reservoir simulation model  

for reservoir management of Delhi Field.  The contribution and uniqueness of this research lies in 

the integration of geology, geophysics and engineering.   

The research involved: (1) performing quality checks on the available geoscience and 

engineering data and updating the static geologic model and simulation model; (2) building a 

reservoir simulation model and perform history matching analyses, combined input from seismic 

interpretation. 
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1.2 CO2 Enhanced Oil Recovery (EOR) 

Carbon dioxide (CO2) injection has been widely used as an important Enhanced Oil 

Recovery (EOR) technique in the oil and gas industry for the last 40 years.  EOR production 

accounts for an average of 10%-11% of the United States (U.S.) crude oil production for the last 

two decades, and CO2 EOR production accounts for 5.1% (as of 2009; Enick and Olsen, 2012) of 

the U.S. EOR crude production.  In addition to producing the remaining oil, CO2 EOR has also 

provided an efficient way for CO2 sequestration to minimize the greenhouse effect.  One of the 

advantages of CO2 EOR to CO2 sequestration lies in that depleted oil reservoirs usually have good 

storage and sealing capacity, which saves a lot of exploration effort to search for suitable geologic 

sequestration candidates. 

 The research of CO2 EOR began in the 1950s (Enick and Olsen, 2012) and the first CO2 

EOR project was commercialized in Scurry County, Texas in 1972, which was known as the 

SACROC Unit (Scurry Area Canyon Reef Operators Committee).  The SACROC Unit injected 

anthropogenic CO2 captured from Val Verde natural gas plant in South Texas, and received great 

economic return.  The economic incentive led to the construction of three major CO2 pipelines in 

the Permian Basin.  These CO2 pipelines connect oil fields in the Permian Basin with three major 

natural underground CO2 sources then: Sheep Mountain and McElmo Dome in Colorado, and 

Bravo Dome in northeastern New Mexico. 

Currently, CO2 EOR practices usually take place in old oil fields that have been mostly 

depleted due to production.  In addition to containing large amount of remaining oil, these oil 

reservoirs (usually sandstone and carbonate reservoirs) also have good sealing capacity and good 

fluid permeability.  Furthermore, there should be a good and consistent supply of CO2, either from 

natural sources such as CO2 reservoirs, or from anthropogenic sources such as natural gas 
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processing plants or power plants.  Most of the time, pipelines transporting CO2 to the oil fields 

are also needed.  The dehydrated and high-pressurized CO2 is transported from sources via 

pipelines to the oil fields, where the onsite CO2 compressing and recycling facilities are present.  

Figure 1-1 shows major CO2 sources and pipelines in the United States.  As shown, major 

operations occur in the Permian Basin in west Texas, Wyoming, and Louisiana.  Aside from 

sources for the Permian Basin, other significant natural underground CO2 sources are LaBarge in 

Wyoming, Jackson Dome in Mississippi and the Great Plant in North Dakota (Hargrove et al., 

2010).  

 
Figure 1-1: Locations of Current CO2 EOR Projects, CO2 Sources  

and Pipelines (Policy, 2012) 

 

There are different CO2 injection methods depending on the reservoir characteristics, and 

these methods include but are not limited to: continuous CO2 injection, where high purity CO2 is 
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continuously injected into the reservoir; water-alternating-gas (WAG) injection, where slugs of 

water and CO2 are injected into the reservoir in an alternate fashion; CO2 foam/gel injection that 

injects slugs of CO2 and brine/surfactant foams or polymer gels into the reservoir ; “Huff and Puff” 

CO2 injection that injects CO2 into a producing well.  This method allows CO2 to soak for a certain 

amount of time and mix with oil, and then produces the gas dissolved oil from the same well. 

Therefore, pipelines are not necessarily required in the “Huff and Puff” CO2 EOR practice.  A 

more detailed discussion for different CO2 EOR methods is presented in Chapter 2. 

1.3 Integrated Seismic Reservoir Characterization-Seismic Imaging  

and Numerical Modeling 

In the application of the CO2 EOR process, it is vital to determine CO2 flow and migration 

paths, distribution of water, oil and gas, and CO2 utilization ratio for assessing economic viability 

and providing a better reservoir management as a result.  A reservoir flow simulation model is an 

important tool for fluid response prediction and well planning.  In the early days validation of the 

simulation model is through history matching to engineering data such as pressure and production 

data obtained from wells.  Core and well logs data inputs in constructing the reservoir geologic 

model also makes significant contribution to flow simulation history matching.  However, cores 

and well logs data can only be representative enough in close-well proximity, while information 

between or beyond wells cannot be uniquely represented by the geologic model.  As a result, the 

flow simulation history matching can only provide a relatively unique and robust validation of the 

reservoir model in the close-well proximity.  Fluids front and distribution cannot be uniquely 

validated and understood by reservoir flow simulation due to lack of inter-well information.  Time-

lapse (4D) seismic, by conducting 3D seismic surveys repeatedly at same geographic and geologic 

locations, can provide better fluid and rock information between wells in a dynamic timeframe.  
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Reservoir flow simulation is an advanced tool for reservoir engineers to understand and predict 

the dynamic reservoir performance, while 4D seismic serves as an indispensable method to 

monitor the reservoir performance and validate the reservoir flow model.  The combination and 

integration of geology, reservoir simulation and 4D seismic can provide a more accurate 

description and characterization of the reservoir to maximize the oil production and reduce cost.  

The integration of different disciplines is particularly desirable to CO2 EOR operation because a 

better understanding of the distribution of fluids is the key to reducing injection and operating 

costs, as well as maximizing production and economics.  

RCP has conducted multiple research projects that study the dynamic management CO2 

EOR operation using 4D multicomponent seismic monitoring technique.  In addition to 

demonstrating positive results and the value of 4D multicomponent seismic, these research also 

showcased the benefits and necessity to integrate different disciplines in static and dynamic 

reservoir characterization.  The Vacuum Field CO2 injection project in New Mexico (Roche et al., 

1997) is the first Field that applied 4D seismic multicomponent survey to detect injected CO2.  The 

Weyburn Field (Davis et al., 2003) in Saskatchewan conducted the first 4D and 9 Component (9C) 

seismic survey in Canada.  In this project RCP started integrating seismic and reservoir engineering 

in the dynamic reservoir model in the CO2 sequestration/ EOR project (Brown, 2007).  RCP pushed 

the integration of different disciplines further in the Postle Field in Oklahoma (Heris, 2011; Davis 

et al., 2011) in its CO2 WAG injection operation.  The Delhi Field project is another good example 

that illustrates the importance and effectiveness of integration of geology, 4D seismic, reservoir 

engineering and modeling.  
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1.4 Geologic Settings and Reservoir Properties of Delhi Field 

The Delhi Field is a Cretaceous oil field located on the south flank of the Monroe Uplift in 

northeast Louisiana and the western margin of Mississippi Interior Salt Basin (shown in Figure 

1-2).  The Field is 40 miles west of the Louisiana-Mississippi border and 35 miles away from 

Monroe.  The Monroe Uplift was responsible for the angular unconformity and erosional pinchout 

that created the reservoir trap in the study area (Silvis, 2011).  To the northeast of the Mississippi 

Interior Salt Basin lies the Jackson Dome, an ancient buried volcano most likely formed due to 

either hot spot activity or crustal weakness from previous rifting episodes (Vogt and Jung, 2007)  

The Jackson Dome structure holds massive accumulation of CO2 reserves that are the source of 

the CO2 flooding at Delhi.  These features can be seen in map view in Figure 1-3.  

 The CO2 EOR targeted reservoir interval is the Holt-Bryant zone that lies at depths 

between 3000 and 3500 feet and consists of Upper Cretaceous Tuscaloosa and Lower Cretaceous 

Paluxy sandstones.  Figure 1-4 shows the stratigraphic system for the Delhi Field region, which is 

an extension of the regional stratigraphy present in the Gulf of Mexico Basin, a complex system 

with high lateral variance.  The Paluxy Formation was deposited during a regression as fluvial and 

deltaic sequences shown by red beds (Vogel, 1968).  Above the Paluxy Formation lies the 

Tuscaloosa Formation, separated by an unconformity that represents a one million year erosional 

and non-depositional period (Mancini and Puckett, 2002).  The gross thickness of the sandstone is 

35-85 feet for Tuscaloosa and 30-75 feet for Paluxy.  The estimated average total porosity for 

Tuscaloosa and Paluxy sandstones are 30% and 25%, respectively.  The estimated average 

permeability for Tuscaloosa and Paluxy sandstones are 3000 and 1000 millidarcy (mD), 

respectively.  Note that the estimation of the porosity and permeability was obtained from limited 

core data (well 159-2) and well logs data.  In fact, huge variations of rock properties occur in the 



 

7 
 

Tuscaloosa sandstone.  The permeability in one well can range from 691 mD to 5219 mD in the 

Tuscaloosa interval.  These variation can have huge impacts on the flow performance of the 

reservoir and therefore affect the recovery efficiency. 

A cross-section of the field is shown in Figure 1-5.  Based on formation properties and 

flow characteristics, the Tuscaloosa sandstone is further divided into different flow units which 

are named Tuscaloosa 1, 2 …11, while the Paluxy sandstone remains as one continuous unit.  

Detail discussions of the geologic settings on the Delhi Field can be found in Silvis’ (Silvis, 2011) 

and Klepacki’s (Klepacki, 2012) work. 

 
Figure 1-2: Geographical location of Delhi Field. 
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Figure 1-3: Regional map showing the location of Delhi Field in relation to nearby structural features 

(modified from Mancini et al., 2008). 
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Figure 1-4: Gulf of Mexico Regional stratigraphic column.  The Delhi Field formations fall within the red 
outline and are highlighted in yellow.  The probable source rock for Delhi Field is outlined in blue 

(modified from Mancini et al., 1999). 
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Figure 1-5: Cross-section of Delhi Field. Different flow units Tuscaloosa 3, 5, 7 are sitting on top of 

Paluxy Sandstone (Denbury Resources Inc., 2009). 

 

1.5 Production History of Delhi Field 

Delhi Field was acquired by Denbury Resources in 2006 for the purpose of revitalization. 

This field is 15 miles long, 2~2.5 miles wide, and covers an area of approximately 6200 acres.  

The original average reservoir pore pressure and temperature are 1500 psia and 140 °F, 

respectively.  The Delhi Field produces light oil with 37° API, making it a good candidate for CO2 

flood.  The original estimated oil in place for the whole Delhi Field is 357 million barrels of oil 

(MMbbls).  The field started to produce since 1944 and started waterflood to maintain reservoir 

pressure and improve recovery in 1950.  The field-cumulative oil production before performing 
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CO2 flood in 2009 was 204 MMbbls, resulting in a recovery factor of 57.1%.  Figure 1-6 shows 

the production history for the whole field from 1944-2012.  

 
Figure 1-6: Production history for whole Delhi Field in 1944-2012.  Waterflood begins in 1950 and CO2 

flood begins in 2009. 

 

1.6 Seismic Surveys in the Delhi Field and RCP Area 

Time-lapse seismology, often called time-lapse (4D) seismic, compares several 3-D 

seismic surveys that are taken in the same geographic and geologic locations and different times.  

Time-lapse seismic allows us to monitor the subsurface fluid and rock property changes by 

comparing changes of measured seismic properties including travel times, reflection amplitudes 

and seismic velocities.  As such, time-lapse (4D) seismic seismology is well recognized in the oil 

and gas industry for improvement of reservoir characterization, identifying fluid interface changes 

and locating bypassed reserves (Jack, 1997; Fanchi, 2000; Lumley, 2001; Davis et al., 2003; 
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Calvert, 2005).  In field practice, the first 3D seismic survey is called baseline, and the repeated 

surveys are called monitors. 

 

Figure 1-7 shows the location of the reservoir characterization project (RCP) area, which 

is the area where baseline (2008), Monitor 1 (2010) and Monitor 2 (2011) seismic surveys were 

shot.  The RCP area extends 4 - 4.5 square miles long, covering about one quarter of the entire 

Delhi Field.  The estimated OOIP of RCP area is around 100 MMbbls, and field produced oil is 

57 MMbbls, resulting an recovery factor of 57%.  The RCP area started to produce from 1945 and 

production history of the RCP area from 1945-2012 is shown in Figure 1-8. 

 
Figure 1-7: The RCP area in Delhi Field, the shaded area is the area of interest, where baseline, Monitor 1 

(2010) and Monitor 2 (2011) seismic surveys were shot. 
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Figure 1-8: Production history for RCP area in 1945-2012. Waterflood begins in 1953 and CO2 flood 

begins in 2009. 

 

1.7 Summary of Results 

This research work integrated geology, geophysics and engineering for application in CO2 

injection EOR project in Delhi Field, Louisiana.  The CO2-targeted formations are Tuscaloosa and 

Paluxy sandstones.  The production and injection activities in Delhi Field result in changes in fluid 

saturations and pore pressure.  These changes affect properties of the reservoir rock and fluids, 

which can be detected by time-lapse seismic analysis as P-wave anomalies.  A geologic model was 

built using well logs, petrophysical measurements and seismic inversion for the RCP area.  Two 

different simulation models, a black oil model and an eleven-component compositional model, 

were built based on the geologic model as the initial step in the integrated research effort.  
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Production history matching was performed for the primary, secondary and tertiary production 

phases of the field.  

The results show that the simulated flow paths of the injected CO2 agree well with the time-

lapse seismic interpretations.  This agreement validates the effectiveness of integrating geologic 

modeling, reservoir simulation, and time-lapse seismic analysis in assisting field operations and 

maximizing oil recovery efficiency.  Furthermore, this agreement can close the loop of geomodel-

4D-seismic-reservoir simulation in a dynamic reservoir characterization process and reduce the 

non-uniqueness in the reservoir model. 
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CHAPTER 2 
DELHI FIELD STUDIES 

 
 

2.1 CO2 Enhanced Oil Recovery  

The petroleum industry has more than 65 years of experience researching and 

implementing CO2 EOR operations.  To date, over 130 CO2 EOR projects are in operation, 

producing approximately 350,000 barrels of oil per day (Koottungal, 2014).  CO2 injection is often 

implemented after primary production or secondary production in which water is injected into the 

reservoir to maintain pressure.  CO2 injection has the ability to further improve recovery factors 

because, in addition to pressurizing the reservoir, its injection changes the physical properties of 

fluids in the reservoir.  Specifically, the introduction of CO2 into a hydrocarbon reservoir causes 

these beneficial physical changes: 1) CO2 promotes swelling; 2) CO2 reduces oil viscosity; 3) CO2 

decreases oil density; 4) CO2 is soluble in water; 5) CO2 can vaporize portions of the oil (Holm 

and Josendal, 1974).  In reservoirs where miscible CO2 drive is achieved, the recovery reaches 

maximum efficiency when injected volumes of CO2 and volumes required for maintaining the 

pressures necessary for hydrocarbon miscibility are well balanced (Zhou et al., 2012).  While 

miscible displacement can theoretically reduce oil saturations more effectively, immiscible floods 

have also proven effective at recovering substantially more oil than water floods (Christensen et 

al., 1998; Zhou et al., 2012).  Three commonly implemented types of CO2 injection schemes have 

been adopted in the industry to achieve this goal: Phase Cyclic, Water Alternating Gas (WAG) 

and Continuous CO2 Injection. 

Phase Cyclic (Huff’n’Puff) CO2 injection strategies emerged in the 1960s and have proven 

to be effective for establishing cash flow early in and as pilot tests for CO2 EOR early in CO2 EOR 
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projects (Wehner and Prieditis, 1996; Zhou et al., 2012) and for tight reservoirs (Miller et al., 1994; 

Bardon et al., 1994).  Phase cyclic methods had been applied with success in the evaporates and 

dolomites of the San Andreas Formation at Vacuum Field where initial five year results yielded 

economic results (Miller et al., 1994), and phase cyclic injection continued to represent a viable 

EOR option for carbonates deposited in shallow shelf environments (Wehner and Prieditis, 1996).  

Phase cyclic CO2 injection was also implemented successfully in the Shoemaker Ridge 

development area of Big Sinking Field, in a reservoir consisting of calcareous sandstone reservoir 

compartmentalized by heavy faulting.  While poor sweep efficiency was found in waterflood 

studies and low reservoir pressures precluded miscible CO2 treatment, phase cyclic CO2 injection 

was found to be effective and economically viable in this reservoir at pressures below the 

miscibility point (Bardon et al., 1994).  The applicability of this method is limited because CO2 

tends to leak off quickly into permeable, well-connected reservoirs, becoming too dispersed to 

support relative permeability changes due to gas hysteresis (Miller et al., 1994).  Phase cyclic 

injection also suppresses field productivity as wells must be shut in to allow CO2 to permeate and 

dissolve, taking the wells off production for significant periods of time (Miller et al., 1994; Bardon 

et al., 1994; Wehner and Prieditis, 1996).  

Since Water Alternating Gas (WAG) was first tested in Permian Field, Alberta by Mobil 

in 1957 (Christensen et al., 1998), WAG and Tapered Water Alternating Gas (TWAG), utilized in 

90% of U.S. CO2 EOR reservoirs, have become the most commonly employed CO2 EOR methods 

(Zhou et al., 2012).  WAG improves hydrocarbon mobility (Merchant, 2010; Zhou et al., 2012) 

and mitigates early breakthrough of CO2 to producing wells (Bellavance, 1996).  TWAG modifies 

the water/gas ratios to increase early recovery with higher CO2 utilization then optimizes CO2 

consumption and recycling as the field matures (Christensen et al., 1998; Zhou et al., 2012). When 
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combined with reservoir monitoring and simulation, WAG and TWAG operations can be adapted 

to improve the conformance of the flood to the reservoir (Folger and Guillot, 1996; Hsu et al., 

1997; Merchant, 2010;Davis et al., 2011; Zhou et al., 2012).  

The efficiency and potential for operation adaptations has been observed in WAG studies 

at the Wasson and Postle Fields.  At the Denver Unit, Wasson Field, in Gaines and Yoakum 

Counties, Texas, a compositional reservoir model was applied to simulate a WAG EOR effort in 

the dolomitic San Andreas Formation.  Modelling results identified shut in wells to return to 

production, locations to infill, and regions where injected CO2 was lost to the gas cap (Hsu et al., 

1997).  Heris (Heris, 2011) simulated flow in the thin, valley fill sandstones of the Morrow 

Formation during WAG injection at Postle Field and adapted modelled reservoir permeabilities 

based on time-lapse seismic indications of changing CO2 concentrations.  Simulation suggested 

that lower early time WAG ratios result in high early time production while higher WAG ratios 

improve ultimate recoveries, providing guidelines for operational recommendations.  Examples at 

both Wasson and Postle Fields demonstrate that the simulation of reservoirs undergoing WAG 

injection can be leveraged to adapt operations with the potential to optimize WAG operations. 

Compared to WAG or TWAG, continuous CO2 injection is less prevalent in field 

applications.  This method provides higher CO2 injectivity and therefore faster hydrocarbon 

response.  In addition, the facilities and operation adjustment is simpler, rendering this injection 

scheme more economic.  For reservoirs in which severe CO2 breakthrough and vertical migration 

have not been a problem, continuous CO2 injection is advantageous in reducing water cut and 

accelerating production over WAG and TWAG.  Continuous injection is suitable for reservoirs 

with stable gravity displacement mechanisms while efficiently avoiding the detrimental effect on 

productivity and recovery introduced by water injection (Holm, 1986; Bellavance, 1996).  On the 
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other hand, the produced GOR increases rapidly after CO2 breakthrough, which requires more 

effort in CO2 recycling, separation and facilities corrosion control (Zhou et al., 2012). 

Each of these common CO2 EOR methods is employed in key fields discussed in literature 

and has comparative advantages and disadvantages (Table 2-1).  Other methods have been 

implemented, like simultaneous but separate CO2 and water injection (Weyburn Field), and newer, 

unproven ‘next generation techniques’ are currently in the research stage (NETL, 2015). 

 

Table 2-1: Advantages and disadvantages of the three common CO2 EOR methods 
 (modified from Zhou et al. (2012)). 

 Example Strengths Weaknesses 

WAG 

(TWAG) 

Wasson  
Postle 

Enhanced operational flexibility  
& conformance control 

Cost intensive 
 

Continuous 

Injection 
Dollarhide 

High early stage production 
Simpler injection system than 
WAG 

Risk of early CO2 breakthrough 
High CO2 utilization 
Limited control of conformance 

Cyclic 

Injection 
Vacuum 

Effective in tight reservoirs  
Less cost intensive 

Loss of time on production 
Limited control of conformance 

             

2.2 Dynamic Reservoir Monitoring of CO2 EOR using Reservoir Simulation and Time-

Lapse Seismic 

The history of 4D (time-lapse) seismic reservoir monitoring and integration in dynamic 

reservoir characterization dates back to the 1980s (Greaves and Fulp, 1987).  The concept of 

acquiring multiple seismic surveys in the same geographic location at different times emerged 

when it was found out that time-lapse changes in seismic amplitudes and properties inverted from 

amplitudes corresponded to variations in reservoir saturation and pressure.  These changes can 

help engineers and geoscientists monitor EOR efforts more effectively and adjust operations 

accordingly. 
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The first application of the time-lapse seismic concept was implemented by ARCO at the 

Holt Sand fireflood from 1981-1983.  ARCO found that dim spots in the monitor surveys 

correlated with burned regions (Jack, 1997).  Results reported by Cooper et al., (Cooper et al., 

1999) in the Foinhaven Field, showed fluid phase contacts could be observed in differences in 

seismic amplitudes and travel times between surveys acquired at different times.  Using time-lapse 

seismic, Lumley et al. (Lumley et al., 2000) determined that dim amplitude trends characterized 

channelized fluid flow pathways pressure compartments at Meren Field in Nigeria.  Similarly, 

Behrens et al. (Behrens et al., 2001) modelled the effect of fluid saturations and mapped time-lapse 

seismic reductions in amplitudes to monitor water flux and identified bypassed oil zones in Bay 

Marchand Field.  In each of these cases, the researchers found that changes in elastic moduli and/or 

reservoir fluid saturations resulted in impedance contrast changes in the reservoir that allowed 

time-lapse seismic to detect the lateral extent of EOR induced variations in physical properties 

through time.  In each instance, the effect of changing reservoir conditions on seismic amplitude 

was modelled, the expected response observed in the time-lapse data, and operationally useful 

information obtained from the data. 

Time-lapse seismic has also been used to successfully monitor steam floods.  Waite et al. 

(Waite et al., 1997) and Sigit et al. (Sigit et al., 1999) showed that changes in seismic characteristics 

such as amplitude at a steam injection operation in Duri Field could be compared through time to 

improve conformance estimates.  The time-lapse seismic estimates in Duri Field in the eastern 

coastal plain of central Sumatra successfully assisted the well data and simulation based steam 

monitoring techniques in detecting the injected steam distribution and channeling effect in the 

subsurface.  Schiltz (Schiltz, 2013) inverted multi-component time-lapse seismic data to produce 

a seismic estimate of density and found that steam chambers at a Steam Assisted Gravity Drainage 
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(SAGD) project in the Athabasca oil sand conformed to high density zones.  Steam chamber 

growth was also predicted by mapping geobodies corresponding to reductions in time-lapse 

acoustic impedance volumes.  Time-lapse monitoring of steam flood operations exploited 

reductions in acoustic impedance due to the introduction of steam and thermal energy into the 

reservoir and has been used to monitor steam conformance and detect reservoir 

compartmentalization. 

The RCP consortium has been at the forefront of time-lapse CO2 EOR reservoir monitoring 

(Table 2-2).  Multicomponent seismic time-lapse seismic was utilized to monitor CO2 injected into 

fractured carbonates at Vacuum Field (Angerer et al., 2002) and Weyburn Field (Davis, 2005).  At 

the Central Vacuum Unit, changes in reservoir saturations and pressures caused by CO2 cyclic 

injection were observed through time-lapse comparison of p-wave amplitudes and shear-wave 

anisotropy (Angerer et al., 2002).  These observations were interpreted to identify areas where CO2 

had channeled around lower permeability portions of the reservoir (RCP, 1997).  At Weyburn 

Field, 4D effects on compressional wave amplitudes and shear wave anisotropy were once again 

used successfully to detect changes in bulk reservoir properties and map CO2 flows between 

injecting and producing wells that bypassed oil saturated matrix.  Time-lapse seismic has also been 

employed to assist in monitoring in sandstone reservoirs.  The conformance of CO2 floods in the 

thin, valley fill Morrrow A Sandstones of Postle Field were mapped through the inversion of 

compressional wave seismic data (Vega Diaz, 2012) and in changes inverted  shear wave 

impedances (Davis et al., 2011).  Heris (Heris, 2011) found that qualitative evaluation of time-

lapse acoustic impedance changes could be used to improve the modelled permeability field and 

improve simulation at Postle Field.  At Delhi Field, previous studies suggest that changes in 

inverted acoustic impedances can be used to map the replacement of reservoir fluids with CO2 
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(Carvajal, 2013; Putri, 2013).  Modifications to reservoir simulation models made based on time-

lapse seismic analysis were also found to improve history match results (Cui, 2013).  The 

effectiveness of time-lapse seismic for monitoring CO2 floods in general and in the RCP field area 

specifically has established by past studies.  Section 2.3 outlines the results of past RCP 

characterization and monitoring of the Delhi flood in more detail. 

Table 2-2: Past CO2 EOR research projects implemented by RCP 
 (modified from Heris (2011)). 

 Vacuum Weyburn Postle Delhi 

Years Studied 1995-1999 1999-2003 2007-2009 2009-2016 

Survey Type 4D/9C 4D/9C 4D/9C 4D/9C 

Reservoir Type Fractured Carbonate Fractured Carbonate 
Valley-fill 
Sandstone 

Shallow 
Sandstone 

Res.Thickness, ft 600 34 (net) 45 140 

Porosity, % 11.6 15 - 26 17 30 

Permeability, md 22.3 10 - 50 47 100 

EOR Type 
Continuous CO2     
miscible and immiscible 

Simultaneous, separate 
water and CO2 

CO2 WAG  
miscible 

Continuous CO2 
immiscible 

 

Most studies involving seismic-based monitoring of EOR projects have involved the 

qualitative interpretation of time-lapse seismic attributes.  Qualitative interpretations represent a 

non-unique and subjective hypothesis that can be tested more rigorously through quantification.  

Heris (Heris, 2011) entered the realm of quantitative comparison in part by comparing the acoustic 

impedances calculated based on a simulation of the Postle Field reservoir to inverted acoustic 

impedance from seismic.  Other recent research has sought to link the qualitative changes observed 

between seismic surveys in EOR monitoring projects with reservoir models directly through the 

creation of synthetic seismic amplitude volumes that can be compared to the real amplitude 

volumes.  
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Davies and Maver (Davies and Maver, 2004) presented a dynamic reservoir simulation of 

the Forties Field in the North Sea as a hypothetical approximation of the reservoir conditions at 

different points in time.  The bulk physical properties of the reservoir at those points in time were 

calculated using a rock physic model incorporating both the dry matrix of the reservoir and the 

effect of its fluids.  Acoustic and shear impedance were calculated from those properties and 

combined with a wavelet derived from recorded seismic data to generate a synthetic seismic 

amplitude volume.  The synthetic volume was then compared to the acquired seismic as a way to 

test the hypothesized reservoir conditions from the reservoir simulation.  Following this process, 

an interpretation of which areas of the Brent sand reservoirs only experienced changes in stress 

state versus those that experienced saturation changes was deemed possible (Davies and Maver, 

2004).  Riberio et al. (Ribeiro et al., 2007) applied the same basic methodology to identify fluid 

contacts in sandstones of the Forties Formation.  The synthetic seismic volume produced a trough-

peak doublet at the modeled moved oil-water contact that matched the location and character of 

that observed in the time-lapse seismic.  The match between the two confirmed both that the oil-

water contact in the reservoir model was correctly positioned and that the interpreted contact in 

the seismic volume did in fact correspond to a fluid contact (by comparison to the saturation 

property volume in the reservoir model).  The ability to compare the modeled seismic response of 

a dynamic reservoir model with the seismic has shown promise as a method to increase confidence 

in both seismic interpretation and dynamic reservoir simulation models by comparing the two in 

most the most direct way possible. 

Time-lapse seismic has been used to detect changes in physical properties caused by EOR 

efforts, including water floods, steam injection, and CO2 injection.  Case studies have proven that 

4D seismic integrated with reservoir engineering, significantly improves EOR monitoring.  
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Synthetic seismic modelling of dynamic reservoir simulation models shows promise as a way to 

improve this integration. 

 

2.3 Previous RCP Reservoir Characterization at Delhi Field 

The contributions from the previous RCP research on the Delhi Field are:  

a. The construction of static reservoir models (Silvis, 2011; Klepacki, 2012) 

b. The evaluation of various seismic attributes as means of monitoring changes in pressure 

and fluid saturations in the Holt-Bryant reservoir (Bibolova, 2012; Robinson, 2012; Carvajal, 

2013; Putri, 2013; Bishop, 2013) 

c. Qualitative comparison of 4D effects with reservoir simulation results, and the testing of 

a workflow for quantitative comparison of time-lapse seismic with reservoir simulator results (Cui, 

2013) 

 These above combined efforts have established the viability of various time-lapse 

geophysical techniques to assist in monitoring Delhi Field, identified sensitivities of seismic 

attributes to changing reservoir parameters, and produced interpretations of reservoir conditions 

affecting CO2 injection effectiveness (Table 2-3).  

The static reservoir models created by the RCP have been improved through time to 

provide a more realistic spatial distribution of reservoir properties.  Silvis (Silvis, 2011) distributed 

porosity and permeability throughout his model by distribution well log porosity values and MRIL 

permeabilities with Sequential Gaussian Simulation.  The result was a model with a relatively 

uniform distribution of porosities and permeabilities that did not match core measurements (Silvis, 

2011; Cui, 2013).  Klepacki (2012) improved on this approach considerably by building his static 

model based on a well-defined stratigraphic framework, and by distributing permeabilities based 
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on porosities derived from seismic inversion results.  Because the seismic response to fluid 

saturations was found to be facies dependent, the creation of this model is important for producing 

a simulation that is consistent with 4D effectives observed in the seismic data. 

The RCP has performed extensive modelling to identify the seismic response of changing 

reservoir pressures and fluid saturations.  Using the Biot and Gassman equations, Bibolova (2012), 

Putri (2013), and Klepacki (2013), modelled the response of the AVO response of substituting 

reservoir fluids with CO2.  Bibolova (2012) also modelled the sensitivity of acoustic impedance 

and Vp/Vs to changes in pressure.  In order to match the seismic response, which includes 

responses to both pressure and saturation, Carvajal (2013) and Cui (2013) modeled the aggregated 

response of acoustic impedance and Vp/Vs to pressure and saturations changes.  

Each researcher found similar results with regard to the modelled sensitivity of acoustic 

impedance and Vp/Vs ratio to changes in pore pressure and fluid saturations in the reservoir.  Both 

acoustic impedance and Vp/Vs vary in direct proportion to pressure and saturation changes, with 

Vp/Vs being more sensitive to changes in pore pressure and acoustic impedance being more 

sensitive to replacement of reservoir fluids with CO2 (Figure 2-1).  Both increasing CO2 saturation 

and increasing pore pressure result in negative changes in acoustic impedance within the reservoir 

(Bibolova, 2012; Putri, 2013; Carvajal, 2013).  This modelling also suggests that each observed 

acoustic impedance change could have result from more one of several combinations of saturation 

and pressure changes, creating a limitation for qualitative interpretation.   

Qualitative interpretation of time-lapse results confirmed the modelled responses of elastic 

properties to changing reservoir conditions.  AVO effects (Putri, 2013) and inverted acoustic 

impedance volumes (Carvajal, 2013) were found to be effective for detecting the replacement of 

reservoir fluids with CO2 saturations but not in quantifying the magnitude of those changes.  
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Pressure changes were more easily observed on inverted Vp/Vs extractions.  Acoustic impedance 

values extracted from impedance volumes were also found to match well with the modelled 

aggregate effect of pressure and saturation changes in a reservoir simulation model (Cui, 2013).  

Klepacki (2013) and Carvajal (2012) suggested limitations to the analysis of amplitude and 

inverted volumes.  Both seismic amplitudes and inverted attributes like acoustic impedances are 

influenced by tuning effects due to the dependence of reflection amplitudes on reservoir 

thicknesses.  These affects should be reduced by subtracting volumes recorded at different times 

for time-lapse comparison and did not prevent qualitative interpretation of time-lapse effects. 

 
Figure 2-1: The sensitivity of acoustic impedance and Vp/Vs to a change in pore pressure from -3 to 6 

MPa as CO2 replaces fluids in a Paluxy-Tuscaloosa reservoir with initial saturations of 35% oil and 65% 
brine (Carvajal, 2013).  Acoustic impedance decreases both as CO2 saturation and pore pressure increase. 
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Table 2-3: Summary of seismic-based EOR monitoring work for the RCP Delhi project.  PP refers to 
reflected p-waves, PS to p-waves converted to s-waves, and SS to a reflected s-wave.  

 This study analyzes p-wave data. 

RCP Author Year Modes Analyzed Attributes Analyzed Surveys Compared 

Bibolova 2012 PP 
Inverted Acoustic Impedance 
Inverted Vp/Vs 

Baseline to Monitor 1 

Klepacki 2012 PP Acoustic Impedance Baseline 

Robsinson 2012 PP 
Tuned Amplitudes 
(Spectral Decomposition) 

Baseline to Monitor 1 

Bishop 2013 
PP 
PP, PS, SS 

Amplitudes 
4D Time-shifts 

Baseline, Monitor 1 & 2 

Carvajal 2013 PP, PS 
Inverted Acoustic Impedance 
Inverted Vp/Vs 

Monitor 1 to Monitor 2 

Cui 2013 PP Inverted Acoustic Impedance Baseline to Monitor 1 

Putri 2013 PP AVO Fluid Effect Baseline, Monitor 1 & 2 

 

Cui (2013) tested a workflow for the quantitative integration of reservoir monitoring with 

time-lapse seismic by tying reservoir simulation results to the seismic using a petro-elastic model 

(PEM) at times corresponding to state of reservoir at the time the baseline and Monitor One surveys 

were acquired.  The PEM is integrated into commercial software and calculates the changes in 

elastic moduli that would result from the temporal variation in pressure and saturation modeled by 

the reservoir simulator.  Cui (2013) used the geological model of Silvis (2011) as his initial model 

then updated his permeabilities volumes based on the mismatch between the time-lapse changes 

in acoustic impedance observed in the synthetic acoustic impedance volume versus the observed 

inverted acoustic impedance.  The permeability fields were then iteratively modified in the 

geocellular model, for example, by adding channels, and the change in the mismatch between the 

synthetic and real volumes quantified.  This result tested a PEM-based workflow, showing that 

modifications based on 4D seismic effects can improve history matching results, but did not create 

an accurate history match or a predictive reservoir model. 
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Past research conducted by the RCP Delhi team has established the viability of various 

time-lapse geophysical techniques to assist in monitoring Delhi Field continuous CO2 injection 

operations, identified sensitivities of seismic attributes to changing reservoir parameters, and 

produced interpretations of the reservoir conditions affecting CO2 flood conformance.  In the 

following chapters, this investigation integrates those efforts, applying lessons from past members’ 

qualitative attributes and Cui’s (2013) quantitative investigation to create a simulation that predicts 

production history accurately and identifies reservoir heterogeneities affecting EOR efforts in the 

RCP area of Delhi Field.
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  CHAPTER 3 
BUILDING A GEOLOGIC MODEL 

 

3.1 Introduction 

The reservoir geologic model is referred to as geomodel.  A geomodel is a 

computerized, three-dimensional geological map (Mallet, 2008), complemented by 

physical description in the domain of interest (e.g., the hydrocarbon reservoir). 

Constructing a geomodel usually requires understanding of several geology sub-disciplines 

including structural geology, sedimentology, stratigraphy, paleoclimatology and 

diagenesis.  The general procedure of constructing a geomodel consists of several 

components such as building structural framework, determining rock type and flow units, 

creating boundary and grid cells, as well as assigning and distributing properties, using 

appropriate geostatistics.  3D geomodeling has a shorter history than 3D reservoir 

simulation, because collecting related data, then modeling and visualizing them in a 3D 

space in a fine scale is a complex matter.  The rapid improvement of geologic software 

platforms and work stations in recent years has enabled geoscientists to work with data in 

3D space and generate 3D representations of the reservoir geology structure.  

A sound geologic model is highly relevant to the reliability of the reservoir study.  

It is being more and more recognized that a sound geologic model is beyond the traditional 

static geomodel.  The key to create a sound geologic model is to create a true integrated 

geomodel, with integration from the all the disciplines including geology, geophysics and 

engineering.  In other words, we not only need to consider the static input from the 

geoscience disciplines, but also the dynamic input from the engineering disciplines.  In the 

non-integrated scenario, the seismic data is processed without gaining the benefits of 
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geology description, a structural framework is built without understanding how the seismic 

was interpreted and reservoir simulation was performed and geologic model was modified 

in a way that may invalidate the previous geology.  As a result, there may be one seismic 

velocity model, one geologic model and one “modified geologic model” that is based on 

reservoir simulation, but they are not consistent due to the lack of communication and 

integration.  

In the Delhi project, the geologic model is constantly updated based on more 

information from geology, seismic interpretation and engineering.  The initial geomodel 

input for the reservoir simulation is defined as the static model.  An integrated reservoir 

model includes the static model and dynamic model.  The static geologic model adopted in 

this study is a result of combining of geology and seismic interpretation.  The geologic 

structural framework and data were provided by Denbury Resources, and the seismic input 

was provided by Klepacki (2012).  This chapter will first discuss the method and procedure 

of constructing a static geomodel, then briefly introduce several static geomodels that were 

built for the Delhi project, and lastly present the static model used in this study.  

 

3.2 Static Geomodel Workflow 

This section presents the principles and workflow for building a reservoir static 

model.  The general procedure involves constructing a structural and a stratigraphic 

framework first, then populating the reservoir properties by performing facies and 

petrophysical modeling, and finally upscaling the fine static reservoir model to a coarser 

model for reservoir simulation purposes. 
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3.2.1 Structural Modeling 

The structural model consists of the structural top map of the hydrocarbon 

accumulation and the associate fault pattern.  The available information used in 

constructing the structural model includes seismic interpretation, geologic evidence and 

well data.  The main method used in this phase is in the geophysics domain, because 

seismic survey offers the only direct measurement and visualization of subsurface 

structures, especially for large scale of geologic structure.  While other techniques such 

regional tectonics studies can provide useful information to the structural settings of the 

reservoir, there is little doubt about the indispensability of the seismic and other reservoir 

geophysical tools. 

3.2.1.1 Structural Map 

The structural top map provides the basic reservoir architecture that identifies the 

geometrical framework of the hydrocarbon trap.  In particular, the structural map here 

defines the external boundaries of the reservoir.  The internal framework is related to the 

stratigraphic model, which will be discussed in the following section.  In most of the cases, 

the structural map is defined on the basis of seismic horizons that are interpreted from post-

stack 2D or 3D seismic data.  The seismic horizons are picked by the seismic interpreter 

from the seismic data volume in the time domain and then converted to the depth domain.  

To be specific, the seismic horizons are generated from a set of (x,y,t) data representing 

the two-way travel time to the picked horizons, which, usually identify significant geologic 

events such as the hydrocarbon accumulating and trapping mechanisms.  Then, using a 

velocity model of the overburden formation, the structural time map is converted to depth 

map.  There are several approaches to construct the velocity model depending on the data 
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availability and the geology complexity.  Details of interpreting and generating the seismic 

horizons and constructing velocity models can be found in related literature (Brown, 2004; 

Yilmaz, 2001; Sheriff and Geldart, 1995; Dix, 1955; Faust, 1951). 

3.2.1.2 Faults Modeling 

Most of the reservoirs have faults, and highly faulted reservoirs are not uncommon.  

The numbers of wells needed to drain the reservoir are quite different in two extreme types 

of reservoirs: continuous and highly compartmentalized, even though they have the same 

volume of oil.  For offshore plays and unconventional plays, where drilling and completing 

wells are expensive, the well plans have substantial impact on the field economics.  The 

structural complexity and reservoir compartmentalization have immediate impact on field 

economics and field development, and therefore should be given enough attention. 

In operational practices, the reservoir fault patterns are characterized on the basis 

of the integration of three main types of information:  

1) Geologic evidence.  In this technique, the faults are identified from the 

inconsistency in stratigraphic correlation.  Typically, geoscientists have expectations of the 

well depth based on geological/geometrical considerations.  When well markers with 

respect to the expected depth are too high or too low, this observation can lead to 

indications of fault existence.  Back in the days when 3D seismic surveys were not available, 

the geologic evidence was the main technique to locate faults in reservoir.  

2) Well evidence.  When faults are intersected by wells, they are easily identified.  

Some of the commonly available wireline logs such as resistivity and density logs can 

reflect anomalous zones and in turn provide evidence of fault existence.  Dipmeter logs can 

also be used to identify faulted zones.  Figure 3-1 illustrates how the types of faults can be 
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identified through appearance of geologic sections.  Missing sections can indicate normal 

faults, while repeated sections can indicate reserve faults.  

It is observed that the probability for vertical wells to cross a fault is much lower 

compared to horizontal wells.  Therefore, it is difficult to extract enough statistical 

information from vertical wells to identify a valid fault pattern.  Nonetheless, the vertical 

well data are useful for local validation of seismic interpretation. 

3) Seismic data.  Application of high definition of 3D seismic data have greatly 

increased the accuracy of fault pattern definition.  The complete coverage of the seismic 

survey enables geoscientists to have a better picture of the study area.  The enormous 

amount of information that the seismic data inherently carries allows the interpreter to 

comprehensively describe the reservoir architecture.  In addition to providing structural 

map from horizons, various seismic attributes can help the interpreter to understand 

reservoir characteristics.  For example, the structural complexity such as faults and 

fractures can be estimated from structural attributes like curvature and incoherence; gas 

distribution can be well indicated from frequency attributes like spectral decomposition 

correlating with stratigraphic thickness.  

Due to limitation of current computing power, not all the details of the reservoir 3D 

geomodel can be transferred to the reservoir simulation model.  Some details of structural 

features such as small faults/fractures may not be necessary to reservoir simulation.  So to 

what extent should the details be?  In the context of reservoir integration study, structural 

features that have major influence on the fluid flow (Cosentino and Sabathier, 2001) are 

the features that should have explicit representations.  Take faults for example, faults that 

are not large enough to be represented by more than two minimum simulation grid blocks 
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should not be explicitly represented in the static model that is handed over to the engineers.  

As shown in Figure 3-2, Fault 1 can be represented with a discrete fault trace in the 

simulation model, while Faults 2 and 3 have to be represented implicitly with permeability 

or other flow related properties.  

 

 

 
Figure 3-1: Well evidence indicating normal and reverse faults. Missing sections can indicate 

normal faults, while repeated sections can indicate reserve faults. 

 

The above discussion suggests that the seismic interpretation alone would not be 

sufficient enough to define a validated fault pattern.  Two important issues including fault 

conductivity mechanism, and seismic data resolution cannot be properly addressed using 

seismic interpretation only.  The degree of details of seismic interpretation is naturally 

related to the seismic survey resolution.  The resolution dependent interpretation may be 

overestimating (e.g., onshore shallow reservoirs) or underestimating (e.g., offshore deep 
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water reservoirs) the true degree of structural details that have major impact on fluid flow.  

Therefore, establishing a representative fault pattern requires combination of static data 

such as geologic evidence, well logs, and seismic data, as well as dynamic data such as 

well testing and well production data. 

 

 

Figure 3-2: Impacts of faults on fluid flow dynamics. Fault 1 should be explicitly 
represented, while Faults 2 and 3 should be represented implicitly. 

 

To briefly sum up, the general steps of building a 3D structural framework are: 1) 

defining main faults, 2) building geologic surfaces, and 3) modeling minor faults.  The 3D 

structural framework defines the external boundary of the reservoir and represents the basic 

reservoir geometrical framework.  The internal boundary and surface correlation are 

obtained through stratigraphic modeling, which is discussed in the following section. 
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3.2.2 Stratigraphic Modeling 

3.2.2.1 Introduction 

One of the most important tasks for reservoir geoscientists is to build a stratigraphic 

framework for the reservoir, which represents the internal boundary of the reservoir and 

provides the internal reservoir architecture.  The general practice is to make a correlation 

from the wells and define surfaces bounding the main reservoir pay zones.  On the aspect 

of reservoir simulation, defining the stratigraphic framework is to determine the main 

reservoir flow units where fluid flow mainly takes place at.  The flow characteristics may 

vary significantly among different flow units, and a proper understanding of the flow unit 

is essential for simulation of the reservoir performance. 

For oil and gas industry, the sedimentological settings of the reservoir is the basis 

of the stratigraphic model and determines the complexity of stratigraphic modeling 

process.  Whether the wells are easy to correlate depends on the correlation length of each 

depositional/sedimentary bodies (or reservoir flow units for simulation).  The correlation 

length of a depositional body is the distance (or areal extension) within which rock 

properties exhibit high similarity.  The areal extension can be several miles long for a 

depositional body that is a few inches thick, or dozens or hundreds feet long for a 

depositional body that is a few feet thick.  The miles long correlation length would make 

the well correlation work easier even when well spacing is large, and this is the case for 

most platform depositional environment.  However, for most reservoir formations which 

were deposited mostly in alluvial, fluvial and deltaic environments, the correlation length 

is shorter than the well spacing distance, making it a very complex issue to determine the 

reservoir stratigraphic framework.  Therefore, integration of information from other 
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disciplines is proved to be desirable.  The geology-related disciplines include but not 

limited to: seismic and sequence stratigraphy, paleogeology, sedimentology, 

biostratigraphy, mineralogy, well log interpretation, outcrop studies.  In addition, 

engineering data such as drilling, well testing and production data can be used to verify the 

reliability of the correlation scheme.  Among all these disciplines that can be applied to 

stratigraphic modeling, sequence stratigraphy is the most relevant one. 

 

3.2.2.2 Sequence Stratigraphy 

Sequence stratigraphy is defined as “the study of genetically related facies within a 

framework of chronostratigraphically significant surfaces” (Van Wagoner et al., 1990)  

Although its principles has been applied for a number of years, sequence stratigraphy is a 

relatively new concept and was officially introduced in 1977 in the AAPG publications 

(Payton, 1977). 

The principle of sequence stratigraphy is that the three dimensional sedimentary 

strata are influenced mostly by sea level changes, which are in turn controlled by ecstasy, 

basin subsidence, tectonics and sedimentary supply.  These controlling factors determine 

the potential sediment accumulation space and sedimentation pattern geometries.  The 

word “sequence” refers to cyclic sedimentary deposits, and it can be defined as a relatively 

conformable, genetically related succession of strata, bounded by sequence boundaries, 

which are defined as an unconformities or their correlative unconformities (Van Wagoner 

et al., 1990).  Depending on the observation scale, a hierarchy of sequence stratigraphy 

depositional units can be defined, and lamina is the smallest megascopic layer.  The 
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characteristics and the characterizing tools for these sequence stratigraphy depositional 

units are illustrated in Table 3-1. 

Sequence stratigraphy offers several major advantages to integrated reservoir 

study: 1) The application of sequence stratigraphy in reservoir scale can reduce the risk of 

miscorrelations; 2) The different observation scale of sequence stratigraphy enables 

utilization and integration of data collected using different tools that may have different 

scales; 3) Within a sequence, it is easier to predict the continuity, connectivity and 

extensions of reservoir facies even if they are outside of the developed area.  Compared to 

lithostratigraphic method which correlates the wells based on similarity of lithology, 

chronostratigraphic method in sequence stratigraphy emphasizes time significance, and 

may result in different interpretation with the same set of well logs data.  As shown in 

Figure 3-3, the datum for the chronostratigraphic correlation is a parasequence boundary, 

while the datum for the lithostratigraphic correlation is from picked formation tops.  The 

chronostratigraphic correlation indicates deposition of four parasequences, with each 

subsequently younger parasequence stepping progressively toward the left (landward) and 

the total defining a retrogradational sequence of shallow marine sandstones.  Based on the 

chronostratigraphic correlation, sands 1-4 are poorly connected and hydraulically 

independent of each other, whereas the lithostratigraphic correlation in (B) suggests 

otherwise.  The simulation results for the two reservoir descriptions will be substantially 

different.  In this particular case, compared with chronostratigraphic reservoir description, 

the lithostratigraphic scheme will lead to more optimistic results. 
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Figure 3-3: Comparison of well log cross sections correlated on the basis of (A) 

chronostratigraphy and (B) lithostratigraphy (Van Wagoner et al., 1990). Reprinted with 
permission of AAPG, whose permission is required for further use. 

 

As discussed above, the three dimensional stratigraphic model consists of a set of 

correlatable surfaces that are defined as the internal reservoir geometrical boundaries and 

provides the internal reservoir architecture.  There are two major types of depositional 

frameworks (Figure 3-4) for 3D stratigraphic grid construction: one is proportional bedding 

in which the lower scale of the stratal units (laminae and beds) are deposited throughout 

the whole study area with possible varying individual thickness and total thickness; the 

other is parallel bedding where the lower scale of the stratal units are deposited parallel to 

the base or the top of the total study unit with constant individual thickness.  The 
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proportional bedding preserves the vertical sequence whereas the parallel bedding does not 

due to unconformity truncation.  

 

 
 

Figure 3-4: Two types of depositional frameworks for 3D stratigraphic grid construction. 

 

Because stratigraphic framework defines the spatial architecture of depositional 

units (and therefore the flow units) of the reservoir, the choice of representation of the 

stratigraphic framework has substantial impact on reservoir flow modeling.  After 

obtaining the external (structural) and internal (stratigraphic) geometrical frameworks for 

the reservoir, reservoir properties need to be distributed in the framework using facies and 

petrophysical modeling , which will be discussed in the following section.
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Table 3-1: Main characteristics of sequence stratigraphy units (Van Wagoner et al., 1990, AAPG Methods in Exploration Series, No. 7. AAPG, 1990. 

 Reprinted by permission of the AAPG whose permission is required for further use). 

 

 

SS BS WL OC

SEQUENCE

A relatively conformable success ion of genetica l ly related s trata  

bounded by unconformities  and their correlative conformities

PARASEQUENCE SET

A success ion of genetica l ly related parasequences  forming a  dis tinctive 

s tacking pattern and bounded by major marine flooding surfaces

PARASEQUENCE

A relatively conformable success ion of genetica l ly related beds  or 

bedsets  bounded by major marine flooding surface surfaces  of the 

correlative surfaces

BED SET

A relatively conformable sucess ion of genetica l ly related beds  bounded 

by surfaces  of eros ion, non-depos i tion or thei r relative conformities  

BED

A relatively conformable success ion of genetica l ly related lamina or 

laminasets  bounded by surface of eros ion, non-depos i tion or thei r 

relative conformities

LAMINA SET

A relatively conformable sucess ion of genetica l ly related lamina 

bounded by surface of eros ion, non-depos i tion or thei r relative 

conformities

LAMINA

The smal lest megascopic layer

Tools

DefinitionsStratal Units

Range of Thickness, ft

    1000      100       10         1

Range of Lateral Extents, sq. 

miles

   10000    1000   100     10

Range of  Time for Formation, 

yrs

    10000     1000      100       10
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3.2.3 Facies and Petrophysical Modeling 

3.2.3.1  Facies concepts and identification, characterization 

Once the geometrical framework is defined for the reservoir, one needs to fill the 

framework with reservoir properties through facies and petrophysical modeling.  There are 

different types of facies depends on the observation scale and characterization methods: lithofacies 

and petrofacies (cores); electrofacies (logs); seismic facies (seismic); rock types and lithotypes 

(facies group).  Facies modeling provides a lithology distribution for the reservoir, which can be 

used to guide the petrophysical distribution.  Since lithology distribution is more predictable than 

a direct distribution of petrophysical properties.  Petrophysical modeling provides reservoir 

properties on a grid cell basis, and facies model can provide more constraint and reduce uncertainty 

to the petrophysical model.  Petrophysical properties of the reservoir are more closely related to 

the hydrocarbon reserve computation and reservoir simulation.  Many reservoir characterization 

studies are successfully carried out without an explicit lithological reservoir model, therefore facies 

modeling is not a mandatory phase.  Nevertheless, a detail lithology model from facies modeling 

is useful for petrophysical distribution as these two are intimately related.  

For facies modeling, it is crucial to have a conceptual sedimentological model for the 

reservoir, which can be obtained through two phases of work: lithofacies description and 

classification; and depositional model definition.  These work are performed mainly by accurately 

analyzing the available core material, but other data such well logs, seismic and outcrop studies 

can also be used in the definition of sedimentological model.  Figure 3-5 illustrates an example of 

sedimentological model and facies classification, where the facies are classified through core 

description, and represented with numbers expressed in a column.  The facies classification is also 

compared with sequence stratigraphy.  The facies classification usually utilizes data from several 
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key wells that are located in the representative area and  have more complete core information and 

reliable suite of logs.  Usually, the facies are classified and characterized though core data, and are 

linked to well logs and seismic data.  An alternative approach is to characterize facies from well 

logs and compare with core data using statstical analyses such as cluster anlaysis and principle 

component analysis.  Then the facies classification scheme is extended to other wells, and these 

facies can be distributed thoughout the reservoir using stochastic modeling methods, in which 

facies distribution functions (e.g., vertical proportion curves and variograms)  are used to 

determine vertical and lateral extensions of individual facies.  The facies distribution functions are 

typically built from well data, and additional input from depositional model that can be used to 

infer correlation length. 

3.2.3.2  Stochastic modeling 

Stochastic modeling can be applied to petrophysical modeling in addition to facies 

modeling.  Petrophysical properties are quantitatively interpreted from well logs first, and 

populated to the whole reservoir geometry using stochastic modeling algorithms.  The properties 

can be distributed within each facies/facies group with uniform values or with a probability 

distribution.  However, the facies modeling phase is not mandatory so the petrophysical properties 

can be distributed within the reservoir framework directly using stochastic modeling algorithms, 

which can generate multiple realizations of the reservoir property models. 

Stochastic modeling offers several major benefits to geomodeling and reservoir simulation 

by capturing heterogeneity, simulating facies or/and petrophysical properties, integrating multiple 

data types and quantifying the uncertainties.  There are two major stochastic models: one is pixel-

based which operates one pixel in a 3D volume at a time; and object-based (Boolean) model which 

operates on groups of pixels that are connected and representing genetic shapes of geologic 
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features.  The pixel-based model assumes that variables are following continuous random 

distribution functions (usually Gaussian) that are characterized with fixed thresholds.  Some of the 

most popular pixel-based algorithms include turning bands (Matheron et al., 1987), sequential 

Gaussian (Pyrcz and Deutsch, 2014), truncated Gaussian (Matheron et al., 1987; Ravenne and 

Beucher, 1988) and indicator Kriging (Journel and Alabert, 1989).  The pixel-based model is most 

suitable for reservoirs with facies varying smoothly (e.g., deltaic or shallow marine reservoirs), 

and is preferred with high net-to-gross ratio.  Unlike pixel-based model which has no assumptions 

on the shape of sedimentary bodies, the object-based model generates spatial distributions of 

sedimentary bodies such as channels, by superimposing simple geometries such as sheets and discs 

onto the background (typically shaly facies).  The object parameters (orientation, sinuosity, length, 

width, etc.) can be estimated from sedimentological model, seismic data, outcrop analogs and well 

test interpretations.  The object-based model works best in depositional environment with a fluvial 

meandering setting, where sand channels are the main targeted reservoir, and is preferred with low 

net-to-gross ratio.  

It is difficult to determine which stochastic model is “better”.  In practice, the choice of 

stochastic model depends more on the disciplines.  From a geoscience standpoint, the object-based 

model provides realizations that appear “crisp” and realistic.  But this method would require a 

well-confirmed sedimentology model.  While from an engineering standpoint, the pixel-based 

method requires less descriptive input and usually less computation.  It is also possible to combine 

two different stochastic models to achieve better results.  For example, we can superimpose a 

channel system from a delta through object-based method onto a transitional sequence that is 

modeled using pixel-based method. 

 



 

44 
 

 
Figure 3-5: An example of sedimentological model and facies classification. Left figure is a synthetic 
representation of the classified facies through core description (middle figure). Right figure shows the 

related sequence stratigraphy. 

 

The geomodel usually has very fine scale (usually tens of millions) to reflect the geologic 

features, and when being handed over to the engineers the geomodel has to be upscaled to a coarser 

grid (usually tens of thousands) to accommodate the computation capacity.  Upscaling (or 

homogenization) refers to the process of substituting the properties in a region of a number of finer 

cells in the geomodel with an effective single-cell property in a cell in an equivalent coarser 

geomodel.  There are different types of upscaling techniques depending on the properties.  For 

volumetric (additive) properties such as porosity and saturation, the common upscaling method is 

simply by weighted arithmetic averaging the finer-cell properties by volume.  For intrinsic 
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(nonadditive) properties such as permeability tensor or geomechanical properties tensor, more 

complex methods are required, which ranges from relatively simple statistical averages to 

advanced numerical methods.  Among these methods, the tensor methods provides the most 

accurate equivalent/effective cell permeability.  The idea of the tensor methods is to solve a 

second-order elliptic differential equation for single-phase, imcompressible, steady-state fluid 

flow without sink and source terms.  Details of these methods are discussed in related literatures 

(Kirkpatrick, 1971; Durlofsky, 1991; King and Mansfield, 1999).  

3.3 Past Static Geomodels Constructed for Delhi Project 

 Following the procedures described above, several geomodels were built for the Delhi 

Project with different data availability.  Using 3-D seismic, well logs and core data, Silvis (2011) 

built a geomodel (shown in Figure 3-6) for the Holt-Bryant reservoir in the RCP area that contains 

Tuscaloosa and Paluxy sandstones.  In his model, nine facies were identified and distinguished 

from wells logs using cluster analysis.  Klepacki (2012) improved the interpretation of cluster 

facies using log data (in well 159-2) that were environmentally corrected and normalized.  He 

applied seismic morphology of low acoustic-impedance to assist depositional environment 

interpretation.  Klepacki (2012)’s geomodel (shown in Figure 3-7) is facies-driven and populates 

properties that are based on seismic inversion.  

Unlike Silvis’s and Klepacki’s geomodels which only focus on the RCP area, Azizian’s 

(personal communications, 2013) geomodel focuses on the whole Delhi Field.  In this model, the 

petro-facies were identified using well logs, cores and compared to geological facies.  The porosity 

model (shown in Figure 3-8) and permeability model (shown in Figure 3-9) which impact the 

reservoir flow significantly are tested using reservoir simulations.  
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Figure 3-6: Geomodel for RCP area showing nine facies distribution (Silvis, 2011).  

 

 
Figure 3-7: Geomodel for RCP area showing porosity, permeability and bulk oil volume properties 

(Klepacki, 2012). 
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Figure 3-8: Geomodel for the entire Delhi Field showing porosity distribution. The dashed rectangle is 

highlighting RCP area (personal communications, Azizian, 2013). 

 

 
Figure 3-9: Geomodel for the entire Delhi Field showing permeability distribution. The dashed rectangle 

is highlighting RCP area (personal communications, Azizian, 2013). 
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3.4 Static Geomodel used in This Study 

In this study, a static model using RMSTM and PetrelTM
 was built based on updated well 

tops and well logs (8 MRIL logs and 69 effective porosity and Vshale logs) provided by Denbury 

Resources Inc..  In addition to that, geostatistical information based on seismic analysis from 

Klepacki (2012) model was also incorporated in the static model.  Figure 3-10 illustrates a brief 

workflow for the geomodel construction for the Delhi RCP area. Based on the aquifer information 

obtained from the material balance analysis (detailed discussion presented in Chapter 4), a 

numerical aquifer was also constructed in the static model, in order to account for the possible CO2 

movement into the aquifer, whether in water/oil-dissolved phase, or gaseous/supercritical phases.  

Figure 3-11 shows the static model with a total porosity distribution.  The model has approximately 

750,000 cells with 350,000 active cells, and the average cell thickness is two feet. The average 

total porosity values for Tuscaloosa and Paluxy are 22% and 20% respectively.  

 
Figure 3-10: A brief workflow for the geomodel construction for the Delhi RCP area.
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Figure 3-11: Static model with total porosity distribution in the outlined RCP study area; the white line 
indicates the water-oil contact (WOC) at 3286 feet true vertical depth subsea (TVDSS). 
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  CHAPTER 4 
RESERVOIR SIMULATION 

 

4.1 Introduction  

Reservoir simulation can be performed on a synthetic model and geometry or on a static 

geomodel.  The main purpose of reservoir simulation is to project the future performance of the 

reservoir under different scenarios and provide the cash flow model for reservoir management. 

This section gives a brief introduction of the mathematical and physical theory behind 

reservoir simulation.  Neglecting chemical reactions except the partitioning of mass components 

among phases and effects of geomechanical stress, the reservoir flow system is a multiphase and 

multicomponent flow system.  And this flow system can be represented by the mass and heat 

conservation equations.  These conservation equations share similar mathematical forms, and they 

can be expressed in the following equation: 

n n n

n n n

V V

d
M dV F n q dV

dt

κ κ κ

Γ

= ⋅ Γ +∫ ∫ ∫       (4.1) 

where, κ = 1, ..., NK (total number of components) and subscript n = 1, ..., NEL (total number of 

grid blocks).  In Eq. (4.1), integration is performed over the element volume  Vn  bounded by a 

closed surface Гn. n is the normal vector pointing towards the inside of the volume Vn.   The general 

form of the mass accumulation term is all fluid phases, β, is, 

M S Xκ κ
β β β

β

= φ ρ∑      (4.2) 

in which the total mass of component κ can be calculated by the summation of concentrations of 

component κ in fluid phase β.  φ is the porosity of the formation, Sβ is saturation of phase β, or in 
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other words, fraction of pore space that is occupied by phase β. ρβ is density of phase β, and Xβκ is 

mass fraction of component κ in phase β. 

Depending on the physical process involved in the reservoir flow system, the mass flux 

term Fκ may include advective and diffusive-dispersive components (discussed later) and each of 

which is a sum of individual phase flux of component κ across the boundary surface Гn.  The 

advective mass flux term is: 

adv
F X Fκ κ

β β
β

= ∑        (4.3) 

where the mass flux Fκ of phase β is given by a multiphase version of Darcy's law using density 

and Darcy's velocity of each phase: 

( )rk
F u k P g

β β
β β β β β

β

ρ
= ρ = − ∇ − ρ

µ
    (4.4) 

In Eq. (4.4), k is absolute permeability, krβ is relative permeability to phase β, µβ is viscosity of 

phase β, and g is gravitational of acceleration vector.  Fluid pressure of phase β, Pβ, can be 

calculated by the sum of a reference pressure P (usually pressure of non-wetting or gas phase) and 

the capillary pressure Pcβ between the reference phase and phase β, by the following equation: 

cP P Pβ β= +       (4.5)  

In addition to advection, the fluid mass can also be transported by diffusion and 

hydrodynamic dispersion.  The diffusive-dispersive flux is written in the following equation (De 

Marsily, 1986): 

dis
F D Xκ κ κ

β β β
β

= − ρ ∇∑      (4.6) 

where the hydrodynamic dispersion tensor is given by: 
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, ,
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( )L T

T

D D
D D I u u

u

κ κ
β βκ κ

β β β β
β

−
= +     (4.7) 

in which, I is the unit tensor,  and u uβ β  operates on the vector to the right in the sense of dot product.  

The longitudinal and transverse dispersion coefficients are calculated by the following equations: 

, 0 ,L LD d uκ κ
β β β β β= φτ τ + α      (4.8) 

, 0 ,T TD d uκ κ
β β β β β= φτ τ + α      (4.9) 

 

where dβκ is the molecular diffusion coefficient for component κ in phase β; τ0τβ is the tortuosity 

 including a porous medium-dependent factor τ0 and a coefficient which depends on phase 

saturation Sβ, and τβ = τβ (Sβ); αβ,L and αβ,Τ are the longitudinal and transverse dispersivities for 

phase β, respectively.  Set αL = αΤ = 0, and one can obtain the diffusive fluxes alone from Eqs. 

(4.6) - (4.9) as follows: 

J d Xκ κ κ
β β β β β= −φτ ρ ∇       (4.10) 

The heat accumulation term is given in the equation that follows, and it accounts for 

contributions from the rock matrix, gaseous, and fluid phases. 

(1 ) R RM C T S uκ
β β β

β

= − φ ρ + φ ρ∑     (4.11) 

where, κ = NK+1 (the heat "component" term); ρR and CR are grain density and specific heat of 

the rock, respectively; T is temperature, and uβ is specific internal energy in phase β.  The heat 

conduction, advection and radiation heat transfer can be accounted for by the heat flux term as 

follows: 
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0

1,2,3 1,2

(1 ) RF K S K T f T h Fκ
β β σ β β

β= β=

 
= − − φ + φ ∇ + σ ∇ + 

 
∑ ∑     (4.12) 

in which, similarly κ = NK+1, KR is thermal conductivity of the rock, Kβ is thermal conductivity 

of phase β, fφ is radiant emittance factor, σ0 is the Stefan-Bolzmann constant, hβ is specific 

enthalpy of phase β, and Fβ is heat flux of phase β. 

Numerical methods are needed to solve the above equations for the reservoir flow system.  

Various numerical methods including Simultaneous Solution, IMPES (implicit pressure explicit 

saturation), and Integral Finite Difference Method were discussed by a lot of researchers 

(Narasimhan and Witherspoon, 1976; Aziz and Settari, 1979; Ewing, 1983).  

In the Delhi CO2 EOR project, a commercial reservoir simulator ECLIPSETM from 

Schlumberger is used in this research.  In order to create an initial conditions and provide 

calibration of the reservoir, the primary production and waterflood production history will be 

matched using a black oil model.  A black oil model contains oil, water and gas phases and each 

phase is also one component.  The black oil reservoir simulation model is one of the most common 

models in reservoir simulation.  Detailed black oil model is discussed in various literature (Aziz 

and Settari, 1979; Peaceman, 2000; Fanchi, 2000) 

The composition and phase behavior of CO2 will change the fluid properties significantly, 

therefore a compositional model is needed.  The compositional simulator ECLIPSETM E300 is 

used to perform reservoir flow simulation.  A general approach of compositional modeling was 

presented in several literature and books (Young and Stephenson, 1983; Chavent and Jaffré, 1986; 

Peaceman, 2000). 
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4.2 Historical Data and Material Balance 

The first task for reservoir simulation in this project was to collect historical production 

data.  The Delhi Field started producing from 1944, but the historical data prior to 1970 was 

unavailable (shown in Figure 4-1).  Only oil production was recorded, digitized and allocated to 

each well.  We collected some hardcopies of field-level water production, gas production and water 

injection records which were then digitized.  However, the records were incomplete, and some 

uncertainties inevitably occur.  Therefore, these injection and production data needed to be quality 

checked using a material balance method.  The aquifer size and strength were determined also 

based on the material balance calculation.  Then, the historical data production and injection data 

was allocated to each well for future simulation and analysis. 

 
Figure 4-1: Original field production data, where production prior to 1970  

was not available. 

 

The material balance equation is a simple expression of the mass conservation principle 

that describes the relationship between fluid and rock expansion and fluid withdrawal.  It is a 

powerful tool for quality checking the production data and understanding the reservoir size and 
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aquifer effect.  Based on a tank model, material balance analysis can solve for different desired 

unknowns such as initial oil/gas in place, pressure and water influx, with different given data sets.  

Material balance analysis can also solve for pressures in the black oil material balance equations 

with less data input requirement than reservoir simulation.  Therefore, a successful material 

balance analysis can significantly expedite the history match process in reservoir simulation.  The 

equations for material balance analysis can be found in many petroleum engineering books (Dake, 

1983; Craft et al., 1991).  A general form of the oil (see Eq. CO2) and gas (see Eq. (4.14)) material 

balance equations can be expressed as follows: 
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  (4.14)where, 

tB  and tiB  are two phase oil formation volume factors respectively, with i  subscript meaning 

initial; gB , giB  and gIB  are two phase oil formation volume factor, respectively, with subscripts i 

meaning initial and I meaning injected; wB  is water formation volume factor; wC  and pC  are 

compressibilities for water and pore volume, respectively; G  is initial gas in place, PG  is 

cumulative gas production and IG  is cumulative gas injection; ∆p is pressure difference between 

initial and current reservoir pressure; Sw is water saturation; m is ratio of initial gas cap reservoir 

volume divided by initial oil reservoir volume; N  is initial oil in place and PN  is cumulative oil 
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production; We , WI  and WP  are cumulative volume of water influx, water injection and water 

production, respectively. 

Material balance analysis was performed for the whole field and for the RCP area, using 

geologic information from the previous static geomodel.  Here only the material balance analysis 

for the RCP area will be discussed.  Table 4-1 and Table 4-2 show the parameters and Pressure-

Volume-Temperature (PVT) data that were used as input for the RCP material balance 

calculations, respectively. 

As shown Figure 4-2, the calculated reservoir pressure (in solid line) is compared with the 

datum (3135 TVDSS) corrected shut-in bottomhole pressure.  At 2500 days (1953) after first 

production of the field is the primary production phase, and at 17500 days (1991) is when water 

injection stopped.  

The water injection data were allocated based on the assumption that water-oil ratio is the 

same over the entire field and therefore uncertainty exists.  In this case, aquifer size was matched 

based on the primary production phase (before 2500 days/6.85 years) and production period after 

water injection stopped (after 17500 days/47.95 years).  Based on the material balance analysis, 

an aquifer size of 1938.6 MMbbls was determined.  The aquifer size is an important guideline for 

the later dynamic geomodel construction. 

The original estimate oil in place for the whole Delhi Field is 357 million barrels of oil 

(MMbbls).  The field starts to produce since 1944 and the field cumulative oil production before 

the start of CO2 flood in 2009 is 204 MMbbls, resulting in a recovery factor of 57.1%.  Figure 4-3 

shows the production history for the whole field from 1944-2012. 
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Table 4-1: Parameters for RCP material balance calculations. 

Parameters Meaning Values 

N Initial oil in place (MMSTBO) 100 

m Initial gas cap volume fraction 0.047 

Jaq Aquifer productivity index (bbls/(day-psi)) 6.75 

Wei Aquifer size (MMBbls) 1938.6 

Pi Initial reservoir pressure (osia) 1545 

Swi Initial water saturation  0.375 

Cw Water compressibility (psi-1) 2.5×10-6 

CP Pore volume compressibility (psi-1) 3.0×10-6 

 

 

Table 4-2: Pressure-Volume-Temperature (PVT) properties for Delhi oil sample 
 obtained from historical data. 

Pressure 
(psia) 

Bo 
(RB/STBO) 

Rs 
(SCF/STBO) 

50 1.036 13 

100 1.050 37 

200 1.066 69 

250 1.072 82 

500 1.105 150 

650 1.123 190 

800 1.141 229 

950 1.160 270 

1100 1.178 310 

1250 1.197 352 

1500 1.229 423 

1540 1.246 434 
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Figure 4-2: Material balance analysis for the RCP area.  Calculated reservoir pressure (solid line) is 
compared with the datum corrected (3135 TVDSS) shut-in bottomhole pressure (in red dot). 

 

 
Figure 4-3: Production history for whole Delhi Field in 1944-2012.  Waterflood begins in 1950 and CO2 

flood begins in 2009. 
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The estimated OOIP of the RCP area (Figure 4-4) is around 100 MMbbls, and field 

produced oil is 57 MMbbls, resulting an aerial recovery factor of 57%.  The RCP area started to 

produce from 1945 and production history of the RCP area from 1945-2012 is shown in Figure 

4-4. 

 

 

 
Figure 4-4: Production history for RCP area in 1945-2012.  Waterflood begins in 1953 and CO2 flood 

begins in 2009. 
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4.3 Reservoir Simulation for Primary and Waterflood Production 

4.3.1  Black Oil Model 

A black oil model was constructed for the primary and secondary production (water flood) 

phases.  The model was assigned an original oil in place of 99.2 MMbbls, with a gas cap of 2.0 

BCF.  The initial average pressure of the reservoir was 1500 psia, and the initial reservoir 

temperature was 135 °F.  Figure 4-5 shows the initial state of the reservoir, with an original oil in 

place of 100 MMbbls and an original gas in place of 2.0 BCF.  There are 60 wells in the area, 14 

of which were water injectors.  The well locations are shown on a map view of the RCP reservoir 

model in Figure 4-6.  The relative permeability functions, including oil-water relative permeability 

and gas-oil relative permeability curves are shown in Figure 4-7.  

 

 
Figure 4-5: Initial saturations of RCP geologic model.  There is an original oil in place (OOIP) of 100 

MMbbls, and an original gas in place (OGIP) of 2 BCF.  The original OWC is 3286 feet. 
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Figure 4-6: Well locations for primary and secondary (water flood) recovery phases in the RCP area.  

White wells were producers, and blue wells were water injectors. 

 

 
Figure 4-7: Relative permeability functions used in the simulation.  On the left is the oil-water relatively 

permeability curves; on the right is the gas-oil relative permeability curves. 

 

4.3.2 History Match Results 

First the simulated reservoir pressure was compared with the measured average reservoir 

pressure.  Both two pressures are corrected at a certain depth (3135 feet deep subsea).  Again the 

match was focused on the primary production phase (before 1953) and the production periods 
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when there was no/or little water injection (after 1991).  As shown in Figure 4-8, the match is 

satisfactory.  

 
Figure 4-8: History match for reservoir field pressure.  Both pressures were corrected at depth of 3135 

feet. 

 

Then history match analysis was performed to match the field production.  Liquid rate 

control was applied to all the wells, except for those few wells in the gas cap zone.  The results for 

oil production for RCP area are shown in Figure 4-9.  The upper figure shows history match for 

oil production rate and the lower figure is history match for cumulative oil production.  Both 

matches are satisfactory, despite the mismatch of oil production rate in between (due to the 

uncertainty of historical water injection data), the overall oil production was successfully matched.  

Similar comments can be applied to gas production history match (shown in Figure 4-10) and 

water production history match (shown in Figure 4-11).  Saturations of the reservoir after history 

matching with the historical production data is shown in Figure 4-12.  As shown in the saturation 

figure, most of the high oil saturation area (green area) is located in the upper zone of the reservoir 

(the Tuscaloosa zone).  This is due to the lower density of the oil compared to injected water.  
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Figure 4-9: History match for oil production of whole RCP area.  The dotted line is historical data and 
solid line is simulated data.  The upper figure is field oil production rate and lower figure is cumulative 

field oil production. 

  



 

64 
 

 

 

 

 

 

 

 
Figure 4-10: History match for gas production of whole RCP area.  The dotted line is historical data and 
solid line is simulated data.  The upper figure is field gas production rate and lower figure is cumulative 

field gas production. 
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Figure 4-11: History match for water production of whole RCP area.  The dotted line is historical data and 
solid line is simulated data.  The upper figure is field water production rate and lower figure is cumulative 

field water production. 
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Figure 4-12: Saturations of the reservoir after the water flood, at 2009, before CO2 flood.  The high oil 

saturation area is located in the upper zone (Tuscaloosa zone) of the reservoir. 

 

4.4 Reservoir Simulation for CO2 Production 

4.4.1 Compositional Model 

After the history match for primary production and water flood production, the simulated 

reservoir conditions can be used to establish the initial reservoir conditions for the CO2 flood 

simulation.  Figure 4-13 shows the initial saturations for CO2 flood simulation, the gas saturation 

is assumed to be zero across the reservoir.  The other initial reservoir conditions were inherited 

from the previous simulations results at 2009 before the CO2 flood.  Due to the complex nature of 

CO2-hydrocarbon interaction, a composition model is required to simulate the CO2 EOR process.  

Therefore, a compositional model that contains 11 components was developed. Detailed 

components and associated equation of state (EOS) parameters are listed in Table 4-3   The model 
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was matched with the black oil PVT data, as well as swelling data.  The predicted minimum 

miscibility pressure is 2335 psia at reservoir temperature 135 °F.  

 
Figure 4-13: Initial saturations for CO2 food.  Gas saturation is assumed  

to be zero across the reservoir. 

 

Table 4-3: Parameters of EOS for 11-component compositional model for CO2 flood 

 
 

4.4.2  Voidage Replacement 

Before performing any simulation, it is best to quality check the input production and 

injection data.  One quick way to do this, is to perform voidage replacement calculations.  This 

method compares the injected fluids (water and CO2) and produced fluids (water, CO2 and oil) in 

Comp

onent
Name

Molecular 

Weight

Tcrit 

(degF)
Pcrit (psi)

Vcrit 

(ft3/lb-

mole)

Zcrit

Vcrit 

viscosity 

(ft3/lb-

mole)

Z crit 

viscosity
Vol shift

Acentric 

factor

Parachor 

(dyne/cm)
Omega A Omega B

1 C1N2 16.1885 -117.797 665.174 1.58532 0.287414 1.58532 0.287414 -0.153551 0.0083889 76.5625 0.457236 0.0777961

2 CO2 44.01 88.16 1069.87 1.50657 0.274152 1.50657 0.274152 -0.094347 0.225 78 0.457236 0.0777961

3 C2 30.07 90.32 708.345 2.37204 0.284663 2.37204 0.284663 -0.102103 0.098 108 0.457236 0.0777961

4 C3 44.097 206.24 615.76 3.25326 0.280307 3.25326 0.280307 -0.073301 0.152 150.3 0.457236 0.0777961

5 C4C5 65.3213 338.873 515.991 4.51743 0.271991 4.51743 0.271991 -0.048996 0.21363 208.196 0.457236 0.0777961

6 C6C8 98.3335 525.563 448.417 7.48648 0.317497 7.48648 0.317497 0.0217397 0.318753 284.782 0.457236 0.0777961

7 C9C11 117.58 648.83 400.879 11.407 0.384385 11.407 0.384385 -0.01685 0.43231 377.271 0.457236 0.0777961

8 C12C15 166.578 776.51 323.932 14.8495 0.362582 14.8495 0.362582 -0.012141 0.580011 501.364 0.457236 0.0777961

9 C16C19 226.935 889.37 266.966 13.8474 0.25534 13.8474 0.25534 0.02285 0.736291 640.202 0.457236 0.0777961

10 C20C29 305.062 1008.95 214.801 26.8643 0.366119 26.8643 0.366119 0.0504018 0.925413 794.15 0.457236 0.0777961

11 C30C36P 606.255 1341.3 133.849 30.1466 0.208769 30.1466 0.208769 0.179237 1.33003 1146 0.457236 0.0777961
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reservoir conditions and reservoir volume.  The voidage replacement analyses for the entire Delhi 

Field and the RCP area are shown in Figure 4-14.  The blue line is the injected reservoir volume 

over time, and the red line is the produced reservoir volume over time, both of which are in 

reservoir barrels.  The green line is the injected voidage replacement ratio (VRR), which is 

calculated by dividing the injected reservoir volume over the produced reservoir volume.  As 

shown in Figure 4-14, the VRR is constantly above 1.0 (around 2.0), indicating that what is injected 

into the reservoir is more than what is produced from the reservoir.  This situation can result in a 

constant increase of the reservoir pressure.  A VRR of 1.0 will indicate a balance of the reservoir 

system, and a constant reservoir pressure as a result.  If the VRR is less than 1.0, the reservoir 

pressure will be decreasing.  For the RCP area, a voidage replacement analysis was also performed.  

Different from the VRR for whole field, the RCP VRR started off high, and dropped to 1.0 and 

less than 1.0 as time went by (shown in Figure 4-15).  This indicates that either the RCP area is 

being flooded effectively, or that what is injected in the RCP area has left the RCP area.  

 
Figure 4-14: Voidage replacement analysis for whole Delhi Field. 
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Figure 4-15: Voidage replacement analysis for RCP area. 

 

 

4.4.3  Compositional Simulation Results 

After performing the voidage replacement analysis for the RCP area (shown in Figure 

4-15), one should expect a pressure drop due to the VRR dropping less than 1.0.  In fact, the 

simulated reservoir pressure meets this expectation (Figure 4-16).  As shown in Figure 4-16, the 

simulated reservoir pressure is compared with shut in bottom hole pressures collected over the 

whole Delhi Field, both pressures are corrected at depth of 3135 feet.  The simulated pressure 

exhibits a drop around beginning of 2012, corresponding to the VRR drop at the same time.  The 

simulated average pressure is higher than the measured pressure.  The possible reason for higher 

simulated pressure is the mostly closed boundary condition for the RCP model.  This is inevitable 

because the model was built as a portion of the whole field and the flow directions and volumes at 
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the boundary are difficult to calibrate.  In the simulator, most of the boundary grids are prohibiting 

the fluids to flow out of the boundary.  As a result, the pressure is built up by excessive fluids. 

Nevertheless, overall the pressure history match is acceptable showing the pressure trend variation.  

A history match for CO2 production period was performed to match the field production.  

Liquid rate control was applied to all the wells.  The results for oil production for RCP area are 

shown in Figure 4-17.  The simulated field oil production rate (solid line in left figure) and 

simulated field oil cumulative production (solid line in right figure) show excellent agreement with 

the historical data.  This excellent agreement is also the same for field water production rate (left 

figure) and field water cumulative production (right figure), in Figure 4-18, with dots being 

historical data and solid lines being simulated data.  However, as shown in Figure 4-19, there is a 

distinctive mismatch in gas production after the beginning of 2012, in which that the simulated gas 

production is higher than the actual gas production.  In other words, the simulation suggests a 

higher gas production than what is actual producing, indicating that some of the gas may have 

traveled out to other zones that are not included in the reservoir simulation model.  Another 

possibility is that a large amount of produced natural gas was flared or used as equipment fuel.  So 

it is highly possible that the gas production data provided did not reflect the actual gas production 

at the wellhead.  Note that the gas production consists of more than 90% of CO2, both in measured 

historical data and in simulation.  In order to figure out where exactly the CO2 has traveled, more 

4D seismic surveys over the other parts of the Delhi Field, not just in the RCP area, are needed.  

Also, a reservoir simulation model including more zones other than Holt-Bryant zone (Tuscaloosa 

and Paluxy), as wells as including the whole Delhi Field is very helpful to dynamically understand 

the CO2 movement.  
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Figure 4-16: History match for RCP reservoir pressure.  The red dots are shut in bottom hole pressure 
(BHP) collected over the whole Delhi field, and the blue line is simulated average reservoir pressure.  

Both pressures were corrected at 3135 feet deep.  

 

 

 
Figure 4-17: History match for oil production of whole RCP area.  Left figure is field oil production rate 

and right figure is cumulative field oil production. 
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Figure 4-18: History match for water production of whole RCP area.  Left figure is field water production 

rate and right figure is cumulative field water production. 

 

 

 
Figure 4-19: History match for gas production of whole RCP area.  Left figure is field gas production rate 

and right figure is cumulative field gas production.  

 

4.5 Conclusions  

In this chapter, the main principles of reservoir simulation were presented.  Simulation 

models for Delhi Field, including a black oil model and an eleven-component compositional 

model, were built and production history matches were performed for the primary, secondary and 

tertiary production phases of the field.  The simulation results are briefed as follows: 
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1. Satisfactory history matching results for liquids including oil and water were 

achieved for water flood and CO2 flood. 

2. In the CO2 flood history matching, the simulated gas production is higher than the 

actual gas production.  In other words, the simulation suggests a higher gas 

production than what is actual producing, indicating that some of the gas may 

have travelled out to other zones.  Another possibility is that a large amount of 

produced natural gas that was flared or used as equipment fuel.  It is highly likely 

that the gas production data provided did not reflect the actual gas production at 

the wellhead.  It is important to determine the flow path of the injected gas and 

seismic monitoring is an essential tool.    

The simulation results are further analyzed by comparing with the seismic interpretation 

and reservoir model accordingly.  More discussions are presented in Chapter 5.  
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CHAPTER 5 

APPLICATION OF SEISMIC IN RESERVOIR CHARACTERIZATION  
AND RESERVOIR MONITORING  

 
 

5.1 Introduction 

Geophysical data are an indispensable tool for characterizing reservoir structure.  This 

includes a variety of geophysical techniques -- seismic reflection, gravity, magnetic and 

electromagnetic techniques. Among them, seismic, particularly 3D seismic, is the most commonly 

used technique for subsurface imaging.  Table 5-1 presents a brief summary of the geophysical 

techniques the associated measured physical properties and interpreted earth properties.  Detailed 

introduction of geophysical techniques can be found in various publications.  

The seismic reflection technique was predominantly applied in exploration (2D and 3D 

seismic), and lately more in in-fill drilling location selection and the recent years horizontal drilling 

(for example, geosteering).   

Reservoir monitoring using 4D seismic was widely applied in field projects (North Sea, 

Indonesia, West Africa and Gulf of Mexico) since the mid-1990s and has proven to be a very 

effective tool in reservoir monitoring.  Time-lapse (4D) seismic reservoir monitoring can better 

facilitate infilling drilling and well planning, reducing uncertainty in reservoir characterization, 

identifying by-passed reserve and ultimately better reservoir management.   

 

5.2 Charactering and Monitoring Reservoirs Using Seismic Attributes 

During seismic wave propagation through geologic formations, the attributes that 

characterize the seismic wave, such as amplitude, frequency, phase, and velocity, vary 
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significantly.  The signatures of the physical properties of the geologic formation, through which 

seismic waves propagate, can be inferred from seismic attributes variations.   

 Table 5-1: Geophysical techniques the associated measured physical properties and interpreted earth 
properties (recreated from Aminzadeh and Dasgupta (2013)) 

Geophysical Technique Physical Property 

Measured 

Earth Properties Inferred 

from Measurements 

Seismic reflection Travel time to acoustic 

boundaries,  

Geological structure, 

depositional history, faults, 

rock layers, reservoir size 

and shape, porosity, 

pressure, saturation 

distribution 

Gravity Gravitational attraction, 

density contrast 

Geological  structure, 

spatial variation in tock 

types (e.g., salt domes, 

shale diapers, pinnacle 

reefs) 

Magnetic Magnetic field variation, 

magnetic susceptibility 

contrast 

Geometry of basement 

below the sediments, 

sedimentary cover 

thickness 

Electromagnetic Changes in electrical 

conductivity and/or 

permittivity 

Shallow near-surface 

lithology changes 

 

There are different classifications for seismic attributes.  Barnes (1997) considered 

amplitude and phase as the fundamental attributes that all others are derived on.  Based on Taner 

et al. (1994)’s classification, seismic attributes can be divided into two general categories: 

geometrical and physical, which can be further divided into pre-stack and post-stack.  Geometrical 

attributes include dip, azimuth and continuity.  Physical attributes include amplitude, phase and 

frequency.  A brief introduction of several fundamental and frequently applied attributes for 

reflection seismic, which is more applicable for petroleum industry) is shown below: 
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• Amplitude:  Amplitude describes the deviation of wave from zero crossing.  

Amplitude is independent of polarity or phase of the data and is always positive.  

Seismic amplitude is the most widely used attribute, for that the amplitude of 

reflection has a strong correlation with the porosity or saturation in the underlying 

formation.  The commonly used amplitude attributes are maximum amplitude, 

average absolute amplitude, RMS amplitude, reflection strength, and total energy 

(Barnes, 2016) 

• Phase: Phase measures the relative position along a waveform. By usual convention, 

peaks have 0° phase and trough has 180° phase, down-going zero crossings have +90° 

and up-goings have -90°.  But in other conventions the phase measure can be the 

opposite definitions.  Phase along horizon usually should not change unless there is a 

picking problem.  Hence phase is a best indicator of lateral continuity. In addition, 

phase indicate beddings quite well.  Attributes derived from phase are instantaneous 

phase, response phase and apparent polarity.  

• Frequency: Frequency is the rate of repetition of complete wavelengths measured in 

cycles per second or Hertz.  Frequency is good indicator of bed thickness and 

lithological parameters.  Some of the most commonly used frequency attributes 

include instantaneous frequency, zero-crossing frequency, RMS frequency, average 

spectral frequency, and tuning frequency.  

 Table 5-2 provides a list of seismic attributes that are frequently applied in seismic 

interpretation to infer geological features.  They are all derivations of the fundamental seismic 

discussed above. 
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More extensive reviews of seismic attributes can be found in publications of  Chopra and Marfurt 

(2005), Taner (2001), and Brown (1996). 

 Table 5-2: Commonly applied seismic attributes and  
their inferred geological features (recreated from Aminzadeh and Dasgupta (2013))  

Seismic Attribute Inferred Geological Features 

Amplitude Lithological contrasts, bedding continuities, 

bed spacing, gross porosity, fluid content 

Instantaneous frequency Bed thickness, lithological contrasts, fluid 

content 

Reflection strength Lithological contrasts, bedding continuity, bed 

spacing, gross porosity 

Instantaneous phase Bedding continuity 

Polarity Fluid content, lithologic constraints 

Absorption/Q Fluid content 

Coherency/similarity Highlights faults and fractures 

 

5.1 Characterizing and Monitoring Reservoirs in Delhi Project 

RCP conducted one baseline survey and two monitor surveys for the RCP area in Delhi 

Field.  The baseline survey was shot in 2008, the first monitor survey was shot in June 2010 and 

the second monitor survey was shot in August 2011.  In this chapter, seismic interpretation for the 

two seismic monitors was performed, in order to compare with reservoir simulations and identify 

permeability baffles.   

Multicomponent seismic data were acquired for the RCP area in the two monitor surveys.  

Multicomponent seismic survey records and utilizes both compressional (P) and shear (S) wave 
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and the advantages include lithology discrimination, fracture and stress field characterization.  The 

principle idea of multicomponent seismic is that the fluids have negligible shear strength hence 

the shear wave is not affected by changes caused by fluids.  P-wave data are sensitive to saturation 

and pressure while S-wave data are only sensitive to pressure.  Therefore, S-wave can help 

differentiate the saturation and pressure effects in the P-wave data.  

Most of the interpretation was performed on the Paluxy Formations due to its relatively 

good continuity compared to the Tuscaloosa Formation.  The first step of the interpretation was to 

identify the geologic horizons corresponding to the Clayton Chalk, top and base Paluxy and 

Anhydrate.  Well logs from well 140-1, including gamma ray, spontaneous potential and caliper 

were used to identify the Paluxy reservoir, as shown in Figure 5-1.  Gamma ray can be used as an 

indicator of lithology, with lower values corresponding to sandstones and higher values 

corresponding to shales.  The gamma ray log for well 140-1, shown in Figure 5-1 left exhibits a 

large decrease in API around 3300-3400 ft.  This region of low API implies that a sandstone 

package lies between this depth interval.  It is observed that a smaller decrease in gamma ray 

between 3200-3400 ft.  At these same two intervals, SP is also decreased.  A reduced SP response 

implies the presence of hydrocarbons in these intervals.  Therefore, we interpreted two distinct 

hydrocarbon saturated sand intervals below the Clayton Chalk corresponding to the Tuscaloosa 

and the Paluxy Sandstones.  Specifically, it is interpreted the strong blue and orange reflectors 

overlain by yellow and green lines in Figure 5-1 left to be the bottom and top Paluxy, respectively. 

The Anhydrite horizon was interpreted as the first strong reflector after the Base Paluxy. 

The primary seismic attribute used to aid in interpretation was RMS amplitude.  The 

generated seismic horizons were used as a base from which amplitudes were extracted. This 

allowed amplitude maps to be created for various formations, including: the Clayton Chalk, the 
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sealing unit for this system, the Ferry Lake Anhydrite, the lower bound of this system, and the 

Paluxy Sandstone, one of the reservoir units of this system and the primary interest of this 

interpretation.  The goal was to locate and characterize flow channels of CO2 within this system, 

so amplitude maps were created for both monitors in this region, with 14 months of CO2 injection 

between the two monitors. 

 
Figure 5-1: Left: Well logs from well 140-1 overlain on Monitor 1 PP data at crossline (XL) 67; Right: 

Monitor 1 PS1 cross-section of the Paluxy reservoir on XL 67 

Figure 5-2 displays RMS amplitude maps for Monitor 1 in both the compressional (PP) 

data as well as one of the converted wave datasets, PS1.  A window size of 20 ms, 15 ms above 

the horizon and 5 ms below the horizon, was chosen for all PP data.  This window was chosen 

visually through the application of the DecisionSpace display software, taking into account that 

the horizon is located at the base of the Paluxy interval.  A window size of 40 ms, centered on the 

horizon, was chosen for all PS1 data.  These data are lower in quality than the PP data. It is also 

more spread out, leading to the larger window size choice to ensure the anomalies would be 

sufficiently captured.  The hot spots in these maps correspond to CO2 injected into the Paluxy over 
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six months prior to this survey.  In the PP data, channelization of the CO2 has already begun to 

occur along the unconformity pinchout in the upper left of the maps.  In the PS1 data, CO2 is shown 

to be pooling around the injector wells (shown in the figures as circles intersected by an arrow).  

The pinchout is not clearly defined in the PS1 data, so this is most likely why there are no visible 

hot spots along this unconformity.  However, the magnitude of these anomalies in the PP data have 

masked the remaining CO2 pooling due to amplitude differences, so the lack of these anomalies in 

the PS1 data serves to highlight these other CO2 distributions. 

Figure 5-3 shows the second monitor of both the PP and PS1 data, 14 months after Monitor 

1 was conducted.  The PP data shows clear channelization along the unconformity, as well as 

down-dip continuation of the injected CO2.  The PS1 data also shows a general increase in hot 

spots, especially in the eastern-most injector well region.  However, the changes to this map are 

not as easily seen as those in the PP data map, indicating that the changes in Monitor 2 amplitude 

are mainly due to fluid saturations. 

Figure 5-4 displays the RMS amplitude differential between Monitor 1 and Monitor 2 in 

both the PP and PS1 data maps.  The PP differential map in this figure is great for identifying 

permeable channels in the Paluxy, as the hot zones in this view are indicative of where CO2 flowed 

during the 14 month interval between Monitor 1 and 2.  The areas of highest amplitude change are 

all down-dip of the hot spots displayed in the PP map in Figure 5-2, which would lead to the 

conclusion that CO2 is migrating down-dip in general.  The PS1 map in Figure 5-4 is much less 

informative in terms of characterizing saturation changes, because converted wave data is sensitive 

to pressure changes, but not fluid presence, the migration of CO2 is less clear in the PS1 differential 

map.  However, the PS1 map does have advantages in mapping high permeability zones, because 

the pressure fronts move along the high permeability facies in advance of the saturation fronts. 
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Figure 5-2: Monitor 1 RMS Amplitude maps for the Paluxy Formation  
in both the PP (a) and PS1 (b) data. 

 

Figure 5-3: Monitor 2 RMS Amplitude maps for the Paluxy Formation in  
both the PP (a) and PS1 (b) data. 
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Figure 5-4: Differential RMS Amplitude maps for the Paluxy Formation in both the PP (a) and PS1 (b) 
data. 
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Figure 5-5: Differential RMS Amplitude cross section for the Paluxy Formation in the PP data (a). 

 

 

5.2 Comparisons of Seismic Interpreted and Reservoir Simulated CO2 Plumes to 

Identify Preferential CO2 Pathways 

A comparison between the seismic interpreted CO2 plumes and simulated CO2 plumes was 

carried out for Paluxy interval at Monitor 1 (Figure 5-6) and Monitor 2 (Figure 5-7).  As shown in 

Figure 5-6, the seismic interpreted CO2 plume (Robinson, 2012) based on the amplitude anomaly 

shows a similar pattern with the simulated CO2, in which that the CO2 is aggregating around the 

injectors.  Figure 5-7 shows the migration of CO2 plumes.  The seismic interpreted migration 

plumes are obtained from amplitude anomaly difference between Monitor 2 and Monitor 1.  As 

seen in Figure 5-7, both the seismic-interpreted and simulated CO2 migration plumes indicate that 

the CO2 was traveling towards the downdip aquifer, which is not usual for CO2 EOR because 

oftentimes CO2 will travel updip due to gravity difference.  The low anomaly in the pinchout area 

may indicate the travel of injected CO2 from Paluxy interval to Tuscaloosa interval.  
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In order to investigate the mechanisms of the CO2 travel pathway, the study characterized 

the discontinuity seismic attribute and compared with the RMS anomaly in the Paluxy top and 

base window (shown in Figure 5-8).  The highlighted area suggested the preferential pathway and 

channels for fluid (CO2 in particular) to travel.  The pathway may be formed by high quality sand 

bodies or fractures.  In between the two highlighted pathways, on the west middle side of the field, 

is a possible permeability baffle that hinders CO2 from traveling updip.  To summarize, in the half 

downdip side of the area in the Paluxy interval, the injected CO2 in the Paluxy was traveling 

downdip into the reservoir, which may due to pressure difference.  While in the pinch out (updip) 

side, the injected CO2 may travel upwards into the Tuscaloosa interval, due to buoyancy force. 

 

 

 
Figure 5-6: Comparison of seismic interpreted CO2 plume with simulated CO2 plume at Monitor 2.  Left: 

seismic-interpreted CO2 plume based on amplitude anomaly (Robinson, 2012); Right: simulated CO2 
plume.  Both figures are generated in the top Paluxy 10-ms centered window. 
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Figure 5-7: Comparison of seismic interpreted CO2 plume with simulated CO2 plume at Monitor 2.  Left: 
seismic-interpreted CO2 migration plume based on amplitude anomaly; Right: simulated CO2 migration 

plume.  Both figures are generated in the top Paluxy 10-ms centered window. 

 

 

 

 

 

 
Figure 5-8: Comparison of discontinuity attribute with RMS amplitude anomaly.  Left: discontinuity from 
PP data; Right: CO2 migration plume generated from Monitor 1 and Monitor 2 differential PP data. The 

highlighted area are interpreted channels.  Both figures are generated in the top and base Paluxy window. 

 

 



 

86 
 

5.3  Other History Matching Scenario 

A second set of history matching was performed (referred to as Match 2 in Figure 5-9 ) in 

order to achieve a better gas production history matching, but the plumes did not agree with the 

seismic results (See Figure 5-10).   

 
Figure 5-9: Comparison of gas production (left) and gas injection (right) in two history matching 

 

 

Figure 5-10:  History matching 2: comparison of seismic interpreted CO2 plume with simulated CO2 
plume at Monitor 2.  Left: seismic-interpreted CO2 migration plume based on amplitude anomaly; Right: 
simulated CO2 migration plume.  Both figures are generated in the top Paluxy 10-ms centered window. 
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So here is a decision to make: should one pick the first set of history matching, where the 

seismic data agrees more, or should one pick the second history matching, where gas production 

agrees more but seismic data agrees less? 

 The seismic results were chosen for the following reasons: 

1.  It was reported in the reserve report (Degolyer&Macnaughton, 2016) for Delhi Field 

that there is a large amount of produced natural gas that was flared or used as equipment fuel.  So 

it is highly possible that the gas production data provided did not reflect the actual gas production 

at the wellhead.  

2. For this particular research project, the seismic data was processed multiple times and 

was interpreted by many others, hence it is considered more reliable than the gas production data. 

 

5.4 Conclusions and Recommendations 

Delhi Field was an example of applying time-lapse seismic technique to monitor reservoir 

performance during CO2 EOR process. Previous sections have discussed the motivation and 

methodology. The major findings are as follows: 

1. Using RMS amplitude anomaly from PP data and PS data, in Monitor 2 and Monitor 1, 

we mapped out the CO2 plumes distribution at Monitor 2 and Monitor 1.  The CO2 migration 

plumes suggested that in the half downdip side of the area in the Paluxy interval, the injected CO2 

in the Paluxy was traveling downdip into the reservoir, which may due to pressure difference.  

While in the pinch out (updip) side, the injected CO2 may travel upwards into the Tuscaloosa 

interval, due to buoyancy force.  These interpretations are consistent with reservoir simulation 

results and other interpretations (Carvajal et al., 2014; Davis, 2015). 
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2. Reservoir discontinuities were also characterized and compared with the RMS anomaly 

within the Paluxy interval, in order to further investigate the mechanisms of the CO2 travel 

pathway.  It was observed that there are preferential pathways for CO2 due to the discontinuity 

features.  It was also suggested that there is a permeability baffle on the west middle side of the 

reservoir, which hinders the CO2 migration. 
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CHAPTER 6 
RESERVOIR OPTIMIZATION USING THE INTEGRATED RESERVOIR MODEL 

 

6.1 Introduction 

   CO2 EOR is more complex than a depletion drive mechanism in the reservoir life.  The 

widely used decline curve analysis (DCA) is the simplest approach to forecast future performance; 

however, it is essentially an empirical method for determining reserves.  The DCA is based on the 

assumption that the reservoir pressure is the internal energy for depletion, and fluid compressibility 

and the reservoir size provides the capability to produce the reservoir.  The assumption made is 

that the reservoir properties that govern the field behavior in the past will continue to govern the 

field’s future behavior.  When water and gas are injected to energize the formation, the reservoir 

oil production is controlled by displacement processes that no longer follow the decline curve 

method.  Thus, reservoir simulation using the first principles in terms of mass and energy balance 

are more appropriate for the CO2 EOR operations.  However, reservoir simulation relies on the 

integration of various disciplines for detailed input data—thus, the integrated modeling approach.  

The integrated reservoir model obtained in this study not only provides the benefit of better 

prediction of  reservoir production, but also provides valuable input in reservoir characterization 

for drilling, workover and other reservoir management activity.   

  

This chapter presents a discussion of different economic outcomes for different operational 

scenarios involving CO2 EOR.  The economic output is materialized using net present value (NPV) 

of the RCP study area of Delhi Field with an effective date of January 1, 2017.  The NPV represents 

the cumulative net cash flow using the predictive production of field based on the integrated 

reservoir model.  NPV is calculated using the income approach, which is generally the best method 
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for estimating the value of oil reserves that are either close to the production stage or in production 

at Delhi Field.  This approach makes use of the estimate of oil reserves in the field, analysis of 

production forecast, and construction of a cash flow forecast considering the future income from 

sale of oil at reasonably predicted oil prices as of the effective date and costs related to production.  

When this method can be used, the future net cash flow is subsequently discounted for time-value-

of-money and for the risk associated with being in the specific type of business (so-called 

capitalization, e.g., converting the future cash flow into a risked present value).  A geoscience and 

engineering evaluation of the property is the foundation for determining appropriate methods and 

schedule of future production, estimates of the total volume and rates of future production, and the 

reasonableness of these assumptions.  For the case of Delhi Field, the predicted reservoir 

performance using an integrated reservoir model is the foundation of the evaluation.  

6.2 Evaluation of Different Operational Scenarios 

Six operational scenarios were considered in this reservoir management evaluation.  These 

scenarios and corresponding operational metrics are listed in Table 6-1.  The evaluation was set 

for a period of 20 years from January 1, 2017 to December 31, 2037.  

Among the six scenarios, the targeted CO2 injection ranges from 3,500 Mcf per day per 

well to 10,000 Mcf per day per injector, with associated bottom hole pressure constraints of 0.7 

psi/ft.  The actual annual CO2 injection ranges from 17.8 Bcf to 41.4 Bcf.  Higher field CO2 

injection (for RCP area only) was either operated by increasing injection rate of each well, or 

increasing injection wells.  Total well count for the Infill Drilling Scenario is 57 including three 

water injection wells; the other five scenarios have the same total well count of 49 wells.  The 

initial annual production of all scenarios is ranging from 186 Mbbls/Year to 434 Mbbls/Year.   
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Table 6-1: Metrics for different operational scenarios 

Analysis Case 
Name 

Targeted 
Injection Rate, 

MCF/Well/Day 

Actual Injection 
Rate, 

MCF/Well/Day 

Total Oil 
Prod.,  

Bbls 

Total Gas 
Inj., MCF 

Injection 
Well 

Count 

Production 
Well Count 

Target_7500 7500 5,817 4,089,388 803,161,300 18 28 

Target_3500 3500 2,722 1,839,506 375,830,000 18 28 

Target_10000 10000 6,265 4,678,477 864,895,900 18 28 

Target_6788 6788 5,280 3,515,466 728,991,000 18 28 

Target_5500 5500 4,278 2,674,130 590,590,000 18 28 

Target_5500_infill 5500 4,500 3,114,828 759,329,800 22 32 

*: Total period of 20 years from January 1, 2017 to December 31, 2037 

 

As shown in Table 6-1, oil production is related to CO2 injection, and higher total CO2 

injection results in higher oil production, and the relationship is somewhat linear (shown in Figure 

6-1).   

 
Figure 6-1: CO2 injection vs. oil production for different scenarios 
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Annual CO2 injection and oil production is plotted in Figure 6-2.  It can be seen that higher 

injection generally yields higher oil production.  It is worth noting that there is an outlier case: the 

Target-5500-infill case.  The actual CO2 injection for the Target-5500-infill case is around 36.1 

BCF/year, slightly higher than the Target-6788 case of 34.7 BCF/year, but the resultant oil 

production is the opposite:  as the Target-6788 scenario yields higher oil production than the 

Target-5500-infill case.  This may be due to interference of injection wells and also suggests that 

there is not much infill potential for this area. 

The ratio of produced oil and injected CO2 is a better index to evaluate the efficiency of 

the injection, as shown in Figure 6-3.  The CO2 flooding most effective is the Target-10000 case and 

least effective Target-5500-infill case.  It is also interesting that that Target-3500 case is somewhat 

close to the Target-6788 case.  Does the flooding efficiency correspond to higher economic 

outcomes?  We will need to perform economic evaluations to find the answer.  Economic 

evaluations were performed for each scenario to determine the optimized scenario and results are 

shown in the later part of this chapter. 

Economic assumptions and price deck for the evaluation were the same for all scenarios.  

The information was obtained from analysis of operator Denbury Resources’ annual reports for 

years of 2010-2017, as well as its partner of the Delhi Field Revolution Petroleum’s reserve report 

and investor relations presentations.  Economic assumptions, including working interest, net 

revenue interest, tax rate, drilling and abandonment costs, operating cost (fixed cost and CO2 

injection/processing cost) are listed in Table 6-2.  Price forecast method adopted the standard SEC 

price forecast as of January 1, 2017, which is the arithmetic average of first-day price forecast of 

each month for the last 12 months prior to the effective date.  The SEC price for year of 2017 was 

$40.65/Bbl.  The applied realized wellhead price for the operator was assumed to be $2.00/Bbl 
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less than the SEC price for the year of 2017, the price forecast for subsequent years escalates at 

2% per year to reflect inflation.  The realized well head pricing forecast for the evaluation period 

is plotted in Figure 6-4. 

 

 
Figure 6-2: Annual gross crude oil production and CO2 injection for different cases 
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Figure 6-3: Produced oil/Injected CO2 ratio for different cases 

 

 

Table 6-2: Economic assumptions 
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Net Revenue Interest for Denbury, % 73.50% 

Fixed Op Cost, $/Well/Month $1,000  
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Well Costs, $ $800,000  

Ad Valorem Tax, % 0.454% 
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Figure 6-4: SEC realized price deck forecast 

 

Economic models were constructed for all six scenarios.  Figure 6-5 shows the annual total 

gross revenue with respect to time net to Denbury, and trends are consistent with the oil production 

shown in Figure 6-2.  Annual cash flow discounted at 10% is shown in Figure 6-6, which is the 

net cash flow after expenses.  As shown, the trend of the annual cash flow doesn’t follow the trend 

of annual production and total gross revenue, due to different cost structures for different scenarios.  

The Target-5500-infill case, in particular, shows low cash flows at beginning of the period, due to 

upfront capital drilling costs.  This indicates that drilling new infill wells doesn’t provide better 

economics at the price environment in the evaluation time frame.  Figure 6-6 also shows that all 

of the scenarios have shorter life than 20 years due to negative cash flows in later years of the time 

frame.  In general, economics is associated with the targeted CO2 injection-higher targeted CO2 

injection results in better economics.  However, it is not recommended to increase CO2 by adding 

more injection wells, for two main reasons: one is that there is not much infill potential, possibly 

due to injection well interference; the other is the upfront capital cost is lessening the economic 

profit of the operation.  Summary of all results are listed in Table 6-3 below.   
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Table 6-3: Evaluation summary for all scenarios 

Analysis Case 
Name 

Cumulative 
Cash Flow, 

Undiscounted, 
$M 

Cumulative 
Cash Flow, 

Discounted at 
10%, $M 

Total Oil 
Prod., 

Bbls 

Total Gas 
Inj., MCF 

Avg. Oil 
Prod., 

Bbl/Well 

Avg. CO2 
Utilization, 

Mcf/Bbl 

Target_7500 $33,887 $23,718 4,089,388 803,161,300 146,050 196.40 

Target_3500 $11,111 $8,498 1,839,506 375,830,000 65,697 204.31 

Target_10000 $45,749 $29,983 4,678,477 864,895,900 167,088 184.87 

Target_6788 $24,771 $18,120 3,515,466 728,991,000 125,552 207.37 

Target_5500 $15,722 $12,094 2,674,130 590,590,000 95,505 220.85 

Target_5500_infill $10,694 $8,243 3,114,828 759,329,800 97,338 243.78 

*: Total period of 20 years from January 1, 2017 to December 31, 2037 

 

A sensitivity analysis was performed to analyze how the production and economics are 

affected by the CO2 in a relatively quantitative fashion.  Five cases that have the same well count 

were included in the sensitivity analysis.  The Target-5500 case is considered as the base case since 

that represents the average injection rate for the last two years prior to the latest date of the 

available data.  As shown in Figure 6-8, CO2 injection is positively correlated to total oil production 

and net present values (undiscounted (NPV0) or discounted at 10% (NPV10)).  The economics 

outcomes exhibit more drastic variation compared to the oil production, in response to CO2 

injection variation.  Polynomial fitting equations (shown in Figure 6-8) are used to describe the 

relationships.  Quick analysis can be performed using these equations to quantify economic results 

for financial planning purposes.  It should be noted that, although production and economic 

outcomes are increasing with the increase of CO2 injection, there should be a maximum limit of 

CO2 injection.  This limit is related to maximum hydrocarbon pore volume replacement (by CO2), 

well operation limit, reservoir rock fractured stress, etc.. 
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Figure 6-5: Annual total revenue for different scenarios 
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Figure 6-6: Annual cash flow discounted at 10% for different scenarios 

 

 
Figure 6-7: Cumulative cash flow discounted at 10% (NPV10) for different scenarios 
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Figure 6-8: Sensitivity analysis in relation to  
CO2 injection variation for different scenarios 

 

6.3 Conclusions 

This chapter discussed six operational scenarios, and their underlying economic outcomes.  

The basis of the study is the reservoir model that was built by incorporating analyses in different 

disciplines.  The main findings are listed below: 

 

Oil Production: y = 0.9453x2 - 0.7154x + 0.7622
R² = 0.9997

NPV0: y = 4.395x2 - 6.693x + 3.208
R² = 0.992

NPV10: y = 3.0803x2 - 4.3825x + 2.2552
R² = 0.997

0%

50%

100%

150%

200%

250%

300%

350%

60% 80% 100% 120% 140% 160%

V
ar

ia
ti

o
n
 o

f 
 P

ro
d
u
ct

io
n

 a
n

d
 E

co
n

o
m

ic
s,

 %

Variation of CO2 Injection, %

Variation of Oil Production, %

Variation of Undisc. Cum. Cash Flow, %

Variation of NPV10, %

Poly. (Variation of Oil Production, %)

Poly. (Variation of Undisc. Cum. Cash Flow,
%)
Poly. (Variation of NPV10, %)



 

100 
 

1. Oil production is related to CO2 injection, and higher total CO2 injection results in 

higher oil production, and the relationship is approximately linear. 

2. The ratio of produced oil and injected CO2 is a better index to evaluate the 

efficiency of the injection, but high efficiency doesn’t necessarily correspond to a 

better economic outcome 

3. In general, economics is associated with targeted CO2 injection-higher targeted 

CO2 injection results in better economics.  However, it is not recommended to 

increase CO2 injection by adding more injection wells. 

4. CO2 injection is positively correlated to total oil production and net present values 

(undiscounted (NPV0) or discounted at 10% (NPV10)).  The correlation can be 

represented by polynomial fitting equations for quick quantitative analysis.  

5. Although production and economic outcomes are increasing with the increase of 

CO2 injection, there should be a maximum limit of CO2 injection.  This limit is 

related to maximum hydrocarbon pore volume replacement (by CO2), well 

operation limit, reservoir rock fractured stress, etc.. 
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CHAPTER 7 
CONCLUDING REMARKS  

 

7.1 Conclusions 

This research presents a comprehensive workflow involving reservoir characterization and 

modeling based on a CO2 EOR project in the U.S. Specifically, the research incorporated geologic 

modeling, reservoir modeling, and multi-component time lapse seismic monitoring. As an added 

measure, an economic evaluation was also included to show the strength of the methodology uses.  

The major components of the workflow include data collection and validation, geologic and 

reservoir modeling, history matching with assistance from seismic monitoring, and reservoir 

model re-calibration.   

The workflow starts with collection and analyses of production data, geological and 

geophysical information.  Then, a geologic model for Reservoir Characterization Project (RCP) 

area is constructed using the interpreted geological and geophysical data.  These data include well 

logs, petrophysical measurements and seismic inversion.  Simulation models, including a black oil 

model and an eleven-component compositional model, were built and production history matches 

were performed for the primary, secondary and tertiary production phases of the field.  After 

history matching with production data, the predicted fluid fronts at each monitor were compared 

with interpretation from seismic monitors, and the reservoir model was adjusted accordingly.  

Finally, based on the reservoir model, six operational scenarios, and their underlying economic 

outcomes were discussed.  Below is a list of research conclusions: 

1. Achieved an excellent history match of oil and water production for the water and 

CO2 flood. 
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2. In matching the CO2 flood history matching, the simulated gas production is higher 

than the actual gas production. This could be explained by assuming that (1) some 

of the gas may have migrated out, or (2) a large amount of produced natural gas 

was flared or used as fuel. Therefore, it is highly possible that the gas production 

record did not reflect the actual gas production at the wellhead.   

3. The loss of CO2 led to lower economics.   

4. Based on the RMS amplitude anomaly in PP and PS data from Monitor 1 and 

Monitor 2, we mapped the CO2  distribution.  Specifically, the CO2 migration 

plumes suggested that the injected CO2  migrated down dip in Paluxy.  In the up 

dip Paluxy pinch out, the injected CO2 may have migrated upwards into the 

Tuscaloosa interval.  These interpretations are consistent with reservoir modeling 

results.  

5. Discontinuities were characterized and compared with the RMS anomaly within 

the Paluxy interval, in order to further investigate the mechanisms of the CO2 travel 

pathway.  It was observed that there are preferential pathways for CO2 due to 

discontinuity features.  It was also suggested that there is a permeability baffle on 

the west middle side of the reservoir, which hinders the CO2 migration. 

6. Oil production is related to CO2 injection, and higher total CO2 injection results in 

higher oil production, and the relationship is somewhat linear. 

7. In general, economics is associated with the targeted CO2 injection-higher targeted 

CO2 injection results in better economic outcomes.  However, it is not 

recommended to increase higher CO2 by adding more injection wells. 
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8. CO2 injection is positively correlated to total oil production and net present values 

(undiscounted (NPV0) or discounted at 10% (NPV10)).  The correlation can be 

represented by polynomial fitting equations for quick quantitative analysis.  

9. Although production and economic outcomes are increasing with the increase of 

CO2 injection, there should be a maximum limit of CO2 injection.  This limit is 

related to maximum hydrocarbon pore volume replacement (by CO2), well 

operation limit, reservoir rock fractured stress, etc.. 

 

7.2 Recommendations for Future Research 

This research presented a workflow with a start of seismic to simulation, and a closure of 

simulation to seismic.  To strengthen the workflow and integration of different disciplines, a 

forward seismic model is recommended for future work,  because seismic images modeled from 

simulation can provide a more straight-forward way to calibrate the reservoir model, and therefore 

improve the model calibration efficiency.  

1. More simulation scenarios can be performed and these scenarios include: 

a. Perform miscibility test by shutting in the production wells for certain 

amount of time (e.g., 6 months), while keep the injection wells injecting 

b. Investigate different CO2 injection scenarios such as WAG with 

experiment of different water and CO2 slug sizes 

c. Develop geomechanical model to investigate the influence of rock stress 

changes on permeability and flow 
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2. In the relatively low oil price environment, it is particularly important for 

operators to understand the influence of different factors on the economic 

outcomes, in order to lower costs and maximize economic outcomes.   Therefore, 

an economic model based on the reservoir model was constructed and some 

sensitivity study was performed.  It is very beneficial and highly recommended to 

perform more sensitivity studies on influence of different economic factors, using 

the economic model for future studies if more operating information and data is 

available. Future recommended economic studies include but are not limited to: 

a. Different oil and gas pricing 

b. Different costs such as transportation and processing cost, operating cost, 

drilling and completion cost 

Conclusions drawn from the research only represents the author’s independent opinions 

and are not endorsed by Denbury.  The conclusions of this research and recommendations of future 

works were reported to the RCP research consortium and field operator Denbury Resources for 

possible implementation in reservoir management.    
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