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2.3.3  Geomechanical Effects of CO2 Storage 
 
 



967 

Report Title 
CO2 Capture Project - An Integrated, Collaborative Technology Development 
Project for Next Generation CO2 Separation, Capture and Geologic 
Sequestration 
 
Geomechanical Effects of CO2 Storage 
 
Report Reference 
2.3.3 
 
 
 
 
 
 
 
Type of Report: Semi-Annual Report 
 
Reporting Period Start Date: February 2003 
 
Reporting Period End Date:  July 2003 
 
Principal Author(s): Dan Ebrom 
 
Date Report was issued:  August 2003 
 
DOE Award Number: DE-FC26-01NT41145 
 
Submitting Organization: BP North America Inc. 
 
 
 
 
 
 
 
 
 
 
 
Disclaimer 
This report was prepared as an account of work sponsored by an agency of the United States Government.  
Neither the United States Government nor any agency thereof, nor any of their employees, makes any 
warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, 
completeness or usefulness of any information, apparatus, product, or process disclosed, or represents that 
its use would not infringe privately owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or otherwise does not necessarily constitute 
or imply its endorsement, recommendation, or favoring by the United States Government or any agency 
thereof.  The views and opinions of authors expressed herein do not necessarily state or reflect those of 
the United States Government or any agency thereof. 



968 

2.3.3.1  Abstract 
 
The aim of the study is to evaluate techniques for measuring the flux of CO2 from the earth’s surface, 
focusing on the eddy-covariance technique and its potential application to monitoring underground CO2 
reservoirs.   
 
A report will be written based on a review of existing experimental and theoretical studies.  The report 
shall include: the basic principles of the eddy-covariance technique for measuring turbulent fluxes in a 
micrometeorological environment; sensor-design criteria for application to CO2 fluxes and mixing ratios 
measured in the atmosphere near the earth’s surface; discussion of the merits of commercially available 
sensors and eddy-covariance system components; the use of the technique in horizontally homogeneous 
applications, such as over crop fields and forest canopies; the application of the eddy-covariance 
technique to isolated sources via the source “footprint” concept; discussion of our recent experience with 
the footprint technique in geothermal regions;  possible complications of extending this technique to 
complex terrain; expected measurement precision and detection limits. 
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2.3.3.4  Introduction 
 
The goal of the project is to produce a report that documents the predicted stress effects on, and responses 
by, both reservoirs and seals resulting from storage of CO2 in geological formations.· 
 
In particular, to study the expected geomechanical responses of both reservoirs and seals, and the 
optimum technologies for verification of geomechanical responses, and in particular technologies for 
early leak detection. 
 
 
2.3.3.5  Experimental 
 
No experimental methods are being used for the research.   
 
 
2.3.3.6  Results and Discussion 
 
Deliverables will be: 
 
1. Brief discussion of CO2 storage processes, concentrating on the likely changes in stress fields in 

the reservoir and the seal. 
 
2. Discussion of seal characterisation especially relating to seal capacity measurement 
 
3. Discussion of the factors controlling geomechanical changes which are predicted to occur, with a 

focus on likelihood of induced seismicity, fault reactivation and fault or fracture initiation, and 
measures to be taken to reduce likelihood. 

 
4. Discussion of Monitoring technologies available and the underlying changes in physical/chemical 

properties being measured, concentrating on those that appear most suitable to detect changes in 
stress in both the reservoir and seal, again with a focus on induced seismicity.  

 
5. Review of technologies that appear suitable for early leak detection. 
 
2.3.3.7  Conclusion 
 
This report was contracted in July 2003 and work is underway, but no conclusions have been drawn at 
this time. 
 
 
2.3.3.8  References 
 
Not applicable.  
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2.4  Monitoring 
 

2.4.1  Monitoring Systems for Small Leakage Rates 
 



972 

Report Title  
CO2 Capture Project - An Integrated, Collaborative Technology Development 
Project for Next Generation CO2 Separation, Capture and Geologic 
Sequestration 
 
Monitoring Systems for Small Leakage Rates 
 
Report Reference 
2.4.1 
 
 
 
 
 
 
 
Type of Report: Semi-Annual Report  
 
Reporting Period Start Date: February 2003 
 
Reporting Period End Date:  July 2003 
 
Principal Author(s): Yongchun Tang and Patrick J. Shuler 
 
Date Report was issued:  August 2003 
 
DOE Award Number: DE-FC26-01NT41145 
 
Submitting Organization: Tang Associates 
 
Address: Attention: Yongchun Tang 
 1904 Tambor Court 
 Rowland Heights, CA 91748 
 
 
 
 
 
 
 
Disclaimer 
 
This report was prepared as an account of work sponsored by an agency of the United States Government.  
Neither the United States Government nor any agency thereof, nor any of their employees, makes any 
warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, 
completeness or usefulness of any information, apparatus, product, or process disclosed, or represents that 
its use would not infringe privately owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or otherwise does not necessarily constitute 
or imply its endorsement, recommendation, or favoring by the United States Government or any agency 
thereof.  The views and opinions of authors expressed herein do not necessarily state or reflect those of 
the United States Government or any agency thereof. 



973 

 
2.4.1.1  Abstract 
 
This project just has begun in mid-July 2003, following the recent execution of a contract agreement with 
BP.  The project plans calls for completion by October 31, 2003. 
 
The objective of this project is to perform calculations that will estimate the capability of various ground-
level analytical instruments to monitor for leakages of carbon dioxide associated with a subsurface 
injection sequestration project.  In particular, our focus will be to assess the ability of ground-level 
instruments to detect successfully the leakage of as little as 1% of the total carbon dioxide injected into 
the subsurface.  This new project is a follow-up to a previous desk study for the CCP Consortium in 
which Tang Associates provided a survey of current and potential carbon dioxide monitoring 
technologies.  
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2.4.1.3  Introduction 
 
One of the greatest challenges in a subsurface carbon dioxide sequestration project is to verify that this 
greenhouse gas is injected successfully and remains in fact below ground and does not leak back into the 
atmosphere.  Such subsurface injection projects typically occupy several or more square miles and have 
many potential sources of leaks, such as in the surface facilities, from the wellbores, and via migration 
through the strata back to the surface.  Another important consideration is that the monitoring program 
must be planned to be reliable over a time frame of many years.        
 
Tang Associates provided a paper study to the CCP Consortium in 2002 concerning various instruments 
capable of measuring atmospheric carbon dioxide concentrations.  A number of commercially available 
instruments were identified, as well as some potential new technologies for monitoring for leakages of 
carbon dioxide associated with a sequestration project (Reference 1).   
 
The CCP Consortium has agreed to sponsor Tang Associates to conduct a follow-up desk study to assess 
the capability of existing ground-level instruments (and also analytical instruments that could become 
available based on new technology) to monitor successfully leakages of carbon dioxide associated with a 
subsurface disposal project.  In particular, CCP has the objective of being able to detect a leakage of 1% 
or less of the total carbon dioxide sequestered back into the atmosphere.  We will perform a series of 
calculations to answer the question that with the sensitivities of the instruments identified in our previous 
report to CCP, what level of carbon dioxide leakage could be detected.  Several anticipated scenarios for 
carbon dioxide leaks and design of monitoring programs will be considered and evaluated in this study.  
The calculations will be organized into an Excel spreadsheet file.  This computer software will be a user-
friendly tool that others may use to study the anticipated sensitivity of their particular carbon dioxide 
monitoring program subsequent to the completion of this project  
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2.4.1.4  Executive Summary 
 
This project just has begun in mid-July 2003, following the recent execution of a contract agreement with 
BP.  The work plan has project completion slated by October 31, 2003.  
 
The objective of this project is to perform calculations that will estimate the capability of various ground-
level analytical instruments to monitor for leakages of carbon dioxide back into the atmosphere.  Loss of 
injected carbon dioxide is a long-term risk associated with any subsurface injection sequestration project.  
In particular, our focus will be to assess the ability of a package of ground-level instruments to detect 
successfully the leakage of as little as 1% of the total amount of carbon dioxide injected into the 
subsurface back into the atmosphere.   
 
This new project is a follow-up to a previous desk study for the CCP Consortium completed in February, 
2002, in which Tang Associates provided a survey of current and potential atmospheric carbon dioxide 
measurement technologies (Reference 1).  This survey included a description of various instruments, and 
their detection limits and sensitivities.  This information is some of the input data required for this new 
study which is now just started. 
 
The project plan includes writing software code (Excel, spreadsheet program) that will calculate the 
detection limit for carbon dioxide leakage into the atmosphere at ground level for a given instrument 
monitoring program and gas leakage scenario.  The final report will include several worked examples.   
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2.4.1.5  Experimental / Planned Methodology 
 
2.4.1.5.1  Work Plan 
 
Our previous report to the CCP Consortium (Reference 1) includes a description of a number of ground-
level commercial instruments for the detection of carbon dioxide concentrations in air.  Vendors of these 
instruments that are designed for point detection of carbon dioxide concentration provide specifications 
for instrument accuracy, lower limit of detection, and precision.  Based on these instrument specifications 
and making a series of assumptions concerning the sequestration project operation (such as the source of 
leak, detector location, weather conditions, etc.), one can estimate at what level of carbon dioxide leakage 
these instruments could successfully identify a problem.  We will consider only an analysis of subsurface 
injection sequestration projects under several different operating/leakage scenarios.  The target the CCP 
Consortium has set for a ground-level monitoring system is that it be able to identify reliably as little as 
leakage of 1% of the entire volume of injected carbon dioxide. 
 
This same mathematical analysis will be performed for experimental/developmental instruments such as 
the laser-based detection system proposed in our previous report (Reference 1).  For these instruments 
where the detection characteristics are not yet established; we will use estimated lower and upper ranges 
of instrument performance in the analysis of its capability for detection of carbon dioxide leakages in a 
field project.    
 
The required calculations should lend themselves to being organized into an Excel spreadsheet program.  
The software will be made fairly simple with sufficient documentation so that other users may be able to 
calculate conveniently the capability of a carbon dioxide detection program with their own input 
parameters for instrument specifications and sequestration project leakage scenarios.      
 
2.4.1.5.2  Deliverables 
 
1. A spreadsheet program that performs calculations for the capability of leakage detection of 

carbon dioxide, given an instruments performance specifications and the assumed operating 
conditions of a subsurface sequestration project. 

 
2. Several worked examples that illustrate the use of the spreadsheet program.  Calculate in these 

examples the capability of different instruments to detect a 1% leakage of carbon dioxide for 
several different sequestration project scenarios.         

 
3. A written report documenting this work.    
 
 
2.4.1.6  Results and Discussion 
 
None at this time. 
 
 
2.4.1.7  Conclusion 
 
None at this time. 
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2.4.2  Investigation of Novel Geophysical Techniques for 
Monitoring of CO2 Migration 
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2.4.2.1  Abstract 
 
A number of different geophysical techniques are considered in this project.  Seismic, gravity, 
electromagnetic and streaming potential (SP) geophysical techniques are being considered as CO2 
monitoring tools in this study.  To date, seismic, gravity and SP have been modeled and will be 
considered in this report.  Numerical modeling has been done on flow simulations based on a proposed 
CO2 sequestration project on the North Slope of Alaska as well as a project in South Texas (to be begun 
in fall 2003).  The SP modeling done for the project is more limited that the other geophysical techniques 
because the SP modeling codes are restricted to steady state injection in 2D whereas all other geophysical 
modeling is three-dimensional.  The SP part of the project has also involved laboratory measurements of 
fundamental properties of SP for CO2 injection into sedimentary rocks.  
 
In order to compare spatial resolution of seismic, gravity and electromagnetic techniques being 
considered for CO2 sequestration monitoring we have used three-dimensional flow simulation models of 
reservoirs in conjunction with rock-properties relations developed from log data to produce geophysical 
models from the flow simulations.  The model used in this report is based on the proposed Schrader Bluff 
CO2 sequestration project on the North Slope of Alaska.  The Schrader Bluff reservoir is 30 m thick oil 
saturated sandstone unit at the depth of 1100 – 1200 m.   
 
The magnitude of the surface gravity response calculated for Schrader Bluff is approximately an order of 
magnitude above the gravimeter sensitivity, and therefore measurable in the field.  However, the 
difference caused by CO2 injection over a 5-year period is only about 0.5 µGal, which is in the noise level 
of the field survey (Hare, 1999).  The decrease in the gravitational attraction of the reservoir is caused by 
increased CO2 saturations reducing the bulk density of the reservoir.  The spatial pattern of the change in 
the vertical gradient of gravity has a strong correlation with the change in reservoir pressure.  Just as with 
the vertical component of gravity, the magnitude of the gradient signal measured in the field is above the 
gradiometer accuracy, but the difference between initial conditions and 5 years into CO2 injection is very 
small.  If the changes in dGz/dz could be measured, due to advances in technology, it offers a potential 
tool for monitoring.  In addition to surface gravity measurements, we have also modeled borehole gravity 
measurements.  The difference in both the borehole vertical component of gravity and the borehole 
vertical gravity gradient (dGz/dz) identifies the position of the reservoir.  The sign of the change reflects 
the changes in the local densities caused by either water or CO2 saturation changes. 
 
The seismic amplitude associated with the reservoir interval in the Schrader Bluff model shows a large 
response to changes is water and CO2 saturation produced by the simulated CO2 sequestration.  In 
addition, the AVO response of the reservoir reflections shows a significant change as sequestration 
proceeds.  Both amplitude and AVO can be exploited to make quantitative estimates of saturation 
changes.  Forward calculations using Zoeppritz equation for both 2005 and 2020 models support this 
argument.  We have developed an AVO inversion technique for estimating saturations from AVO data 
that will be applied to the synthetic data set by the end of the project.   
 
The SP method has the potential to be a low-cost low-resolution method of large scale reservoir 
monitoring.  Compared to other geophysical techniques relatively little quantitative work has been done 
on the SP technique.  To quantify the magnitude of the SP response caused by CO2 injection considerable 
effort has gone into laboratory measurements of the SP as function of CO2 injection into sandstone.  
These studies have shown that the coupling coefficients for CO2 are large enough to cause an SP signal 
that could be measured in the field depending on the injection rate, depth of the reservoir and geologic 
setting.  As the CO2 displaces the water the coupling coefficient decreases.  On average, the coupling 
coefficients observed for CO2 flow is about 10 times lower than for water flow in the same sample.  
However, the maximum SP signal comes from the flood front where CO2-water mixing is occurring.  This 
provides a benefit in that the signal source region is spatially confined to the advancing front, allowing 
higher spatial resolution.  
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2.4.2.4  Introduction 
 
Cost effective monitoring of reservoir fluid movement during CO2 sequestration is a necessary part of a 
practical geologic sequestration strategy.  Current petroleum industry seismic techniques are well 
developed for monitoring production in petroleum reservoirs.  The cost of time-lapse seismic monitoring 
can be born because the cost to benefit ratio is small in the production of profit making hydrocarbon.  
However, the cost of seismic monitoring techniques is more difficult to justify in an environment of 
sequestration where the process produces no direct profit.  For this reasons other geophysical techniques, 
which might provide sufficient monitoring resolution at a significantly lower cost, need to be considered.   
 
In order to evaluate alternative geophysical monitoring techniques we have undertaken a series of 
numerical simulations of CO2 sequestration scenarios.  These scenarios have included existing projects 
(Sleipner in the North Sea), future planned projects (GeoSeq Liberty test in South Texas) as well as 
hypothetical models base on generic geologic settings potentially attractive for CO2 sequestration.  In 
addition, we have done considerable work on geophysical monitoring of CO2 injection into existing oil 
and gas fields, including a model study of the Weyburn CO2 project in Canada and the Chevron Lost Hills 
CO2 pilot in Southern California.  A paper to be published in September 2003 in Geophysics on the 
quantitative estimation of CO2 saturations is included as Appendix A. 
 
Work in 2003 has concentrated in 2 areas; 1) developing a detailed three dimensional numerical model of 
the proposed Schrader Bluff CO2 pilot on the North Slope of Alaska and 2) laboratory measurements of 
the streaming potentials produced by CO2 injection into brine saturated sedimentary rocks.   
 
Although we are specifically interested in considering “novel” geophysical techniques for monitoring we 
have chosen to include more traditional seismic techniques as a bench mark so that any quantitative 
results derived for non-seismic techniques can be directly compared to the industry standard seismic 
results.  This approach will put all of our finding for “novel” techniques in the context of the seismic 
method and allow a quantitative analysis of the cost/benefit ratios of the newly considered methods 
compared to the traditional, more expensive, seismic technique. 
 
The Schrader Bluff model was chosen as a numerical test bed for quantitative comparison of the spatial 
resolution of various geophysical techniques being considered for CO2 sequestration monitoring.  We 
began with a three dimensional flow simulation model provided by BP Alaska of the reservoir and 
developed a detailed rock-properties model from log data that provides the link between the reservoir 
parameters (porosity, pressure, saturations, etc.) and the geophysical parameters (velocity, density, 
electrical resistivity).  The rock properties model was used to produce geophysical models from the flow 
simulations.   
 
So far we have results from gravity and seismic modeling and laboratory measurements of CO2 induced 
streaming potentials in sandstone.  Laboratory studies have shown that the streaming potential signal 
caused by CO2 injection should be measurable in the field for certain scenarios.  This is an interim report, 
with work on surface seismic, AVO analysis and electromagnetic modeling on-going.   
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2.4.2.5 Executive Summary 
 
Work in 2003 has concentrated in 2 areas; 1) developing a detailed three dimensional numerical model of 
the proposed Schrader Bluff CO2 pilot on the North Slope of Alaska and 2) laboratory measurements of 
the streaming potentials produced by CO2 injection into brine saturated sedimentary rocks.   
 
Although we are specifically interested in considering “novel” geophysical techniques for monitoring we 
have chosen to include more traditional seismic techniques as a bench mark so that any quantitative 
results derived for non-seismic techniques can be directly compared to the industry standard seismic 
results.  This approach will put all of our finding for “novel” techniques in the context of the seismic 
method and allow a quantitative analysis of the cost/benefit ratios of the newly considered methods 
compared to the traditional, more expensive, seismic technique. 
 
The Schrader Bluff model was chosen as a numerical test bed for quantitative comparison of the spatial 
resolution of various geophysical techniques being considered for CO2 sequestration monitoring.  We 
began with a three dimensional flow simulation model provided by BP Alaska of the reservoir and 
developed a detailed rock-properties model from log data that provides the link between the reservoir 
parameters (porosity, pressure, saturations, etc.) and the geophysical parameters (velocity, density, 
electrical resistivity).  The rock properties model was used to produce geophysical models from the flow 
simulations.   
 
So far we have results from gravity and seismic modeling and laboratory measurements of CO2 induced 
streaming potentials in sandstone.  Laboratory studies have shown that the streaming potential signal 
caused by CO2 injection should be measurable in the field for certain scenarios.  This is an interim report, 
with work on surface seismic, AVO analysis and electromagnetic modeling on-going.   
 
The magnitude of the surface gravity response over the Schrader Bluff model (3 mGal) is about an order 
of magnitude above the gravimeter sensitivity, and therefore measurable in the field, the difference caused 
by CO2 injection for a period of five years is only about 0.5 µGal, which is in the noise level of the field 
survey (Hare, 1999).  The reduction in the vertical component of gravity is caused by increased CO2 
saturations reducing the bulk density of the reservoir.  The change in the vertical gradient of gravity has a 
strong correlation with the change in pressure within the reservoir.  Again, the magnitude of the signal 
which would be measurable in the field (2–10 EU) is above the gradiometer accuracy (0.5–1 EU), but the 
difference between initial conditions and 5 years into CO2 injection is very small (~0.005 EU).  This 
change in vertical gradient would be considered undetectable given current estimates of gradiometer 
accuracy.  However, if the changes in dGz/dz could be measured, due to advances in technology, 
measurement procedures and background noise reduction, the model results show a high degree of spatial 
correlation between changes in dGz/dz and the pressure changes, offering a potential low cost monitoring 
tool.  
 
The time-lapse changes in the borehole gravity response and in the vertical gravity gradient (dGz/dz) 
clearly identifies the position of the reservoir.  The sign of the change reflects the changes in the local 
densities caused by either water or CO2.   
 
There is a significant change in seismic amplitude associated with the reservoir caused by the changes is 
water and CO2 saturation as sequestration proceeds.  In addition, there is a large change in the AVO 
response from the reservoir interval.  Both seismic amplitude and AVO can be exploited to make 
quantitative estimates of saturation changes.  Forward calculations using Zoeppritz equation for both five 
and twenty years into injection support this argument.  We have developed an AVO inversion technique 
for estimating saturations from AVO data that will be applied to the synthetic data set in by the end of the 
project.   
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Laboratory studies showed that the coupling coefficients for CO2 are large enough to cause SP signal 
measurable in the field.  As the CO2 displaces the water the coupling coefficient decreases.  On average, 
the coupling coefficients observed for CO2 flow is about 10 times lower than for fresh water flow in the 
same sample.  The most effective way to spatially monitor injected CO2 flow is to monitor the 
progressing CO2/water front, where the coupling coefficient is largest.   
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2.4.2.6  Experimental 
 
In order to compare spatial resolution of various geophysical techniques being considered for CO2 
sequestration monitoring we have used a three-dimensional flow simulation model of reservoirs in 
conjunction with rock-properties relations developed from log data to produce geophysical models from 
the flow simulations.  Work in this report is done for the model based on the proposed Schrader Bluff 
CO2 sequestration project on the North Slope of Alaska.  The Schrader Bluff reservoir is 30 m thick 
sandstone unit at the depth of 1100 – 1200 m.  .  Figure 1 shows a 3-D view of the portion of the reservoir 
under consideration for a CO2 sequestration test.   
 

 
Figure 1:  Three-dimensional view of the portion of the reservoir under consideration for CO2 sequestration test at 
Schrader Bluff.  Depths range between 3800 and 4400 feet true vertical depth. 

 
Rock properties models were developed from log data for the reservoir.  These models relate reservoir 
parameters to geophysical parameters and are used to convert the flow simulation models to geophysical 
models (Vp, Vs, density and electrical resistivity).  A detailed description of the rock-properties modeling 
process is given by Hoversten et al. 2003.  Time-lapse snap shots of the reservoir at initial conditions and 
5-year increments out to 2035 were used.  The injection strategy is to inject alternating slugs of water and 
CO2 (WAG).  This produces complicated spatial variations in both CO2 and water saturation within the 
reservoir over time. 
 
2.4.2.6.1  Gravity modeling  
 
A snapshot of the model at initial conditions, before CO2 injection begins, is shown in Figure 2.  Figure 
2a is a cross-section of bulk density as a function of depth and distance in the x-direction between a pair 
of injection wells.  The reservoir interval is outlined in white on Figure 2a.  Figure 2b is a plan view of 
the density at initial conditions at a depth of 1200 m.  The positions of the gravimeters are indicated by 
black squares.  In this case, Figure 2a shows gravimeters located in two wells roughly 8 km apart.  
Spacing between the gravimeters in depth (z) is 10 m outside of the reservoir and 5 m inside of the 
reservoir.  The plan view of the reservoir (Figure 2b) shows positions of 23 injecting wells taken from the 
reservoir simulation.   
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Figure 2a: Cross-section of a density field (kg/m3) as a function of depth and distance in x-direction. 

 

 
Figure 2b: Plan view of a density (kg/m 3) field at a depth z = 1200 m. 

 
Figure 3 shows a plan view of differences in the model density, CO2 saturation, and reservoir pore 
pressure, respectively, between initial conditions and 5 years into CO2 injection.   
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Figure 3a: Plan view of a difference in model density (kg/m 3) between initial condition and 5 years into CO2 
injection (density at 5 years – initial density). 
 

 
Figure 3b: Plan view of a difference in model CO2 saturation between initial condition and 5 years into CO2 
injection. 
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Figure 3c: Plan view of a difference in reservoir pore pressure (MPa) between initial condition and 5 years into CO2 
injection. 

 
Surface and borehole gravity responses have been calculated for this model.  The surface gravity response 
was calculated for a grid of stations with 1 km spacing from 2000 m to 22000 m in x and from 2000 m to 
16000 m in y direction.  Figure 4a shows a difference in the surface gravity response between initial 
conditions and 5 years into CO2 injection.  Although the magnitude of the surface vertical component of 
gravity (3 mGal) is about an order of magnitude above the gravimeter sensitivity, and therefore 
measurable in the field, the difference caused by CO2 injection is only about 0.5 µGal, which is in the 
noise level of the field survey (Hare, 1999).  The decrease in the vertical component of gravity is caused 
by increased CO2 saturations reducing the bulk density of the reservoir.   

 
Figure 4a: Difference in the surface gravity response (µGal) between initial conditions and 5 years into CO2 
injection.  
 

The change in the vertical gradient of gravity (Figure 4b) has a strong correlation with the 
change in the reservoir pressure.  Again, the magnitude of the signal measured in the field (2–10 EU) is 
above the gradiometer accuracy (0.5–1 EU), but the difference between initial conditions and 5 years into 
CO2 injection is very small (~0.005 EU).  If the relationship between pressure changes in the reservoir 
and the changes in dGz/dz could be measured by future technology, it offers an obvious tool for 
monitoring.  These results suggest future analysis to determine the maximum sensitivity of dGz/dz that 
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could be obtained by permanent emplacement of sensors with continuous monitoring coupled with real-
time data reduction to reduce noise levels. 

 
Figure 4b: Difference in the vertical gradie nt dGz/dz response (EU) between initial conditions and 5 years CO2 
injection. 
 
Similar plots done for initial condition and 20 years into CO2 injection at the depth of 1200 m are shown 
in Figure 5.  Figure 5a is a difference in the gravity response, while Figure 5b is a difference in the 
vertical gradient response.  The magnitude of the differences in both plots increased, although only the 
difference in the gravity response would be measurable in the field.   

 
Figure 5a: Difference in the gravity response (µGal) at the depth of 1200 m between initial conditions and 20 years 
into CO2 injection. 
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Figure 5b: Difference in the vertical gradient dGz/dz response (EU) at the depth of 1200 m between initial conditions 
and 20 years CO2 injection. 

 
In addition to surface gravity and gravity gradient responses we have analyzed borehole gravity as well.  
Figure 6 is the difference in the water saturation between 2020 and initial conditions along a vertical slice 
through the reservoir at an injection well.  Figure 7 is the difference in the CO2 saturation between 2020 
and initial conditions.  At the top of the reservoir near the injection well, the water saturation decreases 
while the CO2 saturation increases.  At the bottom of the reservoir, there is no CO2 while the water 
saturation increases due to migration of water away from the injected CO2.  The vertical component of 
gravity measured in the borehole, shown in Figure 8, reflects this change by a decrease in the response at 
the top of the reservoir, and an increase in the response at the bottom of the reservoir.  The change in the 
response is ± 8 µGal.  The reservoir is between 1325 and 1350 m.  The difference in gravity response 
between 2020 and initial conditions (Figure 9) identifies the position of the reservoir.  The sign of the 
change reflects the changes in the local densities caused by either water or CO2.  In both figures, Figure 8 
and 9, the reservoir is outlined by the blue area.   
 

     
Figure 6: Difference in water saturation between 2020 and initial conditions. Greens and blues are an increase in 
water saturation, yellows and reds are a decrease. 
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Figure 7: Difference in CO2 saturation between 2020 and initial conditions. Greens and blues are an increase in CO2 
saturation, yellows and reds are a decrease. 

 
 

 
Figure 8: Borehole gravity response for initial conditions (blue) and 2020 (red). 
 

 
Figure 9: Difference between gravity response in 2020 and initial conditions. 
 




