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1.0 Abstract 
 
The 2005-2009 CO2 Capture Project Phase 2 (CCP2) Storage Monitoring and Verification (SMV) 
technical program has made significant progress addressing technical and policy issues that will 
facilitate assurance of the safety and security of geological storage of carbon dioxide (CO2).  
Much of the current CCP2 – SMV program was developed to address critical issues in CO2 
storage identified from the CCP Phase 1 (CCP1) SMV program.  One of the critical issues 
identified in CCP1 is stakeholder assurance of the safety and security of CO2 storage in 
unmineable coal beds.  This project, which is co-funded by the CO2 Capture Project (CCP) and 
the U.S. Department of Energy (DOE), was comprised of three tasks designed to address this 
issue.  Critical topics addressed by this project included (1) the integrity of coal bed methane 
(CH4) geologic and engineered systems, (2) the optimization of the coal bed storage process, and 
(3) reliable monitoring and verification systems appropriate to the special conditions of CO2 
storage and flow in coals.   
 
Simulation studies conducted by Sproule Associates (Calgary, Canada) of CO2 injection into coal 
beds in the planned DOE Southeast Regional Partnership’s Deerlick Creek field, Alabama pilot 
area identified operating conditions that would minimize leakage of CO2 and maximize 
production of methane.  Simulation results based on the planned CO2 injection into the Deerlick 
Creek test site predicted that the planned CO2 injection scheme should be successful with no CO2 
breakthrough to a producing well.  A number of longer term CO2 injection scenarios ranging from 
10 to 43 years of CO2 injection showed lower than predicted CO2 sequestration capacities and a 
decline in CH4 recovery for most of the cases studied.  Migration of injected CO2 through natural 
fissures to the surface is highly unlikely, even over centuries.  Collaboration between Lawrence 
Berkeley National Laboratory and Sproule Associates allowed flow simulation results to be used 
to develop geophysical models to simulate gravity and electromagnetic (EM) responses from coal 
beds containing CO2.  The simulation results showed that lower cost alternatives to seismic 
measurements for monitoring CO2 movement in coals may be applicable under certain 
circumstances.  The simulation results indicated that even the small volumes (900 tonnes) of CO2 
being injected into the Deerlick Creek coal seams for the pilot should be detectable using gravity 
or EM monitoring techniques.  Inversion of synthetic gravity data accurately predicted the 
location of the CO2 plume.  Inverting seismic and EM data jointly yielded much better estimates 
of CO2 saturation than did inversion of seismic data alone.  Previous work at the University of 
California, Santa Cruz on the detection of CO2 emissions using visible - shortwave hyperspectral 
imagery was extended to the thermal infrared region.  Airborne measurements with a MASTER 
(MODIS/ASTER Airborne Simulator) instrument were obtained of engineered CO2 and methane 
leaks at the Rocky Mountain Oilfield Testing Center in Wyoming.   Results showed the 
MASTER instrument to be unsuitable for direct detection of CO2 and CH4 leaks as it is currently 
configured.  However, the MASTER instrument may be useful for detecting large –scale CH4 
ground leaks.
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3.0 Executive Summary 
 
This project was comprised of three tasks 
 

• Task 1.0 – Simulation of CBM and CO2 ECBM recovery processes and operating practices 
that could lead to leakage of methane or CO2 (Sproule Associates Limited) 

• Task 2.0 – Direct, remote detection of methane and CO2 leakage from a coal (mining, EBM 
or CO2 ECBM) or other geologic storage facility (University of California Santa Cruz) 

• Task 3.0 – Modeling the resolution of inexpensive novel non-seismic geophysical 
monitoring tools to detect gas behavior within coal seams and generically in the rock 
overburden (Lawrence Berkeley National Laboratory) 

 
aimed at advancing carbon dioxide (CO2) sequestration monitoring, verification and risk assessment 
technology to include coal beds.  The project was co-funded by the CO2 Capture Project (CCP) and 
the U.S. Department of Energy (DOE).  The Sproule Associates Limited and UC Santa Cruz tasks 
were managed by the CCP.  The Lawrence Berkeley task was accomplished through a related 
Field Work Proposal/CRADA arrangement. 
 
The tasks included in this project built on earlier results from the CO2 Capture Project phase I 
(CCP1) Storage, Monitoring, and Verification (SMV) program.  More than 30 SMV projects 
were completed during CCP1 and at the end of CCP1 an assessment was made on the status of 
and further science and technology needs for the safe and effective geological storage of CO2.  
This project constitutes a part of the CO2 Capture Project’s effort to address some of these issues 
by addressing stakeholder assurance of the safety and security of CO2 storage in unmineable coal 
beds. 

The tasks in this project address three critical topics where the need for further work was 
identified in the monitoring, verification and risk assessment of CO2 storage projects in coal beds.  
The three critical topics identified were – (1) the integrity of coal bed methane (CBM) geologic and 
engineered systems, (2) the optimization of the coal bed storage process, and (3) reliable monitoring 
and verification systems appropriate to the special conditions of CO2 storage and flow in coals.   

The objectives of the three tasks in this project were: 

• to establish CO2 injection and methane (CH4) production procedures in deep, unminable coals 
that would avoid CO2 and CH4 leakage, 

• to develop a cost-effective technology to monitor the movement of CO2 and CH4 gases in 
subsurface coals, and  

• to develop a technology for detecting CO2 and CH4 at the surface, should leakage occur. 

All three tasks addressed the behavior of CH4 in addition to CO2 since a substantial leakage of CH4 
would negate the climate benefits of CO2 storage.    

The advances in CO2 and CH4 leakage risk assessment, detection, and mitigation achievable 
through this project would help provide assurance for geological storage at substantial cost 
savings. The two gas monitoring technologies, non-seismic geophysical techniques and aerial 
hyperspectral detection of seepage, are innovative approaches that could offer considerable cost 
savings over conventional techniques. 
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Task 1.0 (“Simulation of CBM and CO2 ECBM recovery processes and operating practices that 
could lead to leakage of methane or CO2”) used simulation studies of CO2 injection into coal beds 
in the Deerlick Creek field in Alabama, the location of one of the DOE Southeast Regional 
Carbon Sequestration Partnership’s planned geologic sequestration pilots.  Simulations were 
designed to identify operating conditions that would minimize leakage of CO2 and maximize 
production of methane.  Methane is produced from three coal groups in the Deerlick Creek pilot 
area so a simplified model was constructed to investigate CO2 injection into coal seams in these 
three zones.  Simulation results predicted that the planned CO2 injection scheme for the Deerlick 
Creek field pilot should be successful with no CO2 breakthrough to a producing well.  A number 
of longer term CO2 injection scenarios were evaluated ranging from 10 to 43 years of CO2 
injection.  Results showed lower than predicted CO2 sequestration capacities and a decline in CH4 
recovery for most of the cases studied.  A model with 786 layers from the surface to the base of 
the Black Creek coal was constructed to simulate leakage of CO2 from the coal seams into 
shallower formations and possibly to the surface.  Results showed some leakage of CO2 out of the 
coals but no migration to the surface through natural fissures. 
 
Task 2.0 (“Direct, remote detection of methane and CO2 leakage from a coal (mining, EBM or CO2 
ECBM) or other geologic storage facility”) evaluated aerial thermal hyperspectral monitoring as a 
means of detecting CO2 and methane leakage over large areas.  This task built on work conducted 
for CCP1 extending work using Visible-Shortwave InfraRed hyperspectral imagery into the 
Thermal InfraRed (TIR).  Airborne measurements with a MASTER (MODIS/ASTER Airborne 
Simulator) instrument were obtained of engineered CO2 and methane leaks at the Rocky 
Mountain Oilfield Testing Center in Wyoming.  Modeling studies done to assess the likelihood of 
MASTER being able to detect the changes in CO2 and CH4 concentrations that would result from 
the experimental leak rates predicted less than 1% change in CO2 transmittance for each CO2 leak 
rate and small reductions in transmittance for three of the four CH4 leaks.  At the highest CH4 
leak rate site, a 6% transmittance reduction was predicted and a 7.6% reduction was actually 
detected by MASTER.  MASTER images showed no consistent differences in images that could 
be attributed solely to CO2 or CH4 absorption except possibly at site 5, the location of the highest 
rate CH4 leak.  The MASTER instrument may, therefore, be useful for detecting large-scale CH4 
ground leaks but could probably not reliably detect CO2 from ground-based leaks.  A ‘pixel 
subtraction’ technique was developed for this study to test MASTER’s ability to detect CO2 
through very small changes in transmittance measured in pixels near the leak source.  Results 
with this method showed some promise for the larger leaks but were generally too inconsistent to 
allow MASTER to be used for this type of application. 
 
Task 3.0 (“Modeling the resolution of inexpensive non-seismic geophysical monitoring tools to 
detect gas behavior within coal seams and generically in the rock overburden”) evaluated 
electromagnetic and gravity measurements as methods for detecting CO2 injected into a coal bed.  
Results from a CCP1 study showed that these methods have potential in saline aquifers under 
certain circumstances.  Lawrence Berkeley National Laboratory used Sproule Associates’ flow 
simulation results to develop geophysical models to simulate gravity and electromagnetic (EM) 
responses from coal beds containing CO2.  Simplified density and EM models were used to 
conduct sensitivity studies for the two techniques to test their ability to detect the small volumes 
of CO2 to be injected into the three coal zones in the Deerlick Creek pilot.  Simulation results for 
both methods predicted that the response for each coal layer measured independently would be at 
or below the detection threshold, but taken together the three layers would produce a detectable 
response.  Data inversion was done with gravity, EM, and synthetic seismic data.  Inversion of the 
gravity data located the CO2 plume correctly.  Joint inversion of seismic and EM data gave better 
estimates of CO2 saturation than did inversion of seismic data only. 
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4.0 Introduction 
 
This project aimed to advance carbon dioxide sequestration monitoring, verification and risk 
assessment technology to include coal beds.  The project included two tasks that were executed by 
Sproule Associates Limited and the University of California Santa Cruz (UCSC) and a related Field 
Work Proposal/CRADA arrangement with Lawrence Berkeley National Laboratory (LBNL).  The 
three tasks comprising this project were: 
 

• Task 1.0 – Simulation of CBM and CO2 ECBM recovery processes and operating practices 
that could lead to leakage of methane or CO2 (Sproule Associates Limited) 

• Task 2.0 – Direct, remote detection of methane and CO2 leakage from a coal (mining, EBM 
or CO2 ECBM) or other geologic storage facility (University of California Santa Cruz) 

• Task 3.0 – Modeling the resolution of inexpensive novel non-seismic geophysical 
monitoring tools to detect gas behavior within coal seams and generically in the rock 
overburden (Lawrence Berkeley National Laboratory) 

 
The project was co-funded by the CO2 Capture Project and the U.S. Department of Energy.  The 
CO2 Capture Project is an international effort intended to address the issue of reducing CO2 
emissions resulting from the combustion of fossil fuels.  The CCP seeks to develop new 
technologies to reduce the cost of capturing CO2 from combustion sources and safely store it 
underground.  The objective is to reduce the impact of continued fossil energy use by 
implementing these new technologies while cleaner energy sources are being developed.  Phase I 
of the CCP (CCP1) ran from 2000 – 2004.  Phase II of the CCP (CCP2) started in 2004 and is 
scheduled to conclude in April 2009. 
 
More than 30 projects distributed over four technical themes (Integrity, Optimization, 
Monitoring, and Risk Assessment) were completed during the CCP1 Storage, Monitoring, and 
Verification program, one of eight major activity areas that comprised the CCP1 work program.  
From this work, an assessment was made on the status of and further science and technology 
needs for the safe and effective geological storage of CO2.   

The CCP2 SMV program, funded by the industry partnership of BP, Chevron, ConocoPhillips, 
Eni, Petrobras, Shell, StatoilHydro, and Suncor with additional support being received from the 
U.S. Department of Energy, the Norwegian Research Council, and CCP2 Associate Members 
Repsol and EPRI, is focused on technical assurance issues of importance to regulators, 
policymakers, and other stakeholders.  This project constitutes a part of the CO2 Capture Project’s 
effort to address some of these technology gaps during CCP2. 

This project included stakeholder assurance of CO2 storage in unmineable coal beds.  The tasks in 
this project addressed issues in the monitoring, verification and risk assessment of CO2 storage 
projects in coal beds.  As with all major types of geological storage venues, the integrity of geologic 
and engineered systems, optimization of processes, monitoring and verification, and risk assessment 
protocols are required in order to gain regulator, NGO and public acceptance of coal bed CO2 storage. 

The objectives of the three tasks in this project were: 

• to establish CO2 injection and methane production procedures in deep, unmineable coals that 
would avoid CO2 and CH4 leakage, 
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• to develop a cost-effective technology to monitor the movement of CO2 and CH4 gases in 
subsurface coals, and 

• to develop a technology for detecting CO2 and CH4 at the surface, should leakage occur. 

All three tasks addressed the behavior of CH4 in addition to CO2 since a substantial leakage of CH4 
would negate the climate benefits of CO2 storage. 

5.0 Project Management 
 
This project was co-funded by the CO2 Capture Project and the U.S. Department of Energy.  The 
Sproule Associates Limited and UC Santa Cruz tasks were managed by the CCP.  The Lawrence 
Berkeley task was accomplished through a related Field Work Proposal/CRADA arrangement.  

The CCP2 SMV team proposed these studies based on the recognition of scientific and technical 
gaps in the monitoring, verification and risk assessment of CO2 storage, specifically with regard 
to storage in coals.  The tasks in this project addressed three critical topics where the need for 
further work was identified in the monitoring, verification and risk assessment of CO2 storage 
projects in coal beds – (1) the integrity of coal bed methane geologic and engineered systems, (2) the 
optimization of the coal bed storage process, and (3) reliable monitoring and verification systems 
appropriate to the special conditions of CO2 storage and flow in coals.  The CCP2 SMV team 
selected researchers to conduct these studies that are recognized as scientific and technical leaders 
in the geological CO2 storage arena (UCSC; LBNL) and that have a proven track record of developing 
and testing ideas of coal bed methane and enhanced coal bed methane (ECBM) production (Sproule). 

Given the abundance of coal in the U.S. and the energy security that resource represents, research and 
development of technologies and processes on coal as a clean energy source and a CO2 sequestration 
venue is essential.   Like CO2 enhanced oil recovery (EOR), CO2 ECBM comprises a viable route to 
secure CO2 sequestration with an opportunity to recover capture and storage costs or make a profit.  In 
recent years there has been considerable research into ECBM production, primarily focused on coal 
characterization and performance simulation.  However, the tasks comprising this project were unique 
in that their focus was on avoidance of failure scenarios and the development of inexpensive, non-
conventional monitoring technologies for both methane and CO2 from coal. 

Project management by the CCP2 SMV team helped assure that these projects would produce 
results with practical application.  Modeling studies were required to be based on case studies of 
on-going ECBM or planned storage projects in coal beds and the CCP2 SMV team was 
instrumental in selecting the location for the case study.  Calibration of the models with actual 
data from an operating field would verify the tools as aids to industry, regulators, and NGOs in 
making informed decisions regarding CO2 sequestration in coals.  Model inputs were reviewed to 
assure that realistic inputs were used and that pertinent data was not omitted.  History matching 
exercises and injection scenarios were reviewed to make sure realistic assumptions and scenarios 
were tested.  Monitoring studies were assessed to guarantee they would support the CCP2 goals 
of targeting features such as wells, detecting lower rate leaks to the surface, and testing for CO2 
and CH4 simultaneously. 
 
The CCP2 SMV team also facilitated collaboration between project tasks.  The Sproule and 
LBNL modeling studies provided an excellent opportunity for collaboration between project 
tasks.  The Sproule task was to conduct flow simulations of the injection of CO2 into coal beds.  
Model construction for the flow simulations to be conducted by Sproule was to be based on 
publicly available geological and engineering data from a suitable field.  Basic simulations where 
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model inputs were varied were to be conducted in order to indentify the key model inputs.  These 
results were then to be used to construct a more detailed model for use in assessing the leakage of 
CO2 from sequestration operations in coal reservoirs. 
 
The opportunity for collaboration between Sproule and LBNL arose because the LBNL task 
required results from a flow simulation to develop a geophysical model.  The LBNL task 
involved integrating results from rock-properties, flow simulation, and geophysical modeling.  
Results from a flow simulation model (reservoir pressures, temperature, and saturations as 
functions of time) would be converted to geophysical parameters using a rock properties model.  
The rock properties model would provide the link between reservoir properties and geophysical 
measurements and take the porosity, pressure, and fluid saturation output from the flow 
simulations model and convert it to geophysical parameters that could be used to establish a 
reservoir geophysical model. 
 
The CCP2 SMV team facilitated collaboration between the Sproule and LBNL project tasks to 
allow LBNL to use the results from the Sproule flow simulations to construct their geophysical 
model.  In addition to the flow model results, Sproule would be able to provide LBNL access to 
log data they acquired.  Early collaboration between LBNL and Sproule guaranteed that (1) the 
size of the model constructed by Sproule would be sufficiently large for LBNL’s purposes, (2) 
Sproule would provide the data that LBNL needed, and (3) the data that Sproule provided would 
be in a format that LBNL could use. 
 
Both the Sproule and LBNL modeling studies were originally to be based on the Allison Unit 
field in San Juan County, New Mexico.  The Allison field is the site of an ECBM pilot in which 
CO2 is being injected into coal seams for the purpose of CH4 recovery.  The Allison field was 
considered to be an example of a representative field for modeling.  However, because of 
difficulties encountered in obtaining basic geologic information on the Allison Unit, a flow 
simulation model could not be constructed.  In addition, the type of log data acquired from the 
Allison Unit field could not be used to develop a rock physics model.   
 
The difficulty in obtaining data on the Allison Unit led the CCP to collaborate with the Southeast 
Regional Carbon Sequestration Partnership (SECARB) on identification of an alternative test site 
to model.  Following discussions with Dr. Jack Pashin of the Geological Survey of Alabama, the 
Blue Creek field in Tuscaloosa County, Alabama was selected as the alternative site.  Key to this 
decision was the availability of carbon dioxide, methane, and nitrogen adsorption isotherms for 
Blue Creek field coal samples and the availability of a better geological model for the Blue Creek 
field based on work by Dr. Pashin. 
 
Using data obtained from the Blue Creek field, a basic single well simulation model was 
constructed, key model parameters were identified, and simulations with the basic model were 
started to test the sensitivity of the model to the key parameters.  In addition, available logs for 
the Blue Creek field were obtained, data from which was to be used to construct the larger model 
of the field. 
 
In April 2006, the CO2 Capture Project was informed by Sproule Associates that the Sproule 
Denver office would close and project work would be transferred to the Sproule Calgary office.  
This change impacted the project in two ways.  First, the technical provider supporting the project 
would be changed by Sproule.  Second, the change to the Sproule Calgary office meant that the 
project would not meet the award requirement that at least 75% of the direct labor cost for the 
project be incurred in the United States.  As a result of these changes, contract amendments were 
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required by the DOE and work on the project was stopped until the amendments could be 
approved.  Approval to resume work was received from the DOE on August 1, 2006. 
 
To complicate matters further, during the work stoppage, the Southeast Regional Carbon 
Sequestration Partnership notified the CCP that they were changing the site for their ECBM pilot 
to the Deerlick Creek field which is located immediately to the south of the Blue Creek field.  
The change in pilot location required Sproule to obtain new log data and preliminary model 
construction had to be modified to match the new site geology.  The Blue Creek Field CO2 and 
CH4 adsorption isotherms obtained earlier were used for the Deerlick Creek field model. 
 
Obviously, delays in the execution of the Sproule project task impacted progress on the Lawrence 
Berkeley task since the LBNL work depended on obtaining the results from the flow simulations 
conducted by Sproule.  Because of the delay and the change in location for the case study, the 
CCP requested that LBNL perform a sensitivity study to determine the likelihood of density or 
EM logs detecting CO2 in coal at the depths and seam thicknesses found in the Deerlick Creek 
pilot area. 
 
In addition, the CCP2 SMV team requested that LBNL submit a proposal for conducting pre- and 
post-injection EM surveys at the Deerlick Creek pilot location.  Results from field surveys could 
confirm the simulation results.  The injection schedule for the Deerlick Creek pilot had been 
delayed so the opportunity existed to obtain the pre- and post-injection surveys.  LBNL 
conducted a field trip to the test site to evaluate the feasibility of conducting the surveys and the 
results of the field trip were encouraging.  However, shortly after the field trip was completed, the 
CCP was informed of a further delay in the Deerlick Creek pilot injection schedule which would 
preclude inclusion of the pre- and post-injection field surveys in the current project task work 
scope. 
 
The CCP was also instrumental in selecting the location for the overflight experiment to be 
conducted by the University of California, Santa Cruz.  The site originally chosen for conducting 
the MASTER overflight experiment was Mammoth Mt. CA.  Mammoth Mt. was selected because 
of the known CO2 leakage and good record of CO2 ground monitoring.  A suitable location to test 
for CH4 leakage had not been selected at the outset of the project but efforts were being focused 
on identifying areas near Mammoth Mt. 
 
The CCP2 SMV team decided that Mammoth Mt. was not a suitable site for conducting the 
overflight experiment because of the inability to test for both CO2 and CH4 at a single location.  
As a consequence, alternate sites were discussed with UCSC.  Discussions of alternative sites 
centered on  
 

• the DOE Rocky Mountain Oilfield Testing Center (RMOTC) in Wyoming, 
• the site of an ongoing CO2 leakage study in Montana, 
• two landfills in CA, and 
• a coal fire near Farmington, NM. 

 
The CCP2 SMV team and UCSC agreed that, of the available options, the RMOTC and landfill 
sites were the best choices for a test site and that the coal fires were a distant third.  The Montana 
location was not suitable because it could only be used to test for CO2.  Staff at RMOTC was 
contacted and approval to conduct the overflight experiments during the summer of 2006 was 
obtained.  RMOTC had the additional benefit that infrastructure existed on-site to conduct the 
leak tests. 
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6.0 Experimental Methods 
 
Task 1.0 – Simulation of CBM and CO2 ECBM recovery processes and operating practices that 

could lead to leakage of methane or CO2 (Sproule Associates Limited) 
 
The project task goal of establishing procedures for CO2 injection and CH4 production in deep, 
unmineable coals that would avoid CO2 and CH4 leakage was achieved by using a state of the art 
coal bed methane simulator.  Simulations were run using GEM, a compositional model with 
CBM capabilities, developed by the Computer Modeling Group.  Petrel geological modeling 
software was used to construct the model of the Deerlick Creek pilot area from log data. 
 
Task 2.0 – Direct, remote detection of methane and CO2 leakage from a coal (mining, EBM or CO2 

ECBM) or other geologic storage facility (University of California Santa Cruz) 
 
All of the technologies and instruments used for this task are standard.  Image analysis and 
interpretation used off-the-shelf software designed for hyperspectral data.  The major innovation 
was the way they were used simultaneously to achieve the task goals.  Aerial overflight 
experiments were conducted using the MASTER (MODIS/ASTER Airborne Simulator) 
instrument, developed by the NASA Ames Research Center in cooperation with the Jet 
Propulsion laboratory and operated by Airborne Sensor Facility.  The MASTER instrument, 
mounted in a Sky Cessna Caravan flying between 1000 and 2000 m above ground level, imaged 
the RMOTC site in nine complete and overlapping flight-lines. 
 
The program ALOHA (Area Location of Hazardous Atmospheres) was used to predict the 
concentrations of CO2 and CH4 that would occur 1 m downwind from the leak sources at 
RMOTC.  MODTRAN (moderate spectral resolution atmospheric transmittance algorithm and 
computer model) was used to predict transmittance at the RMOTC site that would correspond to 
the concentrations predicted by ALOHA.  PCModWin4.0, a graphical user interface for 
MODTRAN, was used to estimate the transmission of radiation through an atmospheric column 
altered by the CO2 or CH4 leaks. 
 
An ESD FieldSpec Pro ground-based spectrometer was used to conduct an analog experiment.  
Absorption through a 10 cm column of CO2 was measured with the FieldSpec Pro spectrometer.  
The 10 cm column of CO2 was created by filling a Ziploc® bag with CO2 discharged from a 16 
gram CO2 cartridge bicycle pump. 
 
Task 3.0 – Modeling the resolution of inexpensive novel non-seismic geophysical monitoring 

tools to detect gas behavior within coal seams and generically in the rock 
overburden (Lawrence Berkeley National Laboratory) 

 
Laboratory measurements of acoustic velocity, shear velocity, density, and electrical resistivity 
were obtained from experiments done at Lawrence Berkeley labs.  Measurements were made on a 
horizontal coal core plug from the upper Cretaceous Ferron Sandstone member of the Macos 
Shale (“A” coal bed, Ivie Creek #11, footage 293’4” to 294’0”, Loc Sec 20 T 235 R6E Salt Lake 
Meridian), Utah.  Experiments were conducted on the coal sample undergoing CO2 flood.  
Compressional and shear wave travel times were measured on a horizontal coal core plug using 
Panametric D7253 transducers.  Pulses were applied using an Instrument Research Company 
Model M1k-20 1000V Pulser and detected pulses were amplified by a Stanford Research Systems 
Model SR560 Low Noise Preamplifier.  Resistivity was measured using a GenRad 1692 RLC 
meter and QuadTech 7400B Precision RLC Meter.  The system was calibrated using water of 
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known conductivity.  Permeability was deduced using flow rates indicated by Isco syringe 
pumps, core geometry, and Druck and Validyne pressure transducers.  X-ray CT scanning was 
performed on a modified Seimens Somaton High-Q third generation medical CT scanner. 
 
Simulated gravity and magnetic data was inverted for fluid saturation and conductivity changes to 
transform changes into fluid saturations.  Inversion of the simulated data capitalized on 
developments in large scale massively parallel computing that provided this project with the latest 
state-of-the-art 3D forward and inverse capabilities for gravity, electromagnetic and seismic data. 
The simulated seismic data was imaged using industry-standard seismic processing and migration 
techniques followed by acoustic impedance and AVO inversion for reservoir fluid properties. 
 
 
7.0 Results and Discussion 

7.1 Task 1.0 – Simulation of CBM and CO2 ECBM recovery processes and 
operating practices that could lead to leakage of methane or CO2 (Sproule 
Associates Limited) 

7.1.1 Approach 
 
This task conducted simulation studies to optimize CH4 production and CO2 storage from an 
ECBM project.  In addition, simulation studies were conducted to investigate the amount of CO2 
leakage that might accompany CO2 injection into a coalbed.  A SECARB small scale injection 
(900 tonnes) of CO2 into the Deerlick Creek coal field in Alabama was used as the model for the 
simulations. 
 
Initially, a basic one well, one coal seam model was constructed to identify key model parameters 
and to test the sensitivity of the model to the key parameters.  The one well, one coal seam model 
was then expanded to include nine wells and 27 layers including 14 coal seams in the three major 
groups of coal beds found in the Deerlick Creek field.  Thirteen intervening shale layers were 
included in the model. 
 
The history-matched model was then used to simulate injection of CO2 into the coal seams and 
compare methane production and CO2 sequestration volumes resulting from various CO2 
injection scenarios.  A larger model with 786 layers that included the coal seams and overburden 
was constructed to simulate leakage of injected CO2 from the coal seams into the shallower 
formations and possibly to the surface. 
 
This task’s goals were achieved by using a state of the art coal bed methane simulator.  Migration 
of hydrocarbons through terrestrial strata has been extensively studied by the petroleum industry 
and simulators are commonly used to understand gas flow through porous media. Simulation of 
coal bed methane production operations is performed routinely in the oilfield to understand 
reservoir behavior and maximize coal gas recovery. 

7.1.2 Results and Discussion 
 
Model construction for this task used data obtained from the Deerlick Creek field in the Black 
Warrior basin in Alabama.  The Deerlick Creek field is the location of a planned small-scale 
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injection of CO2 into coal beds.  The test injection, about 900 tonnes of CO2, is one of the 
Southeast Regional Carbon Sequestration Partnership’s Phase II geologic sequestration projects. 
 
The SECARB test is a 4 acre pilot that includes a planned single injection well, Jobson 24-14 No. 
11 (State Oil and Gas Board of Alabama permit number 4001-C).  The pilot will involve injection 
of CO2 into each of three coal zones, the Pratt (427 – 457 m), the Mary Lee (579 – 609 m), and 
the Black Creek (732 – 762 m).  Model construction was based on log data for Deerlick Creek 
field wells obtained from the Alabama State Oil and Gas Board and MJ Systems.  Each zone has 
multiple coal seams and only those seams which (1) had a density less than 1.75 g/cc, (2) were 
thicker than 0.4 ft., and (3) had an API gravity less than 100 were included in the model.  
Adsorption isotherms were not available for the coals in the Deerlick Creek field, so adsorption 
isotherms for coals from the Blue Creek field, located to the north of the Deerlick Creek field, 
were used for this study.  These adsorption isotherms had been obtained earlier in anticipation of 
modeling the Blue Creek field.  The decision to use the Blue Creek coal adsorption isotherms was 
based on the expert opinion of Dr. Jack Pashin of the Alabama Geological Survey, who suggested 
that adsorption isotherms of the coals in these two fields should be similar since they are located 
in the same basin. 
 
The model constructed for the Deerlick Creek test included 27 layers, 9 wells, and covered an 
area of 1200 m2 (Fig. 7.2.6(2); Appendix A).  The 27 layers included 14 coals seams in the Pratt, 
Mary Lee, and Black Creek groups that passed the screening criteria, and thirteen intervening 
shale layers.  The 9 wells included the central injection well (4001-C) and eight surrounding 
production wells.  The SECARB test is actually only considering the injection well, but including 
the surrounding wells in the model allowed Sproule to perform a more detailed analysis of the 
CO2 storage and CH4 production options. 
 
Initial simulations of gas and water production failed to yield a good history match of gas 
production (Fig. 7.2.8(1); Appendix A).  The original gas-in-place input into the model was found 
to be less than the historical cumulative gas production and this was tested as a cause of the poor 
history match by including drainage from outside the coal model area.  A 2-D model was 
constructed of a larger area which included the 9 wells in the original model plus 43 additional 
off-setting wells (Fig. 7.2.9(1); Appendix A).  Stream lines showing the drainage areas for each 
well showed that all of the wells in the original model had drainage areas that extended beyond 
the boundaries of the model.  The contributions to CH4 production from outside the model area 
were subtracted from the production volume input into the model and the simulations run again.  
This resulted in a closer history match, but still failed to match field production. 
 
Gas and water production were subsequently successfully history matched by adjusting the cleat 
permeability and porosity and by applying less stringent screening criteria to the coal seams 
included in the model (Figs. 7.2.10(1-4) Appendix A).  Inclusion of thinner coal seams increased 
the number of layers in the model to 35, adding 4 coal seams and 4 shale layers.  The original 
gas-in-place (OGIP) in the model was further increased by including a small amount of gas 
saturation in the cleats.  This increased the total volume of gas in the model by about 1%.  
Originally, all of the gas in the model was gas that was adsorbed to the coal surface.  A certain 
degree of uncertainty remains in the history matching because of the lack of pressure data and 
production logging data. 
 
The history-matched model was then used to simulate injection of CO2 into the Deerlick Creek 
pilot area.  The pilot CO2 injection schedule and longer term CO2 injection were simulated.  The 
pilot injection schedule will involve injection of approximately 300 tonnes into each of the three 
coal zones.  Initially, 35 tonnes of CO2 will be injected into each zone followed by a 16 day 
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pressure stabilization period, after which the remainder of the CO2 will be injected.  Injection will 
be into the Black Creek zone first followed by injection into the two shallower zones. 
 
With the test schedule, CO2 injection into all three zones was successful.  The pressure increased 
significantly in each zone (Figs. 7.3.2(1-3); Appendix A) but in no case did CO2 break through to 
a producing well (Figs. 7.3.2(4-6); Appendix A).  The SECARB test should, therefore, have no 
difficulty injecting the planned volumes into the coal seams. 
 
Longer term injection of CO2 into the three coal zones was also simulated.  A number of injection 
scenarios were studied including  
 

• a base case with no CO2 injection 
• continuous CO2 injection for 10 years with continuous operation of production wells 
• continuous CO2 injection for 10 years with production wells shut-in after CO2 

breakthrough 
• continuous CO2 injection for 13 years, production wells shut-in, CO2 injection continued 

for an additional 20 years 
• continuous CO2 injection for 13 years, production wells shut-in, CO2 injection continued 

for an additional 16 years at a higher injection rate 
• a base case with no CO2 injection but with all coals with thickness > 0.2 m perforated 
• continuous CO2 injection for 13 years, production wells shut-in, CO2 injection continued 

for an additional 20 years but with all coals with thickness > 0.2 m perforated 
 
Methane recovery for the base case was 81.7% of OGIP.  Breakthrough of injected CO2 at the 
production wells occurred quickly and if the production wells are shut-in at CO2 breakthrough, 
CH4 production decreases to 70.9%.  Continuing CH4 production after CO2 breakthrough results 
in a recovery essentially the same as for the base case and production is slightly accelerated.  
However, the volume of CO2 stored is reduced significantly compared to the case where the 
production wells are shut-in. 
 
Simulation results showed CO2 sequestration amounts ranging from 193,000 to 412,000 tonnes 
for the various injection schedules used.  Sequestration volumes were increased by continuing 
injection of CO2 following shut-in of the production wells (Table 7.3.3(1); Appendix A).  More 
CO2 was sequestered in less time by increasing the CO2 injection rate following shut-in of the 
production wells.  This was due in part to the fact that, for the lower injection rate case, 
insufficient time existed for the coals to become fully saturated with CO2. 
 
For the model area of 1.44 km2, the storage capacities ranged from 134,000 to 286,000 
tonnes/km2.  This range is somewhat less than the 390,000 tonnes/km2 sequestration capacity 
predicted for coal in the area.  The lower sequestration capacities are most likely due to (1) 
incomplete sweep of the entire pilot area by CO2, (2) uneven pressure distribution throughout the 
model area following CO2 injection, and (3) incomplete water displacement from the coal cleats. 
 
A model with 786 layers that included the coal seams and overburden was constructed to simulate 
leakage of CO2 from the coal seams into shallower formations and possibly to the surface (Fig. 
7.4.2(1-3); Appendix A).  The overburden layers were identified from logs obtained on the 
Research Waste Disposal #1 well located in section 3, township 21 S, range 9W.  The Deerlick 
Creek test site is located in section 24, township 20, range 9W.  The model went from the surface 
to the base of the Black Creek coal and was constructed with 2 m thick layers and one layer for 
each coal zone.  A run was set up with CO2 injection to 2030 followed by a 70 year shut-in 
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period.  Injection was stopped in 2030 because the coal pressure had reached the original 
pressure.   
 
Sensitivity of the model to variation in vertical permeability was tested by running the 
simulations with vertical permeabilities of 0.001 mD, 0.0001 mD, and 0.00001 mD.  Only the 
0.00001 mD case provided a reasonable history match to the gas and water production rates.  This 
established 0.00001 mD as an upper limit on the effective vertical permeability.  With the low 
vertical permeability, the run showed some leakage of CO2 out of the coals and into the sand but 
by the end of the 70 year shut-in period, CO2 had migrated at most 10 m from the coals (Fig. 
7.4.2(12); Appendix A).  Other pathways for leakage, such as wells or induced fracturing, were 
not evaluated for this study. 

7.1.3 Conclusions 
 
CO2 injection into the model of the Deerlick Creek test site was successful.  Longer term 
injections using several injection/production scenarios were also accomplished.  The different 
scenarios evaluated identified schemes that maximize CH4 production or CO2 storage. 
 
The results from this study indicated that ECBM did not lead to increased recovery of methane.  
The reason was that, while CH4 saturations were reduced significantly in those areas swept by 
CO2 (essentially zero in the area around the injection well), CH4 saturations remained high in 
unswept or poorly swept areas.  Not shutting-in the production wells would have led to higher 
CH4 production, but because the pressure would not have been able to be increased to its original 
level, CO2 sequestration levels would have been reduced. 
 
A trade-off, therefore, exists between sequestration efficiency and methane recovery.  The 
simulation runs with production wells shut-in after 13 years of CO2 injection followed by 
continued CO2 injection yielded a CH4 recovery of 78.2%, close to the base case recovery of 
81.7%.  Slightly less CO2 was sequestered than if the production wells were shut-in after CO2 
breakthrough, but CH4 recovery was higher.  Sequestration volumes could be increased by (1) 
increasing the CO2 injection rate after production well shut-in or (2) perforating additional coal 
seams. 
 
The results from the study evaluating the potential for leakage of CO2 indicated that CO2 is 
unlikely to migrate to the surface through natural fissures over a period of centuries.  Other 
vulnerable features such as wells or induced fractures could provide pathways for leakage to the 
surface or groundwater resources.  However, evaluation of these features was outside the scope of 
this project. 
 

7.2 Task 2.0 – Direct, remote detection of methane and CO2 leakage from 
a coal (mining, EBM or CO2 ECBM) or other geologic storage facility 
(University of California Santa Cruz) 

7.2.1 Approach 
 
This task evaluated aerial hyperspectral monitoring as a means of detecting CO2 and CH4 leakage 
over large areas, possibly eliminating the need for extensive ground based monitoring 
infrastructure which would translate to significantly lower operational costs.  Previous work at 
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UC Santa Cruz conducted for CCP1 used Visible-Shortwave hyperspectral imagery to detect gas 
emissions and their environmental proxies.  The previous work was extended into the Thermal 
InfraRed (TIR) where unique spectral absorption features of gaseous CH4 and CO2 facilitate 
direct detection.  The MASTER instrument, operated by Airborne Sensor Facility, was selected 
for use for detection of both CH4 and CO2.  The MASTER instrument, carried on a Sky Cessna 
Caravan, was flown over a ‘virtual pipeline’ set up at the Rocky Mountain Oilfield Testing Center 
NPR#3 that contained seven experimental leaks, three for CO2 and four for CH4.  Previously 
collected data using MASTER to image three other sites (Kilauea, HI; Mount Saint Helens, WA; 
Mammoth Mountain, CA) were reviewed in an attempt to verify the ability of MASTER to 
identify CO2 and CH4 and to develop the software tools necessary for the overflight experiment.  
In addition, an analog experiment using a portable laboratory spectrometer was conducted to 
better understand the limitations of MASTER for detecting CO2 leakage.  Two methods, a ‘Pixel 
Subtraction’ technique and a ‘Region of Interest’ technique, were tested for treating the MASTER 
data to detect the small changes in light intensity in adjacent pixels resulting from absorption by 
CO2 or CH4. Results were compared to predictions from modeling studies that predicted the 
concentrations of CO2 and CH4 from the gas releases.  All of the technologies and instruments 
used for this task were standard.  Image analysis and interpretation used off-the-shelf software 
designed for hyperspectral data.  The major innovation was the way they were used 
simultaneously to achieve the task goals. 

7.2.2 Results and Discussion 
 
Aerial hyperspectral detection of CO2 and CH4 seepage was investigated as a low cost alternative 
to conventional monitoring techniques.  Airborne and satellite remote sensing are unique in their 
ability to monitor large land-surface areas and would eliminate the need for extensive ground 
based monitoring infrastructure, thereby significantly reducing operational costs.  Hyper-spectral 
sensors can record data from over 100 independent bands.  Previous work conducted for CCP1 
used Visible-Shortwave hyperspectral imagery to detect gas emissions and their environmental 
proxies.  The previous work was extended into the Thermal InfraRed (TIR) where unique spectral 
absorption features of gaseous CH4 and CO2 facilitate direct detection. 
 
The MASTER instrument, developed by the NASA Ames Research Center in cooperation with 
the Jet Propulsion Laboratory and operated by Airborne Sensor Facility, was selected for use for 
detection of both CH4 and CO2.  MASTER combines properties of the MODIS and ASTER 
systems (Table 1; Appendix B).  The MASTER system acquires data from the 0.4 to 13 μm 
spectral range in 50 channels (bands).  CO2 and CH4 absorb at several wavelengths monitored by 
the MASTER instrument.  This work focused on the CO2 absorptions at 2.06 and 4.3 μm and the 
CH4 absorption at 2.4 μm because they had the desired combination of measurable absorptions at 
the concentrations of interest and minimal interference from other species.  The 7.75 micron band 
was being considered for CH4 detection but was unusable because of a bad element in the sensor.  
The original work scope specified the use of SEBASS (Spatially Enhanced Broadband Array 
Spectrograph System) for the overflight experiments, but the MASTER sensor was substituted for 
SEBASS because of weak CO2 absorptions with SEBASS.  SEBASS should have been sensitive 
to CO2 absorptions at 10 and 12 μm, however both of these absorptions were fairly weak. 
 
On August 3, 2006, MASTER was flown over the Rocky Mountain Oil Field Testing Center 
NPR#3, a 10,000 acre, operating oilfield with approximately 1,200 well bores and 600 producing 
wells established in 1993 by the U.S. DOE as a testing ground for new energy-related 
technologies.  A Sky Cessna Caravan carrying the modified MASTER payload and flying 
between 1000 and 2000 m above ground level imaged the RMOTC site in nine complete and 
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overlapping flight-lines. The flight path roughly followed a ‘virtual pipeline’ set up by RMOTC 
for previous remote sensing studies (Fig. 25; Appendix B).  Seven experimental leak sites were 
set up along the ‘virtual pipeline’ for this study (Table 7; Appendix B).  Three of the leak sites 
released CO2.  The other four leak sites released CH4.  Natural gas from the RMOTC gas plant 
and CO2 tanks were used to simulate the leaks.  CH4 release rates ranged from 3 – 161 m3/hr 
(cmh), close to the planned release rates of 3 – 142 cmh (Table 5; Appendix B).  However, due to 
technical difficulties, one of the CO2 leak sites released CO2 at a significantly higher rate than 
planned.  Actual CO2 release rates ranged from 6 – 566 cmh compared to the planned rates of 8 – 
142 cmh. 

 
Prior to conducting the overflight experiments, MASTER data that had already been acquired at 
other locations were reviewed.  These data were re-examined to determine the best method for 
evaluating CO2 and CH4 concentrations prior to the field data acquisition at RMOTC.  Data 
acquired at the Pu’u O’o vent on the Kilauea volcano in Hawaii in 2000, at Mount St. Helens in 
Washington in 2004, and at Mammoth Mountain in California in 2002 were reviewed.  These 
sites were chosen because they are locations of well known volcanic activity with established 
rates of CO2 and CH4 flux.  High concentrations of CO2 and CH4 emanating from Kilauea were 
successfully identified using the MASTER data although the results were ambiguous because it 
was unclear whether or not the response was due to gas absorption or the result of a thermal 
signature.  In addition, the MASTER data at Kilauea was used to develop the software tools that 
would be used for the RMOTC overflight experiment.  Reduced transmittance was observed in 
MASTER channel 34 in pixels directly over the volcanic vent at Mount St. Helens, which would 
have been consistent with higher CO2 concentrations resulting from off-gassing of the magma 
(Figs. 18,19; Appendix B).  However, the effects of heat, debris and other gases on the results are 
unknown.  Inconclusive results were obtained from the analysis of the Mammoth Mountain data 
set. 

 
In addition, modeling studies were conducted to assess the likelihood of MASTER being able to 
detect the changes in CO2 and CH4 concentrations that would result from the experimental leak 
rates.  The program ALOHA was used to predict the concentrations of CO2 and CH4 that would 
occur 1 m downwind from the leak sources.  The program utilizes site and time specific inputs in 
calculations similar to heavy gas dispersion and generalized plume models to make the 
predictions.  MODTRAN was then used to predict transmittance at the RMOTC site that would 
correspond to the concentrations predicted by ALOHA (Figs. 7-10; Appendix B).  MODTRAN 
was used to model atmospheric conditions with elevated CO2 and CH4 concentrations at the 
surface resulting from the leaks.  PCModWin4.0, a graphical user interface for MODTRAN, was 
used to estimate the transmission of radiation through the altered atmospheric column.  
PCModWin4.0 includes a number of standardized atmospheric profiles that could be used in 
making the transmission predictions.  Results obtained using radiosonde profiles, measurements 
taken daily from instruments carried on balloons, and the 1976 Standard Atmospheric profile, 
based on satellite and rocket data, were compared.  Discrepancies were observed between the 
results obtained using the Standard Atmospheric profile (Fig. 7; Appendix B) and the Radiosonde 
profile (Fig. 9; Appendix B).  At 4.3 μm, a much higher transmittance was predicted for the 
lowest CO2 concentration using the Radiosonde model.  However, this higher transmittance level 
seemed inconsistent with transmittance levels predicted for higher CO2 concentrations.  A more 
consistent set of predictions seemed to be obtained using the 1976 Standard Atmospheric profile 
in the model and was, therefore, the atmospheric profile used for the calculations in this study.  
The response at 4.3 μm was important because this was one of the two wavelengths selected to 
monitor for changes in CO2 concentrations.  Using the 1976 Standard Atmospheric profile and 
inputting site specific parameters, little change in transmittance for different CO2 concentrations 
was predicted (Fig. 28; Appendix B).  Changes in transmittance with increasing CH4 
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concentrations, although still small, were more significant, especially at the lower levels 
evaluated (Fig. 30; Appendix B). 
 
Percentage drops in transmittance were predicted for MASTER bands by correcting the 
transmittance for each wavelength within that band for the MASTER sensitivity at that 
wavelength.  This treatment is necessary because MASTER sensitivity is not uniform across a 
given band.  Modeling results indicated that < 1% reduction in transmittance should be expected 
for each CO2 leak rate.  MASTER is unlikely to be able to distinguish these small differences.  
Modeling results also predicted small reductions in transmittance for three of the four CH4 leak 
sites.  However, at the highest leak rate site for CH4, a 6% transmittance reduction was predicted.  
MASTER actually detected a 7.6% reduction in transmittance at this location. 
 
In a further attempt to better understand the limitations of MASTER for detecting CO2 leakage, 
an analog experiment was conducted measuring absorption through a 10 cm column of CO2 using 
a portable laboratory spectrometer.  Comparison of absorption spectra obtained from a distance of 
1 meter above a 10 cm wide container showed a slight reduction in absorption at 2.06 μm when 
the container was charged with CO2 rather than air.  These results support the conclusion that 
MASTER should be able to detect sizable CO2 leaks from an altitude of 1.5 kilometer. 
 
MASTER images from the overflight of the three CO2 leak sites revealed no consistent 
differences in images that could be attributed solely to CO2 absorption by a released gas plume.  
Likewise, MASTER images from the overflight of the CH4 leak sites revealed no evidence of 
changes due to CH4 absorbance, except possibly for Site 5, the location of the highest rate CH4 
leak. 
 
To test MASTER’s ability to detect CO2 through very small changes in transmittance measured in 
pixels near the leak source, two methods were used to calculate the drop in light intensity 
resulting from absorption by CO2 or CH4.  A “Pixel Subtraction” technique and a “Region of 
Interest” technique were used to compare absorption from the leak site to absorptions in 
surrounding pixels.  Both techniques compare spectra from surrounding pixels to the spectrum 
from the leak location pixel. 
 
The “Region of Interest” technique averages spectra from a group of pixels, often more than 400, 
and compares the results to the spectrum of the leak location pixel.    Regions are selected based 
on proximity to the leak location and elevation, which is selected to be as close to the leak 
location elevation as possible.  This method provides a better estimate of the background 
spectrum but has the disadvantage that pixels being used may be located a significant distance 
from the leak location and, therefore, the background spectrum may be different.  Results 
obtained with the “Region of Interest” technique were ambiguous for the methane leak sites.  
Intermediate leak rate sites had higher calculated decreases in transmittance than did the highest 
leak rate site. 
 
The ‘pixel subtraction’ method, which was developed for this study, subtracts background pixel 
spectra from the leak source pixel. Background pixels were selected from a line of pixels running 
north to south across the leak source.  The ideal output from the ‘pixel subtraction’ method would 
be a series of negative numbers occurring in the MASTER channels sensitive to the absorption 
bands of the target gas. 
 
The CO2 leak at Site 4, the highest rate CO2 leak, was accurately identified by MASTER in the 
Thermal Infrared because of the cooling effect of the expanding gas.  Results from the pixel 
subtraction technique applied to the transmissions measured at the Site 4 CO2 leak site, verified 
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the increased concentration of CO2 at this site indicating that the method can work for larger leaks 
(Fig. 36; Appendix B).  All of the background pixels had higher transmittance than the leak site 
pixel in band 35 as indicated by the negative numbers for each of the difference spectra.  Band 35 
covers a CO2 absorption at a slightly longer wavelength than 4.3 μm and since absorption at this 
wavelength is less intense than at 4.3 μm, differences due to changing CO2 concentrations are 
easier to detect.   
 
However, inconsistent results were obtained at the other CO2 leakage sites and at some of the CH4 
leak sites.  Site P5, the lowest CO2 leak rate site, had the greatest response from MASTER (Fig. 
34; Appendix B).  The pixel subtraction technique applied to the transmissions measured at this 
site showed a lower transmission for the leak pixel than for the other pixels.  Topography may 
have played a role in this unexpected result since a small stream channel may have provided an 
opportunity for CO2 to pool, generating unexpectedly high CO2 concentrations.  Site P1, the 
intermediate CO2 leak rate site, had ambiguous results (Fig. 35; Appendix B).  The transmission 
at the leak pixel was lower than at some of the adjacent pixels, but higher at others. 
 
Three of the four CH4 leak sites failed to indicate any response due to increased CH4 
concentrations.  Site 5, the highest CH4 leak rate site, did show the possible existence of a CH4 
plume in the MASTER image after applying an equalization enhancement tool.  This result 
appeared to be confirmed by the results from the pixel subtraction technique at MASTER bands 
24 and 25 (Fig. 40; Appendix B).  However, an additional problem for using this technique to test 
for CH4 leakage is that the response for CH4 is a couple of orders of magnitude less than for CO2 
meaning that noise may be an issue in interpreting the CH4 data.   

7.2.3 Conclusions 
 
Results obtained from the evaluation of remote, hyperspectral monitoring for direct detection of 
CO2 and CH4 leaks showed the MASTER instrument to be unsuitable as it is currently 
configured.  The MASTER instrument may be useful for detecting large-scale CH4 ground leaks.  
However, the MASTER instrument could probably not reliably detect CO2 from ground based 
leaks.  Some results obtained with MASTER for the detection of CO2 and CH4 showed promise, 
but in general the results obtained were too inconsistent. 
 
In general, the MASTER spectral resolution is too broad.  Further development of CO2 or CH4 
detection using aerial or satellite based monitoring systems would require laser sources more 
sharply focused on the absorption frequencies of these two gases.  Instrument design should focus 
on channels with significantly narrower widths than MASTER and a spectral response from at 
least the short wave infrared into the thermal wavelengths.  

 

7.3 Task 3.0 – Modeling the resolution of inexpensive novel non-seismic 
geophysical monitoring tools to detect gas behavior within coal seams and 
generically in the rock overburden (Lawrence Berkeley National 
Laboratory) 

7.3.1 Approach 
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A previous analysis of non-seismic geophysical techniques for monitoring CO2 injection was 
carried out as part of the “Novel geophysical monitoring” project of CCP1.  The results from that 
study showed that electromagnetic (EM) and gravity measurements could, under certain 
circumstances, be used as a lower cost alternative to seismic geophysics.  This task adapted the 
novel geophysical concepts developed for saline aquifers under CCP1 to include coal beds.   
 
This task involved integrating results from rock-properties, flow simulation, and geophysical 
modeling.  A flow simulation model was used to provide reservoir pressure, temperature, and 
fluid saturations as a function of time.  These were converted to geophysical parameters using a 
rock properties model.  The rock properties model provided the link between reservoir properties 
and geophysical measurements and took the porosity, pressure, and fluid saturation output from 
the flow simulations model and converted it to geophysical parameters that were used to establish 
a reservoir geophysical model. 
 
The flow simulation model was constructed by Sproule Associates as part of Task 1.0 of this 
project.  The model was based on the Southeast Regional Carbon Sequestration Partnership’s 
Deerlick Creek Field pilot, a planned small scale injection of CO2 into three coal seams in the 
Black Warrior Basin in Alabama.  The rock properties model was developed using laboratory 
measurements of acoustic velocity, shear velocity, density, and electrical resistivity obtained on a 
core plug from Utah. 
 
Sensitivity studies were conducted to assess the ability of gravity and EM techniques to detect the 
small volumes of CO2 to be injected in the Deerlick Creek pilot.  Larger scale injections were also 
simulated.  The latest state-of-the-art forward and inverse capabilities for gravity, EM, and 
seismic data were used.  Gravity, EM, and seismic responses to coal with (1) no CO2, (2) CO2 
injected into one coal zone, and (3) CO2 injected into three coal zones, were simulated  The 
simulated seismic data was imaged using industry-standard seismic processing techniques 
followed by acoustic AVO inversion for reservoir fluid properties.  The CO2 saturations predicted 
from the inversion of seismic data alone were compared to those obtained from a joint inversion 
of seismic and EM data. 

7.3.2 Results and Discussion 
 
This task extended work done in CCP1 analyzing the spatial resolution and detectability limits of 
non-seismic geophysical techniques for monitoring injected CO2.  The results from that study 
showed that EM and gravity measurements could, under certain circumstances, be used as a lower 
cost alternative to seismic geophysics.  However, the reduction in cost is accompanied by a 
reduction in spatial resolution so the utility of non-seismic techniques would be site dependent.  
This task adapted the geophysical concepts developed for saline aquifers in CCP1 and evaluated 
electromagnetic and gravity measurements as low cost alternatives to seismic methods for 
monitoring CO2 injection into coal beds. 
 
The analysis of the applicability of EM and gravity monitoring techniques was conducted using 
the Deerlick Creek pilot area as a case study.  The work involved integrating results from rock-
properties, flow simulation, and geophysical modeling.  A flow simulation model for the Deerlick 
Creek pilot was constructed by Sproule Associates as part of their project task.  The flow 
simulation model provided reservoir pressure, temperature, and fluid saturations as a function of 
time. 
 



  20

The flow simulation model outputs were converted to geophysical parameters using a rock 
properties model developed using laboratory measurements of acoustic velocity, shear wave 
velocity, density, and electrical resistivity obtained on a horizontal coal core plug from the upper 
Cretaceous Ferron Sandstone member of the Macos Shale, Utah. Experiments were conducted on 
the coal sample undergoing CO2 flood. 
 
The laboratory experiments established relationships between seismic velocity, water saturation 
and CO2 saturation in a coal sample and between electrical resistivity, water saturation and CO2 
saturation in a coal sample.  The laboratory work showed that acoustic and shear velocities were 
reduced on the order of 10% (Fig. 1; Appendix C) while electrical resistivity was increased by 
160% by the CO2 flood (Fig. 2; Appendix C).  The rock properties model provided the link 
between reservoir properties and geophysical measurements.  The rock properties model took the 
porosity, pressure, and fluid saturation output from the flow simulations model and converted it to 
geophysical parameters that were used to establish a reservoir geophysical model. 
 
A sensitivity study was conducted to assess the ability of gravity and EM techniques to detect the 
small volumes of CO2 to be injected in the Deerlick Creek pilot.  Increasing the CO2 saturation 
reduces the bulk density of the coal layer, causing a decrease in the gravity response.  Decreased 
brine saturation resulting from CO2 injection should lead to a change in the electrical resistivity of 
the reservoir rock.  CCP requested that LBNL perform the sensitivity study to determine the 
likelihood of density or EM logs detecting CO2 in coal at the depths and seam thicknesses found 
in the Deerlick Creek pilot area.   
 
For the gravity study, a simplified model consisting of a 5 m thick layer of coal was constructed 
(Figs. 3a, 3b; Appendix C).  Densities for different CO2 saturations in the 5 m layer were then 
calculated (Table 1; Appendix C).  Even at a low 10% CO2 saturation, the simulated gravity 
response indicated that the CO2 would be detectable by this method (Fig. 4; Appendix C).  Since 
only a small volume of CO2 will be injected into 3 zones during the pilot test, these simulations 
do not accurately portray the conditions that will exist during the test.  Using results from 
Sproule’s flow simulations, LBNL simulated the gravity response for the 3 layers with the target 
volumes of CO2 to be injected.  Simulation results predicted that the gravity response for each 
layer taken independently would be at or below the detection threshold (Fig. 11; Appendix C).  
However, when taken together, the three layers should produce a detectable gravity response (Fig. 
13; Appendix C). 
 
Inversion of the synthetic gravity data was done to demonstrate the amount of information that 
might be obtainable from surface gravity measurements.  The modeling results had already 
confirmed that injected CO2 could be detected by surface gravity measurements provided 
sufficient volumes of CO2 were injected.  However, the surface measurements do not resolve the 
exact location of the CO2 plume.  Additional information can be obtained from inversion of the 
data, but the difficulty with inversion of gravity data is the non-uniqueness of the result and the 
lack of depth resolution. 
 
Since the depths of the top and base of the coal seams were known, LBNL overcame this 
difficulty by using an approach of inverting for a smooth density variation within the coal seam.  
A density model of the CO2 in the coal layer at 400 m depth was generated based on the flow 
simulation results of Sproule Associates (Fig. 16; Appendix C).  The surface gravity response to 
the resulting density model was then calculated (Fig. 17; Appendix C).  The surface gravity data 
was then inverted and the location of the CO2 plume was recovered correctly (Fig. 18a; Appendix 
C).  With random noise added to the data, the plume location was still recovered correctly, 
however, the density contrast could no longer be resolved (Fig. 18b; Appendix C). 
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For the EM technique, a background resistivity model was constructed using resistivity data 
obtained from a nearby deep disposal well (Table 2; Appendix C).  Laboratory measurements 
conducted at LBNL were used to model resistivity changes due to CO2 injection.  Simulation 
results indicate that the electric field response from an EM survey would not detect 300 tons CO2 
injected into a single coal zone, but the response from injecting a total of 1000 tons into 3 
separate zones would be detectable. 
 
Synthetic seismic data was generated for three cases: (1) a background model with no CO2, (2) a 
model with a 10% decrease in P-wave velocity and a 5 % decrease in density in the top injection 
zone (Fig. 25a; Appendix C), and (3) a model with a 10% decrease in P-wave velocity and a 5 % 
decrease in density in all three injection zones (Fig. 25b; Appendix C).  After normal moveout 
(NMO) correction, a common depth point (CDP) stack was created, and from that Amplitude vs. 
Angle (AVA) data.  Seismic AVA data was generated first for the background model and then 
again assuming the injection zone(s) had 95% CO2 saturation.  Time-lapse seismic and EM data 
were jointly inverted for CO2 saturation and the results were compared to the results obtained 
from inversion of seismic data alone.  For the model with injection of CO2 into only the top coal 
layer, inversion of seismic data and joint inversion of seismic and EM data correctly predicted the 
presence of high CO2 saturation in the injection zone (Table 3; Appendix C).  Probability 
distribution functions were much sharper when both EM and seismic data were used (Fig. 29; 
Appendix C). 
 
For the case with CO2 injected into all three coal zones, both methods correctly predicted high 
CO2 saturations in the upper two zones (Table 4; Appendix C).  Again, sharper probability 
distribution functions were obtained when both EM and seismic data were used (Fig. 30; 
Appendix C).  However, for the deepest zone, when only seismic data was inverted, low CO2 
saturations were incorrectly predicted, whereas when both seismic and EM data were used a high 
CO2 saturation was correctly predicted. 

7.3.3 Conclusions 
 
Simulation results indicated that CO2 injected into a coal seam should be detectable using gravity 
or EM non-seismic detection methods.  Even the small volumes planned for the Deerlick Creek 
field test should be detectable.  Inversion of gravity data accurately predicted the location of the 
CO2 plume.  Synthetic time-lapse seismic AVA analysis showed that by inverting seismic and 
EM data jointly much better estimates of CO2 saturation can be obtained compared to those 
obtained from the inversion of seismic data only. 
 
8.0 Conclusions & Recommendations 
 
The simulation studies of CO2 injection into coal seams conducted by Sproule Associates Limited 
showed that higher methane recoveries should not automatically be expected to accompany CO2 
injection into coal beds.  The study demonstrated that a trade-off exists between sequestration 
efficiency and methane recovery.  CO2 injection rates and timing of production well shut-in were 
identified as two critical operational parameters that affected the volumes of CH4 produced and 
CO2 stored.  The results obtained from this study were for a relatively small-scale model of a 
single coal field.  Additional simulations using a larger model with additional injection and 
production wells testing a larger set of CO2 injection scenarios could further define the 
relationship that exists between CO2 storage efficiency and CH4 production for ECBM projects.  
Expanding the studies to include coal beds with substantially different properties would also 
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provide valuable information.  The results from this study demonstrate the need for simulation 
studies for field projects to identify the appropriate operating conditions that will achieve the 
desired balance between CH4 production and CO2 storage. 
 
Simulation studies conducted by Lawrence Berkeley National Laboratory evaluating gravity and 
EM showed these methods have potential application for detecting and monitoring CO2 injected 
into coal seams.  Both gravity and EM were able to detect CO2 when sufficiently large volumes 
were injected.  Inversion of gravity data accurately predicted the location of the CO2 plume and 
inverting seismic and EM data jointly was found to provide much better estimates of CO2 
saturation than were obtained by inverting seismic data only.  This study’s results coupled with 
results from a previous CO2 Capture Project study simulating gravity and EM monitoring of CO2 
injected into the Schrader Bluff field on the North Slope of Alaska indicate that gravity and EM 
methods have potential as lower cost alternatives to seismic measurements.  Field surveys of an 
actual CO2 injection would confirm these studies’ conclusions. 
 
Results obtained from the evaluation of remote, hyperspectral monitoring conducted by the 
University of California, Santa Cruz showed the MASTER instrument to be unsuitable for the 
detection of CO2 and CH4 leaks as it is currently configured.  The difficulty inherent in this type 
of application is trying to detect small changes in CO2 or CH4 concentrations through a large 
column of the atmosphere.  Successful application of hyperspectral monitoring for direct 
detection of CO2 and CH4 will require advances in instrument design.  Specifically, laser sources 
need to be more sharply focused on the absorption frequencies of CO2 and CH4 and channel 
widths need to be significantly narrower than in MASTER.  
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1  Abstract 
 
A simulation model of nine wells in the Pratt, Mary Lee and Black Creek coal zones in the 
Deerlick Creek field was constructed.  The primary production of methane from the coal seams 
was history matched. 
 
The history-matched model was used to investigate the injection of CO2 into the coal seams.  
 
Under continued primary production, the methane recovery was 81.7% of the original gas-in-
place (OGIP) to 2040. Injection of CO2 with continued production led to roughly the same 
recovery with some acceleration. 
 
The effect of shutting-in the production wells and continuing injection was also investigated. It 
was found that there is a trade-off between recovery of the original methane and efficient 
sequestration of the CO2. 
 
Furthermore, the possibility of leakage of the sequestered CO2 was investigated using a model 
which included all of the overburden.  The risk of CO2 migrating to the surface or sources of 
potable water is very low for centuries. 
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4  Introduction 
 
The CO2 Capture Project (CCP), started in 2000, is an international effort intended to address the 
issue of reducing CO2 emissions resulting from the combustion of fossil fuels.  The CCP seeks to 
develop new technologies to reduce the cost of capturing CO2 from combustion sources and 
safely store it underground.  The objective is to reduce the impact of continued fossil energy use 
by implementing these new technologies while cleaner energy sources are being developed. 
 
Three critical areas identified that required further study for the second phase of the project 
(CCP2) were (1) the integrity of coal bed methane (CBM) geologic and engineered systems, (2) 
the optimization of the coal bed storage process, and (3) reliable monitoring and verification 
systems appropriate to the special conditions of CO2 storage and flow in coals. 
 
CCP2 is funded by the industry partnership of BP, Chevron, ConocoPhillips, Eni, StatoilHydro, 
Petrobras, Shell, and Suncor with additional support being obtained from the U.S. Department of 
Energy (DOE), the European Union, the Norwegian Research Council, and CCP2 Associate 
Members Repsol and the Electric Power Research Institute (EPRI). 
 
This report covers the numerical simulation work aimed at the optimization of the coal bed 
storage process and CO2 sequestration, as well as examining the leakage of CO2 out of the coal 
beds. 
 
To achieve these goals, the work reported herein consisted of the following tasks: 

• Selection of study area 
• Data collection 
• Construction of coal bed methane (CBM) model 
• Calibration of model using historical production data 
• Prediction of future performance of CBM production 
• Examination of CO2 sequestration in study area 
• Examination of potential for enhanced CBM production 
• Construction of CBM model with overlying strata 
• Examination of CO2 leakage out of coal beds 

 
The simulation software used is GEM, which is a compositional model with CBM capabilities 
developed by the Computer Modeling Group (CMG). 
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5  Executive Summary 
 
A simulation model of nine wells in the Pratt, Mary Lee and Black Creek coal zones in the 
Deerlick Creek field was constructed.  The primary production of methane from the coal seams 
was history matched. 
 
The history-matched model was used to investigate the injection of CO2 into the coal seams.  
 
Under continued primary production, the methane recovery was 81.7% of the original gas-in-
place (OGIP) to 2040. Injection of CO2 with continued production led to roughly the same 
recovery with some acceleration; the amount of CO2 sequestered under these conditions is about 
134000 tonnes/km2. 
 
Shutting-in the production wells in 2020 and continuing CO2 injection to 2040 led to a recovery 
of 78.2% of the OGIP and sequestration of 214000 tonnes/km2. Doubling the injection rate from 
2030 to 2040 increased the sequestration to 283000 tonnes/km2.  Completing some additional 
coal seams led to a further increase in the sequestration to 286000 tonnes/km2. 
 
The possibility of leakage of the sequestered CO2 was investigated using a model which included 
all of the overburden.  Re-pressurising the coals to their original pressure and then simulating the 
migration to the year 2100 indicated that the migration in this period would be less than 10 m 
away from the coal seams, leading to the conclusion that the risk of CO2 migrating to the surface 
or sources of potable water is very low for centuries. 
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6  Experimental 
 
There is nothing applicable to report in this section based on the scope of the project. 



  31

 
7  Results and Discussion 
 
7.1 Selection of Study Area 
 
7.1.1 Allison Unit 
Initially, the expectation was to use data from the Allison Unit, where a CO2 ECBM pilot has 
been implemented(1,2). 
 
Sproule assembled well logs for 33 different wells in the Allison Unit.  Of these wells, 13 have 
some form of density log.  All wells have gamma ray logs, and there are four wells with neutron 
logs available.  These well logs could be used to provide reservoir properties to the simulation 
model.  The density log coverage is somewhat sparse, and many of the well logs do not provide 
data all the way to surface; however, this is not uncommon in coalbed methane fields of this 
vintage. However, other data necessary for the study were not available so this area was rejected 
as unsuitable for the purposes of this study. 
 
7.1.2 Alabama – Black Warrior Basin 
A CO2 sequestration field test is being planned by the “Southeast Regional Carbon Sequestration 
Partnership” (SECARB) in the Black Warrior Basin in Alabama, and it was decided to use data 
from this area.  A major advantage is that considerable data is available for the project and future 
results can be used to update and evaluate this work(3-16). 
 
Initially, the Blue Creek field was selected, but difficulties over rights to the data led to the 
transfer of the test site to the Deerlick Creek field to the south. 
 
The well selected for the SECARB field test is the Jobson 24-14 No. 11 well (State Oil and Gas 
Board of Alabama permit number 4001-C) (10,17) .  A map showing the well and the offsetting 
CBM wells is shown in Figure 7.1(1).  This area was selected for the remainder of the study. 

 
Figure 7.1(1) Well Locations – Deerlick Creek Field 
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7.2 CBM Simulation Model Development and Calibration 
 
7.2.1 Data Collection 
Additional data acquired includes: 

• Well location data 
• Well tickets 
• Well production data (two examples shown in Figures 7.2.1 1-2) 
• Tops of formations at each well 
• Thicknesses of all coal seams in each well 
• Gas sorption data for the Blue Creek Field 
• Coal property data 

 
The wells within a mile of the 4001-C well were identified.  Raster images of the logs of these 
wells were obtained and several cross-sections were generated from these to evaluate the 
continuity of individual coal seams. 
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Figure 7.2.1(1) Well Performance – 4001-C 
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Figure 7.2.1(2) Well Performance – 10139-C 

 
7.2.2 Well Logs 
Several public sources were contacted in attempts to secure well logs for the Deerlick Creek field 
wells.  The Deerlick Creek field has over 1000 wells in it, and provides a good data pool.  Both 
the Alabama State Oil and Gas Board, and MJ Systems, a public company, were contacted and 
provided some inventories of data they have.  No source is complete, but the data for the wells in 
the vicinity of 4001-C were all available, enabling the building of an accurate model of the 
relevant portion of the field. 
 
The logs of the wells in the study area were analysed by hand.  Each coal seam which met the 
cut-off criteria was identified and included in the model with its top and thickness honored. The 
criteria used were: 

Density less than 1.75 g/cc 
Thickness of the seam greater than 0.4 ft exceeding the density cut-off 
Less than 100 API on the gamma ray log. 

 
The log data was read into the Petrel geological modeling software and a 3-D geological model 
was created using the tops and thicknesses of the coal seams.  This model grid was exported to 
the simulation model.  
 
7.2.3 Simulation Model Design  
Initially, a conceptual model of the study area covering about 1 km2, was constructed using the 
Petrel grid to test the system while the geological work was being carried out.  This area is also 
adequate to meet the needs of the Lawrence Berkeley Lab project, based on discussions with Dr. 
Mike Hoverston and Dr. Erika Gasperikova. 
 
The three coal zones were modeled individually, with the individual coal seams which had met 
the cut-off criteria modeled as single layers. 
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A single isotherm for methane and one for carbon dioxide were used (i.e. no distinction was made 
between the three groups of coals). Figure 7.2.3(1) shows a 3-D view of the model. 
 

 
Figure 7.2.3(1) 3-D View of Conceptual Model of Black Warrior Coals (Scale is Depth in Feet Subsea) 

 
7.2.4 Adsorption Isotherms 
Langmuir isotherms for the Blue Creek field for both methane and carbon dioxide were obtained 
from lab data from the EPBC well.  Figures 7.1.2(1-2) show the methane and carbon dioxide 
isotherms.  The differences between the Pratt, Mary Lee and Black Creek isotherms were judged 
to be not significant, so the average isotherms were used for all three coal zones. 
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Figure 7.2.4(1) Langmuir Isotherms for Methane 
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Warrior Basin EPBC Well - CO2 Sorption Isotherms - DAF
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Figure 7.2.4(2) Langmuir Isotherms for CO2 

 
Data for the Deerlick Creek field was not available, so it was assumed that the Blue Creek data 
would be a close approximation since they are from the same basin and the field boundaries are 
arbitrary. 
 
The isotherms are on a “dry, ash-free” basis (DAF), so the gas content was corrected for the ash 
content which was calculated from the density of the individual coal seams. 
 
7.2.5 Other Coal Properties. 
The coalbed methane literature was searched for data on the coals in the Black Warrior basin.  A 
number of sources had relevant data, though the original source of the data was rarely available.  
Table 7.2.5(1) shows some of the data available. 
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Paper 24359 26201 24358 24358 24358 20666 20666 20666 16420 16420 16420 30734 30734 75519
AUTHOR Soot Seidle Seidle Seidle Seidle Ely Ely Ely Zuber Zuber Zuber Sparks Sparks Seidle
Year 1992 1993 1992 1992 1992 1990 1990 1990 1987 1987 1987 1995 1995 2002

Coal
Mary 
Lee

Black 
Creek Pratt

Thickness ft 7 11 12.2 6 9.7 6.8 6.8 6.8
Gas Content scf/ton 396 733 480 835 541 375 616
Langmuir 
Pressure psi 270.3 354.61 427.35 243.9 258 147
Initial Pressure psi 430 530 466 500 550 431 440
Cleat Porosity fraction 0.02 0.005 0.01 0.01 0.02 0.04 0.01-0.05 0.19
Cleat 
Permeability md 20 18 28 10 20 0.35 1.4 4.4 11 10  1-30 46 10
Fracture Half 
Length ft 290 287 200 50-500
Well Spacing acres 80 160 80 160 160 40 40
Initial Gas 
Saturation fraction 0 0 0 0 0 0
Temperature oF 90 68 70
Skin Factor 0 0 0 -3 -3.2 -4.2 -5.9 -4.3
Well Flowing 
Pressure psi 20 100 20
Coal 
Compressibility 10-4 psi-1 4.73 4.69 2.00

 
Table 7.2.5(1) Black Warrior Basin Coal Data 

 
Note that the coal compressibility (Cp) reported by Sparks(8) was determined from interference 
tests where the product of the cleat porosity and compressibility is measured.  The reported values 
assumed a porosity of 0.01, thus if a different porosity is used in the model, the compressibility 
should be adjusted accordingly. 
 
The effect of stress on the permeability of coals was examined by Sparks(8) and Seidle(18).  As the 
stress increases, the permeability is decreased.  Thus deeper coals will tend to have a lower 
permeability than shallower coals.  This is not the only factor affecting the coal permeability, but 
it serves as a good starting point for the initial permeability of the individual coals.  Using the 
data from Sparks, on average, the permeability in the Mary Lee coals will be a factor of 0.776 
lower than the permeability in the Pratt coals due to the greater depth.  For the Black Creek coals 
the equivalent factor is 0.603. 
 
Published coal seam relative permeability data are of two types: lab-measured and simulation 
history matched. Gas-water relative permeabilities for the San Juan have been published by 
Gash(19) and Reeves(20), and show distinctly different character. Five sets of data from Australian 
coal seams derived by history-matching and ten from transient laboratory testing have been 
presented by Meaney and Patterson(21).  The wide variability is readily apparent.  
 
The variability of the relative permeability and the lack of any laboratory data for the Deerlick 
Creek field result in this being a history-matching parameter. Any reasonable set of relative 
permeability curves can be used as a starting point. A set of history-matched curves from the 
Mannville coals in Alberta, Canada were selected as a suitable starting point. 
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Other properties for the modeling of the cleat and matrix systems were taken from the published 
data (Table 7.5.2(1)).  In many cases there are several different values for the parameters cited by 
different authors.  Table 7.2.5(2) lists the values used in the model.  Note that some of the 
parameters are not physical, but are required inputs for the specific simulation software (for 
example, the matrix porosity and permeability). 
 

Cleat Porosity 0.05
Cleat Permeability (Pratt) 20 md
Matrix porosity 0.005
Matrix permeability 5.00E-07 md
initial water Saturation 0.95
Temperature 30 C
Cleat Cp 9.0 10-5 kPa-1

Matrix Cp 3.0 10-5 kPa-1

Water Viscosity 0.6
Initial Pressure (Pratt) 4364 kPa
Initial Pressure (Mary Lee) 5961 kPa
Initial Pressure (Black Creek) 7550 kPa  

 
Table 7.2.5(2) Coal Properties in Model 

 
7.2.6 Construction of Deerlick Creek Model 
The production history of each well was downloaded from the Alabama State Oil and Gas Board 
website and read into the simulation model. A map showing the cumulative gas production from 
each well in the model and the surrounding area is shown in Figure 7.1(1). 

 
Figure 7.2.6(1) Cumulative Gas Production (mcf) – Deerlick Creek Field 
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The final Deerlick Creek model covers an area of 1200 metres square, with grid block dimensions 
of 50 metres by 50 metres.  There are 27 layers in the model – 14 coal seams with 13 intervening 
shale layers. These intervening layers consist predominantly of shales but may also have silts, 
sandstones and other lithologies; for simplicity, they shall be referred to as “shales” throughout 
this report. Figure 7.2.6(2) shows a 3-D view of the model, clearly showing the Pratt, Mary Lee 
and Black Creek coal zones (the Pratt is in the depth interval from 203-344 mss, Mary Lee 391-
486 mss and the Black Creek from 533 to 675 mss).   
 
The model includes the 4001-C well and 8 surrounding wells. Although the SECARB field test is 
focused on the 4001-C well, including the offsetting wells enables CO2 sequestration and ECBM 
options to be examined in detail. 
 
Each well in the model was completed over the historical completion interval. Not all of the coals 
in each well were completed.  In reality, the fracture stimulation of the wells may have connected 
some unperforated coals to the wells but there is no data to confirm this. 
 

 
Figure 7.2.6(2) 3D View of Model – Grid Top (mss) 

 
The coal zones are thin compared to their separation, as shown in Figure 7.2.6(3). On the scale of 
the figure, the coals appear as lines, and the intervening spaces are the shales separating the coals.  
The figure also shows the perforations of the 4001-C well – not all of the coals have been 
perforated. 
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Figure 7.2.6(3) Cross-Section Through Model 
 
A close up view of the cross-section in the Mary Lee coal zone reinforces the concept of very thin 
coals separated by considerable thicknesses of shale (Figure 7.2.6(4)). In some cases the coals did 
not meet the cut-off criteria. 

Figure 7.2.6(4) Close-Up of Cross-Section Through Model 
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7.2.7 Model Initialisation 
The initial pressure in the cleat system was estimated using the normal hydrostatic gradient of 10 
kPa/m. No field pressure measurements were available and none of the literature sources 
specified the depths at which the quoted pressure data were obtained so the validity of the 
hydrostatic pressure assumption could not be verified. 
 
The coals were assumed to be saturated with methane, so the matrix pressure was set equal to the 
cleat pressure. 
 
The adsorbed gas was assumed to be 100% methane, and its properties were taken from the 
internal values in the simulator.  
 
7.2.8 History Matching  
The model was run several times with different parameters.  In all cases, the historical gas rate 
could not be matched. Figure 7.2.8(1) shows the cumulative gas production from such a run 
compared to the field data. 
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Figure 7.2.8(1) Comparison of Predicted and Actual Cumulative Gas Production 

 
Closer examination of the data showed that the original gas-in-place (OGIP) in the model was 
less than the cumulative gas production.  Underestimating the methane content is a common 
problem in the analysis of CBM projects and has been the subject of numerous papers (22,23,16) . 
Although the “best practices” were adopted in this study, there are still a number of reasons why 
this situation could occur: 
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• Inflow of gas from outside the model area 
• Gas content of coals under-estimated 
• Net pay of coals too low 
• Minor coals not included in model 
• Part of produced gas originated in adjacent lithologies (carbonaceous shales, silts, 

sandstones etc.) 
 
7.2.9 Inflow Of Gas From Outside The Model Area   
A 2-D model of an area considerably larger than the coal model was built, centered on the 
4001-C well.  This model included the nine wells of the original model and 43 off-setting wells.  
Each well was set at its average gas rate and the model was run.  The output was put into the 
“Results” post-processor and stream lines were generated.  This indicated the drainage area of 
each well.  All of the wells in the model had a drainage area which extended beyond the area of 
the model.  
 
Since the drainage area changes as the rates change and new wells are added, the model was run 
for three time slices. The start of each time-slice coincided with a major addition of new wells. 
Figure 7.2.9(1) shows the streamlines for the period up to 1992, which is the earliest time slice.  
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 7.2.9(1) Streamlines for the Drainage Area for the Period up to 1992. 
 
The areas of each drainage area were planimetered and the contributions from outside the coal 
model area were subtracted from the production data.  The rationale for this procedure is that 



  42

when the wells are in steady state production, the drainage area of each well is proportional to its 
production rate.  Thus the ratio of the areas is a good indicator of the contribution of each area to 
the total production, providing there are no major pressure gradients.  The preliminary runs 
indicated that the pressure gradients in the coal seams were small, hence the methodology is 
sound. 
 
 
7.2.10 Final History-Match 
The reduced production was introduced into the coal model.  The history match was closer, but 
there was still inadequate gas in the coals to match the field production.   
 
Re-evaluation of the logs with less stringent cut-off criteria increased the net pay in each coal and 
provided the necessary original gas-in-place. Several thinner coals which had not met the 
previous cut-off criteria were added which increased the number of layers in the model to 35 – 18 
coal seams with 17 intervening shale layers.  There were nine coals in the Pratt, five in the Mary 
Lee and four in the Black Creek coal zones.  
 
The model was finally history-matched mainly by adjusting the cleat permeability and cleat 
porosity.  Figures 7.2.10(1-4) show the match of the cumulative gas, cumulative water, gas rate 
and water rate respectively.  The cleat permeability controlled the production rates while the cleat 
porosity controlled the water production.  
 

 
Figure 7.2.10(1) Cumulative Gas Production (m3) – Deerlick Creek Model Area 
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Figure 7.2.10(2) Cumulative Water Production (m3) – Deerlick Creek Model Area 

 

 
 

Figure 7.2.10(3) Gas Production Rate (m3/d) – Deerlick Creek Model Area 



  44

 

 
Figure 7.2.10(4) Water Production Rate (m3/d) – Deerlick Creek Model Area 

 
There is still considerable uncertainty in the history match.  The absence of pressure data means 
that the true depletion level of the field is not known.  The lack of any production logging means 
that the contribution of each individual coal seam in each well is not known. 
 
In the final model, the cleat permeability varied from 12 to 144 md, with the bulk of the reservoir 
at the lower end of the scale (12 – 20 md).  The cleat porosity was 0.05 in those coals which 
produced considerable water and 0.005 in those with little water production (Coal 3 in the Pratt, 
Coals 1 and 4 in the Mary Lee and Coal 5 in the Black Creek). 
 
The gas-water relative permeability curves in the final model are shown in Figure 7.2.10(5). 
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Gas-Water Relative Permeability - History-Matched Model

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Water Saturation (Sw)

R
el

at
iv

e 
Pe

rm
ea

bi
lit

y 
(K

r)

Krw
Krg

 
Figure 7.2.10(5) Gas-Water Relative Permeability 

 
The volumetrics of the final model are shown in Table 7.2.10(6) 
   

    FIELD Black Creek Mary Lee Pratt MATRIX FRACTURE
                
Adsorbed Gas 106 m3 105.6 39.0 34.1 32.6 105.6 0.0
Total Gas in Model 106 m3 106.8 39.0 34.1 32.6 105.7 1.1
Water 103 m3 340.2 0.0 0.0 0.0 0.0 340.2
Adsorbed CH4 106 moles 4469.2 1648.4 1441.0 1379.8 4469.2 0.0
Average 
Pressures               
Total PV kPaa 6052.8 7549.9 5961.9 4364.7 5911.6 6053.1
HC PV kPaa 6046.5 7549.9 5961.9 4364.7 5911.6 6053.1
Average 
Saturations               
Gas  fraction         0.050 0.050
Water  fraction         0.950 0.950

Table 7.2.10(6) Deerlick Creek Model Volumetrics 
 
Note that a small initial gas saturation was included in the cleats (fractures) to improve the 
numerical performance of the model – this added about 1% to the gas-in-place (i.e. the difference 
between the “adsorbed gas” and “total gas” in the table above). 
 
7.3 Carbon Dioxide Sequestration 
 
7.3.1  Preliminary Cases with CO2 Injection 
Initial attempts to inject CO2 into the coal seams were hampered by severe numerical difficulties.  
These difficulties were overcome and the model ran smoothly. 
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The initial case was to simulate the planned SECARB test, as described in Pashin and Clark(17). 
Unfortunately the paper did not have the details of the planned test, and there was no time scale 
given.  Nevertheless, the overall plan is to inject 1030 tons (892.9 tonnes) of CO2 into the 4001-C 
well.  The first injection will only inject 30 tons (26.8 tonnes), mainly to provide data for an 
analysis of the pressure fall-off.  The second injection slug will be 300 tons (268 tonnes), leaving 
700 tons (625 tonnes) for the final slug. These volumes were injected in the model with little 
difficulty. Examination of this case showed that the CO2 would be adsorbed rapidly. 
 
7.3.2 CO2 Injection at Deerlick Creek – SECARB Test 
 
Since the preliminary model was set up, the revised SECARB plan was received as the “Project 
Design Package” (24) and was input into the model.  The revised plan involves separate injection 
into the three coal zones.  First injection is into the Black Creek coals with 40 tons injected.  After 
a 16 day “pressure stabilization” period, 280 tons will be injected into the same coals. Similar 
volumes will then be injected into the Mary Lee and Pratt coal zones. 
 
This scheme was input into the model and it ran smoothly.  The pressure and the adsorbed CO2 
distribution in the Black Creek, Mary Lee and Pratt coal zones are shown below in Figures 
7.3.2(1) – 7.3.2(6): 

 
Figure 7.3.2(1) Pressure Distribution in Black Creek Coal Zone Following Injection of 320 tons CO2. 
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Figure 7.3.2(2) Pressure Distribution in Mary Lee Coal Zone Following Injection of 320 tons CO2. 

 
Figure 7.3.2(3) Pressure Distribution in Pratt Coal Zone Following Injection of 320 tons CO2. 
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Figure 7.3.2(4) CO2 Distribution in Black Creek Coal Zone Following Injection of 320 tons CO2. 

 
Figure 7.3.2(5) CO2 Distribution in Mary Lee Coal Zone Following Injection of 320 tons CO2. 
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Figure 7.3.2(6) CO2 Distribution in Pratt Coal Zone Following Injection of 320 tons CO2. 

 
In all three zones the amount of CO2 injected was small but increased the pressure significantly, 
however it did not result in CO2 breakthrough at the producing wells. 
 
7.3.3 ECBM at Deerlick Creek 
Longer term CO2 sequestration was also investigated, with continuous injection into 4001-C 
(though the well was modeled as separate injectors into each of the three zones).  The following 
cases were run: 

• Base Case; no CO2 injection; 4001-C continuing as a production well. 
• CO2 injection; production throughout to 2040. 
• CO2 injection; production until CO2 breakthrough, injection continued until 2040. 
• CO2 injection; production until 2020, injection continued to 2040. 
• CO2 injection; production until 2020, injection continued to 2040 at a higher rate. 
• Base Case, but all coals with thickness > 0.2 m perforated 
• CO2 injection; production until 2020, injection continued to 2040 at a higher rate, but 

all coals with thickness > 0.2 m perforated 
 

The results are summarized in Table 7.3.3(1) below: 
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Case End Date

Cum. Methane 
Production  (106 

m3)

Cum. Water 
Production   

(103 m3)

Cum. CO2 

Injection   
(106 m3)

Cum. CO2 

Production   
(106 m3)

Net CO2 

Sequestration 
(tonnes)

0. History
2006-09 69.67 241.3 0 0 0

1. Base Case; no CO2 injection; 4001-C 
continuing as a production well.

2040 87.28 262.3 0 0 0

2. CO2 injection; production throughout to 
2040. 2034 87.09 263.9 136.9 32.96 192905

3. CO2 injection; production until CO2 

breakthrough, injection continued until 2040.
2040 75.71 248.3 168.5 0.00 315028

4. CO2 injection; production until 2020, 
injection continued to 2040.

2040 83.52 258.1 177.4 11.12 308237

5. CO2 injection; production until 2020, 
injection continued to 2040 at a higher rate.

2038 83.52 258.1 228.9 11.02 407182

6. Base Case, but all coals with thickness > 
0.2 m perforated

2040 90.80 302.2 0 0 0

7. CO2 injection; production until 2020, 
injection continued to 2040 at a higher rate, 
but all coals with thickness > 0.2 m 
perforated

2040 85.91 275.4 233.8 13.34 412022

 
Table 7.3.3(1) Summary of CO2 Sequestration Simulations 

 
Note that two cases did not reach 2040 due to numerical problems – results can show the trends 
compared to the other cases. Figure 7.3.3(2) shows the cumulative methane production for each 
case. Figure 7.3.3(3) shows the total mass of CO2 in the model area with time. 
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Figure 7.3.3(2) Predicted Cumulative Methane Produced 
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Figure 7.3.3(3) Predicted Cumulative CO2 Adsorbed 
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In the Base Case, the total production to 2040 was 87.3 x 106 sm3, for an incremental production 
of 17.6 x 106 sm3 (622 MMscf).  This corresponds to a recovery factor of 81.7% of the original 
gas-in-place (OGIP).  The high recovery is largely due to the relatively high cleat permeability 
which results in a fairly constant pressure across the field. 
 
CO2 breakthrough at the production wells is quite rapid and, if the producers are shut-in when 
breakthrough occurs, there is significant loss of methane production. 
 
If production is continued after CO2 breakthrough, the production of methane is enhanced by a 
small amount, though this appears to be mainly an acceleration effect (compare red and blue lines 
in Figure 7.3.3.(2)). 
 
Shutting-in the producers in 2020 while continuing injection leads to an increase in the CO2 
adsorption rate. There is little loss of methane production. Nevertheless, with the selected 
injection rate, the coals are not saturated with CO2 even in 2040, after 33 years of injection. 
 
Increasing the injection after 2020 from 30 ton/d (14600 m3/d) to 60 ton/d (29300 m3/d) does 
saturate the coals with CO2 by 2040, as indicated by the flattening-off of the cumulative CO2 
adsorption in the model area in Figure 7.3.3(3) 
 
ECBM does not appear to be successful in increasing the recovery of the methane.  Closer 
inspection of the model shows that the methane recovery is increased where the coal has been 
swept by CO2, but there are areas which have been poorly swept.  Figures 7.3.3(4) and 7.3.3(5) 
show the distribution of the adsorbed methane in the second coal of the Mary Lee in 2040 with 
CO2 injection and without, from cases 6 and 7. 

 
Figure 7.3.3(4) Methane Adsorption In Mary Lee Coal 2 in 2040 – With CO2 Injection. 
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Figure 7.3.3(5) Methane Adsorption In Mary Lee Coal 2 in 2040 – Without CO2 Injection. 

 
With CO2 injection, the adsorption at the 4001-C well has been reduced from 362.8 gmole/m3 to 
0, while with no CO2 injection, the adsorption has been reduced to just 50.3 gmole/m3. 
 
Comparing the two figures clearly shows that considerable methane is trapped along the edges of 
the model.  This is the result of stopping the production early.  However, if the producers had not 
been shut-in, much of the injected CO2 would have been produced.  This would have prevented 
the pressure from rising to its original value, reducing the CO2 sequestration. Figure 7.3.3(6) 
shows the pressure in a single coal (same coal as in the figures above) under primary, CO2 
injection with continuous production and CO2 injection with production stopped in 2020. 
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Figure 7.3.3(6) Pressure In Mary Lee Zone 2040. 

 
Figure 7.3.3(7) shows the amount of CO2 sequestered in the same coal.  Continuous production 
clearly decreases the sequestration. 
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Figure 7.3.3(7) Adsorbed CO2 In Mary Lee Zone 2040. 
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Table 7.3.3(1) shows that over 400000 tonnes of CO2 can be sequestered with the pressure 
returned to close to the original pressure.  Since the model area is 1.44 km2, the sequestered CO2 
is 286000 tonnes/km2 or 12.8 tons/acre.  This is somewhat lower than the 390000 tonnes/km2 
sequestration capacity predicted for the coal in the area.  There are several reasons for this. The 
first is that not all of the area has been swept by the CO2 as shown in the previous figures. 
Secondly, even with the increased injection rates, the entire area is not re-pressured to the original 
level.  Figure 7.3.3(8) shows the pressure distribution in 2038 for a Mary Lee coal.  
 

 
Figure 7.3.3(8) Pressure Distribution In Mary Lee Coal 2 in 2038. 

 
Thirdly, not all of the water in the cleats had been produced.  With CO2 injection, this water can 
be trapped in areas of low pressure gradient and will prevent CO2 from adsorbing in those areas. 
In the model, these areas are along the edges of the model and are artifacts of the model 
boundaries.  Nevertheless, this phenomenon is likely to occur in the reservoir and will serve to 
reduce the sequestration capacity. Figure 7.3.3(9) shows the water saturation in the cleats in the 
Mary Lee coal zone (coal 2) in 2038. 
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Figure 7.3.3(9) Water Saturation Distribution In Mary Lee Coal 2 in 2038. 

 
If only a 0.5 km2 region around the 4001-C well as shown in Figure 7.3.3(9) is considered 
(yellow box), the CO2 sequestration is equivalent to 285164 tonnes/km2.  The methane recovery 
from this area is 97.9%. 
 
7.4 Carbon Dioxide Seepage 
 
7.4.1 Development of Overburden Model 
In order to model the leakage of the CO2 from the coal seams to upper horizons and the surface, a 
model had to be developed which includes the coals and the entire overburden. 
 
The concept of such leakage is that there are natural fissures in the rocks which allow the CO2 to 
escape(25-27). Such fissures can be considered to have an effective vertical permeability, which is a 
combination of the conductivity of an individual fissure and the frequency of their occurrence. 
 
The logs for the Reichold Chemicals Inc. Research Waste Disposal #1 well were obtained.  The 
location of the well is in section 3, township 21S, range 9W in Tuscaloosa County, Alabama. 
 
The geological zones in the overburden were identified and are listed in Table 7.4.1(1) below, 
together with the depth intervals.  
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Zone Top (ft) Top (m)
Utley Coal 0 0 
Shale/Sand 200 61 
Gwin Coal 440 134 
Shale/Sand 540 165 
Cobb Coal 685 209 
Shale/Sand 770 235 
Pratt Coal 1090 332 

Shale/Sand 1430 436 
Mary Lee Coal 1740 530 

Shale/Sand 1920 585 
Reem Coal 2090 637 
Shale/Sand 2160 658 

Black Creek Coal 2240 683 
Shale/Sand 2460 750 

Package 7 Coal 5060 1542 
Shale/Sand 5620 1713 

Package 6 Coal 5830 1777 
 

Table 7.4.1(1) Tops of Overburden Zones 
 
The logs were analysed on a 0.15 m basis, with the porosity, volume of shale and a coal indicator 
calculated. 
 
7.4.2 Overburden Model 
A model with 2m layers and one layer for each coal zone was created. Areally the model was 
coarsened to 5 by 5 blocks.  A 3-D view of the model is shown below in Figure 7.4.2(1). 

 
Figure 7.4.2(1) 3-D View Of Overburden Model. 
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A cross-section through the model is shown in Figure 7.4.2(2) followed by a close-up view 
showing the grid layers in Figure 7.4.2(3). 

 
Figure 7.4.2(2) Cross-Section Through Overburden Model. 

 
Figure 7.4.2(3) Close-Up View Of Overburden Model Showing Grid. 
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The model includes the coals in the upper zones, namely the Utley, Gwin and Cobb.  These have 
been given the same properties as the lower coals except that the cleat permeability has been set 
to 10 md.  The model has 786 layers and goes from the surface to the base of the Black Creek 
coal zone.  The vertical permeability of the non-coal zones has been initially set to 1 x 10-5 md. 
There are no high quality sands in the upper zones.  The porosity distribution peaks at 0.004 and 
the maximum porosity value is about 0.04.  The Vshale distribution shows a bi-modal character 
with a minimum at 0.55. 
  
The original gas-in-place in the producing coals has been adjusted to match the volume in the 
history-matched model.  The historical period was run and the results are comparable to the 
history match, though not identical.  Nevertheless, the model is suitable for modeling the leakage 
of CO2 out of the injection zones. 
  
A simulation run was set up with injection of CO2 to 2030, followed by a 70-year shut-in period. 
The coal pressure had reached the original pressure in about 2030, so injection was stopped at 
that time. The run showed some leakage of the CO2 out of the coals and into the non-coal zones. 
  
Three sensitivities were run using this model, setting the vertical permeability of the non-coal 
zones to 0.00001, 0.0001 and 0.001 mD.   
  
The Figures 7.4.2(6) to (7) show the average pressure in each coal zone as a function of time. 
 

Black Creek

Year (Date)

A
ve

ra
ge

 P
re

ss
ur

e 
(k

Pa
)

1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100 2110 2120
0

2,000

4,000

6,000

8,000

Kv = 0.00001 mD
Kv = 0.0001 mD
Kv = 0.001 mD

 
Figure 7.4.2(4) Average Pressure in Black Creek Coal to 2100. 
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Mary Lee
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Figure 7.4.2(5) Average Pressure in Mary Lee Coal to 2100. 
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Figure 7.4.2(6) Average Pressure in Pratt Coal to 2100. 
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Note the decline in the pressure after injection was stopped which indicates the loss of CO2 to the 
caprock. 
 
Each of these cases had to be run to include the historical production.  The results clearly show 
that the water production rises rapidly as the vertical permeability is increased. Figures 7.4.2(7) 
and (8) show the gas production rate and the cumulative water production rate for the three 
vertical permeability values.  Clearly only the 0.00001 md case provides a reasonable history 
match. This puts an upper limit on the effective vertical permeability and hence on the density of 
the fissures which are responsible for the effective permeability of the non-coal zones. 
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Figure 7.4.2(7) Gas Production Rate – History Match with Leakage to Caprock. 
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Figure 7.4.2(8) Cumulative Water Production – History Match with Leakage to Caprock. 

 
 
With the low vertical permeability, there was some leakage of gas out of the coals.  Figures 
7.4.2(9) to (12) below show the water saturation in the cleats at different times. Since the rock 
outside the coals is initially water saturated, any reduction in the water saturation represents an 
increase in the gas saturation, i.e. migration of CO2 out of the coal. Even by 2100, the gas has not 
migrated more than 10 m from the coals. Note that no “threshold pressure” for entry of the gas 
into the shales was assumed, so the results are probably over-estimating the migration. 
 
The conclusion is that migration of the injected CO2 through natural fissures to the surface is 
highly unlikely, even over centuries.  Other sources of leakage are outside the scope of this 
project and have not been investigated.   
 
The effect of injecting above the initial reservoir pressure has also not been investigated; if the 
pressure is high enough, geomechanical effects (e.g. induced fracturing) may increase the 
migration.  This is also outside the scope of the project and would require the addition of 
geomechanical modeling. 
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Figure 7.4.2(9) Initial Water Saturation in Mary Lee Coal Zone. 

 
 

Figure 7.4.2(10) Water Saturation in Mary Lee Coal Zone – End of Primary Production. 
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Figure 7.4.2(11) Water Saturation in Mary Lee Coal Zone – End Of CO2 Injection. 

 
Figure 7.4.2(12) Water Saturation in Mary Lee Coal Zone – 2100 End Of Simulation. 
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8  Conclusion 
 
The coals in the Pratt, Mary Lee and Black Creek coal zones in the Deerlick Creek field in 
Tuscaloosa County, Alabama have been highly depleted since the start of methane production in 
1985.  Within the study area, 65.2% of the OGIP has been produced. 
 
Continued primary production to 2040 will increase the recovery to 81.7% of OGIP.  If additional 
coal seams within the same coal zones are completed, the recovery will increase to 85.0% of the 
OGIP.  Note that in the area around each well, the recovery can be as high as 97.9% of OGIP.  
The difference is the result of non-uniformity in the final pressure distribution and, to a lesser 
extent, remaining water saturation in the cleats. 
 
The SECARB CO2 injection test should easily inject the planned volumes of CO2 into the coal 
seams, but due to the small volume relative to the size of the resource, the effect will be very 
local and will not be observed at the offsetting wells. 
 
Continued injection of CO2 will result in roughly the same methane recovery to 2040 as without 
CO2, with some acceleration of recovery. Due to the continued production, the pressure in the 
coal seams will not increase significantly, and CO2 sequestration will be inefficient. Within the 
model area, only 193000 tonnes of CO2 will be sequestered, or 134000 tonnes/km2.  Thus the 
expectation that injection of CO2 will result in significant “Enhanced Coal Bed Methane” 
(ECBM) production is not justified. ECBM will presumably be more effective in coal seams 
which have not been as depleted in pressure as those in the Deerlick Creek field or where the 
bottomhole flowing pressure cannot be reduced to a very low value. 
 
Continued injection of CO2 will also result in rapid breakthrough of CO2 at the production wells.  
If the wells are shut-in when breakthrough occurs, then the recovery of the methane will be 
reduced to 70.9% of OGIP. However, the pressure in the coals will increase and the sequestration 
will increase to about 219000 tonnes/km2. 
 
Clearly, there is a trade-off between sequestration efficiency and methane recovery.  Shutting-in 
the production wells in 2020 is a suitable compromise.  The methane recovery increases to 78.2% 
of OGIP, while the sequestration to 2040 increases to 218000 tonnes/km2. 
 
With the injection rates selected, the CO2 injection rate is constant throughout the period to 2040, 
implying that the coals are not saturated with CO2 after this time.  Doubling the injection rate 
from 2020 to 2040 causes the pressure in each coal seam to rise to close to the original pressure 
and the injection rate is decreased.  Under these circumstances, the sequestration is increased to 
283000 tonnes/km2.  Perforation of additional coal seams can increase this further to 286000 
tonnes/km2. 
 
The amount sequestered is somewhat less than expected from analytical calculations.  This is due 
to non-uniform pressure in the cleat system, pockets of high water saturation in the cleats and 
lack of continuity in some coal seams. 
 
Modeling leakage of the sequestered CO2 from the coal seams through the overburden to surface 
was examined using a model where the entire overburden was included. The model was run with 
three different effective vertical permeabilities.  It was found that, if the effective permeability 
was greater than 10-5 mD, the primary production would have resulted in considerably more water 
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production than was observed.  Thus this value of the vertical permeability represents an upper 
limit for the overburden. 
 
To examine the migration of the CO2 out of the coals, the model was run with CO2 injection into 
the coals to 2030, when the coals are roughly re-pressurized, shutting-in the injection well and 
continuing the simulation to 2100.  The migration of the CO2 out of the coals was observed in the 
model, but even in the timeframe modeled, the CO2 did not migrate more than 10 m above the 
coal zone. The conclusion is that there is very little risk that the CO2 will migrate significantly 
through the fissures to the surface (or sources of potable water) in centuries. 
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1.0 Abstract 
 
Reduction of greenhouse gases is a pressing problem facing mankind.  Storage of CO2 in 
subsurface geologic formations is a potential GHG mitigation strategy and monitoring of gas 
storage sites will be an important component of assuring the safe operation and maintenance 
of these facilities.  Surface detection methods will most likely constitute a critical component 
of any monitoring protocol because of the environmental impact and safety concerns 
associated with leakage of CO2 to the surface.  Airborne monitoring of CO2 and methane has 
obvious advantages over ground-based methodologies.  It allows large areas to be evaluated 
over short periods of time.  The Orbiting Carbon Observatory satellite which is being 
launched by NASA JPL in December 2008 will have enough sensitivity and accuracy for 
atmospheric CO2 measurement to probably make it useful as a sequestration site monitoring 
tool. Satellite monitoring would be able to provide world wide screening of sequestration 
sites for higher than normal levels of atmospheric CO2. The satellite could trigger airborne 
and/or on-the-ground evaluation of possible CO2 seepage from the sequestration site  
 
We tested two different airborne monitoring sensor systems using engineered CO2 releases at 
the Naval Petroleum Reserve Site #3 (NPR#3) in Central Wyoming. The two sensor systems 
used were the NASA AMES “MASTER” multispectral sensor and the commercially 
available HyMap hyperspectral sensor.  The MASTER sensor was flown on August 3, 2006. 
The Hymap sensor was flown in September 2004 for a previous DOE experiment.  That 
experiment evaluated sensors for gaseous methane detection in air. The Rocky Mountain Oil 
Field Test Center (RMOTC) personnel provided engineered releases of CH4 and CO2 at seven 
locations on the NPR #3 site.  The same locations were used in the 2004 and the 2006 field 
experiments.  Releases were created by using large CO2 tanks and natural gas provided by 
nearby wells. In the 2006 field experiment the MASTER multispectral imager, with 50 bands 
between 0.4 μm to 13 μm, was mounted in a NASA Cessna Caravan flying at a height of 
1000-2000m, giving a pixel size of 2.5 m-5 m. The relative concentrations of CO2 and 
methane were determined using multiple absorption features in the short wave and thermal 
infrared. MASTER images of Kilauea, HI; Mount St. Helens, WA; and Mammoth Mountain, 
CA were studied in preparation for the field test, with positive qualitative detection of CO2 
gas. The 2006 MASTER field test showed no conclusive detection for CO2, but apparent 
detection of CH4 at a release rate of 142 m3/h. The imagery produced by the airborne Hymap 
hyperspectral sensor in the 2004 field test at NPR #3 was reevaluated for possible direct CH4 
gas detection with no success. 
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4.0 Introduction 
 
There is a growing desire in the field of climate change mitigation for research into the 
methods needed for successful underground storage of gaseous carbon dioxide (CO2) from 
anthropogenic industrial processes. Above ground monitoring for gaseous atmospheric CO2 
and CH4 concentrations can be an important component of the successful operation of 
underground sequestration sites.  While there are many methods of detecting gas leaks, 
airborne and satellite remote sensing are unique in their ability to monitor large land-surface 
areas. If carbon dioxide gas percolates to the surface along faults, joints, cracks, or well heads 
from the storage formation below, it will generate a localized gas plume and increase ambient 
CO2 levels in the region. Monitoring techniques that target CH4, another important GHG, are 
important since CH4 emissions may accompany CO2 leakage. Similarly, fugitive leaks of CO2 
and/or CH4 from pipelines may occur during transport.  Sensors in an aircraft or satellite are 
ideal for detecting localized plumes, because the speed and distances covered will always 
exceed those of other forms of detection at a fraction of the cost.  
 
This study used MASTER, an airborne multi-spectral imager, to map engineered CO2 and 
CH4 leaks within the boundaries of an active oil field. The primary field area is 35 miles 
north of Casper, Wyoming, in the Rocky Mountain Oil Field Testing Center (RMOTC) Naval 
Petroleum Reserve #3 Teapot Dome Oil Field. Data from this field test were studied and 
compared to data from other previously flown MASTER sites (Kilauea, HI; Mount Saint 
Helens, WA; and Mammoth Mountain, CA) as well as other imaging and spectroscopic 
instruments such as the HyMap airborne hyperspectral imager and the ASD FieldSpec Pro 
portable spectrometer. The previously flown MASTER imaging sites were included because 
each of the three sites has natural CO2 and/or CH4 leaks that could be used to improve larger 
scale methods of gas detection prior to the field data acquisition at RMOTC. 
 
Background 
 
Growing international concern about the effects of global warming is forcing industry and 
policy makers to consider options for reducing CO2 emissions from industrial processes. 
Measurements from various sites show that global CO2 concentrations in the atmosphere are 
increasing, a fact which may have dramatic and lasting implications on global ecology 
(Figure 1).  
 
With increasing atmospheric CO2 concentrations and its potential effects, a number of 
alternatives to offgasing anthropogenic CO2 have been proposed including storage of carbon 
dioxide in geologic formations, oceans, and mineralized carbonates, and its use in industrial 
processes to mitigate climate change.  
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Figure 1: CO2 measurements made at the Mauna Loa Observatory, Hawaii, from 1958 to 
2004. Graph shows monthly average atmospheric CO2 concentration over a period of 
46 years. (from Keeling et al., 2005).  
 
Mankind continues to use fossil fuels as the primary energy source for a continuously 
expanding population of energy users. The broad use of fossil fuels has been linked to global 
warming, the consequences of which may be severe if left unchecked.  Carbon dioxide is the 
greenhouse gas that makes the largest contribution to global warming caused by human 
activities. “Carbon Dioxide (CO2) is released into the atmosphere by: the combustion of fossil 
fuels such as coal, oil or natural gas, and renewable fuels like biomass; by the burning of 
forests during land clearance; and from certain industrial and resource extraction processes” 
(IPCC, 2005). 
 
Carbon Capture and Storage (CCS) is one proposed method for the mitigation of global 
climate change. “Carbon dioxide (CO2) capture and storage (CCS) is a process consisting of 
the separation of CO2 from industrial and energy-related sources, transport to a single 
location and isolation from the atmosphere” (IPCC [2], 2005). CCS is one of the more 
attractive options because it requires very little change to the fossil-energy infrastructure. 
Storing CO2 released by combustion of fossil fuels in geologic formations could potentially 
isolate huge volumes of CO2 from reaching the atmosphere and thereby halt the increasing 
concentration of carbon dioxide in the atmosphere, while simultaneously allowing the energy 
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industry to continue providing energy and petroleum based products. It is unknown exactly 
how much CO2 can be sequestered or if it will be enough to have an effect on climate change. 
  
The first step in CCS is separation of CO2, which can be accomplished either pre- or post-
combustion.  Post-combustion separation of CO2 from waste streams is currently practiced 
on a commercial scale and typically involves gas-scrubbing chemical solvents.  Following 
capture, the CO2 would be compressed and then transported by either pipeline, ship, or truck 
to a location where it would be injected into a suitable subsurface geologic formation.  For 
health, safety, and environmental considerations, it is imperative that the risk of leakage 
during the capture, transport, or storage of CO2 be monitored and minimized.   Both CO2 and 
CH4 leaks pose potential physiological hazards for people, animals, and plants. CO2 and CH4 
are both denser than air which can result in the pooling of gas in confined spaces or 
depressions where they can displace breathable air. In addition CH4 is flammable and may 
form an explosive mixture.  
 
Transport may represent the greatest potential for accidental release e.g. from collisions, 
improper handling, or mechanical failure. It is desirable that leaks in the infrastructure of CO2 
transport are detected early.  No available transportation option can guarantee 100% retention 
of gaseous CO2. 
 
Pipelines are the preferred method of transporting compressed CO2 over distances up to 1,000 
km on land, but ships may become more economical for longer distances and are essential for 
shipping overseas. Leakage statistics for overland European, American, Russian, and 
Canadian CO2 and natural gas pipelines are generally low with losses of 1.0 to 3.5% per year 
(IPCC, 2005).  Monitoring of transport pipelines is essential, especially through populated 
areas.  Underwater pipelines experience a similarly low incident rate.  
  
Ships and ocean tankers can fail for a variety of reasons including: collision, foundering, 
stranding, and fire. Damage to ships may release both liquefied natural gas and liquid phase 
carbon dioxide. While operating guidelines can prevent most incidents, there will always be 
potential for product losses, the endangerment of human life, and the consequences of release 
into the ocean or atmosphere. 
 
In addition, final storage of gases after transportation poses other logistical and mechanical 
problems.  Storage sites for captured CO2 must be selected carefully. The most promising 
storage sites for injection of CO2 are geological formations at depths greater than 800 – 1000 
m that include the presence of an impermeable caprock. At depths below 800-1000 m CO2 
has a density of approximately 500 to 800 kg/m3, allowing the gas to act more like a liquid, 
reducing its upward, buoyant migration and providing for more efficient use of the storage 
space. Coal bed storage relies on the adsorption of CO2 on the coal and can utilize shallower 
storage units, but the technical feasibility of these units largely depends on the permeability 
of the coal bed. Coal bed storage may be an attractive option for companies interested in 
Enhanced Coal Bed Methane recovery due to the potential for revenue from additional oil or 
gas production.  
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The risks inherent in the transport and storage of greenhouse gases means that CCS needs a 
reliable, low cost monitoring system for a variety of purposes.  Monitoring programs will 
likely aim to detect leakage to provide an early warning of any seepage or leakage that might 
require mitigation action (IPCC, 2005; ch.5 p.48), to verify the quantity of injected CO2 that 
has been stored, and to optimize the efficiency of the storage project.  Wells are considered to 
be one of the higher risk potential leakage pathways, so monitoring injection well 
performance and condition will be an important component of monitoring programs. CCS 
would require monitoring of well controls for documentation of effective injection well 
controls, and specifically for monitoring the condition of injection wells and measuring 
injection rates and wellhead and formation pressures.  
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5.0 Executive Summary 
 
The importance of monitoring greenhouse gases as part of the human ecosystem has been 
well established over the course of the last half century, and continues to grow as time passes 
and society’s ability to change current trends declines. While many monitoring systems are 
available, few have the potential that airborne and satellite remote sensing offer.  
 
The MASTER airborne multispectral imager is unlikely to be an efficient or accurate system 
for the kinds of global monitoring systems we need. Although the MASTER results indicate 
potential for detection of both CO2 and CH4, there are ambiguities in all but one case that 
limit the usefulness of the results. The Kilauea dataset, with the Realmuto technique for gas 
detection, was inconclusive for our primary gases of concern (CO2 and CH4), but adequate for 
qualitative mapping of SO2. The Mount Saint Helens dataset showed that for high 
concentrations of CO2 from a volcanic source, a density slice taken over the bands of interest 
may be sufficient to outline the extent of a gas plume, but more data is needed. The 
Mammoth Mountain dataset showed that the density slice technique used at Mount Saint 
Helens was insufficient to detect CO2 around the Horseshoe Lake Tree Kill. The MASTER 
results for CO2 detection at RMOTC were inadequate for direct gas detection over wide 
areas, but there are indications that the techniques have potential for small areas under 
controlled circumstances. Results for CH4 appear promising for leaks at rates higher than 142 
cmh (5000 cfh), or more than 64.4ppmv.  In general, the MASTER spectral resolution is too 
broad, and the spatial resolution too coarse to confidently detect and map variations of 
greenhouse gas release on an industrial scale.  
 
The HyMap Airborne Hyperspectral Imaging System has finer spectral resolution than 
MASTER, but only encompasses a fraction of MASTER’s spectral range. Without 
broadening its spectral range HyMap will be equally unlikely as a direct detection system for 
CH4. The reevaluation of the Hymap data confirms the conclusions of previous analyses in 
that it was unable to image CH4 directly. 
 
The ASD Field Spectrometer accurately measured reflected light from plant spectra, and the 
results were consistent with the expected effects of CO2 on the health of grasses in the 
experiment at the Montana State University agricultural research field. Combined with its 
ability to directly measure CO2 gas (though in a secondary container) suggests that 
instruments like the ASD are valuable as research tools for gas monitoring.  
 
Although the results presented here show that it is unlikely that the MASTER instrument as 
currently configured could reliably detect gaseous CO2 from ground based leaks, the data do 
suggest that the MASTER instrument can detect large-scale CH4 ground leaks. As an 
airborne platform the use of this capability is somewhat limited, but this may be an important 
aspect for a space-borne Earth imaging system, as CH4 sources and sinks are not globally 
well categorized.  
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Instruments such as the Earth Observation Satellite and the Orbital Carbon Observatory 
therefore have a very important role to play in the future of carbon sequestration oversight 
and monitoring. Imaging systems that target the gas absorption features with narrower bands 
and more sensitive sensors in the near, mid, and thermal infrared are essential to make global 
accounting of CO2 and CH4 sources a reality.  
 
A different imaging system may be required to combine all the capabilities needed to image 
the kinds of hydrocarbon leaks we’ve attempted to detect in this project. We know from other 
research that a passive hyperspectral instrument such as AVIRIS has the ability to 
successfully detect changes in concentrations of CO2 in the atmospheric column (Green, 
2001) with a high degree of accuracy, and our current MASTER study shows at least the 
potential for being able to perform the same function.  
 
Future experiments would benefit from an instrument with a spectral response from at least 
the short wave infrared into the thermal wavelengths, with channels whose widths are 
significantly narrower than that of MASTER. Ideally we would need channel widths as 
narrow as possible, down to only a few nanometers if available. In this way, it will still be 
possible to image the larger wavelength overtones of the absorption effects of CO2 and CH4 
in particular, with a higher resolution as to the effect of the spectra. For instruments which 
already exist, AVIRIS and HyMap both have a spectral range from around 0.4 to 2.5 μm. 
This makes them better for imaging the absorption for CO2 at 2.06 μm, but incapable of 
imaging the absorption features beyond 2.5 μm in the mid and far infrared.  MASTER and 
similar multispectral instruments have the capability to image in the mid and far infrared, but 
the signal-to-noise ratio combined with undesirably wide channel widths make imaging 
absorption features in this range extremely difficult. 
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6.0 Experimental 
 
6.1 Leak Detection 
 
Research by the US Department of Energy into methods of leak detection for natural gas 
pipelines led to a technology status report that outlined and reviewed the current state of these 
technologies grouped into two categories: non-optical and optical (Sivathanu, 1991). 
 
Non-optical methods include acoustic monitoring, gas sampling, soil monitoring, flow 
monitoring, and software-based dynamic modeling. Acoustic monitoring uses audio monitors 
to detect leaks based on changes in the background noise pattern of a pipeline. Acoustic 
monitoring can be used on many different sizes of pipes, but its drawbacks include the 
number of sensors needed to monitor even one pipeline, and the minimum size of leaks that 
can be detected. Gas sampling typically uses a flame ionization detector (handheld or vehicle 
mounted) for direct sampling of gasses in the field. Gas sampling is very accurate even for 
very small leaks, but can only sample very small areas. Soil monitoring is conducted by 
placing a tracer chemical in the pipeline that will be expelled during a leak. This method 
provides high sensitivity leak-detection along the entire length of a buried pipe, but is 
expensive because the tracer must be added continuously to the pipeline; it does not work for 
above-ground pipelines. Flow monitoring is done by measuring flow rates at regular intervals 
along the pipeline to determine if any loss has occurred between measurement sites. This 
method is very efficient at determining leakage and is highly cost effective; but it cannot 
pinpoint the site of a leak; it only indicates the section of pipe containing the leak. Software-
based dynamic modeling uses input from various sensors placed along the pipeline to model 
the locations of leaks. This system can monitor the pipeline continuously without interfering 
with regular operations; but it is expensive and has a high rate of false alarms.  
 
All of the above detection methods fall under the heading of ‘Remote Sensing’. Optical 
methods of remote sensing are divided into ‘active’ and ‘passive’ systems. Active systems 
use an illuminating source and an array of sensors to detect absorption or scattering of light as 
it passes through gas plumes. Passive systems rely on the sun as the illuminating source and 
detect variation in the reflection, absorption, or emission of light by surfaces or the 
atmosphere. According to Sivathanu, 1991, pipeline monitoring has been successful by using 
a variety of active systems including: Tunable Diode Laser Absorption Spectroscopy 
(TDLAS); Laser Induced Fluorescence (LIF); Coherent Anti-Raman Spectroscopy (CARS); 
Fourier Transform Infrared Spectroscopy (FTIR); and evanescent sensing. Passive systems, 
such as thermal imaging and multi-wavelength imaging, have also been used successfully to 
detect CH4 leaks from pipelines. These systems all have the advantage of being able to cover 
a very large area in a relatively short period of time without any interference to normal 
pipeline operations if performed from aircraft or satellite platforms. Also, these sensors can 
be mounted almost anywhere, although infrared detectors are particularly expensive.  
 



  90

Some of these monitoring techniques are specific to pipeline applications but others, such as 
gas sampling, soil monitoring, and optical methods may be adaptable to detection of leakage 
of CO2 from subsurface storage formations. 
 

6.2 Remote Sensing 
 
Remote Sensing is the discipline of studying an object indirectly by interpreting how energy 
is emitted or reflected from the object to the observer (the ‘observer’ being a sensor of some 
form). Although there are many forms of remote sensing, for this study the “object” is in 
reference to the surface of the earth and the “energy” refers to radiation from a controlled 
emission source, or the sun. Sensors collect qualitative and quantitative data on the intensity 
and wavelengths of reflected or emitted radiation in discrete parts of the electromagnetic 
spectrum. The discrete ranges are known as “bands” or “channels” and the value of integrated 
intensity is the “brightness”. As the sensor moves over a surface, brightness values for a 
number of different bands are obtained at many different points. These points become the 
pixels of an image of the surface of the object.  
 
The electromagnetic spectrum (EM) is divided into broad regions defined by the wavelength 
or frequency of energy in that region. The longest wavelengths of the electromagnetic 
spectrum are radio waves and the shortest are gamma and X-rays. From about 400 to 700 
nanometers (nm) are the wavelengths in the visible part of the EM with slightly longer 
wavelengths from 700 nm to 1 μm known as the short-wave infrared (SWIR), 1 μm to 5 μm 
is the mid-infrared (MIR), 5 μm to 8 μm wavelengths are considered long wave infrared 
(LWIR), with 8 μm to 30 μm considered the thermal infrared (TIR).  
 
Spectroscopy, the study and interpretation of emitted and absorbed radiation to and from their 
sources, is an integral part of airborne and space-borne remote sensing. Materials, including 
gases, minerals, vegetation, and aerosols reflect, absorb, and emit energy in different ways 
depending on their unique physical properties. From knowledge of how materials react to the 
electromagnetic spectrum, it is often possible to identify them from unique spectral 
characteristics.  
 
There are three general categories of optical sensors: broadband, multi-spectral, and hyper-
spectral. Broadband describes a sensor that is sensitive to only one, usually broad, band (i.e. 
black and white photography). Multi-spectral sensors measure data independently from 2 to 
100 bands. Hyper-spectral sensors are defined as those that can record data from greater than 
100 independent and usually contiguous bands.  
 
Multi-spectral imaging began in the late 1800’s with the development of the first color films 
and cameras. Aerial color imaging has become increasingly commonplace by both military 
and civilian users ever since. In the 1930’s multi-spectral imaging expanded beyond the 
visible spectrum with the advent of infrared sensitive film. Further development of cameras 
and film led to the first multi-spectral imaging systems to be placed on earth-orbiting 
platforms with the 1972 launch of “Landsat 1” by the National Aeronautics and Space 
Administration (NASA). This technology has been in a constant state of development since 
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its inception, has grown in complexity as well as functionality, and has expanded repeatedly 
to cover more of the electromagnetic spectrum. 
 
Hyper-spectral imaging grew out of multi-spectral imaging and has produced datasets directly 
comparable to spectroscopic analysis of ground materials recorded by spectrometers. Typical 
hyperspectral imagers have more than 100 channels with band widths on the order of less 
than or equal to 10 nanometers. Imagers of this class include ‘HyMap’ and ‘AVIRIS’, which 
have been used in studies to determine the concentrations of gases such as CO2 and CH4 over 
various terrains and elevations (Martini, 2002) (Green, 2001) 
 

6.2.1 The MASTER Instrument (Multispectral Imager) 
The MODIS/ASTER Airborne Simulator (MASTER) was developed by the NASA Ames 
Research Center in cooperation with the Jet Propulsion Laboratory and built in 2001. This 
instrument combines properties of both the MODIS and ASTER systems. MODIS and 
ASTER are space-borne imaging instruments installed on the first Earth Observing System 
(EOS) platform launched in late 1999. The MASTER system, characteristics of which are 
outlined in Table 1, acquires data from the 0.4 to 13 μm spectral range in 50 channels 
(bands).  

Table 1: Characteristics of the MASTER instrument (Hooke et al., 2001): 
Wavelength Range 0.4-13 μm 
Number of Channels (Bands) 50 
Number of Pixels 716 
Instantaneous field of view (IFOV) 2.5 mrad 
Total field of view 85.92 degrees 
Platforms DOE King Air Beachcraft B200, 

NASA ER-2, and NASA DC-8 
Pixel size DC-8 10-30m 
Pixel size ER-2 50m 
Pixel size B200 5-25m 
ER-2 Range (without refueling) 3700 statute miles 
B200 Range (without refueling) 700 statute miles 
DC-8 Range (without refueling) 5403 statute miles 
Scan speeds 6.25/12.5/25 rps 
Products Radiance at sensor (Level 1B) 
Calibration VIS-SWIR Laboratory Integrating Sphere 
Calibration MIR-TIR 2 on-board blackbodies 
Data Format Hierarchical Data Format (HDF) 
Digitization 16-bit 

 
MASTER (Figure 2) has been used in many locations around the globe, including well 
known sites of natural CO2 and/or CH4 off-gassing including Kilauea, Hawaii; Mount St. 
Helens, Washington; and Mammoth Mountain, California. Our primary target, the Rocky 
Mountain Oil Field Test Center (RMOTC), was imaged by MASTER on August 4, 2006. The 
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area imaged by MASTER overlaps previous imagery taken by the HyMap system on 
September 9, 2004. 
 

 (a)  

(b)  
 
Figure 2: MASTER installed on Sky Caravan. Data acquisition array (a); instrument optics 
(b) 
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6.2.2 HyMap Hyperspectral imaging spectrometer  
HyMap is an airborne imaging spectrometer built and operated by the HyVista Corporation. 
HyMap provides data in 128 contiguous bands from 0.4 to 2.5 microns. While its spectral 
range is less than MASTER’s, HyMap’s band widths of 15 to 20 nanometers provide higher 
spectral resolution than MASTER.  HyMap characteristics are outlined in Table 2. 

Table 2: Characteristics of the HyMap imaging spectrometer  
Wavelength Range 0.4-2.5 μm 
Number of Channels (Bands) 126 
Number of Pixels 512 
Instantaneous field of view (IFOV) 2.5mrad along track, 2.0mrad across 

track 
Total field of view 61.3 degrees 
Platforms Any aircraft with a standard aerial 

camera port, typically Cessna Titan 
Pixel size  3-10m 

 
(Data acquired August 8, 2006 from HyVista Corp. website at: 
<http://www.hyvista.com/hyvistaweb/subPage.php?pageid=23>) 
 

6.2.3 The ASD FieldSpec Pro, Portable spectrometer 
The ASD FieldSpec Pro is a ground-based spectrometer that provides extremely high 
resolution spectral data for discrete points on the ground. The ASD spectrometers function as 
single point light measurement units. The ASD FieldSpec Pro instrument properties are 
summarized in Table 3. This portable spectrometer is ideal for field applications of 
spectroscopy because it offers a very fine spectral resolution (3-10 nm).  

Table 3: Characteristics of the ASD FieldSpec Pro 2500  
Wavelength Range 0.35-2.5 μm 
Number of Channels (Bands) 215 (approx) 
Spectral Resolution 3 nm @ 700 nm  

10 nm @ 1400/2100 nm 
Sampling Interval 1.4 nm @ 350 - 1050 nm  

2 nm @ 1000 - 2500 nm 
Weight 19 lbs or 8.6 kg 
Scanning Time 100 milliseconds 
Photometric Linearity Less than 1% 
Wavelength Accuracy ± 0.8 nm 

 
(Data acquired December 7, 2007) http://www.asdi.com/products-ls2500.asp 
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6.4 Field Sites 
 

6.4.1 Kilauea, Hawaii 
The Island of Hawaii consists of several basaltic shield volcanoes located in the Central 
North Pacific Ocean at roughly 19° N latitude, 155° W longitude. The primary focus of this 
analysis was the Pu’u O’o vent located at 19° 24’ N, 155° 17’W near the southeast corner of 
the island. Pu’u O’o is one of many vents on the Kilauea volcano that began its current period 
of nearly continuous eruption in 1983. In 1992, most activity shifted to the Pu’u O’o vent 
which has been eruptive almost constantly ever since.  
 
Hawaii is also the home to the Mauna Loa Observatory, an atmospheric research facility 
created in 1957 for continuous monitoring of atmospheric changes. Because of the volcanic 
activity, substantial degassing of volcanic volatiles occurs in this area. Detailed knowledge of 
the current state of continuous eruption and the availability of MASTER imagery made this 
an ideal site for direct detection of CO2 and/or CH4. 
 

6.4.2 Mount St. Helens, Washington 
Mount St. Helens is an active dacite-andesite stratovolcano at 46°11′N latitude, 122°11′W 
longitude in the Cascade Range, WA. Mount St. Helens erupted explosively on May 18, 
1980. “The 1980 eruptions of Mount St. Helens in southwestern Washington marked the re-
awakening of a relatively young (40,000 years) volcano that had been dormant since 1857. . . 
The magnitudes of the 1980 eruptions were not exceptional by worldwide historical 
standards; however, they were the first volcanic eruptions in the conterminous United States 
since 1914 (Lassen Peak) and focused national attention on events leading up to the climactic 
eruption of May 18, 1980. The 1980 eruption led to exceptional opportunities for scientific 
observations, data collection, and the study of infrequent and often inaccessible geologic 
events and processes” (Simon, 1999). 
 
In 2004, after a period of quiescence, Mount St. Helens began another period of eruption 
which is continuing in late 2007. Recent MASTER imagery of the site was acquired on 
October 14, 2004. 
 

6.4.3 Mammoth Mountain, California  
Mammoth Mountain is a dacitic volcano on the southwestern rim of the Long Valley caldera, 
just east of the Sierra Nevada of California, USA. Mammoth Mountain is the site of a number 
of “tree kill” areas (Sorey, 1999; Martini, 2004) that have been subjected to high plant 
stresses and plant death that are attributed to saturation of the soil-gas with volcanic 
degassing of CO2. This off-gassing has reached sufficiently high volumes and frequencies to 
affect local human populations including two fatalities due to CO2 asphyxiation. The most 
well studied tree kill area is the Horseshoe Lake Tree Kill Zone (HSLTK), covering an 
approximately 220,000 m2 area adjacent to the northwest shore of Horseshoe Lake. Though 
plants require CO2 for photosynthesis, they also need to absorb Oxygen (O2) through their 
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roots. The CO2 from the degassing magma under the Long Valley Caldera asphyxiated the 
plants after soil CO2 increased from normal levels of 1% CO2 to between 20% and 95% CO2 
(Sorey et al., 2007). The CO2 degassing at Mammoth Mountain and previous investigations 
of HSLTK made this another ideal target for this MASTER investigation.  
 

6.4.4 Rocky Mountain Oil Test Center (Casper, Wyoming) 
The Rocky Mountain Oil Test Center (RMOTC) was established in 1993 by the Department 
of Energy (DOE) as a testing ground for new energy-related technologies. This site is a Naval 
Petroleum Reserve (NPR), 35 miles North of Casper, Wyoming. The RMOTC site is a 
10,000 acre, operating oilfield with approximately 1,200 well bores and approximately 600 
producing wells. Natural gas from the wells is currently processed, compressed, and then re-
injected in its gaseous state by the RMOTC gas plant. This RMOTC site has been used for 
two remote-sensing studies by the UCSC Center for Remote Sensing: once in 2004 with the 
Hymap instrument (Martini, 2005), and in 2006 using MASTER.  
 

6.5 Airborne Detection of Gases 
 
Both multi-spectral and hyper-spectral remote sensing can detect elevated concentrations of 
gases in the atmosphere, due to the scattering and absorbing of radiation traveling through the 
atmosphere. All atoms, molecules, and particles absorb, reflect, or emit radiation often in well 
known, discrete wavelengths. Gaseous molecules such as CO2 and CH4 (also H2O, N2O, O2, 
O3; Figure 3) absorb energy at various wavelengths throughout the electromagnetic spectrum 
due to their vibrational oscillation and rotational nature. By isolating these wavelengths, and 
comparing them to neighboring pixels in terms of the depth of the absorption, it is possible to 
map areas of relative concentration. One outcome of remote sensing research on atmospheric 
gas absorption is the design and deployment of a satellite platform that uses these absorption 
effects to catalogue global greenhouse gas fluxes. Global sources and sinks of greenhouse 
gases are not well understood, so a single system able to perform this function will be 
extremely valuable for monitoring greenhouse gases and their effects on climate change. One 
such system, the Orbiting Carbon Observatory (OCO), is being developed by NASA/JPL. 
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Figure 3: Common Atmospheric Transmittance spectra.
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6.6 Structure of CO2/CH4 plumes 
 
Gaseous CO2 and CH4 are denser than air. The dispersal of all heavier than air gases follows a 
pattern that is separated into several phases based on the mechanism dominant in that part of 
the plume, individual plume dynamics being slightly different in magnitude for different 
types and compositions of gas. As the gases within the plume flow from the source we see the 
source emission phase, initial acceleration and dilution phase, internal buoyancy dominance 
phase, transition phase, and passive dispersion phase (or ambient turbulence dominance 
phase). (Figure 4) (Markiewicz, 2007) 
 

 
Ua=wind velocity Uc=transport plume velocity 

 
Figure 4: Heavier than air gas plume dispersion model cartoon. (Markiewicz, 2007) 

 
Figure 4 illustrates the different phases of gas flow in the dispersal of heavy gas clouds. 
‘Uniform’ or ‘Gaussian’ plume models are generally used to describe continuous steady state 
grounded releases of heavy gases, and predict the movement of gases from their sources. 
Many software packages are available that use ‘generalized plume models’ rather than the 
‘Uniform’ or ‘Gaussian’ plume models because the generalized plume models include many 
of the same parameters and equations.  
 
Markiewicz, 2007, describes how the generalized plume models are an extension of the 
uniform plume models, and that the spatial variation of concentrations and other parameters 
in a plume cross section do not need to follow a uniform or Gaussian plume profile. 
Similarity profiles determined empirically are used to describe the models, allowing us to 
model some of the physical processes more realistically by describing the concentration in 
terms of the centerline ground level concentration, vertical and horizontal dispersion 
parameters, and plume width. These quantities are determined from a number of basic 
equations (some of which are provided below) describing the heavy gas mass conservation, 
air entrainment, horizontal crosswind gravity spreading and crosswind diffusion. 
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Effective plume parameters (Markiewicz, 2007): 
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Where: 
c(x,y,z)= the concentration of the pollutant, 
x,y,z= the Cartesian coordinates of the coordinate system located at the middle of the pool  in 
which the OX, OY, OZ axis correspond to the downwind, crosswind and vertical directions 
respectively, 
b= the half width of the middle part of the crosswind concentration profile, 
Sy, Sz= the horizontal and vertical dispersion coefficients, 
uh = the wind velocity measured at height ha 
α = the parameter in the wind profile, αβ +=1  
Γ = The Gamma Function”  

 

To simplify the modeling effort for this project, I used a program called ALOHA (Area 
Location of Hazardous Atmospheres) to estimate downwind concentration 1m from the 
source. ALOHA (US EPA, 2006) uses calculations similar to the heavy gas dispersion model 
and the generalized plume model above, and takes into account a number of input variables, 
including: geographic location, time, and date; site definition (building type); chemical 
definition; atmospheric data; source definition (direct, puddle, tank, pipe); and atmospheric 
dispersion (neutral gas, heavy gas). The ALOHA estimated gas plume concentrations 1 meter 
downwind from the source leak for RMOTC conditions on the day of the MASTER over-
flight on August 4, 2006, are reported in table 5 and used throughout the project data analysis. 
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Table 5: Gas leak rates and concentration estimates for 1m away from leak source. Release 
rates reported in units of cubic feet per hour (cfh), cubic meters per hour (cmh) and 
equivalent parts per million (ppm). 
 

Leak 
Point 

ID  

Gas 
Leak 
Type 

Intended 
Release 

Rate(cfh) 

Intended 
Release 

Rate(cmh) 

Actual 
Release 

Rate(cfh) 

Actual 
Release 

Rate(cmh) 

Release 
rate in 
ppm: 

Site P5 CO2 300 8 200 6 492 

Site 04 CO2 800 23 20,000 566 502 

Site P1 CO2 5000 142 4,000 113 572 

Site 2E CH4 100 3 100 3 2.8 

Site P3 CH4 300 8 430 12 6.7 

Site 01 CH4 800 23 800 23 10.9 

Site 05 CH4 5000 142 5,700 161 67.4 
 
 

6.7 Modtran 
 
MODTRAN (moderate spectral resolution atmospheric transmittance algorithm and computer 
model) calculates atmospheric transmittance and radiance for frequencies from 0 to 50,000 
cm-1 at moderate spectral resolution. MODTRAN was created to provide an atmospheric 
correction model with higher spectral resolution and greater accuracy than that provided by 
the LOWTRAN series of atmospheric model code (US Air Force, 2007). Modtran 4.0 code 
was used to model atmospheric conditions with elevated gas concentrations at the surface 
using “PCModWin4.0”, a graphical user interface for Modtran distributed by the Ontar 
Corporation.  
 
The goal was to predict effects of increased concentrations of gases in the atmospheric 
column between the sensor and the ground. PCModWin4.0 estimates the transmission of 
radiation through the atmosphere while controlling parameters like sensor height, gas mixing 
ratios, sun angle, time of year, and height of target. This software includes a number of 
standardized atmospheric models, including the 1976 Standard Atmosphere profile and 
Radiosonde.  
 
The 1976 Standard Atmospheric profile was the product of work by the U.S. Committee on 
Extension to the Standard Atmosphere (COESA), established in 1953 and consisting of 30 
U.S. organizations from government, industry, research, and universities. The 1976 Standard 
Atmosphere is an atmospheric profile based on empirical rocket and satellite data, plus 
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perfect gas theory from sea level to roughly 1000km (U.S. Standard Atmosphere 1976, 1995). 
This idealized profile represents the steady-state atmosphere under moderate solar activity 
with the following parameters: temperature, density, gravimetric acceleration, pressure scale 
height, number density, mean particle speed, mean collision frequency, mean free path, mean 
molecular weight, sound speed, dynamic viscosity, kinematic viscosity, thermal conductivity, 
and geopotential altitude. Modtran/PCModWin 4.0 can calculate transmittance under specific 
experimental site characteristics. Figure 5 represents light transmission at the conditions of 
the RMOTC site.  
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Figure 5: 1976 Standard Atmosphere Light Transmission Graph. Sensor simulated at 
approximately 1500m above sea level with a sensor flying at 3500m above ground surface 
(ags) looking straight down through the atmospheric column. Transmission is continuum 
removed and scaled from 0 to 1 (1 represents 100% transmission of radiation). 
Wavelength units are in microns (μm). 
 
Radiosonde profiles are locally and temporally specific, based on measurements taken daily 
from airborne instruments carried on hydrogen or helium filled balloons. These balloons are 
released at least once per day from the same location 365 days a year, to measure pressure, 
temperature, and relative humidity at various heights through the atmosphere. By inputting 
these parameters into Modtran/PCModWin 4.0 we can more accurately calculate the expected 
light transmission at our test site. Using the same sensor and height parameters the following 
graph was generated (Figure 6): 
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Atmospheric Transmttance (Radiosonde Data)
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Figure 6: Radiosonde profile generated transmittance at 1.5km for Riverton, WY (August 03, 
2006. 10:00am) Transmission is continuum removed and scaled from 0 to 1 (1 
represents 100% transmission of radiation). Wavelength units are in microns (μm). 
 
A series of transmission graphs were generated with PCModWin 4.0 adding the estimated 
increases in gas concentration due to our known gas release rates. With known gas release 
rates the maximum concentration of gas near the leak source can be estimated based on heavy 
gas dispersion modeling. These concentration estimates were then input to the atmospheric 
model in PCModWin 4.0. The 1976 Standard Atmospheric Profile and a Radiosonde profile 
acquired from Riverton, Wy on the day and time of the RMOTC MASTER flight were input 
into PCModWin in order to determine which profile is more suitable for use in this study. 
Modtran calculates radiative transmission through a number of vertical layers defined by 
height and other parameters input by the user. Both profiles were altered by introducing a 
single layer at the base of the atmospheric column with a height of 1 meter. Gas 
concentrations were increased in this 1m layer to simulate the effect of the RMOTC site gas 
leaks. The following series of graphs show the anticipated reductions in transmission for each 
gas and gas concentration for both the 1976 Standard Atmosphere profile and the Radiosonde 
profile. Models are presented in units of transmittance, or the percentage of radiation able to 
pass through a medium (the atmosphere). 
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Figure 7: CO2 Gas Transmittance. 1976 Std Atmosphere model 

 
Figure 8: CH4 Gas Transmission. 1976 Std Atmosphere Model 
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Four CO2 Concentrations across the spectrum from 1.5 to 5.5 um
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Fig. 9. Four CO2 concentrations across the spectrum from 1.5 to 5.5 μm.  Radiosonde 
atm profile model. 
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Figure 10: CH4 Gas Transmittance. Radiosonde atm profile model. 
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However, there seems to be a discrepancy between the 1976 Standard Atmosphere and the 
model generated by the Radiosonde acquired profile (Figure 7, 9. The 4.3 μm region of the 
1976 Standard Atmosphere graph appears to read zero transmittance from about 4.2 μm to 4.4 
μm. This differs greatly compared to the same region of the Radiosonde generated graph 
which only drops to a minimum of approximately 79% transmittance. However, all 
concentrations on the Radiosonde graph showing the addition of less than double the amount 
of natural atmospheric CO2 shows the transmittance to drop almost identically to the 1976 
Standard Atmosphere model.  The 1976 Standard Atmosphere profile will be used for 
calculations in this study. 
 

6.8 Analysis of Preexisting Datasets 
 
Before data acquisition over the RMOTC NPR#3 site, MASTER data for Kilauea HI, Mount 
Saint Helens WA, and Mammoth Mountain CA were analyzed to determine the best method 
for evaluating CO2 and CH4 concentrations. These sites were chosen for their known volcanic 
activity and well-established rates of CO2/CH4 flux.  
 

6.8.1 Pu’u O’o vent, Kilauea 
This dataset (#00-020-40 Track 1) was flown from 20:05:57 hours to 20:08:13 hours on 
October 11, 2000. The image was taken using an ER-2 aircraft from an altitude of 3,041m 
above MSL. The Pu’u O’o vent was obscured by clouds, but the track included data on two 
visible “skylights” exposing effusive lava flow south of the Pu’u O’o vent. These skylights 
are holes in the roofs of lava tubes as they traverse the distance from the main lava lakes of 
Kilauea to the Pacific Ocean. 
 
The full image spans the flight line from 19.538° N, -155.246° W to 19.256° N, -154.985° W 
with a swath width of approximately 5680 m. The payload included the MASTER and AirSar 
sensors. An RGB image was created using MASTER channels 23 (red), 12 (green), and 2 
(blue) as an approximation of a true color image (Figure 11) 
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Figure 11: MASTER image of Kilauea vent. Image acquired October 11, 2000. 
Georeferenced and annotated March 20, 2006. RGB bands 23, 12, 2 (wavelengths 
2.51, 1.61, 0.49 μm) 

 
Processing the data set began with georeferencing the full image. Pixel latitude and pixel 
longitude data included with the downloaded hdf file were used to build a Georeference 
Lookup Table (GLT). The GLT was applied to the 50-band scene, and a rotation was used to 
make the north direction in the image coincident with true north on the WGS-84 map 
projection. Each Pixel represents an approximately 6.5 m to a side footprint. 
 
Three different gases were mapped following the method in Realmuto et al. (1994) for SO2. 
Three sensor channels, or mathematical manipulations of existing sensor channels resulting in 
three unique channels, are required to build a false color image. Each channel will have a 
range of pixel brightness applied to one of three available image color components: red, 
green, and blue (RGB). For every RGB image, each pixel will have a brightness value of red, 
green, and blue color that combine to produce distinctly colored pixels. By picking a channel 
for red that is sensitive outside the desired gas’ absorption band, and then picking two 
channels for green and blue that lie inside the absorption band, the result should be false color 
images where high red value pixels indicate high concentrations of that gas. Using a 
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decorrelation stretch function with the RGB channels amplifies the differences between the 
values of red, green, and blue for the false color image. 
 
Although the goal is to measure the absorption of radiation as it travels through the 
atmosphere a large portion of the energy received by the sensor is either absorbed/emitted or 
reflected/scattered by the earth’s surface. Interaction with the ground causes less predictable 
variation in the signal. The recent lava flows of Kilauea minimize these problems because the 
land surface is composed of very similar basalt and little vegetation, with a relatively constant 
flux of volcanic gas to the atmosphere. These factors limit the amount of influence the 
surface imposes on the data, and provides a reliable source for SO2, CO2, and CH4 gases. 
 
The primary absorption band for SO2 occurs at 8.3 μm in the thermal infrared (TIR). The 
image was spectrally subset to include only channels 41 through 50 in the TIR. Spectrally 
subsetting the dataset greatly decreased processing time and made the data more manageable. 
Spatial subsetting was employed to further increase the manageability of the data and to cut 
out unnecessary data from the surrounding landscape. In application of the method presented 
by Realmuto et al., the decorrelation stretch was applied to MASTER TIR band 48 (11.3 μm) 
was coded as red, 44 (9.0 μm) was coded as green, and 43 (8.6 μm) was coded as blue. 

 



  107

 
(a) 

(b)

 
 

Figure 12: Kilauea SO2 Map. (a) In the above image, SO2 was successfully mapped over 
the lava tube skylights as discrete magenta pixels within an indigo rind (b). Fields of 
cyan, blue, and magenta (away from the skylights) may indicate multiple lava flow 
events through history. 

 
For imaging CO2, using this technique, the data has the same spatial subset as that used for 
the SO2 analysis, but spectrally the data was re-subset to include only MASTER channels 30 
to 50. In order to maintain a sense of topography, MASTER channel 45 was applied to the 
red portion of the false color image because the signal to noise ratio is much higher in the 7.5 
μm to 12.5 μm range channels, and channel 45 does not appear to be affected by the SO2 
absorption at 8.5 μm. MASTER channels 33 and 34 cover the CO2 absorption at 4.3 μm, but 
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there is very low signal to noise in both of these channels. The decorrelation stretch function 
was applied to TIR MASTER band 45 (9.7 μm) was coded for red, 34 (4.37 μm in the MIR) 
was coded for green, and 33 (4.2 μm) was coded for blue in the RGB image (Figure 13). 
 

 
 
 
 

 
 
Figure 13: Kilauea CO2 Map. Mapping of CO2, like SO2, should have corresponded to 
magenta pixels. Unfortunately, noisy data and ground emmitance hide the CO2 
signature. 

 
CH4 has many well-defined absorption bands within the sensory range of MASTER. 
Emphasis was placed on the CH4 absorption band at 7.5 μm since CO2 also has a significant 
absorption band that occurs around 2.0 μm and could be easily misread in the data. The same 
spectral subset used for SO2 was used for CH4 (channels 41 to 50 in the TIR) and the 
decorrelation stretch was applied to MASTER band 48 (11.3 μm) was coded for red, 42 (8.1 
μm) was coded for green, and 41 (7.7 μm) was coded for blue (Figure 14). 
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Figure 14: Kilauea CH4 Map. Yellow pixels should identify high concentrations of CH4. 
Cyan and Magenta fields corresponding to colored fields in figures 12 and 13 give the 
strong indication of multiple flow events through this area.  
  

6.8.2 Mount Saint Helens 
The dataset for this location was taken via a Cessna Sky Caravan aircraft flown over the 
Mount St Helens National Volcanic Monument a few days after a 2002 eruption. This 
analysis concentrated on the main vent near the center of the resurgent dome growing inside 
the volcanic crater created during the eruption of May 18, 1980. Mount Saint Helens has 
resumed visible eruption after years of silence since the event of 1980 which caused one side 
of the volcano to collapse and throw tons of debris into the air for miles.  
 
The image (#02-003-05 Track 1) was taken from 18:55:01 hours to 18:59:02 hours on June 
15, 2002 from an altitude of 4,259m above MSL. The full image spans the flight line from 
46.299°N, -122.186°W to 46.162°N, -122.191°W with a swath width of approximately 
6000m. The payload included only the MASTER sensor package. An RGB image was 
created using MASTER channels 5 (0.65 μm) coded for red, 3 (0.54 μm) coded for green, and 
1 (0.45 μm) coded for blue as an approximation of a true color image (Figure 15). 
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Figure 15: MASTER Image of Mount St. Helens Vent as of June 15, 2002. 
 
Image processing began with georeferencing and spectral subsetting of the image to 
MASTER Channels 30 to 38, effectively surrounding the 4.3 μm absorption feature at 
channel 34. CO2 was made the main focus of this part of the study due to a lack of 
information on the types and quantities of gases emanating from the vent. As a common 
volcanic volatile gas we can reasonably assume that there is a significant amount of CO2 off-
gassing from the magma. With this dataset it is relatively simple to identify the CO2 source 
location based on the site of eruption. The CO2 source was discovered by applying a density 
slice technique to all of the pixels in band 34.  The ENVI continuum removal tool was 
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utilized first to accentuate differences in pixel spectra. After the continuum removal, the 
density slice tool was used to illuminate the areas most likely affected by the drop in 
transmission in this region of the infrared.  
 
In the continuum removal process, all pixel values for channel 34 were set to values from 0 to 
1, and the density slice was set to the following color distribution:  Red, 0 to 0.1; Orange, 0.1 
to 0.2; Yellow, 0.2 to 0.3; Green, 0.3 to 0.4; Blue, 0.4 to 0.5; Dark Blue, 0.5 to 0.6; and 
Purple, 0.6 to 1. The image produced from the Density Slice overlay is provided as Figure 16. 

 

Figure 16: Density Slice image of Mount St. Helens over MASTER channel 34. Red 
indicates least amount of return to the sensor. 

 
Figure 16 shows a red cluster of pixels directly over the newly formed volcanic vent which 
could be indicative of a CO2 plume. To test this hypothesis, points along two transects 
(Figure 17) crossing the potential CO2 plume were taken to compare the spectral signatures of 
pixels in and around the plume (Figure 18, 19).  
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Figure 17: Zoom image of Mount Saint Helens vent with pixel selection locations for NS and 
EW transects of the plume.  
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Figure 18: 5 point pixel transect from East to West across the Mount Saint Helens gas plume. 
Lettered characters correspond to pixel locations on figure 17. 
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North-South Pixel Transsect across MSH Plume
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Figure 19: 5 point pixel transect from North to South across Mount Saint Helens gas plume. 
Lettered characters correspond to pixel locations on figure 17. 
  
In both cases, the lowest transmittance in MASTER channels 34 and 35 was in the pixels 
directly over the vent (source) location.  
 

6.8.3 Horseshoe Lake, Mammoth Mountain 
The dataset for Mammoth Mountain was acquired June 15, 2002 from a DOE B-200 aircraft 
(Figure 20). This dataset was flown in an effort to image and characterize the extent of the 
tree kill at Horseshoe Lake, as well as determine the effect, if any, of the CO2 seepage into 
the atmosphere that might be imaged by the MASTER instrument.   
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Figure 20: MASTER image of Horseshoe Lake presented as false color RBG (Bands 8, 7, and 
3) (0.74 μm, 0.71 μm, and 0.54 μm) 

 
The third site used to test for gas detection was The Horseshoe Lake Tree Kill Zone. This site 
is a location where the natural leakage rate of CO2 was closer to that of our RMOTC site 
experiment. The Horseshoe Lake tree kill zone presents an ideal alternate location because it 
has a well known, nearly constant, flux of CO2 and is without the disadvantages of extreme 
variations in topography, local extreme temperature sources, or plumes of particulate debris 
that might interfere with airborne measurements. Because CO2 is well studied at this location, 
gases at the HSLTK were analyzed only with the density slice technique previously used at 
the Mount Saint Helens site.  
 
The MASTER image was subset to a 500 by 500 pixel area around the tree kill area around 
the northern tip of Horseshoe Lake. No geo-referencing was applied to this scene to avoid 
distortions introduced by this function. The spectrum was then subset to MASTER channels 
30 to 38 to isolate the CO2 absorption at 4.3 μm. As in the Mount Saint Helen’s dataset, 
continuum removal was used to highlight differences in the channel 34 data. A density slice 
overlay was applied to the continuum removed dataset where: Red, 0 to 0.1; Orange, 0.1 to 
0.2; Yellow, 0.2 to 0.3; Green, 0.3 to 0.4; Blue, 0.4 to 0.5; Dark Blue, 0.5 to 0.6; Purple, 0.6 
to 0.7; and Maroon,  0.7 to 1.0. This overlay is shown in Figure 21. 
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Figure 21: Density slice overlain on the Horseshoe Lake Tree-Kill Zone Area.  
 
The density slice image can now be compared with direct measurements of CO2 flux around 
Horseshoe Lake by Sorey et. al (1999). Figure 22 summarizes the effective flux rates in the 
area during the winter of 1999.  
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Figure 22: Sorey et al (1999). CO2 flux map generated for the south side of Mammoth 
Mountain.   

6.9 RMOTC NPR#3 

6.9.1 Regional Setting 

 
 

Figure 23: Location map for RMOTC NPR#3 relative to Casper, Wyoming. (Figure acquired 
from <http://www.rmotc.doe.gov/aboutus/maps.html>, December 8, 2007) 
(Rocky Mountain Oilfield Testing Center, 2007) 
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MASTER was flown over the Rocky Mountain Oil Test Center NPR#3 (RMOTC), part of the 
Teapot Dome area in Natrona County, Wyoming, approximately 35 miles north of the city of 
Casper. The site roughly follows Teapot Creek, the exposed geologic formations consisting 
primarily of Cody Shale, Mesaverde Formation, Foxhill Sandstone and Lewis Shale. These 
are Upper Cretaceous units consisting mainly of light colored sandstones and gray to brown 
shale. Detritus from these formations form the bulk of the loose material and dust around the 
site, with sparse/dry vegetation. (Love, 1985) Locally produced natural gas was used as the 
gas source for many of the leak sites. The flow rates for the gas were altered to achieve the 
methane concentrations desired for this experiment.  
 
Seven experimental leak sites were used in this experiment. The relative locations of each 
leak site and its site name are given on Figure 24. A map of the NPR-3 site including roads 
and the layout of the virtual pipeline is provided as Figure 25. Four sites were used as sources 
of methane/natural gas, and three were used as sources of carbon dioxide. Placement of the 
leak sites were determined to be along the “virtual pipeline” set up for a previous remote 
sensing investigation at this site. 
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Figure 24: All seven RMOTC leak locations on MASTER image. 
 



  119

 

Figure 25: RMOTC Map showing location of Virtual Pipeline (DOE, 2004). 

 

6.9.2 Previous RMOTC Studies, HyMap Image (Hyperspectral) 
In September 2004 a CH4 gas detection experiment at the RMOTC site used the hyperspectral 
airborne imager, HyMap. This experiment was intended to directly measure and image 
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methane plumes released over the test site, but the main conclusion was that HyMap was 
unsuitable to image CH4 (Martini, 2004). Further analysis of the 2004 HyMap dataset using 
different detection techniques is provided in this text as a means of comparison to the newly 
acquired MASTER data. 
 
In a separate study a variety of remote sensing technologies were compared for detection of 
natural gas releases at the RMOTC NPR#3 site. This project was funded by the DOE and 
OPS to aid in the development and availability of high quality, cost effective remote leak 
detection systems (DOE, 2004). The previous systems tested included automobile-mounted 
multispectral, automobile-mounted LIDAR, airborne hyperspectral, and two airborne LIDAR 
gas detection systems. A separate report of the methane analysis suggested that it may still be 
possible to detect methane using this and other similar sensors (e.g. AVIRIS) if the rates and 
concentrations were greater onsite, though the methods used in the analysis were 
unsuccessful in detection of methane (Martini, 2004).  
 
Two Hymap surveys were flown along the ‘virtual pipeline’ that consisted of four point 
sources at locations across the RMOTC field location (Figures 24, 25). The site identifier, and 
leak rate are provided: 

Table 6: Sites and release rates of CH4 used for the September 2004 HyMap study. 

Site ID Leak 
Rate(cfh) 

Leak 
Rate(cmh) 

Site 1 500 14 
Site 4 2000 57 
Site 5 5000 142 

Site P1 1000 28 
 
 
 
Two methods were used to analyze the data: 1) spectral browsing of the dataset; and 2) 
applying a Minimum Noise Fraction (MNF) algorithm to the data. Spectral browsing assumes 
that the leak rates are high enough for the plume, if any, to be resolved by manually searching 
through the image for anomalous plume-structures. The MNF method is a function which 
identifies and separates noise in a dataset by calculating variance.  MNF has been a useful 
tool in geo-exploration due to its ability to detect spectral anomalies.  
 
Both spectral browsing and MNF techniques failed to identify the CH4 gas plume at the 
known source at Site 05. A spatial pattern in the MNF at Site 05 may have been a possible 
plume but it seems likely that it is a spectral characteristic of the ground that happens to 
correspond to the approximate leak location.  
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6.9.3 MASTER Image Acquisition: 
On August 3, 2006, a Sky Cessna Caravan carrying the modified MASTER payload imaged 
the Rocky Mountain Oil Field Testing Center (RMOTC) site in nine complete and 
overlapping flight-lines. The flight path transected the RMOTC NPR#3 site from SSE to 
NNW, roughly following the ‘virtual pipeline’ set up by RMOTC for previous remote 
sensing studies.  
 
 

6.9.4 MASTER Image Processing 
MASTER data was provided by NASA Ames in Hierarchical Data Format (.hdf), and all files 
were imported into ENVI version 4.1 for processing. For each line, a Geographic Lookup 
Table (GLT) was produced from latitude and longitude data in the .hdf file. This GLT was 
then applied to the MASTER swath to georectify the image. The resultant image has all 
pixels placed in correct geographic space with each pixel having a unique position value. A 
comparison of a raw image to the subsequent georectified MASTER image is given in Figure 
26. 
 
In the georectified image specific points can be located using map coordinates. Prior to the 
MASTER overflight, GPS measurements were taken at each of the seven gas release points, 
whose locations and properties are summarized in Table 7.  
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(a)                      (b)  
 
Figure 26: (a) raw Level 1B MASTER of RMOTC image prior to geo-correction, (b) 
GLT georectified MASTER image. All data in (a) exists in (b) in a rotated or 
overlapped form to create the georectified image.
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Table 7: Summary of GPS and gas data for RMOTC leak locations.
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6.9.5 MASTER Spectral Subsetting 
In order to decrease the strain on computer resources, the MASTER data was spectrally 
subset to those bands which met the following criteria: 
 1) Bands that contained useful radiance data; 
 2) Bands that were properly calibrated; and 
 3) Bands within at least 3 MASTER bands above and below the target absorption for 

CO2 or CH4.  
 
CO2 and CH4 have well documented spectra in the VNIR and SWIR. The bands needed for 
imaging CO2 include the vibrational-rotational absorption bands located at 2.06 μm, 2.7 μm, 
4.3 μm, 9.4 μm, 10.4 μm, and 15.0 μm. Due to the mechanical limits of MASTER, we are 
forced to ignore the deep absorption bands at 2.7 μm, and 15.0 μm. The absorptions at 9.4 μm 
and 10.4 μm are likely too faint for MASTER to detect with confidence, which leaves the 
2.06 μm and 4.3 μm bands. Unfortunately MASTER has a very low signal to noise ratio in 
the channels associated with the Port 3 detector, which spans wavelengths from 3.1 μm to 5.1 
μm. CH4 has three well-defined absorption bands within the sensory range of MASTER: one 
at 1.7 μm, one near 2.4 μm, and another close to 7.5 μm. Table 8 lists the absorption bands 
associated with each molecule and the MASTER band which overlaps it. Only the MASTER 
bands used for this experiment are included in Table 8. 

 

Table 8: CO2/CH4 and their relative MASTER bands 
 

Molecule Wavelength Location 
of Molecular 
Absorption Feature 

MASTER Band Enveloping 
Absorption Feature. (Band Center 
Wavelength) 

1.63 μm Band 12 (1.6060 μm) 
2.06 μm Band 20 (2.0806 μm) 
4.3 μm Band 34 (4.3786 μm) 

CO2 

9.4 μm Band 45 (9.7004 μm) 
1.7 μm Band 14 (1.7196 μm) 
2.3 μm Band 24 (2.3284 μm) 

CH4 

7.4-7.58 μm Band 41 (7.7599 μm) 
  
 For a clearer view of how transmission of light through the 0.4 to 13 micron 
wavelength region interact, the following graphic was produced through the use of 
PCModWin4.0, a graphical user interface for the Modtran code. The source of our numerical 
atmospheric model is discussed in further detail in section 4.1, and used for all subsequent 
transmission vs. wavelength graphics (Figure 27).
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Figure 27: The MASTER instrument’s coverage of the EM spectrum 
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This portion of the MASTER investigation focused on the 4.3 μm absorption feature (Fig. 28). Figure 29 
shows the potential response of the MASTER instrument in the 4.3 μm region. The spectral response 
curve of MASTER bands close to the 4.3 μm CO2 feature overlap the graph of atmospheric transmission 
of radiation as it is absorbed with increasing CO2 concentration. CO2 has the greatest effect on 
transmission in this region, but the Modtran model predicts little change with increases in concentration 
up to 572 parts per million by volume (ppmv). For analysis of CO2, MASTER bands were subset from 15 
to 25 around the 2.06 μm CO2 absorption, and from 30 to 38 around the 4.3 μm CO2 absorption. From the 
Modtran model (Figure 28), MASTER Bands 33, 34, and 35 appear to cover the breadth of the 4.3 μm 
CO2 absorption. Unfortunately, band 34 is unsuitable to detect differences in CO2 concentrations on this 
sensor scale due to the saturation effect in this part of the spectrum. Band 35 is centered over a minor 
peak that appears to be influenced by the absorption effect of CO2. 
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Figure 28: Graphic of the changes in transmittance due to increasing CO2 concentration relative to release 
rates on-site. The above shows the depth and placement of the CO2 absorption feature at 4.3 μm.  
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 Figure 29: Zoom of absorption feature between band 34 and 35. 
 
Methane (CH4) has major absorption features at both 1.7 μm and 2.4 μm. However, we focused the 
attention on the 2.4 μm methane absorption feature due to the influence of water absorptions near 1.7 μm 
(Figure 30). For CH4 analysis MASTER bands were subset from channel 21 to channel 27 around the 2.4 
μm absorption feature. Figure 30 predicts a substantial amount of change in transmission due to 
increasing concentrations of gas. The initial reduction after doubling the atmospheric CH4 concentration 
is the most severe, with further increasing of CH4 causing less transmission loss.  
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Figure 30: Graphic of changes in light transmittance due to increasing concentration of CH4 relative to 
release rates on site with MASTER bands overlain to show the area of appropriate response.  
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CH4 Transmission vs Concentration increase over 1976 Standard Atm.
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Figure 31: The above shows the depth of the CH4 absorption feature at 2.4 μm. 
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7.0 Results and Discussion 
 
7.1 Analysis of MASTER CO2 Detection 
 
  Site P5 (low)         Site P1(medium)    Site 4 (high) 

Band 01       

Band 35       

Band 42      
Figure 32: Three experimental CO2 leaks sites visualized at three different wavelengths from the visible 
to the thermal. Red arrows indicate the approximate location of the CO2 leak. Scale and North 
(indicated by white text and arrow in Band 42 Site P1 and Site 4 images) is the same for all 
images. 
 
The above image table are MASTER images of the three CO2 release locations (P5, 4, and P1) viewed in 
Band 1 (Visible, 0.45 μm), Band 35 (CO2 absorption feature in mid-infrared, 4.52 μm), and Band 42 
(thermal infrared, 8.16 μm).  
 
Site P5 had the smallest of the three CO2 leaks (300 cfh, 8 cmh). The site included a small stream channel 
with standing water in the topographic low and healthy green vegetation in surrounding areas. The 
channel shows a dark vertical strip in Figure 32, Site P5, Band 1. Bands 35 and 42 confirm the local 
topography, and Band 35 has a cluster of slightly darker pixels around the leak location. Leak rates are 
expressed as cubic feet per hour (cfh) and cubic meters per hour (cmh)  
 
Site 04 was intended to have a moderately sized leak (800 cfh, 23 cmh), but due to technical difficulties, 
became the highest rate CO2 leak site (approximately 20,000 cfh, 566 cmh). The topography is relatively 
flat with two dirt roads intersecting in the left of the image (clearly visible in Band 1 and 42). The Band 
35 and Band 42 images appear to contain a small cluster of darker pixels at the leak site, and in Band 42, 
this cluster appears to trend Northeast away from the source location. 
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Site P1 was intended to be the largest leak (5000 cfh, 142 cmh). Its topography slopes gradually uphill to 
the north with a single road trending NW-SE and approximately 10 meters away Northeast of the CO2 
tanker truck used as the source of our CO2 leak. The red arrow indicates the location of the end of the 4 
inch diameter hose that was our leak location, approximately 15 meters south of the tanker.  
 
These images clearly show the differences in viewing the site at different wavelengths. While there are no 
clear indications of a CO2 plume from browsing the images, attention should be given to the Band 42 
image of Site 04. At this site there appears to be a temperature effect related to the gas plume which can 
be seen in the band 42 data (at approximately 8 microns, thermal infrared). This is discussed in further 
detail below. 
 
One difficulty of remote sensing gas plumes is the background heterogeneity of the ground surface. 
Variations in geology, vegetation, and dust can all drastically affect the irradiance in a given pixel. The 
goal is to detect reduction in light transmission over pixels covered by the gas plume, but this goal 
becomes complicated without knowing precisely how the ground will react spectrally, without the 
interference of gas plumes.  
 
In comparing the MASTER images for effects of CO2, there were no consistent differences that could be 
attributed solely to CO2 absorption by the gas plume. In one case (Site 4), MASTER appeared to record a 
thermal signature of cooling at the site of CO2 gas expansion (Figure 32). The planned release rate at this 
location (800 cfh, 23 cmh) was compromised by the cooling effect of the rapidly expanding CO2 gas. As 
the CO2 expanded, ice formed and plugged the leak hoses. The leak setup was reevaluated and changed to 
accommodate the ice formation. The result was an ice-generating cold gas plume of CO2 being released at 
approximately 20,000 cfh, or 566 cmh.  The gas plume as well as the frozen trailer-mounted gas tanks are 
clearly visible in the thermal imagery (Figure 33).  

 
 

Figure 33: Thermal effect of CO2 release seen by MASTER. Images are: a. Liquid CO2 storage tanks, b. 
ice-covered release site hose, and c. Site 4 viewed in MASTER Band 42 (8.16 μm) 

 
To test MASTER’s ability to detect CO2 through very small changes in pixels near the source point, a 
method was developed to quantify reductions in light transmission relative to the immediate background. 
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This method uses a collection of a contiguous linear transect of background pixels from north to south 
across the leak source (8 pixels total: 4 north and 3 south of leak location pixel), and then individually 
subtracting each background pixel spectra from the leak source pixel. Pixels in this image are 1.5m to a 
side. All pixel transects are collected north to south for consistency, and to minimize the effect of winds. 
Wind speed and direction were approximately 6 meters per second from east-northeast.  
 
The ideal output from the pixel subtraction would be a series of negative numbers occurring in the 
MASTER channels sensitive to the absorption bands of the target gas. The spectral subsets for all the CO2 
analyses include MASTER bands 31 through 38, digitally calibrated as radiance at the sensor (in units of 
watts per square meter). For CO2, our MASTER channels of interest include channel 35, and 37, but 
channel 34 was excluded due to the noise inherent in this band. Results of the pixel subtraction technique 
are included in Figures 34, 35, and 36. 
 
The pixel subtraction for P5 (Figure 34) shows that the leak outlet pixel had a lower transmission than the 
other 7 pixels. The medium volume leak site (P1) transmission was lower in the outlet pixel than in 3 out 
of the 7 background pixels. While this result is consistent with the expected effects of CO2 on the pixel 
spectra, the result also brings doubt into the viability of leak detection at this site. Figure 36 shows the 
result of the same pixel subtraction technique across the Site 4 leak. All seven of the background pixels 
for Site 4 indicate a drop in transmission in bands 35 and 37.  
 
At all three CO2 leak sites there was a consistent decrease in transmission of outlet pixels compared to 
nearby background pixels in both MASTER band 35 and 37. This indicated that MASTER used in this 
way has the sensitivity to detect gaseous CO2 leaks between 8 and 566 cmh (300 and 20,000 cfh). 
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Figure 34: Site P5 (8 cmh) pixel subtraction graph. Line “Pixel 5 minus Pixel 1” is overlain by line “Pixel 
5 minus Pixel 2”. Line “Pixel 5 minus Pixel 6” is overlain by line “Pixel 5 minus Pixel 7”. 
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Pixel Subtraction Graph 
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Figure 35: Site P1 (142 cmh) pixel subtraction graph.  
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Figure 36: Site 04 (566 cmh) pixel subtraction graph.  Line “Pixel 5 minus Pixel 1” is overlain by line 
“Pixel 5 minus Pixel 2”. Line “Pixel 5 minus Pixel 6” is overlain by line “Pixel 5 minus Pixel 
7”. 

 

7.2 Analysis of MASTER CH4 Detection 
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The Modtran model showed that MASTER bands 24 and 25 both overlap the absorption feature for 
methane at 2.4 microns. Figures 37 through 40 are the results of pixel subtractions on CH4 sites 5, 1, P3, 
and 2E following the example of the pixel subtractions performed on the three CO2 leak sites.  
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Figure 37: Site 2E. (3 cmh) pixel subtraction graph. Line “Pixel 4 minus Pixel 6” is overlain by line 
“Pixel 4 minus Pixel 5”. Line “Pixel 4 minus Pixel 3” is overlain by line “Pixel 4 minus Pixel 
2”. 
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Figure 38: Site P3 (11 cmh) pixel subtraction graph. Line “Pixel 4 minus Pixel 1” is overlain by line 
“Pixel 4 minus Pixel 2”. Line “Pixel 4minus Pixel 6” is overlain by line “Pixel 4 minus Pixel 
7”. 
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Site 1 Pixel Subtraction
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Figure 39: Site 1 (23 cmh) pixel subtraction graph. Line “Pixel 4 minus Pixel 2” is overlain by line “Pixel 
4 minus Pixel 3”. Line “Pixel 4minus Pixel 6” is overlain by line “Pixel 4 minus Pixel 7”. 

 

Site 5 Pixel Subtraction
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Figure 40: Site 5 (142 cmh) pixel subtraction graph. Line “Pixel 4 minus Pixel 3” is overlain by line 
“Pixel 4 minus Pixel 2”. Line “Pixel 4 minus Pixel 6” is overlain by line “Pixel 4 minus Pixel 
5”. 

 
Radiance in MASTER bands 24 and 25 was less than or equal to the leak source pixel for all six of the 
background pixel subtraction lines for Site 2E, the smallest CH4 leak (100 cfh, 3 cmh). Apart from line 
“pixel 4 minus pixel 1”, the pixel subtraction lines for Site 2E appear to follow a distinguishable pattern 
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of convergence from bands 21 to 23, and from 26 to 27 suggesting that CH4 is having an effect at this 
location. Site P3 was the next largest CH4 leak (400 cfh, 11cmh). Three of the six pixel subtraction lines 
are negative in the band 24 and 25 region and consistent with the expected effects of CH4. All six of the 
pixel subtraction lines for Site 1 (800 cfh, 23 cmh) fall above the expected value for bands 24 and 25 and 
are inconsistent with the effects of CH4.  The largest leak site for CH4 was Site 5 at a release rate of 5,000 
cfh (142 cmh). All six Site 5 pixel subtraction lines record typical drops in transmission for MASTER 
bands 24 and 25. Each of the four CH4 pixel subtraction graphs show values that range from 1 to -1.5 
rather than the range of 200 to -400 seen in the pixel subtractions for CO2. With so dramatic a difference 
in pixel subtraction ranges, noise may be an issue in interpreting the CH4 data. 
 
Visual inspection of the CH4 gas release sites showed in the images little to no indication that the CH4 
release is changing the spectral responses. However, at one out of the four sites (Site 5), a potential plume 
can be seen in MASTER channels 24 and 25 after applying ENVI 4.1’s “equalization enhancement” tool: 
an area of slightly darker pixels begins at the leak source pixel and off to the west-southwest (Figure 41 
(a) and (b)) which is consistent with the wind speed and direction of August 3, 2006 (NOAA, 2006). 

   
(a)      (b) 

  
 
Figure 41: (potential methane plume) near the location of the Site 05 leak. (a) General view. (b) 
Enlargement of immediate area of leak outlet. Red arrows indicate the pixel containing the leak. The 
structures to the south are the RMOTC Gas plant. White arrow indicates North direction.  
 
 

7.3 Modtran Modeling vs. MASTER 
 
To calculate the expected MASTER responses to transmittance changes predicted by the various 
atmospheric models requires estimates of the sensitivity of MASTER for relevant wavelengths, and the 
expected spectral changes due to increased gas concentrations on the ground. We estimated sensitivities 
by measuring differences in areas under transmittance curves. For example, MASTER band 35 is 
sensitive to a spectral region where the band center is at 4.522 μm and the full width half maximum 
(FWHM) of the band sensor is 0.1446 μm (Hooke et al., 2001). This means that the upper 50% of the 
band sensitivity lies between 4.4497 μm and 4.5943 μm, with sensitivity=100% at 4.522 μm. The band 
sensitivity (system response function curve) is determined by direct measurement for the month of the 
field study (performed on 8/16/2006), and processed to remove atmospheric noise. The area under the 
normal atmospheric transmittance curve is the baseline. The modeled atmospheric transmission curves for 
the increased gas concentrations are subtracted from the baseline, and those values are then multiplied by 



136 

the MASTER sensitivity curves to get the MASTER sensitivity to the transmission changes associated 
with each experimental gas input.  
 
Figure 42 explains the calculation of percent transmission drop more clearly. With the increase in CO2 in 
the model, the transmission of light through the gas goes down, generating a slightly lower curve on the 
transmission chart (Black arrow, figure 42). The graphs of each concentration curve have different areas 
when integrated. We calculate the area under the normal CO2 concentration curve as well as the area 
under the increased concentration curve using the trapezoidal rule. 

 

 

Figure 42: Explanation of the method used to calculate percentage drop in transmission over a single 
MASTER band. 

 
Once the area under each concentration curve is known, we can calculate the drop in transmittance 
algebraically.  
 
A=Area Under 380ppm Curve at X (red line) 
B=Area Under 572ppm Curve at X (black line) 
M=MASTER Sensitivity at X (blue line, scale sensitivity from 0 to 1) 
 
However, we have to take into account the effect of the MASTER band sensitivity. As you can see from 
the blue line, MASTER is more sensitive in the middle of the band than at the edges. So, by multiplying 
each A by the corresponding Y value for M, we adjust the integration to the sensitivity of MASTER.   
 
So, we can say Q=A*M=Integration of 380ppm line per MASTER sensitivity, and  
R=B*M=Integration of 572ppm line per MASTER sensitivity. 
 
S=sum of all Q(x) 
T=sum of all R(x) 
(1-(T/S)))*100=% drop in transmission over the range of a single MASTER Band. 
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A convolution of the MASTER spectral response curve was performed to complete this process. Points 
on the MASTER spectral response curve for the target bands were interpolated so that the datasets for the 
atmospheric models and the system responses used the same wavelength interval. Integration for the 
atmospheric model functions were approximated using the trapezoid rule for every wavelength step along 
the x-axis. The MASTER sensitivity to each step-trapezoid was determined by multiplying the area of 
each trapezoid by the MASTER system response amplitude at each point, and then summed over the 
MASTER system response to determine the MASTER corrected area under the atmospheric model curve. 
Percentage changes from the “normal” concentration were calculated and compared to the transmission 
changes calculated directly from the MASTER data over the leak points. The modeling results are 
presented in Tables 9 and 10. 
 

Table 9: Expected reduced transmission over MASTER band 35 for the three CO2 leak sites.  
 

 
Release 

Rate (cfh) 
Release 

Rate (cmh) 

ALOHA Plume 
Concentration 

(ppm) 

Modeled % 
drop in 

Transmission 

Observed % 
change 

(MASTER) 
Site 2E 300 8 260,000 0.818712 41 
Site P3 800 23 274,000 0.855777 36 
Site 01 20000 566 279,000 0.868797 10 

 
 
 
 
 

Table 10: Expected reduction in transmission over MASTER band 24 for the four CH4 leak sites. 
  

 
Release 

Rate (cfh) 
Release 

Rate (cmh) 

ALOHA Plume 
Concentration 

(ppm) 

Modeled % 
drop in 

Transmission 

Observed % 
change 

(MASTER) 
Site 2E 100 3 1730 0.1771584 16.15 
Site P3 400 11 7430 0.6269594 0.58 
Site 01 800 23 13800 1.0789539 -9.59 
Site 05 5000 142 98500 5.9698977 7.61 

 
 
 

7.4 RMOTC Hymap Data Reevaluation 
 
We used HyMap data from 2004 (Martini, 2004) to reassess the ability of Hymap to detect CH4 leaks. 
Martini (2004) “direct detection of CH4 using spectral analysis of 3m hyperspectral imagery during the 
controlled leak demonstration at RMOTC, Wyoming does not appear to be possible.” In reevaluating the 
HyMap data, two more techniques were used to identify possible CH4 leak sources: 1) the ENVI Spectral 
Angle Mapper (SAM) utility; and 2) a pixel comparison technique similar to that used on the MASTER 
data.  
 



138 

 
Figure 43: Site 5 viewed in HyMap under single grayscale SWIR channel. White arrow indicates 
North. Red box is the area used for HyMap data processing. Red circle indicates approximate 
position of Site 5 leak. 
 
The data was not georeferenced, but rotated until aligned with True North to reduce processing time and 
distortion of the data. The location and CH4 leak release rate at Site 05 were the same for HyMap in 
September 2004, and MASTER in August 2006. The data was subset spectrally to HyMap SWIR CH2 
channels 16 to 24 (2.23 to 2.36 μm) to span the CH4 absorption feature at 2.34 μm.  
 
Running the SAM utility under all default conditions with a 16 n-d (dimensionality variable) produced a 
class image showing what might possibly be a CH4 plume emanating from the leak location (Figure 44 (a) 
and (b)).  

 (a)  (b)  

Figure 44: Hymap SAM class result. (a) Red circle indicates Site 5 leak location. Green arrow indicates 
possible plume anomaly (pink pixel cluster surrounding green arrowhead). (b) Locations of 
pixel transects AA’, BB’, CC’, and DD’. 

 
 
Most of the apparent plume and the location of the leak are spatially separated by approximately 30 
meters. This could be due to a number of environmental factors including winds influencing the travel of 
the plume from the source (winds on September 15, 2004 averaged 12.1mph, from west-southwest). To 
determine whether this is a methane plume, spectra were taken from pixels along two transects (A and B) 
crossing the plume at right angles (N-S and E-W) and from two similar transects (C and D) from beyond 
the region of CH4 influence (Figure 44 b).  

Site 5
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Figure 45: Averaged spectra (2.228 to 2.365 μm) of pixels along each transect of Figure 44b. AA’ and 
BB’ taken inside CH4 plume. CC’ and DD’ taken outside plume.  
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Figure 46: Result of Pixel Subtraction on B-B’ transect 
 
After continuum removal and normalization of the region from 2.228 to 2.365 μm in ENVI, the mean 
spectra for these transects are shown in Figure 45. Transects AA’ and BB’ cross the supposed CH4 plume 
and should therefore have lower radiance from 2.2 to 2.4 μm than surrounding pixels at CC’ and DD’, but 
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the opposite appears to be true. Figure 46 is a calculated pixel subtraction similar to those performed on 
the MASTER data for the B-B’ transect in Figure 44. For the B-B’ transect, pixel #7 was located in the 
deepest part of the potential plume, so all other pixels are subtracted from #7 as listed in the chart key. 
Eight out of the 13 total selected pixel subtraction spectra are positive, with one neutral pixel, and only 
three pixels negative. If pixel #7 were in the dense part of the CH4 plume, its radiance should be lower 
than the other pixels. The B-B’ pixel subtraction suggests that these pixels failed the test for CH4 
detection. 
 
7.5 Discussion 
 

7.5.1 MASTER Gas Detection  
The general goals of this study were to use multi- and hyper-spectral remote sensing technology to detect 
the spectral effects of CO2 and CH4 gas leaks as a direct measurement of gas, or as a stressing agent on 
grasses. Direct airborne imaging of gas leaks appear unable to show regional gas plumes over any of the 
four MASTER sites though the effects of both CO2 and CH4 can be seen at site specific pixels in some 
cases, but not at all the flight locations. Hyper-spectral detection of plant stress due to underground CO2 
injection was successful at detecting CO2 affected plants as well as indicated the possibility of direct 
detection when sampling at a high concentration.  
 
Hawaii: The SO2 (Figure 12) map seems to indicate a detectable response to SO2 being released in small 
amounts from the skylight vents, but the CO2 (Figure 13, page 44) map is inconclusive, because of poor 
resolution due to the low signal to noise ratio in MASTER’s port 3 detector which includes channel 34. It 
is unknown why the signal to noise ratio is so poor in the port 3 detector of MASTER, but in band 34 
specifically it may be due to the saturation of the channel by atmospheric CO2 in the column from space 
to ground. The CH4 map (Figure 14) is also ambiguous about MASTER’s ability to detect CH4 gas, but it 
appears to provide good discrimination among multiple lava flow events. Mike Fitzgerald (NASA Ames; 
pers. comm) stated that MASTER channel 41 is malfunctioning in the sensor, rendering any attempt to 
measure CH4 with this portion of the spectrum unreliable. Though the Realmuto et al. (1994) technique of 
qualitatively comparing bands covering an absorption feature with a single band outside of the absorption 
feature may have been successful for the TIMMS instrument searching for SO2, it is unsuitable for CO2 
and CH4 surveys using MASTER.  
 
Mount Saint Helens: Both datasets from Mount Saint Helens (Figures 18 and 19) had their lowest 
transmittance of MASTER channel 34 in the pixels directly over the source location, which is consistent 
with a response to CO2. However, the site is an active volcano vent, so it is also producing large amounts 
of heat, debris and other gases that can influence our data in unknown ways. Without more ground-based 
measurements it would be very difficult to separate the effect of these variables.  
 
Mammoth Mountain: Figures 21 and 22 appear to indicate a common region of high CO2 to the 
northeast of Horseshoe Lake, based on the density of red to yellow pixels in this region. However, it is 
unclear whether this effect in the MASTER image can be attributed solely to CO2 absorption, or whether 
the different spectral signature from the reduced ground-cover in the tree-kill area is also contributing to 
the infrared signal. Martini, 2002, imaged the same tree-kill area with the AVIRIS hyperspectral imager 
in 1996 and 2000. AVIRIS was successful in mapping known CO2 leaks in the area, but were complicated 
due to the influence of plants creating false positives (Martini, 2002) 
 
RMOTC: At the experimental leak sites CO2 is influencing the spectra at the three CO2 leak locations 
(Figures 32 through 37), though there are some discrepancies in the results. The main one is site P5 which 
had the lowest release rate, also had the greatest response to CO2. It is possible that the topographic 
depression caused by proximity to the stream channel may have caused pooling of the CO2 gas: as CO2 
was emitted, it would naturally flow downhill and collect in naturally occurring troughs or basins.  
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Site P1 with an intermediate CO2 release rate appears to have an ambiguous response to CO2 (Figure 35). 
This effect may have been caused by incorrect identification of the key leak location pixel. GPS 
coordinates were obtained the day prior to the gas release due to the hazard presented by the CO2 gas.  
 
At Site 4, location of the CO2 leak was accurately identified from the signature of cooling produced by 
expanding gases that was visible in the MASTER channels above 8 μm (Thermal Infrared). The pixel 
subtraction performed on this leak site confirms the presence of CO2 gas in the vicinity.  
 
For the CH4 measurements at RMOTC only Site 5 seems to give any plausible indication that CH4 may be 
present (Figures 40 and 41). The shadow in the Band 24 image is ambiguous in that other materials can 
cause similar effects in the infrared, but the pixel subtraction strengthens the conclusion that there is a 
CH4 signal at this leak location. Pixel subtractions performed on the other three leak sites give a similar 
pattern of detection of CH4 but are not significant enough to argue that CH4 is detectable at these lower 
concentrations (Figures 37 through 39).  
 

7.5.2 HyMap Gas Detection  
The classified image created by ENVI’s spectral angle mapper (SAM) suggests that a CH4 gas plume was 
present near the leak location for Site 05 (Figure 44). To confirm the existence of a CH4 plume, 
comparisons of spectra taken across various portions of the image in an attempt to compare on and off 
plume pixels were unsuccessful. In Figure 45, the averages for pixels along transects AA’ and BB’ are 
very similar, but the average pixels for transects CC’ and DD’ are equally similar except that they have 
much lower transmission in the 2.2 to 2.4 μm range where CH4 absorptions should be strong.  
 
The pixel subtraction analysis also did not confirm the presence of CH4 gas (Figure 46). The results were 
ambiguous because most of the pixel subtraction lines are positive, suggesting a null result, although a 
few pixel subtraction lines were negative.  
 

7.5.3 Atmospheric and MASTER Modeling  
Comparing Figures 7 to 10 (pages 33 and 34) shows that the two atmospheric transmission 
models differ remarkably for background transmission in the 4.1-4.5 μm region. In the 1976 Std atm 
model, this region has almost zero transmission level, while the Radiosonde model predicts the normal 
background transmission at the time of the over flight should have been about 80%. Both models are in 
close agreement on either side of the 4.1 μm to 4.4 μm range. However, when CO2 was increased in the 
ground layer, the Radiosonde model immediately shifted to essentially the same transmission curve as the 
1976 Std atm model. This suggests the original difference between the 1976 Std atm and the Radiosonde 
atm models was probably an artifact caused by incorrect data, a computational error, or differing 
assumptions. Neither the Radiosonde, nor the 1976 Standard Atmosphere, actively sample gas 
concentrations of the atmosphere for their calculations. The difference was more pronounced for CH4 
than for CO2, but since CH4 is not active in the 4.1-4.5 μm region, the divergence of the two models does 
not appear to affect outcomes of measurements or calculations based on them.  

 

7.5.4 Reliability of MASTER Gas Detection 
Assessing the reliability of our gas detection depends on two factors: 1) the potential minima and maxima 
differences that can be detected, and 2) the degree of agreement between our MASTER results and our 
atmospheric model. This first criterion essentially describes the ability of the MASTER instrument to 
sense changes in transmission, and the second requires comparison of our modeling results with our 
measured results.  
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Table 9 shows the results of modeling for CO2 for MASTER band 35 (4.52 μm). The expected decrease 
in atmospheric transmission of 4.3 μm radiation is less than 1% under all three leak scenarios. It is 
unlikely that MASTER would be able to distinguish such small values from the noise inherent in the data. 
It is difficult to determine potential minimum and maximum CO2 concentrations detectable by MASTER.  
 
There is at least one robust reference point for our detection of a CH4 gas plume. To determine the 
maximum detectable concentrations of CH4, we used Modtran to estimate the loss in transmission 
attributed to increasing concentration of CH4 (Table 11)  

Table 11: Decline in transmission at 2.32 μm, with increasing CH4, expressed as percentage of normal 
CH4 levels. 
 

Simulated 
Concentration: 

Parts Per 
Million 

Drop in 
Transmission: % 

of Normal 
Concentration 

(Norm= 1.7ppm) 
20,000 1.495
40,000 2.744
60,000 3.904
80,000 5.001

100,000 6.047
200,000 10.728
300,000 14.754
400,000 18.310
500,000 21.501

1,000,000 33.815
 
These estimates suggest that the quantities of methane needed to saturate bands 24 (2.3282 μm) would 
have to be greater than 100%. However, these estimates also suggest that our MASTER data did 
accurately detect a methane plume at Site 5, where our leak was at the highest output rate. We’ve 
compared our MASTER detected values with our modeling to produce the following: 
 
 

 Release 
Rate (cfh) 

Release 
Rate (cmh) 

Plume 
Concentration 

Model % drop 
in 

Transmission 

MASTER 
Detected % drop 
in transmission 

Site 2E 100 3 1730 0.1771584 Not significant 
Site P3 400 11 7430 0.6269594 Not significant 
Site 01 800 23 13800 1.0789539 Not significant 

Site 05 5000 142 98500 5.9698977 7.6 
 

Table 12: Comparison of Modtran Modeled results to MASTER detected results. 
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8.0 Conclusion 
 
The importance of monitoring greenhouse gases as part of the human ecosystem has been well established 
over the course of the last half century, and continues to grow as time passes and society’s ability to 
change current trends declines. While many monitoring systems are available, few have the potential that 
airborne and satellite remote sensing offer.  
 
The MASTER airborne multispectral imager is unlikely to be an efficient or accurate system for the kinds 
of global monitoring systems we need. Although the MASTER results indicate potential for detection of 
both CO2 and CH4, there are ambiguities in all but one case that limit the usefulness of the results. The 
Kilauea dataset, with the Realmuto technique for gas detection, was inconclusive for our primary gases of 
concern (CO2 and CH4), but adequate for qualitative mapping of SO2. The Mount Saint Helens dataset 
showed that for high concentrations of CO2 from a volcanic source, a density slice taken over the bands of 
interest may be sufficient to outline the extent of a gas plume, but more data is needed. The Mammoth 
Mountain dataset showed that the density slice technique used at Mount Saint Helens was insufficient to 
detect CO2 around the Horseshoe Lake Tree Kill. The MASTER results for CO2 detection at RMOTC 
were inadequate for direct gas detection over wide areas, but there are indications that the techniques have 
potential for small areas under controlled circumstances. Results for CH4 appear promising for leaks at 
rates higher than 142 cmh (5000 cfh), or more than 64.4ppmv.  In general, the MASTER spectral 
resolution is too broad, and the spatial resolution too coarse to confidently detect and map variations of 
greenhouse gas release on an industrial scale.  
 
The HyMap Airborne Hyperspectral Imaging System has finer spectral resolution than MASTER, but 
only encompasses a fraction of MASTER’s spectral range. Without broadening its spectral range HyMap 
will be equally unlikely as a direct detection system for CH4. The reevaluation of the Hymap data 
confirms the conclusions of previous analyses in that it was unable to image CH4 directly. 
 
The ASD Field Spectrometer accurately measured reflected light from plant spectra, and the results were 
consistent with the expected effects of CO2 on the health of grasses in the experiment at the Montana 
State University agricultural research field. Combined with its ability to directly measure CO2 gas (though 
in a secondary container) suggests that instruments like the ASD are valuable as research tools for gas 
monitoring.  
 
Although the results presented here show that it is unlikely that the MASTER instrument as currently 
configured could reliably detect gaseous CO2 from ground based leaks, the data do suggest that the 
MASTER instrument can detect large-scale CH4 ground leaks. As an airborne platform the use of this 
capability is somewhat limited, but this may be an important aspect for a space-borne Earth imaging 
system, as CH4 sources and sinks are not globally well categorized.  
 
Instruments such as the Earth Observation Satellite and the Orbital Carbon Observatory therefore have a 
very important role to play in the future of carbon sequestration oversight and monitoring. Imaging 
systems that target the gas absorption features with narrower bands and more sensitive sensors in the near, 
mid, and thermal infrared are essential to make global accounting of CO2 and CH4 sources a reality.  
 
This also implies that a different imaging system may be required to combine all the capabilities needed 
to image the kinds of hydrocarbon leaks we’ve attempted to detect in this project. We know from other 
research that a passive hyperspectral instrument such as AVIRIS has the ability to successfully detect 
changes in concentrations of CO2 in the atmospheric column (Green, 2001) with a high degree of 
accuracy, and our current MASTER study shows at least the potential for being able to perform the same 
function.  
 
Future experiments would benefit from an instrument with a spectral response from at least the short 
wave infrared into the thermal wavelengths, with channels whose widths are significantly narrower than 
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that of MASTER. Ideally we would need channel widths as narrow as possible, down to only a few 
nanometers if available. In this way, it will still be possible to image the larger wavelength overtones of 
the absorption effects of CO2 and CH4 in particular, with a higher resolution as to the effect of the spectra. 
For instruments which already exist, AVIRIS and HyMap both have a spectral range from around 0.4 to 
2.5 μm. This makes them better for imaging the absorption for CO2 at 2.06 μm, but incapable of imaging 
the absorption features beyond 2.5 μm in the mid and far infrared.  MASTER and similar multispectral 
instruments have the capability to image in the mid and far infrared, but the signal-to-noise ratio 
combined with undesirably wide channel widths make imaging absorption features in this range 
extremely difficult. 
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1. Abstract 
 
 
A sensitivity study of gravity and electromagnetic (EM) techniques, and amplitude vs. angle 
(AVA) analysis for CO2 movement in coal beds was based on the SECARB pilot test planned in 
the Black Warrior basin in Alabama. In the area of interest, coalbed methane is produced mainly 
from the Black Creek, Mary Lee, and Pratt coal zones at depths between 400 and 700 m and 
approximately 3 m thick on average. The permeability of coal in the Black Warrior basin 
decreases exponentially with depth as overburden stress increases. The permeability of the top 
layer is 100 mD, while the permeability of the deepest layer is around 1 mD. The pilot field test 
will include injecting a total of 1000 tons of CO2 into these three coal zones (~300 tons to each 
zone). The density, sonic and resistivity well-logs from a deep disposal well a couple of miles 
from the pilot test site were used to create background (pre-injection) models. Our laboratory 
measurements of seismic velocity and electrical resistivity as a function of CO2 saturation on coal 
core samples were used to provide a link between the coalbed CO2 flow simulation models and 
the geophysical models. The sensitivity studies showed that while the response to the 300 tons of 
CO2 injected into a single layer wouldn’t produce measurable surface response for either gravity 
or EM, the response due to an industrial-size injection would produce measurable surface signal 
for both techniques. Gravity inversion results illustrated that, provided we can collect high-quality 
gravity data in the field and we have some a priori information about the depth of the reservoir, 
we can recover the spatial location of CO2 plume correctly, although with the smoothing 
constraint of the inversion, the area was slightly overestimated, resulting in an underestimated 
value of density change. AVA analysis showed that by inverting seismic and EM data jointly, 
much better estimates of CO2 saturation can be obtained, especially in the third injection zone, 
where seismic AVA data fail to detect the high CO2 saturation. Analysis of spatial resolution and 
detectability limits show that gravity and EM measurements could, under certain circumstances, 
be used as a lower-cost alternative to seismic measurements.  
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4. Introduction 
 
 
Previous analysis of the spatial resolution and detectability limits of non-seismic geophysical 
techniques carried out as part of the “Novel geophysical monitoring” project of the first phase of 
the Carbon Capture Project (CCP-1) found that surface and borehole based electromagnetic (EM) 
and gravity measurements could, under certain circumstances, be used as a lower cost alternative 
to seismic geophysics (Gasperikova and Hoversten, 2006). An analysis of the cost of gravity and 
EM surveys needed for monitoring of enhanced oil recovery (EOR) projects showed them to be 
ten times less expensive than conventional 3D seismic surveys. The reduction in cost is 
accompanied by a reduction in spatial resolution and thus the applicability of non-seismic 
techniques is dependent on site specifics and the monitoring questions that need to be answered. 
 
The work under CCP-1 was limited to a few generic models and a single case study of proposed 
CO2 EOR/sequestration of the Schrader Bluff field on the North Slope of Alaska. In this project 
we evaluated gravity and EM techniques, and amplitude vs. angle (AVA) analysis for monitoring 
of CO2 enhanced coal bed methane (CBM) production. The models were based on the Deerlick 
Creek Field pilot test design. In the area of interest, coalbed methane is produced mainly from the 
Black Creek, Mary Lee, and Pratt coal zones at depths between 400 and 700 m and approximately 
3 m thick on average. The pilot field test will include injecting a total of 1000 tons of CO2 into 
these three coal zones (~300 tons to each zone). Flow simulations were provided by Sproule 
Associates. LBNL laboratory measurements, carried out independently from this project, of 
seismic velocity and electrical resistivity as a function of CO2 saturation on a coal core sample 
were used as a link between the coal bed CO2 injection flow simulation results and the 
geophysical models.  
 
We used the latest state-of-the-art forward and inverse capabilities for gravity, EM, and seismic 
data. We simulated gravity, EM, and seismic responses for the background (pre-injection) model, 
model with CO2 injection into one coal zone, and model with CO2 injection into three coal zones. 
We developed a new gravity inversion that uses a depth of the reservoir as a priori information, 
and solves for a smooth density variation inside the reservoir. The inversion of gravity data is 
very important, since construction of density contrast models significantly increases the amount 
of information that can be extracted from the gravity data. The simulated seismic data were 
imaged using industry-standard seismic processing techniques, and followed by acoustic AVA 
inversion for reservoir fluid properties. The CO2 content predicted from the seismic data was 
compared to those obtained from a joint inversion of seismic and EM data. 
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5. Executive Summary 
 
 
Significant potential exists for carbon sequestration and enhanced methane recovery in coalbed 
methane production scenarios. A sensitivity study of gravity and electromagnetic (EM) 
techniques, and amplitude vs. angle (AVA) analysis for CO2 movement in coal beds was based 
on the SECARB pilot test planned in the Black Warrior basin in Alabama. Coal seams in the 
Black Warrior basin are distributed through a thick stratigraphic section and are clustered in a 
series of coal zones within the Lower Pennsylvanian Pottsville Formation. In the area of interest, 
coalbed methane is produced mainly from the Black Creek, Mary Lee, and Pratt coal zones at 
depths between 400 and 700 m and approximately 3 m thick on average. The permeability of coal 
in the Black Warrior basin decreases exponentially with depth as overburden stress increases. The 
permeability of the top layer is 100 mD, while the permeability of the deepest layer is around 1 
mD. The pilot field test will include injecting a total of 1000 tons of CO2 into these three coal 
zones (~300 tons to each zone).  
 
A literature search for rock properties in an environment similar to the pilot test site revealed that 
no such information was available. Hence, we used our laboratory measurements of seismic 
velocity and electrical resistivity as a function of CO2 saturation on coal core samples to link CO2 
flow simulation models to geophysical models for this study. Background (pre-injection) models 
were based on the density, sonic and resistivity well-logs from a deep disposal well a couple of 
miles from the pilot test site.  
 
The sensitivity studies showed that while the response to the 300 tons of CO2 injected into a 
single layer wouldn’t produce measurable surface response for either gravity or EM technique, 
the response due to an industrial-size injection would produce measurable surface signal for both 
techniques.  
 
Inversion of gravity data is very important, since construction of density contrast models 
significantly increases the amount of information that can be extracted from the gravity data. We 
developed a new gravity inversion and illustrated with the results that, provided we can collect 
high-quality gravity data in the field and we have some a priori information about the depth of the 
reservoir, we can recover the spatial location of CO2 plume correctly, although with the 
smoothing constraint of the inversion, the area was slightly overestimated, resulting in an 
underestimated value of density change.   
 
AVA analysis provides quantitative estimates of CO2 saturation changes. Our results showed that 
by inverting seismic and EM data jointly, much better estimates of CO2 saturation can be 
obtained, especially in the third injection zone, where seismic AVA data fail to detect the high 
CO2 saturation.  
 
Analysis of spatial resolution and detectability limits show that gravity and EM measurements 
could, under certain circumstances, be used as a lower-cost alternative to seismic measurements.  
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6. Experimental 
 
The laboratory experiments (Kneafsey et al., 2005) were designed to gain a better understanding 
of brine displacement by carbon dioxide (CO2) and to understand the flow behavior of CO2 to 
allow evaluation and extension of numerical models. A horizontal coal core plug was used from 
the upper Cretaceous Ferron Sandstone member of the Macos Shale (“A” coal bed, Ivie Creek 
#11, Footage 293’4” to 294’0”, Loc Sec 20, T 235 R6E Salt Lake Meridian). A series of 
measurements were made on the core while changing the core conditions. 
 
Three tests were performed. The first test consisted of sorbing methane to the coal at the 
hydrostatic pressure at the depth the coal was retrieved, saturating the coal with brine (1g/l NaCl) 
at the same pressure. Following an equilibration time, the fluid pressure was reduced allowing gas 
to leave the core. In the second test, the same core was re-contacted with methane at a higher 
pressure, and introduced brine (1 g/l NaCl) saturated with CO2 at 100 psi. Following this, pore 
pressure was reduced again. The third set of measurements was performed by introducing 1 g/l 
NaCl brine, and then CO2 gas, CO2 liquid, and 20% KI brine all at constant effective stress 
(confining pressure – pore pressure). 
 
The test plug was a 39.1 mm diameter by 63.9 mm length coal plug from the above mentioned 
core with an air-dry mass of 99.50 g. The plug was cut perpendicular to the axis of the original 
drill core, thus it had a roughly horizontal orientation. Chips in the core were filled in with a 
sanded epoxy, and were impermeable and dense with respect to X-rays. 
 
Several sets of measurements were made. Compressional and shear wave travel times were 
measured using Panametric D7253 transducers contained within one end cap in contact with the 
sample and detected by a duplicate transducer contained within the opposing end cap. Pulses 
were applied to the transmitting transducer with a pulse width of 1.8 microseconds and a voltage 
of 500 V using an Instrument Research Company Model M1k-20 1000V Pulser, and detected 
pulses were amplified by a Stanford Research Systems Model SR560 Low Noise Preamplifier 
and indicated on a Tektronix Digital Oscilloscope (TDS3012, 100 MHz, 1.25GS/s). 
 
Resistivity was measured using up to four ring electrodes in contact with the sample using a 
GenRad 1692 RLC meter and QuadTech 7400B Precision RLC Meter. The system was calibrated 
using water of known conductivity. 
 
Permeability was deduced using flow rates indicated by Isco syringe pumps, core geometry, and 
Druck and Validyne pressure transducers. 
 
X-ray CT scanning was performed on a modified Seimens Somaton High-Q third generation 
medical CT scanner with energy of 130KeV. Most scans were performed in the “inner ear mode” 
with a resolution of 0.3 x 0.3 x 1 mm (1 mm beam width). Scanning was performed on alternate 1 
mm slices along the axis of the core. 
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Figure 1. Compressional and shear wave velocities for the laboratory test conditions 
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Figure 2. Resistances measured across electrodes 2 and 3 (2-wire method) for Test 3 
 
The overall conclusions of the experimental data show that acoustic (Vp) and shear (Vs) 
velocities were reduced on the order of 10% by the CO2 flood (Figure 1). Electrical resistivity 
increased by 160% in the core when flooded by CO2 (Figure 2).  
 
These experimentally determined values were used as end members of a linear trend for velocity 
and resistivity over the range from 0 to 100% CO2 saturation. These experimentally determined 
functions were used to convert the flow simulations provided by Sproule Associates to the 
geophysical models used to determine the detectability and resolution for monitoring of the CO2 
flood. 
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7. Results and Discussion 
 
Significant potential exists for carbon sequestration and enhanced methane recovery in coalbed 
methane production scenarios. Our study was motivated by a pilot test planned in the Black 
Warrior basin in Alabama. Coal seams in the Black Warrior basin are distributed through a thick 
stratigraphic section and are clustered in a series of coal zones within the Lower Pennsylvanian 
Pottsville Formation. Assessment of the CO2 sequestration and enhanced recovery potential of 
coalbed methane in this area indicated that more than 5.9 Tcf of CO2 could be sequestered, while 
increasing coalbed methane reserves by more than 20% (Pashin and Clark, 2006). In the area of 
interest, coalbed methane is produced mainly from the Black Creek, Mary Lee, and Pratt coal 
zones at depths between 400 and 700 m and approximately 3 m thick on average. The 
permeability of coal in the Black Warrior basin decreases exponentially with depth as overburden 
stress increases. The permeability of the top layer is 100 mD, while the permeability of the 
deepest layer is around 1 mD. The pilot field test will include injecting a total of 1000 tons of 
CO2 into these three coal zones (~300 tons to each zone).  
 
A literature search for rock properties in an environment similar to the pilot test site revealed that 
no such information was available. Hence, we used the density, sonic and resistivity well-logs 
from a deep disposal well that was drilled only a couple of miles from the pilot test site (Jack 
Pashin, Geological Survey of Alabama), and our laboratory measurement results to build models 
for this study.  
 
 
(A) Gravity monitoring 
 

The reduction in the vertical component of gravity is caused by increased CO2 saturations 
reducing the bulk density of the coal layer. The spatial pattern of the change in the vertical 
component of gravity is directly correlated with the net change in density of the coal bed.  
 
A simplified model was created to investigate if a variation in CO2 saturation in a coal layer 
would produce a measurable surface gravity response. The model consisted of a 5 m thick coal 
layer with a density of 1435 kg/m3 at a depth of 450 m. A plan view of the model is shown in 
Figure 3a, while the section view is shown in Figure 3b. The undisturbed coal layer is on the left, 
while a coal layer containing CO2 is on the right.  
 

 
 

Figure 3a. Plan view of a density model with a coal layer with no CO2 on the left and 
with CO2 on the right 
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Figure 3b. Cross-section of a density model with a coal layer with no CO2 on the left 
and with CO2 on the right 
 
Using values from the flow simulation model, we calculated the density of CO2 at a temperature 
of 35°C (= 308 K = 95 F) and a pressure of 600 kPa using the NIST14 code (NIST, 1992). Under 
these conditions the density of CO2 is 10.6 kg/ m3. If we define CO2 saturation as SCO2, then the 
layer bulk density is:  
 

Density = (1- SCO2)*Density(coal) + SCO2*Density(CO2) 
 
We calculated values for 0, 10, 20, 50, 70, 80, and 90% of CO2 saturation and the resulting 
densities are given in Table 1. The presence of CO2 reduces the coal density, causing the decrease 
in the gravity response. Adsorption of CO2 into coal can affect the matrix density, and hence the 
total density change could be smaller than we predicted. 
 

Table 1.  Coal layer density as a function of CO2 saturation at temperature of 35°C and pressure of 600 
kPa. 

 
% CO2 Density (kg/m3) 

0 1435.0 
10 1291.6 
50 721.8 
70 437.9 
80 295.5 
90 153.0 

 
The vertical component of the gravity response is defined as a difference between the model with 
and without CO2 present. Figure 4 shows the surface gravity response (in μGal) for 10% of CO2 
saturation. The maximum gravity response is -14 μGal. The contact between area with and 
without CO2 is clearly visible, and the surface gravity response can be measured using current 
technologies. A 5-10 μGal and 3.5 μGal survey accuracy have been reported for gravity surveys 
at Prudhoe Bay, Alaska (Hare et al., 1999; Brown et al., 2003). A repeatability of 2.5 μGal and 
detection threshold of 5 μGal for time-lapse variations was observed in gravity monitoring 
surveys of the Sleipner CO2 sequestration site in the North Sea (Nooner et al., 2003). 
 
Figures 5 and 6 are surface gravity responses for the model with 50% and 90 % of CO2 
saturation, respectively. For the model with 50% CO2 saturation the maximum gravity response is 
-70 μGal while for the model with 90% CO2 saturation the maximum gravity response is -125 
μGal. Again, we can clearly distinguish areas with CO2 present in both cases. Figures 4-6 
illustrate that the surface gravity response decreases with increased CO2 saturation. The presence 
of CO2 reduces the layer density and that causes the decrease in the gravity response.  
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Figure 4. Surface gravity response (in μGal) for the coal layer in Figure 3 with 10% 
CO2 saturation 

 
 

 
 

Figure 5. Surface gravity response (in μGal) for the coal layer in Figure 3 with 50% 
CO2 saturation 
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Figure 6. Surface gravity response (in μGal) for the coal layer in Figure 3 with 90% 
CO2 saturation 
 
In the proposed pilot test the amount of injected CO2 is limited, and Sproule Associates ran flow 
simulation models for CO2 injection into three coal layers. CO2 mole fractions in the three coal 
layers at the end of simulation are shown in Figures 7-9. Figure 7 is a plan view of CO2 mole 
fractions for the coal layer at the depth of ~400 m, Figure 8 for the layer at ~ 600 m, and Figure 9 
for the layer at ~750 m.  
 
 

 
 

Figure 7. Plan view of CO2 mole fractions for the coal layer at a depth of ~ 400 m at 
the end of simulation (from Sproule Associates) 
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Figure 8. Plan view of CO2 mole fractions for the coal layer at a depth of ~ 600 m at 
the end of simulation (from Sproule Associates) 

 

 
Figure 9. Plan view of CO2 mole fractions for the coal layer at a depth of ~ 750 m at 
the end of simulation (from Sproule Associates) 

 
 

Flow simulation models (Figure 7-9) showed that the highest CO2 mole fractions and the largest 
spatial extent of CO2 exist in the upper two coal layers. CO2 in the deepest layer hardly moved 
from the injection well, presumably due to very low permeability. Based on these simulations, 
our reference density model was a coal layer with 95% water saturation and 5% residual gas 
saturation. We assumed that water in fractures is replaced by CO2 and neglected any changes in 
the matrix density. We calculated the surface gravity response for each of the three layers 
independently, and then for all of them together. Figure 10a shows a plan view, and Figure 10b 
shows a section view of the model. The coal layer at the depth of ~ 400 m, 600 m, and 750 m, 
respectively, is 3 m thick, and CO2 anomaly is 300 × 200 m wide, and has 50% CO2 saturation.  
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Figure 10a. Plan view of a density model based on a flow simulation model 
 

 
 

Figure 10b. Cross-section of a density model based on a flow simulation model 
 
 

Figure 11 shows the surface gravity response for the CO2 plume at the depth of 400 m. The 
maximum response is -5 μGal, which is on the edge of detectability in the field. Gravity 
anomalies decay with the inverse square of the distance from their source, hence the same plume 
at 600 m or 750 m produces even smaller surface gravity response (not shown) and hence it 
would be difficult to detect in the field.  
 
However, if the layer thickness at the depth of 400 m would be 6 m instead of 3 m and the CO2 
plume had the same lateral extent (300×200 m) the maximum surface gravity response would be -
10 μGal. This anomaly response is above the detection threshold and therefore it would be 
measurable in the field. The surface gravity response from a 6 m thick layer is shown in Figure 
12. Similarly, surface gravity measurements would be above the detection threshold when all 
three layers are present. In this case, the thickness of each layer is 3 m, the lateral extent is 
300×200 m, each layer contains 50% of CO2, and they are at the depth of 400, 600, and 750 m, 
respectively. The surface gravity response of this model is shown in Figure 13. As mentioned 
earlier, the surface gravity response decreases with the square of the distance to the source. 
Hence, although the model contains identical CO2 anomalies in three different layers, most of the 
response comes from the layer at 400 m, then from the layer at 600 m, and the least from the layer 
at 750 m.  
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The deepest coal layer, at the depth of 750 m, with the same lateral extent and properties as 
described above, would be detectable by surface gravity only if its thickness was 18 m. The 
surface gravity response for this case is shown in Figure 14. 
 
 

 
 

Figure 11. Surface gravity response (in μGal) for the model in Figure 10. The coal 
layer at the depth of 400 m is 3 m thick, CO2 plume is 300×200 m wide, and it 
contains 50% of CO2. 

 
 

 
 

Figure 12. Surface gravity response (in μGal) for the model in Figure 10. The coal 
layer at the depth of 400 m is 6 m thick, CO2 plume is 300×200 m wide, and it 
contains 50% of CO2. 
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Figure 13. Surface gravity response (in μGal) for the model with three coal layers at 
depths of 400 m, 600 m, and 750 m. Each layer is 3 m thick, CO2 plume is 300×200 
m wide, and it contains 50% of CO2. 

 

 
 

Figure 14. Surface gravity response (in μGal) for the coal layer at the depth of 750 
m. The layer is 18 m thick, CO2 plume is 300×200 m wide, and it contains 50% of 
CO2. 
 
 
Gravity inversion 
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Inversion of gravity data is very important, since construction of density contrast models 
significantly increases the amount of information that can be extracted from the gravity data. 
However, one substantial difficulty with the inversion of gravity data is its inherent non-
uniqueness and lack of inherent depth resolution. This difficulty can be overcome by introduction 
of a priori information. We adopted the approach described by Smith et al. (1999) for 
magnetotelluric data inversion, in which the top and base of the reservoir are known, and we 
invert for a smooth density variation inside the reservoir. The inversion result is a cumulative 
density change in the reservoir as a function of x and y coordinates. 
 
To illustrate the whole approach we took the CO2 mole fractions model shown in Figure 15, and 
created a density model shown in Figure 16. We calculated the surface gravity response to this 
model (Figure 17), and then ran the inversion.  
 

 
 

Figure 15: Plan view of CO2 mole fractions in the coal layer at a depth of 400 m 
(from Sproule Associates) 
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Figure 16: Plan view of a density model (kg/m3) based on the flow simulation model 
in Figure 15  

 
 

Figure 17: Surface gravity response (μGal) of the model in Figure 16 
 
 

Figure 18 shows inversion results from surface gravity data shown in Figure 17. The location of 
the CO2 plume was recovered correctly, although with the smoothing constraint of the inversion, 
the area was slightly overestimated, resulting in an underestimated value of density change 
(Figure 18a). The inversion of gravity data from Figure 17 with 1 μGal random noise (25% of 
peak value) added results in the correct location of the CO2 plume; however the density contrast 
cannot be resolved (Figure 18b). The true density difference is shown by white contours. 
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Figure 18a. Density change (kg/m3) as a function of x and y coordinates recovered by 
inversion of the data shown in Figure 17 

 
 

 
Figure 18b. Density change (kg/m3) as a function of x and y coordinates recovered by 
inversion of the gravity data in Figure 17 with 1 μGal random noise (25% of peak 
response) added 
 
 
(B) EM monitoring 
 
The electrical resistivity of reservoir rocks is highly sensitive to changes in water and gas 
saturation. This high sensitivity can be exploited by EM techniques, in which the response is a 
function of the earth’s electrical resistivity. One technique uses a grounded electric dipole 
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energized with an alternating current at a given frequency (i.e. 1 Hz) to produce time-varying 
electric and magnetic fields that can be measured on the earth’s surface. In this configuration the 
electric dipole consists of two steel electrodes (1 m2 plates or sections of drill pipe) buried at a 
shallow depth (1–10 m) separated by 100 m and connected by cable to a low-power generator (a 
portable 5,000 W generator is sufficient). A setup schematic is shown in Figure 19a, and 
instruments’ photos are shown in Figure 19b. The measured data consist of the electric field at a 
given separation from the transmitter, acquired on the surface or within the near surface.  
 
 

 
(a) 

 

 
(b) 

 
Figure 19. EM survey (a) schematic, (b) equipment photos. 

 
 
As described earlier, the pilot study area contains three main coal layers – Pratt, Mary Lee, and 
Black Creek. According to the annotated coal lithology log of J.D. Jobson 24-14 #11 Well, that’s 
a part of the SECARB II project design package, the top of the Pratt zone is at the depth of 396 m 
and the injection zone is between 405 and 442 m, the top of the Mary Lee zone is at 574 m and 
the injection zone is between 592 and 610 m, and the top of the Black Creek zone is at 673 m, 
and the injection zone is between 750 and 760 m. We used the resistivity log from a deep disposal 
well that was drilled a couple of miles from the pilot test site, to build our background resistivity 
model. We used results of our previous laboratory measurements to estimate how the presence of 
CO2 influences coalbed resistivities. Our laboratory results show that CO2 can cause up to 150% 
resistivity increase in coal. Assuming that the layers within each injection zone will be influenced 
by the presence of CO2 in a manner similar to that in the laboratory measurements, we created our 
CO2 model. Resistivity values as a function of depth for both the background and CO2 models are 
given in Table 2, and plotted in Figure 20. The blue color in Figure 20 represents the background 
model, while the red color represents the CO2 model.  
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Table 2.  Resistivity values as a function of depth for the background and CO2 models 
 

Depth (m) 
Resistivity (Ohm-

m) 
background model

Resistivity (Ohm-
m) 

CO2 model 
0 60 60 

396 100 250 
402 2000 5000 
405 100 250 
408 1000 2500 
411 100 250 
427 400 1000 
430 70 70 
451 300 300 
457 2000 2000 
460 300 300 
482 1500 1500 
509 70 70 
530 300 300 
536 90 90 
552 30 30 
555 100 100 
561 30 30 
564 75 190 
637 40 40 
658 600 600 
661 60 60 
744 150 400 
762 60 60 
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Figure 20. Resistivity profiles as a function of depth for the background model in 
blue, and CO2 model in red.  
 
We calculated responses of both models using an electric point dipole as a source (transmitter) 
and an electric point dipole as a receiver. Both “in-line” and “broad-side” responses were 
calculated for transmitter - receiver offsets up to 4 km. The transmitter was oriented in the x-
direction. When both the transmitter and receiver are on the same line (i.e. y(Tx)=0 and y(Rx)=0), 
the configuration is called “in-line” configuration. When the transmitter is on a different line than 
the receiver (i.e. y(Tx)=0 and y(Rx)=150), the configuration is called “broad-side” configuration. 
The in-line responses were much smaller than the broad-side responses; therefore we present here 
only the broad-side responses. The broad-side Ex and Ey data for models with and without CO2 
are presented in Figures 21 and 22, respectively.  
 
In both figures, the red dashed line is a magnitude of the real component of the electric field for 
the model with CO2 while the blue solid line is for the model without CO2. The purple dashed line 
is a magnitude of the imaginary component of the electric field for the model with CO2 while the 
green solid line is for the model with no CO2. The results show the maximum response for offsets 
larger than 2 km. The change due to CO2 presence in the real component of Ex is 10-20%, and 5-
10% in the imaginary component of Ex. In the case of Ey, the real component is 10-20% larger, 
and the imaginary component is 100-200% larger for the model with CO2. 
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Figure 21. Real and imaginary component of Ex field for models in Table 2 
 
 

 
 

Figure 22. Real and imaginary component of Ey field for models in Table 2 
 

 
The amplitude and phase plots for the broad-side Ex-component are shown in Figures 
23a and 23b, while the amplitude and phase plots for the broad-side Ey-component are 
shown in Figures 24a and 24b. Responses to individual injections zones (not shown) were 
smaller than the response to all three zones together.  
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Figure 23a. Amplitude of Ex field for models in Table 2 
 
 

 
 

Figure 23b. Phase of Ex field for models in Table 2 
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Figure 24a. Amplitude of Ey field for models in Table 2 
 
 

 
 

Figure 24b. Phase of Ey field for models in Table 2 
 
 
(C) Amplitude vs. Angle (AVA) Analysis 
 
It has been recognized that monitoring of field-scale CO2 saturation is important for CO2 
sequestration. Time-lapse geophysical methods, for example, surface seismic and EM, have the 
potential of providing this information, and hence being candidate monitoring tools. In this 
section, we investigate the feasibility of using time-lapse seismic AVA and EM data to monitor 
CO2 injection into coal beds through synthetic case studies. We assume that the background 
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information, such as thickness of each layer, seismic P- and S-wave velocities, density, and 
electrical resistivity can be obtained from borehole logging. The background models for seismic 
attributes and electrical properties may be different, but the CO2 injection zones are located at 
roughly the same depths in both models. 
 
Seismic data 
 
Synthetic seismic data were generated using a 2D finite-difference staggered-grid code which 
models elastic wave propagation in arbitrarily inhomogeneous media with a 18 Hz Gaussian 
derivative source wavelet (Levander, 1988) for the following three cases: (1) background (pre-
injection) model (Model-0) using the well logs from a nearby well, (2) model with a 10% 
decrease in P-wave velocity and a 5% decrease in density in the top injection zone (Model-1), and 
(3) model with a 10% decrease in P-wave velocity and a 5% decrease in density in all the three 
injection zones (Model-2). The decrease in P-wave velocity and density due to the presence of 
CO2 was based on our laboratory measurements on coal samples (Kneafsey et al., 2005). Figure 
25a shows the seismic P-wave velocity cross-section when CO2 is injected into the top injection 
zone, while Figure 25b shows the seismic P-wave velocity cross-section when CO2 is injected 
into all three injection zones. The CO2 plume was 300 m wide from x = 850 m to x= 1150 m. 
 

 
 

Figure 25a. 2D seismic P-wave velocity model for CO2 injection in the top injection 
zone 
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Figure 25b. 2D seismic P-wave velocity model for CO2 injection into all three 
injection zones 

 
 
After normal moveout (NMO) correction, we created a common depth point (CDP) stack, and 
from that AVA data. We first generated seismic AVA for the background model, and then we 
assumed that the injection zone(s) had 95% CO2 saturation, and generated seismic AVA 
responses again. The normalized differences in seismic AVA responses between the model with 
CO2 plume and the background model were our time-lapse AVA data. Detail description of the 
approach is given in Appendix 1. As only the first four incident angles (corresponding to 0, 1.9, 
3.8, and 5.7 degrees, respectively) had responses to all the zones, we only used them for 
inversion. At this point, the AVA inversion is using 1D numerical codes, hence we calculated 1D 
seismic data as well and compared them to 2D data.  
 
The 1D seismic data were calculated by convolving seismic reflectivity with the Gaussian 
derivative wavelet with the center frequency of 18 Hz. Seismic AVA reflectivity is an explicit 
function of seismic P- and S-wave velocities and density in the given layers. We used the 
Zoeppritz’s equations (Aki and Richards, 1980) to model the reflectivity, which is a function of 
seismic P- and S-wave velocities and density.  
 
A comparison of normalized differences in seismic AVA data for the model with a CO2 plume in 
the top injection zone calculated using 1D and 2D numerical methods is shown in Figure 26a, 
while the same comparison for the model with CO2 present in all three injection zones is shown 
in Figure 26b. Figure 26 shows that 1D convolution model provides a good approximation to 2D 
data at small angles. 
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Figure 26a. Comparison of differences in normalized seismic AVA data, (Model-1 - 
Model-0)/Model-0 for four angles, where the black curves are calculated using the 
2D numerical methods and the red curves are calculated using the 1D convolution 
method 
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Figure 26b. Comparison of differences in normalized seismic AVA data, (Model-2 - 
Model-0)/Model-0 for four angles, where the black curves are calculated using the 
2D numerical methods and the red curves are calculated using the 1D convolution 
method 
 
 
EM data 
 
Synthetic EM data were generated using 2D numerical methods (Newman and Alumbaugh, 1997) 
at two frequencies (1 Hz and 10 Hz), with five transmitter locations (-2000 m, -1900 m, -1800 m, 
-1700 m, and -1600 m), and 60 receivers located from -1000 m to 1900 m with a separation of 50 
m. Again, three cases were considered: (1) background (pre-injection) model (Mod0) using the 
well logs from the nearby well, (2) model with a 150% increase in resistivity in the top injection 
zone (Mod1), and (3) model with a 150% increase in resistivity in all the three injection zones 
(Mod2). The increase in resistivity due to the presence of CO2 was based on our laboratory 
measurements on coal samples (Kneafsey et al., 2005). Figure 27a shows the resistivity cross-
section when CO2 was injected into the top injection zone, while Figure 27b shows the resistivity 
cross-section when CO2 was injected into all three injection zones. The CO2 plume was 300 m 
wide from x = 850 m to x= 1150 m.  
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Figure 27a. 2D resistivity model for CO2 injection in the top injection zone 
 

 
 

Figure 27b. 2D resistivity model for CO2 injection in all three injection zones 
 

 
Figure 28a compares the ratios of Mod1/Mod0 EM responses calculated using the 2D numerical 
method (Newman and Alumbaugh, 1997) (black curves) and using 1D method (red curves). 
Similarly, Figure 28b compares the ratios of Mod2/Mod0 EM responses calculated using the 2D 
numerical method (black curves) and using 1D method (red curves). The values obtained from 
the 1D method are significantly larger than those obtained by the 2D method. This is 
understandable because in the 1D model the whole layer (infinite extent) is CO2 saturated while 
in the 2D model the CO2 zone is only 300 m wide. The 2D EM responses clearly identify lateral 
boundaries of the injection zones, which are located between 850 m and 1150 m. If we focus on 
the EM data within the injection zones, we found that the slopes in the 1D and 2D data show 
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some similarities even though the slopes from 2D calculation are sharper than those obtained 
from the 1D method. They increase with the increasing source-receiver offsets, and the gradients 
are functions of the target resistivity. As a result, we may incorporate that information into our 
inversion. 
 

 

 
 

Figure 28a.Comparison between the real and imaginary components of EM data 
(ratio of Mod1/Mod0) calculated using the 2D numerical model (black curves) and 
those calculated using the 1D model (red curves). The response for frequency of 1 
Hz is shown in (a) and (b), and the response for frequency of 10 Hz in shown in (c) 
and (d). The regions within the blue vertical parallel lines are CO2 injection zones. 
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Figure 28b.Comparison between the real and imaginary components of EM data 
(ratio of Mod2/Mod0) calculated using the 2D numerical model (black curves) and 
those calculated using the 1D model (red curves). The response for frequency of 1 
Hz is shown in (a) and (b), and the response for frequency of 10 Hz in shown in (c) 
and (d). The regions within the blue vertical parallel lines are CO2 injection zones. 

 
 
AVA Analysis 
 
Our current AVA analysis is using the Bayesian model with 1D seismic and EM codes. This 
model is a revision of the joint inversion model given by Chen et al. (2007). The detail 
description of this model is given in Appendix 1. Since we use the 1D approximation of 2D 
seismic and EM data, the first step in our analysis was to compare 1D and 2D data (see above). 
Our 1D seismic convolution model provides good approximation to the 2D seismic data at small 
incident angles. The 1D EM model provides a fair approximation to the 2D EM data at the 
receivers right above the injection zones.   
 
We jointly inverted time-lapse seismic and EM data for CO2 saturation, and compared these 
inversion results with those obtained from the inversion of seismic data only. The results for the 
model with CO2 injection in the top injection zone are given in Table 3 and Figure 29. Figure 29a 
shows the estimated probability density functions (pdfs) of the unknown CO2 saturation using 
seismic AVA data only, while Figure 29b shows the estimated pdfs using both seismic AVA and 
EM data. In both cases, the inversion correctly predicts the presence of high CO2 saturation in the 
injection zone. Incorporation of EM data significantly reduces inversion uncertainty since the 
pdfs obtained using both seismic and EM data are much sharper than those obtained using 



182 

seismic data only. Table 3 also shows that standard error and 95% probability intervals of the 
unknown CO2 saturation are lower if EM data are used in addition to seismic data.   
 

Table 3. Comparison between the CO2 saturation estimated using seismic AVA data only and that 
estimated using both seismic AVA and EM data for the case of one injection zone. 

 
 Median Mean Mode Standard 

deviation 
95% Predictive 

Interval 
CO2 saturation 
(seismic AVA 
data only)  

 
0.9844 

 
0.9791 

 
0.9891 

 
0.0183 

 
(0.9341, 0.9994) 

CO2 saturation 
(both seismic AVA 
and EM data)  

 
0.9999 

 
0.9999 

 
0.9999 

 
0.0001 

 
(0.9995, 1.0000) 
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Figure 29. Estimated probability density functions (pdfs) of CO2 saturation in the 
top injection zone (a) using seismic AVA data only, and (b) using both seismic AVA 
and EM data 
 
 
The results for the model with CO2 injection in three injection zones are given in Table 4 and 
Figure 30. Figures 30a-c show the estimated probability density functions (pdfs) of the unknown 
CO2 saturation using seismic AVA data only, while Figures 30d-f show the estimated pdfs using 
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both seismic AVA and EM data. Again, for the top two injection zones, the estimated CO2 
saturations are close to 1.0 with a small uncertainty, and the joint inversion of seismic AVA and 
EM data improves the estimation by reducing uncertainty significantly (Figures 30a-b, 30d-e). 
The advantage of EM data is clearly illustrated in Figure 30c and Figure 30f. The inversion of 
seismic AVA data gives misleading results and shows the injection zone with a low CO2 
saturation (Figure 30c). This is far away from the true value of 95% CO2 saturation. However, the 
inversion results after incorporating EM data clearly show there is a high CO2 saturation zone 
(Figure 30f).  
 
 

Table 4. Comparison between the CO2 saturation estimated using seismic AVA data only and that 
estimated using both seismic AVA and EM data for the case of three injection zones. 

 
 Zones Median Mean Mode Standard 

deviation 
95% Predictive 

Interval 
Zone-1 0.9900 0.9855 0.9931 0.0140 (0.9495, 0.9997) 
Zone-2 0.9419 0.9303 0.9646 0.0528 (0.8217, 0.9976) 

Seismic 
AVA data 

only Zone-3 0.1067 0.1152 0.0813 0.0781 (0.0046, 0.2611) 
Zone-1 0.9996 0.9995 0.9997 0.0005 (0.9979, 1.0000) 
Zone-2 0.9984 0.9978 0.9987 0.0020 (0.9928, 0.9999) 

Seismic 
AVA and 
EM data Zone-3 0.9993 0.9991 0.9994 0.0008 (0.9972, 1.0000) 
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Figure 30. Estimated probability density functions (pdfs) of CO2 saturation in three 
injection zones (a-c) using seismic AVA data only, and (d-f) using both seismic AVA 
and EM data. 
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In all cases, the joint inversion of seismic AVA and EM data gives higher CO2 saturation than the 
corresponding true value (95%). This is possibly because the 1D approximation of 2D EM data 
underestimates the slopes in the EM data sets. To obtain more accurate results, and account for 
effects of finite site target zones, we may need to use 2D forward code in our inversion approach.  
 
Even though there is an uncertainty in a rock-physics model and a discrepancy between 1D and 
2D models, we found that by inverting seismic and EM data jointly, we can obtain much better 
estimates of CO2 saturation, especially in the third injection zone where seismic AVA data fail to 
detect the high CO2 saturation. Our synthetic studies show that time-lapse surface seismic and 
EM methods are a promising tool for CO2 injection monitoring in the scenario presented in this 
study, however further studies are needed for more complicated scenarios. 
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8. Conclusions 
 
 
• Literature reviews and contacts with other researchers have been conducted to obtain data on 

the geophysical properties of coal undergoing CO2 flood. No quantitative relationships 
(tabulated values) of acoustic velocity, shear velocity, density or electrical resistivity as a 
function of CO2 saturation have been found.  

• A relationship between seismic velocity, water saturation and CO2 saturation in a coal has 
been developed based on laboratory experiments conducted at LBNL. Seismic velocities 
were reduced on the order of 10% by the CO2 flood.  

• A relationship between electrical resistivity, water saturation and CO2 saturation in coal has 
been developed based on laboratory experiments at LBNL. Electrical resistivity increased by 
160% in the core when flooded by CO2.  

• The coal density as a function of CO2 saturation under pressure and temperature conditions 
used in the flow simulation model was calculated using NIST14 code. The presence of CO2 
reduces the bulk density of the coal layer, causing the decrease in the gravity response. 
Adsorption of CO2 into coal can affect the matrix density, and hence the total density change 
could be smaller than we predicted. The spatial pattern of the change in the vertical 
component of gravity is directly correlated with the net change in density of the coalbed. 

• Sonic, density and resistivity well-logs, from a deep disposal well a couple of miles from the 
pilot test site, were used to construct background geophysical models used in sensitivity 
studies. 

• The sensitivity studies showed that while the response to the 300 tons of CO2 injected into a 
single layer wouldn’t produce measurable surface response for either gravity or EM, the 
response due to an industrial-size injection would produce measurable surface signal for both 
techniques.  

• Inversion of gravity data is very important, since construction of density contrast models 
significantly increases the amount of information that can be extracted from the gravity data. 
We developed a new approach that uses a depth of the reservoir as a priori information and 
solves for a smooth density variation inside the reservoir. The inversion results illustrated 
that, provided we can collect high-quality gravity data in the field and we have some a priori 
information about the depth of the reservoir, we can recover the spatial location of CO2 
plume correctly, although with the smoothing constraint of the inversion, the area was 
slightly overestimated, resulting in an underestimated value of density change.   

• Even though there was an uncertainty in a rock-physics model and a discrepancy between 1D 
and 2D models, AVA analysis showed that by inverting seismic and EM data jointly, we can 
reduce uncertainty and obtain much better estimates of CO2 saturation, especially in the third 
injection zone, where seismic AVA data fail to detect the high CO2 saturation.  

• Analysis of spatial resolution and detectability limits show that gravity and EM 
measurements could, under certain circumstances, be used as a lower-cost alternative to 
seismic measurements.  
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11. List of Acronyms and Abbreviations 
 
CBM  Coal Bed Methane 
CO2  Carbon dioxide 
Ex  Electric field in x-direction 
Ey  Electric field in y-direction 
EM  Electromagnetic 
EOR  Enhanced Oil Recovery 
Im  Imaginary part of a complex number 
μGal  Microgal (gravity unit) 
NIST  National Institute of Standards and Technology 
Re  Real part of a complex number 
Rx  Receiver 
S  Saturation, (SCO2 = CO2 saturation, Sg = gas saturation) 
Tx  Transmitter 
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ABSTRACT 

In this study, we investigate the feasibility of monitoring CO2 injection into a 

coalbed methane formation using time-lapse seismic and electromagnetic (EM) methods. 

At this injection site, there are three potential injection zones at depths from 400 m to 750 

m and with a lateral extent of 300 m. Since inversion of 2D (or 3D) seismic and EM data 

is computational intensive and hence time-consuming, we use a 1D convolution model to 

approximate 2D seismic data, and a 1D layered model to approximate 2D EM data. 

Comparison between the 1D and 2D seismic and EM data shows that (1) the 1D 

convolution model provides a good approximation to the 2D seismic data at small 

incident angles, and (2) the 1D layered EM model provides a fair approximation to the 

2D EM data at the receivers right above the injection zones. We jointly invert time-lapse 

seismic and EM data for CO2 saturation, and compare these inversion results with those 

obtained from the inversion of seismic data only. Even though there is an uncertainty in a 

rock-physics model and a discrepancy between 1D and 2D models, we found that by 

inverting seismic and EM data jointly, we can obtain much better estimates of CO2 

saturation, especially in the third injection zone where seismic AVA (amplitude vs. 

angle) data fail to detect the high CO2 saturation. Our synthetic studies show that time-

lapse surface seismic and EM methods are a promising tool for CO2 injection monitoring 

in the scenario presented in this paper, however further studies are needed for more 

complicated scenarios. 



192 

 

INTRODUCTION 

It has been recognized that monitoring a field-scale CO2 saturation is important for 

CO2 sequestration. Time-lapse geophysical methods, for example, surface seismic and 

electromagnetic (EM), have the potential of providing this information, and hence being 

candidate monitoring tools. However, analyzing and inverting two- (2D) or three-

dimensional (3D) geophysical data is still challenging and time-consuming. In this study, 

we explore the use of a joint inversion of seismic AVA (amplitude vs. angle) and EM 

data for estimating of CO2 saturation. We will first compare the calculated seismic AVA 

and EM responses using the 2D numerical methods with those using one-dimensional 

(1D) methods, and then invert the 2D data using the 1D approximation. 

 

APPROXIMATION OF 2D GEOPHYSICAL DATA 

In this section, we compare synthetic 2D seismic and EM data with those obtained 

from their corresponding 1D models for common seismic and EM profiles. The 

comparison will justify the use of 1D models as approximations to the 2D numerical 

models. The comparison will also provide insight into how to use the 1D models. 

Seismic data 

We compare seismic data based on the seismic attribute profile obtained from 

velocity and density logs from a nearby well. There are three potential injection zones. 

We calculate seismic responses using 2D finite-difference staggered-grid code which 

models elastic wave propagation in arbitrarily inhomogeneous media (Levander, 1988), 
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and 1D convolution methods (Chen et. al., 2007) for the following three cases: (1) 

background (pre-injection) model (Model-0) using the well logs from a nearby well, (2) 

model with a 10% decrease in P-wave velocity and a 5% decrease in density in the first 

injection zone (Model-1), and (3) model with the 10% decrease in P-wave velocity and 

the 5% decrease in density in all the three injection zones (Model-2). The decrease in P-

wave velocity and density due to the presence of CO2 was based on our laboratory 

measurements on coal samples (Kneafsey et al., 2005).  

The 1D seismic data are calculated by convolving seismic reflectivity with a given 

wavelet. In this case, we use the Gaussian derivative wavelet with the center frequency of 

18 Hz. Seismic AVA reflectivity is an explicit function of seismic P- and S-wave 

velocities and density in the given layers. We use the Zoeppritz equations (Aki and 

Richards, 1980) to model the reflectivity, which is a function of seismic P- and S-wave 

velocities and density in the background model (Model-0). Those values in Model-1 and 

Model-2 are the summation of the values in the background model and the changes due 

to the presence of CO2. 

Figures 1 and 2 compare the normalized differences (i.e., (Model-1 minus Model-

0)/Model-0, and (Model-2 minus Model-0)/Model-0) in seismic AVA data caused by 

injection of CO2 using the 2D (black curves) and 1D (red curves) models. Overall, the 

differences obtained from the 1D convolution model are close to those obtained from the 

2D codes. In Figures 3 and 4, we take the first-order spatial difference of the seismic data 

shown in Figures 1 and 2. The discrepancies between the data calculated from 1D and 2D 

models are smaller than those without taking the first-order spatial difference. Although 
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the inversion results using the two types of data sets are very similar, we prefer to use the 

data after taking the first-order difference because it gives smaller data misfits. 

 

EM data 

2D EM model is based on a resistivity log from a nearby well. Model geometry is 

the same as in the seismic model; Model-0 is the background model, Model-1 is the 

model with CO2 present in the top injection zone, and Model-2 is the model with CO2 

present in all three injection zones. The CO2 injection zones are between x = 850 m and 

1150 m. Again, the change in resistivity due to the CO2 presence was based on our 

laboratory measurements (Kneafsey et al., 2005). We use both the 1D and 2D numerical 

methods to calculate EM responses for a given frequency, and source and receiver 

locations. We consider two frequencies (1 Hz and 10 Hz), five sources (x = -2000 m, -

1900 m, -1800 m, -1700 m, and -1600 m, respectively), and sixty receivers from -1000 m 

to 1900 m with an interval of 50 m.  

Figure 5 compares the ratios of Model-1/Model-0 EM responses calculated using 

the 2D numerical method (Newman and Alumbaugh, 1997) (black curves) and using 1D 

method (red curves). Similarly, Figure 6 compares the ratios of Model-2/Model-0 EM 

responses calculated using the 2D numerical method (black curves) and using 1D method 

(red curves). From both figures, we can see that the EM responses due to the presence of 

CO2 injection zones are very different in terms of values. The values obtained from the 

1D method are significantly larger than those obtained by the 2D method. This is 

understandable because in the 1D model the whole layer (infinite extent) is CO2 saturated 

while in the 2D model the CO2 zone is only 300 m wide. The 2D EM responses clearly 
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identify lateral boundaries of the injection zones, which are located between 850 m and 

1150 m. If we focus on the EM data within the injection zones, we found that the slopes 

in the 1D and 2D data show some similarities even though the slopes from 2D calculation 

are sharper than those obtained from the 1D method. They increase with the increasing 

source-receiver offsets, and the gradients are functions of the target resistivity. As a 

result, we may incorporate that information into our inversion. 

 

BAYESIAN MODEL 

In this section, we briefly show the Bayesian model for a joint inversion of 1D 

seismic AVA and EM data. We first show likelihood functions for seismic AVA and EM 

data based on the 1D approximation to the 2D data, then we show the prior distribution, 

and finally we give the sampling methods for drawing samples from the joint posterior 

probability distribution functions. The developed Bayesian model is a revision of the 

joint inversion model given by Chen et. al. (2007). 

Geophysical data 

The geophysical data used for this study are time-lapse seismic AVA and EM data. 

Let vectors ( )bg
pv , ( )bg

sv , and ( )bgρ  represent the background model seismic P- and S-wave 

velocities and density for 40 layers. Let a vector ( )bgr  be the electrical resistivity in the 

same background model. The seismic AVA and EM responses of the background model 

are given as follows: 

 ( ) ( ) ( ) ( )
1( , , ),bg bg bg bg

AVA p sG=Y v v ρ  (1) 

and  
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 ( ) ( )
2 ( ).bg bg

EM G=Y r  (2) 

The presence of CO2 in the injection zone causes a decrease in seismic velocity and 

density and an electrical resistivity increase. Let vectors pΔv , sΔv , Δρ , and Δr  

represent the changes caused by the CO2 saturation in seismic P-wave and S-wave 

velocities, density and electrical resistivity, respectively . Notice that typically sΔv  is 

equal to zero as in this study. Thus, the time-lapse seismic data are the difference 

between the seismic AVA responses before and after the injection, which are given by: 

 ( ) ( ) ( ) ( ) ( )
1( , , ) .AVA bg bg bg bg

p p s s AVAG= + Δ + Δ + Δ −Z v v v v ρ ρ Y  (3) 

As shown in Figures 3 and 4, the first-order difference of the normalized differences has 

smaller variations, and therefore the seismic data used in this study are the differences 

given by ( ) ( )( )AVA AVAδ=d Z   

For EM data, we first calculate the ratios of EM responses between the model with 

and without CO2 present, which is given below: 

 ( ) ( ) ( )
2 ( ) / .EM bg bg

EMG= + ΔZ r r Y  (4) 

As shown in Figures 5 and 6, we use the EM data from the receivers at locations from 

850 m to 1150 m. Therefore the EM data used in this study are given by 

( ) ( ) ( )
850

EM EM EM= −d Z Z . 

 

Stochastic Model 

We developed a stochastic model to estimate unknown CO2 saturation given the 

seismic AVA and EM data described above. Let vector gS  be the CO2 saturation in the 

injection zones. If there is only one injection zone, we have one unknown variable. If 
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there are three injection zones, we have three unknown variables. The Bayesian model 

for the inversion is given below: 

 ( ) ( ) ( ) ( )( | , ) ( , | ) ( )AVA EM AVA EM
g g gf f f∝S d d d d S S  (5) 

The first term on the right side of Equation (5) is referred to as the likelihood 

functions, which is the link between seismic AVA and EM data and unknown CO2 

saturation. The second term on the right side of the equation is referred to as the prior 

distribution, which summarizes the information that is not included in the current data.  

 

Likelihood Models 

We assume that errors in seismic AVA data are independent of the errors in EM 

data, and thus we can write the likelihood function as the product of two terms: 

 ( ) ( ) ( ) ( )( , | ) ( | ) ( | ).AVA EM AVA EM
g g gf f f∝d d S d S d S  (6) 

For seismic data, we assume that the total number of data is m , which is equal to 

the product of the total number of incident angles and the total number of data points for 

each incident angle. We assume that errors in the seismic data have the normal 

distribution with zero mean and the standard error determined by a given signal-to-noise 

(S/N) ratio (5 in this study). Let ( )obsAVA
id  represent the i-th AVA data and ( )calc

ia  represent 

the i-th calculated AVA data. Thus, we have  

 
( ) ( ) 2

( )
2

1

( )1( | ) exp .
22

obsAVA calcm
AVA i i

g
i

d af
σπσ=

⎛ ⎞−
= −⎜ ⎟

⎝ ⎠
∏d S  (7) 

Similarly, we can derive the likelihood function of EM data. Let n  be the total 

number of EM data and rσ  be the relative errors in EM data (5% in this study). Let 
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( )obsEM
id  be the i-th EM data and ( )calc

ie  be the corresponding calculated EM responses. 

Thus, we obtain the following function: 

 
2( ) ( )

( )
2 ( )

1

1 1( | ) exp .
22

obsEM calcn
EM i i

g obsEM
i r ir

d ef S
dσπσ=

⎛ ⎞⎛ ⎞−⎜ ⎟= − ⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠
∏d  (8) 

 

Prior Model 

The prior distribution is determined using prior knowledge and other information 

about the unknown parameters. We assume unknown CO2 saturations in each zone are 

independent of each other. As a result, we can write the prior distribution as the product 

of several terms, given below: 

 1 2 3( ) ( ) ( ) ( )g g g gf f S f S f S=S  (9) 

We assume that CO2 saturation in each zone is uniformly distributed on (0, 1). 

 

MCMC Sampling Methods 

We use Markov Chain Monte Carlo (MCMC) sampling methods to obtain 

estimates of unknown parameters from the Bayesian model defined in Equation (5). 

Unlike optimization-based methods seeking a single optimal solution of unknown 

parameters, MCMC sampling-based methods draw many samples from the joint posterior 

distribution. Using those samples, we can make inferences about the marginal 

distributions of each parameter, such as its mean, variance, and predictive intervals.  

MCMC sampling methods have been found to be useful for inverting complex 

geophysical data sets (e.g., Bosch, 1999; Malinverno, 2002; and Buland et al., 2003). The 
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main steps for using MCMC methods entail: (1) deriving conditional probability 

functions given all the data and other unknown variables, which are referred to as full 

conditional distribution functions; (2) generating samples using suitable algorithms; (3) 

making inferences about each unknown. In the following, we first show the full 

conditional distribution functions of unknown vectors given in Equation (1), and then 

describe the sampling algorithms used in this study, which include the Metropolis-

Hasting methods (Hasting, 1970) and the slice sampling methods (Neil, 2003).  

 

INVERSION RESULTS 

In this section, we investigate the feasibility of using time-lapse seismic AVA and 

EM data to monitor CO2 injection into coal beds through synthetic case studies. We 

assume that the background information, such as thickness of each layer, seismic P- and 

S-wave velocities, density, and electrical resistivity in each of these layers, can be 

obtained from borehole logging. The background models for seismic attributes and 

electrical properties may be different, but the CO2 injection zones are located at roughly 

the same depths in both models. Our main focus is on the following issues: 

(1) Can seismic methods detect the change due to the CO2 presence in the injection 

zones? 

(2) How accurate are the seismic methods for quantitatively estimating those 

changes? 

(3) What are the benefits of incorporating EM data into the estimation of CO2 

saturation?  

We will try to answer the above questions through two case studies. 
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Synthetic data 

We consider three CO2 injection zones in the seismic model in depths – (1) from 

405 m to 442 m (thickness of 37 m), (2) from 592 m to 610 m (thickness of 18 m), and 

(3) from 740 m to 750 m (thickness of 10 m), respectively. The three injection zones in 

the resistivity model are slightly different; they are located at depth ranges of (1) 399 - 

433 m (thickness of 34 m), (2) 590 - 611 m (thickness of 21 m), and (3) 740 - 760 m 

(thickness of 20 m). We consider two injection strategies. The first one (referred to as 

Model-1) injects CO2 only into the first zone, and the second one injects CO2 into all 

three zones (referred to as Model-2). The case of one injection zone is an ideal situation 

for monitoring CO2 change using seismic and EM methods because we can avoid 

possible complex effects from multiple layers. 

Synthetic seismic data were generated using a 2D finite-difference staggered-grid 

code which models elastic wave propagation in arbitrarily inhomogeneous media with a 

18 Hz Gaussian derivative source wavelet (Levander, 1988). After normal moveout 

(NMO) correction, we created a common depth point (CDP) stack, and from that AVA 

data. We first generated seismic AVA for the background model, and then we assumed 

that the injection zone has 95% CO2 saturation, and generated seismic AVA responses 

again. The differences in seismic AVA attributes are our time-lapse AVA data . As only  

the first four incident angles (corresponding to 0, 1.9, 3.8, and 5.7 degrees, respectively) 

have responses to all the zones, we only use them for inversion. The comparison between 

2D seismic data and 1D convolution approximation were given in Section 2. 
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Synthetic EM data were also generated using 2D numerical methods (Newman and 

Alumbaugh, 1997) at two frequencies (1 Hz and 10 Hz), with five transmitter locations (-

2000 m, -1900 m, -1800 m, -1700 m, and -1600 m, respectively), and 60 receivers 

located from -1000 m to 1900 m with a separation of 50 m. Since only the changes in EM 

responses from the receivers between 850 m and 1150 m show similar patterns to those in 

1D approximation (see Section 2), we assume that EM data are available only at seven 

receivers (850 m, 900 m, 950 m, 1000 m, 1050 m, and 1100 m, respectively). In 

summary, the EM data used in this inversion have two frequencies (1 Hz and 10 Hz), five 

transmitters, and seven receivers. 

 

Rock physics model 

It is difficult to obtain a reliable rock physic model for this study given limited 

information. Since our focus is on the change of CO2 saturation in the injection zones, we 

only need relationships that tie the CO2 changes to the changes of seismic attributes (e.g., 

seismic P- and S-wave velocities and density) and to the changes of electrical resistivity.  

Our rock physics model is based on the following assumptions: 

(1) Seismic S-wave velocity does not change with the change of CO2 saturation. 

(2) Seismic P-wave velocity and density linearly decrease with the increasing CO2 

saturation. 

(3) Electrical resistivity linearly increases with the increasing CO2 saturation. 

(4) 95% CO2 saturation leads to 10% decrease in seismic P-wave velocity, 5% 

decrease in density, and 150% increase in electrical resistivity.   
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Based on the above assumptions, we developed linear relationships between the 

changes in CO2 saturation and the changes in seismic and electrical attributes. We 

assumed that the injection zone has 95% CO2 saturation both in the seismic and EM 

model. Our rock physics model can be improved if more information is available. 

 

One injection zone:  Model-1 

In the first case, we only inject CO2 into the top injection zone (depths between 405 

and 442 m). We strive to estimate CO2 saturation from time-lapse seismic AVA and EM 

data sets. The prior distribution of the unknown CO2 saturation is assumed to be uniform 

on (0, 1), and therefore it is non-informative. 

Figure 7 shows the estimated probability density functions (pdfs) of the unknown 

CO2 saturation. The curve in Figure 7a shows the estimated pdf using seismic AVA data 

only, and the curve in Figure 7b shows the estimated pdf using both seismic AVA and 

EM data. The results show that in both cases - using seismic data only and using both 

seismic and EM data the inversion correctly predicts the presence of high CO2 saturation 

in the injection zone. Notice that the median, mean, and mode of the pdfs (see Table-1) 

are higher than the true value of 95%. The possible cause for the higher values are the 

discrepancies between 2D data and 1D approximations, and errors in the empirical rock 

physics model for linking the change in CO2 saturation to the changes in seismic and 

electrical attributes. 

In addition, by comparing the curve in Figure 7a with the one in Figure 7b, we 

found that the incorporation of EM data can significantly reduce uncertainty associated 

with the inversion since the pdf obtained using both seismic and EM data are much 



203 

sharper than that obtained using seismic AVA data only. Table-1 also shows that the 

standard error (5th column), and 95% probability intervals (6th column) of the unknown 

CO2 saturation obtained using seismic AVA data only are larger than those obtained 

using both seismic and EM data. 

 

Three injection zones: Model-2 

In the second case, we assume that CO2 is injected into three isolated injection 

zones. Therefore, we need to estimate three CO2 saturations (one for each injection zone) 

from seismic AVA and EM data sets. We still use the non-informative prior for each 

unknown CO2 saturation, with its uniform distribution on (0, 1).  

As shown in Figure 8, for the first injection zone, we can see similar patterns to 

those seen in the first case study. The estimated CO2 saturation is close to 1.0 with a 

small uncertainty, and the joint inversion of seismic AVA and EM data improves the 

estimation by reducing uncertainty significantly. For the second injection zone, the 

estimated CO2 saturation is also close to 1.0, and uncertainty is little larger than that in 

the first injection zone. Again, the inclusion of EM data reduces uncertainty associated 

with the estimation. 

For the third injection zone, the inversion of seismic AVA data gives misleading 

results and shows the injection zone with a low CO2 saturation. This is far away from the 

true value of 95% CO2 saturation. However, the inversion results after incorporating EM 

data clearly show there is a high CO2 saturation zone. 

In all the cases, the joint inversion of seismic AVA and EM data gives us higher 

CO2 saturation than the corresponding true value (95%). This is possibly because the 1D 
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approximation of 2D EM data underestimate the slopes in the EM data sets. To obtain 

more accurate results, and account for effects of finite site target zones, we may need to 

use 2D forward code in our inversion approach.  

 

DISCUSSION AND CONCLUSIONS 

In this study we have demonstrated the utility of time-lapse seismic and EM for 

monitoring of CO2 saturation in the coalbed methane environment using Bayesian 

stochastic inversion models. Through the synthetic studies, we have shown that  

(1) 1D convolution methods can provide a good approximation for the 2D 

seismic data. 

(2) The ratio of 2D EM responses for the model with and without CO2 at the 

receivers located above the injection zones can be approximated using 

the ratio of 1D EM responses for the same models at the same receivers. 

(3) Stochastic inversion of seismic AVA data can provide good estimates of 

CO2 saturation in the first two injection zones. 

(4) The incorporation of EM data can reduce uncertainty in the estimates of 

CO2 saturation. 
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TABLE 1. Comparison between the CO2 saturation estimated using seismic AVA 
data only and that estimated using both seismic AVA and EM data for the case of 
one injection zone.  
 
 Median Mean Mode Standard 

deviation 
95% Predictive 

Interval 
CO2 saturation 
(seismic AVA 
data only)  

 
0.9844 

 
0.9791

 
0.9891 

 
0.0183 

 
(0.9341, 0.9994) 

CO2 saturation 
(both seismic AVA 
and EM data)  

 
0.9999 

 
0.9999

 
0.9999 

 
0.0001 

 
(0.9995, 1.0000) 

 

 

TABLE 2. Comparison between the CO2 saturation estimated using seismic AVA 
data only and that estimated using both seismic AVA and EM data for the case of 
three injection zones.  
 
 Zones Median Mean Mode Standard 

deviation 
95% Predictive 

Interval 
Zone-1 0.9900 0.9855 0.9931 0.0140 (0.9495, 0.9997) 
Zone-2 0.9419 0.9303 0.9646 0.0528 (0.8217, 0.9976) 

Seismic 
AVA 

data only Zone-3 0.1067 0.1152 0.0813 0.0781 (0.0046, 0.2611) 
Zone-1 0.9996 0.9995 0.9997 0.0005 (0.9979, 1.0000) 
Zone-2 0.9984 0.9978 0.9987 0.0020 (0.9928, 0.9999) 

Seismic 
AVA and 
EM data Zone-3 0.9993 0.9991 0.9994 0.0008 (0.9972, 1.0000) 
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Figure 1: Comparison of differences in normalized seismic AVA data, (Model-1 - 

Model-0)/Model-0 for four angles, where the black curves are calculated using the 2D 

numerical methods and the red curves are calculated using the 1D convolution method. 
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Figure 2: Comparison of differences in normalized seismic AVA data, (Model-2 – 

Model-0)/Model-0 for four angles, where the black curves are calculated using the 2D 

numerical methods and the red curves are calculated using the 1D convolution method. 
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Figure 3: Comparison between the first-order spatial difference of seismic AVA data 

shown in Figure 1 using 2D codes (black curves) and 1D codes (red curves). 
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Figure 4: Comparison between the first-order spatial difference of seismic AVA data 

shown in Figure 2 using 2D codes (black curves) and 1D codes (red curves). 
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Figure 5: Comparison between the real and imaginary components of EM data (ratio of 

Model-1/Model-0) calculated using the 2D numerical model (black curves) and those 

calculated using the 1D model (red curves). The response for frequency of 1 Hz is shown 

in (a) and (b), and the response for frequency of 10 Hz in shown in (c) and (d). The 

regions within the blue vertical parallel lines are CO2 injection zones. 
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Figure 6: Comparison between the real and imaginary components of EM data (ratio of 

Model-2/Model-0) calculated using the 2D numerical model (black curves) and those 

calculated using the 1D model (red curves). The response for frequency of 1 Hz is shown 

in (a) and (b), and the response for frequency of 10 Hz in shown in (c) and (d). The 

regions within the blue vertical parallel lines are CO2 injection zones. 
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Figure 7: Estimated probability density functions (pdfs) of CO2 saturation in the 

injection zone of Model-1: (a) using seismic AVA data only, and (b) using both seismic 

AVA and EM data. 
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Figure 8: Estimated probability density functions (pdfs) of CO2 saturation in the three 

injection zones of Model-2: (a-c) using seismic AVA data only, and (d-f) using both 

seismic AVA and EM data. 

 
 
 
 


	 1.0 Abstract 
	 4.0 Introduction 
	5.0 Project Management 
	6.0 Experimental Methods 
	7.0 Results and Discussion 
	7.1 Task 1.0 – Simulation of CBM and CO2 ECBM recovery processes and operating practices that could lead to leakage of methane or CO2 (Sproule Associates Limited) 
	7.1.1 Approach 
	7.1.2 Results and Discussion 
	7.1.3 Conclusions 

	7.2 Task 2.0 – Direct, remote detection of methane and CO2 leakage from a coal (mining, EBM or CO2 ECBM) or other geologic storage facility (University of California Santa Cruz) 
	7.2.1 Approach 
	7.2.2 Results and Discussion 
	7.2.3 Conclusions 

	 
	7.3 Task 3.0 – Modeling the resolution of inexpensive novel non-seismic geophysical monitoring tools to detect gas behavior within coal seams and generically in the rock overburden (Lawrence Berkeley National Laboratory) 
	7.3.1 Approach 
	7.3.2 Results and Discussion 
	7.3.3 Conclusions 

	8.0 Conclusions & Recommendations 
	 Appendix A 
	Simulation Study of Methane and Carbon Dioxide Migration and Leakage during Normal and Enhanced Field Operations to Recover Coal Bed Methane from Coal Seams 
	 
	Appendix B 
	 
	 
	Remote Sensing Applications and Development 
	 
	 
	6.2 Remote Sensing 
	6.2.1 The MASTER Instrument (Multispectral Imager) 
	6.2.2 HyMap Hyperspectral imaging spectrometer  
	6.2.3 The ASD FieldSpec Pro, Portable spectrometer 
	6.4.1 Kilauea, Hawaii 
	6.4.2 Mount St. Helens, Washington 
	6.4.3 Mammoth Mountain, California  
	6.4.4 Rocky Mountain Oil Test Center (Casper, Wyoming) 

	6.5 Airborne Detection of Gases 
	6.7 Modtran 
	6.8 Analysis of Preexisting Datasets 
	6.8.1 Pu’u O’o vent, Kilauea 
	6.8.2 Mount Saint Helens 
	6.8.3 Horseshoe Lake, Mammoth Mountain 

	6.9 RMOTC NPR#3 
	6.9.1 Regional Setting 
	 
	6.9.2 Previous RMOTC Studies, HyMap Image (Hyperspectral) 
	 
	6.9.3 MASTER Image Acquisition: 
	6.9.4 MASTER Image Processing 
	6.9.5 MASTER Spectral Subsetting 


	 
	7.1 Analysis of MASTER CO2 Detection 
	 
	7.2 Analysis of MASTER CH4 Detection 
	7.3 Modtran Modeling vs. MASTER 
	7.4 RMOTC Hymap Data Reevaluation 
	7.5.1 MASTER Gas Detection  
	7.5.2 HyMap Gas Detection  
	7.5.3 Atmospheric and MASTER Modeling  
	7.5.4 Reliability of MASTER Gas Detection 

	Appendix C 
	Modeling the resolution of inexpensive, novel non-seismic geophysical monitoring tools to monitor CO2 injection into Coal Beds 
	 
	 
	 


