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Executive Summary  

The 2nd meeting of the monitoring network met in at Rome in September 2005.  

The meeting had two main aims which were: first to begin to engage regulatory 

bodies from around the worldwide on their thoughts on monitoring needs and second, 

to provide an update on monitoring technique development since the last meeting.  

Regulatory bodies from four countries were prepared to discuss their thoughts on 

monitoring needs.  The countries concerned were: Australia, Canada, USA, and UK.  

The UK’s position related principally to the inclusion of CCS in the European ETS.   

There was an obvious difference in approach between the countries.  In the USA and 

Canada which have mature regulatory regimes for underground injection it was clear 

that existing regulations would be extended to cover CCS.  In the case of the USA this 

would be the Underground Injection Control Programme and in the Canada the model 

could be acid gas injection regulations.  Both however would likely need reinforcement 

in the area of sub surface monitoring.  For the USA, the US EPA would like to move to 

a regime involving modelling but recognise that modelling tools are not yet developed 

enough to be fit for purpose on their own and that monitoring coupled with model 

development was needed in the near term.  For Australia, there are no current 

regulatory regimes in place for underground injection and regulators there were open 

minded and wanted to learn what their best approach would be.  The concept of a 

“due diligence” exercise at a storage site based on detailed site selection prior to 

permitting as proposed by the UK DTI was well received.  

As far as tool development was concerned, presentations by Statoil, BP and University 

of Calgary highlighted a common thread of thinking in terms of future monitoring 

needs.  All three groups recognise that currently seismic monitoring is the most 

accepted tool for assessing the migration of CO2 underground.  Certainly in the near 

term it was felt that any regulatory regime would involve seismic monitoring, until 

other techniques are proven.  Repeat 3D seismic monitoring is however expensive and 

all three groups were considering moving to an initial 3D survey followed by taking 2D 

lines across the areal extent of the CO2 bubble as projected by reservoir simulation.  

Providing the bubble spreads out as predicted no further 3D shoots are needed.  

However if it does not manifest itself on the 2D lines then a further 3D shoot would 

then be required.  Repeat 2D seismic is much cheaper than repeat 3D seismic.   This 

monitoring approach will be demonstrated at Snohvit, In-Salah and Penn West in the 

future.  BP also provided some of their experience of trying to monitor in real 
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situations where pilfering can destroy fixed arrays, compression of sand can disrupt 

seismic monitoring because vehicles get bogged down and trying to dig pits for 

surface monitoring in a desert can be extremely problematical.   
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1. Introduction 

The monitoring of CO2 injected into geological formations is a topic of growing interest 

and importance.  As CO2 capture and storage (CCS) becomes more widely 

implemented regulatory bodies will require that detailed monitoring programmes are 

put in place to ensure that the health and safety of both operating staff and the 

general public are assured.  In addition, if organisations wish to gain credits for the 

CO2 that is injected, monitoring of the injected CO2 will be necessary to ensure that 

emission reduction credits can be validated and any leakage accounted for both in the 

credit awards and in national inventories.  

The meeting was attended by 53 delegates.  A full list of delegates is available in 

Appendix 1. 

At the inaugural meeting of the Monitoring Network it was demonstrated that there is 

a large tool box of monitoring techniques that can be applied for both surface and sub 

surface monitoring of CO2.  The status of many of these techniques was discussed and 

reviewed.  However, it was clear that no single technique would be sufficient to meet 

all the different monitoring needs.  Therefore, the aim of the second meeting of the 

network was to focus more on monitoring programmes rather than individual 

techniques.  The meeting aimed to bring together both the regulatory groups involved 

in setting monitoring programmes and those projects that are implementing such 

programmes in different environments.  The objective for facilitating this interchange 

was to determine their different perspectives on monitoring needs and requirements. 

 

Workshop aims and objectives 

The objective of the workshop was to address the following questions: 

1. What are the monitoring requirements that need to be met? 

2. What sort of monitoring programmes are needed to meet these requirements? 

 

It was planned to address these questions from two perspectives; firstly by 

considering the regulatory view point and secondly by considering the operators view 

point. 

The question to be addressed during the meeting was what do the regulators need to 

know in terms of the regulatory setting?  Note: In attempting to answer this question 

it was considered that the regulations should not control what is done but should 
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guide what is done.  With regard to operator perspective the meeting aimed to review 

existing monitoring projects that are underway and pose the following questions to 

these projects, firstly, what do we know?, and secondly, what have we learnt to date? 

Finally, a series of scenarios were devised to help round off the discussions.  These 

scenarios aimed to address the final questions, what can we do? And what will we do? 

The organisers did not expect that by the end of this workshop that they would be in a 

position to fully answer all the questions posed. The reason for this is that not all 

regulatory bodies in the various countries that are considering implementing CCS are 

at the same status level in terms of having firm ideas on monitoring requirements to 

meet their respective regulatory needs.  However, the workshop aimed to set this in 

motion by bringing those groups that are in the process of developing their plans to 

present their ideas. In this way it is hoped that one outcome of the meeting will be an 

initial reference point that other regulatory bodies can consider when developing their 

own plans for monitoring. 
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Workshop Programme  

The Programme for the two days was as follows: 

Day 1 - Tuesday October 4 2005 

Session 1. Introductions 

Opening  IEA GHG 

Introduction and Welcome  BP 

Shallow Soil Gas and Gas Flux Monitoring of the Weyburn CO2 EOR 
Injection Site  

Università di Roma 
“La Sapienza” (URS) 

CO2 Geological Storage by ECBM techniques in the Sulcis area (SW 
Sardinia Region, Italy)  

Istituto Nazionale di 
Geofisica e 
Vulcanologia (INGV) 

Session 2. Monitoring Requirements 

CCS monitoring needs: Australian regulatory viewpoint   Australian 
Greenhouse Office 
(AGO)  

EU ETS and UK Regulatory Issues  UK Department of 
Trade and Industry 
(UK DTI) 

EPA Efforts and Regulatory Overview   U.S. Environmental 
Protection Agency 
(U.S. EPA) 

Session 3. Monitoring Programmes  

Experience from ongoing projects 

Update on the Frio Brine Pilot: One year after injection  Bureau of Economic 
Geology, University of 
Texas at Austin 

Geophysical Monitoring of CO2 Storage at an Onshore Saline Aquifer in 
Nagaoka, Japan  

Engineering 
Advancement 
Association of Japan 
(ENAA) 

Can we estimate the injected carbon dioxide prior to the repeat seismic 
survey in 4D scheme? - Nagaoka 

Japan Petroleum 
Exploration Co., Ltd 
(JAPEX) 

Monitoring at In Salah  BP 

Experience from developing projects 

Otway Project  Cooperative Research 
Centre for 
Greenhouse Gas 
Technologies 
(CO2CRC) 

Snohvit Statoil 

Developments since the first meeting of the Monitoring Network 

Application of Soil Gas Concentrations, and Gas Fluxes to the 
Atmosphere in Order to Detect Low Rates of Leakage from CO2- 
Storage (EOR or CBM) Projects  

Colorado School of 
Mines 
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Day 2 - Wednesday October 5 2005 

Session 4. Monitoring Scenario Development 

Introduction to Scenarios session - Kevin Dodd.  

Scenarios 
- Acid Gas Scenario  
- Frio Scenario  
- Frio Discussion  
- Viking Graben Scenario  

Session 5. Developments since the last meeting 

Gorgon Development – LNG with CO2 Storage  Chevron Energy 
Technology Co. 

CO2GeoNet Activities in monitoring geological storage  British Geological 
Survey (BGS) 

Integrated multicomponent surface and borehole seismic surveys for 
monitoring CO2 storage; Penn West Pilot, Alberta, Canada  

University of Calgary 
University of Alberta 

Results and New Directions of the IEA GHG Weyburn CO2 Monitoring 
and Storage Project  

Petroleum Technology 
Research Centre 
(PTRC) 

Tracer, shallow aquifer, direct CO2 flux, and geophysical survey results 
from the Frio brine sequestration site, Texas  

National Energy 
Technology Laboratory 
(NETL) - U.S. 
Department of Energy 
(DOE) 

Session 6. Technical Tour to Ciampino and the Phlagrean Field 

The Campi Flegrei CO2 Analogue  Istituto Nazionale di 
Geofisica e 
Vulcanologia (INGV) 
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2. Welcomes and Introductions 

BP opened the meeting followed by background by INGV and University Roma the 

hosts of the 2nd Monitoring Meeting.  The introductory presentations of the hosts can 

be found in Appendix 2. 

 

3. Monitoring Requirements 

Representatives from three regulatory bodies that felt able to come and present at the 

meeting1.  Australia gave their regulatory perspective, whilst the UK outlined the 

regulatory developments in Europe that are being considered as part of including CO2 

Capture and Storage (CCS) in the European Trading Scheme a number and the USA 

sent a presentation on their regulatory perspective, which was shown at the meeting.   

 

3.1 Australian Perspective – Australian Government Department of the 

Environment and Heritage – Australian Greenhouse Office (AGO) 

This section is adapted from the written presentation kindly provided by Kate 

Roggeveen.  It demonstrates the thought process behind the development of 

monitoring regulations in Australia which is highly relevant to the content of the 

meeting.  

Australia has a federal system of government, with Commonwealth, State and 

Territory jurisdictions. Identified as an important point is public perception of CCS, it 

will not happen unless the public understands it and supports it.  The Australian 

regulating bodies recognise that monitoring is key to that understanding. 

 

Context 

Australia is at the point of refining its most broad level performance criteria for a CCS 

monitoring and verification regime down to something workable. This is difficult when 

some technical risks and uncertainties of CCS are still unclear; and when the 

monitoring technologies need development in their own right.  The presentation 

acknowledged that it was possible at this stage to raise more questions than answers.  

                                                 
1 Regulatory bodies from a number of countries were approached to attend the meeting but 
many declined because at that time they did not consider themselves ready to comment.  It is 
hoped that as the by the time the next meeting is held in autumn 2006 that more regulatory 
bodies might feel in a better position to discuss their needs. 
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There is not much point mandating levels of monitoring performance when there is no 

minimum standard identified and understood (except some industry-set de facto 

standards). So at this stage the regulators are trying to resolve which end of the 

spectrum should be pursued, whether that is performance requirements or identifying 

minimum standards for monitoring. 

As an observation, monitoring is often noted as being important, but it’s usually 

expressed ‘off to the side’ and is not actually being resourced much yet – this is 

understandable on one level given development issues for even getting CCS off the 

ground. For example though, throughout the IPCC Report monitoring is pointed to for 

a range of fundamental risk management requirements, yet it is often left out of 

costings, status-of-development tables and so on.  

It is important for monitoring and verification to be an integral part of any CCS 

activity from the outset. Critical work on monitoring and verification is needed now; to 

be ready when CCS projects come on line (there are some substantial projects in the 

‘pipeline’ in Australia). This work is essential for accurate, usable verification down the 

track.  

Finally, effective and robust monitoring and verification is needed if we are to have 

informed policy (and debate) on CCS. It’s a crucial part of transparency.  

The difficulty is… how to do this work when CCS is so site specific? 

 

Key terms 

In the Australian context, CCS refers to CO2 capture, transport and geological storage. 

Australia is not considering ocean storage at this time, and mineral carbonation or 

industrial uses are considered minimal. 

Monitoring refers to measuring and reporting CO2 behaviour during CO2 injection and 

storage: 

•  within the reservoir (chemically/physically, movement/migration) 

•  atmospheric (leakage) 

(with a note that capture and transport need to be measured too) 
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Verification means establishing whether CO2 is behaving as predicted and/or within 

accepted boundaries defined in performance standards. This is to ensure the CCS 

project: 

•  manages health, safety, environmental and economic requirements and risks; 

•  is meeting its greenhouse objective;  

•  is accurately represented in the national inventory; and 

•  Informs a potential future market in CO2. 

 

Brief outline of Australian regulatory/policy setting 

The complex nature of implementing a new technological system such as CCS, and 

the reasons for doing so, mean many portfolios have a key interest in this. There is a 

range of whole-of-government and intergovernmental committees and working groups 

that manage the various policy matters related to CCS. 

 

The state governments will be the main regulators of CCS.  

 

In the Commonwealth Government, key roles are played by: 

•  the Industry, Tourism and Resources portfolio; and  

•  The Environment and Heritage portfolio, both on environmental matters and 

climate change. 

 

Other parts of government have a key role on specific issues; for example, on issues 

surrounding long-term liability, the Treasury and legal portfolios would be heavily 

involved.  

Climate change mitigation through CO2 emission abatement is central to CCS; and key 

policy issues also include health, safety and the environment (and also risk 

management and community preferences in relation to these); economically efficient 

deployment; and dependable delivery of the emission outcome. 

The Australian Government is developing partnerships with industry in these matters. 

This is shown by the way the Low Emissions Technology Demonstration Fund has 

been set up, and by the strong links with industry initiatives such as COAL21 (which is 
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a partnership between Commonwealth Government Departments, the coal and 

electricity industries, relevant research institutions and relevant state governments). 

COAL 21 was set up by the Australian Coal Association to, among other things; 

facilitate low emission technologies as a major step towards greenhouse gas emission 

reductions.  

Government agencies are also very conscious of the public, and the public’s concerns 

and involvement are important. The agencies are spending taxpayers’ money – and 

every dollar spent on one mitigation option is a dollar not spent on another. Further, 

while addressing climate change is largely about protecting people’s standard of living 

in the future; there are obviously concerns that people might have about how safe 

and equitable options like CCS are.  

It’s notable that the IPCC Special Report had very little on public perception of CCS, 

because there haven’t been many studies on it. Public perceptions are dependent on 

knowledge and education, and good monitoring and verification provides the basis for 

reliable information, for everyone. 

 

Policy background  

The background to why Australia is looking at CCS is an important factor to remember 

when policymakers are considering what type of monitoring and verification regime 

would be appropriate. 

Firstly, Australia can meet its short-term mitigation requirements without CCS. And 

there are no commercial drivers for CCS in Australia at present – no monetising of the 

benefits of reducing emissions. But the Australian Government is committed to taking 

action now to prepare the economy and society for the future; recognising that a 

strategy needs to be introduced to prepare the economy to respond to any future 

emissions constraints.  

The Government has set a clear objective – to maintain a strong and dynamic 

economy, while ensuring a reduction in the greenhouse signature in the long term. 

Because production and use of energy is Australia’s largest source of greenhouse gas 

emissions, the government is very interested in proving technologies that can reduce 

emissions in the energy sector.  

Two documents released in 2004 act as a guide: The 2004 Budget announcement 

included The Climate Change Strategy; and the Energy White Paper, Securing 

Australia’s Energy Future, described a range of initiatives, not least of which is 
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investment in low emissions technologies such as CCS. It should be noted that CCS 

and other low emission technologies are recognised as one mitigation option in a 

portfolio of options. 

Australian Government principles on monitoring and verification 

The Australian Government recognises the need for a nationally consistent regulatory 

regime to govern future commercial CCS activities. In this context, it has endorsed 

the following principles (among others) in relation to any future regulatory regime 

governing commercial CCS activities: 

 

•  Regulation should provide for appropriate monitoring and verification requirements 

enabling the generation of clear, comprehensive, timely, accurate and publicly 

accessible information that can be used to effectively and responsibly manage 

environmental, health, safety and economic risks; and 

 

•  Regulation should provide a framework to establish, to an appropriate level of 

accuracy the quantity, composition and location of gas captured, transported, 

injected and stored and the net abatement of emissions. This should include 

identification and accounting of leakage. 

 

This is the broad framework and the objective is to manage risks and to provide 

confidence for the public and investors alike. 

These principles, as well as several others on regulation of CCS, were developed in 

consultation with state governments, industry, research groups and environment non-

government organisations. It should be expected though, that as the principles 

develop into requirements, divergent priorities will continue to emerge between the 

various stakeholders, and that these will need to be worked through.  

When the Australian Government considers introducing new regulatory regimes, it 

produces a public document called a Regulatory Impact Statement. The one that was 

associated with the principles mentioned above recognised that: 

“Although projects will necessarily be assessed on a case-by-case basis, any monitoring and 

verification system needs to ensure industry provides accurate and relevant information, which 

is readily available to the community and independently verifiable. This is likely to come in the 
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form of operating and reporting standards or objectives that apply to all projects to deliver a 

high degree of certainty to operators and the community.” 

 

Monitoring system requirements 

More recently, work has been conducted identifying the core elements needed to 

establish a monitoring and verification regime relevant to Australian conditions. 

Monitoring is one of five elements critical for a verification regime. The simplistic 

diagram below presents the relationship seen between a verification regime and 

monitoring systems. 

 
Allocating 

Responsibilities 

Verification Regime

Element 1 Element 2 

Validating Baseline
Modeling 

Defining Suitable
Monitoring

System

 
Element 3

Certification of
Performance against

Standards

Element 4 Element 5 

Public Reporting 
Requirements  

 

The first element of a verification regime involves a clear allocation of all 

responsibilities (including for monitoring systems) across all relevant entities and 

phases of a CCS project.  This is to ensure that all regulatory or contractual 

requirements are met during the transfer of CO2 ownership across all phases (capture, 

transport, injection, short and long-term storage). 

The second element is a validation of the baseline modelling of conditions in the 

reservoir and of the expected behaviour of the CO2 and co-sequestered gases.  Before 

defining a monitoring system for a site, it will be necessary to validate the critical 

aspects of the site (for example, fault orientation and estimation of fault activation 

pressures, provide for upper limit injection rates and pressures). 

The third element involves defining a suitable monitoring system across a broad range 

of storage sites to generate a quality of data that will allow for the following: 

 

•  determination of whether the sequestered CO2 and co-sequestered gases, storage 

site and environments are behaving as predicted (real site data reconciled back to 

the baseline, to assess performance); 

•  compliance and or compatibility with national and international standards (such as 

monitoring technology performance standards; and accounting protocols that 

enable an estimation of the net abatement of CO2 emissions for any site); 

 10



 

•  sufficient flexibility to include new/improved technologies over time and to be 

applicable to different sequestration scenarios; and 

•  best practice and continuous improvement in monitoring technology. 

 

There are two timescales relevant to the deployment of monitoring technologies:  

near- and long-term – or predictive – technologies.  The application of these 

technologies will differ according to the operational and post-operational phases of 

CCS activity.   

For example, during CO2 injection, the technologies will need to provide some 

confidence in the reservoir and injection well integrity (including pressure tests, 

mechanical integrity tests etc).  Many of these technologies are already industry 

standard and research and demonstration projects should probably focus on less 

developed or predictive monitoring technologies.  Measuring long-term behaviour of 

CO2 in the subsurface, predicting future leakage (or migration) and taking quantitative 

measurements of CO2, presents researchers with relatively greater uncertainty in 

regards to demonstrating monitoring systems.  

The monitoring and verification research priority should be storage.  Research on 

monitoring and verification techniques for the capture and transport phases are a 

lower research priority, given that: 

•  these phases already happen in other applications and circumstances (though 

adaptations will be needed for CCS); and 

•  they are easier to control, given their short-term nature and the fact that they are 

in the realm of human engineering (compared to post-injection being in the realm 

of the elements). 

 

Nevertheless, they are important, and a verification regime will need to incorporate 

them. 

The fourth element is a certification process of the performance of CO2 and co-

sequestered gases that embraces both transparency and inclusiveness of the 

community. This will ensure that in reporting the performance of CCS sites, the 

community has confidence that the CO2 remains in the subsurface and does not 

damage the surrounding environment – this also leads to the fifth element of a 
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verification regime, which is public reporting requirements, such as national 

inventories. 

 

Monitoring and verification research funding 

The Australian focus is clearly in the third element of the regime described above. The 

Australian Government is demonstrating its commitment to supporting research in this 

area, by providing about $8 million under its Low Emission Technology and Abatement 

measure. This is to enhance Australia’s capacity to monitor the movement of CO2 

geologically sequestered in Australia. 

 

Other questions  

The other elements of the verification regime are no less important and do need 

attention – and the monitoring research will affect these too. Also, there are other 

factors that will influence the criteria for monitoring and verification that haven’t been 

worked out yet – such as ownership of the CO2 and who is responsible for any leakage 

(or other damage) during the various phases of CCS.   

This will affect not only what data needs to be collected, but also who collects it and 

whether it’s practical and aligns with other greenhouse reporting the organisation 

might already conduct. Further, the monitoring can not be cost restrictive on the 

overall operation. 

 

How much verification will be needed? And how accurate will it need to be? It depends 

on: 

•  the certainty of the storage;  

•  the risks (and level of risk) that might apply to any given site; 

•  the policy settings in place (e.g. if you had an emissions trading scheme you would 

require more strident verification than if the system was based on voluntary 

action); and 

•  Community preferences.  
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Other questions include: 

•  Is each site going to be so different that it requires a completely different 

monitoring regime? Would this mean a fairly broad-level verification regime would 

be better, with case-by-case monitoring systems established?  

•  Is the level of certainty that there won’t be leakage to the atmosphere enough to 

satisfy government’s national and international reporting responsibilities (once CCS 

is part of inventory)?  

•  Would we have more regulation in early cases, leaving it open as to whether we’d 

need less in future decades if early projects demonstrated high levels of certainty?  

 

Conclusion 

The current situation that policymakers (and probably scientists and all those involved 

in the Monitoring Network) find themselves in, is one of trying to design a verification 

regime to manage risks that it is not possible to be 100% sure about.  

The reason for involvement in the network is to try to gauge whether it is possible to 

begin to join these two parts of the equation; as well as share knowledge with other 

regulators; and appreciate where the science, and the experts, are right now.  

The emphasis should be on the urgency of trying to join these two parts within the 

next five years or so.  As the number of projects increase, there is the possibility that 

those on the monitoring side of regulation may lose the opportunity to implement 

holistic regulation that is both efficient (less red tape for industry) and effective 

(guarantees as best as possible the safety and abatement aspects of the activity).  

Why? Because the momentum is likely to be with action – actually getting storage 

projects up and running – and this will not be held up by the need to spend years 

getting the monitoring and verification regime perfect. (For example, those that come 

under RD&D might have less onerous requirements than fully commercial ventures.) 

As the monitoring and verification regime – or set of standards – will inevitably be an 

evolving one, the task of the regulators is to establish one that is both flexible and 

strong, to give themselves, and more importantly the public, the confidence that CCS 

is an effective climate change mitigation option.  

 

 

 13



 

3.2 USA Perspective – U.S. Environmental Protection Agency (U.S. EPA) 

An internal U.S. EPA working group has been formed to deal with CCS regulatory 

development in the USA. The working group consists of approximately 30 members 

from several offices plus U.S. EPA regions and labs.  Their efforts focus on technical 

and regulatory issues, risk assessment, communication and outreach.  They have 

been heavily involved in the IPCC Inventory Guidelines. 

 

The key technical issues for the working group are: 

1. Site Selection Criteria 

2. Injection Well Construction & Integrity of Pre-Existing Wells 

3. Ability to Demonstrate Reservoir Capacity & Integrity 

4. Monitoring Techniques/Approaches 

5. Remediation Options 

6. Site Closure and Plugging & Abandonment Practices 

 

The existing U.S. Federal Programme identified as most relevant to CCS is the 

National Environmental Policy Act (NEPA).  This programme uses environmental 

impact statements so that federal agencies consider the environmental impacts of 

their proposed actions and the reasonable alternatives.  The other relevant 

programme is the Safe Drinking Water Act (SDWA) which includes the Underground 

Injection Control programme (UIC).  This regulates the injection of fluid (liquid, gas or 

slurry) underground.  UIC could provide an existing framework for CCS.  The 

programme contains several classifications of well including Class II wells, covering oil 

and gas production and EOR, and Class I wells which provide a framework for 

conditions most similar to saline aquifers.  Class I wells cover hazardous and non 

hazardous waste. 

Individual States make their own regulations to control on-shore injection but they 

must meet or surpass the Federal regulations and can not be lower than those set by 

the Federal Government. 

Class I wells, which would appear to be the most relevant class for saline aquifers, has 

2 categories.  This classification covers both hazardous and non-hazardous waste and 

each have separate restrictions and regulations.  Hazardous waste is far more 
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restrictive and this type of Class I well has what is called a “no migration petition”2.  

Class I type wells for hazardous waste with a no migration petition have regulations 

that define what needs to demonstrated for approval. This includes an evaluation of 

the geology, modelling of plume development in the sub surface, assessment of 

defined area of review based on modelling, and monitoring of injection wells.  These 

types of petitions are costly and time consuming.  Therefore, it is important for CCS 

that CO2 must be shown to not be hazardous and it does not move from the injection 

area with a 10,000 year timescale.  Models are used to bound the limits of the waste 

plume.  

 

Requirements for storage include: 

•  Defining a cone of influence, where existing wells are identified and assessed as to 

whether they are a risk for leakage.  Old wells may need to be re-drilled and sealed.   

•  Annual monitoring requirements for Mechanical Integrity Tests (MIT) which include 

annulus pressure tests, radioactive tracer and fall off tests. 

•  Five year monitoring – temperature surveys 

•  Casing inspection logs 

•  Continuous operational monitoring, including annulus pressure, injection pressure, 

injection rate, injection volume and waste stream temperature. 

 

The major question for CCS is does it fall under existing UIC regulations?  EOR is 

already covered by Class II wells and Texas permitted a Class V well (experimental 

technology) for a CO2 demonstration project (Frio Project). 

 

Some of the major issues for regulating CCS are: 

•  What timescale is adequate for CO2 storage?  CO2 injection projects will operate 

over much longer timescales than current injection projects.   

•  What is minimum depth can the CO2 be allowed to migrate to protect the drinking 

water and to minimise or eliminate leakage back to the surface?   

                                                 
2 Requires that no migration from the “injection zone” can be demonstrated through modelling 
over 10,000 year timescale 
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•  The area of review currently defined is fixed to ¼ mile radius from the injection 

well but is this sufficient due to buoyancy and the higher mobility of CO2? 

•  What type of model should be used? Currently models for subsurface CO2 

migration are at any early stage of development and are not proven like those 

used for waste injection.  

•  How much field data is required?  There is a need to consolidate existing data from 

the oil and gas industry.  It is often stated that there is lots of experience from 

industry but consolidating that experience has not been done. 

•  Can a reasonable time, effort, and cost be associated with modelling CO2 storage? 

•  Can the costs associated with acquiring the model input data be reduced? 

•  What is the purity of CO2 injected? What will be the other constituents? Does it 

make sense to purify prior to injection? 

•  Can assumptions be used to reduce the costs associated with modelling CO2 

storage? 

 

In conclusion: 

•  At the moment CO2 is not classed as a legal hazardous waste.   

•  Any monitoring that will be undertaken would be site specific3.   

•  The existing no migration petition from Class I wells is not entirely applicable for 

CCS but it is a good analogue. 

•  Knowing the site at the beginning saves both monitoring and remediation costs. 

•  The level of monitoring necessary for health and safety and local environmental 

issues may be different to that required for GHG accounting. 

•  Simple risk assessment tools and practical monitoring programmes will help reduce 

the burden on project operators and regulatory agencies. 

 

3.3 UK Perspective – UK Department of Trade and Industry (UK DTI) 

The UK DTI (Department of Trade and Industry) is responsible for energy policy and 

DEFRA (Department for Environment Food and Rural Affairs) for regulation.  The DTI 

                                                 
3 A common theme 
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are working closely with DEFRA.  The UK can look at relevant regulation from current 

experience, it has a mature oil and gas industry but it is not in a position at this 

moment to provide guidance for CCS through regulation, it is still learning what the 

implications are.  The focus of the discussion at this meeting is on offshore storage in 

a UK context. 

It is the UK’s policy to use market mechanisms to reduce Greenhouse Gas (GHG) 

emissions, with EU Emissions Trading Scheme (ETS4) a key one.  CCS is in the 

portfolio of options and was mentioned in the Energy White Paper.  The UK Prime 

Minister used the presidency of G85 and the EU6 to look at the feasibility of CCS 

recognising its value in reducing GHG emissions.  Therefore, it is high on the political 

agenda and the UK would like to see it included in the EU ETS.  However, there is a 

time limit, a narrow window of opportunity of 10 years. 

The EU is using the carbon credits to make CCS projects economic.  There is also the 

opportunity for EOR which also helps to improve the economics of a project.  However, 

the Governments within the EU will allocate the levels individually leaving uncertainty.  

Robust reporting guidelines for monitoring CCS operations in EU ETS will be required. 

The DTI looked at what monitoring would be required and created and an ad hoc 

group of EU experts to develop monitoring and regulation guidelines.  Conclusions of 

the group were: 

•  That it was essential to maintain integrity of the capture and storage process 

•  That there was a more robust framework for monitoring than what currently exists 

for “transfer arrangements” (e.g. those used in the drinks industry where the scale 

of the operation is not comparable) 

The study looked at monitoring fugitive emissions all along the route of CCS from 

source to injection.  The responsibility for measurement could be from a number of 

different operators across the chain.  The storage part would be accounted for by a 

different regime to that established for capture and transport of CO2 because of the 

                                                 
4 EU ETS – World’s first large scale GHG emissions trading system, started January 05, 12 000 
installations, 25 countries, 6 sectors 
5 The Group of Eight (G8) is Canada, France, Germany, Italy, Japan, the United Kingdom, the 
United States of America, and the Russian Federation. The G8 holds an annual economic and 
political summit meeting of the heads of government with international officials, though there 
are numerous subsidiary meetings and policy research.  
6 The European Union’s (EU) is an intergovernmental and supranational union of 25 democratic 
countries known as member states.   Its activities cover all areas of public policy.  The 
European Commission (EC) is the executive body of the European Union.  Its primary roles are 
to propose and implement legislation, and to act as 'guardian of the treaties' which provides 
the legal basis for the EU.  
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timescales involved.  The regulation for storage needs to be robust enough to include 

seepage in both the short and long term and would not be included in the EU ETS. 

The next step for the UK and the Carbon Abatement Technologies Strategy is to take 

a lead in national and international regulatory frameworks.  The UK DTI can not give 

guidance on regulation requirements but they can provide confidence from the 

experience gained to date.  DEFRA are likely to be the regulators for CCS and it is 

already acknowledged that regulations will have to be able to adapt to site specific 

conditions. 

The presentation referred to a recent report of the DTI prepared by Environmental 

Resources Management Ltd (ERM) and Det Norske Veritas (DNV).  A summary of the 

report can be found on the DTi7 website but a short summary is provided bellow.  The 

report reviews the key issues presented by CCS when considering its inclusion in 

emissions trading, and outlines a proposed approach for developing interim guidelines 

for monitoring, reporting and verification for CCS under the EU ETS.  It covers the 

whole of the CCS process (capture-transportation-injection).  The possible long term 

seepage of CO2 from the storage site back to the atmosphere is not included in the 

proposed monitoring and reporting guidelines. 

 

DTI report R277 

Page 1: The EC produced guidelines for monitoring and reporting of greenhouse gas 

emissions from instillations included under the EU ETS Directive in early 2004.  The 

guidelines do not include any specific guidelines for monitoring and reporting 

greenhouse gas emission from CCS.  However, the EC invited Member States 

interested in the development of such guidelines to submit their research findings, 

based on the invitation ERM and DNV have produced this DTI report R277. 

Page 20: Under the proposed methodology, emissions from the CO2 geological storage 

site would not need to be monitored and reported by the installation as part of its EU 

ETS Directive reconciliation requirements.  It has been assumed that the evolution of 

storage site licensing and permitting regimes, at least within the EU, will include the 

necessary monitoring and reporting obligations for site operators.  This is anticipated 

to include quantifying the amount of CO2 emitted from the site as a consequence of 

natural seepage, as well as other forms of physical leakage. 

                                                 
7 DTI Report R 277: 
http://www.dti.gov.uk/energy/coal/cfft/cct/pub/pdfs/r277.pdf?pubpdfdload=05%2F583 
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Page 28: To account for any potential future emissions of the stored CO2 back to the 

atmosphere, many observers have suggested that any emission reduction credits 

given to project or installation operators employing CCS should be subject to some 

form of discounting.  However, current constrains in the understanding of specific CO2 

fluxes from potential storage reservoirs presents a barrier to setting credible rates.  

Therefore, for the monitoring and reporting framework methodology for CCS under 

the EU ETS it has been proposed that CO2 emissions from storage sites be excluded 

from an installations inventory. 

Page 29:  However, this certainly does not mean that CO2 emissions from storage 

sites should not be accounted for at all.  An alternative approach to discounting might 

be considered, based on a number of assumptions about storage site permitting and 

licensing: 

i) The storage site operator would be required to show appropriate due diligence 

during storage site selection, such that all the available geological survey data and 

other evidence regarding the security of gas storage in the reservoir suggest within 

reasonable expectation, that the reservoir would not leak; 

ii) In the event of any short-term leakage, an emergency plan was in place to 

minimise loses; 

iii) Storage site operators would be required to make a commitment to monitor and 

report quantified emission of CO2 leaking, by seepage or sudden release from the site, 

using good practice techniques likely to evolve over time. 

iv) These losses would need to be reported to the host government, who would then 

take them into account in their National Greenhouse Gas Inventories under the 

UNFCCC 

v) Operating licences would be time limited and subject to renewal/approval on the 

grounds that the storage site was operating satisfactorily (i.e. not leaking at an 

unacceptable rate).  At license renewal time, the regulator would be required to 

review the performance of the storage site, based on the emissions data submitted 

under iv) 

vi) The requirements to monitor and report leakage by seepage or sudden release 

would be ongoing after the sealing of the injection wells and closing of the site.  

Ultimately, this responsibility would fall to the government under who’s territory the 

CO2 is being stored i.e. the host government would make a long term commitment to 

take responsibility for the stewardship of a storage site, including emissions 
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monitoring and measurement, and also in the event of insolvency of the site operator, 

or license withdrawal or expiry. 

Page 30:  One further issue to consider in relation to leakage from geological storage 

is CO2 breakthrough during EOR operations where some fugitive emissions may occur. 

Page B6: The frequency of monitoring will depend on the monitoring methodology 

used, for instance: 

i) Down hole pressures and temperatures should be measured quite frequently, 

perhaps monthly; 

ii) 3D (or 4D taking into consideration the temporal dimension) seismic monitoring 

may be carried out pre- and post- injection and at certain extended intervals; 

iii) Microseismic activity monitoring, if required, should be continuous and should 

continue until there is no further injection unless one is in a possibly seismically active 

area, in which case it may have to become an extension of the regions’ ongoing 

seismic monitoring programme.  Other methods would probably be best synchronised 

with the seismic campaigns as they can be used to enhance the seismic results. 

 

3.4 Discussion on Monitoring Requirements 

A series of comments were raised after the presentations these are summarised below.   

 

It was noted that UIC monitoring is restricted to wells and not other subsurface 

monitoring.  This is a deficiency in applying the UIC regulations for CCS, which would 

need to be reinforced if these regulations were adapted for CCS, this was agreed.  In 

response it was stated that although the UIC programme may only be considering the 

wells but there is a lot of information about the injected CO2 that can be gained at the 

well head and UIC has 30 years experience of monitoring at the well head 

One additional comment relating to the UIC programme was that it covers much 

smaller injection amounts and substances that were not underground before.  In this 

case it is not comparable to CO2 storage.  Again, in response, it was noted that UIC 

may be simple and may be inadequate but it is important to address why. This would 

help develop new regulations suitable for CCS.  Following on from this it was stated 

that although there maybe some modification required to the UIC programme these 

regulations were a good starting point to move forward from. 
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One note of caution raised referred to the reliance on modelling alone, rather than 

monitoring, was that modelling can not currently accurately account for faults.  It was 

generally agreed that models need to be developed further before they can be relied 

upon solely for CO2 injection.  Monitoring programmes of course can help the 

development of models by providing data to allow the models to be calibrated against.    

Wells were raised by many people as a serious source of concern.  In designing a 

monitoring programme the age of wells should be a consideration. In North America 

onshore wells from 1930-1950 will not be plugged to the same extent as later wells 

and hence represent a higher risk potential.  The same maybe true offshore. 

Another issue raised regarding wells is that there has been discussion regarding going 

in and reworking old wells to seal them before a project starts.  This can be an 

expensive task especially if there are a lot of old wells present on a site.  The question 

was raised whether it might not be more cost effective to monitor old wells rather 

than rework them. In response, it was agreed that the risk of leakage from old wells 

will be different in different locations, onshore/offshore location, and dependant on the 

age of wells.  How to deal with old wells may also be different. 

It was raised that frequency analyses of well bore failure has shown that there have 

been 17 big leaks over 20-35 years.  Most, importantly the frequency of leaks drops 

off with improvement in technology/experience.  Therefore, it is necessary to look at 

modern practices rather than comparing with historical trends. 
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4. Monitoring Programmes 

4.1 Experience from ongoing projects 

Frio – Bureau of Economic Geology, University of Texas at Austin 

From October 4 to 14, 2004 the Frio Brine Pilot team injected 1,600 tons of CO2 

1500m below surface into a high permeability brine-bearing sandstone of the Frio 

Formation beneath the Gulf Coast of Texas, USA.  Analytical results completed during 

the 10 months following the end of injection have improved our understanding of 

techniques and process that are useful in monitoring the post injection storage period.   

 Key new findings are:  

(1) Field measurements using neutron logging for saturation, cross well seismic, 

and VSP were successful in measuring CO2 retained in the formation over time 

(2) Models and conceptualization significant CO2 is retained as relative permeability 

to gas decreases over time (two phase trapping); the measurements confirm the 

correctness of this process 

(3) Follow-on testing is designed to better quantify the two-phase processes under 

reservoir conditions as well as buoyancy effects.  This second round of testing will 

begin in October, 2005. 

 

The Frio Brine Pilot experiment is funded by the Department of Energy (DOE) National 

Energy Technology Laboratory (NETL) and led by the Bureau of Economic Geology 

(BEG) at the Jackson School of Geosciences, The University of Texas at Austin with 

major collaboration from GEO-SEQ, a national lab consortium led by Lawrence 

Berkeley National Lab (LBNL). 

The main project objectives are: 

(1) Demonstrate to the public and other stakeholders that CO2 can be injected into a 

brine formation without adverse health, safety, or environmental effects,  

(2) Measure subsurface distribution of injected CO2 using diverse monitoring 

technologies, 

(3) Test the validity of conceptual, hydrologic, and geochemical models, and 

(4) Develop experience necessary for development of the next generation of larger-

scale CO2 injection experiments. 
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The first objective was accomplished through outreach, which included numerous site 

visits by researchers, local citizens, and environmental groups, major media 

interviews, an online log of research activities (www.gulfcoastcarbon.org), a technical 

e-newsletter, and an informal non-technical “neighbour newsletter”.  These activities 

continue as results of analysis are obtained.  Public and environmental concerns were 

moderate, practical, and proportional to minimal risks taken by the project and 

included issues such as traffic and potential of risks to water resources.  Press 

coverage was balanced and positive toward research goals.  Safe site operation was 

managed by Sandia Technologies LLC, Praxair Inc., and Trimeric Corporation.  

The second objective, measurement and monitoring of the subsurface CO2 plume, was 

accomplished using a diverse suite of technologies in both the injection zone and in 

the shallow near-surface environment.  Each monitoring strategy used a pre-injection 

and one or more post injection measurements.  Wireline logging, pressure and 

temperature measurement, and geochemical sampling were conducted also during 

injection.  In-zone objectives were to measure changes in CO2 saturation through time, 

in cross section, and areally, and to document accompanying changes in pressure, 

temperature, and brine chemistry during and in the months following injection.  The 

in-zone measurement strategy was designed to test the effectiveness of a selected 

suite of monitoring tools in measuring these parameters.  The near-surface monitoring 

program measured soil gas fluxes and concentrations, introduced tracers, and fluid 

chemistry in the vadose zone and shallow aquifer in an attempt to detect any leaks 

upward out of the injection zone, especially those rapid enough to cause releases in a 

short time frame such as behind well casing.  

Tools used for in-zone monitoring included five repetitions of logging with the 

Schlumberger pulsed neutron capture reservoir saturation tool (RST), which under 

conditions of a maximum 35% porosity and 125,000 ppm salinity was successful in 

obtaining high-resolution saturation measurements across the injection interval.  

During the injection, CO2 saturation increased toward a maximum of 60% of pore 

space filled with CO2 in both the injection and observation well. Saturation declined in 

the post injection period; the last log run Feb 23 quantified the CO2 permanently 

trapped in-zone by two-phase (residual) trapping.  The log analysis team includes 

researchers from BEG and Schlumberger–Doll Labs. 

An innovative geochemical sampling tool, developed and operated by Barry Freifeld 

and Rob Trautz (LBNL) to support in-zone fluid chemistry sampling, is the U-tube.  

The U-Tube is composed of a double length of 9.5 mm O.D.  × 1.2 mm wall thickness 
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stainless steel tubing, with a check valve open to the reservoir at 1500 m.  Formation 

fluid that was collected in the U-Tube was driven at reservoir pressure into evacuated 

sample cylinders at the surface by high pressure ultra-pure nitrogen.  Samples were 

collected hourly to facilitate accurate delineation of CO2 breakthrough and recover 

uncontaminated and representative samples of two-phase fluids.  Initial CO2 

breakthrough to the observation well 30 m updip of the injection well occurred 51 

hours after initiation of injection.  Steady increases in the ratio of CO2 to brine 

produced recorded increasing saturation and plume thickness as the front of the 

plume expanded past the observation well.  Free gas in the sample and gases coming 

out of solution were pumped from the top of the gas separator through a quadrapole 

mass spectrometer analyzer and a landfill gas analyzer to measure changes in gas 

composition in the field.  During the 12 hours after breakthough, CO2 replaced brine 

as the fluid in the perforated zone of the well bore and became the only fluid produced.  

At the same time that CO2 was detected at the observation well, the pH of produced, 

partly degassed brine dropped from 6.7 to 5.7, alkalinity increase from 100 to 3,000 

mg/L bicarbonate as a result of mineral dissolution, and iron increased from 20 mg/L 

to 2000 mg/L, changing the fluid from clear to coffee colour (Yousif Kharaka [USGS] 

and Seay Nance [BEG]).  Downhole sampling with a Kuster sampler in April, 2005 

allowed us to assess geochemical changes as CO2 saturated brine react with the 

mineralogially complex sandstone matrix for 7 months.   

The suite of tracers injected with the CO2 includes perfluorocarbon tracers (PFTs), the 

noble gases, krypton, neon, and xenon, along with sulfur hexafluoride.  Tracer 

injection and analysis was performed by researchers from Oak Ridge National 

Laboratory, Lawrence Berkeley National Laboratory, and Alberta Research Council.  

The tracer arrival times and elution curves allow assessment of the percentage of CO2 

that is trapped by dissolution into the brine, based on partitioning of the tracers from 

CO2 into the brine, along with facilitating estimation of evolution of CO2 saturation as 

injection proceeded.  

Pressure and temperature histories during injection provided comparative effective 

permeability under brine- and evolving CO2 + brine conditions.  Downhole installation 

of pressure and temperature gauges proved to be critical for interpretation of complex 

(gas, supercritical CO2, brine) phases in the well bore.  LBNL and Sandia Technologies 

designed the hydrologic test program. 

 Geophysical measurements of plume evolution include cross-well seismic, an 

azimuthally dependent vertical seismic profile, and cased-hole cross-well 
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electromagnetic (EM) surveys.  These surveys were made pre- and post injection and 

analyses to-date show that tools were successful in measuring CO2.  The entire test is 

a proxy for a leak that might escape from a large injection; additional analysis is 

underway to determine success of geophysical methods in leak detection under these 

conditions.  The geophysical team includes LBNL, Paulsson Geophysical, 

Schlumberger-EMI Technology Center, and Australian CO2CRC/CSIRO. 

Near-surface monitoring includes soil-gas CO2 flux and concentration measurements, 

aquifer chemistry monitoring, and tracer detection of PFT with sorbants in the soil and 

aquifer.  Pre-injection baseline surveys for CO2 flux and concentration-depth profiles 

over a wide area and near existing wells were done in 2004.  Minor variability in 

aquifer pH and gas concentrations have been measured but analyses of tracers 

needed to determine whether change is related to leakage are still underway.  The 

near-surface research team includes BEG, NETL SEQURE, Colorado School of Mines, 

and LBNL.  

The third objective is to test the validity of conceptual hydrologic and geochemical 

models.  Reservoir characterization by BEG to provide inputs to the simulations used 

existing and newly collected wireline logs, existing 3-D seismic survey, baseline 

geochemical sampling by USGS and Schlumberger, and core analyses by Core Labs.  

A drawdown interference test and a dipole tracer test conducted by LBNL researchers 

provided interwell permeability estimates (2.3 Darcys) confirmed that the core-based 

measurements of the porosity-thickness product (6.2 m thickness with 0.35 porosity) 

were appropriate at site scale for the Frio C sand targeted for CO2 injection. 

Two groups of modellers, LBNL using TOUGH2 and The University of Texas Petroleum 

Engineering Department using CGM, input geologic and hydrological information along 

with assumptions concerning CO2 /brine multiphase behaviour to predict the evolution 

of the injected CO2 through time.  The observed CO2 breakthough occurred somewhat 

faster and in a narrower zone than the predicted arrival.  Further refinement of the 

relative permeability and capillary pressure-saturation properties allow the model to 

better match the acquired data.  Geochemical modelling by Lawrence Livermore 

National Lab predicted elements of brine composition evolution. 

As the Frio experiment analysis and modelling continue, it supports the fourth 

objective, development of the next generation of larger-scale CO2 injection 

experiments.  Confidence in the correctness of conceptual and numerical models and 

the effectiveness of monitoring tools tested will encourage the next pilots to 

investigate more complex factors such as stratigraphic and structural heterogeneity 
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and upscaling.  The Frio Pilot results provide a model for the US Regional Partnerships 

Program participants as well as international collaborators to us to design test 

programs in various settings.  

The pilot site is representative of a broad area that is an ultimate target for large-

volume storage because it is part of a thick, regionally extensive sandstone trend that 

underlies a concentration of industrial sources and power plants along the Gulf Coast 

of the United States.  The Gulf Coast Carbon Center, in cooperation with the 

Southeast Regional Carbon Sequestration Partnership, is proposing one of these 

ambitious pilots in the Frio or related sandstone to conduct a multi-month injection to 

“prove- up” the concept of stacked storage in an oil reservoir in decline and the 

underlying brine-bearing sandstones. 

A list of the Frio Brine Pilot Project Research team is available in Appendix 3. 

 

Nagaoka monitoring surveys – Engineering Advancement Association of 

Japan (ENAA) 

The preliminary results from CO2 monitoring surveys performed at Nagaoka were 

presented at the Inaugural Meeting of the Monitoring Network at Santa Cruz, 

November 2004 (Ziqiu Xue & Daiji Tanase).  At Nagaoka, the CO2 was injected into a 

12m thick permeable sandstone reservoir at a depth of 1,100m below ground surface 

at the rate of 20-40 tonnes per day. The CO2 injection ended on January 2005 with 

the total injected CO2 amount of 10,400 tonnes within eighteen months.  A series of 

CO2 monitoring techniques were deployed these consisted of: time-lapse cross-well 

seismic tomography and geophysical well logging.  These techniques provided 

valuable insight into the CO2 movement within the porous sandstone reservoir. The 

follow-up monitoring in Nagaoka will be continued till 2007. 

 

The measurement and observation programme at Nagaoka included: 

•  Measurement (continuously) 

o Pressure & Temperature (well bottom and well head) 

•  Cross-well Seismic Tomography  

o Five times : Before the injection – After the injection 
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•  Time-lapse Logging (2 week to one month interval) 

o Induction Log 

o Neutron Log 

o Sonic Log 

o Gamma Ray Log 

•  Observation (continuously) 

o Micro earthquake 

 

The Nagaoka project has four wells.  There is a central injection well and three other 

observation wells spread between 40 and 120 m away from the injector well.  Cross-

well seismic tomography was taken across the longest distance between observation 

wells.  The time-lapse logging confirmed CO2 breakthrough in the observation wells 

and that the CO2 bearing zone was getting wider. 

Four monitoring surveys were undertaken following an initial baseline survey in 

February 2003.  The cross-well seismic tomography detected a P-wave velocity 

decrease (CO2 invaded zone).  An area of P-wave velocity decrease appeared near the 

injection well and the injected CO2 was found to be migrating along the formation in 

an up-dip direction.   The results confirmed the usefulness of cross-well seismic 

tomography. 

The project identified some limitations of the present analysis.  The velocity reduction 

is smaller than true velocity reduction, and the velocity reduction zone swelled in a 

vertical direction.  To detect a thin layer of 4 – 5 m using this technology is difficult 

and a ghost image similar to the field result occurs.  A new analysis with a constraint 

that CO2 invades only into Zone-2 (high permeability, no change in well logging) will 

be undertaken in the next phase. 

Results were obtained using various techniques: 

•  Time-lapse Logging CO2 saturation History, Vp History, CO2 breakthrough 

•  Cross-well Seismic Tomography, tomogram of CO2 distribution 

•  Simulation Study, using CO2 saturation history 

•  Laboratory Test 
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The results provided mutual verification and the project operators felt that they 

understood the movement of CO2 and were in a position to predict it. 

 

Conclusions: 

•  10,400 tonnes of CO2 were injected into an onshore saline aquifer within eighteen 

months in Nagaoka, Japan.  

•  Using time-lapse logging the project succeeded in detecting the CO2 breakthrough 

and estimating CO2 saturation history. 

•  Using cross-well seismic tomography allowed the project to recognize the shape 

CO2 invasion into the aquifer. 

•  A simulation study using CO2 saturation history gives a more exact understanding 

and prediction of CO2 movement. 

•  The follow-up monitoring in Nagaoka will be continued until 2007.  

 

Nagaoka 4D seismic survey – Japan Petroleum Exploration Co., Ltd (Japex) 

Time lapse 3D seismic survey is a promising method to efficiently detect the fluid 

movement and the change of pore pressure in the aquifer. The project was located 

onshore Japan at the CO2 injection field (Nagaoka).  Recently a repeat 3D seismic 

survey was conducted. Prior to the repeat survey, the baseline 3D seismic data with 

wireline data was evaluated.  From the 3D data, the spatial permeability distribution 

was estimated.  This is a prediction of carbon dioxide movement prior to the repeat 

survey if carbon dioxide were controlled solely by permeability.  Evaluation of the 

estimated permeability map could be done by time–lapse 3D seismic data and/or by 

baseline 3D seismic data using permeability distribution by wireline logging data of 

four wells. It is hoped that the prediction can be compared with the repeat 3D seismic 

survey. 

This research looked at what seismic can reveal.  The logging data provides physical 

and geological constraints for evaluation of permeability by 3D seismic data.  The 

baseline survey was followed two years later by monitoring after completion of CO2 

injection.  Both the baseline survey and the monitoring were undertaken at the same 

time of the year for consistency in prediction and reality.  
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In Salah – BP 

The natural gas produced at In Salah contains CO2, in some cases as much as 10%.  

The natural gas is supplied to Europe and to be suitable for the markets the amount of 

CO2 must be reduced, so that the maximum non-burnable content does not exceed 

0.3%.  The CO2 is removed using a regenerative amine process.  In the past, CO2 

would have been vented to the atmosphere.  

The In Salah project is a joint venture of Sonatrach, BP and Statoil and compresses 

the CO2 from 3 fields and injects into the Krechba field.  Injection at the site has 

already begun with storage at a rate of around 1 million tonnes of CO2 per year.  The 

injection is really into a saline aquifer as it is 2km away from the water/gas contact. 

In the case of this project, storage has not been regulatory driven.  So why store at 

this site?  There is a possibility that the project may receive CO2 credits in the future 

but this is not guaranteed.  The primary current benefit is the promotion of green 

brands value. 

The monitoring programme at the In Salah site is not regulatory driven either, so why 

monitor?  The project operators believe that it provides information which will help 

better manage the injection storage process.  It also provides the assurance that the 

CO2 injected is remaining underground. 

The benefit of monitoring is that: 

•  It provides information to better manage the injection storage process by 

assessing the location of the CO2 “front” as it percolates through brine-filled 

portions of reservoir, identifying the fracture zones that dominate flow and 

characterising the stress state of the reservoir. 

•  It also provides assurance that CO2 placed underground remains underground by 

detecting thief zones and migration pathways that lead out of the target reservoir 

and by providing meaningful lower/upper bounds for total amount of CO2 that can 

be directly established to be “in place” based on monitoring measurements rather 

injection history. 

 

A feasibility study has been undertaken on seismic amplitude which changes when 

CO2 is substituted for brine.  Under the assumption that the results would be positive, 

permanent monitoring systems are being designed.  As part of the permanent system, 

geophones will be deployed in parallel rows of detectors (4D receiver systems).  The 
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rows will track above the most likely path for the CO2 to migrate in the subsurface 

from the injector well.  To accommodate the Saharan conditions of the injection site 

the receivers will have to be buried to protect them from the elements.  It will also 

reduce noise, improve geophone coupling and enhance the physical security of the 

equipment.  The difficulty is that the ground surface is very stony making it very 

difficult to get probes into the ground and the trenches themselves can not be more 

than 1m depth for health and safety reasons or else they need supporting walls which 

will significantly increase the cost of this type of monitoring.   

Since it is not feasible to transmit every byte from a remote location (In Salah is 

located in southern Algeria), only events which exceed a threshold amplitude will be 

stored to disk, and that disk will be periodically interrogated remotely.  As resources 

permit, there is a possibility of a dedicated well containing a vertical array of 

geophones.  Such an array, placed far below the attenuative low-Q weathering and 

subweathering zones could act as an early warning system for the surface array, 

causing events to be recorded onto disk that might not exceed the threshold criterion 

for any single geophone, but which could be summed together to produce a high 

quality signal.    

The experience from the In Salah project further highlights that factors of the local 

climatic conditions have to be addressed when developing a monitoring programme. 

Conclusions: 

The prize for effective monitoring is at least two-fold.  Firstly, by determining where 

the CO2 is moving, and where it is not, better decisions can be made as to the rate of 

injection and location of injector wells, and additionally to inform well intervention 

decisions.  Secondly, and perhaps more importantly, monitoring can serve to assure 

all interested parties that the CO2 which has been buried underground remains 

underground, and has not found a travel path back to the surface.   

With these twin goals in mind, remote monitoring is a likely addition of all CO2 

injection programs, and will be key to optimal management of subsurface storage.  
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4.2 Experience from developing projects 

Otway Basin – Cooperative Research Centre for Greenhouse Gas 

Technologies (CO2CRC) 

CO2CRC undertook a CO2 Source-Sinks study of Australia.  48 basins were considered 

viable sites for study, 102 sites were analysed, and 65 were proved viable ESSCIs8. 

The site for the CO2CRC pilot programme is Otway Basin.  The source of CO2 is the 

Buttress-1 field which contains CO2 and CH4 (~85% CO2).  The CO2 and CH4 is 

produced and sent to a separation and compression unit.  The CO2 is then transported 

by pipeline to the injection well.  The storage site could have been one of several well 

bores but the Naylor-1 was chosen, a near-depleted single well gas producer.  The 

CO2 is injected to a depth of 2100m on the edge of an anticline in a depleted gas field.  

A monitoring well has been drilled at the crest of the anticline, in the direction that the 

CO2 is expected to migrate in.  The distance from the injection and the observation 

well is 500m. 

 

The objectives of the pilot study are: 

•  To demonstrate that CCS is a viable, safe, secure option for greenhouse gas 

abatement in Australia by 

o Safely transporting CO2 from its source to a suitable storage site; 

o Safely injecting CO2 into a subsurface reservoir; 

o Safely storing CO2 in the subsurface; 

o Modelling and monitoring stored CO2 and confirming its storage 

effectiveness; 

o Build and maintain an effective Risk Register; 

o Safely removing facilities and restoring the site after the project ends. 

 

 

 

 

                                                 
8 Environmentally Sustainable Site for CO2 Injection 
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In addition, the project plans to  

o Conduct the pilot project within approved time and budget (CO2CRC); 

o Capture all research outcomes (CO2CRC); 

o Communicate to all stakeholders that these activities have been 

completed. 

 

The Otway Basin project has taken the Frio project as a template.  The injection rate 

is the same for both projects but the Otway basin project expects to operate for a 

longer period of time, injecting 100,000 tonnes of CO2 in 2 years. 

The project is currently waiting for permits and approvals but it is hoped that baseline 

surveys can begin by the end of 2005, with injection beginning at the end of 2006.  

The project has created a risk register for the project consisting of activities in 

developing the site and transportation of gas to the site.  It also produced a risk 

register for storage but the two registers are separate. 

The following list of containment risk issues were evaluated as part of the risk register 

completed for CO2 storage at the site: 

• Permeable zones in seal; 

• Faults; 

• Wells; 

• Leakage via the seal; 

• Regional scale over-pressurisation and local scale over-pressurisation; 

• CO2 exceeding the spill point of the storage site; 

• Earthquake - induced fractures; 

• Incorrect modelling of migration direction; 

• Unintentional over-filling of the storage site; 

• Well-head, pipeline, or compressor failure. 
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Key monitoring objectives for the project are: 

•  Soil and atmospheric measurements to confirm non leakage/seepage of injected 

CO2. 

•  Water well monitoring to ensure no leakage of CO2 into the overlying aquifers 

•  Monitor the injected CO2 plume to: 

o Validate migration paths with respect to model predictions 

o Validate migration times with respect to model predictions 

o Validate likely shape of CO2 plume with respect to model predictions 

o Validate containment of the injected CO2  

 

Monitoring at the Otway Basin Pilot Project will involve: 

•  Atmospheric monitoring 

•  Soil gas sampling over a defined grid. The grid will be wide enough to cover area 

over any faults that terminate relatively close to surface. 

•  Water well monitoring downstream of the hydrodynamic flow. 

•  Geochemical sampling of monitor with U-tube (LBNL), and injection horizon 

•  Regular suite of tracers including Deuteriated methane 

•  Geophysical Monitoring 

o Microseismic potential 

o Well Logs 

o Surface seismic/VSP 

•  Predictive forward models for above. 

 

Initial monitoring will be undertaken using existing wells.  A new well will be drilled for 

further monitoring.  Time-lapse monitoring will use all three wells.   

The responsibility of CO2 containment will change, as the project develops, between 

the Oil Company, the electric company and in the long term, the Government.  The 

question of who manages this transition is still to be answered. 

 

 33



 

Snohvit - Statoil 

Snohvit is located in the Norwegian offshore, and to get an acceptance for the CO2 

storage from the Norwegian Pollution Control Authority it was necessary to develop a 

monitoring plan and justify it. 

The injection well has been drilled and a monitoring plan developed.  Monitoring will 

include continuous pressure and temperature monitoring at the wellhead and down 

hole, and seismic surveys.  2D seismic lines are planned to cross the injection well.  It 

is expected that reservoir simulation based on well and seismic monitoring will occur 

over time and give an indication of plume development.  

Initial 3D baseline seismic surveys were undertaken in 2003 prior to production.  The 

plan is to acquire additional 2D seismic, which may be repeated approximately every 

3rd year.  If a 2D seismic survey identifies abnormal CO2 movement then further 3D 

seismic could be done.  The worst case scenario has been identified as a gas leak into 

an overlying gas-bearing formation - and not to the biosphere. 

Development is still driven by the Norwegian Tax on CO2. 

 

Gorgon - Chevron 

The Gorgon development is Chevron (50%, Operator), Shell (25%) and ExxonMobil 

(25%).  The greater Gorgon area resources are ~40 Tcf.  The screening processing 

involved accommodating a processing/LNG plant and suitable storage reservoirs.  

Barrow Island became the optimal choice for the site for both economic and technical 

reasons.  The natural gas in this area contains a certain percentage of CO2, it will be 

removed and compressed and then re-injected into a deep saline aquifer (Dupuy 

Formation).  The plan is to inject CO2 unless it is technically infeasible or cost 

prohibitive.  The proposed injection will reduce GHG9 emissions by 40%. 

Barrow Island is a “Class A Nature Reserve” but has been under oil production for 

around 40 years.  The Gas Processing and LNG facilities were selected to avoid 

sensitive areas and the injection site avoids sensitive areas whilst optimising 

performance. 

Key CO2 storage issues include geological characterisation, CO2 movement and 

trapping, and monitoring.  There will be two injection centres with up to seven lateral 

wells.  A simulation of the injection and trapping shows that the permeability 
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distribution of the Dupuy formation prevents rapid vertical and lateral migration.  The 

pressure field peaks at around 30 years.  It is expected that most of the CO2 will be 

trapped by the major mechanisms10 within 1000 years.   The reservoir simulations 

model predictions show the aerial extent of the plume increases slowly after 40 years 

(operational phase).  During this phase it avoids major faults but does intersect 27 

wells; another 3 wells over 1000 year timescale. 

It was concluded that through the lifetime of the project, key issues needed to be 

resolved in terms of geology and geography.  They included being able to follow the 

spread of the CO2 plume both onshore & offshore, identifying any interference in the 

monitoring results that could come from near-surface karst formations, understanding 

anything about the structure and stratigraphy of the reservoir that could be an 

influence on the direction of the plume migration, and the impact of the rock 

properties on CO2 migration and behaviour. 

The project has also identified unknowns in the reservoir that could result in possible 

deviation from simulation predictions.  These included unidentified high permeability 

layers in the reservoir, whether down dip migration would occur, the failure to include 

all the wells present within the area that the plume could spread to or the ability to 

predict what they might do, and finally, the presence of faults & fractures that had not 

been identified.  In all cases these could lead the CO2 not behaving as expected since 

these features are not accurately represented in models.  

 

Monitoring activities planned include: 

•  Injection rate metering and pressure measurements 

•  HSE – oriented surveillance for leak detection 

•  Verification via seismic surveys and/or observation wells supplemented by 

conventional wire line logs to detect CO2 migration at wells or up well bore and 

Geochemical analysis of formation waters 

                                                 
10 It is considered that in a suitable storage site CO2 will be stored by physical or geochemical 
trapping or a combination of both.  Physical trapping includes: stratigraphic trapping, where 
the CO2 is held below a low-permeability seal (cap rock); structural trapping, where CO2 is 
trapped by physical structures such as those formed by faults and folds of the rock; or 
hydrodynamic trapping in saline formations, where fluids migrate very slowly and the buoyant 
CO2 migrates upwards to the top of the formation.  Chemical trapping includes: solubility 
trapping, where CO2 dissolves into the formation water; ionic trapping, where the CO2 forms 
ionic species as the rock dissolves and the pH rises; and mineral trapping, where finally, and 
over long period, the CO2 might form a stable carbonate mineral.  
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Options for monitoring: 

•  Seismic (Image Quality; Minimize Impact) 

•  Observation Wells (Sampling/Analysis; Sensors; Tracers) 

•  Shallow Subsurface (Shallow Imaging & Wells) 

•  Atmospheric (Soil Gas, Flux, Near Surface LS, Remote) 

 

Potential failure of the storage project could result in leakage from surface injection 

facilities, migration events from the proposed storage site, reduced injectivity, 

earthquakes, and environmental impacts.    

 

Considerations identified as significant to this particular storage site are:  

•  Environmental – Class A nature reserve; adjacent reserves 

•  Geography – sea/land boundary 

•  Geology – shallow karst; multiple sinks/seals 

•  Simulation results – unexpected migration 

•  Presence of wells – condition; remediation strategy  

The five bullets emphasises the specific nature of a site and highlight how a 

monitoring programme needs to be able to adapt to specific conditions. 

 36



 

5. Monitoring Scenario Development 

To assist in the process of developing monitoring programmes coupling both 

regulatory and industry requirements four scenarios were developed for consideration 

by the workshop members.  The four scenarios were typical geological reservoirs 

selected to have different features, these are discussed later.  The workshop 

participants were spilt into four interdisciplinary groups to consider the scenarios in a 

set time. 

The four scenarios were: 

•  Frio - an onshore aquifer in South East USA.  The regulatory system is mature in 

this region for underground waste injection and for CO2-EOR. 

•  Viking Graben -The case scenario was based upon a generic example of the Viking 

graben in the North Sea.  The conceptual project was an EOR project regulated 

under existing Oil and gas exploration/production standards. 

•  Gippsland – a depleted oil field lying both on shore and offshore the Australia 

coastline.  In this case the offshore area is regulated by the Australian Government 

and onshore is regulated by the State authorities. 

•  Acid Gas project on shore Canada – this scenario was chosen to see how easily 

existing regulatory frameworks could be adapted for CO2 storage. 

 

A detailed description of each scenario was given prior to the breakout sessions.  The 

detailed descriptions have not been reproduced in this report. 

Each group was then asked to consider the specific risk issues for each scenario, their 

potential consequences and how these might be mitigated.  A risk register was 

provided to act as a tool and guide to evaluate the risks involved.  Then each group 

was asked to develop a monitoring programme taking into account both the risk and 

regulatory environments for each scenario.  Wherever possible the programme should 

observe sensible economic constraints and be generic and not overly detailed given 

the time available.  

 

The key results from the breakout groups assessing the scenarios are as follows: 
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5.1 Frio 

The key regulatory constraint identified was that any operations cannot impact 

underground aquifers.  The monitoring programme must therefore be designed to 

demonstrate that such an impact does not occur.  Wells were considered as a key risk 

factor for leakage but for the purposes of the scenario well design was considered to 

be based upon standard practice per Texas rule book 

The key areas to monitor were identified as: 

•  pH changes in surface waters 

•  Monitor groundwater up- & down-gradient in major aquifer at 30m depth, not at 

surface 

•  Monitor in existing oil wells 

It was also identified that there was a need to monitor for credits, however it was 

noted that the soil surface is very difficult to monitor because of  high surface water 

and high vegetation levels which would prevent the use of most static soil monitoring 

techniques. 

The monitoring scheme devised included: 

•  Baseline  

o Geologic model and reservoir simulation 

o hydrogeology 

o hydrogeochemistry in dynamic system, 

o 3D seismic for identifying faults and devises geological model 

o Well identification & completions 

•  Initially in reservoir, utilising existing wells 

•  Monitoring in shallow aquifer, deep aquifer immediately above regional aquifer  

o Alkalinity 

o Cation changes (Fe) 
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o Tracers 

•  Seismic could monitor losses into overlying aquifers, if leaks were big enough 

•  Cross-hole seismic to monitor movement in reservoir and possible leakage 

o Noise & reproducibility 

•  Oil wells – measure annular pressure 

o Needs setting up 

One question the group attempted to answer was how long do you need to monitor 

for?  In the case of a small project like Frio, if it was until well injection pressure 

declines to ambient pressure, then it would be a relatively short time.  For a larger 

injection project there would undoubtedly need a longer monitoring time, although 

this was not quantified. 

Another issue raised was that of the buoyancy effect of CO2 means that you could 

small column height, but it was considered that you could use 4D seismic to monitor 

this.  The Frio site allows for stacked injection at several heights.  Both the buoyancy 

effect and stacked injection could help improve solubility and mineral trapping through 

fast migration and mixing  

 

5.2 Viking Graben 

The field is offshore and since it will be an EOR project there are no legal restrictions 

under the international conventions such as Ospar or London.  Features of the 

scenario that need to be considered are that: 

•  The field already contains CO2 so any monitoring programme will need to ensure 

that the injected and the original CO2 can be distinguished between. 

•  The field is in sour gas area and is very deep which means it will be a difficult 

environment for instrumentation.  

•  There are a lot of early exploration wells drilled in the region that were drilled 

before people became aware of the presence of H2S, the wells were not designed 

for H2S and could pose a leakage risk. 
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•  Care will need to be exercised that the injected CO2 does not impinge on 

neighbouring operations 

•  The field is in a seismically active region of the North Sea, which could affect any 

faults that are present. 

•  There may be natural methane seepage from the field, and there would be a need 

to distinguish between CO2 derived biogenically from CH4 seepage and actual CO2 

seepage.  One difficulty will be a lack of baseline CH4 seepage data. 

 

One other issue raised was that since this was an EOR project some of the injected 

CO2 would be recycled and a methodology for accounting for the amount of recycled 

CO2 would need to be considered if credits were to be applied for in such a case. 

 

The monitoring programme developed included the following components: 

•  Accurate seismic monitoring 

•  Identification of injected CO2 through isotopic monitoring or organic chemical 

fingerprinting 

•  Characterization of shallow interval fluids and geology 

•  Development of a regional flow model 

•  Consideration should also be given seabed seepage monitoring 

•  Well bore monitoring, both operational wells, and early exploration wells. 

 

Post-closure requirements were raised as an issue. Here it was felt that existing 

regulations on well abandonment might not be sufficient and that these exiting 

regulations need to be augmented.  A particular issue raised was the depth of cement 

plug and whether current practice was sufficient to ensure the long term integrity of 

the wells.   This highlighted the issue of long term stewardship.  In this case wells 

were considered to be the highest risk for leakage, it was questioned whether 

regulations should include well plug and annulus monitoring and the use of passive 
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well bore monitoring tool to help ensure the long term integrity of wells post project 

closure.  

 

5.3 Gippsland 

The regulatory situation in this scenario is complex because it involves both on shore 

and offshore regulations, with on shore governance in the hands of State regulators 

and off shore governance in the hands of the Federal government.  Industry is also 

involved and needs to be engaged, will industry stakeholders be happy to make the 

transition from oil producers to CO2 disposal field operators.   

Issues that will need to be resolved in this multi stakeholder/multiplayer scenario will 

include: potential for water contamination in onshore aquifers, who is liable for any 

leakage should it occur?.   

The project could utilise existing infrastructure, (pipelines and wells) but an 

assessment of engineering needs will be required to assess whether the infrastructure 

is fit for CO2 use.  The reuse of equipment and the subsequent liability for 

abandonment of such equipment will need to be resolved. 

Monitoring needs will depend on whether the choice is made to exist into depleted gas 

fields, or underneath such traps.  If the oil fields are used then existing wells could be 

used for monitoring in conjunction with seismic.  If the decision is made to inject 

under the traps then only seismic can be used.  In either situations ground water 

monitoring and surface monitoring will be required. 

 

5.4 Acid gas 

The acid gas scenario tested whether the existing regulatory framework would be 

suitable for CCS.   

The selection of an acid-gas injection site needs to address various considerations that 

relate to:  

•  proximity of the injection site to the sour oil and gas facility that is the source of 

acid gas; 

•  confinement of the injected gas; 

•  effect of acid gas on the rock matrix; 
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•  protection of energy, mineral and groundwater resources; 

•  equity interests; and  

•  well bore integrity and public safety. 

 

To optimize disposal and minimize risk, the acid gas needs to be injected: 

•  in a dense-fluid phase, to increase storage capacity and decrease buoyancy; 

•  at bottom-hole pressures greater than the formation pressure, for injectivity; 

•  at temperatures in the system generally greater than 35oC to avoid hydrate 

formation, which could plug the pipelines and wells; and 

•  with water content lower than the saturation limit, to avoid corrosion 

Every geological storage project will go through a series of phases which constitute 

the life-cycle of the project.  During each phase, monitoring will serve different 

purposes and each phase will have its own activities that will determine for how long 

monitoring will be required.  For the purposes of this scenario, the following should be 

addressed: 

•  Baseline Monitoring 

•  Operational/Verification Monitoring – This phase of the project (where acid gas is 

injected into the reservoir) is expected to last between 20 and 30 years. 

•  Closure Monitoring – This phase of the project begins after the final survey and 

after injection stops.  It goes on until the wells are abandoned if they are no longer 

required for monitoring. 

Overall it was felt that the existing regulatory regime for acid gas injection could 

provide a framework for CCS injection, with additional sub surface monitoring 

requirements 

 

5.5 Summary 

The scenario exercises were found to be extremely valuable by the workshop 

participants since they allowed time for detailed discussion on specific problems 

relating to monitoring needs.  The scenarios provided real sites to consider and served 

as a useful framework to highlight many of the issues that need to be considered in 

designing a monitoring programme in a real situation. 
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6. Progress since last meeting 

6.1 Application of Soil Gas Concentrations, and Gas Fluxes to the Atmosphere 

in Order to Detect Low Rates of Leakage from CO2- Sequestration (EOR or 

CBM) Projects - Colorado School of Mines  

(Presentation given by Ron Klusman at the end of Day 1) 

 

At the time of the Inaugural Meeting of the Monitoring Network in Santa Cruz, 

November 2004, there was no data available on the 10 meter holes at Teapot Dome. 

The Teapot Dome project is now complete.  There will be heavy emphasis on use of 

stable isotopes, and on carbon-14 in the 10m holes to provide strong evidence that 

there is micro-seepage, even in an under pressured system. This contrasts with 

Rangely which is over-pressured.  

Three sources of CO2 are always present; 1) atmospheric, 2) near-surface inorganic, 

and 3) biological.  Other possibilities are methanotrophic oxidation of CH4 to CO2 and 

CO2 leaking from an underground storage site.  The measurement of stable isotopes is 

critical in assessing the sources of measured surface CO2. 

CH4 is as important as CO2 for monitoring programs in CO2 storage projects, as it is 

more likely to seep to the near-surface than CO2 in over pressured conditions.  

Methanotrophic oxidation of CH4 will be critical for the attenuation of micro-seepage. 

To detect and confirm the presence of micro-seepage it is important to measure in the 

winter season.  Gas Chomatographic (GC) measurements of CH4 must be better than 

routine, and there should be liberal application of stable isotopic ratio measurements.  

It should be possible to use flux magnitudes, soil gas concentration gradients, and 

isotopic shifts to find “interesting” locations.  These measurements have been correct 

8 out of 8 times at Rangely and Teapot.  It is then possible to complete thorough 

characterization with “nested” soil gas sampling to at least 5 meters depth, preferably 

10 meters, which will be less sensitive to seasonal changes.  Additional confirmation 

of thermogenic sources can be made with stable isotopes and carbon-14. 

It is possible to miss the presence of micro-seepage.  This can easily be done by 

measuring in the “wrong” season, or avoiding the search for CH4 or by poor precision 

in GC measurement of CH4 so that determination of direction and magnitude of flux is 

lost in sampling and analytical noise.  It is important to perform replication of the 

measurements to allow assessment of the sampling and analytical error.  Stable 
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isotopes of carbon can be used for confirmation but they can miss represent the 

information is they are used too minimally.  Other difficulties include coal-derived CO2 

being isotopically similar to near-surface biological CO2 and warm, wet climates will be 

more difficult for monitoring and verification, even with good methodology. 

 

Other methodologies to detect microseepage include: 

•  Side-scan sonar for off-shore determination of bubble column density (Quigley et al. 

1999); complemented with composition and isotopic measurements on samples, 

•  Open-path spectroscopic measurement of CH4 in the atmosphere (Etiope, 

INGV,2005), 

•  Rare gas isotopes (C. Ballentine-University of Manchester, UK), 

•  Eddy covariance mainly applied in pristine environments; practical problems in oil-

field environments  

•  fluorohydrocarbon tracers (Wells, NETL) 

 

6.2 CO2GeoNet Activities in monitoring geological storage – British Geological 

Survey (BGS) 

CO2GeoNet is a “Network of Excellence” with 13 partners.  The network was launched 

in April 2004, with a budget for 5 years.  The EC contribution to the network is 

€6million and a further €3million from network partners and external funding.  From 

2009 the network will be funded independently by the EC. 

The requirement for monitoring CO2 is to verify its effectiveness as a greenhouse gas 

mitigation technique, to be able to address local health and safety issues and local 

environmental impacts post closure.  CO2GeoNet would like to be a key forum to 

develop guidelines on how a CO2 storage site should be monitored.  The guidelines 

would be based on knowledge from the different monitoring techniques and sites. 
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CO2GeoNet identified three themes for monitoring research: 

•  Monitoring migration through caprocks and the overburden. 

•  Monitoring the potential impacts of near-surface leaks on both marine and 

terrestrial ecosystems. 

•  The use of industrial, experimental and natural sites as test facilities for developing 

monitoring technologies. 

 

The key developments of CO2GeoNet will be the development of European test 

facilities, monitoring guidelines and best practise. There should also be improved 

understanding of gas migration processes in the overburden, methods to assess the 

potential impacts of a CO2 leak on ecosystems and improved seismic modelling 

capabilities. 

Several Joint Research Activity (JRA) plans within CO2GeoNet include monitoring.  The 

JRA’s are listed in Table 1. 

 

JRA 
Joint research activities  

(Months 13-30) 

JRAP-2 Creation of a conceptual model of gas migration in a leaking CO2 analogue 

JRAP-3 Development of advanced seismic modelling capabilities 

JRAP-4 Ecosystem responses to CO2 leakage - model approach 

JRAP-5 
Geochemical monitoring for onshore gas releases at the surface (Builds on 

Nascent and Weyburn soil gas work) 

JRAP-8 Monitoring of submarine CO2 fluxes and ecological impact 

JRAP-10 Testing remote sensing monitoring technologies for potential CO2 leaks 

JRAP-12 Application of Tracers for Monitoring CO2 Storage 

Table 1: CO2GeoNet JRA’s 
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In summary, CO2GeoNet hopes to bring together researchers and institutes from 

across Europe, to develop and test new monitoring techniques and the long-term aim 

of developing test facilities.  The test facilities will be at all scales from laboratory 

work to field scale, at both industrial and natural sites, under controlled and 

understood conditions. 

 

6.3 Integrated multi-component surface and borehole seismic surveys for 

monitoring CO2 storage – University of Calgary and University of Alberta 

Time lapse seismic surveys are now being used at a number of sites to monitor CO2 

storage in geological formations.  In order to properly map the movement of the CO2 

plume in the injection reservoir and to track possible leakage paths, three-dimensional 

(3D) seismic surveys are required.  However, 3D surveys with close line spacing and 

small shot and receiver intervals are expensive, and surface seismic data may have 

insufficient bandwidth to adequately resolve thin (<20m) zones.  At the Penn West 

CO2 injection site in Alberta, Canada, an innovative seismic monitoring strategy has 

been implemented involving a sparse, multi-component surface seismic program 

integrated with active and passive monitoring using geophones permanently 

cemented into an observation well.  The surface seismic program provides 3D 

subsurface coverage of the pilot site while data from the down hole geophones 

provide high-resolution images around the observation well.  For monitoring surveys, 

the only costs will be for the surface seismic programme since the geophones in the 

observation well can be recorded simultaneously with the surface shots.  The Penn 

West baseline survey was completed in March 2005 and the first monitor survey is 

scheduled for early 2006.  

The Pembina oil field is the largest onshore oil field in North America.  The Penn West 

project involves five production wells and two new injection wells.  The injection wells 

are to 1620m depth and inject 70t/day CO2.  Access to the site is an issue because of 

surface vegetation cover.  The project is designing a monitoring programme but with 

a blank cheque book.  It is hoped that the project will be able to bring all disciplines 

together. 

The project concluded that measuring fluid substitution or pressure change can be 

achieved by 2D, 2.5D and low effort 3D surveys which are cheaper in the long run 

than high effort 3D.  The key in surveying should be to look for differences and not be 

tied down trying to find absolutes.  The project will be looking at multicomponent 
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surface seismic which make use of one shot to record two types of waves (both S and 

P waves).  It will also make use of the observation well.  The capital cost of an 

observation well is up front but once created it can be used to provide ‘free’ timelapse 

vertical seismic profiling (VSP’s), enables passive monitoring, an opportunity for 

sampling for leakage and to make in-situ PT measurements.  

 

6.4 PTRC’s Monitoring Experience from the Weyburn CO2 Monitoring and 

Storage Project – Petroleum Technology Research Centre (PTRC) 

Phase I of the Petroleum Technology Research Centre’s IEA GHG Weyburn CO2 

Monitoring and Storage Project was recognised internationally for research excellence 

in CCS.  The initial phase wrapped up in early 2005 and has provided the world with 

the innovative technologies needed for successful CO2 storage in depleted oil and gas 

reservoirs.  Since the meeting in Santa Cruz in 2004, the PTRC intensified its focus on 

monitoring and verification of CO2 storage.  In effect, the PTRC was able to compile 

the only complete data set in the world from which risk assessment tools can be 

adequately tested and differences determined.  Last year, all datasets for the 

Weyburn project are being consolidated on a grid computing system combining with 

the best reservoir simulation software available.  Whether it’s over a year or 5000 

years, the PTRC is working on developing new methods that can be used to predict 

and track leakages.  Now, as the IEA GHG Weyburn CO2 Monitoring and Storage 

Project continues into its Final Phase, PTRC is the only core group with access to the 

complete Weyburn CO2 storage data set.  It hopes to evaluate the risk, and provide 

scientifically tested advice to all storage stakeholders.  In addition, the PTRC has 

made great strides in creating a global data base incorporating the Weyburn data set 

with all CO2 projects around the world.  In less than a year, the PTRC also laid the 

foundation to begin other world leading CO2 storage projects, including storing CO2 in 

saline aquifers.  Once again, heavy emphasis has been put on the monitoring and 

verification aspects of each project.   

The IEA GHG Weyburn CO2 Monitoring and Storage Project (Phase 1) involved four 

years of monitoring and 5000 tons of CO2 per day injected, 5 million tons of CO2 has 

already been injected.  CO2 is found in produced oil but it is compressed and re-

injected.  Table 2 lists the CO2 stored and the increase in oil production as a result of 

this Phase 1 IEA GHG Weyburn CO2 Monitoring and Storage Project. 
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CO2 reduction Oil increase 

5000 tons/day of CO2 stored in ground Additional 13,000 bbl/day 

More than 5 million tons already injected Project’s oil production potential 

(130 million additional barrels) 

Project’s storage potential 

(30 million tons of CO2) 

 

Table 2: Results of the Weyburn CO2 Monitoring Storage Project (Phase 1) 

 

Monitoring techniques used during the Weyburn CO2 Monitoring Project (Phase 1) are 

listed in Table 3. 

Monitoring Techniques utilised at Weyburn 

4D, 3C surface seismic Geochemical sampling analysis 

4D, 9C surface seismic Tracer injection monitoring 

3D, 3C vertical seismic profile (VSP) Conventional production data analysis 

Cross-well seismic Passive seismic 

Table 3:  Monitoring Techniques used during the Weyburn Project . 

 

Phase II of the Weyburn CO2 Monitoring and Storage Project has 6 themes: 

Theme 1 – Geological Integrity (Site Selection) 

Theme 2 – Well Bore Injection & Integrity 

Theme 3 – Storage Monitoring Methods 

Theme 4 – Risk Assessment, Storage and Trapping Mechanisms, Remediation 

Measures, Environment, Health and Safety 

Theme 5 – CO2 Storage Performance Optimization 

Theme 6 – Data Management/Grid Computing for Worldwide Information Sharing 

The themes aim to build on the experience and success of Phase I. 
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6.5 Tracer, shallow aquifer, direct CO2 flux studies at the Frio brine 

sequestration site, Texas – National Energy Technology Laboratory (NETL) - 

U.S. Department of Energy (DOE) 

These are the results from surface and near surface monitoring for CO2 leakage at the 

FRIO deep saline aquifer storage site, 50 miles east of Houston Texas.  Monitoring 

included direct surface CO2 flux, perfluorocarbon tracers (PFTs) added to the CO2 and 

monitored in soil-gas, and monitoring for changes in shallow water aquifer chemistry 

characteristic of  CO2 infusion.   

Direct CO2 flux was monitored at the surface and in soil-gas where the 13C/12C ratio 

was used to distinguish biological from injected CO2.  Three PFTs were added, one at a 

time, as 12 and 6 hour slugs during CO2 injection in the first two weeks in October 

2004. The soil-gas monitoring matrix included 22 locations for both direct CO2 and 

tracer monitoring, and an additional 18 locations for tracer monitoring.  An 

atmospheric monitoring array was in place at 10 of the soil-gas monitoring locations.  

The soil-gas monitoring matrix included monitors adjacent to all known wells in the 

area, and monitors at two fault zones located about a half mile from the injection well, 

and identified during the geophysical survey.  CO2 can act as a carrier gas bringing 

Radon to the surface which can be easily detected due to alpha decay; therefore 

radon can act as an “indicator” of CO2 movement to the surface. 

Six sets of continuously exposed sorbent packets, called CATS, were sequentially 

exposed to soil-gas over one year (Oct. 2004 to Oct. 2005).  Each CAT set exposed 

also included active atmospheric samplings and 3 minimum exposure blanks.  The 

monitoring matrix was based upon completion of a geophysical survey of the area.  

This included potential surface faults, adjacent active and inactive wells and other 

surface features.  Two soil-gas depth profiling arrays were placed immediately off the 

injection well pad, and sampled for PFTs in soil-gas at 0.4 meter intervals to a depth 

of 2m. Three 100 foot deep, shallow aquifer monitoring water wells were constructed 

immediately off the injection well pad that accessed two shallow aquifer systems.   

Following the start of injection, water wells were sampled for water and headspace-

gas about once every other month.  On-site water analyses included alkalinity, pH, 

and conductivity.  Samples were then sent to the National Energy Technology 

Laboratory (NETL) in Pittsburgh for analysis of anions and metals, and for gas analysis.  

This information was used to evaluate aquifer chemistry changes characteristic of CO2 

infusion. 
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Conclusions from the tracer, shallow aquifer and direct CO2 flux studies at the Frio 

Project were: 

1. The location of tracers found in soil-gas remained relatively constant between CAT 

sets, and between tracers. 

2. The overall total concentrations of tracers in soil-gas declined after November 2004. 

3. The calculated partial pressures of CO2 in water well samples were also highest 

immediately after CO2 injection. 

4. No evidence of CO2 flux was observed with direct surface monitoring.  Isotopic 

ratios were characteristic of biogenic and atmospheric sources.  The post-injection 

survey was conducted in February when soil-gas tracers and well water CO2 were low. 

 

6.6 Introduction to the Technical Tour to Ciampino and the Phlagrean Field - 

INGV 

The final presentation of the day was an introduction to the Technical Tour.  A partial 

transcript from the presentation is available in Appendix 4.   
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7. Conclusions of the Network Meeting 

The meeting posed a series of questions to consider which were: 

•  Where to monitor? 

•  What to measure? 

•  When to measure? 

•  What does it mean? Can the results be explained? 

It was accepted that the meeting had not fully resolved all these points however it 

had taken a big first stride in attempting to answer these questions.  It is recognised 

by the CCS community that there is a need to demonstrate that it is quite possible to 

tell where the CO2 injected into the ground has gone and how long it will stay there.  

This is a simple need but there is not necessarily a simple answer for it.  The aim of 

the network is to continue to make progress towards resolving these questions and to 

help ultimately that there is no leakage from CO2 injection projects.  A result that will 

ensure that there are no HSE or verification issues that need to be resolved. 

 

On the issue of carbon credits, those that offer the carbon credits may devalue them 

to account for a certain amount of leakage i.e. 10% leakage expected.  This value is 

currently unknown. 

The other aspect of carbon credits is that the process of CO2 capture and storage has 

more than one component; there is a chain of responsibility which begins at the point 

of capture and involves transportation and finally storage.  It is quite possible that the 

company producing and capturing the CO2 is not the same company who will inject 

and store the CO2.  Therefore, will the company providing the CO2 for storage be 

guaranteed to receive a set amount of credits and at the point of exchange and 

becomes no longer responsible for the long term storage of CO2?    What is the 

responsibility of the storage company to ensure that CO2 remains underground?  
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Appendix 2 Introduction Presentation from Hosts 

 

Introduction by INGV  

INGV presented on a new ECBM project which will operate in the Sulcis area in SW 

Sardinia, Italy. 

To be viable the CO2 needs to be injected into a coal seam that will not be mined in 

the future.  There should also be sufficient permeability, a maximum depth of 2km 

and a local source of CO2.  INGV have identified one large source of CO2 from an 

existing plant which will deliver around 1 million tonnes for the next 3 years.  There is 

also a new power plant which will begin operating in 2006.  Finally, there are other 

small plants and industry sources. 

There are no regulations in Italy regarding ECBM.  All available rules are for CH4 and 

natural gas.   From the available list of rules, INGV identified all those that could be 

viewed as relevant.  They also took into account the laws regarding the 

environmental impacts of well drilling in this area which is a local focus because of 

tourism. 

The preliminary conclusion on CBM-ECBM in the Sulcis coal Province is that ECBM 

exploitation is relatively encouraging. 

The project is in the very early stages and the first injection is not expected before 

2012-2015.  1.5million tonnes per year will be the maximum amount for injection. 

 

Introduction by Uníversità di Roma “La Sapienza” (URS) 

The presentation reviewed the shallow soil gas and gas flux monitoring of the 

Weyburn CO2 EOR injection site undertaken by INGV, URS, BGS and BRGM.  The first 

two years of the study were funded by the European Commission and the third year 

by PTRC and UK DTI. 

As part of the project three types of monitoring were undertaken: 

•  Soil Gas (URS and BGS) 

•  Gas Flux (INGV) 

•  Radon Monitoring (BRGM) 
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The objectives of the monitoring project were to gather baseline and monitoring data, 

to define the possible sources of the CO2 identified and to delineate the possible flow 

pathways. 

The monitoring of the soil gas was undertaken several times during the lifetime of the 

project and the plot of the statistical distribution for all four years showed a decrease 

in the percentage of the CO2 observed.  The decrease was linked to cooler, dryer 

conditions, indicating that the CO2 had a shallow biological origin. 

The CO2 flux anomalies showed a similar distribution to the soil gas anomalies.  As 

had been seen with the soil gas results, the CO2 flux values showed a significant 

decrease with the season.  Similarly this indicated that the CO2 had a shallow 

biological origin. 

The flux measurements of other gases taken during the project confirmed the results 

of the CO2 measurements.  Radon and CH4 showed a relatively constant distribution.  

If radon were transported by deep CO2 then the amount of radon would be expected 

to decrease along with CO2.  Ethylene was also measured and decreases like CO2 also 

implying a biological origin.  Isotopic analysis also indicated biological origin as the 

values were in the range of local organic matter. 

The measurements were taken using a grid system devised for unbiased sampling.  

However, the project also made specific measurements, taken from the location of 

abandoned wells, river lineaments and collapse structures (identified as possible 

vertical pathways at this location).  These measurements showed CO2 concentrations 

in the same range as the measurements taken within the grid system showing no 

evidence of CO2 migrating along these possible vertical pathways. 
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Appendix 4 Introduction to the Technical Tour to Ciampino and the 

Phlagrean Field. 

The Technical Tour on day 3 was a visit to Ciampino and the Phlagrean Field. The field 

trip was organised by INGV in collaboration with University "La Sapienza of Rome" 

(who provided the information about the Ciampino site and accompanied INGV in the 

explanation of the sites). 

The two municipalities of Ciampino and Marino are located inside the Alban Hills 

quiescent volcanic structure, 20 Km SE from Rome (Fornaseri et al., 1963). 

Throughout the volcano as a whole, the Ciampino-Marino sector is particularly 

affected by a steady-state diffuse natural gases exhalation as well as by historically 

remembered episodes of strong differential degassing, often in occasion of seismic 

events. 

Natural gas emissions represent extremely attractive surrogates for the study of CO2 

effects both on the environment and human life. Three Italian case histories 

demonstrate the possible co-existence of CO2 natural emissions and people since 

roman time.  

The Solfatara crater (Phlegraean fields caldera, Southern Italy) is an ancient roman 

spa.  The Solfatara volcano, is located in the central part of Campi Flegrei caldera 

(Naples, southern Italy), and is characterized by intense and diffusive fumarolic and 

hydrothermal activity confirming that magmatic system is still active.   There has 

been a detailed survey of 32 soil gas samples and 40 flux measurements and a large 

scale survey of 85 radon and thoron soil gas samples.  During 1982-84 the earth's 

surface rose by a total of 1.80 metres. This phenomenon is called bradyseism related 

to the elastic response of the shallow crust to increasing pressure within a shallow 

magma chamber.  The evidence of this was seen at the second site visit to the 

“Macellum” (Temple of Serapide, I century a.c.) where the temple which had been 

semi-submerged is now dry and above sea level. 

The work that has been completed in this area includes, soil gas surveys, groundwater 

surveys.  Results from soil gas samples analysed both in the field and in the 

laboratory are in agreement with gas flux results. Local trends are very similar, 

although soil-gas concentrations show a more diffusive distribution, as it was 

reasonable to suppose.  Gas flux distribution highlighted a clear correspondence 

between gaseous emanation and local tectonics, in particular, radon and carbon 

dioxide have a dominant flux in a NE-SW direction and, in a lesser extent, in a E-W 
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and a NW-SE directions.   These directions are in agreement with regional extensional 

tectonic and with transverse structures considered as transfer faults along which the 

main regional volcanoes are located. 
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