
 

 

 CSIRO EARTH SCIENCE AND RESOURCE ENGINEERING 

 

Basin Resource Management 

and Carbon Storage – Part II 
Towards a workflow for the assessment of potential resource 

impacts for CO2 geosequestration projects 

ANLEC R&D Project 3-0515-0057 

CSIRO Report No. EP1210162 

 

K. Michael, S. Varma, E. Bekele, B. Ciftci, J. Hodgkinson, L. Langhi, B. Harris, C. Trefry, K. Wouters 

 

November 2013 

 

  

  



 

 

 

Copyright and disclaimer 

© 2013 CSIRO To the extent permitted by law, all rights are reserved and no part of this publication 

covered by copyright may be reproduced or copied in any form or by any means except with the written 

permission of CSIRO. 

Important disclaimer 

CSIRO advises that the information contained in this publication comprises general statements based on 

scientific research. The reader is advised and needs to be aware that such information may be incomplete 
or unable to be used in any specific situation. No reliance or actions must therefore be made on that 

information without seeking prior expert professional, scientific and technical advice. To the extent 

permitted by law, CSIRO (including its employees and consultants) excludes all liability to any person for 

any consequences, including but not limited to all losses, damages, costs, expenses and any other 

compensation, arising directly or indirectly from using this publication (in part or in whole) and any 

information or material contained in it. 

 

 

 

 

 

K. Michael: Project lead 

S. Varma:  Project lead, Hydrogeology 

E. Bekele: Hydrogeology 

B. Ciftci: Petroleum Geology 

J. Hodgkinson: Coal Geology 

L. Langhi: Structural Geology 

B. Harris: Geothermal Energy 

C. Trefry & K. Wouters: Databases & GIS 

 

 



 

Basin Resource Management and Carbon Storage – Part II| 3  

 

 

Acknowledgments 

The authors wish to acknowledge the financial assistance provided through Australian National 

Low Emissions Coal Research and Development (ANLEC R&D). ANLEC R&D is supported by the 

Australian Coal Association Low Emissions Technology Limited and the Australian Government 

through the Clean Energy Initiative. The authors are also grateful to the Western Australian 

Department of Mines and Petroleum for the funding support received for this project. 

 
 

 
 

 

 



 

4 | Basin Resource Management and Carbon Storage – Part II 

 

 

 

Contents 

Acknowledgments .............................................................................................................................................. 3 

Contents ............................................................................................................................................................. 4 

Figures  ............................................................................................................................................................... 6 

Tables  ............................................................................................................................................................... 8 

1 Introduction 9 

1.1 Report structure and objectives ........................................................................................................... 9 

2 Potential impacts of CO2 geological storage 12 

2.1 Area of impact due to CO2 injection ................................................................................................... 12 

2.2 CO2 trapping mechanisms ................................................................................................................... 13 

2.3 Geochemical and geomechanical impacts of CO2 injection ................................................................ 14 

2.4 Modelling the area of impact around a CO2 storage site .................................................................... 16 

2.4.1 Analytical models ...................................................................................................................... 16 

2.4.2 Numerical models ..................................................................................................................... 19 

2.5 Baseline monitoring ............................................................................................................................ 22 

2.6 Uncertainty and sensitivity analysis .................................................................................................... 24 

2.7 Qualitative risk assessment ................................................................................................................. 26 

3 Potential interactions between CO2 injection and groundwater resources 30 

3.1 Identifying the potential for impacts on groundwater resources ...................................................... 30 

3.2 Assessment of impact risks and likelihood ......................................................................................... 33 

3.2.1 Experimental studies ................................................................................................................ 36 

3.2.2 Numerical experiments to determine water chemistry impacts .............................................. 36 

3.2.3 Numerical experiments to determine fluid flow and pressure impacts ................................... 38 

3.2.4 Statistical analyses to assess impact risk .................................................................................. 38 

3.2.5 Qualitative matrix approach to assess risk ............................................................................... 38 

3.3 Options in monitoring for impacts or early indicators of impact risk ................................................. 40 

3.3.1 Operational monitoring ............................................................................................................ 40 

3.3.2 Selecting the parameters for monitoring ................................................................................. 42 

3.3.3 Monitoring techniques ............................................................................................................. 42 

3.4 Management options .......................................................................................................................... 45 

3.4.1 Management of CO2 leaks ........................................................................................................ 45 

3.4.2 Management of potential impacts to groundwater ................................................................. 46 

4 Potential interactions between CO2 injection and hydrocarbon resources 49 

4.1 Identifying the potential for impacts on hydrocarbon resources ....................................................... 49 



 

Basin Resource Management and Carbon Storage – Part II| 5  

 

4.1.1 Migration of CO2 into petroleum reservoirs ............................................................................. 50 

4.1.2 Pressure change effects related to CO2 injetion ....................................................................... 53 

4.1.3 Stress and strain change ........................................................................................................... 54 

4.1.4 Subsurface operations and data acquisition ............................................................................ 54 

4.2 Assessment of impact risks and likelihood ......................................................................................... 55 

4.3 Options in monitoring for impacts or early indicators of impact risk ................................................. 55 

4.4 Management options .......................................................................................................................... 57 

5 Potential interactions between CO2 injection and coal and coal seam gas resources 61 

5.1 Identifying the potential for impacts .................................................................................................. 61 

5.1.1 Migration of CO2 or methane into mines ................................................................................. 62 

5.1.2 Stress and strain changes in coal seams or mines .................................................................... 62 

5.1.3 Enhanced coal seam gas production ........................................................................................ 63 

5.2 Assessment of impact risks and likelihood ......................................................................................... 64 

5.3 Options in monitoring for impacts or early indicators of impact risk ................................................. 64 

5.4 Management options .......................................................................................................................... 64 

6 Potential interactions between CO2 and geothermal resources 67 

6.1 Identifying the potential for impacts .................................................................................................. 67 

6.1.1 Possible negative impacts ......................................................................................................... 69 

6.1.2 Potential positive impacts ......................................................................................................... 70 

6.2 Assessment of impact risks and likelihood ......................................................................................... 71 

6.2.1 Simple example of project uncertainty related to temperature and permeability .................. 71 

6.2.2 Expected Temperature vs Pressure distribution changes ........................................................ 72 

6.2.3 Example of preliminary Geothermal resource conflict analysis for the South West Hub CCS 

hub. 72 

6.2.4 Impacts of Technology advancement for Geothermal ............................................................. 76 

6.3 Options in monitoring for impacts or early indicators of impact risk ................................................. 76 

6.4 Management options .......................................................................................................................... 77 

7 Management options for avoiding negative impacts of CO2 injection on other resources 79 

7.1 Optimised injection design – maximising trapping efficiency ............................................................ 79 

7.2 Pressure management by brine production ....................................................................................... 80 

7.3 Leakage quantification ........................................................................................................................ 81 

8 Summary & Conclusions 89 

8.1 Groundwater Resources ..................................................................................................................... 90 

8.2 Petroleum Resources .......................................................................................................................... 91 

8.3 Coal and Coal Seam Gas Resources..................................................................................................... 91 

8.4 Geothermal Resources ........................................................................................................................ 91 

8.5 Containment Risks ............................................................................................................................... 92 



 

6 | Basin Resource Management and Carbon Storage – Part II 

 

 

 

8.6 Assessment and management of potential interactions between CO2 geological storage and 

other resources ................................................................................................................................................ 93 

9 References 94 

Figures 

Figure 1. High-level workflow for the assessment of potential interaction of CO2 geological storage with 

other basin resources, depicting how the different Parts and Sections (Sec.) of the report address 

specific aspects of the workflow. ....................................................................................................................... 9 

Figure 2. Flowchart for identifying monitoring and mitigation strategies for the CO2 area of influence. 

CO2-concentrating physical features could be topographic lows or ocean current patterns. Geologic 

attribute vulnerabilities refer to characteristics that influence the potential for migration, leakage, or 

pressure changes, such as the physical capacity of the injection zone, its injectivity, and geomechanical 
and geochemical processes (USEPA, 2008). ..................................................................................................... 11 

Figure 3. Different areas of influence related to CO2 injection (Birkholzer et al., 2009). ................................ 12 

Figure 4. Schematic representation of the change of trapping mechanisms, dominant processes and 

increasing CO2 storage security with time (Class et al., 2009; modified from IPCC, 2005). ............................. 13 

Figure 5. Schematic representation of three fluid regions (dry CO2, two-phase CO2 and brine, brine only) 

around a CO2 injection well. ............................................................................................................................. 17 

Figure 6. Schematic profile of a CO2 plume (sharp interface, two fluid regions) denoted by b(r,t) 

(Nordbotten et al., 2005). ................................................................................................................................. 18 

Figure 7. Monitoring tools that could be used on commercial-scale CO2 storage sites (Stalker et al., 

2011). ................................................................................................................................................................ 22 

Figure 8. Risk profile for CO2 storage (modified after Benson 2007 in USEPA, 2008). ..................................... 29 

Figure 9. Flowchart of potential pathways and effects for either terrestrial or marine injection of CO2 

(modified after OSPAR, 2007). ......................................................................................................................... 31 

Figure 10. Potential impacts on groundwater in response to CO2 leakage (Apps et al., 2010). ...................... 32 

Figure 11. Example of a conceptual model depicting (a) a geological aquifer-aquitard succession, (b) with 

the resident brine before the geosequestration project, and (c) with a geosequestration in operation 

including groundwater/river pumping for cooling, CO2 injection into deep saline formations, and CO2 and 

brine leakage via faults and wells (Court, 2011). ............................................................................................. 33 

Figure 12. Groundwater and surface water evaluation (USEPA, 2008). .......................................................... 40 

Figure 13. Possible arrangement of tools for monitoring and verification at a geosequestration site; ISE = 
ion selective electrodes (Stalker et al., 2011). ................................................................................................. 41 

Figure 14. Potential leakage routes and remediation techniques for CO2 injection into saline formations. 

(from IPCC 2005; Courtesy CO2CRC). ............................................................................................................... 45 

Figure 15. CO2 injected into the subsurface will form a plume which affect pressure, stress and strain far 

beyond its boundaries. ..................................................................................................................................... 50 

Figure 16. A schematic diagram illustrating potential impacts of CO2 storage on hydrocarbon reservoirs 

and production. The impacts (a) to (l) are the result of interaction of reservoirs with the domains of CO2 

injection induced plume, pore pressure change (∆P) and stress and strain changes (∆σ-∆Σ). See the text 

below for the description of the individual impacts. ....................................................................................... 51 



 

Basin Resource Management and Carbon Storage – Part II| 7  

 

Figure 17. Schematic views of the impacts of seismicity induced by a) quarry and deep mining and b) 

liquid injection at depth (from McGarr et al., 2002). τ = shear stress, p = pressure, σv = vertical stress, σh 

= horizontal stress. ........................................................................................................................................... 63 

Figure 18. Coal mine methane (CMM) and ventilation air methane (VAM) production, end-use and 

destruction options for underground coal mines (Karacan et al., 2011). ........................................................ 65 

Figure 19. Schematic of a possible multi-aquifer heat exchange / power generation precinct. This four 

aquifer scenario has parallels with the arrangement of aquifers for many locations in the Perth Basin in 

Western Australia.  While the above image shows one or two wells at each location a realistic scenario 

could consist of networks of tens or hundreds of well feeding heat exchange or power generating 
facilities. This is a hypothetical scenario. ......................................................................................................... 68 

Figure 20. Schematic representation of expected risk profile for temperatures and hydraulic conductivity 

with depth in the Perth Basin. The vertical axis is depth. The high uncertainties in the material properties 

of Lesueur formation combined with high cost of exploratory drilling make characterization of 

geothermal resources difficult and the risk associated with a large development in this aquifer very high. . 71 

Figure 21. Three-dimensional image of distribution of deep wells and new 2D seismic reflection lines 

proximal to the proposed South West Hub site. The HL bores are from the Harvey water monitoring 

bore line. The BPL bores are from the Binningup water monitoring bore line. The GSWA Lesueur -1 bore 

is an approximate position for the first data well. The actual data well GSWA Harvey 1 was drilled in 

March 2012. Lake Preston 1 and Preston 1 are the closest deep wells to the South West Hub CCS Harvey 
Ridge focus area. The blue lines are the lines for a recently completed seismic reflection survey. ................ 73 

Figure 22. Lake Preston 1 – modelled temperatures with depth. The figure is from Hot Dry Rocks 2008 - 

Appendix 2. ....................................................................................................................................................... 73 

Figure 23. Modelled temperature with depth at the Lake Preston well (i.e. marked in red) overlain on 

temperatures for more than 200 wells in the Perth Basin (small back dots). The end of hole temperature 

image is adapted from Ghori, 2008. Modelled temperatures are adapted from Appendix 2, Page 94 , Hot 

Dry Rocks 2008. The two yellow lines represent a conservative range of possible temperatures with 

depth. The horizontal green bars are an attempt to represent uncertainty within the modelling as 

explained in Hot Dry Rocks 2008 ...................................................................................................................... 74 

Figure 24. Workflow for evaluating well leakage risks (USEPA, 2008). ............................................................ 84 

Figure 25. Workflow for evaluating fault leakage risks (USEPA, 2008). ........................................................... 85 

Figure 26. Potential impacts of CO2 geological storage on other basin resources. ......................................... 89 

Figure 27. Proposed process for evaluating the suitability of a CO2 storage site with respect to potential 

resource interactions within its Area of Influence (AOI) (from Michael et al., 2012). ..................................... 93 

 

 

  



 

8 | Basin Resource Management and Carbon Storage – Part II 

 

 

 

Tables 

Table 1. Examples of analytical solutions for calculating bottom hole pressures due to CO2 injection. For 

more details and the discussion of additional equations please refer to Azizi and Cinar (2011) and 

references therein. ........................................................................................................................................... 17 

Table 2. Examples of existing numerical codes that have been used for the simulation of CO2 injection 

(from IEAGHG, 2010). ....................................................................................................................................... 19 

Table 3. Physico-chemical properties of monitoring interest (from Stalker et al., 2011 and based on Ross 

et al., 2007). ...................................................................................................................................................... 23 

Table 4. Qualitative risk matrix example from the water recycling guidelines (NRMMC–EPHC–AHMC, 

2006). ................................................................................................................................................................ 27 

Table 5. Definitions of likelihood and consequence from the water recycling guidelines (NRMMC–EPHC–
AHMC, 2006). ................................................................................................................................................... 27 

Table 6. Definitions of likelihood and consequence for petroleum. ................................................................ 28 

Table 7. Summary of groundwater characteristics and critical features that could be potentially impacted 

by the geosequestration of CO2. ...................................................................................................................... 30 

Table 8. Summary of experimental studies relevant to assessing the potential impacts on water quality 

in response to CO2 leakage from deep geological storage (modified after Lemieux, 2011). ........................... 34 

Table 9. Summary of numerical studies relevant to assessing the potential impacts on water quality in 

response to CO2 leakage from deep geological storage (modified after Lemieux, 2011)................................ 35 

Table 10. Potential monitoring tools for subsurface flow regimes. DTS = distributed temperature 

sensors; RST = reservoir saturation tool; DSI = dipole sonic imager; SP = self potential; ERT = electrical 
resistivity tomography (Stalker et al., 2011). ................................................................................................... 43 

Table 11. Potential monitoring tools for hydrocarbons (Stalker et al., 2011). ................................................. 44 

Table 12. Key impacts to groundwater resources, monitoring technology and remediation options 

related to the storage of CO2 in geological formations. ................................................................................... 48 

Table 13. Summary of some of the monitoring approaches that can be adopted to tract the impact of 

CO2 storage on hydrocarbon resources. Details of these methods are discussed in Arts et al., 2004, 

Hirsche et al., 2004, IEA, 2007 and Stalker et al., 2011 in detail. ..................................................................... 56 

Table 14. Summary of the potential impacts of CO2 storage on hydrocarbon resources, detection 

methods and remediation options. .................................................................................................................. 60 

Table 15. Key impacts to coal resources related to the storage of CO2 in geological formations. .................. 66 

Table 16. Key adverse impacts to geothermal resources related to the storage of CO2 in geological 

formations. ....................................................................................................................................................... 78 

Table 17. Examples of calculated leakage rates from natural and industrial CO2 accumulations (IEAGHG, 

2011). ................................................................................................................................................................ 82 

Table 18. Suitability of available monitoring methods for quantification of CO2 leakage (IEAGHG, 2012). .... 83 

Table 19. Monitoring and management of performance and containment issues (Cooper et al., 2009). ...... 87 



 

Basin Resource Management and Carbon Storage – Part II| 9  

 

1 Introduction 

1.1 Report structure and objectives 

 

Part II of the Basin Resource Management and Carbon Storage report (Figure 1) sets forth a process to 

qualitatively determine the potential impacts of site-scale CO2 geological storage on other basin resources 

(e.g. groundwater, hydrocarbon production, coal and coal seam gas developments, and geothermal). It 

follows the US Energy Protection Agency’s framework for the Vulnerability Evaluation Framework (VEF) for 

Geological Sequestration (USEPA, 2008). Whilst the USEPA considers several impact categories (human 

health/welfare, atmosphere, ecosystems, groundwater and surface water, and geosphere), this report 

focuses on economic resources including groundwater. The objective is to provide a description of available 
methodologies to assess the full range of possible interactions and interferences that may either 

compromise resources from an economic or operational viability perspective (e.g. reduced storage 

volumes, security) or lead to improved resource development. Depending on the particular geological 

circumstances of a carbon storage project the relevant parts of the full range can be selected and applied.  

 

 

Figure 1. High-level workflow for the assessment of potential interaction of CO2 geological storage with other basin 

resources, depicting how the different Parts and Sections (Sec.) of the report address specific aspects of the 

workflow. 
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In the case of groundwater and coal, the risk assessment process is focused primarily on the identification 

of hazards to the environment that may impinge on human health and groundwater-dependent 

ecosystems. In the case of petroleum and coal seam gas resources, the focus is mainly on how a CO2 

storage project could impact the costs of petroleum production and development and/or compromise the 

resource value in terms of lost volumes or degraded quality. With regard to geothermal resources, CO2 

injection may perturb subsurface temperatures and pressures, which may lead to negative impacts (e.g. 

cooler temperatures and reduced operating efficiency). Not all impacts are need to be negative, and there 

are potential benefits of co-locating CO2 storage projects with petroleum, coal seam gas and geothermal 

operations. 

The VEF evaluates the impacts of CO2 storage on receptors by considering the CO2 spatial area of evaluation 
(SAE) and the pressure SAE (USEPA, 2008). The CO2 SAE is delineated based on potential adverse impacts 

resulting from unanticipated migration or leakage and is typically larger than the CO2 plume. The pressure 

SAE is related to adverse impacts on overlying receptors due to pressure changes (e.g. fluid displacement 

into an overlying aquifer). The VEF begins with delineating the lateral extent of the CO2 SAE and then 

considers the location of receptors relative to the locations of geological attributes and physical features 

that may enhance vulnerabilities. The four scenarios depicted in the flowchart (Figure 2) lead to different 

levels of monitoring for the CO2 SAE that might be implemented. For the pressure SAE, the location of 

susceptible receptors is considered in evaluating the level of vulnerability associated with pressure changes 

and whether monitoring and mitigation strategies for receptors is required (USEPA, 2008).  

The main part of this report is divided into eight sections. Following the Introduction, Section 2 describes 
CO2 trapping mechanisms, the geochemical and geomechanical impacts of CO2 injection, modelling 

approaches used to assess the area of impact around a CO2 storage site, baseline monitoring, uncertainty 

analysis and steps involved in conducting qualitative risk assessments. Sections 3 to 6 follow the VEF work 

flow and discuss the interactions between CO2 storage and each basin resource according to: 

• Potential impacts of CO2 injection on the resource 

• Assessment of impact risks and likelihood 

• Options for monitoring the impacts 

• Mitigation or management options for potential impacts. 

Section 7 covers management options and possible optimisation of injection designs. Section 8 is a 

summary of the resource characterisations and impact assessments for each resource, concluding with the 

VFE workflow applied to the specific case of potential resource interactions. 
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Figure 2. Flowchart for identifying monitoring and mitigation strategies for the CO2 area of influence. CO2-

concentrating physical features could be topographic lows or ocean current patterns. Geologic attribute 

vulnerabilities refer to characteristics that influence the potential for migration, leakage, or pressure changes, such 

as the physical capacity of the injection zone, its injectivity, and geomechanical and geochemical processes (USEPA, 

2008). 
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2 Potential impacts of CO2 geological storage 

This section provides a background of processes and methodologies associated with CO2 geological storage 

that are important for understanding any impacts of CO2 injection on other subsurface resources and vice 

versa.  

2.1 Area of impact due to CO2 injection 

For the regulation of CO2 geological storage operations, it is necessary to define a geographical area that 

should be monitored for impacts of CO2 injection. Both the projected extent of the CO2 plume and the area 

of pressure increase need to be taken into account when defining such an area. These can be referred to as 

Spatial Area of Evaluation (SAE) (USEPA, 2008), Area of Potential Impact (AoPI) (Bandilla et al., 2012), Area 

of Review (AoR) or Area of Influence (AOI) (Figure 3). For consistency with common nomenclature, this 
report uses the acronym AOI. 

 

Figure 3. Different areas of influence related to CO2 injection (Birkholzer et al., 2009). 

 

For defining the AOI, numerical or analytical models are needed that predict the radius of plume migration 

and pressure increase around a CO2 injection site. Within the AOI, baseline chemical and physical 

conditions need to be established, against which the potential impact of injection operations can be 

compared and monitored. Depending on the distance to other resources (particularly to groundwater 

resources) faults and other features that may be impacted by the injection process may require different 

degrees of monitoring within the AOI.  
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2.2 CO2 trapping mechanisms 

The trapping mechanisms for CO2 in the subsurface are discussed briefly because they influence the areal 

extent of the CO2 plume, the physical state of the CO2, and the CO2 mobility. In increasing order of relative 

effectiveness with time, injected CO2 can be trapped in the subsurface a) structurally and stratigraphically, 

b) residually, c) through dissolution in formation water, and d) by mineral precipitation. Therefore, the 

amount of free-phase CO2 available to migrate under buoyancy decreases with time, thereby increasing 

storage security (Figure 4). The most critical time for monitoring is during and immediately after the 

injection phase, when relatively large portions of the CO2 are mobile and formation pressures are the 

highest. 

With respect to monitoring the impacts of CO2, trapping mechanisms can be categorised as either those 

that limit lateral flow of fluids (stratigraphic and structural traps) or those that attenuate CO2 mobility along 

a migration path (NETL, 2010a). It is important also to have an understanding of the relative proportion of 

CO2 that is expected to be in a free gas phase, dissolved in formation water or in a mineral phase. 

 

 

Figure 4. Schematic representation of the change of trapping mechanisms, dominant processes and increasing CO2 

storage security with time (Class et al., 2009; modified from IPCC, 2005). 
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2.3 Geochemical and geomechanical impacts of CO2 injection 

CO2 injection can result in geochemical or geomechanical impacts on the subsurface environment, 

including: 

• A change in formation water chemistry (pH, mobilisation of metal ions, salinity, etc.) 

• A change in reservoir and/or seal integrity through cementation or dissolution processes 

• Induced seismicity and/or fault reactivation due to increased pore pressures 

• Ground surface uplift due to increased pore pressures 

• Displacement of methane from coal beds 

These processes and the degree to which they might operate need to be considered when designing 

effective monitoring schemes within the AOI. 

The short and long term effects of the injection of carbon dioxide into various geological environments 

have been investigated by others in the past, such as depleted oil and gas reservoirs (Li et al., 2006), saline 

aquifers (e.g. Xu et al., 2005), coal beds (e.g. Bromhal et al., 2005) and (ultra) basic rocks (e.g. Daval et al., 
2009). These studies suggest that immediately after injection into a reservoir, CO2 will be stored as a free 

phase within the host rock and that over time it will dissolve in the local formation water. This chemical 

interaction causes an increase in total aqueous carbon concentration and a substantial decrease in pH of 

the formation water which may initiate a variety of geochemical reactions.  

Shale or mudstone caprocks were observed to participate actively in the coupled dissolution/precipitation 

process. Xu et al. (2005) show that the mineral trapping of CO2 injected in a shale bounded sandstone is 

mostly due to the shale mineralogy, which provides many of the cations that form CO2 trapping carbonates. 

Johnson et al. (2005) show such a simplified dissolution/precipitation reaction.  

The interaction of acidic-rich fluids with the caprock can be either advantageous or disadvantageous for 

CO2 containment (IEAGHG, 2011). Though typical caprocks can provide the essential trapping of CO2 for 
example in carbonate minerals, the dissolution of minerals may increase the shale’s permeability leading to 

the escape of CO2 from the storage reservoir. Gaus et al. (2005) performed reactive transport models of the 

interaction between CO2-rich solutions and the caprock of the Sleipner storage site in Norway. They find 

that the porosity and permeability of the caprock can be either increased or decreased depending on the 

exact composition of the rock. In most instances, because of their low permeability and capillary properties, 

CO2 is unlikely to enter seals and any potential reactions are likely to be limited to the base of the caprock 

(IEAGHG, 2011). Watson et al. (2004) state that because the pH buffering capabilities of the seal lithology 

reactions are likely to be mineral precipitation rather than dissolution, thus leading to seal capacity 

enhancement instead of degradation.  

2D hydro-chemical mechanical models by Kvamme et al. (2011) simulate the effects of CO2 injection in cold 

aquifers. They show that in addition to mineral reactions, under certain conditions CO2 hydrate formation is 

also a potential local effect with impact on porosity, permeability and geomechanics.  

Reservoir simulations have shown that CO2 saturated water becomes more dense and sinks, countering the 

buoyancy effects of CO2 (Ennis-King and Paterson, 2005). An example of this phenomenon is discussed by 

Daniel and Kaldi (2009).  In general where depleted oil reservoirs or deep saline reservoirs are used for 

storage, the main form of trapping where CO2 does not exist in a mobile free-phase initially will be the 

dissolution of CO2 into the formation water. The remainder will rise and be trapped beneath the cap rock 

seal and then migrate outwards to fill the trap. As this occurs, it also results in lowering the buoyancy 

pressure at the reservoir / seal interface. Over time, as CO2 dissolution increases, the buoyancy force will 
decrease and the CO2 column height retention of the original caprock/reservoir system will increase. 

Injection of CO2 invariably results in some degree of fluid overpressurisation with respect to the hydrostatic 

gradient. Changes in pore pressure and confining stress tend to modify the physical properties of rocks, 
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namely strength, porosity, permeability, and seismic impedance (e.g., Sayers, 2010). If the system is 

pressurized sufficiently, then a number of deleterious effects may be observed such as fracturing of the 

reservoir or caprock or reactivation of previously existing faults or breaching of the fault membrane seal 

(IEAGHG, 2011). In the most simple of cases, elevated pore pressure results in a reduction of effective 

stress, which brings the system closer to tensile and shear failure and may lead to induced seismicity (Lucier 

et al., 2006). Zoback et al. (2012) argue that there is a high probability of induced seismicity due to injection 

of large volumes of CO2 into the brittle rocks commonly found in continental interiors. Although small to 

moderate earthquakes may threaten the seal integrity of a CO2 repository, Zoback et al. (2012) base their 

findings on the fault displacement – permeability variation relationship mostly on crystalline basement rock 

examples that are not representative of the typical CCS Flagship geological storage site.  

Hawkes et al. (2005) discuss the geomechanical factors affecting the hydraulic integrity of the bounding 

seals for a depleted oil or gas reservoir slated for use as a CO2 injection zone. Rutqvist and Tsang (2002) 

carried out a numerical study of hydromechanical changes during a deep underground injection of 

supercritical CO2 in a hypothetical brine aquifer/ caprock system. Their specific experiments show that most 

hydromechanical changes are induced in the lower part of the caprock near its contact with the injection 

zone, whereas the sealing mechanism of the upper part may remain intact, despite an injection pressure 

close to the lithostatic stress value.  

Rutqvist et al. (2007) use coupled reservoir–geomechanical simulations to study the potential for tensile 

fracturing and shear slip along pre-existing fractures associated with underground CO2-injection and 

conclude that it is important to consider mechanical stress changes that might occur outside the region of 
increased reservoir fluid pressure (e.g., in the overburden rock) between the CO2-injection reservoir and 

the ground surface.  

Ouellet et al. (2011) link a 3D geomechanical model to a reservoir model/simulation in order to simulate 

stress path and rock deformation associated with CO2 injection. Pressure and stress change data are used 

to investigate the possible occurrence and location of caprock failure and fault reactivation due to pressure 

change away from the CO2 plume. In Rutqvist et al. (2010), numerical simulation results were used for a 

first order estimate of the potential for injection-induced microseismicity at In Salah. The numerical 

modeling was used for calculating changes in the effective stress field as a result of the injection, and a 

Mohr-Coulomb failure criterion was used to evaluate the likelihood of shear slip reactivation along existing 

fractures. 

Chiaramonte et al. (2008) evaluated the potential for CO2 injection inducing slip on faults using a 

geomechanical model. They relate excess pressure to cause faults to reactivate to a CO2 column height that 

can be supported in the Teapot Dome oilfield. Bretan et al. (2011) use a similar approach and model the 

effect of elevated pressure resulting from potential CO2 injection on fault planes near the Troll Field. They 

also convert shale gouge ratio values (Yielding et al., 1997), typically calculated to characterise the fault 

sealing potential, to the potential CO2 column heights that might be trapped in a faulted reservoir and the 

derived threshold pressure beyond which across-fault capillary leakage would occur. 

Data from a number of hydrocarbon reservoirs confirm that changes in fluid pressures can actually result in 

changes to the in situ stress field locally due to poro-elastic feedbacks (Hillis 2001, Teufel et al. 1991). This 

stress arching process might induce volume changes within the reservoir due to depletion or injection and 
might potentially be transmitted to the surface to be manifested as ground surface uplift (Geertsma, 1973; 

Dusseault and Rothenburg, 2002; Hettema, 2002). Such deformation has been observed for depleting 

hydrocarbon fields (Chan and Zoback, 2007), EOR injection projects (Bruno and Bilak, 1994; Qobi et al. 

2010; Tamburini et al., 2010), and also during CO2 injection (Tamburini et al., 2010; Rutqvist et al., 2010). A 

review of different fluid injection operations (water, gas, steam) globally by Teatini et al. (2011) found that 

associated land uplift varies between a few millimetres to tens of centimetres, depending on pore pressure 

increase, depth, vertical and areal extent of the injection horizon, and hydro-geo-thermo-mechanical 

properties of the rock framework. Early generic simulations by Rutquist and Tsang (2002) resulted in 

ground surface uplift of up to 60 cm in response to large-scale CO2 injection. Rutqvist et al. (2010) suggest 
that the observed uplift rates on the order of 5-7 mm/year in the In Salah Gas Project can be explained by 

pressure-induced, poro-elastic expansion due to CO2 injection. They simulate the CO2 injection in a 3D 
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geomechanical model around one horizontal injection well, and conduct sensitivity studies to determine 

the cause and mechanism of the uplift.  

2.4 Modelling the area of impact around a CO2 storage site  

Both analytical and numerical models can be used to determine the AOI, the latter requiring more input 

data related to the subsurface parameters and computational time. The degree of detail of the model 

should be in relation to the complexity of the storage site and to the potential for impacts on other 

resources.  Ultimately, the regulator needs to feel confident that, whatever approach is taken, the 

respective model can predict CO2 migration and pressure changes within a defined level of confidence and 

can ensure that CO2 injection has an acceptable low risk of negative impacts on other resources or the 
environment.  

2.4.1 ANALYTICAL MODELS 

Analytical models based on reservoir engineering and hydrogeological principles have been used widely in 
the petroleum and groundwater industries to predict the radius of influence with respect to pressure 

changes and fluid movement in the vicinity of pumping or injecting wells. These equations are routinely 

applied by reservoir engineers and hydrogeologists for fast and efficient assessment of hydrodynamic 

processes before and in conjunction with numerical simulations. Over the last decade, existing equations 

have been adjusted to represent the multi-phase flow behaviour associated with CO2 injection. While 

analytical models are based inherently on simplified assumptions (e.g. homogeneous and isotropic porous 

medium, linear water table configuration, simplified geometry) and do not require spatial discretisation, 

they provide an objective means for first-order assessments of CO2 injection impacts. Depending on the 

complexity of the storage site and if used conservatively, analytical models may be an adequate tool for 

defining an AOI for regulatory and monitoring purposes. 

 

Estimation of maximum bottomhole pressures 

Various equations for calculating maximum bottom hole injection pressures are listed in Table 1. These 
equations estimate the pressure at the sand face in the injection well, which should be constrained by the 

fracture threshold pressure for safe operation of a CO2 storage site. The underlying assumptions include a 

homogeneous, horizontal aquifer with constant fluid properties, three fluid regions (Figure 5) and 

neglecting gravity and capillary forces. More recently, Azizi and Cinar (2011) and Mathias et al. (2011) 

developed analytical models to estimate bottom-hole pressure in a CO2 injection well in a saline formation, 

which take into account the effects of relative permeability, CO2 dissolution in brine and drying-out on well-

bottom hole pressure. In addition, Azizi and Cinar (2012) presented analytical models to predict the 

pressure build-up of a vertical, partially-completed CO2 injection well as an alternative to fully penetrating 

wells, in a radial, homogeneous, anisotropic, horizontal saline formation. The novel aspect of this study is 

the consideration of partially-penetrating wells since these are often used for targeting high permeability 
portions of the injection horizon. 
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Figure 5. Schematic representation of three fluid regions (dry CO2, two-phase CO2 and brine, brine only) around a 

CO2 injection well. 

 

Table 1. Examples of analytical solutions for calculating bottom hole pressures due to CO2 injection. For more 

details and the discussion of additional equations please refer to Azizi and Cinar (2011) and references therein. 

Reference 
Physical Model 
and Methods 

Analytical Model 

Mathias et al. (2009) 

Modified Buckley-
Leverett model with 
sharp interface 
between CO2 and 
brine 

�� = �� �−12 	
 � ��2�� − 1 + 1 − 12 �	
 � �2�� + 0.5772�
+ �� 

Burton et al. (2008) 

Based on three 
regions of fluids in 
the reservoir using 
modified form of 
Buckley-Leverett 
model and modified 
fractional flow theory. 

∆� = �2��� �  !�",$%&' 	
 �()"*(+ �
+ ,-�"! ! + �"+ + ./'0$%,12% 	
 -

(34()"*.
+  +	
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Ehlig-Economides 
and Economides 
(2010) 

Based on three 
regions of fluids in 
the reservoir using 
modified form of 
Buckley-Leverett 
model and modified 
fractional flow theory 
and including 
compressibility effect. 
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Peres et al. (2004) 

Radial Buckley-
Leverett Theory and 
Thompson-Reynolds 
steady-state theory 
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Figure 6. Schematic profile of a CO2 plume (sharp interface, two fluid regions) denoted by b(r,t) (Nordbotten et al., 

2005). 

In most cases, the radius of pressure increase will be much greater than the radial extent of the CO2 plume. 

According to USEPA (2011) regulations, the critical pressure increase is defined to be sufficient to drive 

fluids from the injection horizon into an overlying potable water source, assuming a flow path is present. 

For calculating the radius of critical pressure increase rpcrit, Bandilla et al. (2012) suggest to use the Theis 

solution: 
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where r = fluid density, T = aquifer transmissivity, S = aquifer storativity, tmax = time at end of injection and 

and W() = well function. 

The equation above cannot be solved analytically and to obtain rpcrit, Newton’s method needs to be used 

(Hoffman, 1992). Assuming single-phase Darcy flow, the corresponding radius of influence, ri, at which the 

pressure difference is a) 1 % or b) 10 % of the maximum injection pressure at the well is (Van Poolen, 1964): 
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where cw and cr are water and rock compressibility, respectively. 
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2.4.2 NUMERICAL MODELS 

A wide range of commercial and research numerical codes are available that are capable of simulating CO2 

injection and migration (Table 2). These reservoir simulators have been used and tested at existing CO2 

injection projects around the world. Code comparison studies by Pruess et al. (2004) and Class et al. (2009) 
provide an assessment of the suitability of various software packages for simulating CO2 storage scenarios. 

 

Table 2. Examples of existing numerical codes that have been used for the simulation of CO2 injection (from 

IEAGHG, 2010). 

Code name Institution/Provider Type of code Example 

COORES Institute Français du 

Pétrole (IFP) 

Research Class et al. (2009) 

DuMux University of Stuttgart Research Class et al. (2009) 

ECLIPSE Schlumberger Commercial Krumshansl et al. (2002) 

FEHM Los Alamos National 

Laboratory (LANL) 

Research Class et al. (2009) 

FLOTRAN Los Alamos National 

Laboratory (LANL) 

Research Pruess et al. (2004) 

GEM Computer Modeling 

Group (CMG) 

Commercial Kumar et al. (2005) 

GPRS Stanford University Research Class et al. (2009) 

IPARS-CO2 University of Texas at 

Austin 

Research Class et al. (2009) 

MUFTE_UG University of Stuttgart Research Pruess et al. (2004) 

NUFT Lawrence Livermore 

National Laboratory 

(LLNL) 

Research Johnson & Nitao (2003) 

ROCKFLOW University of Hanover Research Class et al. (2009) 

RTAFF2 BRGM Research Class et al. (2009) 

SIMUSCORP Institute Français du 

Pétrole (IFP) 

Research Pruess et al. (2004) 

STARS CMG Commercial Pamukcu & Gumrah 

(2009) 

STOMP  Pacific Northwest 

National Laboratory 

(PNNL) 

Research Pruess et al. (2004) 

TOUGH2 and variants Lawrence Berkeley 

National Laboratory 

(LBNL) 

Research Pruess et al. (2004) 
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Site-scale numerical modelling 

Reservoir simulations that account for the appropriate geological heterogeneity (porosity, permeability) are 

needed for determining the detailed development of the shape of the CO2 plume through time and for 

predicting injection performance. Often, detailed site-scale geological models exist, particularly in 

petroleum basins, which form the basis for the numerical models. Numerical simulations have been 

performed at numerous CO2 storage sites, but only a few, mostly pilot-scale projects (i.e., Frio, Ketzin, 

Otway, Nagaoka), could be calibrated to actual, albeit short-term, observation data (i.e., Sato et al., 2006; 

Ghomian et al., 2008; Kempka et al., 2010; Jenkins et al., 2012; ) 

 

Regional-(basin-scale) numerical modelling 

Since 2008, there has been an increase in published research on basin-scale simulations of the potential 

impacts of large-scale CO2 injection. This research was reviewed partly in a report by the IEAGHG (2011a) 

and Jiang (2011), and a comprehensive summary is provided by Lemieux (2011). The following is only a 

short summary of the major aspects regarding the basin-scale impacts of CO2 injection and the reader is 

referred to the aforementioned publications and references within. 

The effects of brine displacement induced by large-scale CO2 injection have been studied for hypothetical 

cases in the USA and Japan using large-scale numerical simulations (Nicot, 2008; Yamamoto et al., 2009). A 
preliminary modelling study in the Gulf Coast region of the USA did not find significant disturbances of 

shallow groundwater resources (Nicot, 2008). Induced water-level changes in the investigated Gulf Coast 

aquifer were predicted to be on the order of magnitude of seasonal and inter-annual variations. However, 

the model considered single-phase flow; hence, looking only at pressure effects in the far-field of injection 

and neglecting dissolution of CO2 along the flow path and possible hydrochemical changes. As one of the 

outcomes, Nicot (2008) recognizes the need to further explore the effects of brine displacement on, for 

example, spring discharges along flow-focusing faults and the development of simple numerical models to 

help regulatory decision making. Sensitivity studies carried out by Yamamoto et al. (2009) suggest that 

numerical predictions are heavily dependent on generally uncertain parameters like porosity, pore 

compressibility, and particularly the permeability of the sealing unit.  

Chadwick et al. (2009) investigated the impact of flow barriers on aquifer pressurisation and storage 

capacity. Their modelling studies using TOUGH2 indicate that even in aquifers with lateral and vertical flow 

boundaries, there probably will be some single-phase water flow through the sealing unit and seal 

permeability will have an impact on reservoir pressures. 

Birkholzer and Zhou (2009) modelled the impacts of injecting 100 MtCO2/year for 50 years into the Mount 

Simon Sandstone in the Illinois Basin and arrived at the following conclusions: 

• Pressure build-up associated with large-scale CO2 injection will be the main limiting factor for 

storage capacity, which could be managed by the extraction of formation water. 

• Monitoring results, particularly far-field measurements from large demonstration projects are 

needed to reduce model uncertainties. 

• Pressure interference between multiple injection operations needs to be considered for the basin 

resource management and permitting of CO2 storage projects. 

• Requirements for site characterisation and monitoring need to consider both the region of 

maximum plume extent and the much larger region of pressure impact, yet less stringent for the 
latter and defined on a case-by-case evaluation of geological conditions and potential 

environmental impacts. 

• Potential brine movement into shallow aquifers and impact of CO2 leakage into freshwater needs 

further research. 
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Full-scale deployment of CCS would result in volumetric rates and cumulative volumes of CO2 injection that 

are comparable or even higher than those associated with existing petroleum and other subsurface 

injection operations. The resulting pressure build-up is constrained by (Zhou and Birkholzer, 2011): 

• Lateral pressure propagation within the storage interval; 

• Reduction in pressure build-up due to migration of formation water into over- and underlying 

confining units; 

• Boundary effects at basin margins; and 

• Composite effect of pressure build-up at multiple injection/production sites.  

The Mount Simon Sandstone injection simulations indicate that the resulting radius of pressure increase of 

100 kPa and 10 kPa after 50 years in an open system is approximately 100 km and 200 km, respectively 

(Birkholzer and Zhou, 2009; Zhou and Birkholzer, 2011). Although their modelling predicts slight pressure 

increase and brine displacement in shallow groundwater bearing parts of the Mount Simon Sandstone, 

these are less than the impacts induced by long-term production of overlying freshwater aquifers for water 

resources (Zhou et al., 2010). In comparison, simulations of CO2 injection (10-20 Mt over 50 years) into a 

compartmentalised, hence semi-closed, aquifer, the Bunter Sandstone in the southern North Sea Basin, 
predict a pressure increase of > 1000 kPa over most of the 12,000 km2 area, resulting in 1.4 to 8.5 million 

cubic meters of brine discharge at the sea floor (Noy et al., 2012). The contrasting results in these studies 

with respect to the order of magnitude of pressure build-up and brine displacement show that it is 

important to properly define boundary conditions including the hydraulic properties of confining units and 

the requirement for site-specific storage evaluation and risk assessment. 

In an attempt to identify the optimal heterogeneity resolution in reservoir simulations of CO2 geological 

storage, modelling results by Li et al. (2011) indicate that a relatively simple, layered model may be 

adequate for the prediction of pressure increase. However, for calculating injection performance metrics as 

well as for determining the shape of the CO2 plume, a more detailed, geologically heterogeneous facies 

model is required (Li et al., 2011). 
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2.5 Baseline monitoring 

The aim of baseline monitoring is to gather information before injecting CO2 that will underpin the risk 

assessment process and provide a basis for assessing potential impacts to basin resources. Baseline 

monitoring should be sufficiently rigorous that sources of variation, such as seasonal and diurnal effects can 

be investigated and trends can be detected (NRMMC-EPHC-NHMRC, 2009).  

Baseline monitoring of formation water from the proposed CO2 injection horizon can be used to clarify 

what hazards are present, at what concentration and how they vary with time and conditions. The purpose 

of baseline monitoring of groundwater in geological successions above the injection horizon, including 

shallow groundwater aquifers is to define properties of the environment that could be impacted if 
formation fluids were displaced and/or CO2 leakage occurred from the storage site.  

Baseline monitoring plays a significant role in establishing a geosequestration site as the risks to the 

environment can be assessed and managed relative to the baseline, rather than using absolute guideline 

values. Baseline values can also be determined for specific endpoints. For hazards that are evaluated as 

being moderate to very high risk, baseline values should be determined (NRMMC-EPHC-NHMRC, 2009). If 

the ambient groundwater already contains high concentrations of a specific hazard for example, and the 

relative impacts caused by CO2 injection are insignificant, sampling frequency may be decreased (NRMMC-

EPHC-NHMRC, 2009). 

As described in Stalker et al. (2011), there are various tools that can be deployed for monitoring (Figure 7). 

In the case of baseline monitoring, soil gas concentrations, groundwater quality, seismic, and other types of 
physico-chemical data may be required (Table 3). 

 

 

Figure 7. Monitoring tools that could be used on commercial-scale CO2 storage sites (Stalker et al., 2011). 
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Table 3. Physico-chemical properties of monitoring interest (from Stalker et al., 2011 and based on Ross et al., 

2007). 

Analyte Detection 
Levels 

Purpose 
(relative to U-tube) 

CO2 ppb to percent Direct sampling of injected CO2. 
CO2 dissolution front ahead of main CO2 plume. 

pH Relative change Evidence of dissolution, mineral reactions ahead of main plume. 
Hydrocarbons ppb to percent May include methane as well as higher hydrocarbons. Purpose 

is to monitor (a) residual hydrocarbons or gas, (b) sweeping of 
possible accumulations/migration pathways incorporated into the 
CO2 plume. 

Anions mMol Rather than TDS (total dissolved solids). Slightly more 
information about negative ions that may be added to the 
formation waters as a result of mineral dissolution (e.g. sulphate 
and chloride). 

Cations mMol Rather than TDS. Slightly more information about positive ions 
that may be added to the formation waters as a result of mineral 
dissolution (e.g. calcium and iron). 

Tracers ppb to ppm May find sensors that monitor for tracers (e.g.SF6). May be 
important to monitor for subsequent tracers added.  

Pressure kPa Changes in in situ pressure as a consequence of fluid 
movement, including brine, water saturated with CO2 or CO2. 
Has application in reservoir and groundwater, cost effective, 
sensitive and robust.  

Geophysical 
properties 

Varied and 
specific to 
methods 
employed 

To track plume migration, rock deformation and potential leaks. 

Temperature ºC Correlation for pressure changes, DTS systems to measure 
changes in thermal conductivity as a consequence of the 
presence of CO2. Has application in both reservoir and 
groundwater; however installation cost and data processing 
requirements may be prohibitive for monitoring. 

Pulsed 
neutron 
capture 

Unquantified as 
yet 

Changes in residual saturation (RST) as a consequence of the 
presence of CO2. Has application in both reservoir and 
groundwater; however, installation cost and data processing 
requirement may be prohibitive for monitoring. 

Acoustic Unquantified as 
yet 

Changes in acoustic properties as a consequence of the 
presence of CO2. Has application in both reservoir and 
groundwater; however installation cost and data processing 
requirement may be prohibitive for monitoring. Has application in 
correlation of seismic processing. 

Biological 
changes 

Varied and 
specific to 
methods 
employed 

Changes in the biological community can be indicative of CO2 
leaks and other subsequent effects such as pH decrease, TDS 
increase, mineral dissolution and release of anions and cations. 

Contaminants 
from flue 
gases 

ppb to ppm Includes reactive and non-reactive contaminants from e.g. coal 
fired power plants, LNG 
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2.6 Uncertainty and sensitivity analysis 

Uncertainties associated with static and predictive numerical models used for CO2 storage evaluations may 

pose significant challenges to operators and regulators. This section reviews several recent studies that 

quantify the uncertainty and sensitivities of model parameters that underpin calculations of CO2 storage 

and its migration and interactions with other basin resources. Identifying the issues of greatest uncertainty 

and developing strategies for managing them are critical to undertaking an assessment of the impacts of 

CO2 storage. 

Birkholzer et al. (2009) determined the region of influence (laterally and vertically) during and after 

injection of CO2 into a deep saline aquifer and evaluated the possible effects for shallow groundwater 
resources. The model represented an idealised multilayered groundwater system from the deep saline 

storage formation to the uppermost freshwater aquifer. The sensitivity analysis involved varying the 

hydrologic properties of the aquitards and comparing the AOI in response to CO2 storage.  The pore 

compressibility was the main parameter that was varied to conduct the sensitivity analysis.  Low pore 

compressibility causes a higher pressure build up in the storage formation and larger region of influence.  

The main results from Birkholzer et al. (2009) were: 

• the development of considerable pressures in the storage formation more than 100 km away from 

the injection zone; 

• the increase in water table or piezometric surface from CO2 is likely to be dwarfed by pre-existing 

drawdown that is typical of most overexploited groundwater systems. 

• relatively small lateral migration of brine  

The main implication is that large scale pressure changes are of greater concern to groundwater resources 

than water quality changes caused by the displaced saline water from the storage zone. The study 

identified additional sensitivity analysis that could be conducted to examine the effects of: 

• the pore compressibility for the various strata, 

• the formation thickness,  

• the permeability and porosity of the storage formation, 

•  the depth of storage formation and its distance to freshwater aquifers,  

• the characteristics of the stratigraphic system, and  

• the CO2 injection rate and volume. 

An investigation of uncertainties in simulations of CO2 storage was conducted by Nordbotten et al. (2012). 

Typically the response to uncertainty is to collect more data, but this study states that perhaps it is not only 
a case for more data, but more that the approach should be to conduct time-lapse monitoring together 

with history matching and model updating to gain more confidence in predicted results. Model 

simplifications are often required to obtain convergent solutions that attempt to simulate the long-term 

fate of CO2 post-injection whilst including variations in the geology, rock and fluid properties over lengthy 

temporal and spatial scales. The approach used in Nordbotten et al. (2012) was to compare model 

predictions obtained by six independent researchers solving the same benchmark problem.  

Results from modelling a highly idealized benchmark model of the geometry and geology, revealed that no 

conclusion could be reached with any reasonable certainty regarding the migration distance, plume 

footprint, or storage fractions. The metrics used to compare results were (1) the furthest updip extent of 
the CO2 plume (tip location), (2) an integral measure of upslope migration using the location of the centre-

of-mass of mobile free-phase CO2, (3) the CO2 plume spread in terms of the along-slope and cross-slope 

standard deviations, and (4) the phase distribution of CO2. The main results from Nordbotten et al., (2012) 

were: 
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• The tip location as a function of time since injection ceased was shown to be sensitive to grid 

resolution.  

• There was relatively good agreement in the results from most groups for the centre-of mass and 

plume spread metrics. 

• There was divergence between the plume spreading results from different groups over time, 

mainly due to the assumptions regarding solubility leading to different immobilisation times.  

• The standard deviations in the plume spread were more sensitive at low CO2 saturations spread 

over large domains that occurred as the plume neared immobilization.  

• For the phase distribution of CO2 metric, there were results from simple (immiscible) models that 

distinguished between residually trapped and mobile free-phase CO2 and results from solubility 

models that account for dissolved CO2 in the brine phase. The results from the groups using 

immiscible models were different mainly due to the interpretation of what constituted residually 

trapped, either as all CO2 at less than residual saturation or immobile.  

• The results from the groups using solubility models were also divergent, in part due to the 

definition of residually trapped, but also possibly due to differences in upscaling of convective 

mixing with a coarse grid. Two of the groups considered slight re-mobilization due to a rapid 

pressure decrease shortly after injection causing a decrease in the density of residual CO2. 

Spatial reservoir uncertainty for CO2 sequestration was investigated by Pollyea and Fairley (2012). The aim 

was to numerically model a theoretical proposal for the sequestration of CO2 in fractured basalt at the east 

Snake River Plain site in Idaho. Two criteria were investigated: formation injectivity and confinement 
potential. 

 Injectivity is defined as the ability of the formation to accept the injected CO2, whilst confinement is the 

ability of the formation to prevent CO2 leakage. The conceptualisation of the basalt was as a bimodal 

heterogeneous stochastic continuum. The structure of individual flow units are composed of (1) density 

fractured and rubble zones, and (2) flow interiors. The rubble zones have much larger porosity and higher 

permeability than the flow interiors. Stochastic representations of the reservoir were produced using 

semivariogram analysis of borehole permeability data. 

The approach was to conduct Monte Carlo simulations with 100 synthetic, equally probable, 

heterogeneous models for the reservoir in 2D. Injection simulations were conducted using TOUGH2-MP. 
Supercritical CO2 was injection for 10 years at a constant rate. Either the 10 year simulation ran to 

completion (46 of the 100 runs), or it terminated within the first year of injection due to excessive pressure 

near the injection site. The main results from Pollyea and Fairley (2012) are as follows: 

• heterogeneity is thought to be the factor controlling formation injectivity, but whether it affects 

confinement potential is not clear; 

• the redistribution of injection pressures into the surrounding formation depends on the length 

scale of rubble zone connectivity; 

• in low volume basalt, rubble zone connectivity to the surrounding aquifer is needed to sustain long-

term CO2 sequestration.  

Physical trapping of CO2 over the 10 year simulation period at the upper boundary of the reservoir was not 

observed. Mineral precipitation was not simulated, but this process is likely to play an important role in 

long-term CO2 storage as it may reduce high permeability structures (Pollyea and Fairley, 2012).  

An uncertainty study conducted by Walter et al. (2012) developed a risk estimation approach for CO2 

injection into saline aquifers. The main hazard is the displacement of brine from the CO2 storage zone into 

freshwater aquifers. According to Walter et al. (2012), there are two types of uncertainty: scenario (or 

conceptual) and statistical. Uncertainty in the geological layering cannot be described sufficiently 

statistically, but requires scenario testing.  
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Scenario uncertainty deals with the different viewpoints concerning the characterisation of caprock 

properties, faults and geological layers. Six different scenarios were considered in this study: 

• base case of closed caprock,  

• gap in the caprock at a distance of 5 km,  

• fault zone at a distance of 5 km,  

• lower permeability of the fault zone in the aquitard layers,  

• barrier of low permeability within the reservoir at a depth of 9.5 km and  

• barrier of low permeability over the whole domain.  

To address statistical uncertainty, a Monte Carlo approach with stochastic reduction was used. The output 

parameters from the model were the pressure, the CO2 saturation and the brine discharge into the water 

aquifer. A period of 25 years of injection followed by 25 years post-injection was simulated (Walter et al., 

2012). The method provided estimates of the probabilities of certain hazardous events, which were 

combined with an estimate of damage to determine risk, Risk = Probability x Damage, whereby damage 
could be defined as reduced integrity of the caprock, leakage of CO2 or reduction of groundwater quality. 

The paper focuses only on damage from brine discharge. Two aspects of brine migration were considered: 

brine migration from the reservoir and its mixing with freshwater resources. Analytical approximations 

were used to estimate saltwater upconing at drinking water wells. The main outcome from Walter et al. 

(2012) was a practical workflow for conducting risk assessments of damage. The process is as follows: 

• first, identify scenarios which are realistic and could lead to high damage;  

• include statistical uncertainties for different hydraulic parameters for each scenario with given 

geological features (e.g. gap in caprock, fault zone, aquifers, aquitards, etc.);  

• estimate probabilities using the expected range of parameter variation; 

• the risk of brine discharge is then transformed into a risk of exceeding drinking-water criteria in 

producing wells using simple analytical approaches. 

The study suggests that the migration of water with high salt concentration into freshwater aquifers is 

probably a locally confined problem (Walter et al., 2012).  

 

2.7 Qualitative risk assessment 

This report uses the qualitative risk assessment procedure provided in the Australian Standards Handbook 

HB 203:2006: Environmental risk management – Principles and process. A risk is defined as the chance of 

something happening that will have an impact on objectives (HB 203, 2006), and this could be in terms of 

risks to the environment, human health, and/or social and economic factors. The qualitative assessment 

follows a matrix to evaluate the combination of consequences of an event and its likelihood (see  

 

 

Table 4 as an example). A consequence is defined as an outcome or impact of an event and the 

consequence can be positive or negative (HB 203, 2006). The likelihood (i.e. probability or frequency) or the 
magnitude of the consequences are not quantified (HB 203, 2006).  

Examples of how these terms are defined for environmental and health risks in the groundwater context 

are indicated in  

 

Table 5; these descriptions can be modified for the appropriate context. 
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Table 4. Qualitative risk matrix example from the water recycling guidelines (NRMMC–EPHC–AHMC, 2006). 

Likelihood 

Consequences 

Insignificant Minor Moderate Major Catastrophic 

Rare Low Low Low High High 

Unlikely Low Low Moderate High Very high 

Possible Low Moderate High Very high Very high 

Likely Low Moderate High Very high Very high 

Almost certain Low Moderate High Very high Very high 
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Table 5. Definitions of likelihood and consequence from the water recycling guidelines (NRMMC–EPHC–AHMC, 

2006). 

Qualitative measures of likelihood for water (NRMMC–EPHC–AHMC, 2006). 

Descriptor Example description 

Rare May occur only in exceptional circumstances. May occur once in 100 years 

Unlikely Could occur within 20 years or in unusual circumstances 

Possible Might occur or should be expected to occur within a 5- to 10- year period 

Likely Will probably occur within a 1- to 5- year period 

Almost certain Is expected to occur with a probability of multiple occurrences within a year 

 

Qualitative measures of consequences or impact for water (NRMMC–EPHC–AHMC, 2006). 

Descriptor Example description 

Insignificant Insignificant impact or not detectable 

Minor Health – Minor impact for small population 

Environment - Potentially harmful to local ecosystem with local impacts contained to 

site 

Moderate Health – Minor impact for large population 

Environment – Potentially harmful to regional ecosystem with local impacts primarily 

contained to on-site 

Major Health – Major impact for small population 

Environment – Potentially lethal to local ecosystem; predominantly local, but potential 

for off-site impacts 

Catastrophic Health – Major impact for large population 

Environmental – Potentially lethal to regional ecosystem or threatened species; 

widespread on-site and off-site impacts 
 

 

 

The risk matrix in the case of petroleum defines the risk priority levels as the product of probability and 

consequences of the impact of CO2 storage on hydrocarbon resources. The probability of impacts can be 

described based on the modified Sherman-Kent scale, eliciting the likelihood according to the following 

criteria indicated in Table 6 (modified from Watson, 1998; Jones and Hillis, 2003). The impacts of CO2 

injection are likely to complicate the oil and gas exploration, production and development activities. These 

complications could result in increased costs in operations or compromises from the resource value due to 

lost volumes or degraded quality of produced hydrocarbons. Depending on the degree of the added cost or 

compromised value, the consequences of the impacts can be classified as indicated in Table 6. 
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Table 6. Definitions of likelihood and consequence for petroleum. 

Qualitative measures of likelihood for petroleum. 

Descriptor Example description 

Improbable Virtually impossible to proven untrue (0 to 15% probability) 

Unlikely Unlikely to highly unlikely, or more likely to be untrue than true (15 to 40% probability) 

Intermediate Chances are even or slightly more or less than even (40 to 60% probability) 

Likely Likely to highly likely, or more likely to be true than untrue (60 to 85% probability) 

Certain Virtually certain to proven true (85 to 100% probability 

 

Qualitative measures of consequences or impact for petroleum. 

Descriptor Example description 

Insignificant No complications or added cost 

Minor Complications bringing in minor additional cost or limited compromises from the 

resource value 

Moderate Complications involving moderate additional cost or moderate compromises from the 

resource value 

Major Major complications resulting in considerable increase in cost or considerable 

compromises of the resource value. Resource project is still economically feasible 

Significant Significant complications involving substantial additional investments or significant 

sacrifice of the resource value. Economic feasibility is under risk 
 

 

The probability and severity of impacts is each likely to change over the lifetime of a CO2 injection project. 

The overall risk to adverse impacts is expected to decrease over time due to pressure recovery once 

injection stops, greater permanence of secondary trapping mechanisms (i.e. dissolution of CO2, which 

decreases buoyancy), and improved predictive models over time (USEPA 2008; Figure 8). 
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Figure 8. Risk profile for CO2 storage (modified after Benson 2007 in USEPA, 2008). 
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3 Potential interactions between CO2 injection and 
groundwater resources 

Groundwater is an important resource in many sedimentary basins world-wide as well as in those 

Australian basins considered for CO2 geological storage. 

3.1 Identifying the potential for impacts on groundwater resources 

Underground geological storage of CO2 can have positive and negative impacts on groundwater. Pressure 

changes due to a growing CO2 plume has the potential to have some impact on the groundwater flow 

magnitude and directions, the water levels and discharge areas in shallow aquifers (Nicot et al., 2006; Tsang 

et al., 2008; USEPA, 2008). The main concerns relate to negative impacts on water quality and other 

conditions that may affect environmental receptors and groundwater-dependent ecosystems. The 

potential positive effects include increased fluid pressures and enhanced groundwater flow toward 

pumping wells.  

Long-term geosequestration may alter critical features within a groundwater system. Table 7 provides a 

description of characteristics of groundwater systems based on the resource characterisation (Part I) and 

identifies critical features that may be altered by geosequestration of CO2. 

Table 7. Summary of groundwater characteristics and critical features that could be potentially impacted by the 

geosequestration of CO2. 

Groundwater characteristic Examples of critical features that could be impacted by CO2  

Aquifers and aquitards Structural integrity; compressibility and flow properties of the 

hydrostratigraphy 

Surface recharge and cross-

formational flow 

Chemical evolution of water quality; distribution of flow 

pathways, recharge rates 

Groundwater levels and flows Saturated/unsaturated volumes; abstraction rates and flow 

directions 

Groundwater storage Aquifer capacity and residence times affecting chemical 

evolution of recharge water 

Groundwater balance Volume and temporal characteristics of the groundwater 

component of the water balance affecting dependent 

ecosystems 

Surface water – groundwater 

interactions 

Volumes and spatial distribution of inflows/outflows affecting 

dependent ecosystems 

Freshwater – seawater 

interactions 

Extent and location of the mixing zone and the distribution of 

salinities 

Groundwater quality Spatial and temporal characteristics of physical, inorganic and 

organic parameters 
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The process of identifying the potential for impacts on a groundwater system involves: a) assessing the 

environmental values (EVs) of the aquifer, b) determining the primary management aims (e.g. the water 

quality objectives) required to sustain current and likely future EVs of the water resource, and c) developing 

a conceptual model of potential pathways to the environment.  

If there are multiple EVs, the more conservative of the associated guidelines should become the water 

quality objective (ANZECC-ARMCANZ, 2000). If an aquatic ecosystem is the most critical EV to protect, then 

the system can be analysed to determine what specific factors arising from the geosequestration of CO2 

(e.g. lack of dissolved oxygen; unnatural changes in temperature and/or salinity; unnatural flow regime) will 

affect the ecosystem. This knowledge will assist with determining the management goals and decision-

making in terms of measurable indicators (e.g. biological, physical and chemical parameters) of the 

condition of the ecosystem. Further details on the EVs of water resources are provided in ANZECC-

ARMCANZ (2000). 

Figure 9 depicts a flowchart of pathways to the subsurface environment in relation to either marine or 

terrestrial environments (OSPAR, 2007). Potential escape routes for CO2 after injection include: through the 

pore system in low-permeability caprocks if the capillary entry pressure is exceeded; through openings in 

the caprock or fractures and faults; or through abandoned or poorly completed existing wells (IPCC, 2005). 

 

 

Figure 9. Flowchart of potential pathways and effects for either terrestrial or marine injection of CO2 (modified after 

OSPAR, 2007).   
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Schematic diagrams or conceptual models of the geosequestration project can assist with determining the 

potential for impacts on groundwater. The diagram needs to depict the thickness and spatial distribution of 

storage reservoirs, the presence of any faults, geological formations and trapping structures for geological 

storage of CO2 at the proposed site. The schematic would also require the location of wells for injection, 

groundwater flow directions and the water table elevation in adjacent, unconfined systems before and 

after injection. Ideally, modelling of the proposed injection scenario needs to be conducted to provide the 

areal extent or “footprint area” of the CO2 plume near the injection well(s), elevated pressure and any 

displaced brine. An example is shown in Figure 10, representing the potential influence related to CO2 

storage (Apps et al., 2010). Another example (Figure 11) describes components of the water balance that 

may be impacted by the operation of a geosequestration project, such as pumping of groundwater/river 

water for cooling. The depths of the target formations for storage are needed to identify the density and 

phase of CO2 at that temperature and pressure. The schematic may also need to identify whether the basin 

is likely to trap CO2 through either conventional structural traps or stratigraphic traps, or through 

migration-assisted storage mechanisms. 

 

 

 

 

Figure 10. Potential impacts on groundwater in response to CO2 leakage (Apps et al., 2010). 
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Figure 11. Example of a conceptual model depicting (a) a geological aquifer-aquitard succession, (b) with the 

resident brine before the geosequestration project, and (c) with a geosequestration in operation including 

groundwater/river pumping for cooling, CO2 injection into deep saline formations, and CO2 and brine leakage via 

faults and wells (Court, 2011). 

 

3.2 Assessment of impact risks and likelihood 

There have been a wide range of experimental (laboratory and field) studies and numerical modelling that 

assess the impact risks of CO2 on groundwater. Lemieux (2011) described the current state of knowledge on 

potential impacts of CO2 geosequestration in deep saline aquifers on shallow groundwater resources and 

determined that the environmental impacts appear to be low. This assessment was based on a selection of 

experimental and numerical modelling studies by different authors. Lemieux (2011) emphasized that 

additional site-specific studies are needed to better inform on the environmental risks. Table 8 and Table 9 

contain the studies reviewed by Lemieux (2011) and several other experimental studies.  
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Table 8. Summary of experimental studies relevant to assessing the potential impacts on water quality in response to CO2 leakage from deep geological storage (modified after 

Lemieux, 2011). 

Authors Type of experiment Location Geological description/mineralogy Mobilised metals Chemicals 

Smyth et al. (2009) 

Lab, batch tests Texas Core samples from aquifers in Texas and throughout the Gulf Coast region Yes pH, cations 

Field monitoring SACROC oil field, 

Texas 

Injection zone: Oil-bearing carbonates overlain by salt, anhydrite, 

dolomite, limestone and redbeds 

Dockum aquifer overlying the injection zone: mainly siliciclastics with 

small amounts (1%) of calcite (Romanak et al. 2012) 

No pH, cations 

Kharaka et al. (2010) Field injection ZERT field site, 

Montana 

Mainly andesitic volcanic rocks with plagioclase, quart-biotite-amphibole 

gneiss, and red granite; mafic volcanic rock fragments containing 

magnetite and minor amounts of limestone and dolomite fragments, 

secondary carbonate coatings and Fe-oxides (Zheng et al., 2012). 

Yes (below MCL) pH, BTEX, Pb, As, Zn and 

other trace metals 

Little and Jackson 

(2010) 

Incubation 

experiments 

Various aquifer in 

Virginia, 

Maryland, Illinois 

and Texas 

Virginia and Maryland samples: quartz sand; 

Illinois samples: sand, primarily N/K feldspars, quartz, dolomite, Fe oxides 

with Ti-oxide present and trace As; 

Texas samples (Ogallala aquifer): variable K/Na/Ca feldspar composition, 

but mainly quartz sand with calcite and some with Ti-,Fe- oxides  

Yes  

(Mn and Fe exceeded 

the MCL in most 

samples; U exceeded 

the MCL in some) 

pH, cations, Ba, Mn, Fe, 

U 

Frye et al. (2012) Sediment-filled 

column experiments 

Not specific to a 

location 

Quartz and cadmium-laden illite Yes  pH, cations, Cd 

Lu et al. (2010) Batch tests Various aquifers 

in the Gulf Coast 

region, USA 

Mainly sandstone with quartz, dolomite, illite/smectite, albite, microcline, 

chlorite; some samples with calcite present 

Yes pH, Fe, Al, Mo, U, V, As, 

Cr, Cs, Rb, Ni and Cu 

Lu et al. (2012) Autoclave 

experiments 

Cranfield EOR site Mainly quartz (79%), chlorite (12%), kaolinite (3%) and lesser amounts of 

illite, concretionary calcite and dolomite, and feldspar 

No pH, major ions, Al, Ba, 

Fe, Mn, Ni, Sr, Zn 
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Table 9. Summary of numerical studies relevant to assessing the potential impacts on water quality in response to CO2 leakage from deep geological storage (modified after 

Lemieux, 2011). 

Authors Name of model Location Chemicals Potential impacts 

Romanak et al. (2012) PHREEQC SACROC site in Scurry County, Texas, U.S. Major ions Yes 

Zheng et al. (2012) TOUGHREACT MSU-ZERT site in Montana, U.S. Major and trace elements Yes 

Apps et al. (2009) EQ3/6 Generic; potable aquifers in the U.S. Cd, Sb, Ba, Pb, Zn, As Yes 

Apps et al. (2010) TOUGHREACT Generic Pb, As Yes 

Zheng et al. (2009a,b) TOUGHREACT Generic; mineralogy of aquifers along the 

Eastern Coastal Plain, U.S. 

Pb, As Yes 

Jiang et al. (2011) TOUGHREACT Jiangham Basin, China Major ions; metals Yes;  sensitivity modeling  

Kharaka et al. (2009) SOLMINEQ Frio site in Texas, U.S. Fe, Mn, Ca Yes 

Xu et al. (2010) TOUGHREACT Frio site in Texas, U.S. Fe Yes 

Audigane et al. (2009) TOUGHREACT Paris Basin, France Fe Yes 

Humez et al. (2011) TOUGHREACT Paris Basin, France Fe Yes; water is currently treated to reduce Fe 

Birkholzer et al. (2008) TOUGHREACT Generic  Pb, As Yes 

Jaffe and Wang (2003) In-house GW flow and 

solute transport model; 

MINTEQA2 

Generic Pb Yes 

Wang and Jaffe (2004) Same as above Generic Pb Yes 

Keating et al. (2010) PHREEQC New Mexico, U.S. As, U, Pb Yes co-transportation of metals with upwelling CO2 

Berger and Roy (2011) React Illinois Basin - Decatur Project site, U.S. Mg, Ca No 
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3.2.1 EXPERIMENTAL STUDIES 

The experiments conducted by Smyth et al. (2009) as described in Table 8 evaluate the risk to freshwater 

resources from long-term CO2 injection. Results from batch reactions conducted in the laboratory showed 

that cation concentrations and pH were aquifer-dependent. However, preliminary groundwater monitoring 

at the SACROC site revealed no evidence of water quality degradation below USEPA drinking water 

standards nor any evidence of arsenic or lead having been mobilised from the injection zones into overlying 

drinking water aquifers (Smyth et al., 2009). Kharaka et al. (2010) investigated changes in the chemistry of 

shallow fresh groundwater from the injection of CO2 at the MSU-ZERT site in Bozeman, Montana. Arsenic 

and lead were among the trace metals that showed increased concentrations following CO2 injection, but 

their concentrations were significantly below the USEPA’s maximum contaminant level (MCL) over an 

experimental period of about 30 days (Kharaka et al. 2010).  

Little and Jackson (2010) conducted incubation experiments of CO2 infiltration over 300 days under 

oxidizing conditions on samples from four freshwater aquifers that overlie potential deep saline geological 

storage sites. The study identified several key factors influencing the impact of CO2 leakage: solid-phase 

metal mobility, carbonate buffering capacity and the redox state in the shallow overlying aquifers (Little 

and Jackson, 2010). Experimental results indicate pH values less than the USEPA’s minimum concentration 

of 6.5 units for all groundwater samples tested, concentrations of Mn and Fe that exceeded the MCLs in 

most samples, and U concentrations in some samples exceeded the MCL (Little and Jackson, 2010). Time-

dependent increases in the concentration of Ba and U were revealed, suggesting that the duration of 

laboratory experiments and monitoring should be greater than 300 days (Little and Jackson, 2010).    

Frye et al. (2012) investigated the effects of CO2, flow rates, clay weathering time, mineral composition, and 

salinity on cadmium desorption using sediment-filled columns flushed with CO2-containing. Lower pH 

conditions resulted in greater Cd desorption, but calcite content as low as 10% mitigated the reduction in 

pH and resulted in zero Cd desorption (Frye et al., 2012).   

Lu et al. (2010) conducted batch reaction experiments over 14 days to explore the range of CO2 impact on 

groundwater quality for a spectrum of representative aquifers. The study revealed different temporal 

trends for heavy metals due to pH changes, mineral dissolution and buffering reactions and recommends 

that fast reacting minerals should be the focus of monitoring strategies to reduce risk to groundwater 

quality in aquifers overlying the sequestration interval (Lu et al., 2010). The study acknowledges that in a 

realistic situation, the CO2 leakage would be smaller than the quantity used in the batch experiments and 

the dissolution of carbonates would buffer the pH and consume the CO2 leakage (Lu et al., 2010). 

Lu et al. (2012) conducted autoclave experiments representing reservoir conditions at the Cranfield site in 

Mississippi, USA. The mineral composition of the reservoir rock is relatively unreactive to CO2 and the 

experimental results and monitoring indicated that the brine chemistry is relatively unchanged, although 

there may be minor carbonate dissolution during CO2 injection (Lu et al., 2012).  

3.2.2 NUMERICAL EXPERIMENTS TO DETERMINE WATER CHEMISTRY IMPACTS 

A wide range of numerical studies have been conducted that are relevant to assessing the potential impacts 

of CO2 leakage on water quality. These range from geochemical reaction modelling to predict mineral 

dissolution reactions (e.g. PHREEQC and EQ3/6 modelling studies) to more complex models using 

TOUGHREACT to simulate multiphase, multi-component flow and reactive transport (Table 9). 

Schnaar and Digiulio (2009) reviewed several modelling studies of CO2 injection to provide examples of 

sensitivity analyses and model uncertainty characterisation that should underpin future modelling of CO2 

injection, migration and the mobilisation of constituents. Wilkin and Digiulio (2010) recommend that 
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geochemical reaction path models are needed to evaluate potential leakage scenarios on a site-by-site 

basis, given the unique volumetric composition of minerals at each site. For example, geochemical 

modelling of brine mixing in a shallow groundwater overlying CO2 sequestration sites in carbonates by 

Romanak et al. (2012) showed changes in major element concentrations due to de-dolomitization, calcite 

dissolution, and cation exchange reactions. The importance of site-specific data is highlighted in a study by 

Zheng et al. (2012) that assessed changes in shallow groundwater chemistry for the MSU-ZERT CO2 

injection experiment. Uncertainty regarding chemical processes exists due to a lack of site-specific data for 

critical parameters (e.g. sorbent type and concentration, sorption constants, mineral surface areas, and 

redox state). In addition, Zheng et al. (2012) postulate that the experimental period of four weeks may have 

been too short to investigate slower release mechanisms for trace metals, such as by dissolution of trace-

metal bearing primary minerals.  

One of the issues with assessing the risk of trace element mobilization is the relationship with changes in 

microbial activity in response to subsurface injection of CO2. Kirk (2009) postulated that an enhanced rate 

of microbial Fe(III) reduction would provide a biological pathway for trace element mobilization by 

enhanced dissolution of Fe (III) oxide and oxyhydroxide minerals. Based on free energy calculations Kirk 

(2009) showed that pH decrease would produce a favourable environment for Fe(III) reduction, but the 

increase in the rate of Fe(III) reduction would be temporary as Fe(II) would eventually become depleted.  

A thermodynamic analysis of potable groundwater by Apps et al., (2009) predicted that the maximum 

contaminant levels of Cd and Sb are unlikely to be exceeded, but certain elements (e.g. Ba, Pb and Zn) 

assuming high PCO2 levels, may exceed regulatory concentration limits, and there is potential for the 

solubilization of As under reducing conditions (Apps et al. 2009). Additional modelling by Apps et al. (2010) 

under reducing conditions with TOUGHREACT revealed that As and Pb are of the greatest concern.  

Reactive transport simulations by Zheng et al. (2009 a, b) determined that CO2 inflow to a shallow aquifer 

can mobilize significant Pb and As, thus contaminating the groundwater near the leak and further 

downstream. The amounts of illite and smectite contained in the host rocks controlled the final 

concentrations of Pb and As because they are the most important adsorbent (Zheng et al. 2009 a,b).  

Geochemical modelling with TOUGHREACT by Jiang et al. (2011) investigated the potential effects of CO2 

leakage on shallow potable water quality in the Jianghan basin, China. Due to imprecise knowledge of the 

mineralogical composition of the strata, Jiang et al. (2011) conducted a series of sensitivity simulations 

using different aquifer mineralogy and assumptions regarding the geochemical system. 

Kharaka et al. (2009) investigated potential environmental issues of CO2 storage at the Frio CO2 injection 

site. The injection zone is a subarkosic, quartz and feldspar sandstone with minor amounts of 

illite/smectite, calcite, and iron oxyhydroxides (Kharaka et al., 2009). Results indicate rapid dissolution of 

minerals, especially calcite and iron oxy-hydroxides, and corrosion of pipe and well casing caused by low pH 

brine (Kharaka et al., 2009). Xu et al. (2010), using TOUGHREACT to investigate temporal changes in heavy 

metal mobility for the Frio site, predicted that all injected CO2 could be sequestered as carbonate minerals 

and that the CO2 gas phase would disappear after 500 years. The increase in aqueous Fe following the 

ingress of CO2 was simulated along with subsequent reductions in Fe concentrations due to carbonate 

precipitation (Xu et al., 2010).  

A modelling study by Humez et al. (2011) simulated the effects of potential CO2 storage in a limestone 

formation and upward migration via a leaky well into the overlying sandstone. The study focused on 

mineral dissolution reactions induced by lowering of the pH and did not account for sorption or ion-

exchange reactions, which will be considered in the future as they are important for mobilizing heavy 

metals (Humez et al., 2011). Iron, which is already present in high concentrations in the aquifer, is among 
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the elements that significantly increase in concentration due to mineral dissolution near the CO2 intrusion 

zone. 

In a natural analogue study of carbon sequestration in a shallow sandstone aquifer in New Mexico, USA, 

Keating et al. (2010) found no evidence of in situ trace element mobilization. The source of the deep 

upwelling CO2 is uncertain, but normal faults likely facilitate upwelling of deep fluids from Paleozoic rocks 

(Keating et al., 2010). Geochemical modelling suggests the system is well buffered by the dissolution of 

calcite, which inhibits trace metal mobilization (Keating et al., 2010). There is, however, clear evidence that 

As, U and Pb are locally co-transported into the aquifer with CO2 that is upwelling with deeper brackish 

water (Keating et al. 2010). 

Geochemical modelling of CO2 injection by Berger and Roy (2011) suggested little to no impact on shallow 

groundwater resources in an overlying sandstone. The sandstone is predominantly silica with lesser 

amounts of plagioclase, clays (predominantly kaolinite) and variable amounts of calcite and dolomite 

(Demir and Seyler, 1999). The only major changes over the one month time frame of the model were 

increases in Mg and Ca (Berger and Roy, 2011).  

3.2.3 NUMERICAL EXPERIMENTS TO DETERMINE FLUID FLOW AND PRESSURE IMPACTS 

Yamamoto et al. (2009) conducted numerical simulations of pressure perturbations from CO2 injection for a 

hypothetical injection site in Tokyo Bay, Japan using the TOUGH2-MP/ECO2N code. Simulation results 

suggest that CO2 plumes from injection can extend over several kilometres within 100 years. Elevated 

groundwater pressure in shallow confined aquifers on the order of a few bars can occur over extensive 

regions, including urban inlands. Groundwater discharge to the shallow aquifer can increase tens of 

millimetres per year as a result of injection (Yamamoto et al., 2009). The authors acknowledge uncertainty 

in porosity, pore compressibility, and seal permeability, which may heavily influence the results (Yamamoto 

et al., 2009). A study by Birkholzer et al. (2009) using the TOUGH2/ECO2N model showed a low probability 

of brine migration through confining layers into shallow groundwater based on simulations of CO2 injection 

within a hypothetical multilayered groundwater system. The study demonstrated that if the permeability of 

sealing layers is relatively high (~0.01 mD), then there is the potential for pressure perturbations to develop 

in shallow units.  

3.2.4 STATISTICAL ANALYSES TO ASSESS IMPACT RISK 

In addition to experimental studies and numerical modelling methods to assess the impacts on 

groundwater, a statistical modelling study by Siirila et al. (2012) predicted potential human health risk from 

CO2 leakage into drinking water aquifers. They used a quantitative risk assessment framework and a 

stochastic approach that accounts for the mobilisation of metals due to a decrease in pH and the transport 

of these metals to municipal receptors (e.g. human households using groundwater). The study highlights 

the significant role of hydrologic modelling to underpin predictions of the risks to human health and 

recommends a process for ranking aquifer vulnerability. The results from hypothetical models based on 

realistic aquifer characteristics and leakage scenarios indicated a greater risk for arsenic than for lead for 

cancer and non-cancer endpoints (Siirila et al., 2012). 

3.2.5 QUALITATIVE MATRIX APPROACH TO ASSESS RISK 

A list of potential hazards that could impact the aquifer beyond the CO2 storage site and hence other 

groundwater users and groundwater-dependent ecosystems is shown in Table 12. Potential impacts 

include groundwater quality changes from dissolution of CO2 in groundwater and the injection of 
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supercritical CO2 injection into deep reservoir rock or coal beds, and dynamic effects related to pressure 

propagation from injection into a deep CO2 storage reservoir or upward migration of the CO2 plume. 

Ideally, experimental studies and numerical modelling supported by site-specific data would underpin the 

assessments of risk. 
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3.3 Options in monitoring for impacts or early indicators of impact risk 

3.3.1 OPERATIONAL MONITORING 

Operational monitoring is conducted routinely to evaluate a range of parameters that provide confirmation 

that the injected CO2 is contained with no unpredicted impacts to groundwater and dependent ecosystems. 

It involves conducting a sequence of observations or measurements of control parameters to assess 

whether a preventative measure is operating as expected and is under control (NRMMC–EPHC–AHMC, 

2006). Operational data acquired during the early stages of injection provide valuable information that can 

be used to identify additional preventative and/or mitigation measures (OSPAR 2007). As recommended by 

the OSPAR (2007) guidelines for risk assessment and management of geological storage of CO2, the aim of 

monitoring should be to detect possible leakages and any environmental impacts on ecosystems.  

The flowchart in Figure 12 is the process that the USEPA follows for identifying appropriate monitoring and 
mitigation strategies for groundwater protection (USEPA, 2008). 

 

Figure 12. Groundwater and surface water evaluation (USEPA, 2008). 

 

Operational monitoring can in some cases provide advance warning in a timely manner to the operator of 

the geosequestration site such that corrective action can be taken before any unauthorised impacts on 

groundwater-dependent ecosystems occur. The intensity of monitoring is likely to be greatest at the start 

and diminish after site closure. Monitoring may be discontinued once it has been assessed that there is a 

low probability of future adverse environmental effects (OSPAR, 2007). New and more efficient monitoring 

technologies may become available over time and thus monitoring options should be reviewed periodically. 

Furthermore, the selection of tools deployed for monitoring should not compromise the integrity of the 

sealed formations (OSPAR, 2007). Online monitoring of electrochemical and physical parameters are 

recommended to detect changes in physical or chemical properties of formation fluids to ensure they are 
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below the critical limit that would trigger an alarm for corrective action to be taken (NRMMC–EPHC–AHMC, 

2006). 

The design of a monitoring program according to NRMMC–EPHC–AHMC (2006) should ensure that the 

stated objectives will be met (e.g. no leakage within the sedimentary succession above the injection 

horizon). The monitoring program should also clarify what data will be collected, how it will be obtained 

and how the results will be used. Moreover, the sampling and analytical techniques that are selected 

should be reliable and sufficiently sensitive. The number of parameters to monitor and the frequency of 

testing will depend on the size of the CO2 injection site and the potential for exposure to surrounding 

ecosystems. Generally the extent of the monitoring program increases as the size of the system increases. 

The spatial distribution of monitoring tools and sampling locations will also depend on the size of the site 
and objectives of the monitoring program (Figure 13). Monitoring bores should be used at suitable depths 

and locations within the area likely to be affected by CO2 injection. These should be used to obtain 

representative water level and water quality data for aquifer systems (NRMMC–EPHC–AHMC, 2006). 

Groundwater data should be obtained up-gradient from the geosequestration site, adjacent to the storage 

site to detect leaks, and if there are any irrigation or water supply areas nearby, then from bores supplying 

these areas (NRMMC–EPHC–AHMC, 2006). In the case of geosequestration offshore, the monitoring 

objective may include the location of the seawater-freshwater interface. 

 

 

Figure 13. Possible arrangement of tools for monitoring and verification at a geosequestration site; ISE = ion 

selective electrodes (Stalker et al., 2011). 
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3.3.2 SELECTING THE PARAMETERS FOR MONITORING 

In designing a monitoring program that is relevant to assessing impacts on groundwater resources and 

groundwater-dependent ecosystems, there are a range of potential effects or parameters to consider for 

monitoring. As outlined in Stalker et al. (2011), these can include: 

• Physical effects (pressure, density, viscosity, temperature, displacement of fluids) 

• Biological effects or changes (plant species, bacteria and general ecology) 

• Geochemical effects (redox states, changes in metals, metalloids and anions; contaminant species 

entrained in the capture gas) 

• Hydrocarbons and organics (from depleted oil and gas fields or in EOR environments; mobilisation of 

hydrocarbons removed by the solvent effects of supercritical CO2 from organic matter in source rocks, 

coals or hydrocarbon reservoirs) 

• Carbon dioxide (migration of dissolved CO2 in groundwater and/or the CO2 gas plume) 

In the specific case of evaluating potential impacts on shallow groundwater from leakage of CO2, the 

recommended set of parameters to monitor as advised in Stalker et al. (2011) is as follows: 

• Pressure changes (e.g. in situ pressure due to CO2 or fluid movement, including brine and water 

saturated with CO2). 

• Salinity increase; Total dissolved solids 

• pH reduction 

• Metal mobilisation (Fe, Mn, Pb) 

• Eh reduction 

• Temperature reduction 

• Microbiology   

Guidelines for monitoring the abovementioned parameters are covered in the following section. For further 

details, see Stalker et al. (2011). 

 

3.3.3 MONITORING TECHNIQUES 

For a comprehensive review of monitoring techniques for substances mobilised by CO2 storage in geological 

formations, the reader is referred to Stalker et al. (2011) which is the main source for this section. This 

document also provides literature reviews on sensor technologies that were currently available at the time 

of writing. In the following section, general advice is provided on options for monitoring. 

With regard to monitoring physical effects (e.g. pressure, density, viscosity, temperature, displacement of 
fluids), Table 10 provides a comparison of the relative costs and suitability of different sensor options. Flow 

metering is important for investigating the source of pressure fluctuations. 
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Table 10. Potential monitoring tools for subsurface flow regimes. DTS = distributed temperature sensors; RST = 

reservoir saturation tool; DSI = dipole sonic imager; SP = self potential; ERT = electrical resistivity tomography 

(Stalker et al., 2011). 

 

 

Detection of the migration of dissolved CO2 ahead of the main CO2 plume may involve using water sampling 

and/or acoustic methods. Acoustic sensors for monitoring changes in the shear and compressional wave 

velocities are one option for detecting the leakage of CO2. 

Water chemistry monitoring can involve the use of in situ probes. It allows several analytes to be measured 
at a relatively low cost; however, water sampling followed by analysis by laboratory IC, ICP-MS or –AES 

technologies should be considered. 

Ion selective electrodes (ISE) have limited accuracy when deployed for long-term in situ use, thus relative 

changes in chemistry over time are often the goal rather than an absolute/accurate. Relative changes may 

trigger more detailed sampling and laboratory analyses. The use of ISE devices is more applicable to 

monitoring above the injection zone, rather than permanently deployed into a storage reservoir because 

ISEs need to be retrievable for testing and regular re-calibration. Some hydrocarbon sensors can be 

deployed at greater depths, depending on their sensitivity to heat. At the injection horizon, pressure and 

temperature tools as well as geophysical tools to track plume migration, rock deformation and potential 
leaks can be used. 

Among the in situ probes to consider are sensors to measure oxidation reduction potential (ORP) and pH. 

The selection of pH meters or sensors requires careful consideration as they need to work long term in 

deep environments. Stalker et al. (2011) provide a table of different types of pH sensors and their 

conditions of operation. There are relatively few pH sensors currently available to withstand high pressure 

and temperature conditions and that are robust for long-term use for geosequestration.  

  



 

Basin Resource Management and Carbon Storage – Part II| 45  

 

With regard to geochemical monitoring for cations, it is recommended to use selected analytes as proxies 

for a larger group of elements that have similar behaviour in groundwater. For example:  

• Pb and Zn could be monitored as proxies for the transition metals  

• a La, Ce or Nd electrode could be used to monitor changes in REE and actinide concentrations 

• an ISE for Fe would permit monitoring of dissolution and precipitation of Fe and Mn oxyhydroxides  

These mineral phases control the mobility and attenuation of many metals and metalloids, especially 

Cu, Pb, Co, Ni, As, Se 

• to monitor the extent of water-rock interaction and carbonation, use ISEs for Ca, Na, Mg, K, pH and 

CO2(g). 

 

With regard to geochemical monitoring for anions, in situ monitoring of Cl, H2S/HS, SO4, F, I, Br, NO3, and 

PO4 concentrations is recommended. Changes in anion concentrations due to the presence of CO2 can arise 

from 1) mixing of freshwater with saline or brackish water (thus increasing Cl, Br and I concentrations); 2) 

lowering of pH resulting in enhanced water-rock interaction, which could release anions; 3) lowering of pH 

causing increased adsorption of anions onto positively changed mineral surfaces and 4) changes in redox 
conditions, causing changes in sulfide/sulphate values, reduction of nitrate or oxidation of ammonia. 

Monitoring for contamination of groundwater by hydrocarbons derived from petroleum systems is 

important where depleted oil and gas fields are being used for CO2 injection. In particular, it is important to 

monitor for aliphatic and aromatic hydrocarbons. Although there are a variety of analytical technologies for 

hydrocarbon detection (Table 11), many have not been tested for geosequestration monitoring 

applications. 

Table 11. Potential monitoring tools for hydrocarbons (Stalker et al., 2011). 

 

 

Microbiological monitoring involves characterising the composition and activity of the microbial community 

at different depths and typically involves plating and counting methods, and PCR (Noble et al., 2012). 

Indicator species for specific habitat types should be identified. The leakage of CO2 into shallow 

environments may shift the microbial community structure to more anaerobic communities. Monitoring of 

microbiology may provide the first indication of changes in environmental conditions/ physico-chemical 
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changes. Microbial reduction of iron (Fe III) could provide a biological pathway for trace element 

mobilization by enhanced dissolution of Fe(III) oxide and oxyhydroxide minerals (Kirk, 2009). 

3.4 Management options 

In the event that an impact risk to groundwater increases or an impact occurs, management of the 

situation will involve applying appropriate remediation and mitigation strategies. Remediation refers to the 

actions for correcting any source of failure (e.g. in the CO2 storage system), whereas mitigation refers to the 

process of reducing the adverse impact (OSPAR 2007). As the management options for dealing with CO2 

leaks pertain to all of the resources, they are covered in more detail in Section 7. 

3.4.1 MANAGEMENT OF CO2 LEAKS  

An overview of potential leakage routes is shown in Figure 14 (IPCC, 2005). Should leakage occur, the most 

likely pathways for CO2 are: 

• the injection well, possibly due to overpressure; 

• other abandoned or active wells; 

• areas where permeable rock reaches the surface; and 

• fractures in, or high permeability zones within the caprock (OSPAR 2007). 

The main mechanism for CO2 migration and seepage are: 

• CO2 seepage due to seal failure; 

• migration out of the confining structure; and 

• seepage due to lack of well integrity (IEAGHG, 2011). 

 

Figure 14. Potential leakage routes and remediation techniques for CO2 injection into saline formations. (from IPCC 

2005; Courtesy CO2CRC). 
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The remediation strategies for CO2 leaks are outlined in Table 12. The options for pressure control include 

lowering injection pressure, lowering formation pressure, or increasing pressure in the leakage zone 

(Newmark et al. 2010).  

Esposito and Benson (2012) analysed multiple remediation options for a range of hypothetical leakage 

scenarios to protect potable water resources. A set of scenarios were modelled with TOUGH2 that involved 

(1) vertical and horizontal extraction wells to remove CO2 in both gas and aqueous phase, (2) injecting 

water to dissolve the gaseous CO2 and increase capillary trapping, and (3) a combination of injection and 

extraction with multiple wells. The study suggests that the option of combined extraction and water 

injection schemes are likely to provide the most rapid and effective means to remediate large CO2 plumes, 

but the selection of remediation options will depend on the leakage rate, the time before the CO2 leak is 
stopped, and the permeability distribution in the aquifer (Esposito and Benson, 2012). 

In a study by Birkholzer et al. (2012), a new method, referred to as impact-driven pressure management 

(IDPM) is described as a means for optimizing the extraction of fluids to minimize fluid volumes. They 

developed an analytical solution to test the IDPM method for a hypothetical CO2 storage operation in a 

layered system containing a fault. The method shows promise in offering a way to optimally place wells and 

pumping rates to reduce the volume of extracted brine in saline formations. 

Javadpour and Nicot (2011) advanced a novel method for reducing leakage probably in deep saline aquifers 

by adding nanoparticles to injected supercritical CO2 to improve convective mixing. The suggested source of 

nanoparticles is metallic ions from industrial waste, such as depleted uranium oxide, as such commingled 

disposal is economically attractive. The concept is theoretical at this stage and highly preliminary, but 
Javadpour and Nicot (2011) demonstrate the suitability for reducing CO2 leakage risk for 18 deep saline 

aquifers worldwide.   

A study of changes in microbial activity in response to CO2 injection (Kirk 2009) postulates a biological 

strategy to enhance CO2 storage by stimulating biomass production, thereby (1) limiting permeability in the 

caprock, (2) providing surfaces for calcite precipitation, and (3) increasing pH with resultant changes in 

calcite saturation state that would potentially favour storage.  

 

3.4.2 MANAGEMENT OF POTENTIAL IMPACTS TO GROUNDWATER  

There are essentially four types of hazards that could impact the aquifer beyond the CO2 storage site and 

could have adverse effects on groundwater users and/or groundwater-dependent ecosystems: 

• Degraded conditions for groundwater-dependent ecosystems due to one or more different factors 

(e.g. water quality changes, water table fluctuations, water temperatures changes) 

• Clogging of pore spaces due to mineral precipitation reactions, leading to reduced groundwater 

abstraction 

• Contamination of shallow aquifers  

• Changes to water levels or pressures affecting groundwater abstraction rates 

The options for remediation in relation to these hazards are outlined in Table 12. In the case of chemical 

contamination, the most commonly used method is the ‘pump and treat’ system, whereby contaminated 

groundwater is removed from the aquifer, treated at the surface and is either discharged to surface water 

or re-injected into the aquifer (IEAGHG, 2011). Other alternatives for chemical contaminant remediation 

are to use flow-through treatments (i.e. permeable reactive barriers) that treat the groundwater in situ 

along with reactive additives that are designed to remove specific trace elements (Benson and Hepple 

2005), and hydraulic barriers (IEAGHG, 2011). 

Changes to water temperature that produce “thermal pollution” may require effective management of 

thermal effluent. Baseline monitoring should help to determine the requirements of downstream 
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ecosystems and whether they will be impacted by changes to the temperature of water discharging to the 

ecosystem.  

With regard to clogging of pore spaces due to mineral reactions, there are several minimisation and 

prevention strategies that can be considered. These include adjusting the pH or cation concentration of 

groundwater, removing dissolved oxygen from groundwater upstream of the well and backwashing the 

well (NRMMC-EPHC-NHMRC, 2009).   
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Table 12. Key impacts to groundwater resources, monitoring technology and remediation options related to the storage of CO2 in geological formations. Please refer to text for 

detailed explanation. 

Event Description Potential Consequence Detection Remediation options Comments 

Migration of CO2  
into groundwater 
aquifer 

Dissolution of CO2 in 

groundwater  results in 
acidification, leading to 
- dissolution of minerals  

or clogging by mineral 
precipitation 
- lower pH facilitating 

desorption-ion exchange 
reactions on clay 

minerals and 
oxyhydroxides  

- Degraded conditions for 

groundwater-dependent ecosystems  
- Contamination of shallower aquifers 

Water sampling;  
pH-meter 

• pump and treat 
• reactive barriers 

• additives to remove 
trace elements 

• hydraulic barriers  

CO2 is soluble in water, in which it converts reversibly to carbonic acid. 
Drinking water aesthetic guidelines specify a pH range of 6.5 to 8.5; <6.5 
may be corrosive; >8 progressively decreases efficiency of chlorination; 

>8.5 may cause scale and taste problems. There are no guideline values 
for CO2 in drinking water, but if sodium bicarbonate is used to treat 

water, CO2 is a residue, but it is not expected to be problematic at 
normal doses (NHMRC, NRMMC, 2011). 

- Clogging leading to reduced 
groundwater abstraction 

Water sampling  
for major ions and 

metals; monitoring of 
redox status, pH and 
temperature 

• adjust pH or cation 

concentrations upstream 
of the well 
• remove dissolved CO2 

upstream of the well 
• backwashing of well  

Geochemical modelling (e.g. PHREEQC) of mineral saturation states can 

be used to evaluate the potential for geochemical reactions leading to 
clogging due to mixing of different water types. If an aquifer contains 
Fe- or Mn-rich minerals, then oxygen or nitrate present in the water can 

stimulate bacteria to precipitate iron or manganese oxides and 
hydroxides that lead to clogging (NRMMC-EPHC-NHMRC, 2009). 

Injection of 

supercritical CO2  
into deep reservoir 
rock or coal beds 

Mobilisation of organic 
compounds  
(e.g. benzene, toluene, 

phenols, polyaromatic 
hydrocarbons) 

- Degraded conditions for GW-
dependent ecosystems  

- Contamination of shallow aquifers 

Hydrocarbon sensors 
and monitoring tools; 
water sampling for 

organic compounds and 
isotopes 

• pump and treat 

• in situ bioremediation  
• reactive barriers 
• hydraulic barriers 

There are a variety of analytical techniques for hydrocarbon detection, 
but many have not been tested specifically for geosequestration 

monitoring applications. According to Kolak and Burrus (2006) on the 
effects of CO2 sequestration in deep coal beds, the highest 
concentrations of hydrocarbons mobilized were from high-volatile 

bituminous coal samples. 

Brine displacement  

Injection-induced 
hydraulic gradient 
results in flow and 

displacement of 
formation water, which 

may impact on shallow 
groundwater aquifers 

- Degraded conditions for GW-
dependent ecosystems due to water 

quality changes (i.e. salinity increase) 
- displacement of seawater into 
freshwater aquifers in coastal areas 

Water sampling, 

Monitoring of redox 
status, pH and 
temperature 

Observe change in 
surface eco-system 

• pump and treat 
• reactive barriers 
• additives to remove 

trace elements 
• hydraulic barriers to 
isolate the contaminated 

water 

A potential consequence of rising water level is the flow of lower quality 
groundwater into streams and wetlands (ARMCANZ-ANZECC, 1995). If 

an aquatic ecosystem is an environmental endpoint, then knowledge of 
the ecosystem, the associated guidelines for physical and chemical 
stressors and then determining what level of change would be regarded 

as acceptable is needed. The possible environmental concerns related to 
the proposed activity must be identified, including the specific chemical 

contaminants that can lead to toxicity as well as other issues resulting 
from physical and chemical stressors (ANZEC-ARMCANZ, 2000). 
+ Pressure increase in due to CO2 injection may mitigate water level 

decline in previously ‘stressed’ aquifers. 

- Degraded conditions for GW-
pendent ecosystems due to water 

temperature changes 

Temperature sensors; 
change in surface 

ecosystem 

Interventions and 

management of thermal 
effluent to adjust water 
temperature 

- Degraded conditions for GW-
dependent ecosystems due to water 
table fluctuations  

- Changes to water levels affecting 
groundwater abstraction rates 

Pressure sensors (e.g. 

permanent down-hole 
gauges), flow meters, 
water level loggers 

Lowering the injection 

pressure or the formation 
pressure by removing 
water or other fluids 

+ Pressure increase in due to CO2 
injection may mitigate water level 

decline in previously ‘stressed’ 
aquifers. 
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4 Potential interactions between CO2 injection and 
hydrocarbon resources 

Oil and gas is a relatively mature industry globally, with a well-defined resource classification system. From 

an Australian perspective, the Gippsland Basin, being an important hydrocarbon province, has probably the 

highest potential for interaction between CO2 geological storage and petroleum operations. The Surat Basin 

and the Perth Basin have smaller petroleum industries; however an emerging development of 

unconventional hydrocarbon resources. Also, large natural gas development in the Australian northwest 

shelf region will result in CO2 emissions that may need to be reduced by CCS in the respective sedimentary 

basin as will be the case in the Gorgon LNG project. 

4.1 Identifying the potential for impacts on hydrocarbon resources 

Geological storage of CO2 in hydrocarbon-prone basins could be have positive as well as negative impacts. 
While the existing oil and gas databases provide vital information for characterization of the subsurface 

storage volumes and containment security, CO2 injection could aid production of petroleum resources by 

providing pressure support and improving recoveries from the reservoirs. However, both hydrocarbon 

production and geological storage of CO2 alter the natural subsurface conditions. It is possible that each 

activity may interact in an undesirable manner and result in some compromises from the point of resource 

profits or storage volumes. Prior identification of the potential pathways of interactions is critical to 

minimising the conflicts and maximising the mutual advantages of co-locating both activities in the same 

sedimentary basin.     

Although oil and gas production from a single hydrocarbon well has a relatively small footprint, extraction 

of the resources by multiple wells from a number of fields will potentially impact the entire basin in prolific 
hydrocarbon provinces. A common regional effect of withdrawing hydrocarbons is the pressure decline 

which can affect fluid flow patterns, as well as geomechanical stress and strain in the subsurface.  

On the other hand, CO2 injected into deep sedimentary formations will occupy the pore spaces by 

displacing the formation water and could reinstate the declining pressure. The amount of pore occupation 

is limited by the flow dynamics and the capillary pressure between the two immiscible phases (Bear, 1972) 

and will have three main consequences in the subsurface (Figure 15):  

i. With the increasing saturation, a CO2 plume will form as a separate phase expanding from the 

injection site;  

ii. The water displaced by the CO2 plume will create a pressure change beyond the CO2 plume; and  

iii. Change in the reservoir pressure and temperature in and around the plume will induce some stress 

and strain changes beyond the area of actual pressure change (Rutqvist, 2012).  

All these consequences could impact the hydrocarbon resources within the area of influence. 

Conversely, areas of active hydrocarbon production limit the areas in the subsurface available for CO2 

storage.  This may refer less to conventional hydrocarbon fields, which may actually become available for 

CO2 storage after depletion or could be amenable to enhanced production technology. Unconventional 

hydrocarbon resources like shale gas, on the other hand, are found in generally low-permeability 

sedimentary layers that form potential caprocks/seals for CO2 storage intervals. Hydraulic fracturing of the 

shale for enhancing gas flow also causes deterioration of the sealing capacity. Elliot and Celia (2012) 

estimate that in the US there is an 80 % overlap of suitable CO2 storage areas with potential shale gas 
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production regions, which could significantly constrain CO2 storage capacity in saline aquifers. With the 

emergence of shale gas exploration this may become a similar issue in Australian sedimentary basins. 

 

    

Figure 15. CO2 injected into the subsurface will form a plume which affect pressure, stress and strain far beyond its 

boundaries.  

 

4.1.1 MIGRATION OF CO2 INTO PETROLEUM RESERVOIRS 

Rock formations from which the conventional oil and gas resources have been extracted can be prime 

injection targets for carbon storage generally because of the suitable flow properties and proven 

containment security (e.g., Van Der Meer, 2005; Goldie-Divko et al., 2009; Gibson-Poole et al., 2008). 
However, injecting the CO2 into the same or adjacent rock units hosting the petroleum accumulations 

increases the possibility of interaction with a risk of CO2 migration into the petroleum reservoirs (Figure 16). 

The injected CO2 may reach a petroleum reservoir through several possible ways: 

• Migration of CO2 plume directly towards a petroleum accumulation. Although this is largely avoidable 

for the known fields by modeling and planning prior to injection (e.g. Bandilla et al., 2012) followed by 

sequestration monitoring and verification (e.g. Arts et al., 2004, Hirsche et al., 2004, Mathieson, et al 

2010), it still poses a risk to the prospective petroleum resources that are yet to be discovered (e.g., ‘a’ in 

Figure 16). 

• Unexpected migration of CO2 along fluid conduit zones. Rock fractures often have enhanced 
transmissive properties overprinting the properties of the microscopic grains and pore networks (e.g., 

Cartwright et al., 2007).  Accordingly they could form fluid conduit zones along which CO2 could pass 

through the confining layers and reach unintended pore spaces such as petroleum reservoirs (e.g., ‘b’ in 

Figure 16).  

• Entrance of CO2 plume into a petroleum migration system. Hydrocarbons generated in the source rock 

are expelled through various physical and chemical processes and migrate to reservoirs along discrete 

pathways in spatially limited areas and in discrete time intervals (Matthews, 1999). A CO2 plume 
interfering with a migration system may eventually provide petroleum reservoirs with a CO2 charge. This 

risk is especially pronounced for currently active petroleum systems in which hydrocarbon reservoirs are 

receiving present day charge (e.g., ‘c’ in Figure 16). 

• CO2 injection into a petroleum reservoir. CO2 is sometimes intentionally injected into the reservoirs on 

purpose to improve oil and gas production recoveries (e.g. ‘d’ and ‘e’ in Figure 16).  

 

Unintended migration of CO2 into the petroleum reservoirs and production stream is undesirable for 

geological CO2 storage because a portion of the injected CO2 will be co-produced with the hydrocarbons. 

Producing significant volumes of CO2 also complicates handling, processing and maintenance operations. 
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The inclusion of the CO2 within the hydrocarbon reservoirs can have a variety of potential impacts, which 

will be discussed in the following paragraphs.  

CO2 contamination of the petroleum accumulation 

Carbon dioxide is soluble in water and is reversibly converted to carbonic acid upon reacting with water. 
The crude oil and natural gas produced from the reservoirs with high levels of carbon dioxide can cause 

corrosion and failure of the equipment especially in the main down-hole tubing and transmission pipelines 

(e.g., Brondel et al., 1994). Therefore, CO2 is considered as a contaminant, which may disturb the 

production and upstream delivery of the hydrocarbons. Although the exposure of down-hole tubing to CO2 

is hard to avoid, the produced hydrocarbons can be purified by surface processing to meet the quality 

standards required for the major pipeline networks (Tobin et al., 2006). Depending on the CO2 

concentration of the produced hydrocarbons, additional technical challenges and investments would be 

incurred for separation and disposal of the contaminant CO2. The natural gas with increased CO2 content 

will also have a reduced “burn-value”, which could affect the marketability of the resource.  Petroleum 

reservoirs with naturally high CO2 content are produced routinely, in which case additional CO2 
contamination would not necessarily cause technical difficulties but would result in an increase in 

separation costs. 

A special case is the emerging shale gas industry because regional shales may contain a natural gas 

resource and, at the same time, form the sealing unit for a CO2 storage project. Production of shale gas 

requires hydraulic fracturing which reduces the sealing capacity of the shale; hence prohibit safe CO2 

geological storage in close proximity. 

 

 

Figure 16. A schematic diagram illustrating potential impacts of CO2 storage on hydrocarbon reservoirs and 

production. The impacts (a) to (l) are the result of interaction of reservoirs with the domains of CO2 injection 
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induced plume, pore pressure change (∆P) and stress and strain changes (∆σ-∆Σ). See the text below for the 

description of the individual impacts.     

 
 

Geochemical interaction between CO2 and reservoir/seal rocks 

The contaminant CO2 in oil and gas reservoirs could potentially react with the formation water and affect 

the reservoir and seal sequences. The degree of this interaction will depend on the degree of CO2 

contamination as well as the geochemistry of the pore fluids and mineral constituents of the reservoir and 

seal rocks (e.g., Rochelle et al., 2004, Bentham and Kirby, 2005). Therefore, the potential impacts will be 

extremely site specific and difficult to predict as, depending on the type of reaction, the interaction can 

occur at varying time scales.  

The corrosive CO2/water mixture, for example, may dissolve some minerals out of the rock matrix causing 
compaction and collapse of the reservoir rock or development of new fluid flow pathways. Dissolution of 

minerals from the top and fault seal rocks could also lead to new fluid flow pathways, which can disturb the 

integrity of a hydrocarbon trap. Hirsche et al (2004), for example, reported from the Weyburn CO2 storage 

project that the effects of mineral dissolution were recognized as increased alkalinity and total dissolved 

solid content of reservoir fluids as early as 10 months into the project. Alternatively, precipitation of new 

minerals due to altered pore fluid geochemistry may degrade the porosity and permeability. All these 

changes could impact the production efficiency from the reservoir.  

CO2 injection into hydrocarbon reservoirs  

CO2 in petroleum reservoirs is not always considered as an unwanted contaminant and is sometimes 

injected on purpose as an agent facilitating the petroleum production. For example, enhanced oil recovery 

using CO2 (CO2 EOR)has been applied successfully in oil fields with low primary recovery factors in the USA, 

whereas Australian oil fields are deemed less amenable to CO2 EOR due to their high recovery rates. 

CO2 is miscible with crude oil at common reservoir pressures and temperatures and less expensive than 
other similarly solvent fluids. The miscibility between the crude and CO2 is a function of pressure, 

temperature and density of oil and is often used for increasing the recovery of residual or heavy oil from 

the reservoirs (NETL, 2010b). When CO2 is injected into a reservoir, usually under supercritical conditions, it 

becomes mutually soluble with the residual oil and significantly reduces the oil viscosity enabling the oil to 

be withdrawn more efficiently from the pore spaces through the production wells (e.g., ‘d’ in Figure 16). 

Referred to as enhanced oil recovery (EOR), this operation can increase original oil recovery by 7 to 23% 

further from the primary recovery (Global CCS Institute, 2011). The Permian Basin covering West Texas and 

southeastern New Mexico of US has the largest share of world’s CO2-EOR activity (e.g., NETL, 2010b, 

Advanced Resources International, 2006). Some other demonstration size or greater EOR projects include 

but not limited to Salt Creek (USA), Rangley-Weber (USA), Daqing (Chine), Weyburn (Canada) and Pembina 
Cardium (USA) (Koottungal, 2008). However, more than half of the injected CO2 returns to the surface with 

the produced oil requiring separation and reinjection facilities. At the end of the production, permanence 

of the sequestration should be confirmed by monitoring and verification systems.  

Han and McPherson (2009) have considered CO2 injection in the saline-only section below the oil-water 

contact (OWC) in oil reservoirs. Their results suggest that deep saline CO2 injection immediately below oil 

formations reduces buoyancy-driven CO2 migration and, at the same time, minimizes the amount of mobile 

CO2 compared to conventional deep saline CO2 injection. Furthermore they note that most, if not all, oil-

bearing basins in North America contain a great volume of such strata, and represent a large CO2 storage 

capacity option. An example of such a project is the Heartland Redwater Leduc Reef saline Aquifer CO2 
Capture and Geological Storage Project (HARP) (Gunter et al., 2009). The injection target is the water leg of 

a Devonian reef structure at a depth below 1000m, with an areal extent of 600 km2 and 275 m thickness. 

The reef has proven injectivity based on previous oil production and water disposal, with a potential to 

inject in excess of 1 ktCO2/day per well in the aquifer portion of the reef structure and a total storage 

capacity estimated at 1,000 MtCO2 (Gunter et al., 2009).  
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Injection of CO2 for EOR has been widely used around world (Koottungal, 2008). However, CO2 injection for 

enhanced gas recovery (EGR) is a less studied subject with no reported field projects. Although high 

recovery of gas during natural depletion of the reservoirs generally eliminates the need for this application, 

injection of CO2 for enhanced gas recovery was noted as a viable method for gas reservoir as well 

(Oldenburg et al., 2002, Al-Hashami et al., 2005). CO2, for example, could be a useful agent in enhanced 

coal bed methane recovery (Robertson, 2010) (e.g., ‘e’ in Figure 16). See Section 5.2 on the assessment of 

impact risks and likelihood for coal seam gas.  

 

4.1.2 PRESSURE CHANGE EFFECTS RELATED TO CO2 INJETION 

Pore pressure is the main element characterizing the physical behavior of fluids in the subsurface and is 

closely related to the various aspects of the generation and production of hydrocarbon accumulations 

(Dahlberg, 1995, Beaumont and Fiedler, 1999). It also controls the critical dynamic properties of the 

subsurface such as fluid circulation, stress and rock failure which closely relate to the integrity and 

containment capacity of the petroleum traps. Therefore, any change in the pore pressure within and 
beyond the CO2 plume is likely to affect hydrocarbon accumulations exposed to this change (Figure 15).     

Disturbance of existing hydrostatic/hydrodynamic equilibria 

Oil and gas are buoyant fluids with respect to formation water and can be trapped in reservoirs underlain 
by hydrostatic or hydrodynamic aquifer conditions. In hydrostatic traps, forces acting on the water are in 

balance and the pressure gradient is vertical with horizontal hydrocarbon water contacts (e.g., ‘f’ in Figure 

16). The injection induced pressure differential will initiate a hydrodynamic condition and create lateral 

flow of groundwater away from the injection site. 

If the pre-injection condition was hydrodynamic, the injection will further stimulate the pressure 

differential and change the flow dynamics in the reservoir. This could result in repositioning of the 

accumulation within the trap with a hydrocarbon/water contact tilted towards the flow direction (e.g., 

Dahlberg, 1995; Biddle and Wielchowsky, 1994). This repositioning may bring the petroleum pool in contact 

with a thief zone or a spill point constraining the volumetric capacity of the trap (e.g., ‘g’ in Figure 16). As a 

result, oil and gas may leak out of the trap possibly with resources lost within the field’s production time 
scales.  

The repositioning of the oil and gas pool could also affect the optimum production design of the field and 

potentially decrease the efficiency of existing production well template. For example, some or all of the 

well perforations opened to hydrocarbon production may become exposed to water due to repositioning of 

the hydrocarbon/water contact. 

Conversely, in petroleum-producing basins like the Gippsland Basin in Victoria where co-produced water is 

not re-injected into the subsurface it may be possible to reverse, at least partially, the production-induced 

regional underpressures through CO2 injection. 

Hydrofracturing, fault reactivation and degraded trap integrity 

Increased pore pressure decreases the effective stress and facilitates brittle deformation (Jaeger and Cook, 

1979). Accordingly, CO2 injection increases the risk for the failure of intact rock and reactivation of 

preexisting fractures in the rock volumes affected by the CO2 plume and the surrounding pressure front. 

Earthquakes associated with underground injection are well-known since the 1960s (Nicholson and 
Wesson, 1992). This creates potential risks to the integrity of the hydrocarbon traps through fracturing of 

the seals or the opening of sealing faults and migration pathways through the seals (e.g., ‘h’ and ‘i’ in Figure 

16), potentially causing leakage from the hydrocarbon pools. The amount of leakage will depend on the 

permeability of the fracture zone and will be difficult to predict. The Palos Verde fault in Santa Monica 

(California), for example, seeps 10-15 bbl/day while the Coal Point seep over a fault swarm in the Santa 

Barbara channel (California) is leaking 50-70 bbl/day (Wilkinson, 1971). Although these leakage rates will be 
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insignificant in production time scale, fault reactivation associated with seismicity is known to boost the 

leakage rates. Wood et al. (1985) reported significant increases in post earthquake discharge rates in fault 

controlled water springs varying from 31 Mbbl/day to 2.5 MMbbl/day. This boost in flow rates after the 

earthquakes typically persists over a period that could range from days to months (Muir-Wood and King, 

1993) and could add up to a significant volumetric loss if occurring in oil and gas fields. Furthermore, gas 

pressure in the CO2 plume could locally overcome the capillary entry pressure of the overlying sealing rocks 

(e.g., ‘j’ in Figure 16) resulting in breaching and CO2 transport towards the unintended pore spaces.  

Pressure support 

Petroleum production is assisted by the reservoir drive, supplying energy to move the hydrocarbons from 

pore spaces to the well bores. There are several primary drive mechanisms that naturally exist in the 

reservoirs such as water, buoyancy, gas expansion, solution gas and compaction drives (Ahmed, 2000; 

Dake, 1998). As the production advances, the pressure supplied by the natural drive mechanism diminishes 

and pressure support is needed to maintain production levels. Injection of water or natural gas into a 

reservoir is a common practice used to support the pressure and maintain production levels (e.g., Ahmed, 
2000). CO2 is considered as an alternative or supplement to the use of water or natural gas as a pressure 

support agent (e.g., Ehlig-Economides and Economides, 2010; Martin et al., 1999).  

4.1.3 STRESS AND STRAIN CHANGE 

Rock units below the ground surface are strained under the various stress components including the weight 

of the overlying rock column, water column and tectonic stresses. Stress and strain are under general 

equilibrium so that the continuous brittle failure of intact rock and existing fractures does not occur (e.g., 

frictional limits theory; Jaeger and Cook, 1978). Stress concentrations, however, lead to intermittent brittle 

failures cumulating the strain and relieving the excessive stress with seismicity. CO2 injection will likely 

influence the existing stress and, depending on the rock strength, the strain pattern in the rock volume 

surrounding the CO2 plume and the stimulated pore pressure front (Figure 15). Hydrocarbon production 

would have already altered the natural stress regime and the petroleum reservoirs and related activities 

are likely to be impacted when interfered by the additional stress and strain changes.  

Fracture reactivation 

Segments of faults bounding the oil and gas pools are sometimes critically stressed and close to failure. Any 

minor change in the stress and strain pattern induced by CO2 injection may trigger the fault rupture. 

Considerable deviation in the fluid flow behavior of a fault zone is predicted for periods before, during and 
after active rupture of the fault (e.g., Sibson, 1981). Accordingly, a sealing fault defining the boundary of a 

petroleum accumulation may be breached bleeding large volumes of petroleum fluids from a reservoir in 

contact with the fault as also discussed in the previous section (e.g., ‘k’ in Figure 16).  

Impact on surface facilities 

Decades of oil and gas production activities documented many examples of ground deformation, 

particularly subsidence, caused by withdrawal of large volumes of fluids from the subsurface reservoirs 

(e.g., Fielding et al., 1998). There are cases that the subsidence reached critical levels and risked the 

petroleum production and safety of the production platforms requiring an action to ensure the safety and 

continuation of the production (e.g., Ekofisk oil field; Num, 1987). It already has been documented that 

injection and storage of CO2 will create ground deformations with uplift bulges on the order of centimeters 

(e.g., Ringrose et al., 2009; Rutqvist et al., 2010, Matheison et al., 2010, Rutqvist, 2012). Wellheads and 

pipelines are susceptible to damage due to these surface movements. Therefore, the ongoing petroleum 

production and pipeline transport networks can be adversely affected by the CO2 induced uplift bulges 
(e.g., ‘l’ in Figure 16). 
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4.1.4 SUBSURFACE OPERATIONS AND DATA ACQUISITION 

CO2 storage may complicate the subsurface operations and data acquisition in hydrocarbon exploration, 

future development and production activities that are targeting the injection influenced domains and/or 

the underlying strata (Figure 16). Drilling through the overpressure caused by the plume and the pressure 
front, for example, can be hazardous with blowouts if the overpressure is not carefully compensated. 

Changes in stress/strain and pore pressure could also deteriorate well bore stability due to failure of 

borehole walls and impact the drilling operations and acquisition of the wireline log data. Similarly 

increased affinity to failure should be carefully considered for the planning and application of hydraulic 

fracturing in the neighborhood of injection induced stress and strain anomalies. For example, an existing 

CO2 storage reservoir with a shale caprock would rule out future production of shale gas in that area. 

In saturated porous rock, seismic response is largely controlled by the rock matrix, pore fluids and the 

effective stress. Changes in the pore fluid and effective stress in CO2 flooded reservoirs affect the response 

of the subsurface strata to seismic reflection surveys. Although these changes could be effectively used for 

monitoring of CO2 plume, the anomalous fluid content and pore pressure potentially affect the seismic 
imaging of the underlying strata.  

4.2 Assessment of impact risks and likelihood 

Despite the benefit that the upstream oil and gas data provide valuable subsurface information with 

minimal investment for selection of CO2 storage sites, there is a risk that the subsurface impacts of CO2 

injection (Figure 16) will interfere with the exploration, development and production activities in 

hydrocarbon prone basins. Furthermore, evolving science and technology often enables exploitation of new 

resources previously considered economically infeasible. For example, a shale-rich formation providing a 

subsurface containment for CO2 may later emerge as an unconventional reservoir with significant resource 
potential. Therefore, understanding and characterizing existing and emerging resources and their spatial 

distribution (e.g., Part II) are vital in the assessment of the impact risks and effectively managing basin 

resources. 

In the case of petroleum resources, the potential adverse impacts from CO2 storage projects are mainly of 

an economic nature. Migration of CO2 into a hydrocarbon accumulation may compromise the resource 

value in terms of lost volumes or degraded quality, increasing the costs of petroleum production and 

development.  

Another critical input into the assessment is to understand the potential extent of the area influenced by 

the CO2 injection. This understanding can be established prior to the onset of the injection by rigorous 

forward modeling based on well-constrained geological framework, realistic formation properties and 
injection volumes (e.g., Section 2.4; Bandilla et al., 2012). The modeling will contribute to the estimation of 

the domains of plume, pressure change and stress/strain changes that can be assessed against the 

distribution of the resources. These estimates should then be reviewed and updated as more data become 

available during the injection and monitoring phase.  

A proximity analysis (PA), which assesses the distribution of resources with respect to different domains of 

CO2 influence (Figure 16) can be used to establish the framework for the assessment of the impact risks. 

PA is an analytical technique often used in GIS applications to determine the relationship between a 

selected feature and its neighboring features (ESRI, 2010). It could be instrumental for defining and ranking 

of sub-regions in terms of resource potential versus the impacts of plume, pressure change and stress and 

strain changes. It could also be used to optimize the synergies between CO2 geological storage and 
petroleum production (i.e. pressure support, reversal of regional underpressuring, CO2 EOR). 
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4.3 Options in monitoring for impacts or early indicators of impact risk 

A number of monitoring approaches are available to track the efficiency of CO2 storage operations. The 

selection of various methods will largely be case-specific depending on the situation, site and reservoir 

characteristics and they are extensively discussed in the literature (e.g., Arts et al., 2004, Hirsche et al., 

2004, IEA, 2007, Stalker et al., 2011). Table 13 summarizes some of the key methods that could be useful to 

monitor the impact of CO2 storage on hydrocarbon resources. These methods are mostly adopted form the 

applications in the oil and gas industry and some of existing production infrastructure (e.g., boreholes) and 

data sets can be easily incorporated within the monitoring system.   

The most critical impact to monitor for oil and gas resources is the CO2 contamination of the reservoir that 
occurs due to direct interaction of injected CO2 with the oil and gas pools. A variety of subsurface 

geophysical methods have been successfully applied to monitor the CO2 flooding and the plume migration 

in a number of carbon storage projects (Table 13). Time lapse seismic reflection surveys were found 

particularly efficient for this purpose (Arts et al., 2004, Hirsche et al., 2004). The monitoring is achieved by 

acquisition of pre-injection seismic data as a base-line survey followed by time-lapse seismic data sets 

acquired periodically over the same survey as the stored CO2 volume increased. Comparison of the base 

line data with the later data sets indicates the changes in the seismic properties of the reservoir and assist 

imaging of plume morphology and its development through time. However, there is a concern with this 

method that the resolution will be limited and the minimum detectable volume of CO2 may still be 

significant for contamination of the oil and gas reservoirs. The seismic detection limit for a CO2 plume 
depends on a variety of site specific parameters, i.e. reservoir depth, intervening lithology and thickness, 

fluid content as well as technical specifications of the seismic survey. For example at Sleipner, it was 

suggested that CO2 accumulations as thin as 1 m can be recognized with seismic data (Chadwick et al., 

2007). On the other hand, the assessment of seismic detection limits at Weyburn showed that lateral 

resolution limits constrained the detection volume to up to 4 million m3 (~25 MMbbl or 7500 tonnes) at 

supercritical conditions (Hirsche et al., 2004). Furthermore, localized conduit zones such as faults and 

fractures may remain undetectable with the seismic methods although they can transport small volumes 

(below the resolution limit) in a continuous manner which could add up to a significant contamination. 

 

Table 13. Summary of some of the monitoring approaches that can be adopted to track the impact of CO2 storage 

on hydrocarbon resources. Details of these methods are discussed in Arts et al. (2004), Hirsche et al. (2004), IEAGHG 

(2007) and Stalker et al. (2011).    

Subsurface geophysical  • Time lapse seismic reflection surveys 

• Vertical seismic profiling and cross well-bore seismic surveys 

• Electrical and electromagnetic surveys 

• Gravity surveys 

• Passive seismic monitoring (micro-seismicity) 

Borehole  • Conventional production data 

• Pressure monitoring 

• Geochemical monitoring 

• Borehole logs 

• Flow meters 

Remote sensing  • Satellite imagery of land surface deformation 

• Hyperspectral imagery 

Surface  • Air sampling and analysis  

• Geochemical soil survey 

         

Boreholes provide another key data source for monitoring purposes (Table 13). Geochemical sampling of 

pore fluids, for example, can be efficiently used to track the CO2 induced changes of mineral geochemistry 
(e.g., Stalker et al., 2011; Hirsche et al., 2004). The methodology depends on the pore fluid samples 

collected from the wells before (baseline) and during the injection of CO2 and analyses of the mineral 
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constituents of the fluid samples for a wide range of chemical and isotopic parameters. Changes occur in 

the chemical and isotopic values due to CO2 addition (Stalker et al., 2011 and references therein) and these 

changes accentuate and propagate as a front with the expanding and migrating CO2 plume (Hirsche et al., 

2004). Recognizing these geochemical signatures in the oil and gas fields may provide an early warning 

before the CO2 contamination occurs and indicate a hydraulic connection with the carbon storage reservoir. 

Similarly, various different types of natural or introduced tracers (Stalker et al., 2011) can be injected 

before the CO2 and monitored in the oil and gas fields for early footprints of the CO2 contamination.   

The production data are routinely acquired in oil and gas fields and constitute regular temporal sampling of 

production parameters such as produced volumes of gas, oil and water and various physical parameters 

such as pressure, density and temperature (e.g., Stalker et al., 2011; Hirsche et al., 2004). These data can 
also be monitored for precipitous changes, which can be indicative of a potential influence of the CO2 

injection. An increase in reservoir pressures, for example, may suggest arrival of the pressure front 

propagating from the injection site. Monitoring pressure changes and groundwater flux in the underlying 

aquifer may aid to track the reservoir/aquifer equilibrium and tilting of the hydrocarbon water contacts 

(e.g., ‘g’ in Figure 16). Such affects may also impact the relative production rates of the hydrocarbons and 

water. In addition to pressure change, density, viscosity, temperature and thermal and electrical 

conductivity may also vary due to injected CO2 and its interaction with the formation fluids (Stalker et al., 

2011 and references therein). Some of these parameters could also be instrumental in monitoring the 

advancing footprints of CO2 storage as various tools capable of these measurements are often deployed 

permanently in hydrocarbon fields as part of down-hole monitoring arrays. 

Microseismic (Martinez-Garon et al., 2013). 

Rock deformation due to pore pressure and stress and strain changes may be a risk to maintaining the 

integrity of hydrocarbon traps and surface facilities such as well heads and pipelines. While pore pressure 

change is easier to monitor from the production and monitoring wells, the domain of stress and strain 

changes can be inferred from the ground surface responses. Remote sensing methods (Table 13), especially 

the satellite-based interferometric synthetic aperture radar (InSAR) has proven to be an efficient tool to 

detect subtle ground deformations by comparing phase differences from successive satellite passes (e.g., 

Mathieson et al., 2010; Vasco et al., 2010). InSAR provides very fine spatial and temporal resolution that 

injection-induced responses of individual faults can sometimes be detected and interpreted (e.g., Rutqvist, 

2012). Further monitoring of the brittle rock deformation is possible by passive seismic monitoring (e.g., 
Verdon et al., 2011, Zhou et al., 2010). This is achieved by a locally installed array of geophones, which 

initially record the background natural seismicity prior to injection and then record the induced seismicity 

during the injection. It was documented in various storage sites that the rate of injection-induced seismicity 

could range from very low to up to 10 events per day depending on the stress state of the structures 

(Rutqvist, 2012). It was observed that the brittle failure could also occur outside of the injection zone and 

beyond the actual pressure change (Verdon et al., 2011, Zhou et al., 2010). This deformation could be 

critical to the oil and gas fields that are not hydraulically connected to the storage reservoir but may be 

affected by the domain of stress and strain changes (e.g., ‘k’ in Figure 16).      

 

4.4 Management options  

As described in Section 4.1, CO2 interaction with reservoirs and reservoir fluids could influence production 

of hydrocarbon resources in several different ways. Some of these interactions could be used for the 

benefit of petroleum production:  

• Miscibility of CO2 with oil decreases oil viscosity and improves production recoveries as aimed by 

the EOR operations; 
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• CO2 could be an alternative or supplement to use of water or natural gas as a pressure support 

agent; 

• CO2 adsorption by coal releases adsorbed methane and could improve coal bed methane 

production;  

• Overpressure from CO2 injection may reverse regional underpressuring in aquifers due to 

petroleum production. 

However, CO2 presence in the pore spaces and injection-induced pore pressure, stress and strain changes 
could also be conflicting to the hydrocarbon resources as they could potentially lead to:  

• Unintended CO2 contamination of petroleum reservoir; 

• Geochemical reactions between CO2 and reservoir/seal sequences; 

• Detrimental change in hydrostatic/hydrodynamic equilibrium of the reservoir; 

• Degraded trap integrity due to hydrofracturing and fault reactivation;  

• Ground surface deformation; 

• Complications in subsurface operations and data acquisition.    

Identifying a suitable storage site possessing adequate containment security, injectivity and capacity is the 

vital step in preventing or minimizing the potential negative impacts. Accordingly, rigorous site screening, 

site selection and geological site characterization is vital for CO2 storage projects (NETL, 2010a). The 

negative impacts are also proportional to hydrocarbon potential and basins with none to limited potential 

will be ideal for CO2 storage projects in minimizing the conflicts. Although the interaction with the known 

hydrocarbon fields and reserves are manageable with rigorous planning and monitoring, the prospective 
resources with high level of uncertainty possess the main pore space management challenge. It is not 

uncommon that a new play emerges in a mature hydrocarbon basin after decades of production and 

replenishes the prospectivity of the basin in an unpredictable way. Furthermore, technology advancements 

enable economic production of resources once considered infeasible. A shale formation which is used to 

confine a CO2 storage reservoir, for example, may become an economic shale gas reservoir in the future.  

Installing and maintain a comprehensive monitoring system is the most critical component in prevention 

and management of the negative impacts (IEAGHG, 2007). The monitoring system will not only serve as the 

early warning tool for any potential interaction, it will also provide valuable information for management 

once the interaction occurs. The management options are likely to be case specific as a function of the local 

geology and the nature and degree of interaction. The impacts will typically have commercial consequences 
on hydrocarbon resources which will require coordination and consensus of both sides for the 

management and mitigation.    

The first step in management is generally to stop the injection completely or locally until a clear 

understanding of the case is established and a management plan is developed. Diagnosing the issue 

through a monitoring system is vital in planning of the further steps. Remedial measures are generally 

limited at the typical depth of hydrocarbon resources but reconfiguration of injection rates and pressures, 

drilling of pressure relief wells or hydraulic barriers, separation and reinjection of CO2 from produced 

hydrocarbons could be some of the viable options (e.g. Figure 16). Table 14 summarizes the potential 

remediation options for the impacts discussed above.      
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Table 14. Summary of the potential impacts of CO2 storage on hydrocarbon resources, detection methods and remediation options. Please refer to text for detailed 

explanations. 

Event Description Potential Consequence Detection 
Remediation 

Options 
Comments 

CO2 migration into 
petroleum reservoir 

Migration of free-phase CO2 leads to 
contamination of the reservoir fluid 

- Additional technical challenges and investments for 

separation and disposal of contaminant CO2  
- Increased potential for corrosive damage on down 

hole tubing & transmission pipelines. 
- Reduced marketability due to lowered burn value  

•Time lapse seismic 

reflection surveys 
• Geochemical monitoring 

• Conventional production 
data   

• Halt or limit 
injection. 
• Hydraulic barriers to 

isolate the reservoir  
• Surface treatment to 

separate CO2 

Pipeline natural gas 
specifications require typically 

<2% CO2.  

+ Increased oil mobility due to reduced viscosity; EOR 
+ CO2 enhanced desorption of methane from coal 

between the storage location and hydrocarbon 
reservoirs may lead to an increase in producible gas 

• Conventional production 

data 

• Beneficial to 

production 

Enhanced oil recovery using 

CO2 is a widely implemented 
technology in the petroleum 
industry (i.e. Weyburn, 

Rangeley) 

Dissolution of migrated 

CO2 in reservoir formation 
water 

Dissolution of CO2 results acidification 
of formation water and leads to 

geochemical reactions between 
formation water and reservoir/seal 

rocks:  
- Mineral Dissolution/precipitation 

- Collapse or clogging of pore spaces impacting 
production rates. 
- Development of new flow pathways and undesirable 

flow in and out of the reservoir. 

• Geochemical monitoring 

• Conventional production 
data 

• Halt or limit 

injection. 
• Hydraulic barriers to 

isolate reservoirs  

Mineral dissolution or 
precipitation may both occur 

as a result of CO2 injection 
depending on mineralogy, 

water chemistry and p,T 
conditions  

+ Increase in permeability could lead to increase in 

productivity 

Injection-induced 
displacement of fluids 

Injection-induced hydraulic gradient 

results in flow and displacement of 
formation water and may result in 
repositioning or displacement of the 

hydrocarbon accumulation 
 

- Repositioning of the hydrocarbon accumulation may 
result in hydrocarbon being displaced beyond the spill 

point or into a thief zone. 
- Tilting of hydrocarbon-water contact may lead to 

decreased production efficiency. 

• Pressure monitoring  
• Flow meters 
• Conventional production 

data 

• Limit the injection 
rates and pressure  

• Pressure relief 
upstream of the 
reservoir    

 

+ Injection-induced pressure increase could counteract 
declining reservoir pressures 

Injection-induced pore 

pressure increase and 
stress/strain change 

Increase in pore pressure due to CO2 

injection leads to  a decrease in 
effective stress and may trigger a 
geomechanical response 

 
 

- Fracturing of seals or opening of pre-existing fractures 
may cause leakage from the hydrocarbon pools. 

- Fault reactivation; induced seismicity 
- Ground surface deformation may lead to damage of 
wellheads and pipelines  

• Passive seismic 
monitoring 

• Satellite imagery of land 
surface deformation 
(INSAR) 

• Conventional production 
data  

• Geochemical soil surveys 

• Limit the injection 
rates and pressure. 

• Pressure relief 
around critically 

stressed zones. 

Commonly, regulations require 

CO2 injection pressures to be 
below 10 % of the fracture 
pressure of the reservoir rock 

to limit the risk of fracturing 
and fault reactivation. + Fracturing of reservoir rock may result in increased 

productivity 

Constraints on future 
resource exploration & 

development  

Areas used for or impacted by CO2 

geological storage have limited 
potential to be explored for 

undiscovered or currently uneconomic 
hydrocarbon resources 

- Sterilisation of unconventional or undiscovered 

hydrocarbon resources 
- Risks associated with drilling through overpressures 
 

• Time lapsed seismic 

reflection surveys 
• Passive seismic 
monitoring 

• Diagnose pressure 
and stress/strain 

conditions.  
• Use proper 
compensation and 

calibration. 

Regulators need to consider 

future hydrocarbon resource 
potential and prioritise 

different basin resource 
developments. 
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5 Potential interactions between CO2 injection and 
coal and coal seam gas resources  

Coal is an important energy resource for Australia, with large coal mining operations and associated power 

generation in the Gippsland and Surat basins. The latter also sees emerging coal seam gas development, 

making it important to consider interactions with CO2 geological storage in these basins. 

Typically CO2 will be stored at depths of greater than 800m, below an impermeable seal or other geological 

barrier in a sedimentary basin, in which coal and coal seam gas (CSG) resources may also exist. Any 

potential for CO2 leakage into the resource and effects that it will have should be assessed with respect to 

impacts on the coal or CSG resource and risks to mine safety.  

Coal may be extracted from relatively shallow open cut pits that can be dug to around 300 m depth, or 

underground mines that, in Australia, can be around 800 m deep. Mining methods already allow 

underground extraction at depths of more than 1000 m so future mining practices should also be borne in 
mind when impacts on future resources are assessed. 

A recent study by Busch et al. (2009) proposes some unconventional storage options such as CO2 storage in 

abandoned coal mines, through CO2 sorption either to the residual coal, organic matter and bedrock, or 

sorption to mining waste before its disposal. Another concept would be using fly ash with high CaO content 

to bind CO2 through mineral carbonation (Ulias-Bochenczyk et al., 2009).   

In CSG operations, the coal seam needs to be de-pressurised through water production for methane to be 

desorbed from the coal matrix. A common technique used to increase flow through the coal measure and 

thereby release coal seam gas is hydraulic fracturing (fraccing), which uses pressurised fluid for creating 

fracture permeability. Production of CSG in Australia currently occurs at approximately 300-500 m depths, 

but can go to 1000m depth in some instances. With improved technology the maximum depth could be 
increased in the future. 

5.1 Identifying the potential for impacts 

Many of the potential impacts of CO2 geological storage on coal and CSG resources are similar to those 

related to petroleum resources. The main difference is that coal and coal seam gas development typically 

occurs at shallower depth, separated vertically from carbon storage, as opposed to conventional petroleum 

which is often produced from the same stratigraphic horizon and depth range. The following aspects are 

more specific to coal mining and CSG operations and should be considered in the case of CO2 storage 

operation being located in close proximity: 

• Coal mining, in most cases, requires large-scale dewatering of the sedimentary succession that is 

being mined. This would result in an increased vertical hydraulic gradient between coal layers and 

underlying CO2 storage intervals; hence higher potential for vertical CO2 migration across an 

intervening seal. 

• CSG requires de-pressurisation of coal measure for methane desorption. Again, this would result in 

an increased vertical hydraulic gradient between coal layers and underlying CO2 storage intervals. 

Also, produced water will need to be disposed of either at the surface or by re-injection, the latter 

potentially competing for storage space with CO2 injection operations. 

• CO2 has a higher affinity to coal than methane; i.e. compared to methane, CO2 is preferentially 

adsorbed to the coal matrix. In case of a leak, this could result in unwanted mobilisation of 
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methane, a stronger greenhouse gas than CO2. As a positive interaction, this process could be 

utilised for enhanced coal seam gas production. 

• CSG often occurs in low-permeability environments where hydraulic fracturing may be required to 

increase flow. This could result in fracturing of the confining layer between coal layers and 

underlying CO2 storage intervals; hence lowering the CO2 containment potential. 

• The nature of the areal distribution of coal and CSG resources can result in a relatively large surface 

infrastructure compared to conventional petroleum operations, including a large number of wells. 

This may pose challenges for surface monitoring methodologies due to limited land access and 

potential interference with geophysical signals. 

5.1.1 MIGRATION OF CO2 OR METHANE INTO MINES 

CO2 leakage to the atmosphere in large quantities will impact on the environment in the same way that it 

would if not previously pumped underground, negating the effort of CCS causing more long-term effects. In 
relation to mining coal and CSG extraction, however, exposure to elevated concentrations of CO2 itself can 

be both a health and an environmental hazard, directly and indirectly, and such hazards are summarised in 

Table 15. An excess concentration of CO2 in an underground mine for example could cause, in the extreme 

case, asphyxiation of mine personnel and damage to mining equipment that cannot operate in CO2-rich air. 

Equally, in an open cut mine, where the pit may be deep but because CO2 is ‘heavy’, a concentration that is 

unable to degas quickly enough may also create a dangerous layer. Also, CO2 may accumulate in soils and 

overburden, which when removed during the mining process may release excess CO2 to the atmosphere 

and may be a health and safety issue, depending on the concentrations stored.  

In the case of a CO2 leak from a storage site, the lost CO2 would migrate through overlying sediments that 

may contain coal. CO2 encroaching into a coal seam would not reduce the value of the coal itself. However, 
CO2 has a greater affinity with coal than has methane, CO2 would displace the methane and remain 

adsorbed to the coal. Whilst this provides an additional trapping mechanism for the CO2, the displaced 

methane may migrate to a mine where it could become a hazard and danger to mining personnel or to the 

atmosphere where it would constitute a greenhouse gas. When air contains from 5 to 15% of methane, an 

explosion can occur; the most critical mix is 9.5% methane, allowing the fuel/oxygen ratio to combust with 

very little additional heat. In addition to proper ventilation during mining operations, methane typically is 

extracted prior to mining to eliminate or dilute methane emissions and risk during mining (Karacan et al., 

2011 and references therein). Still, remaining pockets of methane within the rock walls can cause sudden 

explosion (outburst) if a sudden release of methane into the mine occurs and is unable to be extracted or 
dispersed. 

Other hydrocarbons that could be mobilised from coal by supercritical CO2 include poly-aromatic 

hydrocarbons (PAHs) which have the potential to adversely affect groundwater quality even at relatively 

low concentrations (Kolak and Burrus, 2006). 

5.1.2 STRESS AND STRAIN CHANGES IN COAL SEAMS OR MINES 

As outlined in Section 4.3, CO2 injection will influence the existing stress and, depending on the rock 

strength, the strain pattern in the rock volume surrounding the CO2 plume and the stimulated pore 

pressure front. Based on laboratory experiments, Wang et al. (2013) suggest that CO2 injection may cause 

the reduction of effective stress, degradation of coal strength and may potentially lead to coal seam 

instability and fault slip. Mine excavation (including blasting) and CSG production would also alter the 

natural stress regime and these operations could be impacted by the additional stress and strain changes 

due to CO2 injection (Figure 17). The cumulative effects could increase the risk of induced seismicity and 

ground movement, potentially leading to reduced CSG productivity, damage to CSG wells and surface 

infrastructure and to the instability of mine shafts or open pit walls. Sudden failure of coal seams 
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associated with CO2 injection has the potential to cause gas outbursts due to the large sorption capacity of 

CO2 in coal (Li et al., 2007; Perera et al., 2012). 

 

 

 

Figure 17. Schematic views of the impacts of seismicity induced by a) quarry and deep mining and b) liquid injection 

at depth (from McGarr et al., 2002). ττττ = shear stress, p = pressure, σσσσv = vertical stress, σσσσh = horizontal stress. 

5.1.3 ENHANCED COAL SEAM GAS PRODUCTION  

As a positive impact, CO2 is being tested as an option to enhance CSG production by controlled injection of 
CO2 into a coal seam. The enhanced recovery is based on the fact that in theory the CO2 has higher affinity 

to be adsorbed to coal surfaces than the any other gases. When injected into a coal seam, CO2 molecules 

compete with methane molecules for adsorption sites and detach the absorbed methane which becomes 

free to flow to the production wells. From trials thus far, a limitation on practical application of this method 

is the associated reduction of permeability and injectivity due to CO2 induced swelling of the coal (Global 

CCS Institute, 2011). Comprehensive reviews of CO2 storage in coal beds and using CO2 for enhanced coal 

bed methane (ECBM) recovery including references to pilot projects are provided by White et al. (2005) and 

Reeves (2009). Their conclusions are that generally there is significant potential for CO2 ECBM, however 

following challenges need to be overcome before the technology may be realized commercially: the lack of 

a) understanding the near- and long-term processes related to the interaction between CO2 and coal at 
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reservoir conditions (i.e., coal shrinkage versus swelling), b) information about CO2 storage capacity in 

coals, and c) relevant reservoir data for defining favorable injection and storage settings (Reeves, 2009). 

5.2 Assessment of impact risks and likelihood 

The potential health and environmental impacts of CO2 geological storage on coal and CSG operations are 

associated with either elevated concentrations of CO2 and methane or mine instability, which are hazards 

that are typically included in the risk assessment in the coal mining and CSG industries with appropriate 

monitoring and remediation procedures in place. The additional risk from CO2 leakage or increased 

geomechanical stress should be relatively small and covered by the existing health and safety procedures of 

a mine or CSG operation. 

Humans can tolerate exposures of up to 10,000 ppm of CO2 (ambient atmospheric conditions are 

approximately 380 ppm at present) and a catastrophic, concentrated release of CO2 would be needed to 

reach these values. CO2 is not flammable and therefore, in moderate and low quantities, presents a lower 

risk than other gases likely to be naturally present in a mine.  Nevertheless, as discussed above, CO2 may 

displace methane which itself is a flammable gas and gas outbursts are a common hazard in coal mining. 

Clearly, most of the above mentioned impacts could be avoided by not co-locating coal, CSG and CO2 

geological storage operations. However, the potential for using CO2 in enhanced coal seam gas operations 

may justify the close proximity of CSG production and CCS. Technologies like CO2 ECBM or CO2 storage in 

abandoned coal mines are not very advanced, which makes it difficult to quantify any effects from the 

interaction between operations. Proper site characterisation, appropriate monitoring strategies and having 
multiple sealing units between coal layers and CO2 injection intervals would significantly limit any potential 

leakage risks. 

5.3 Options in monitoring for impacts or early indicators of impact risk 

Down-hole monitoring into sediments and aquifers above the caprock, both under and surrounding a mine 

or potential resource to identify migration and to test migration pathways of CO2 and/or methane of 

potential or working resources/mines should be performed. In most cases, coal mines and CSG operations 

have a comprehensive monitoring network, which should be sufficient to detect any impacts from CO2 

geological storage operations in the vicinity. For example the underground coal industry in Queensland 
installs sophisticated real time, tube bundle and ultra fast gas chromatograph systems in each mine (Bradly, 

2008; Mason, 2012). Associated gas monitoring software ensures the automatic triggering of an alarm if gas 

levels exceed predetermined concentrations based on historical data at each mine. 

Although the mine is responsible for fitting methane detectors in and around the mine and on equipment, 

and methane detection and air quality in general within a mine is highly regulated, early detection of 

changes in gas entering a mine would be valuable to safety in addition to knowledge of potential changes in 

gas flow at the mine that could be caused by plume leakage.  

Further information for monitoring objectives, methodologies and options for early-warning of CO2 

movement is provided in the water and petroleum Sections 3.3 and 4.3. 

5.4 Management options 

Australian underground mines typically control CO2 and methane risks in a mine in a number of ways 

including drainage of the area before and during mining (Figure 18), providing adequate ventilation flow, 

documenting flow paths and detection with portable gas detectors and chemical detector tubes (Safe Work 

Australia 2011). Should a new source of CO2 encroach into the mine, such as leakage from a CO2 storage 

site, such pre-arranged procedures should be sufficient if leakage rates are small. Still, early detection of 

changes to gas flow and chemical indicators through the ground would be valuable information to the mine 
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for planning increased monitoring, increased ventilation or evacuation in the event of a mine being 

exposed to catastrophic release of CO2 and/or displaced methane. Similarly, in the case that CO2 leakage 

could impact on CSG production, early information of changes in subsurface gas flow in the vicinity of their 

resource would be valuable knowledge to them.  Although underground mines are required to monitor air 

quality, and elevated levels of CO2 or methane may be detected before it reaches a dangerous level, in 

addition to ventilate and disperse air in the mine, early warning that plume leakage may increase such gas 

flow would be highly valuable to mine safety preparation. Close liaison with local mine operators and 

resource companies that would continue throughout the life of CO2 injection and ongoing storage likely to 

be impacted, would enable a mine to respond to potential changes in their hazard and risk profile. Early 

consultation with mine and resource owners when an impact risk increases or an impact occurs will provide 
them with the opportunity to act on pre-existing plans or develop new ones to reduce the hazard and 

manage the risk.  

As a preventative process, injecting N2 may partly reverse the coal swelling induced by CO2 injection, 

thereby limiting the reduction in coal strength (Perera et al., 2012). A summary of key management 

options, including detection, monitoring and potential remediation is shown in Table 15. 

 

 

Figure 18. Coal mine methane (CMM) and ventilation air methane (VAM) production, end-use and destruction 

options for underground coal mines (Karacan et al., 2011). 
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Table 15. Key impacts to coal resources related to the storage of CO2 in geological formations. Please refer to text for details. 

Event Description Potential Consequence Detection Remediation Options Comments 

CO2 leakage into mine   

CO2 migrates from 
storage interval to 

mined area, emplacing 
CO2 into mine or area 

around mine. 

- Large volumes of CO2 can be 

dangerous to human health; 
excessive volumes can be fatal 
- CO2 reduces the coal strength 

and may lead to sudden coal 
seam failure & gas outburst 

Methane/air detectors in 
mine for seepage from 

ground; gas monitors 
surrounding mine; plume 

leakage monitoring  

If large CO2 volume detected 
on pathway to mine, mine 

should be informed; mine 
evacuation followed by 

ventilation required 

Low concentrations of CO2 are relatively harmless for 
human health and the environment. Mines are 
typically ventilated with mine quality control able to 

detect changes in CO2 volumes; rate of ingress into 
mine should be monitored if slow leakage – Detection 

of increased CO2 communicated to CSG resource 
owner  

Methane displaced from coal 
by CO2 

Migrating CO2 may 
displace methane and 
PAHs from coal, these  

substances potentially 
migrating into shallower 
sediments, a mine or to 

the ground surface. 

- Trapped methane in shallow 

sediments may be a hazard if 
sediments are later excavated, 

for mining (gas outbursts) 
- CO2 liberating the methane 
may reduce future or existing 

CSG resource. 
- Contamination of mine water 
with PAHs 

Detection from CO2 or 
methane monitoring 
beyond seal, mapped 

against known locations of 
coals; soil/sediment 
sampling at depth  

• Extract methane by 

pumping  

• Stop injection; pump-and-

treat 

• Increase mine ventilation; 

evacuate mine. 

Methane may eventually migrate through sediments 
into deep mines or to the surface, but may remain 

trapped and dispersed in sediments for a long time, 
slowing eventual leakage. Amount of methane that 

may migrate to a mine depends whether barriers to 
migration exist under or around mine; detecting large 
influx of methane into mine will call for evacuation - 

knowledge of potential of methane movement towards 
mine will allow early action, increased ventilation, 

ability to reduce risk early. Using CO2 for enhanced coal 
seam gas production has been investigated with mixed 
results. 

+Enhanced coal seam gas 

production 
Production data 

Injection-induced pore 
pressure increase and 

stress/strain change 

Increase in pore 

pressure due to CO2 

injection leads to  a 
decrease in effective 

stress and may trigger a 
geomechanical response 

 

- Fault re-activation/induced 

seismicity may result in mine 
instability and collapse 

- Gas outbursts 

Spatial CO2 migration 

mapping versus coal 
location; downhole gas 
sampling/monitoring; soil 

and sediment sampling; 
coal mine air quality 

sampling; micro-seismic 

• Stop injection 

• Support mine structure 

Commonly, regulations require CO2 injection pressures 

to be below 10 % of the fracture pressure of the 
reservoir rock to limit the risk of fracturing and fault 

reactivation. 
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6 Potential interactions between CO2 and 
geothermal resources  

Potential conflicts between CO2 sequestration and geothermal projects can range from negligible to highly 

significant. As there are no large, operational geothermal projects functioning in Australia, the very short-

term risk of conflict could reasonably be considered negligible. Other countries have invested in geothermal 

energy in sedimentary basins. Laplaige et al. (2005) identified close to 100 geothermal wells that have 

supported geothermal operations in France. They also noted that in time, a third of these operations were 

discontinued for technical or economic reasons.  

Bentham and Kirby (2005) identify possible conflicts between CO2 sequestration and geothermal energy 

resources in the Paris Basin, where storing CO2 may inhibit the development of geothermal resources. From 

the opposite perspective many authors have identified possible benefits of coupling geothermal operations 

and CO2 sequestrations (see Randolph and Saar, 2011; Buscheck et al., 2011). Regarding this Randolph and 
Saar, 2011 wrote:  

“While additional research is required, numerical modelling results at present suggest that geologic 

reservoirs with CO2 as the subsurface heat mining fluid (i.e., CPG systems) could substantially offset the 

costs of CCS, and in particular the sequestration component of CCS.” 

If at some point in future, new technologies or new opportunities evolve that enables efficient conversion 

of the massive quantities of low grade heat resident in the basins of Australia, then the geothermal industry 

could emerge as a high priority basin use, directly competing with CO2 sequestration for tenure over the 

permeable, deep sediments in Australia’s Basins. The likelihood of this extreme scenario playing out is low, 

although this possibility must be considered.  

The consequence and importance of the relationship between geothermal regimes and the suitability of 
sedimentary basins for CO2 sequestration is well documented. Perhaps the most immediate geothermal 

effect on CO2 storage and sequestration is on the phase or state of CO2 as temperature and pressure 

change with depth (e.g. at what temperature and pressure will CO2 be in the supercritical state). The 

relationships between geothermal energy, CO2 injection and sedimentary basins are explored at a global 

scale by Bachu (2003), who considers basin scale criteria for CO2 storage and sequestration. Bachu (2003) 

summarized the key relationship as:  

“The temperature at any depth determines CO2 density, which in turn affects the 

sequestration capacity and the buoyancy forces driving the upward movement of CO2.” 

The potential impacts of geothermal developments on CO2 sequestration are discussed further below. The 

discussion commences with an example of what an integrated geothermal project could potentially “look 
like” then proceeds to a brief example of how project risks may be changed. The example is followed by a 

general review of impacts, risks, monitoring and possible remediation strategies related to possible 

conflicts or synergies between geothermal resources and CCS projects.  

6.1 Identifying the potential for impacts  

A geothermal project may extract or inject water for heat exchange or power generation from a single 

aquifer. However, an alternative scenario is that a geothermal development takes advantage of 

temperatures and temperature gradients between aquifers at multiple depth levels for multiple 

applications.  

The schematic below (Figure 19) represents a hypothetical arrangement in which three connected 

geothermal systems use temperatures or temperature differences from up to four aquifer levels to drive an 
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integrated geothermal “precinct”. In theory such a system could generate water of any temperature in the 

range from that of the coolest to the hottest aquifer level accessed by wells. The four aquifer scenario 

below could be representative of many locations in the Perth Basin; Western Australia, including below the 

city of Perth.  

 

 

Figure 19. Schematic of a possible multi-aquifer heat exchange / power generation precinct. This four aquifer 

scenario has parallels with the arrangement of aquifers for many locations in the Perth Basin in Western Australia.  

While the above image shows one or two wells at each location a realistic scenario could consist of networks of 

tens or hundreds of well feeding heat exchange or power generating facilities. This is a hypothetical scenario.   

 

Possible impacts of geothermal development or exploration can be either positive or negative. The two 

categories are tabulated in the following sections. Some risks are presented to both geothermal and CCS 
projects. An example would be “unaccounted” and/or existing wells (e.g. damaged wells) that provide 

vertical pathways for fluids (Gasda et al., 2004). These are also considered as the combined impact of 

geothermal and CCS, and may change large scale hydraulics and ultimately cause vertical flow in 

unaccounted for and or existing damaged wells.   

If basin resources are suitably managed, the overall impact of geothermal developments may not be at all 

significant and co-location or simply integration of geothermal processes with CCS may have some net 

benefit.  A few points can be made:    

• The impact of a geothermal project on subsurface temperature should be determined via modelling 

with robust input parameters (or at least with as many thermal and hydraulic parameters as are 

available and or are reasonable).  

• CO2 geological storage would result in cooling of the injection interval in the vicinity of the injection 

well and could steralise a geothermal resource in the immediate plume area.  on subsurface 

temperatures should be evaluated via numerical modelling.  

Cool water for cooling

Hot water for heat exchange or power generation

Cool water (e.g. Super computer facility) 
Warm water  (e.g. air-conditioning) 

Hot Water  (e.g. power generation)

Warm water for heat exchange

Warm water for heat exchange
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• Even for a large geothermal project subsurface temperature changes are likely to be local to the 

geothermal well field compared to pressure redistribution related to injection and/or abstraction.  

• It is likely that a CO2 injection projects and geothermal projects could co-exist in relatively close 

proximity (i.e. within 20 km). However, the impacts would need to be modelled based on robust 

parameter distributions (i.e. or at least sensitivity analysis should be part of the risk analysis for 

where these basin resource project are proposed).     

6.1.1 POSSIBLE NEGATIVE IMPACTS  

In this section impact risks refer to potential conflicts between geothermal and CCS projects. For example; 

what risk does CO2 sequestration present to potential geothermal developments and vice versa? Again the 

emphasis is on very large geothermal project developments as smaller projects (heating of swimming 

pools) are far less likely to have consequential impacts. There are no examples of large geothermal projects 

of this nature in Australia and the current discussion provides speculation on possible future risks. 

Note that the general impacts and risks assigned to the operation of any large well field can also be applied 

to a geothermal project with operational wells located in a sedimentary basin. Also, it should not be 
assumed that for future geothermal projects, abstraction and injection will necessarily be balanced, or that 

abstraction and/or injection will be in the same aquifer or geographic location.  

 

Pressure impacts 

Similar to the operation of a CCS project, a geothermal well field will lead to changes in the distribution of 

pressure over large areas in the subsurface on the order of several tens of kilometres. Therefore, for 

neighbouring CCS and geothermal projects the cumulative impact of production/injection on subsurface 

pressures needs to be taken into account when assessing the efficiency of each individual project. 

Otherwise for example, bottomhole pressure may rise faster than expected. Also, although individual 

projects may operate under safe injection pressures, cumulative pressure changes from multiple projects 
may reach or surpass critical pressures that lead to fault reactivation, fracturing of the sealing unit or well 

damage. This in turn could result in (micro-) seismic events and/or unintended fluid migration from the 

reservoir. 

Temperature impacts 

Generally, CO2 is injected at a temperature lower than that of the injection interval, resulting in the cooling 

of the reservoir with a potential to reduce the efficiency of a geothermal project in the vicinity of the CO2 

injector. In turn, decreased temperatures around a geothermal field may encroach on neighbouring CO2 

storage intervals, which may trigger chemical reactions (i.e. scaling), potentially leading to a reduction in 

injectivity.  

CO2 geological storage and geothermal energy production both result in decreasing subsurface 
temperatures and cumulative impacts need to be considered when assessing temperature effects on 

production efficiency, injectivity, as well as reservoir and seal integrity. 

 

Socio-economic impacts 

Many of the resources required for a large geothermal development are the same as for a large CO2 

sequestration project. The risk is higher development and operating costs, delayed projects and possibly 

diminished access to people with appropriate expertise. 

Regulations covering geothermal and CO2 sequestration tenure are evolving and fall under state legislation 

in Australia. It is not clear that one activity will necessarily preclude the other however it is possible. One 
consequence may be that desirable leases for CCS may be taken by an alternative basin resource 

development.     
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Public perception of a geothermal project may influence the public’s opinion on a CCS projects and vice 

versa. This includes the management of culturally sensitive issues and at culturally sensitive sites. The risk is 

that if public relations and cultural issues for one project are handled inappropriately then the result may 

be that public opinion of other basin resource projects may suffer as well.  

 

6.1.2 POTENTIAL POSITIVE IMPACTS 

Considerable potential for co-location of geothermal with other basin resource developments exists (see 

Randolph and Saar 2011; Buscheck et al., 2011) as co-locations of geothermal and other projects may have 

considerable mutual benefits. The co-locations of geothermal with any number of other basin resource 

developments must also be considered as their collective operation may impact on a potential CCS project. 

Examples where co-location or some form of synergy between geothermal, CCS and other basin resource 

developments may exist are listed below.   

1) Pressure management wells may be needed for CCS projects (e.g. Gorgon) to control reservoir 

pressures. Heat could be extracted from the produced water before re-injection. Alternatively, the 

water could be processed further (i.e. desalinated) and used in agriculture, as cooling agent or for 

water supply. 

2) Significant volumes of co-produced water from Gippsland Basin oil and gas fields are currently disposed 

of in the ocean. The reservoirs are at up to 3000 m depths and contain formation water with 

temperature up to 140 oC, which could be potentially exploited for geothermal use as suggested by 

Johnson et al. (2010). In this case, CO2 injection may provide a mechanism to counteract the regional 

underpressuring in the Latrobe aquifer. 

3) Injection of CO2 will pressurise a reservoir. This could benefit a co-located geothermal projects (i.e. low 

depressurization required in the abstraction wells). That is, a mutual benefit may be derived from an 

integrated CCS and geothermal precinct. The benefit may also be realized by a reduction in risk by 

coordinated distribution of pressure within subsurface reservoirs (e.g. reduce environmental risk). 

4) Using CO2 as a working fluid for geothermal projects was proposed by Brown (2000) and Pruess (2006; 

2008), and coupling of geothermal energy extraction with CO2 geological storage were investigated by 

Elliot et al. (2013). 

5) Both CCS and geothermal reduce CO2 emissions into the atmosphere and geothermal energy is a 

renewable resource. As such co-location with CCS may improve the public perception of both projects. 

6) At least some of the infrastructure and site characteristics required for CO2 sequestration and 

geothermal well field development are common (e.g. pumping stations, pipe lines and wells, permeable 

sediments etc). A large integrated CCS and Geothermal project may have economies of scale compared 

to separate projects. The longer term economics of such joint operations must be carefully considered. 

In summary, geothermal on its own may be sub-economic. Co-locations or co-production may transition a 

geothermal project from sub-economic to viable. Advantages of incorporating geothermal technologies in 

any other basin development like CCS should be carefully considered. One potential problem that co-

location or co-production related to geothermal projects may face is relative economic scale and or 

“relative economic benefit” for the different basin resource project owners. For example the scale of a 

sequestration, hydro-carbon or water supply project may overshadow the geothermal project and or the 

benefit may not be mutual compared to risks.  
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6.2 Assessment of impact risks and likelihood 

 

6.2.1 SIMPLE EXAMPLE OF PROJECT UNCERTAINTY RELATED TO TEMPERATURE AND 

PERMEABILITY   

Project risk should be addressed before any large project such as a geothermal development is undertaken. 

For basin resource management the possibility should be considered that one project may impact on the 
risk profile of alternative basin resource developments in the same area. A simple example would be where 

the risk for a geothermal project is substantially diminished as a result of the exploration activities 

completed for a petroleum or CO2 sequestration project. 

Again, the Perth Basin can be used as the basis of a simple example to illustrate how uncertainty for a 

geothermal project can be substantially reduced by non-geothermal exploration and or development 

activities. Figure 20 provides a schematic of the general arrangement of the major aquifers below Perth city 

(i.e. in the Perth Basin). It also includes a qualitative representation of how parameter uncertainty may 

change with depth. Perth is fortunate in that it can access high quality groundwater from three extensive, 

highly productive aquifers formed by the Superficial, Leederville and Yarragadee formations. Presently 

there are no production wells in the deeper (i.e. and hotter) Lesueur Formation below Perth city and for 
this reason its hydraulic properties are not well understood. The schematic in Figure 20 attempts to 

highlight the general observation that, for the Perth Basin, hydraulic conductivity decreases in gross terms 

by about an order of magnitude for each major aquifer, while temperature increases in a comparatively 

simple way from surface to depths of over 5000 m below ground level. For the Perth Basin, in general, the 

most significant uncertainty for a geothermal development is hydraulic conductivity. Further, the 

uncertainty in both temperature and hydraulic conductivity increases significantly with depth. Clearly if an 

alternative project were to reveal high permeability and high temperature in the deep lower formation 

(e.g. the Lesueur) the risk profile of a deep geothermal project would immediately change.  

 

Figure 20. Schematic representation of expected risk profile for temperatures and hydraulic conductivity with depth 

in the Perth Basin. The vertical axis is depth. The high uncertainties in the material properties of Lesueur formation 

combined with high cost of exploratory drilling make characterization of geothermal resources difficult and the risk 

associated with a large development in this aquifer very high.   
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An unintended impact of any basin exploration and/or development is that it will almost certainly result in 

a change in the risk profile for an alternative basin resource development. Two examples that relate to 

geothermal energy are:   

1) High permeability and good temperatures are confirmed during a CCS project. This would provide 

certainty for a geothermal development that may not have been considered previously.  

2) Infrastructure is built for a CCS project. The infrastructure makes a geothermal project viable (i.e. 

monitoring wells, pipe lines, easements, environmental approvals). 

     

6.2.2 EXPECTED TEMPERATURE VS PRESSURE DISTRIBUTION CHANGES 

For a geothermal project the relationship between pressure change and temperature change as a result of 

moving fluid in to or out of target formations is critical and often not well understood. While specific 

geothermal resource projects would require the creation of a hydrothermal model, some general 

comments can be made concerning the likely distribution of temperature compared to pressure change. 

Hydrothermal modelling quickly reveals that there is an enormous difference between the distribution of (i) 
measurable changes in pressure, (ii) measureable changes in injected fluid distribution and (iii) 

measureable changes in temperature resulting from the geothermal project (see Leong et al., 2012; Water 

Corporation 2012; Buscheck et al., 2012). Measurable changes in temperature are likely to be local to the 

well (within a radius of order 2000 m), whereas measurable changes in pressure would likely be far more 

global spanning hundreds or thousands of square kilometres for a large long term project.  

 

 

6.2.3 EXAMPLE OF PRELIMINARY GEOTHERMAL RESOURCE CONFLICT ANALYSIS FOR 

THE SOUTH WEST HUB CCS HUB.  

The South West Hub CCS project can be used to “sketch” out how a geothermal resource conflict risk 

assessment may be started at the very early stages of a CCS project. The South West Hub CCS project is 

focused in the vicinity of the small town of Harvey in Western Australia.   

For the South West Hub CCS project, the reservoir of interest is the Lesueur Sandstone. The depth range for 

the top of the Lesueur Sandstone is from 1000 to > 3000 m deep and for the base of the lower Lesueur (i.e. 

the Wonnerup member of the Lesueur) the depth range is from approximately 2500 m to 4500 m. There 

are certainly areas closer to Perth city that have depths to the base of the Lower Lesueur of more than 
5000 m. However, the range is typically 1500m to 4500m. Some of the information available for this area 

includes: (i) basic 2D seismic reflection data for building a model framework (see Figure 21), (ii) 

temperature profiles for a nearby wells (e.g. Figure 22), (iii) wire line logs, and (vi) core samples.  
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Figure 21. Three-dimensional image of distribution of deep wells and new 2D seismic reflection lines proximal to 

the proposed South West Hub site. The HL bores are from the Harvey water monitoring bore line. The BPL bores are 

from the Binningup water monitoring bore line. The GSWA Lesueur -1 bore is an approximate position for the first 

data well. The actual data well GSWA Harvey 1 was drilled in March 2012. Lake Preston 1 and Preston 1 are the 

closest deep wells to the South West Hub CCS Harvey Ridge focus area. The blue lines are the lines for a recently 

completed seismic reflection survey. 

 

Figure 22. Lake Preston 1 – modelled temperatures with depth. The figure is from Hot Dry Rocks 2008 - Appendix 2. 
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By simply overlaying modelled temperature estimates from the Lake Preston 1 

image showing temperature recorded in more than 200 wells throughout the

is possible to get a first order estimate of how temperature may vary with depth in the Lesueur Formation 

over and proximal to the basement high of the Harvey Ridge. This composite image is provide

23. Temperatures in the Lesueur Sandstone are in the range of approximately 50 to 100 

base of the lower Lesueur Sandstone is typically less than 4500 m in the targeted area, then the maximum 

temperature would likely remain considerably below 150 

technology, the likelihood of geothermal power generation being in direct resource conflict with the Collie 

hub CCS project should be considered as exceedingl

Figure 23. Modelled temperature with depth at the Lake Preston well (i.e. marked in red) overlain on temperatures 

for more than 200 wells in the Perth Basin (small back dots). The end of hole temperature image is adapte

Ghori, 2008. Modelled temperatures are adapted from Appendix 2, Page 94 ,

lines represent a conservative range of possible temperatures with depth. The horizontal green bars are an attempt 

to represent uncertainty within the modelling as explained in Hot Dry Rocks 2008

The temperatures in the lower Lesueur Sandstone would be suitable for direct use in a heat exchange 

project. Initial data from GSWA Harvey 1 indicate permeability in the 100 mD range, which depending 

the overall transmissivity, may be sufficient for the production of heated water. On the other hand, low 

transmissivity would be a negative factor for development of a geothermal project and possibly a CCS 

project. However, and perhaps more importantly 

strong economic case for a heat exchange project that would be in conflict with the proposed South West 

Hub CCS project. For this reason and in the short term, the potential for resource conflict betwee

geothermal and a possible CCS project at the South West Hub site would be considered low. 
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By simply overlaying modelled temperature estimates from the Lake Preston 1 well (i.e.

image showing temperature recorded in more than 200 wells throughout the Perth Basin (i.e. 

is possible to get a first order estimate of how temperature may vary with depth in the Lesueur Formation 

over and proximal to the basement high of the Harvey Ridge. This composite image is provide

. Temperatures in the Lesueur Sandstone are in the range of approximately 50 to 100 

base of the lower Lesueur Sandstone is typically less than 4500 m in the targeted area, then the maximum 

ture would likely remain considerably below 150 oC. These observations suggest that, with current 

technology, the likelihood of geothermal power generation being in direct resource conflict with the Collie 

hub CCS project should be considered as exceedingly low.    

 

Modelled temperature with depth at the Lake Preston well (i.e. marked in red) overlain on temperatures 

for more than 200 wells in the Perth Basin (small back dots). The end of hole temperature image is adapte

2008. Modelled temperatures are adapted from Appendix 2, Page 94 , Hot Dry Rocks 2008. The two yellow 

lines represent a conservative range of possible temperatures with depth. The horizontal green bars are an attempt 

within the modelling as explained in Hot Dry Rocks 2008 

The temperatures in the lower Lesueur Sandstone would be suitable for direct use in a heat exchange 

project. Initial data from GSWA Harvey 1 indicate permeability in the 100 mD range, which depending 

the overall transmissivity, may be sufficient for the production of heated water. On the other hand, low 

transmissivity would be a negative factor for development of a geothermal project and possibly a CCS 

project. However, and perhaps more importantly at this stage, there simply does not appear to be any 

strong economic case for a heat exchange project that would be in conflict with the proposed South West 

Hub CCS project. For this reason and in the short term, the potential for resource conflict betwee

geothermal and a possible CCS project at the South West Hub site would be considered low. 

well (i.e. Figure 22) on an 

Perth Basin (i.e. Figure 23) it 

is possible to get a first order estimate of how temperature may vary with depth in the Lesueur Formation 

over and proximal to the basement high of the Harvey Ridge. This composite image is provided as Figure 

. Temperatures in the Lesueur Sandstone are in the range of approximately 50 to 100 oC. If depth to the 

base of the lower Lesueur Sandstone is typically less than 4500 m in the targeted area, then the maximum 

C. These observations suggest that, with current 

technology, the likelihood of geothermal power generation being in direct resource conflict with the Collie 

Modelled temperature with depth at the Lake Preston well (i.e. marked in red) overlain on temperatures 

for more than 200 wells in the Perth Basin (small back dots). The end of hole temperature image is adapted from 

Hot Dry Rocks 2008. The two yellow 

lines represent a conservative range of possible temperatures with depth. The horizontal green bars are an attempt 

The temperatures in the lower Lesueur Sandstone would be suitable for direct use in a heat exchange 

project. Initial data from GSWA Harvey 1 indicate permeability in the 100 mD range, which depending on 

the overall transmissivity, may be sufficient for the production of heated water. On the other hand, low 

transmissivity would be a negative factor for development of a geothermal project and possibly a CCS 

at this stage, there simply does not appear to be any 

strong economic case for a heat exchange project that would be in conflict with the proposed South West 

Hub CCS project. For this reason and in the short term, the potential for resource conflict between 

geothermal and a possible CCS project at the South West Hub site would be considered low.  
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Possibility of unexpectedly high temperatures  

Some consideration of the possibility of anomalous high temperatures should be given. For example, the 

possibility of convection cells that may create lateral temperature changes should be assessed (Tran, 2010). 

While debate as to the existence and possible extent continues, the lateral difference in temperature that 

may be related to heat convection cells is unlikely to be sufficient to change the basic temperature ranges 

shown in Figure 23. Hence the conclusions will likely remain the same (i.e. the overall risk of conflict is low 

because the short-term likelihood of a geothermal development is low).   

 

Pressure considerations 

The subject of pressure distribution in the reservoir is tied to net transmissivity of the formation targeted.  
At the South West Hub area this parameter has not yet been determined. However, it is highly likely that 

pressure will increase significantly as a result of a large scale CO2 injection. If permeability is low, then the 

most important hydraulic parameters for the lower Lesueur Sandstone may ultimately be net thickness 

accessible for abstraction or injection, which could be greater than 1000 m. If injection from CCS and 

injection/abstraction for geothermal development is spread over a significant thickness, then the radial 

extent of the pressure change may be small even if the formation is low porosity. For CCS this is especially if 

“residual trapping” occurs (Zhang et al., 2011; Holtz, 2006). That is, even if sediments have very low 

permeability (e.g. average less than 50 mD), a net thickness of over 1000 m will likely mean injection 

pressure could spread over a large vertical interval of the lower Lesueur Sandstone. However, if injection 

were to spread over a thickness of more than 500 m then temperature change would be localized much 
closer to the well compared to injection over a small high permeability interval. Unlike CCS projects, 

geothermal developments often aim for net-zero abstraction. This means that water is pumped out, heat 

energy is recovered and the same water is injected back into the formation. It is possible that the injected 

water may be returned back to a different aquifer. It may be desirable that water is returned to a 

shallower, lower temperature, and more permeable aquifer after heat is removed, at some distance from 

the abstraction well to reduce pressure required to sustain injection (and possibly to reduce clogging 

potential). In this case pressurizing a deep aquifer during CCS project may slightly benefit abstraction for 

heat exchange. However, this benefit should not be overstated as it is likely that for deep, relatively low 

permeability aquifers, that the head to be overcome during abstraction (i.e. depressurization) for 

geothermal heat exchange would be dominantly associated with well inefficiencies (friction loss or other 
near well losses) rather than net transmissivity of the aquifer.   

Regardless of any possible benefit of aquifer pressurization during injection of CO2 the major benefits in co-

location of CO2 sequestration and geothermal developments are more likely to be related to infrastructure 

cost and public perception. Infrastructure for both project types is common (e.g. pipelines and wells) and 

the general perception is that geothermal projects are environmentally friendly.  

 

South West Hub example of Early Risk profiling: Summary  

In summary, the Lesueur Sandstone proximal to the Harvey Ridge is the focus of the South West Hub CCS 

project. The depth range expected for the Lower Lesueur in the targeted area can reasonably be placed 

between 1500 m and 4500 m below ground level. Given the collective evidence from,  

1) measurements made in a large number of wells in the Perth Basin,  

2) temperatures at approximately 500 m along the Harvey and Binningup water monitoring bores hole 

lines and  

3) temperatures from thermal modelling in the Lake Preston -1 well; 

It is reasonable to expect temperatures of more than 50 oC and considerably less than 125 oC to be 

encountered at depths above 4500 m in the Lower Lesueur Sandstone. Given near surface temperature 

measurements, relatively low temperature gradients and the location of the South West CCS Hub site, it is 

highly unlikely that a geothermal power generation project would present a resource conflict to the South 
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West Hub CCS project in near future. Further, while temperatures would be sufficient for heat exchange 

(i.e. or other forms of direct use) it remains highly unlikely that there are economic grounds for a large 

direct-use geothermal project at the Collie Hub CCS project site proximal to the Harvey Ridge.     

Currently there is a strong preference for heat exchange projects in the Perth Basin, such as those intended 

for the Pawsey Centre and at UWA. These types of projects are focused in urban areas where demand for 

heat exchange exists as such areas closer to industry and/or urban setting are more likely candidates for 

heat exchange style geothermal projects.      

Finally it should not be assumed that geothermal for power generation or direct use will always be unviable 

in the Perth Basin. From a simplistic perspective the case for massive reserves of heat energy existing in the 

Perth Basin can always be made. At this stage there is little economic incentive to develop large scale 
geothermal projects at the same location and range of depths as are targeted for the Collie Hub CCS 

project. The only caveat on the above is that the CCS project itself may make a geothermal project in the 

area more attractive because of mutually beneficial infrastructure and information. In later sections, a set 

of more general recommendations regarding assessment of geothermal resource risks for a possible CCS 

project are provided that may be applied to the South West Hub as the project evolves. 

     

6.2.4 IMPACTS OF TECHNOLOGY ADVANCEMENT FOR GEOTHERMAL  

Current geothermal projects operate on a very small scale so future technology is a significant 

consideration as massive geothermal energy resources exist in the basins of Australia but we are, at 

present, not able to tap the resource economically. For example a technology able to efficiently convert low 

grade heat to energy could precipitate significant changes in basin resource usage. Alternatively, low grade 

heat may be combined with large scale infrastructure projects may facility the concept of a “geothermal 

city” again change the way basin resources are managed.    

6.3 Options in monitoring for impacts or early indicators of impact risk  

Detection of CO2 movement and leakage is discussed at length by Stalker et al. (2011), providing valuable 

information of detection movement and possible leakage of CO2 for CCS projects. This section is focused on 

monitoring specifically related to possible impacts on geothermal resources. A number of monitoring 

activities will help de-risk or identify possible mutual benefits related to geothermal resources in Australia’s 

basin. 

The parameters for temperature and thermal property measurements should be determined in 

consultation with agencies and or private companies with relevant expertise (e.g. CSIRO and WAGCOE, 

Geoscience Australia). Better than 0.1 degrees Celsius accuracy for any wire line logging should be a 
minimum standard. The time requirements for the temperature stabilization in any well after drilling or 

pumping must be considered. If a well is to be plugged (immediately after drilling) or if for any reason there 

is insufficient time for the well temperature to stabilise, then some form of time lapse temperature log or 

an alternative methods for calibration should be considered to improve estimates of true formation 

temperature. Procedures and documentation for measurement of temperature should be adopted.  
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During any trial or large scale CCS project, time lapse monitoring of temperature measurement should be 

considered because the impact of CO2 injection on temperature of the formation may be required for 

modelling. Time lapse measurement of temperature may serve several purposes: 

i) Temperature can form a simple method for mapping the distribution of CO2.  

ii) The impact of temperature distribution during the CO2 injection process can be monitored (e.g. 

impact of temperature on rock and pore fluid chemistry may be important).  

iii) Any form of time lapse electromagnetic or even acoustic modelling (i.e. wire-line logs) will also 

require time lapse temperature measurements (i.e. temperature will have an effect on 

electrical conductivity distribution and acoustic velocity for injection of CO2 into brine). 

A hydrothermal model should be developed in parallel with the CCS modelling. Modelling for the CCS 

project should include temperature (see above). The hydrothermal modelling is a predictive and calibration 
tool necessary for understanding the impacts of temperature and thermal properties on large scale CCS 

projects. It is necessary for estimating the impact of CCS on other basin users including geothermal 

projects.   

 

6.4 Management options  

Remediation should be avoided by good forward planning and risk assessment. In the event that a CCS 

project does negatively impact or conflict with a geothermal project then the remediation may take many 

forms. If the impact of conflict is sufficiently serious, the first step in remediation may be to shut off 
operation of the well field.  

A summary of potential impacts, monitoring options and possible remediation methods is provided in Table 

16. 
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Table 16. Summary of the potential impacts of CO2 in geological storage on geothermal resources, including monitoring and remediation options. Please refer to text for 

detailed explanation. 

Event Description Potential Consequence Detection Remediation Options Comments 

CO2 migration into 

geothermal reservoir 

Migration of free-phase CO2 leads to 

contamination of the reservoir fluid 

- Increased potential for corrosive damage on down 
hole tubing in geothermal water producers/injectors 
and surface installations   

•Time lapse seismic 
reflection surveys 
• Geochemical 

monitoring 
• Conventional 

production data   

• Halt or limit injection. 

• Hydraulic barriers to 
isolate the reservoir  
• Surface treatment of 

produced water 
Mineral dissolution or precipitation may both 
occur as a result of CO2 injection depending on 

mineralogy, water chemistry and p,T conditions. 

 Dissolution of 
migrated CO2 in 

reservoir formation 
water 

Dissolution of CO2 results acidification of 

formation water and leads to 
geochemical reactions between 

formation water and reservoir/seal rocks:  
- Mineral Dissolution/precipitation 

- Collapse or clogging of pore spaces impacting 
water production rates. 

- Development of new flow pathways and 
undesirable flow in and out of the reservoir. 

• Geochemical 
monitoring 

• Conventional 
production data 

• Halt or limit injection. 
• Hydraulic barriers to 

isolate reservoirs  
+ Increase in permeability due to dissolution could 

lead to an increase in well productivity 

Injection-induced 

displacement of fluids 

Injection-induced hydraulic gradient 

results in flow and displacement of 
formation water and may alter the flow 
field between producers and injectors in 

the geothermal field. 

- Decrease in operating efficiency of the geothermal 

field  
Pressure and flow 
measurements in 

production and 
monitoring wells.  

If required stop operation of 

the well field and adjust or 
change operating procedure 
or change well field design 

as required.  

Conflict should not occur if new and existing 
well fields are planned correctly and all 

operators are provided accurate information 
about other basin resource projects.    

+ may provide pressure support in case of excessive 
geothermal water production  

Injection-induced pore 
pressure increase and 
stress/strain change 

Increase in pore pressure due to CO2 

injection leads to  an increase in effective 
stress and may trigger a geomechanical 
response 

 

- Fault reactivation; induced seismicity may damage 
geothermal wells 
- Ground surface deformation may lead to damage 

of wellheads and pipelines 

• Passive seismic 
monitoring 
• (INSAR) 

• Conventional 
production data  

• Limit the injection rates 
and pressure. 
• Pressure relief around 

critically stressed zones. 

Commonly, regulations require CO2 injection 
pressures to be below 10 % of the fracture 
pressure of the reservoir rock to limit the risk of 

fracturing and fault reactivation. 

+ Fracturing of reservoir rock may result in increased 

productivity 

Temperature change 

due to CO2 injection  

Commonly, CO2 is injected at a 

temperature less than the formation 
temperature, which may result in 
decreased formation water temperature 

at a nearby geothermal producer.  

- Decrease in heat production   • Monitoring of 

temperature at 

wellheads and 

downhole  

In extreme circumstances 

stop operation of the well or 
well field and consider a 
change in operating strategy 

or well field design.  

Temperature changes decrease radially and has 
time lag compared to the first arrival of an 
injectant. Modelling studies and pilot projects 

have been investigating the potential for using 
CO2 as a working fluid for geothermal 

operations. 

+ Injected CO2 may substitute water as geothermal 

working fluid and replace water injection 

Constraints on future 
resource exploration & 
development 

Commonly, formations suitable for CO2 
storage also have geothermal resource 
potential. 

- sterilisation of  future geothermal resources 
 

Consider potential conflicts 
and synergies in the design 
of CO2 injection scheme   

Future geothermal resource potential needs to 
be considered. Geothermal energy and CCS are 

in early stages of development and it is difficult 
to predict their future scale of operation. 
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7 Management options for avoiding negative 
impacts of CO2 injection on other resources 

Management options for controlling the extent of pressure increase, CO2 migration and for enhancing 

storage efficiency have been discussed widely in the literature. Most of these studies are based on generic 

numerical modelling scenarios because existing, mostly smaller scale CO2 storage operations have not 

encountered the need for the implementation of mitigation schemes. However, future, large industrial 

injection operations that expect to run into potential injectivity problems do have pressure management 

plans in place. Two reports by the IEAGHG (2010a, b) provide comprehensive reviews of “Injection 

strategies for CO2 storage sites” and “Pressurisation and brine displacement issues for deep saline 

formation CO2 storage”.   Some of the findings from these reports are reproduced in this section, 

supplemented by research outcomes from the more recent literature.  

7.1 Optimised injection design – maximising trapping efficiency 

Optimising CO2 geological storage is mainly achieved by maximising storage efficiency and injectivity. If the 

target formation for injection is sufficiently thick (at least 50-100 m), then injection into the deeper part of 

the saline aquifer is a strategy to maximize trapping, since the injected CO2 will tend to migrate to the 

formation top. Residual trapping along the migration path will immobilize a portion of the injected CO2 (van 

der Meer and van Wees, 2006).  

When Sleipner was the sole example of CO2 storage, it was tempting to conclude that the best storage sites 

would be high permeability and relatively homogenous. However, higher permeability also increases 

migration rates as well as increasing injectivity. With the development of fields such as In Salah in Algeria 

(Riddiford et al., 2005), attention has now turned to the possibilities of low-quality heterogeneous saline 
formations as possible storage sites (Flett et al., 2007; Flett et al., 2005). Greater heterogeneity in the form 

of shale barriers reduces vertical permeability by increasing the tortuosity of migration pathways, and thus 

lateral movement is favoured over vertical migration (Flett et al., 2007).  

Simulation results by Ide et al. (2007) suggest that when gravity dominates, residual trapping is small but 

occurs relatively quickly. In contrast, when viscous forces dominate, the amount of residual trapping is 

much greater, occurring relatively slowly. Hence, one way to increase the amount of residual trapping is to 

increase the injection rate, subject to constraints on the fracture pressure. 

Trapping of CO2 can be increased by injecting brine either during or after the CO2 injection (Ide et al., 2007; 

Juanes et al., 2006; Keith et al., 2005; Kumar et al., 2004; Leonenko and Keith, 2008; Leonenko et al., 2006). 

Co-injection of water affects both the amount of residual gas trapping (Ide et al., 2007) and the rate of 
dissolution of CO2 in the brine (Leonenko et al., 2006). Reducing the amount of mobile CO2 will reduce the 

overall risk of leakage, and could expand the range of sites that are suitable for geological storage in saline 

aquifers. “Ex-situ” dissolution (i.e. the CO2 is dissolved in brine at the surface before injection) is possible, 

but would require very large volumes of brine to be produced and injected, since the solubility of CO2 in 

brine even at reservoir pressure is only a few percent by weight, depending on the salinity. Hassanzadeh et 

al. (2009) suggests CO2 dissolution can be enhanced using a horizontal ring water injection well or a number 

of vertical water injectors in a circular array, surrounding a vertical CO2 well in a domed structural closure. 

Such a well configuration is likely to be an expensive option, and relies on assumptions surrounding the 

geology and the flow paths of the CO2 with respect to the horizontal injector. Qi et al (2009) have proposed 
a carbon storage strategy where CO2 and brine are injected into an aquifer together followed by brine 

injection alone. This increases residual trapping and the security of storage with up to 80-95% of the CO2 

rendered immobile.  

Another option is alternating CO2 injection and brine injection through the same well (referred to as WAG 



 

80 | Basin Resource Management and Carbon Storage – Part II 

 

 

 

in the petroleum contexts). This breaks up large CO2 plumes and increases trapping, although it decreases 

the overall rate of CO2 injection through that well and it also leads to higher bottomhole pressures at 

injection wells (Juanes et al., 2006). However, injecting brine through a separate well may be used in 

several ways: a) “steering” the CO2 plume post-injection through creating a pressure gradient, b) as a 

remediation technique in case of unexpected migration, or c) purely to increase trapping. In the latter case, 

the best results are obtained when the brine contacts regions of high gas saturation e.g. by using horizontal 

wells near the top of the formation (Ide et al., 2007). Greater efficiency is also obtained when the 

horizontal spread of the CO2 is reduced by the structural trapping in an anticline (Leonenko and Keith, 

2008). A direct comparison of co-injection (brine and CO2 together) with sequential injection (brine 

injection after CO2 injection has finished) suggested that the latter strategy leads to more residual trapping 
and greater dissolution of the CO2 (Kumar et al., 2004).  

The use of horizontal wells to inject brine above the CO2 plume is considered in detail by Anchliya and Ehlig-

Economides (2009), who demonstrate through numerical simulations that up to 90% of the injected CO2 

can be immobilised by dissolution into the formation water or by residual trapping after 50 years. Anchliya 

and Ehlig-Economides (2009) provide a design where each horizontal CO2 injection well is accompanied by 

two horizontal brine producers and a brine injector. Due to the high costs associated with drilling horizontal 

wells, this design is likely to be a relatively expensive option. 

A recent study by Javaheri and Jessen (2011) considered simultaneous injection of brine and CO2 from a 

single vertical well, where brine is injected in the upper part of the well while CO2 is injected in the lower 

part. The brine acts to force the CO2 laterally by retarding its buoyant migration, resulting in an increased 
reservoir contact. Through two-dimensional Cartesian simulations, Javaheri and Jessen (2011) 

demonstrated that this method could lead to significant increases in the amount of residual trapping in all 

cases considered, with increases in the brine injection rate resulting in increased residual trapping. 

However, they did not consider the effects of brine injection on the amount of CO2 dissolution, and as such, 

the results presented are an underestimate of the actual amount of non-structural trapping for this 

injection strategy. 

Cameron and Durlofsky (2012) used a non-invasive gradient-free direct search technique for computational 

optimisation of maximised trapping efficiency in a CO2 injection project for both CO2-only injection as well 

as brine cycling strategies. Their results show that the mobile CO2 fraction can be significantly reduced by 

optimising well locations, injection rates and timing of brine cycling. Shamshiri and Jafarpour (2012) present 
two methods for increasing CO2 storage efficiency in heterogeneous saline aquifers through multiple 

numerical simulations: a) optimisation of CO2 sweep efficiency using algorithms from EOR applications  and 

b) optimisation of total stored CO2 by controlling the injection rates. 

It should be noted that all of the above studies are based on generic simulations or hypothetical injection 

cases and the results still need to be validated by actual field trials. 

7.2 Pressure management by brine production 

When injectivity is limited by the boundaries of the structure, water production has been proposed as a 

method to reduce pressure and hence increase injectivity for CO2 storage sites (Flett et al., 2008; Yang, 
2008). This, however, requires the capacity for disposing of the produced water. For example in the case of 

Gorgon in Western Australia, operators propose to inject the produced brine from pressure relief wells into 

an overlying formation that contains depleted oil reservoirs (Malek, 2009). Another study in a different 

region of Western Australia also showed that draining brine can greatly relieve the injection pressure for a 

potential storage site. The studied site (the Carbine Ponded Turbidite Complex) was estimated to be able to 

contain at least 20 years of CO2 injection at an injection rate of 1 million tonnes per year before 

breakthrough of CO2 at the drainage well (Yang, 2008). In a case study simulating the pressure control by 

water production for CO2 storage in the Utsira and Johansen formations in Norway, Bergmo et al. (2011) 

estimate that on the order of 1 km3 of water needs to be produced per gigatonne of injected CO2. 
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Buscheck et al. (2011) discuss the application of a water production strategy, whereby water is produced 

from below the CO2 injection region to draw CO2 downwards. This extends the contact between CO2 and 

water, and also increases the residual trapping of CO2. An added benefit of this technique is to reduce 

pressure in the field, the effect of which can be substantial. The number of wells involved may be too costly 

for real world implementation, and furthermore, the radial geometry discussed would require an 

axisymmetric ring of wells to drawdown the CO2. 

In previous basin-scale storage assessments it has been largely overlooked that many of these sedimentary 

basins are mature petroleum provinces, which are greatly underpressured due to their production history. 

If hydrocarbon reservoirs have good aquifer support, underpressures can extend far into the regional 

aquifer, beyond the reservoir boundaries. For example, simulation results by Michael et al. (2013) show 
that, given the right injection concept, CO2 injection may have positive impacts on formation water flow 

that was previously altered by petroleum production. While the two operations on their own result in 

significant over- or underpressuring in the basin, these pressure changes would be significantly reduced 

when both operated simultaneously or consecutively. 

Production of water may have an additional advantage for CO2 geological storage. Lester et al. (2009) 

propose to enhance transport processes by rotating or alternating injectors and producers in a designated 

well field over time and thereby creating a stirring effect of the injected fluid with formation water.  In the 

case of CO2 injection, the stirring effect could be employed to optimise the lateral spread of CO2 in the 

subsurface and to enhance dissolution of CO2 in formation water. 

Water disposal is a potential issue, but it is an issue that is familiar to and currently dealt with successfully 
by the oil production and mining industries. Approximately 170,000 Class II wells in the United States 

dispose of co-produced brine in the petroleum industry with on average 10 barrels (~120 l) of brine being 

extracted with every barrel of oil (Groundwater Protection Council: www.gwpc.org/programs/water-

energy/energy-related-injection). Produced water from saline formations has the advantage that it is not 

contaminated with oil. Assuming an injection density of 500 kg/m3, 1 million tonnes of CO2 injection will 

occupy the same volume as 2 million tonnes (12.6 million barrels) of water. As an alternative to re-injection 

of water, Ahmed and Nasrabadi (2012) investigate the possibility of desalination of CCS-associated 

produced water from the Aruma aquifer in Qatar. 

7.3 Leakage quantification 

The ability to quantify CO2 leakage rates is important for two reasons, the accounting for the volumes of 

stored CO2 and the assessment of contamination risks. The review of natural and industrial analogues 

(Streit and Watson, 2004; Lewicki et al., 2007) resulted in a wide range of observed CO2 leakage rates to the 

surface, ranging between 0 to 14 t/day (Table 17). In these cases, leakage occurs largely along distinct flow 

pathways like faults or abandoned wells. For the Rangely EOR field leakage amounts to 0.005% of injected 

CO2 (Klusman, 2003a,b), compared to a maximum of 5.6% leakage modelled for the Atzbach-

Schwanenstadt gas field (CO2EGR) (Polak and Grimstad, 2009). 

Leakage rates into the reservoirs or aquifers directly overlying the injection zone were estimated in generic 

numerical modelling studies and can reach up to 100 t/day, assuming the extreme case of an unrestricted 
vertical flow (e.g., Class et al. 2009; Humez et al., 2011). 
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Table 17. Examples of calculated leakage rates from natural and industrial CO2 accumulations (IEAGHG, 

2011). 

Site 
Leakage 

pathway 
Method Flux/(Flow rate) Reference 

Otway (Penola) Fault conduit soil flux data 5.7 E-03 t/yr/m2  
Streit and 

Watson (2004) 

Otway (Pine Lodge) Fault conduit soil flux data 1.5 E-02 t/yr/m2  
Streit and 

Watson (2004) 

Otway (Pine Lodge) 
Permeable 

zone 
soil flux data 

3.7 E-03 to 3.7 E-03 

t/yr/m2 

Streit and 

Watson (2004) 

Vorderrhon, 

Germany 
Fault conduit soil flux data 0 t/yr/m2 

Pearce et al. 

(2002) 

Matraderecske, 

Hungary 
Fault conduit soil flux data < 6.4 t/yr/m2 

Pearce et al. 

(2002) 

Matraderecske, 

HungaryLatera, 

Tuscany 

Permeable 

zone 
soil flux data 0.1 to 0.2 t/yr/m2 

Pearce et al. 

(2002) 

Latera, Tuscany 
Permeable 

zone 
soil flux data 39.4 t/yr/m2 

Pearce et al. 

(2002) 

Mesozoic carbonate 
Permeable 

zone 
soil flux data 

1.76 E-05 to 3.96 E-

04 t/yr/m2 

Chiodini et al. 

(1999) 

     

Mammoth 

Mountain, CA USA 

Faults & 

fractures 

atmospheric 

CO2 

concentrations 

and fluxes 

0.2 t/yr/m2 (250 

t/day) 

Lewicki et al. 

(2007) 

Solfatara, Italy 
Faults & 

fractures 
soil flux data 

1.1 t/yr/m2 (1500 

t/day) 

Lewicki et al. 

(2007) 

Albani Hills, Italy 
Faults & 

fractures 
soil flux data 

0.44 t/yr/m2 (74 

t/day) 

Lewicki et al. 

(2007) 

Laacher See 

(Germany) 
 

lake surface CO2 

concentrations 

and fluxes 

(14 t/day) 
Lewicki et al. 

(2007) 

Paradox Basin, UT, 

USA 

Faults & 

fractures 

atmospheric 

CO2 

concentrations 

(33 t/day) 
Lewicki et al. 

(2007) 

     

Rangely EOR field  soil flux data (0.5 t/day) Klusman (2003a) 

Atzbach-

Schwanenstadt 

Abandoned 

wells 
modelled (1.5 t/day) 

Polak and 

Grimstad (2009) 

 

 

 



 

Basin Resource Management and Carbon Storage – Part II| 83  

 

The IEAGHG (2012) reviewed “Quantification techniques for CO2 leakage”, concluding that available 

monitoring techniques would be suitable for the detection of leaks on the order of 100 kg/day and larger 

(Table 18) and following work flow was suggested: 

1. Characterisation of baseline conditions and variability prior to injection. 

2. Areal monitoring surveys for potential leak detection; not necessarily quantitative. 

3. If leak is detected, deployment of specific monitoring techniques for leak quantification.  

The authors recognise that is difficult, if not impossible, to specify the level of accuracy of monitoring 
methods due to errors during the detection, measurement and quantification steps, as well as site specific 

characteristics and past operational history (IEAGHG, 2012). The IEAGHG (2012) report refers mainly to the 

quantification of CO2 leaking to shallow groundwater resources and the atmosphere and additional, mostly 

direct sampling methods as discussed in IEAGHG (2011) need to be considered for quantifying leakage into 

deeper resources like petroleum or geothermal reservoirs. 

Table 18. Suitability of available monitoring methods for quantification of CO2 leakage (IEAGHG, 2012). 
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Leakage models, both analytical and numerical, can help in understanding potential leakage processes and 

in identifying potential leakage pathways. Also, comparing measured leakage fluxes with simulated values 

will help to calibrate and continuously update reservoir models for a CO2 storage site. 

Wells, either abandoned or producing, within the AOI were identified as one of the main potential leakage 

pathways for CO2.  Various methodologies were proposed in the literature to assess leakage risks and 

quantify leakage rates. A workflow for evaluating the leakage risks of wells and faults were developed by 

the USEPA (2008) and are shown in Figure 24 and Figure 25, respectively. 

 

 

Figure 24. Workflow for evaluating well leakage risks (USEPA, 2008).   
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Figure 25. Workflow for evaluating fault leakage risks (USEPA, 2008).   

 

Analytical models offer advantages over numerical simulations in dealing with many injection and leaky 

wells as local mesh refinement around each well is not needed (e.g., Nordbotten et al. 2004; Celia et al., 

2011; Cihan et al., 2011). Methodologies for using pressure monitoring in wells completed above the 

storage interval to identify well leaks were introduced by Nogues et al. (2011) and Sun and Nicot (2012). 

The former is based on equations that solve for propagation of a pressure pulse using the superposition 
principle and an approximation of the well function (Nogues et al., 2011). Sun and Nicot’s (2012) approach 

is based on formulation of a linear set of equations using the unit-step response method and adding a 

global optimisation algorithm for solving the problem of joint location and leakage history inversion. 

Hybrid numerical-analytical models, such as the Vertical Equilibrium with Sub-scale Analytical (VESA) model 

developed by Gasda et al. (2009) have been used to model large-scale CO2 plume migration and small-scale 

effects, such as leakage associated with localised flow along wells. The hybrid approach uses a vertically 

averaged numerical method (finite difference) for large-scale flow and a local analytical solution for small 

scale features that provide significant computational gains. 
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Various ‘Best Practise’ documents discuss monitoring and the options for managing potential impacts from 

CO2 storage operations (e.g. Benson et al., 2004; Chadwick et al., 2007; CO2CRC, 2008; WRI, 2008; Cooper, 

2009).  As an example, a comprehensive summary is provided in Table 19 by Cooper (2009). Cavanagh and 

Wildgust (2011) discuss the importance of selecting the appropriate boundary conditions when simulating 

overpressuring due to CO2 injection, particularly the effect of the hydraulic properties of the often not well-

characterised seal. While nanodarcy (10-21 m2) shales effectively act as no-flow boundary resulting in 

considerable overpressuring, microdarcy (10-18 m2) seal permeabilities may provide sufficient pressure 

dissipation through brine displacement (Cavanagh and Wildgust, 2011). 

Le Guénan and Rohmer (2011) investigated through 2D numerical simulations four different corrective 

measures for controlling overpressures induced by CO2 injection: a) stop injection and rely on natural 
pressure dissipation, b) back-producing the injected CO2 at the injector, c) producing formation water from 

a neighbouring well after stopping CO2 injection and d) without stopping injection. Relying on natural 

pressure recovery was shown to be a relatively effective and cheap option in the case of moderate, short 

term overpressuring. Brine or CO2 production may be needed in cases of extreme overpressuring and 

would accelerate pressure relief, but would also be associated with higher costs (Le Guénan and Rohmer, 

2011).    
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Table 19. Monitoring and management of performance and containment issues (Cooper et al., 2009). 

Issue Unexpected Outcome Signpost Monitoring Timing Management Action 

Well Injectivity Unable to inject CO2 at 

required rate 

Unexpected BHP 

increase 

Well head & downhole 

P gauges & flow rate 

gauges 

< 6 mos. Once verified, several actions 

including recompletion, 

reperforation, drill new wells 

with different design, consider 

alternative storage reservoir 

Initial injection rate 

meets expectations 

but overall pore space 

is limited 

Gradual increase in BHP As above 10 years Consider producing water & 

reinjecting into another 

reservoir 

CO2 cannot be injected 

at required rates due 

to formation damage 

Unexpected BHP 

increase and change in 

formation fluid 

chemistry 

As above & fluid 

samples/analyses 

Ongoing Workover well & acid or 

fracture stimulate 

Existing Well 

Failure 

CO2 migrates to 

overlying formation(s) 

Indications of CO2 in 

shallower stratigraphy 

Surface & borehole 

geophysics 

Ongoing After validation, assess ability 

of shallow formations to trap 

CO2; if not, remediate wells or 

modify injection pattern 

CO2 leakage at surface Elevated CO2 present in 

vicinity of well(s) 

Surface soil & 

atmospheric gas 

Ongoing Remediate well. Implement 

appropriate environmental 

remediation 

Leakage of displaced 

formation water in 

shallower stratigraphy 

Elevated CO2 detected 

near well in shallower 

horizons 

Surface & borehole 

geophysics. Geophysics 

sampling  

Ongoing Assess impact on overall 

containment. If needed, 

remediate leaking wells 

(particularly if along projected 

plume path) 

Top Seal Failure CO2 migrates to 

overlying formation(s) 

Detection of CO2 above 

injection formation not 

associated with wells 

Seismic and/or 

borehole geophysics 

Ongoing Focus monitoring to verify. If 

needed modify injection 

pattern or produce water and 

reinject into another 

formation 

Seal integrity 

compromised due to 

pressure increase from 

CO2 injection 

Pressure drop during 

injection or seismic or 

borehole geophysical 

indications 

Wellhead pressure and 

downhole pressure & 

flow gauges; seismic 

and borehole 

geophysics; tiltmeter; 

passive seismic 

Ongoing Focus monitoring to verify. If 

necessary modify injection 

pattern, lower injection rates 

or produce water & reinject 

into another formation 

Fault Seal Failure Faults transmit CO2 to 

shallower formations 

Detection of CO2 above 

injection formation in 

proximity of fault 

Surface and borehole 

geophysics; fluid 

sampling, downhole 

gauges 

Ongoing Focus monitoring to verify. if 

necessary modify injection 

pattern, lower injection rates 

or produce water from vicinity 

of fault to reduce pore 

pressure 

Faults transmit CO2 to 

the surface 

Elevated CO2 present in 

vicinity of well(s). 

Ecological impacts 

Soil & atmospheric 

monitoring. Ecological 

changes. 

Ongoing Focus monitoring to verify. if 

necessary modify injection 

pattern, lower injection rates 

or produce water from vicinity 

of fault to reduce pore 

pressure 

Faults are vertically & 

laterally impermeable 

Unexpected pressure 

increase in part of 

formation thought to be 

isolated 

See 

Compartmentalization 

See Com-

partmen-

talization 

See Compartmentalization 

Pore Volume & 

Distribution 

Reduced pore volume 

or distribution limiting 

CO2 injection  

Rate of long-term 

pressure build-up 

greater than expected 

Well head and 

downhole P gauges & 

flow rate gauges. 

Multicomponent 

seismic for pressure 

10-30 

years 

Focus monitoring to verify. If 

necessary modify complete 

injection well over entire 

length of reservoir, produce 

water & reinject elsewhere or 

reduce total CO2 injection 

volume 

Permeability CO2 cannot be injected Unexpected Wellhead & downhole P See Well See Well Injectivity 
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Heterogeneity at required rates bottomhole pressure 

increase 

gauges & flow rate 

gauges 

Injectivity 

Unexpected migration 

of CO2 plume 

Detection of 

unexpected plume 

distribution possibly 

related to stratigraphic 

or depositional 

geometry (otherwise 

structure, high 

permeability layers or 

hydrodynamic flow) 

Lower than expected 

BHP 

Seismic imaging. 

Surface and downhole 

pressure. Production 

logging 

1-10 years Focus monitoring to verify. If 

necessary re-enter well & 

squeeze off perforations 

associated with high 

permeability units. Lower 

injection rate/drill additional 

wells or relocate injection 

wells 

Structure 

(Primarily 

Geometry of Base 

Seal) 

CO2 migration diverges 

from expected path 

Significant CO2 volumes 

migrate off structure 

Surface and borehole 

geophysics 

Ongoing Focus monitoring to verify. If 

necessary modify injection 

pattern or water production 

wells to drive migration in 

desired direction 

Insufficient capacity for 

planned injected 

volume of CO2 

Unexpected pressure 

increase during 

injection 

See Pore Volume See Pore 

Volume 

See Pore Volume 

Compartmen-

talization (Fault 

or Stratigraphic 

controlled) 

CO2 migration 

restricted to an 

isolated part of the 

formation 

Unexpected BHP 

increase. Pressure 

transient analysis 

suggests hydraulically 

isolated wells 

Surface & borehole 

monitoring 

Ongoing Focus monitoring to verify. If 

necessary modify complete 

injection well over entire 

length of reservoir, produce 

water & reinject elsewhere or 

drill additional wells outside of 

the isolated area 

High Permeability 

Layers 

CO2 migrates rapidly & 

preferentially along a 

specific stratigraphic 

horizon (possibly off 

structure) 

Indications of rapid 

migration through a 

restricted stratigraphic 

horizon. Lower than 

expected downhole 

pressure & flow rate 

Surface seismic or 

borehole (production 

logging) monitoring. 

Wellhead & bottom 

hole pressure/flow 

6-12 mos. 

to 

Ongoing 

Focus monitoring to verify. If 

necessary re-enter well & 

squeeze off perforations 

associated with high 

permeability units, modify 

injection pattern to 

accommodate or reduce 

planned tot. inj. volumes 

Hydrodynamic 

Gradients 

CO2 migration path 

diverges from 

expected  

Significant CO2 volumes 

migrate off structure 

Surface and borehole 

monitoring 

0-10 years Focus monitoring to verify. If 

necessary modify injection 

pattern or water production 

wells to drive migration in 

desired direction 

Monitoring 

(Seismic 

Resolution) 

Subsurface CO2 is not 

seismically resolvable 

Limited or absence of 

plume images via 

seismic 

Borehole geophysics 5-10 years Alter monitoring activities to 

determine if alternative 

geophysical methods are 

effective or develop an 

alternative observation well-

based strategy 

Micro Seismicity Excessive 

microseismicity 

attributed to CO2 

injection 

Subsidence and 

seismicity above 

background levels 

Passive seismic/tilt 

meters 

Ongoing Focus monitoring to verify. If 

necessary undertake actions 

to reduce pore pressure & 

distribution 

Seismicity induced as 

result of CO2 injection 

Indications of significant 

fracturing/faulting 

Passive seismic/tilt 

meters 

Ongoing Focus monitoring to verify. If 

necessary undertake actions 

to reduce pore pressure (inj. 

pattern, water production or 

reduced inj. vol.) 

Residual Oil 

Saturation 

Poor injectivity due to 

oil presence reduction 

of relative permeability 

to CO
2
 

Unexpected BHP 

increase 

Well head & downhole 

P gauges & flow rate 

gauges 

0-5 years Focus monitoring to verify. 

Undertake actions to reduce 

pressure increase (see 

Injectivity) 
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8 Summary & Conclusions 

Interactions between various resources and CO2 geological storage operations in a sedimentary basin need 

to be assessed for evaluating the potential for either adverse impacts or development synergies. Impacts 

from CO2 injection may be caused by either the migration or leakage of the injected CO2, or by the increase 

in pressure.  On the one hand, CO2 leakage into other areas has the potential for resource contamination 

with mainly environmental and health implications in the case of groundwater as opposed to increased cost 

for the development of degraded petroleum, coal and geothermal resources. Then again, CO2 may provide 

benefits to resource development, as for example in CO2EOR and enhanced coal seam gas operations, or 

by using CO2 as a working fluid in geothermal applications. Similarly, an increase in formation pressure due 

to injection may have positive or negative effects. It could provide pressure support for producing oil or gas 

fields and limit the decline of groundwater levels in stressed aquifer systems. However, an increase in 
pressure has also the potential for brine displacement into usable groundwater aquifers, induced 

seismicity/fault reactivation or fracturing of the top seal. A summary of potential impacts of CO2 geological 

storage on other resources is shown in Figure 26. 

 

Figure 26. Potential impacts of CO2 geological storage on other basin resources. 

 

In the context of Australian sedimentary basins, potential interactions with CO2 geological storage, 

monitoring strategies, and remediation strategies were assessed in this report for groundwater, petroleum 
(conventional and unconventional), coal and geothermal resources. These are summarised for each 

resource in the following sections. Data requirements and resource assessment methodologies are 

reviewed in detail in PART I of the report. The final outcome is a generalised workflow for the evaluation of 

resource interactions following the methodology proposed by the USEPA (2008) and an example of a GIS 

application for assessing potential resource interactions in the Gippsland Basin. Its primary purpose lies in 
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the identification of areas that have the potential for adverse or beneficial interactions between CO2 

geological storage and other resources. 

More detailed characterisation will be required for project specific assessments within the Area of Impact 

(AOI) of a CO2 storage project. The USEPA (2011), for example, has published draft guidelines that propose 

an Area of Review (AoR) for CCS projects that is defined by “…the extent of pressure increase of sufficient 

magnitude to force fluids from the injection zone into the formation matrix of an underground source of 

drinking water (USDW) through a hypothetical open conduit”. Inherently, this approach does not account 

for CO2 storage occurring in a stratigraphic unit that is also used for drinking water production. Also, many 

saline formations with naturally occurring overpressures (i.e., artesian aquifers) could have an AoR that 

covers an impractically large portion of a sedimentary basin. Consequently, guidelines for defining the AOI 
(or AoR) still need to be better defined, tested against experience from actual CCS projects, and may need 

to be individually adjusted for specific basins and regulatory environments 

In areas that are identified to have potential conflicts between resources, it would be up to the regulator to 

decide on the priority of each resource and, if no parallel development appears to be feasible, in which 

order they should be exploited. 

Generally, there is a relatively high degree of overlap between CCS and geothermal as well as petroleum 

resource development because these are found in similar depth ranges in a sedimentary basin). In contrast, 

coal, coal seam gas and groundwater development, at least with current technologies, take place largely in 

shallower environments than CO2 storage. Resource interaction may still occur if there are potential vertical 

leakage pathways through the regional seal (i.e., faults, wells, high-permeability lithology, which would 
require targeted monitoring schemes. 

 

8.1 Groundwater Resources 

There is a limited vertical overlap between suitable CO2 storage horizons and aquifers used as groundwater 

resource. However, the injection of CO2 may have various impacts on groundwater resource if leakage 

should occur: (1) dissolution of CO2 in groundwater, (2) mobilisation of organic compounds or heavy 

metals, and (3) displacement of saline formation water into shallow aquifers due to injection-induced 

overpressures. The range of consequences include contamination of shallow aquifers, degraded conditions 

for groundwater-dependent ecosystems due to water quality changes and/or water table fluctuations, and 
reduced groundwater abstraction due to clogging from mineral precipitation and/or pressure changes. The 

process of identifying potential impacts to groundwater from CO2 should begin with a conceptual model 

that describes critical features of the injection scenario (e.g. the geological aquifer-aquitard succession, the 

locations of structural features and wells for injection, groundwater flow directions and the water table in 

adjacent unconfined aquifers). Numerical modelling should be conducted to provide estimates of the 

footprint area of the CO2 plume, and resulting pressures and movement of any displaced brine.  

A typical qualitative risk matrix approach can be used to assess the risks based on the likelihood and 

consequences of each potential impact. Examples from the published literature document different types 

of methods used to assess the potential impacts to groundwater and emphasize the importance of 
acquiring site-specific data, conducting lab and/or field experiments and modelling (e.g. geochemical, 

pressure/fluid flow, reactive transport). Model parameter sensitivities should be assessed and appropriate 

actions should be taken to gain more confidence in the predictions. A variety of methods for the detection 

and remediation of these consequences for groundwater are also described in this report.  

 



 

Basin Resource Management and Carbon Storage – Part II| 91  

 

8.2 Petroleum Resources 

The depth range and geological setting of CO2 injection and petroleum production is very similar. Hence, 

there is a large potential for CO2 storage impacting on petroleum resource development. With rigorous 

planning and monitoring, the interaction of CO2 storage with the reserves and contingent hydrocarbon 

resources is manageable, although high uncertainty with respect to prospective resources, particularly the 

emerging tight and shale gas resources, is likely to complicate the task. In many cases, the interaction needs 

to be completely avoided due to potentially unfavorable impacts on hydrocarbon resources such as CO2 

contamination of the reservoir, degraded reservoir-seal quality, disturbance of reservoir equilibrium, trap 

integrity issues and impacts on the facilities and operations. These impacts will typically have commercial 
consequences requiring new investments, increasing operation costs or compromising profits due to 

decreased production or degraded hydrocarbon quality. Remedial measures are generally limited once the 

interaction occurs but some viable options include termination or reconfiguration of injection, drilling of 

pressure relief wells/hydraulic barriers, and separation and reinjection of CO2 at a surface facility. There are 

also some interactions with favourable impacts which could be used for the benefit of the hydrocarbon 

production. Processes using CO2 in enhanced oil recovery operations as a miscible fluid, for pressure 

support or for enhance coal bed methane production are commonly employed for improving production in 

oil and gas fields.  The injection of CO2, if properly planned, has also the potential to mitigate some of the 

negative impacts of petroleum operation like the regional underpressuring in the vicinity of producing 

fields. 

8.3 Coal and Coal Seam Gas Resources 

Generally there, is a limited overlap between suitable CO2 storage areas and coal and coal seam gas 

resources because they largely occur at different depths. The potential for resource interaction therefore 

can be expected to be relatively low. Nevertheless, CCS and coal mining/CSG could operate in the same 

geographic area, yet in different depth intervals with an intervening sealing unit. In such a case, CO2 

leakage across the intervening seal would need to be assessed and monitored. High concentrations of CO2 

leakage into an underground mine could have fatal consequences. However this is a relatively easy risk to 

mitigate by not locating a carbon storage project in the vicinity of an operating underground coal mine. 
Humans can tolerate very high CO2 exposure and although CO2 is more likely to migrate into a mine slowly, 

and mines are typically ventilated and air-quality tested to reduce hazards, early warning to the mine that a 

large CO2 leakage has occurred will allow time to increase ventilation or evacuate personnel from the mine. 

CO2 encroaching into coal will not reduce the value or quality of the coal itself. Nevertheless, CO2 easily 

displaces methane from coal, the results of which can be manifold. For example, displacement of methane 

from a CSG resource will reduce or negate its value; displaced methane may migrate into a mine where, if it 

is concentrated to more than 5% of the air in the mine, can be highly explosive; or displaced methane may 

migrate to the surface where it will act as a GHG in the atmosphere, breaking down to CO2 and water, also 

greenhouse gasses. On the other hand, the higher affinity of CO2 to coal compared to methane may be 

exploited positively in the form of enhanced coal seam gas production.  

Mines typically monitor air-quality, and are ventilated. However, provision to a mine or CSG facility of 

plume leakage data from down-hole detection, together with modelled migration pathways could provide 

valuable additional knowledge to allow them to increase safety procedures.  

8.4 Geothermal Resources 

There is a large overlap between areas suitable for CO2 geological storage and geothermal resources in 

Australian basins. However, no large-scale, economically viable projects are currently operational or either 

of these two activities in Australia. It is also difficult to predict, to what scale geothermal resources will be 

developed in the future and the assessment of potential interaction with CO2 geological projects is rather 
speculative. Some risk exists of cooling associated with CO2 injection which may sterilise future geothermal 

resources. However, there is also the potential for taking advantage of synergies between the two 
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relatively new industries by integrating geothermal heat production in the planning of a CO2 injection 

project and vice versa. 

Many of the activities that will help mitigate risk or identify possible benefits for geothermal resource 

development and CO2 sequestration are already identified as parts of any best practice characterization, 

monitoring and verification process for CCS projects. Additional activities that may be necessary would 

include; (i) background research for characterization of existing geothermal resources/activities, (ii) high 

accuracy temperature measurements in new CCS wells, (iii) the addition of a hydrothermal component to 

numerical modelling of CO2 injection, (vi) thermal property measurement on core samples and (v) include 

time lapse temperature logging/measurements for new and or existing CCS wells. Again, it is likely that a 

hydrothermal component would be a requirement for any multiphase hydraulic, mechanical and chemical 
numerical modelling that would typically be completed for a CCS project. In this case the model could be 

run to identify possible impacts or benefits for nearby existing or potential geothermal developments. 

Ultimately each CCS project is unique and should independently carry out a risk/benefit analysis in relation 

to geothermal resources. 

8.5 Containment Risks 

In Australia, the typical geological systems into which CO2 can be injected are clastic reservoir formations 

(i.e. sandstones) with good permeability and porosity and a low permeable shale-rich top seal and/or faults 

to trap the CO2. The classic targets are depleted oil and natural gas fields or deep saline formations. CO2 

geological storage will result in increased subsurface pressures and CO2 migration, which may lead to 
interaction with other resources or migration to the ground surface through following mechanisms: 

  

• Insufficient fault membrane sealing can result in across-fault flow where permeable reservoirs are 

self-juxtaposed, which can lead to CO2 lateral migration to adjacent compartments. An assessment 

of the unit’s juxtaposition pattern and a model of the fault zone lithology are required to evaluate 

across-fault flow. 

• Insufficient fault sealing potential can result in up-fault flow and top seal bypass; this can lead to 
CO2 leakage and migration to the overburden or to the ground surface. An assessment of the fault 

zone lithology and the in-situ stress on the fault plane are required to evaluate up-fault flow. 

• Low top-seal capacity due to insufficient threshold capillary entry pressure of the caprock can be 

overcome by the pressure build-up in the CO2 column due to injection; this can lead to CO2 leakage 

and migration to the overburden. An evaluation of top seal mercury injection capillary pressure is 

usually required to assess the CO2 column height that can be trapped by a shale-rich caprock. 

• Insufficient top-seal mechanical integrity can result in the development of natural hydraulic 

fractures once the pore pressure variation induced by CO2 injection exceeds the minimum 
horizontal stress plus the tensile strength of the rock, possibly leading to leakage of CO2 from 

reservoirs and migration to the overburden. The definition of the Mohr-Coulomb and Griffith-

Coulomb failure criteria, based on the caprock strength data and coefficient of internal friction, are 

required to evaluate top seal integrity. 

• Interaction between injected CO2 and abandoned wellbores may result in degradation of well 

cements and casing, potentially creating vertical leakage pathways from the storage horizon to the 

overburden or to the ground surface. An analysis of well geomechanics and the potential strains 

and strains around wellbores is required to investigate the mechanical integrity of wellbores. Static 
and dynamic laboratory experiments are required to investigate wellbore cement behaviour as a 

result of exposure to a CO2 rich liquid. Downhole geophysical logs (i.e. cement bond logs) can be 

used to assess the integrity of wells in the vicinity of a CO2 injection site. 

 

The assessment of top and fault seal integrity within the AOI of a CO2 storage site should always be part of 

the general site characterisation process independent from other resources in the area. Potential points of 

weakness should be prioritised in the M&V program. 
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8.6 Assessment and management of potential interactions between CO2 

geological storage and other resources 

If the location of a CO2 injection operation is known, its AOI can be used to further focus the assessment of 

potential resource interactions to a specific area. In this case, a more detailed characterisation of each 

resource is required.  Depending on the level of interaction potential (or degree of vulnerability), different 

site characterisation requirements and M&V and mitigation strategies would be recommended. An 

example of such an assessment process is shown in Figure 27. Many of the decision points in the example 

workflow, as well as the parameters that constrain the vulnerability ranges may require substantial data 
collection, interpretation and expert risk assessment, which will be different for each basin. The current 

study can only provide the necessary background information and suggested methodologies. In the end, it 

will be the regulator’s responsibility to define specific workflows, monitoring requirements and key 

performance indicators. 

 

 

Figure 27. Proposed process for evaluating the suitability of a CO2 storage site with respect to potential resource 

interactions within its Area of Influence (AOI) (from Michael et al., 2012).

Is the water salinity in the aquifer 

less than 10,000 mg/l? 
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Is there potential for 
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