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Abstract 32 

Expert elicitation is a useful approach to synthesis expert knowledge, experience and insight when the 33 
input data and analysis is limited.  During the early stages of the EU FP7 MUSTANG pilot CO2 injection 34 
experiment at Heletz, Israel there was very little input data available, yet decisions had to be made 35 
regarding data collection, drilling, operation and monitoring strategies.  An expert elicitation study 36 
was undertaken to identify, assess and rank potential CO2 leakage scenarios at Heletz to provide 37 
guidance to support the decision making processes.  This paper presents a critique of the expert 38 
elicitation process undertaken, presenting the methodology and a discussion of the results. We 39 
present the lessons learned during the expert elicitation process, highlighting its advantages and 40 
limitations and provide suggestions on ways to overcome these limitations. Our findings show that 41 
prudent expert elicitation can make a valuable contribution to decision making, however if done 42 
improperly it can equally lead to invalid or misleading results and wrong decisions.   43 

 44 
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1. Introduction 52 

The capture and storage of CO2 (CCS) in depleted hydrocarbon reservoirs and deep saline formations 53 
has been proposed to reduce anthropogenic CO2 emissions, mitigating global climate change (IPCC, 54 
2006; Bachu and Adams, 2003 and Benson and Cole, 2008). Stored CO2 is physically trapped by low 55 
permeability caprocks, therefore understanding the long term integrity of the caprock seals is a pre-56 
requisite for CO2 storage security, Bachu (2003), Li et al. (2005 & 2006),  Class (2009), Bildstein et al. 57 
(2009), Ketzer et al. (2009), Fischer et al. (2010), Wollenweber et al. (2010), Gaus (2010) IEAGHG 2011 58 
and Amann et al. (2011).   59 

The Heletz field is the pilot CO2 injection experiment for the EU FP7 MUSTANG project (Niemi et al. 60 
2012 & 2015).  Heletz is an abandoned oil field with partial legacy reservoir data, and as such during 61 
the initial stages of the Heletz site assessment there was a high degree of uncertainty associated with 62 
potential leakage scenarios (IAEGHG, 2009).   Expert elicitation is a “systematic approach to synthesise 63 
the reasoned and subjective judgments of experts where there is uncertainty due to insufficient data, 64 
making explicit the inherent knowledge based on experience and expertise” (Slottje et al. 2008). It can 65 
be used as a structured approach to systematically consult experts on uncertain issues (Barke et al. 66 
1993) and most often used to quantify ranges for poorly known parameters.  With this in mind expert 67 
elicitation was chosen as a method to explore the leakage uncertainties at Heletz with the aim of 68 
producing a quantifiable input to supplement the limited field data, site characterisation and 69 
numerical simulation data.  The elicitation was designed to identify, assess and rank the potential 70 
leakage scenarios to support the assessment and decision making for early data collection, field 71 
operation and monitoring strategies. 72 



Expert elicitation has been widely used in uncertainty analysis, (Hora, 2009; Cooke, 1991, Knol et al. 73 
2010 and Mosleh et al. 1988) where expert knowledge, experience and insight are crucial if the input 74 
data and analysis is poorly understood, complex and there is limited ‘hard’ input data, (Meyer and 75 
Booker, 2001).   It has been successfully used within in the fields of nuclear waste, climate change and 76 
environmental assessment; each areas where there is a lack of established datasets and field 77 
experience and as such requires the collation of skills and experience from a wide range of disciplines 78 
to form a coherent judgement, (Kotra et al. 1996, Risbey et al. 2000, Wardekker et al 2008 and Van 79 
Gijlswijk et al. 2004). 80 

For the purpose of this study, a scenario is defined as the source of potential CO2 leakage through the 81 
caprock including external leakage processes such as those in the wellbore and includes: 82 

 Direct leakage pathway routes such as matrix permeability, geological heterogeneity, 83 
fractures and wells;  84 

 Dispersion routes such as capillary forces, diffusion, wettability etc.; 85 

 Leakage sources such as injection pressures and well position;  86 

 Mineral reactivity pathways such as mineral dissolution, precipitation, clay swelling, etc.; 87 

 Fluid properties influencing leakage such as density, viscosity, relative permeability etc. and 88 

 Any additional factors that may impact on storage security such as thermal conductivity or the 89 
compressive strength of the caprock.   90 

In addition to an overview of the Heletz site and the generation of the inventory of leakage scenarios 91 
at Heletz, this paper provides an overview of expert elicitation, followed by a critique of the expert 92 
elicitation methodology used in this study.  The results are presented and discussed along with a 93 
comparison with findings from conventional risk assessment studies undertaken at other CO2 injection 94 
and storage pilot projects in Otway, Australia; Weyburn, Canada and In-Salah, Algeria.  The paper 95 
discusses and critically reflects on some of the lessons learned during the expert elicitation, its 96 
limitations and suggests ways to overcome them. Prudent expert elicitation can make a valuable 97 
contribution to decision making, however if done inappropriately it can equally lead to invalid or 98 
misleading results, wrong decisions and contribute to discrediting the practise of expert elicitation. 99 

2. Heletz site geological overview 100 

The Heletz site is located on the Southern Mediterranean Coastal Plain of Israel and is a part of an oil 101 
field discovered in 1955. The Heletz structure is an anticline fold, gently dipping to the east, truncated 102 
by a pinch-out line to the west with a crest of about 2 km by 4 km and a vertical closure of 70 m, 103 
(Shtivelman at al. 2010), Figure 1. The Heletz formation was deposited during thermal subsidence at 104 
a passive margin (Steinberg at al., 2008) and the Heletz reservoir consists of three Lower Cretaceous 105 
sand layers; ‘K’, ‘W’ and ‘A’ separated by shales of various thicknesses deposited within sequences of 106 
repeated regressive – transgressive depositional sequences, (Eppelbaum and Katz, 2011).  Offshore 107 
sand and clay, shoreface silts, tidal flats and lagoonal shales deposits are all suitable as caprocks.  The 108 
Heletz ‘K’ sands are interpreted as offshore marine and the Heletz ‘A’ and ‘W’ sands are interpreted 109 
as tidal channel and or lagoonal sands (Amireh, 1996).  The reservoir sands have a maximum thickness 110 
of 21m in the south-east, with the lateral extension of the sand layers limited to the west by the pinch-111 
out where the sands are replaced by shales. The caprock overlaying the reservoir is represented by a 112 
shale and marl unit with a thickness increasing from 23 m in the north to 54 m in the south. Full details 113 
of the Heletz site can be found in Niemi et al. (2015), which also presents the most up to date field 114 
data, none of which was available to the MUSTANG consortium members at the beginning of the 115 
project.  It was this lack of data from which to make the data collection, field operation and monitoring 116 
strategy decisions was the primary reason the expert elicitation was undertaken. 117 



 118 

Figure 1 Heletz location map, structure map and reservoir cross section 119 

3. Heletz caprock leakage scenario inventory (screening of the uncertainties) 120 

The generation of a comprehensive inventory of leakage scenarios is the first step towards 121 
undertaking the effective expert elicitation required to assess and rank the potential leakage scenarios 122 
at the Heletz pilot CO2 injection site.  In order to identify all of the potential CO2 leakage scenarios, a 123 
thorough and systematic search through published peer reviewed literature using relevant keywords, 124 
theories / concepts, prominent authors and paper reference lists was conducted until no new papers 125 
or sources were identified.  Six primary influences controlling potential caprock leakage were 126 
identified:  127 

 The caprock matrix properties; which focusses on how the inherent properties of the matrix 128 
rocks could influence the sealing ability of the caprock and includes the caprock matrix pore 129 
throat size, pore compressibility, mechanical properties, porosity, permeability, anisotropy 130 
and thermal conductivity. 131 

 Mineralogy; which focusses on how the inherent mineralogy and its potential reactivity with 132 
migrating CO2 rich fluids could influence the sealing ability of the caprock and includes 133 
precipitation and dissolution reactivity, clay mineral shrinkage / swelling and changing pH. 134 

 The injection, formation and migrating fluids; which focusses on how fluid properties would 135 
be influenced by any change in pressure, temperature and exposure to migrating CO2 and how 136 
these fluids would interact with the caprock matrix and pore space and includes fluid pressure, 137 
density, viscosity, temperature and solubility along with relative permeability and free phase 138 
CO2.  It also includes wettability, interfacial tension, sorption, and electrostatic forces. 139 

 The stress state, fracture network and fracturing potential; which focusses on how the stress 140 
state, existing fracture network and consequences of changing pressures and stress could 141 
influence the integrity of the caprock and includes field stress state, injection pressures, 142 
hydraulic fracturing, thermal fracturing and fracture opening threshold along with existing 143 
fracture density, geometry and distribution, fracture permeability / sealing fracture aperture 144 
and induced microseismicity. 145 

 The geological architecture; which focusses on how the geology could influence the sealing 146 
ability of the caprock and includes high permeability conduits in the caprock, lithological 147 
discontinuities, caprock or reservoir rocks dipping to surface and reservoir rock 148 
unconsolidation. 149 

 The wellbore environment: which focusses on how the legacy, drilling, well completion and 150 
injection could influence the sealing ability of the caprock and focusses on improperly 151 
abandoned wells, poor sealing of the injection well, injection rate and position, impurities 152 
within the injection stream, geothermal gradient and joule Thomson cooling generating 153 



geothermal stresses and the consequence of any additional monitoring equipment / 154 
techniques. 155 

These scenarios are the uncertainty criteria assessed during the expert elicitation. All scenarios 156 
identified were included, even those which may seem immaterial, such as Joule-Thomson cooling, 157 
because any potential leakage scenario not identified and included at this early stage would be 158 
completely excluded from further analysis and assessment.   The inventory was circulated within the 159 
EU FP7 MUSTANG research project group, to ensure that within the academic expertise of the 160 
MUSTANG project all possible leakage scenarios through the caprock had been identified.  The 161 
scenarios were also referenced against the CO2 FEP Quintessa database (2014) to ensure all potential 162 
leakage scenarios had been captured.  Forty four potential CO2 leakage scenarios influencing the 163 
Heletz caprock integrity were identified, Figure 2.  These leakage scenarios became the basis of the 164 
expert elicitation exercise and a brief synopsis of each leakage scenario identified including the limited 165 
Heletz data that was available at the time of the elicitation was given to each expert prior to elicitation.  166 
This information can be seen in the supplementary information at the end of the paper.   167 

 168 

Figure 2  The Heletz caprock leakage scenario inventory 169 

4. Expert Elicitation 170 

Expert elicitation stems from probabilistic risk assessment (PRA) which relies on exert judgement 171 
when data is sparse or non-existent (Kuhnert at al. 2010), as was the case at the early stages of the 172 
Heletz site characterisation. Experts are qualified individuals who have knowledge on the subject 173 
through their practise, training and experience, identified on the basis of their qualifications, 174 
experience, professional membership and peer recognition (Booker and McNamara 2004, Ayyub 175 
2001).  However expert judgement has inherent uncertainty, with experts subject to biases within 176 
their personal context, assumptions, beliefs and experience (Anderson and Hattis 1999; Shrader-177 
Frechette 1996; Camerer and Johnson 1997).  Expert judgement can also be influenced by the 178 
processes used to elicit it.  The elicitation methodology must account for these uncertainties within 179 
expert opinions to extract the knowledge in as raw and unbiased way as possible using a systematic 180 
well designed elicitation approach.  Expert elicitation is not a low cost replacement to data collection 181 
and analysis, but when a decision needs to be made quickly or within a limited budget a well 182 
conducted expert elicitation can provide valuable insight and guidance to decision makers.  Figure 3 183 



presents an outline of the expert elicitation undertaken for the Heletz site which was designed to 184 
identify, assess and rank the potential leakage scenarios to support the assessment and decision 185 
making for early data collection, field operation and monitoring strategies. 186 

 187 

Figure 3 Expert elicitation procedure 188 

4.1. “Expert” selection 189 

Is anyone really an expert? No-one will be an expert in all aspects of the problem, so the objective of 190 
the expert selection was to achieve a well-balanced sample of experts who are able to make 191 
judgements on the range of uncertainties that are to be elicited.  Three different types of experts are 192 
desirable (Kotra et al., 1996, and Loveridge, 2002) to assess the potential CO2 leakage scenarios; the 193 
generalist who has substantive knowledge in one relevant subject area and a good understanding of 194 
the technical aspects of the whole CO2 storage system; the subject-matter experts who are recognised 195 
by the peers as authorities in their relevant subject area and finally the normative experts who are 196 
experience in probability theory and decision analysis to assist the generalist and subject-matter 197 
experts. 198 

The European Community’s Seventh framework Programme MUSTANG collaborative project into the 199 
quantification of deep saline formations for CO2 storage, comprises 19 international institutions 200 
(Universities, Research Institutes and SME’s) that included a judicious balancing of the major 201 
disciplines required to undertake field characterisation, processes, modelling and assessment.  These 202 
19 institutions formed the pool from which the “experts” were approached directly. 203 

For this study, 12 “experts” from 9 different international institutions of different expert types 204 
undertook the expert elicitation.  The “experts” were all from the MUSTANG consortium so we cannot 205 
claim to have captured all the CCS experts, however according to a panel of expert elicitation 206 
practitioners, (Cooke and Probst, 2006) at least six experts should be included; otherwise there may 207 
be questions about the robustness of the results, however beyond 12 experts, the benefit of including 208 
additional experts begins to drop off.  It is also possible that these experts could be viewed as pro-CO2 209 
storage, however these biases can be minimised with a well-designed elicitation procedure. 210 

 211 



4.2. Uncertainties to be addressed by expert elicitation  212 

Uncertainty assessments ideally use a quantitative assessment, however when comparing risks of 213 
different natures or with limited sensitivity analysis, a common quantitative unit is very difficult to 214 
determine, (Sjoberg et al., 1993).  Quantitative assessment is also difficult within the CO2 storage 215 
system due to a wide range of primary controlling parameters (DNV 2003), technological uncertainty 216 
and the fact this study was based on early incomplete Heletz site data.  Therefore a qualitative 217 
assessment was required to assess the leakage scenarios.  Without quantitative assessment criteria, 218 
caution should be exercised when using qualitative words such as “unlikely” or “possible” to describe 219 
the scenario uncertainty.   Critical difference between the views of different experts can be missed 220 
(Wallsten et al. 1986 and Wardekker et al 2008), as the same word can mean different things to 221 
different people.  To avoid this confusion within the Heletz assessment criteria the following semi-222 
quantitative scenario uncertainty assessment criteria were used: 223 

 Severity of effect of leakage; i.e. how extensive would the CO2 leakage be?  Could that 224 
particular scenario at worst lead to leakage into the first few mm’s of the caprock, or could it 225 
lead to CO2 intrusion above the top caprock? 226 

 Immediacy of occurrence; i.e. the time period of the leakage. Would it be more likely that that 227 
any leakage of CO2 influenced by a particular scenario would occur during injection or was it 228 
more likely to occur over many thousands of years?  229 

Psychometric literature indicates a diminishing return after ~eleven scale points within question 230 
answer options, (Nunnally and Bernstein, 1994).  Studies have also shown that respondents have 231 
difficulty defining their point of view on a scale greater than seven, therefore if more than seven 232 
response choices are provided, respondents are likely to start picking answers randomly, which can 233 
make the data irrelevant, (Nunnally and Bernstein, 1994).  It is also useful to use a scale with odd 234 
numbers, so there is a midpoint as a reference point.   Therefore for the Heletz study a five-point scale 235 
for severity and immediacy was used, Table 1 where the scenario uncertainty criteria scales comply 236 
with the “transversality” principle, in that the lowest value relates to the lowest impact of leakage, 237 
and vice versa for the highest value. 238 

Table 1 Scenario uncertainty scales 239 

Severity 
value 

Expert elicitation  
scenario uncertainty criteria 

Immediacy 
value 

Expert elicitation  
scenario uncertainty criteria 

1 CO2 intrusion into the first few mm of 
the primary caprock 

1 Leakage happens after 10000 years 

2 CO2 intrusion above primary caprock 
layer 

2 Leakage happens after 1000 years 

3 CO2 intrusion above secondary caprock 
layers 

3 Leakage happens after 100 years 

4 CO2 intrusion above tertiary caprock 
layer 

4 Leakage happens after 10 years 

5 CO2 intrusion into top overburden / to 
surface 

5 Leakage happens during the injection 
period 

 240 

4.3. Pre-elicitation “expert” training 241 

The “experts” were provided with a briefing document prior to the elicitation.  This contained a copy 242 
of the elicitation question and unbalanced key information providing a brief synopsis of each leakage 243 
scenario identified, including the limited Heletz data that was available at the time of the elicitation, 244 
to encourage the “experts” to start thinking about their response in advance.  The information 245 
provided to the “experts” can be seen in the supplementary information at the end of the paper.  The 246 



information also highlights the lack of relevant site specific data for Heletz and reinforces the 247 
importance of the expert elicitation exercise as a tool to aid the early assessment and decision making 248 
for data collection, field operation and monitoring strategies.  249 

4.4. Expert elicitation methodology 250 

A thorough preparation, systematic design and prudent implementation of an expert elicitation 251 
process may increase the validity of its outcomes and the transparency and trustworthiness of its 252 
conclusions, (Clemen and Winkler, 1999). There are three elicitation process options; (1) personal 253 
interviews, (2) group elicitation sessions and (3) individual questionnaires.  Resource wise personal 254 
interviews were not possible under the scope of this study.  Group elicitations have a number of 255 
benefits that include sharing of knowledge and better appreciation of different disciplinary 256 
viewpoints, (Clemen and Winkler, 1999).  However group interaction can be influenced by dominant 257 
personalities in the group and the implicit suggestion of the “need to achieve consensus”, (Loveridge, 258 
2002). Therefore individual questionnaires were chosen as the Heletz elicitation method to reduce 259 
bias by suggestion, ensuring answers were not based on a consensus, but rather an individual opinion.  260 
The questionnaires were anonymous to minimise the possibility of “experts” feeling exposed by their 261 
answers. 262 

For this study the elicitation question was “What is your best guess of the likely severity (extent of the 263 
leakage) and immediacy (time frame) potential of CO2 leakage for each identified leakage scenario?” 264 
of which there are 44.  It is important to note that considerable time and care along with multiple 265 
iterations of format and question wording was undertaken and tested on colleagues before the final 266 
format, question and scale was decided upon. 267 

The MUSTANG consortium held meetings every six months, so the questionnaire was completed 268 
during a workshop timetabled during a consortium meeting, with a one hour timeslot, to ensure the 269 
best availability of “experts” both in terms of time and engagement.  During the elicitation workshop 270 
an introduction was given which covered: 271 

 An explanation of the elicitation procedure and subject. 272 

 It is important that the pre-elicitation training makes the “experts” aware of potential 273 
unconscious bias and guides the “experts” towards expressing their judgements in 274 
probabilistic terms, raising awareness of the unconscious bias in human judgement.   275 

 Experts often select a first anchor point as a first approximation of the assessed scenario and 276 
adjust this to the required assessment as the supplementary information is considered 277 
(Morgan and Henrion 1990). Reminding the participants to think of the reasoning to support 278 
their judgments and consider how the results could be different during the questionnaire 279 
answering process may help to improve the quality of their assessments. 280 

 Explain consensus is not the primary objective, differing views reveal valuable information 281 
about the scenario uncertainty. 282 

When eliciting expert opinion, the results must be treated with caution as individuals, including 283 
experts, are subject to defined cognitive biases which will affect their judgement in situations of 284 
uncertainty (Kahneman et al., 1982). These biases which include over-confidence, expert level and 285 
motivational bias are the result of decision making processes based on personal experience and 286 
personality that are used to simplify the often multifaceted complex scenarios. For each leakage 287 
scenario assessed a personal expert level was also requested to identify whether expert level had an 288 
impact on judgment, Table 2. 289 

 290 

 291 



Table 2 Expert level descriptors  292 

Level of expertise 

1 Novice - no knowledge at all of the leakage scenario. 

2 Limited knowledge - some awareness and knowledge of the leakage scenario 

3 Competent - working knowledge of the leakage scenario 

4 Knowledgeable - research activity and peer reviewed publications of the leakage scenario 

5 Expert - recognised expert through research, peer reviewed papers and keynote speaker in this 
leakage scenario 

 293 

Each participant was provided with a blank questionnaire and the supplementary information and 294 
asked to assign their best guess severity, immediacy and “expert” level for each leakage scenario in 295 
turn. The questions were asked one at a time and the “experts” filled in the questionnaire and all 296 
participants moved onto the next scenario, being reminded at all times of the points above and time 297 
given for discussion if required. Working through the questionnaire as a group of individuals one 298 
question at a time would minimise the chances of the “experts” getting bored or providing lax or 299 
random middle ground answers to maximise the potential for a serious and considered response and 300 
increase the validity of the results.  The elicitation process also required a good deal of encouragement 301 
requiring frequent persuasion and reassurance, particularly with regard to classifications, terminology 302 
and most importantly the lack of field data, which was the reason behind the elicitation process in the 303 
first instance.  It was a challenge to change a mindset when an “expert” is experienced in working with 304 
actual field data in a more numerical and less interpretive discipline, constant reference was required 305 
to get the “experts” to make a judgement on each leakage scenario based on the semi-quantitative 306 
scenario uncertainty assessment criteria in table 1. 307 

4.5. Data analysis 308 

The expert elicitation generated a best guess severity and a best guess immediacy.  This provided a 309 
database of 12 completed questionnaires from which to collate and analyse the data.  Mathematical 310 
methods were implemented to combine the “expert’s” answers which focused on the simple summary 311 
methods of arithmetic average giving equal weight to all experts. Work by Clemen and Winkler, (1999) 312 
concludes that a simple average is often the best performing aggregation method, as it is less sensitive 313 
to the input assumptions than some of the more powerful Bayesian aggregation techniques such as 314 
that suggested in Morris (1977).   It is important to note that heterogeneity and diversity amongst 315 
expert views provides valuable insight and to a certain degree this can be captured by the standard 316 
deviation within the arithmetic averages. 317 

These simple mathematical aggregation methods however do not allow for the consideration of 318 
factors such as over confidence amongst experts (Clemen and Winkler, 1999) and more robust 319 
statistical methods have been suggested by Cooke and Goosens (2008) which include seed questions 320 
to provide calibration scores.   321 

To rank the leakage scenarios the average expert’s data for severity and immediacy were plotted in a 322 
probability and impact matrix. This assigns an impact rating from low, medium low, medium, high to 323 
very high (Figure 4) for the leakage scenarios based on combining the severity and immediacy values. 324 
Any leakage scenarios that plot within the very high severity and immediacy category on the matrix 325 
will require further analysis, an increased data collection and sensitivity analysis effort and enhanced 326 
monitoring and mitigation strategies.  327 



 328 

Figure 4 Probability and impact matrix scales (impact rating) 329 

5. Results  330 

The probability and impact matrix results were grouped per primary category, and can be seen in 331 
Figures 5 to 10.  The impact rating of each scenario within the probability and impact matrix facilitated 332 
the ranking of the leakage scenarios, based on whether the scenario plotted in the most extreme to 333 
the lowest impact rating category on the probability and impact matrix.   334 

The results of the ranking of the leakage scenarios based on impact rating can be seen in Table 3.  The 335 
ranked leakage scenarios reveal the leakage scenarios that pose the highest likelihood of CO2 leakage 336 
and as such merit the highest effort of data collection and sensitivity analysis effort and enhanced 337 
monitoring and mitigation strategies. 338 

 339 

Figure 5 Probability and impact matrix for the caprock matrix properties 340 



 341 

Figure 6 Probability and impact matrix for the mineralogy  342 

 343 

Figure 7 Probability and impact matrix for the caprock / reservoir injection, formation and migrating fluids  344 

 345 



 346 

Figure 8 Probability and impact matrix for the caprock stress / fracture network / fracturing potential 347 

 348 

Figure 9 Probability and impact matrix for the geological architecture 349 



 350 

Figure 10 Probability and impact matrix for the wellbore and drilling environment 351 

Table 3  Results of the probability and impact matrix in ranked order. 352 

Impact Rating  Impact Ranking Leakage scenario 
Extreme impact rating scenarios  1 Improperly abandoned wells 

High impact rating leakage scenarios 2 Poor sealing of the injection well 

3 Injection rate / position (if injection rate above poorly defined capillary entry pressure or caprock 
tensile / compressive strength) 

4 Hydraulic fracturing (if fracture propagation values are lower than expected) 

5 Injection pressures (if above capillary entry pressures or fracture propagation) 

6 Fracture permeability (if an unexpectedly high fracture permeability) 

7 Caprock mechanical properties (if lower than expected) 

8 Fracture opening thresholds (if lower than expected) 

9 Lithological discontinuities in the caprock (if caprock less continuous) 

10 Fracture density, geometry and distribution (if unexpectedly high fracture density) 

11 High permeability lithological conduits in the caprock 

12 Stress field orientation (if improperly evaluated) 

13 Caprock and storage reservoir dipping to surface (if reservoir has a surface outcrop) 

14 Fluid pressure changes (if increase to cause fracturing / movement) 

Medium impact rating leakage 
scenarios 

15 Fracture aperture (if larger than expected) 

16 Caprock matrix compressive strength (if lower than expected) 

17 Reservoir rock unconsolidation / collapse 

18 Caprock capillary entry pressure (if lower than expected) 

19 Thermal fracturing (occurring) 

20 Micro seismicity (occurring) 

21 Matrix total porosity (if higher than expected) 

22 Mineral dissolution (if higher than expected) 

23 Wettability (if lower than expected) 

24 Independent monitoring (does it increase confidence or data quality) 

25 Reducing pH (of formation fluids) 

26 Clay mineral shrinkage  (CO2 dehydration or occurring in the presence of CO2) 

27 Joule Thomson cooling  (during any depressurisation) 

28 Pore compressibility (if wrongly characterised) 

29 Matrix permeability (if wrongly characterised) 

30 Impurities in the CO2 stream (if above the percentage tolerance) 

Medium-Low impact rating leakage 
scenarios 

31 Fluid density changes 

32 Fluid solubility changes (if wrongly characterised) 

33 Caprock relative permeability to CO2 (if wrongly characterised) 

34 Matrix anisotropy (if wrongly characterised) 

35 Fluid viscosity changes (if wrongly characterised) 

36 Fluid temperature change 

37 Interfacial tension (if lower than expected) 

38 Geothermal gradient (if significantly different to expected) 

39 Free phase gas CO2 (present) 

40 Mineral precipitation (if wrongly characterised) 

41 Pore / pore throat size (if wrongly characterised) 

42 Thermal conductivity (if wrongly characterised) 

43 CO2 sorption (does not occur) 

44 Electrostatic interfacial repulsion (if poorly defined clays) 

Low impact rating leakage scenarios - None   



The results show that there was one extreme impact rating leakage scenario identified by the 353 
“experts”, that of improperly abandoned wells and thirteen high impact leakage scenarios that the 354 
“experts” believe pose the highest likelihood of CO2 leakage. These fourteen leakage scenarios merit 355 
the highest effort of data collection, sensitivity analysis effort and enhanced monitoring and mitigation 356 
strategies: 357 

 Improperly abandoned wells 358 

 Poor sealing of the injection well 359 

 Injection rate / position (if injection rate above poorly defined capillary entry pressure or 360 
caprock tensile / compressive strength) 361 

 Hydraulic fracturing (if fracture propagation values are lower than expected) 362 

 Injection pressures (if above capillary entry pressures or fracture propagation) 363 

 Fracture permeability (if an unexpectedly high fracture permeability) 364 

 Caprock mechanical properties (if lower than expected) 365 

 Fracture opening thresholds (if lower than expected) 366 

 Lithological discontinuities in the caprock (if caprock less continuous) 367 

 Fracture density, geometry and distribution (if unexpectedly high fracture density) 368 

 High permeability lithological conduits in the caprock 369 

 Stress field orientation (if improperly evaluated) 370 

 Caprock and storage reservoir dipping to surface (if reservoir has a surface outcrop) 371 

 Fluid pressure changes (if increase to cause fracturing / movement) 372 

There are also sixteen medium impact rated scenarios, fourteen medium low rated impact scenarios 373 
and no low impact rated scenarios. 374 

6. Discussion of the elicitation results 375 

When looking at the leakage scenario results in detail there are a number of interesting or what might 376 
be considered conflicting findings.  Looking at the matrix properties (figure 5) the pore throat size, 377 
which is arguably the most important controlling property controlling the caprock barrier function, is 378 
ranked as medium-low impact, but when capillary entry pressure is considered (figure 7) it is ranked 379 
as a medium impact.  As these two are linked this reveals a flaw within the elicitation process.  This 380 
may be as a result of a forcing an answer that is based on very distinct semi-quantitative scenario 381 
uncertainty criteria (table 1) or that the expertise range amongst the “experts” was incomplete. 382 

There was a lot of data to process and looking at linked or similar leakage scenarios contained within 383 
a wide ranging study is always likely to result in minor discrepancies in their results.  These 384 
discrepancies although an interesting reflection on the “experts”, generally only vary between 385 
adjacent impact ratings. The aim of the study was to identify, assess and rank potential leakage 386 
scenarios to support the assessment and decision making for early data collection, field operation and 387 
monitoring strategies and as such identifying the highest impact ratings is the key to achieving this 388 
aim.  389 

It is also important to highlight that expert elicitation is no guarantee to ensure that you cover all 390 
eventualities and obtain all the input data required.  If fact during the review process the reviewers 391 
highlighted two leakage scenarios that were missing; unknown wells and multiple wellbore failures, 392 
both of which are important considerations in caprock integrity.   As more experts and indeed non-393 
experts are involved it is likely each would have a leakage scenario to add to the list.  This reinforces 394 
the important point that expert elicitation and impact analysis should be considered a good starting 395 
point when there is little data available.  However it is an iterative process, growing and improving as 396 
the knowledge develops.  397 

A number of interesting relationships are revealed when the data from the elicitation is considered: 398 



6.1. Correlation between the severity and immediacy of CO2 leakage 399 

The probability and impact matrix for all the leakage scenarios combined reveals a distinct linear 400 
correlation between the severity of the potential CO2 leakage and the immediacy of the potential CO2 401 
leakage, as the time frame of the leakage decreases, the severity of the leakage increases, Figure 11 402 

 403 

Figure 11 Severity versus immediacy for all the leakage scenarios  404 

This could be because “experts” are relatively conservative, and more likely to give similar values for 405 
immediacy and severity, and not a high number for severity and a low number for immediacy or vice 406 
versa.  It could also be related to a lack of focus or engagement during the elicitation process where 407 
the easy option was taken to put middle values for everything.  Steps were taken within the design 408 
and implication of the elicitation to ensure an engaged participant who at least acquiesced to the 409 
process and the fact that not all values were middle range indicate that this is unlikely to be the reason 410 
for the linear correlation between severity and immediacy.     Elicitation process limitations aside this 411 
trend could indicate the important argument that the most significant challenge to storage integrity 412 
is during the initial time stages of the storage process, i.e. during injection.    It is difficult to identify 413 
which of these processes has the dominant control, but the argument that the most significant 414 
challenge to the storage integrity of the Heletz injection site is during the initial stages of the storage 415 
process (injection) is important and should not be discounted. 416 

6.2. Influence of impact rating on the relationship between severity and immediacy  417 

Looking in more detail at the severity and immediacy of each of the leakage scenarios and in particular 418 
looking at the difference between the two, Figure 12, it can be seen that for the lower impact rated 419 
leakage scenarios the average severity and immediacy are similar to each other, in that a low severity 420 
(scale of the leak) corresponds to a low immediacy (longer timescale of the leak happening), indicating 421 
that if the severity of the leakage is low the leakage will happen over a longer timeframe.  For the 422 
higher impact rating leakage scenarios the difference between the severity (scale of the leak) and the 423 
immediacy (timescale of the leak), is generally greater indicating a greater discrepancy between 424 



severity and timescale.  Overall if the severity of the leakage is high then the timescale will be shorter, 425 
reinforcing the previous supposition that the most significant challenge to storage integrity is during 426 
the initial time stages of the storage process, during injection.  427 

This data also reassures that the participants did not always give the same values for severity and 428 
immediacy and as suggested in section 6.1, but put critical thought into their questionnaire answers.  429 

 430 

Figure 12 relationship between severity and immediacy 431 

6.3. Uncertainty within the “expert” assessed leakage scenarios  432 

The uncertainty within the “expert’s” impact rating of severity and immediacy for each leakage 433 
scenario was calculated using the standard deviation of the average severity and immediacy values.  434 
Figure 13 presents the uncertainty data for each leakage scenario within the context of the probability 435 
and impact matrix.  Each scenario is plotted using its arithmetic average severity and immediacy and 436 
the error bars on the data point reflects the relative size of the uncertainty using the standard 437 
deviation within the severity and immediacy values.  438 

Comparison of the uncertainty associated with the severity and immediacy results imply that in 439 
general for the lower to medium impact rating scenarios (caprock matrix properties, mineralogy and 440 
the fluids – injection, formation & migrating) there is a smaller degree of uncertainty between the 441 
“experts” severity and immediacy estimates.  442 

For the medium to higher impact rating scenarios (the stress / fracturing, well environment and the 443 
geological architecture) there is a notable increase in uncertainty between the “expert’s” severity and 444 
immediacy estimates. 445 

Interestingly for the highest risked scenarios of poor sealing of injection wells and improperly 446 
abandoned wells the uncertainty between the “expert’s” decreases, indicating a universal agreement 447 
that these are the most significant leakage scenarios in ensuring storage security. 448 



 449 

Figure 13 Uncertainty associated with the risk matrix data 450 

6.4. Influence of expert level on elicited impact rating. 451 

Work by Sjobeg and Drottz-Sjoberg (1993) revealed that experts in the nuclear waste field see its risks 452 
as much less that the public does, they are more positive towards nuclear power.  This may indicate 453 
that the more expert a practitioner, the more likely they are to de-risk their area of expertise.  To test 454 
whether the Heletz “experts” will assign a lower impact rating (“risk”) to their area of expertise, an 455 
expert level was requested in the questionnaire alongside the severity and immediacy values for each 456 
leakage scenario assessed. The first point to note is that of all 12 questionnaires received, only 1 457 
“expert” completed all the expert level boxes, for all other questionnaires the exert level data was 458 
extremely incomplete with over five not filling in any expert level values at all.  Experts are clearly very 459 
shy about declaring their level of expertise, even when assessing their personal expert level against 460 
the clearly defined expert descriptions seen in table 2.  Figure 14 presents the available expert data 461 
for a low impact rated leakage scenario (pore throat size), a medium impact rated leakage scenario 462 
(microseismicity) and a high impact rated leakage scenario (poor sealing of injection well.  The results 463 
do not show any distinct correlations between expert level and impact rating.  Due to a lack of data it 464 
is not possible to make any meaningful observations on whether expert level influences perception of 465 
impact rating.  466 

  467 

Figure 14 Expert levels for a low, medium and high impact factor rated leakage scenario. 468 

 469 



7. Using the expert elicitation results for decision making for early data collection, field operation 470 
and monitoring strategies. 471 

The ranked elicitation responses can be used to provide recommendations based upon the fact that 472 
data collection and monitoring should be of highest priority and quality in the areas identified by the 473 
“experts” as having the highest leakage scenario impact rating. Table 4 presents the Heletz 474 
recommendations based on the results from the expert elicitation. 475 

Table 4 Recommendations for early data collection, field operation and monitoring strategies from the elicitation results. 476 

Rank Leakage scenario Data collection, operation and monitoring strategies 

1 Check for improperly 
abandoned wells  

Pressure test and survey all abandoned wells in the storage area, seismic survey may reveal 
previously unknown wells. 

2 Poor sealing of the injection 
well 

Ensure best practise to minimise risk of poor sealing, test well cement is fit for purpose. 

3 Injection rate and position Undertake modelling sensitivities studies with high quality geology and field input.  Plan 
injection rate and positions carefully to ensure the injection is undertaken as far away from 
faults as possible and injection rates do not cause significant increases in formation pressure, 
well, far field and surface pressure monitoring systems in place. 

4 Hydraulic fracturing Determine fracture opening thresholds from pressure tests, lab tests, analogue studies and 
reservoir modelling. Maintain injection pressures below the fracture opening thresholds. 

5 Injection pressures Undertake modelling sensitivities studies with high quality geology and field input.  Maintain 
injection pressures within capillary entry pressure and fracture opening thresholds. 

6 Fracture permeability Pressure tests along fractures that intersect existing wells, lab tests on analogue or well core. 
Undertake modelling sensitivities studies with high quality input data. 

7 Caprock mechanical properties Mechanical testing of downhole and representative caprock core with data input into 
modelling sensitivities studies. 

8 Fracture opening thresholds Pressure tests along fractures that intersect existing wells combined with modelling 
sensitivities studies with high quality input data. 

9 Lithological discontinuities in 
the caprock 

Geological reservoir modelling (and analogue studies) of the interlayered caprock system 
from seismic and well to well correlation to assess caprock continuity. 

10 Fracture density, geometry and 
distribution 

Detailed fracture mapping of caprock from seismic, downhole and analogues. Undertake 
modelling sensitivities studies with high quality geology and field input. 

11 High permeability lithological 
conduits in the caprock 

Geological model (and analogue studies) of the interlayered caprock system from seismic and 
well to well correlation to identify any high permeability lithology within the caprock. 

12 Stress field orientation Detailed mapping of the downhole stress field 

13 Caprock and storage reservoir 
dipping to surface 

Geological model of the whole storage system from seismic and well to well correlation to 
ensure caprock and reservoir formation does not dip to surface. 

14 Fluid pressure changes Ensure monitoring of near and far field fluid pressures 

 477 

8. Applicability of the results to other CO2 storage projects 478 

The results obtained during the “expert” elicitation to identify, assess and rank the potential leakage 479 
scenarios at the Heletz pilot CO2 injection site were compared with the results from more conventional 480 
site-specific risk studies from existing CO2 injection projects, where: 481 

 Deel et al., (2007) concluded from the risk assessment for the Canadian Weyburn field that 482 
the greatest risk of leakage was along the wellbore and abandoned wells.  483 

 Oldenburg et al., (2008 and 2011) concluded that for the Algerian In-Salah field the most 484 
significant risk of leakage is from the integrity of legacy wells especially if intersecting natural 485 
fractures. 486 

 Watson, (2014) concluded from the risk assessment study undertaken for the Australian 487 
Otway project that the most likely leakage risks were fault leakage and well leakage from the 488 
Naylor-1 Well. 489 

 Jewel and Senior, (2012) concluded that for North Sea CO2 storage projects, abandoned wells 490 
present the most probable source of leakage, followed by loss of well control on active wells 491 
with caprock leakage rates low and fault leakage rates uncertain and requiring further work. 492 



As the existing and proposed injection sites are all pre-selected on the basis that their geology is 493 
suitable for CO2 storage, a correlation between the Heletz expert elicitation results and the site specific 494 
risk assessment studies from other CO2 injection sites is not unexpected.  However it serves to 495 
highlight the important point of any expert elicitation (or indeed conventional risk assessment) study 496 
that the experts may be biased by common misconceptions within the CO2 literature, due to the very 497 
nature that they are immersed in this literature. 498 

The findings continue to reinforce the widely held findings that well integrity (abandoned and active), 499 
injection pressure and fracture thresholds and geological heterogeneities are the most likely to 500 
influence the caprock integrity within a CO2 storage site. 501 

9. Conclusions 502 

Expert elicitation is widely used where expert knowledge, experience and insight are crucial if the 503 
input data and analysis is poorly understood, complex and there is limited ‘hard’ input data.  It has 504 
been successfully used within in the fields of nuclear waste, climate change and environmental 505 
assessment.  An expert elicitation was undertaken to explore the leakage uncertainties at the EU FP7 506 
MUSTANG project Heletz pilot CO2 injection site by synthesising the reasoned and subjective 507 
judgments of experts, because there was insufficient Heletz field data available.  The aim of the 508 
elicitation was to identify, assess and rank the potential leakage scenarios, to support the assessment 509 
and decision making for early data collection, field operation and monitoring strategies. 510 

Simple mathematical aggregation methods of arithmetic average giving equal weight to all experts 511 
was used for the data analysis. To rank the leakage scenarios the average expert’s data for severity 512 
and immediacy were plotted in a probability and impact matrix. This assigns an impact rating from 513 
low, medium low, medium, high to very high.  The ranked elicitation responses show that there was 514 
one extreme impact rating leakage scenario identified by the “experts”, that of improperly abandoned 515 
wells and thirteen high impact leakage scenarios that the “experts” believe pose the highest likelihood 516 
of CO2 leakage. Leading to the recommendation that these fourteen leakage scenarios merit the 517 
highest effort of data collection, sensitivity analysis effort and enhanced monitoring and mitigation 518 
strategies. 519 

There was agreement when the Heletz elicitation results were compared with the results from more 520 
conventional site-specific risk studies from existing CO2 injection projects. However it serves to 521 
highlight the important point that for any expert elicitation (or indeed conventional risk assessment) 522 
study the experts may be biased by common misconceptions within the CO2 literature, due to the very 523 
nature that they are immersed in this literature.  The results can be viewed as supporting the widely 524 
held findings that well integrity (abandoned and active), injection pressure and fracture thresholds 525 
and geological heterogeneities are the most likely to influence the caprock integrity within a CO2 526 
storage site. 527 

The processes and lessons learned from the Heletz leakage expert elicitation were: 528 

 A comprehensive inventory of forty four sources of potential CO2 leakage through the caprock 529 
(scenarios) was generated for the Heletz site.  This became the basis for the expert elicitation. 530 
It is pertinent to include all scenarios even those that seem immaterial and there is no 531 
guarantee all scenarios will be captured at this stage.  Indeed during review two additional 532 
leakage scenarios were suggested. 533 

 Twelve experts were selected from within the MUSTANG project group, encompassing a 534 
balance of expertise in field characterisation, processes, modelling and assessment.  When 535 
considering expert bias these experts could be viewed as pro-CO2 storage, however these 536 
biases can be minimised with a well-designed elicitation procedure. 537 



 Semi-quantitative scenario uncertainty criteria of severity (how extensive the CO2 leakage 538 
could be) and immediacy (the potential time period of the leakage) were used to assess the 539 
leakage scenarios.  No qualitative words such as “likely” or “possible” were used to ensure 540 
that linguistic nuances did not create additional uncertainty and a five scale point was used to 541 
ensure a defined answer could be identified from the choices.  If there are more than seven 542 
scale points’ participants are likely to pick answers at random.  Expert level was also requested 543 
in the questionnaire again on a semi-quantitative five point scale to identify if expert level 544 
adds a bias to the assessments. 545 

 The experts received a copy of the elicitation question and unbalanced key information 546 
providing a brief synopsis of each leakage scenario identified including the limited Heletz data 547 
that was available at the time of the elicitation.  This was to encourage the “experts” to start 548 
thinking about their response in advance.  549 

 A questionnaire completed during a dedicated one hour workshop was chosen for the 550 
elicitation process this was because personal interviews were not possible and group 551 
interaction can be influenced by dominant personalities in the group and the implicit 552 
suggestion of the “need to achieve consensus”.  The questionnaires were anonymous to 553 
minimise the possibility of “experts” feeling exposed by their answers. 554 

 The elicitation question was “What is your best guess of the likely severity (extent of the 555 
leakage) and immediacy (time frame) potential of CO2 leakage for each identified leakage 556 
scenario?” Considerable time and care along with multiple iterations of format and question 557 
wording was undertaken and tested on colleagues before the final format, question and scales 558 
were decided upon. 559 

 Managing the questionnaire workshop was the most challenging aspect of the whole 560 
elicitation process. An introduction was given to raise awareness of unconscious bias, 561 
reminding the participant’s that consensus was not the primary objective.  They were also 562 
asked to think of the reasoning to support their judgments and consider how the results could 563 
be different during the questionnaire answering process to help improve the quality of their 564 
assessments.  The questions were asked one scenario at a time; the “experts” gave a severity, 565 
immediacy and expert level answer for the scenario under scrutiny, then all participants 566 
moved onto the next scenario, in addition engagement and refreshments were freely 567 
available, all designed to minimise the chances of the “experts” getting bored or providing lax 568 
or random middle ground answers, ensure engagement to maximise the potential for a 569 
serious and considered response and increase the validity of the results.  The elicitation 570 
process also required a good deal of encouragement requiring frequent persuasion and 571 
reassurance. 572 

Prudent expert elicitation can provide useful insight and guidance and make a valuable contribution 573 
to decision making, however if done improperly it can equally lead to invalid or misleading results, 574 
wrong decisions and contribute to discrediting the entire expert elicitation approach.  575 

10. Acknowledgements 576 

The research leading to these results has received funding from the European Community’s Seventh 577 
framework Programme FP7/2007-2013 under the grant agreement No. 227286 MUSTANG - A Multiple 578 
Space and Time scale Approach for the quaNtification of deep saline formations for CO2 storaGe and 579 
from the Scottish Funding Council for the Joint Research Institute with the Heriot-Watt University 580 
which is part of the Edinburgh Research Partnership in Engineering and Mathematics (ERPem).  581 

11. References 582 

Anderson EL, Hattis D (1999) A. Uncertainty and variability. Risk Analysis 19:47–49 583 



Angeli, M., Soldal, M., Skurtveit, E. and Aker, E., 2009. Experimental percolation of supercritical CO2 584 
through a caprock. Energy Procedia. 1, 3351–3358. 585 

Amann, A., Waschbüsch, M., Bertier, P., Busch, A., Kroossa, B.M., Littke R., 2011. Sealing rock 586 
characteristics under the influence of CO2, Energy Procedia. 4, 5170–5177. 587 

Amireh B.S. 1996.  Sedimentology and palaeogeography of the regressive-transgressive Kurnub Group 588 
(Early Cretaceous) of Jordan Sedimentary Geology 112 (1997) 69-88. 589 

Ayyub BM (2001) Elicitation of expert opinions for uncertainty and risks. CRC Press, Boca Raton 590 

Bachu, S. 2003: Screening and ranking sedimentary basins for sequestration of CO2 in geological media 591 
in response to climate change. Environmental Geology, 44, pp 277−289. 592 

Bachu S. and Adams J.J. 2003 Sequestration of CO2 in Geological Media in Response to Climate Change: 593 
Capacity of Deep Saline Aquifers to Sequester CO2 in Solution. Energy Conversion and Management; 594 
44(20):3151-75. 595 

Barke, R. P., and Jenkins-Smith H.C. 1993. Politics and scientific expertise: Scientists, risk perception, 596 
and nuclear waste policy. Risk Analysis 13: 425-39 597 

Bennion, B. and Bachu, S., 2006. Supercritical CO2 and H2S-brine drainage and imbibition relative 598 
permeability relationships for intergranular sandstone and carbonate formations. SPE Europec/EAGE 599 
Annual Conference and Exhibition, Vienna, Austria, 12-15 June 2006. 600 

Benson S.M. and Cole D.R. 2008. CO2 Sequestration in Deep Sedimentary Formations. Elements; 601 
4(5):325 602 

Bjorlykke K., Aagaard P., Egeberg P.K. & Simmons S.P. 1995 Geochemical constraints from formation 603 
water analyses from the North Sea and Gulf Coast Basin on quartz, feldspar and illite precipitation in 604 
reservoir rocks. Pp. 33-50 in: The Geochemistry of Reservoir (J.M. Cubitt & W.A. England, editors). J. 605 
Geol. Soc. London Spec. Publ. 86. 606 

Bildstein, O., Jullien, M., Crédoz, A., Garnier, J. 2009. Integrated modelling and experimental approach 607 
for caprock integrity, risk analysis, and long term safety assessment. Energy Procedia 01 p.3237 –3244. 608 

Blanpied, ML, Lockner, DA, Byerlee, JD. 1992. An earthquake mechanism based on rapid sealing of 609 
faults. Nature 358, pp. 574–6. 610 

Booker JM, McNamara LA (2004) Solving black box computation problems using expert knowledge 611 
theory and methods. Reliab Eng Syst Safe 85:331–340 612 

Bouvier, J. D., C. H. Kaars-Sijpesteijn, D. F. Kluesner, C. C. Onyejekwe, and R. C. Van der Pal, 1989, 613 
Three-dimensional seismic interpretation and fault sealing investigations, Nun River field, Nigeria: 614 
AAPG Bulletin, v. 73, p. 1397-1414 615 

Busch, A., Amann, A., Bertier, P., Waschbusch, M. and Kroos, B.M., 2010. The Significance of Caprock 616 
Sealing Integrity for CO2 Storage. SPE 139588. 617 

Camerer C.F., Johnson E.J. (1997) The process-performance paradox in expert judgment: how can 618 
experts know so much and predict so badly? In: Goldstein WM, Hogarth RM (eds) Research on 619 
judgment and decision making: currents, connections and controversies. Cambridge University Press, 620 
Cambridge, pp 342–364 621 

Chiquet, P., Broseta, D. and Thibeau, S.  2007. Wettability alteration of caprock minerals by carbon 622 
dioxide. Geofluids. 7, 112-122. 623 



Ciotta F, Maitland G, Smietana M, et al. 2010. Viscosity and Density of Carbon Dioxide + 624 
2,6,10,15,19,23-Hexamethyltetracosane (Squalane). (vol 54, pg 2436, 2009), Journal of Chemical and 625 
Engineering data, 2010, Vol:55, Pages:4126-4126 626 

Class, H. (Ed.) 2009. A benchmark study on problems related to CO2 storage in geologic formations, 627 
Summary and discussion of the results Comput Geosci. 13, 409–434. 628 

Clemen, R. T. and Winkler R.L. 1999 "Combining Probability Distributions from Experts in Risk 629 
Analysis." Risk Analysis 1999: 187-203. 630 

Cooke, R. M. 1991. Experts in Uncertainty – Opinion and Subjective Probability in Science. 631 
Environmental Ethics and Science Policy Series. New York: Oxford University Press. 632 

Cooke R.M and Goossens L.L.H.J. 2008. TU Delft expert judgment data base. Reliab Eng Syst Saf 633 
93(5):657–674. 634 

Cooke R.M. and Probst K.N. 2006 Highlights of the Expert Judgment Policy Symposium and Technical 635 
Workshop. Conference Summary. 636 

Deel, D., Mahajan, K., Mahoney, C. R., McIlvried, H. G., & Srivastava, R. D. 2007. Risk Assessment and 637 
Management for Long-Term Storage of CO2 in Geologic Formations—United States Department of 638 
Energy R&D. Systemics, Cybernetics and Informatics, 5(1), 79-84. 639 

Deming, D., 1994. Factors necessary to define a pressure seal.  AAPG Bulletin. 78(6): pp. 1005-1009. 640 

DNV, 2003, Risk Analysis of Geological sequestration of carbon dioxide, Report number R429. 641 

Edlmann K., Niemi A., Bensabat J., Haszeldine R.S. and McDermott C.I. 2015.  “Mineralogical properties 642 
of the caprock and reservoir sandstone of the Heletz field scale experimental CO2 injection site, Israel; 643 
and their initial sensitivity to CO2 injection.” Int. J. of Greenhouse Gas Control, 2015. 644 

Ellis, B. R., Bromhal, G. S., McIntyre, D.L., Peters, C.A. 2011. Changes in caprock integrity due to vertical 645 
migration of CO2 -enriched brine. Energy Procedia 4 p5327–5334. 646 

Eppelbaum, L. and Katz, Y. 2011 Tectonic-Geophysical Mapping of Israel and the Eastern 647 
Mediterranean: Implications for Hydrocarbon Prospecting. doi:10.4236/pos.2011.21004. Published 648 
Online February 2011 (http://www.SciRP.org/journal/pos) 649 

Enick, R.M. and Klara, S.M. 1990.  CO2 solubility in water and brine under reservoir conditions.  650 
Chemical Engineering Communications, 90, 23-33. 651 

Fischer, S., Liebscher, A. and Wandrey, M., 2010. CO2 –brine–rock interaction: First results of long-652 
term exposure experiments at insitu P–T conditions of the Ketzin CO2 reservoir.  Chemie der Erde 70, 653 
S3, 155–164. 654 

Fenghour A., Wakeham, W.A. and Vesovic V., 1998. The viscosity of Carbon Dioxide. J. Phys. Chem. 655 
Ref. Data, Vol. 27 No.1 pp. 31-44. 656 

Gaus, I. 2010. Role and impact of CO2 –rock interactions during CO2 storage in sedimentary rocks, 657 
International Journal of Greenhouse Gas Control, 4, 73–89. 658 

Gibson-Poole C.M., Svendsen L., Ennis-King J., Watson M.N., Daniel R.F. and Rigg A.J. 2009. 659 
Understanding stratigraphic heterogeneity: A methodology to maximise the efficiency of the 660 
geological storage of CO2. In Grobe M., Pashin J.C. and Dodge R.I. (Eds.) Carbon Dioxide sequestration 661 
in geological media – State of the Science AAPG Studies in geology 347 – 364. 662 

Goncalves J, Tremosa J 2010.  Estimating thermo-osmotic coefficients in clay-rocks: I. Theoretical 663 
insights. Journal of Colloid and Interface Science, 342(1), 166. 664 



Handin, J., Hager, Jr R.V., Friedman, M., Feather, JN., 1963.  Experimental deformation of sedimentary 665 
rocks under confining pressure: pore pressure tests. Bull Am Assoc. Petrol. Geol. 47(5):717–55. 666 

Harrington J.F. and Horseman S.T. 1999 Gas transport properties of clays and mudrocks In Aplin, A. C., 667 
Fleet, A. J. & Macquaker, J. H. S. (eds.) Muds and Mudstones: Physical and Fluid Flow Properties. 668 
Geological Society, London, Special Publications, 158, 107 124. 1-86239-030-4/99/$15.00 (c) The 669 
Geological Society of London 1999. 670 

Hildenbrand, A., Schloemer, S., Krooss, B.M. and Littke, R., 2004. Gas breakthrough experiments on 671 
pelitic rocks: comparative study with N2, CO2 and CH4. Geofluids. 4, 61–80. 672 

Hora, S.C. Expert Judgment in Risk Analysis. (2009). Non-published Research Report. Paper 673 
120.http://research.create.usc.edu/nonpublished_reports/120 674 

Hornby, B. E., Schwartz, L. M. and Hudson, J. A.  1994, Anisotropic effective-medium modelling of the 675 
elastic properties of shales: Geophysics, 59, 1570–1583. 676 

IAEGHG, 2009. A review of the international state of the art in risk assessment guidelines and proposed 677 
terminology for use in CO2 geological storage Technical Review 2009 / TRV, December 2009. 678 

IEAGHG 2011. Caprock systems for CO2 geological storage, Report 2011/01, May 2011. 679 

Ingram G.M. and Urai J.1999 Top seal leakage through faults and fractures: the role of mudrock 680 
properties. In Aplin, Fleet and Macquaker (eds) Muds and Mudstones: Physical and fluid flow 681 
properties.  Geoloical society of London Special Publications. 158. P125-135. 682 

IPCC 2006, Carbon capture and Storage.  Eds Metz B., Davidson O., Coninck H., Loos M. and Meyer L. 683 
Cambridge University Press. ISBN: 9780521685511 684 

Jewel S. and Senior B. 2012 CO2 storage liabilities in the North Sea: An assessment of risks and financial 685 
consequences, Summary report for DECC. 686 

Kahneman, D., Slovic, P. & Tversky, A. (eds.) 1982 Judgement under Uncertainty: Heuristics and Biases. 687 
Cambridge: Cambridge University Press. 688 

Ketzer, J.M., Iglesias, R., Einloft, S., Dullius, J., Ligabue, R. and De Lima, V. 2009. Water–rock– CO2 689 
interactions in saline aquifers aimed for carbon dioxide storage: Experimental and numerical 690 
modelling studies of the Rio Bonito Formation (Permian), southern Brazil.  Applied Geochemistry. 24, 691 
760–767. 692 

Knol A.B., Slottje P., van der Sluijs J.P. and Lebret E. 2010. The use of expert elicitation in environmental 693 
health impact assessment: a seven step procedure. Environmental Health 2010, 9:19 694 

Kotra JP, Lee MP, Eisenberg NA, DeWispelare AR. 1996. Branch Technical Position on the Use of Expert 695 
Elicitation in the High-Level Radioactive Waste Program. Report no: NUREG-1563. Center for Nuclear 696 
Waste Regulatory Analyses, San Antonio, IX 78228- 38 RIVM letter report 630004001/2008 0510, 697 
Division of Waste Management, Office of Nuclear Material Safety and Safeguards, U.S. Nuclear 698 
Regulatory Commission, Washington, DC 20555-0001. 699 

Kuhnert PM, Martin TG, Griffi ths SP (2010) A guide to eliciting and using expert knowledge in Bayesian 700 
ecological models. Ecol Lett 7:900–914 701 

Le Guen, Y., Asamato S., Houdu, E., Poupard O. 2012.  Well Integrity: Modelling of Thermo-Mechanical 702 
Behaviour and Gas Migration along Wells - Application to Ketzin Injection Well. Energy Procedia 23 703 
p.462 – 471. 704 



Li, Z., Dong, M., Li, Z., Huang, S., Qing, H., Nickel, E., 2005. Gas breakthrough pressure for hydrocarbon 705 
reservoir seal rocks: implications for the security of long-term CO2 storage in the Weyburn field. 706 
Geofluids. 5: p. 326-334. 707 

Li, Z., Dong, M., Li, S., Huang, S., 2006.  CO2 sequestration in depleted oil and gas reservoirs—caprock 708 
characterization and storage capacity. Energy Conversion and Management. 47: p. 1372–1382. 709 

Lindsay, N. G., F. C. Murphy, J. J. Walsh, and J. Watterson, 1993, Outcrop studies of shale smear on 710 
fault surfaces: International Association of Sedimentologists Special Publication 15, p. 113-123. 711 

Lonardelli, I., Wenk, H., and Y. Ren Y. 2007 Preferred orientation and elastic anisotropy in shales. 712 
Geophysics, vol. 72, no. 2 March-April. 713 

Loring, J.S., Schaef, H.T., Thompson, C.J., Turcu, R.V., Miller, Q.R., et al., 2013. Clay 714 
Hydration/dehydration in Dry to Water-saturated Supercritical CO2: Implications for Caprock Integrity, 715 
Energy Procedia, Volume 37, 2013, Pages 5443-5448. 716 

Loveridge D. 2002. Discussion Paper Series: Experts and Foresight: Review and experience. Paper 02-717 
09.  Policy Research in Engineering, Science & Technology (PREST). 718 

Meyer, M. A., and J. M. Booker, 2001. Eliciting and Analyzing Expert Judgment: A Practical Guide, 719 
Philadelphia, Pa.: Society for Industrial and Applied Mathematics and the American Statistical 720 
Association. 721 

McDermott, C. I., Randriamanjatosoa, A. R.L., Tenzer, H. and Kolditz, O.  2006.  Simulation of heat 722 
extraction from crystalline rocks: The influence of coupled processes on differential reservoir cooling. 723 
Geothermics 35 321–344. 724 

McDermott, C.I. and Kolditz, O., 2006. Geomechanical model for fracture deformation under 725 
hydraulic, mechanical and thermal loads. Hydrogeology Journal, Vol. 14, 4, 487-498. 726 

Morgan MG and Henrion M. 1990 Uncertainty. A Guide to Dealing with Uncertainty in Quantitative 727 
Risk and Policy Analysis. Chapters 6 & 7, Cambridge University Press, USA. ISBN 0-521-36542-2. 728 

Morris P.  1977. Combining expert judgments: a Bayesian approach.  Management Science, 23, pp. 729 
679–693 730 

Mosleh, A., Bier, V., and G. Apostolakis. 1988 “A Critique of Current Practice for the Use of Expert 731 
Opinions in Probabilistic Risk Assessment. Reliability Engineering and System Safety, 20: 63-85. 732 

Muller, N. 2011 Supercritical CO2 -brine relative permeability experiments in reservoir rocks – 733 
literature review and recommendations.  Transport in Porous Media. 87 367-383. 734 

Niemi, A., Bensabat, J., Fagerlund, F., Sauter, M., Ghergut, J., Licha, T., Fierz, T. Wiegand, G., 735 
Rasmusson, M., Rasmusson, K., Shtivelman, V., Gendler, M. and MUSTANG Partners. 2012. Small scale 736 
injection into a deep geological formation at Heletz, Israel. Energy Procedia   Volume: 23   Pages: 504-737 
511. 738 

Niemi, A. Bensabat, J, Shtivelman, V, Edlmann, K, Gouze, P., Luquot, L., Hingerl,F, Benson, S.M., 739 
Pezard, P.A, Rasmusson, K., Liang,T., Fagerlund, F., Gendler, M., Goldberg,I, Tatomir,A., Lange, T., 740 
Sauter, M.,  and Freifeld, B. ’Heletz experimental site overview, characterization and data analysis for 741 
CO2 injection and geological storage.’ Int. J. of Greenhouse Gas Control, 2015. 742 
http://dx.doi.org/10.1016/j.ijggc.2015.12.030 743 

Nunnally and Bernstein 1994 Psychometric Theory, McGraw-Hill; 3rd edition (January 1, 1994) ISBN – 744 
007047849X 745 



Nygard, R., Gutierrez, M., Bratli, R.K. and Høeg, K. 2006. Brittle–ductile transition, shear failure and 746 
leakage in shales and mudrocks. Marine and Petroleum Geology. 23, 201–212. 747 

Oldenburg, C.M., 2008.  Screening and ranking framework for geologic CO2 storage site selection on 748 
the basis of health, safety and environmental risk: Environmental Geology v.54, no.8, p1687-1694. 749 

Oldenburg C.M., Jordan P.D., Nicot J-P, Mazzoldi A., Gupta A.K., and Bryant S.L. 2011. Leakage risk 750 
assessment of the In Salah CO2 storage project: Applying the Certification Framework in a dynamic 751 
context. Energy Procedia 4 p4154–4161 752 

Quintessa 2014. CO2 FEP Database. http://co2fepdb.quintessa.org/current/PHP/frames.php 753 

Reike, H.H and Chilingarian 1974. Compaction of Argillaceous Sediments. Elsevier ISBN 0-444-41054-754 
6 755 

Risbey JS, Kandlikar M, and Karoly DJ. 2000. A protocol to articulate and quantify uncertainties in 756 
climate change detection and attribution. Climate Research; 16:61-78 757 

Robertson, E.C. 1979.  Thermal Conductivity of Rocks, USGS Open File Report 79-356, U.S. Geological 758 
Survey, 1979. 759 

Sayers, C. M., 1994. The elastic anisotropy of shales: Journal of Geophysical Research, 99, 767–774. 760 

Sayers, C. M., 2005, Seismic anisotropy of shales: Geophysical Prospecting, 53,667–676. 761 

Shrader-Frechette K (1996) Value judgments in verifying and validating risk assessment models. In: 762 
Cothern CR (ed) Handbook for environmental risk decision making: values, perception and ethics. CRC 763 
Lewis Publishers, Boca Raton, pp 291–309 764 

Shtivelman. V., Gendler, M. and Goldberg I., 2010.  3D structure of Heletz site in MUSTANG Deliverable 765 
D022. 766 

Sjöberg L and Drottz-Sjöberg B.M. 1993. Attitudes to nuclear waste.  Rhizikon: Risk research reports 767 
23. Stockholm: Centre for Risk Research. 768 

Sminchak J., Gupta. N., Byrer C., Bergman, P. 2002. Issues Related to Seismic Activity Induced by the 769 
Injection of CO2 in Deep Saline Aquifers,Journal of Energy and Environmental Research, 2, 32–46. 770 

Steinberg, J.,  Gvirtzman, Z.,  Gvirtzman, H., and Ben-Gai Y., 2008  Late Tertiary faulting along the 771 
coastal plain of Israel. TECTONICS, VOL. 27, TC4014, doi:10.1029/2007TC002151. 772 

Satrinsky A. 1974. Relationship between Ca-chloride brines and sedimentary rocks in Israel.  PhD 773 
dissertation, Hebrew University. Jerusalem. 774 

Streit J., and Hillis R.  2004 Estimating fault stability and sustainable fluid pressures for underground 775 
storage of CO2 in porous rock.  Energy 29 (2004) 1445–1456 776 

Slottje, P. Sluijs J.P. and Knol, A.B. 2008. Deliverable "Expert Elicitation Protocol" of RIVM/SOR project 777 
IQARUS: Identification Quantitative Assessment and Reduction of Uncertainties in burden of disease 778 
estimates for environmental Stressors (S/630004). RIVM letter report 630004001/2008. 779 

Swan, G., Cook, J., Bruce, S. and Meehan, R. 1989, Strain rate effects in Kimmeridge Bay shale: 780 
International Journal of Rock Mechanics and Mining Sciences, 26, 135–149. 781 

Van Gijlswijk R, Coenen P, Pallas T, Van der Sluijs JP. Uncertainty assessment of NOx, SO2, and NH3 782 
emissions in the Netherlands, TNO report R2004/100. 2004. TNO, Apeldoorn. 783 

Velde B. 1995. Origin and Mineralogy of Clays. Springer Verlag. 784 



Wallsten T.S., Budescu, D.V.; Rapoport, A., Zwick, R. and Forsyth, B., 1986 "Measuring the vague 785 
meanings of probability terms," Journal of Experimental Psychology: General 155(4): 348-365, 1986. 786 

Wardekker JA, van der Sluijs j.p., Janssen P.H.M., Kloprogge P. and Petersen A.C. (2008) Uncertainty 787 
communication in environmental assessments: Views from the Dutch science-policy interface. Environ 788 
Sci Policy 11(7):627–641 789 

Watson M. 2014. Containment risk assessment, in Geological Storing carbon: Learning from the Otway 790 
project experience, Ed. Cook P. CSIRO Publishing, Melbourne 791 

Watts, N.L., 1987, Theoretical aspects of cap rock and fault seals for single and two phase hydrocarbon 792 
columns: Marine and Petroleum Geology, v. 4, p. 247-307. 793 

Weaver, C.E. Geothermal Alteration of Clay Minerals and Shales: Diagenesis, 1979, ONWI-21, Office 794 
of Nuclear Waste Isolation, Battelle Memorial Institute. 795 

Wollenweber, J., Alles, A., Busch, A., Krooss, B.M., Stanjek, H. and Littke, R. 2010. Experimental 796 
investigation of the CO2 sealing efficiency of caprocks. Int. Journal of Greenhouse gas Control. 4, 231-797 
241. 798 

Xu, T., Apps, J.A., and Pruess, K., 2005, Mineral sequestration of carbon dioxide in a sandstone–shale 799 
system: Chemical Geology, v. 217, p. 295–318. 800 

Yielding, G., Freeman, B., Needham T. 1997 Quantitative fault seal prediction Am. Assoc. Pet. Geol. 801 
Bull., 81 (1997), pp. 897–917.  802 



Supplementary information  803 
 804 
1. Questionnaire 805 
 806 

 807 
 808 
2. Inventory of leakage scenarios 809 
This is the unbalanced key information given to the “experts” prior to the elicitation session, providing 810 
a brief synopsis of each leakage scenario identified including the limited Heletz data that was available 811 
at the time of the elicitation. 812 
   813 

2.1. Caprock matrix properties 814 

Caprock matrix permeability, pore size and porosity: Small pore throat sizes generate high capillary 815 
pressures which effectively inhibit CO2 flow through the caprock pore structure, (Angeli et al. 2009).  816 
Heletz porosity measured on core from Heletz well 18 give values of 7.78%, 10.82%, 8.36%, 8.81% and 817 
5.75%. The permeability measurement from a single caprock core from Heletz well 18 gave a 818 
permeability of 4x10-15m2, which is extremely high.  This can be explained by the fact the caprock cored 819 
was a very silty mudstone and that the particular sample measured had a 3cm silt lens within the 820 
mudstone and is not considered representative of the caprock as a whole. 821 

Caprock matrix anisotropy and mechanical properties: Matrix anisotropy mainly depends on 822 
preferred orientations of rock-forming minerals, single crystal properties, the fracture and pore 823 
distribution, and pressure-temperature conditions, (Hornby et al., 1994; Sayers, 1994 & 2005 and 824 
Lonardelli et al., 2007).  Preferred orientation or texture is caused by slow sedimentation of plate-825 
shaped clay minerals that favours orientation of platelets parallel to the sediment surface. This pattern 826 
is modified during compaction and diagenesis (Swan et al., 1989).  Anisotropy and mechanical strength 827 
control Kv/Kh and fracture propagation and direction so play an important part in understanding long 828 
term CO2 storage integrity. 829 

Pore compressibility:  Pore compressibility is the fractional change in pore volume of the rock.  As fluid 830 
pressures change, the pore network will respond depending on the caprock pore compressibility, 831 
(Reike, 1974). 832 

Thermal conductivity: Heat transfer and the associated thermal induced stresses have the potential 833 
to open migration pathways or alter existing pathways, (Robertson, 1979 and Weaver, 1979). 834 

2.2. Caprock mineral alteration 835 

For the Heletz caprock samples the primary mineral is K-feldspar (ranging between 30-50%) followed 836 
by plagioclase feldspar (10-15%) then kaolinite, illite and muscovite at 5-10% each, with H-2 having 837 



slightly more kaolinite that H-18.  The minor minerals are then quartz, calcite, pyrite, chlorite and 838 
ankerite with traces of siderite and anhydrite, Error! Reference source not found. (Edlmann et al. 839 
2015). 840 

Table 5 Heletz well H-18 caprock mineralogy results (values are mineral weight %) 841 

PH alteration and buffering: Depressed pH enhances the dissolution of minerals, as protons substitute 842 
for metal cations in the mineral structure, increasing porosity and creating potential flow pathways. 843 

Shrinkage / swelling of clay minerals:  Kaolinite becomes unstable at higher temperature and 844 
pressure and will react with cations to form illite: kaolinite + cation (K+) = illite + quartz + water (Velde, 845 
1995).  Experimental results suggest that exposure to CO2 can lead to shrinkage of the montmorillonite 846 
or smectite clay minerals (loss of interlayer water), that iron (Fe) may be released from smectites and 847 
for Na-smectite expansion of up to 15% was observed upon CO2 uptake; Amann et al. (2011) and 848 
Harrington et al (1999).  Work by Loring et al. (2013) has shown that CO2 can migrate into the 849 
montmorillonite clay interlayer and can contribute to expansion, so the extent of montmorillonite 850 
swelling depends on both the water and CO2 concentrations, depending on the amount of water 851 
dissolved in the scCO2 at a given pressure and temperature.  Smectite is also subject to early diagenetic 852 
alteration along with kaolinite and dissolves at temperatures around 65-75oC and often weather to 853 
illite: smectite + K+ = illite + silica (via mixed layer minerals), Bjorlykke et al. (1995).  The mineralogy 854 
information for Heletz is limited to one well (H-18) and may not be representative of the whole 855 
caprock, especially with regard to swelling clays. 856 

Mineral dissolution: Depressed pH enhances the dissolution of minerals, as protons substitute for 857 
metal cations in the mineral structure, increasing porosity and opening potential flow pathways.   858 

Mineral precipitation: Aquifers containing ‘basic’ silicate minerals with a high proportion of Mg and 859 
Ca, such as olivine, serpentine, pyroxenes and plagioclase have the greatest potential to fix CO2 as 860 
carbonate minerals because they have a high molar proportion of divalent cations and they react 861 
rapidly to form carbonate minerals, also releasing SiO2, (Xu et al., 2005). 862 

2.3. Fluids – injection, formation, migrating and free phase 863 

Satrinsky (1974) indicates a maximum temperature of 50-60oC at 1500-1800m for the Heletz reservoir 864 
and internal MUSTANG reports from the Heletz drilling site provided salinity data from well H-38 865 
defined by DST of 35,000 – 40,000ppm at 1050m depth and 22,113ppm Cl at 1555m.  866 

Fluid density: CO2 increases in density with increasing depth and it becomes a supercritical fluid above 867 
pressures of 7.38MPa and temperatures of 31.1oC.  CO2 is more buoyant than formation water so will 868 
rise in a plume, although perhaps slower in its supercritical state, (Muller, 2011). 869 

Fluid viscosity: Viscosity of CO2 is a very important fluid parameter influencing buoyancy of CO2 in the 870 
reservoir and the viscous drag of the fluid through the pores.  It is pressure and temperature 871 
dependant which vary within the reservoir so CO2 viscosity will change during injection and storage, 872 
(Fenghour et al., 1998 and Ciotta et al., 2010).  873 

Fluid Solubility: More water dissolves into scCO2 than it does into gaseous phase CO2.  The solubility 874 
of water into CO2 is an order of magnitude less than the solubility of CO2 into water, (Enick and Klara, 875 
1990).  876 

Fluid temperature: The injection of CO2 induces temperature alterations leading to thermal stresses 877 
which depending on the rock mass characteristics at a local scale can be of the order of magnitude 878 
similar to the tectonic stresses, (McDermott et al., 2006) and may lead to fracturing of the caprock.  879 



Fluid pressure: Laboratory experiments have shown that increasing pore fluid pressure (Pf) in low 880 
permeability caprocks leads to a lowered effective stress σ’ = (σ-Pf), this reduction in effective stress 881 
can result in a reduction in the caprock strength which can induce brittle failure, (Handin et al.,1963; 882 
Blanpied et al.,1992 and Nygard et al., 2006).  Hydro fracturing is thought to occur when the pore fluid 883 
pressure below the top seal equals or exceeds the minimum horizontal stress plus the tensile strength 884 
of the caprock, (Watts, 1987). Effective normal stresses (σn – Pf) press fault blocks together and resist 885 
any sliding motion (shear) along the fault therefore higher pore pressures decrease the resistance to 886 
sliding and can instigate shear fracturing.  Higher pore pressures decrease the normal stress across 887 
the fault lowering the frictional resistance to sliding and can lead to shearing.  888 

Capillary entry pressures: CO2 injection and buoyant CO2 flow causes an increase in the formation 889 
pressure across the caprock / reservoir formation boundary. The capillary entry or threshold pressure 890 
Pc of a caprock depends on the capillary forces in the rock matrix, (Muller, 2011).   Busch, (2010) has 891 
shown that with an overpressure of 2MPa above the capillary entry pressure, CO2 breakthrough of the 892 
caprock occurs after hundreds to thousands of years for medium to low permeability caprocks with a 893 
realistic thickness of 100m, in line with findings by Deming, (1994).   894 

Wettability: Experimental work undertaken by Chiquet, (2007) showed that scCO2 exhibits a stronger 895 
wetting behaviour than gaseous CO2. The wettability contact angle (θ) for gas CO2 on quartz and 896 
muscovite were both around 170o – 150o, whereas for scCO2, θ was 140o for quartz and 120o for 897 
muscovite.  Caprock mica and shales are known to be water wet in the presence of hydrocarbons - in 898 
the presence of CO2 there is a transition from water wet at low pressure towards an intermediate 899 
wettability at high pressure (above 10MPa) which is more pronounced in the case of mica than for 900 
quartz. In terms of reservoir integrity, the changing wetting behaviour under pressure of the CO2 could 901 
lead to an earlier capillary breakthrough through the caprock. 902 

Interfacial tension: Carbon dioxide is highly compressible therefore pressure and temperature have a 903 
pronounced effect on the interfacial tension in the CO2/ water system. Existing experimental data 904 
reviewed by Hildenbrand, (2004) shows that the water /CO2 IFT values fall in the range 20-35mNm-1 905 
for pressures in the range 6-20MPa and temperatures below 71oC (equivalent storage depths 600-906 
2000) - these are about half that of water/hydrocarbons - therefore the sealing capacity of caprock 907 
with respect to CO2 is lower than it would be to hydrocarbons.   908 

Free gas phase CO2: Free-phase CO2 is CO2 that remains in the gas (or supercritical fluid) phase and is 909 
not immobilized by residual gas trapping.  910 

Relative permeability: In general, low relative permeabilities are observed for scCO2 and the relative 911 
permeability of brine is higher, especially during subsequent draining and imbibition cycles where 912 
brine effectively traps CO2 and limits its flow (Bennion and Bachu 2006 and Muller 2011). 913 

CO2 sorption: Sorption measurements by Amann, (2011) indicate a max sorption capacity of coal of 914 
between 0.25 and 0.63 mmol/g., even thin coal / organic layers may be an important sink for CO2. 915 

Electrostatic interfacial repulsion: The decrease in brine pH that follows CO2 dissolution (at pressures 916 
over 8MPa) cancels or strongly decreases the surface negative charges carried by the mineral / brine 917 
and brine/CO2 interfaces. This depresses the electrostatic interfacial repulsion between clay layers, 918 
producing a disjoining pressure which is the pressure difference between the water in the clay 919 
structure and the water in the formation, (Goncalves at al., 2010) and can influence shale swelling 920 
pressures and porosity. 921 

2.4. Stress state / fracture network 922 

The Heletz field is known to be bounded on one side by a large normal fault, Figure 1. 923 



Stress field orientation: Increased formation pressures due to CO2 injection and fluid pressure 924 
increase can potentially open fractures and cause slip on faults that exist in a reservoir. Knowledge of 925 
the relative orientation of the in situ stress tensor and pre-existing faults is an essential prerequisite 926 
for analysing the slip tendency of faults, (Streit and Hillis, 2004).   927 

Hydraulic fracturing: Hydraulic fractures are formed when the pore pressure exceeds the sum of the 928 
minimum total stress and tensile strength of the sediment, (Watts, 1987 and Nygard et al., 2006). 929 

Fracture permeability: Changes in fracture permeability during loading are functions of the fracture 930 
aperture, roughness and asperity strength in relation to the normal and shear stresses applied across 931 
and along the fracture, (Nygard et al, 2006 and McDermott & Kolditz, 2006). Fracture surfaces are 932 
multi-faceted and can become either barriers or conduits to flow.  To assess the transmissibility of a 933 
fracture three methods can provide an indication of the sealing capability of the fracture surface: Clay 934 
smear potential, (Bouvier et al., 1989); Shale smear factor, (Lindsay et al., 1993) and Shale gouge ratio, 935 
(Yielding et al., 1997).   All three methods are based on estimates of the distribution of clay along faults 936 
and highlight that a clay rich fracture surface will add its own complexity to the multiphase flow of 937 
formation fluids and injected CO2 across a fracture surface.   938 

Fracture density (network geometry and distribution): Geometric properties of fractures which affect 939 
fluid flow include spacing (or frequency) persistence, length, orientation and connectivity, (Nygard et 940 
al, 2006). 941 

Injection pressures: CO2 injected into the storage formation increases formation pressure which leads 942 
to an increase in pore pressure.  An increase in pore pressure can cause dilation in the adjacent layers, 943 
a transient increase in overburden stress, and a deficiency in horizontal stresses which can lead to 944 
micro shear fractures in the adjacent layers, especially at the reservoir boundaries.  Increasing 945 
formation pressures can also lead to a decrease in the effective stresses which can reactivate the 946 
existing fractures or faults, induce hydro fracturing and instigate shear fracturing in the overlying 947 
caprock, (Ellis et al. 2011). 948 

Fracture opening threshold (ductility / brittleness of the caprock): Fracturing is controlled by the 949 
ductility or brittleness of the mudrock and the effective confining stress.  Ductile behaviour is 950 
characterised by contractive response and gradual deformation to failure, usually producing more 951 
diffused deformation.  Brittle deformation is characterised by dilative response and sudden failure at 952 
a well-defined peak shear strength followed by strain softening down to residual shear strength, 953 
possibly accompanied by distinct shear failure surfaces, (Nygard et al., 2006). 954 

Fracture aperture: Ingram and Urai, (1999) looked at fracture aperture in relation to hydrocarbon 955 
phase flow through cap rock, they observed a small variation on hydraulic conductivity between the 956 
phases; however there is a large decrease in hydraulic conductivity as aperture reduces. 957 

Thermal stress: Even small changes in temperature over a reservoir can lead to thermal fractures 958 
forming, McDermott et al. (2006). 959 

Microseismicity: Induced by fluid pressure changes, thermal stresses or earthquakes during injection 960 
by the resultant pressure wave that passes through the whole reservoir, (Sminchak et al. 2002). 961 

2.5. Geological architecture 962 

Lithological discontinuities in the caprock, caprock pinch out: The Heletz anticline reservoir sands 963 
pinch-out into the caprocks, but with limited seismic information if the caprock thins out or has been 964 
eroded in the past this could increase the risk of CO2 leakage, (Gibson-Poole et al. 2009 and Class, 965 
2009). 966 



High permeability lithological conduits within the caprock: If there are high permeability lenses 967 
through the caprock they could act as flow paths through the caprock.  The cored caprock from well 968 
H-18 are very silty, Error! Reference source not found.. For significant flow they would have to be 969 
continuous or linked, (Class, 2009). 970 

Figure 15 Heletz H-18 caprocks 971 

Caprock and storage reservoir dips to surface - vulnerable strata: The caprock structure and storage 972 
reservoir ultimately ends up at the surface, (Gibbson-Poole et al. 2009), with limited seismic 973 
information if the caprock thins out or has been eroded in the past this could increase the risk of CO2 974 
leakage. 975 

Reservoir rock unconsolidation or failure: Reservoir rock loses its cohesion causing collapse of the 976 
overlying caprock, (Class, 2009). 977 

2.6. Wellbore environment 978 

Improperly abandoned wells: Leakage could occur through old improperly abandoned wells, (Class, 979 
2009). 980 

Poor sealing of injection well: Casing break, poor cement seal, incorrect cement type, borehole 981 
breakout and seal rupture of injection well are all possible sites for CO2 leakage, (Class, 2009). 982 

Joule-Thomson cooling: Sudden depressurisation of scCO2 will generate solid CO2 (dry ice) - this can 983 
freeze formation fluids leading to expansion of water in fluid filler fractures and / or in effect mitigate 984 
release of CO2 as the dry ice contributes to strong flow interference and low effective permeabilities.  985 
The resultant thermo-mechanical stresses during freezing could contribute to open micro-annuli at 986 
cement/geology or cement/casing interface, or contribute to cement cracking, (Le Guen et al., 2012). 987 

Impurities in the CO2 injection stream: The presence of impurities in the CO2 stream may have an 988 
effect on both flow behaviour due to changes in phase behaviour with respect to pure CO2 and 989 
geochemical reactions in the vicinity of the injection well.  990 

Injection pressure, rate and position: Increased fluid pressures during injection and travel through the 991 
reservoir including buoyant forces, (Class, 2009). 992 

Independent monitoring: Third party monitoring of any leakage by an independent third party could 993 
contribute to leakage paths depending on how invasive and well regulated the monitoring procedures 994 
are. 995 

Geothermal gradient: The geothermal gradient, which varies from 0.02°C-m to 0.04°C-m, controls 996 
changes in the density of CO2, and highlights an important balance between pressure, depth and CO2 997 
properties: 998 

 Cold basins (geothermal gradients 20 - 23oC/km) will need a much higher burial depth to 999 
ensure the CO2 is stored in a supercritical state. 1000 

 However with cold basins, once the fluid is in its supercritical state it will have a higher density 1001 
so any buoyancy effects are lower and up-dip migration of the CO2 plume will be slower, 1002 
because CO2 density increases with pressure and decreases with temperature. 1003 

 This complex interplay between temperature and pressure and its effect on the density and 1004 
viscosity of CO2 mean that the effect of a deeper burial (higher pressure) below 2km is offset 1005 
by the increased geothermal gradient (temperature). 1006 

 1007 
 1008 
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