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News From the Newell County FRS, sec. 22-17-16W4

3D Seismic and 10-22 
-17-16W4 well 
completed.

Received ~$5 Million 
for levered S&T R&D 
from WED.

Applying soon for a 
permit to inject CO2.

Negotiating Major 
Scientific and 
Engineering 
programs to be co-
hosted at FRS.

CSPG Field Trip and 
core presentation at 
Geoconvention.

A Risk CSPG Cont.Ed. 
Course to come soon.
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Outline
1. Some definitions.

2. Data and its role in proactive risk evaluation including methods to 
objectively describe risk using observed and derived (combinations of 
observations that consider interdependencies) variables.

3. Examples of where proactive risk analysis may have helped.

4. Challenges and opportunities to:
– Extend this type of analyses to containment risks.
– Collect new types of data that might improve the description of containment 

risks. 

Outline



Risk Vocabularies: Containment wasn’t always the 
problem it has become.

What is Risk?

Find this: 
Atlantic No. 3,

On March 8, 1948 Atlantic No. 3 blew 
out, flowing oil at up to 15,000 
barrels/d for the next 7 months. A 
historical success, and arguably the 
most important well drilled in Alberta.
Photo: www.albertaoilmagazine.com/2010/09/

Avoid this: 
Primrose Lake Bitumen Seepage
Photo: CNRL website

The two examples illustrate the need to discern data categories that identify 
information pertinent to the risk assessment intended.



Uncertainty, Risk and Probability

1. We will discuss Uncertainty = Risk = (success/failure) and not 'Expectation 
Value‘ = (success/failure)* ($). 

2. Risk becomes a classification exercise between favourable (successful) or 
unfavourable (unsuccessful) outcomes, where the material and spatial 
parameters associated the two outcomes constrains the uncertainty.

3. We assume we can interpolate our current knowledge of results (e.g. 
discoveries) using spatial variations of observed (e.g. Fm. average porosity) 
and derived (e.g. Mahalanobis Distance) to characterize Risk where we lack 
observations (e.g. where to drill to avoid a dry hole?). 

4. We are not propagating uncertainties through a calculation (e.g. Steve 
Lyster’s grid cell approach to unconventional resources potential).

Definitions



Exploration Project Evaluation

Chevron’s Method

Play Model
(S,R,Tr,M,P)

Economic
Evaluation

Target 
ranking

Volumetric 
Estimation

Engineering
Model

Geological
Risk Anal.

Post-drill
ReviewD&A

Decision
& action

Following Otis and Schneidermann (from Chevron), 1997, AAPG 
Bull 81/7 

Chevron Dry Holes Rate Almost Doubles Amid Shift to Americas
By Joe Carroll, Bloomberg February 20th, 2015
http://www.bloomberg.com/news/articles/2015-02-20/chevron-dry-holes-rate-almost-doubles-amid-shift-to-americas

http://www.bloomberg.com/news/articles/2015-02-20/chevron-dry-holes-rate-almost-doubles-amid-shift-to-americas


Issues related to the Otis and Schneidermann
Approach to Risk Characterization

Chevron’s Method

• Potentially Subjective: There are substantial subjective judgments involved 
in assessing the chance of success at a prospect,

• Probably Inconsistent: Different people perceive risk values differently,
• Potentially Dependent: Risks are not necessarily independent and some are 

spatially correlated with respect to prospect location.
• Instead:

1. Maximize the “value” of data and be as quantitative as we can.
2. Treat prospects are spatial objects, all geological factors controlling 

petroleum accumulations are spatial variables and the spatial 
variations should be considered;

3. Some data is more informative than others and we often 
subjectively value data of no decision making value (i.e. 
deterministic petroleum systems models are now required 
components of offshore prospect evaluation – this may be a mistake). 

4. We need to make use of valid analytical tools that consider important 
features such as inter-dependencies among material and spatial 
parameters.



Classification with Uncertainty
1. The goal of Geological Risk Analysis is to determine to what degree of 

certainty a potential prospect will be either: 
1. A discovery or a dry hole (the example we will use), or
2. A commercial discovery, a non-commercial discovery or a dry hole.

2. The result is dependent on diverse data and we assume that there are 
features (accumulation paradigm), processes (petroleum system) and 
material characteristics (reservoir parameters) that distinguish potential 
accumulations from likely dusters

3. Likewise we assume that there is a “play concept” such that the features of 
discoveries and accumulations have similarities. 

4. The uncertainties (risks) can be either play level (is there an effective 
petroleum system?) or prospect level (is there a local seal/containment?).

5. Commonly we have observations (wells) with successful (discoveries) and 
unsuccessful (dry holes) results, associated with material characteristics. 

6. This is equivalent to a problem of classification (anticipated result) with 
uncertainty in a multivariate space. 

Classification



An example of conditional probability calculation:
Number of dry/oil wells in favorable and 
unfavorable cases when φ = 10%

Postscript Bayes

Number of wells Dry HC Marginal total

Porosity>10% 
(Favorable) 23 35 58

Porosity<=10%
(Unfavorable)

25 7 32

Marginal total 48 42
90

(grand total)

P(HC|Fav.)=P(HC,Fav)/P(Fav) =35/58=0.6034



An example of a conditional probability calculation

Postscript Bayes
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Bayesian Conditional Probability

Postscript Bayes

A person's subjective belief in a statement A depends on some body of 
knowledge B. 
Conditional probability = Joint probability/Marginal probability

P(A|B)=P(A,B)/P(B)

=(A,B)/(B)P(A|B):  Probability for the occurrence of event A conditional upon the 
occurrence of event B (Posterior Probability); (e.g. the probability that a well 
will be successful when the reservoir porosity exceeds 10%).

P(A,B): Joint probability of the two events A and B occurring together; (e.g. 
the probability of having a discovery well where porosity exceeds 10%).

P(B):     The marginal probability for the occurrence of event B; (e.g. the 
probability that reservoir porosity will exceed 10%).



Converting indications of favourability into a 
probability of success

• Based on the result of a classification 
using observations we can transform 
the classification values into a 
probability distribution for success. 

• We can use this probability to update 
the prior probability map of petroleum 
occurrence to obtain a posterior 
probability map of petroleum 
occurrence conditional on the 
classification.

For methods: 

Sverdrup Basin, Chen and Osadetz, 2006, AAPG Bull, 
90/6: 859-72; and Chen et al., 2012, BCPG, 60/3:1-16.

Rainbow Reefs, Chen et al., 2001, BCPG, 49/3: 367-
75.

Beaufort Mackenzie Basin Gas Hydrates: Osadetz and 
Chen 2006, BCPG, 58/1:56–71.

Brazilian offshore: Rostirolla, et al., 2003. AAPG Bull, 
87/4, pp. 647–666.

Bayesian Prob.
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The importance of the covariance
• Ss is the covariance matrix of the discovery well training set.

• If all the variables are independent then MD becomes Euclidian 
Distance.

Mahalanobis D. 
.

• In a bivariate example, two observations appear as red stars at (4,0) 
and (0,2) and blue contours are prediction ellipses,

• (            : 10%-90%). 
• The Euclidean distances are 4 and 2, respectively, but. 
• Because the variance in Y < the variance in X, (0,2) is farther (i.e. 

more standard deviations away) from the multivariate centre than 
(4,0).



Sverdrup Basin Triassic-Jurassic Anticlinal Play

(Chen and Osadetz, 2006, AAPG Bull, 90/6, Figure 1).

Sverdrup Basin

Exploration period: 1969-1986, 

119 wells drilled, 19 fields (8 oil & 25 gas pools) found,

Gas reserve: 500.3 109 m3 and  Oil reserve: 294.1 106 m3 (in place),

Ultimate potential: Gas:1242-1423 109 m3 and oil: 540-882 106 m3

Axel 
Heiberg

Grinnell Pen

Prince 
Patrick

Mackenzie
King

Ellef Ringnes

Cornwall

Amund
Ringnes

Melville



Sverdrup Basin Triassic-Jurassic Anticlinal 
Play: Average Porosity (%)

(Chen and Osadetz, 2006, AAPG Bull, 90/6, not illustrated).

Mahalanobis D. 

Average porosity 
Heiberg Fm./Gp.



Using Reservoir Porosity to Discriminate 
Between Discoveries and “Dry” Wells

• Being on an anticlinal prospect and 
having porous reservoir both 
discriminate effectively between 
discovery wells and dry well.

•Where pool average porosity is >10% 
the conditional probability of a well 
being a discovery is 0.60, while the 
probability of it being dry is 0.40.

•Where pool average porosity is <10% 
the conditional probability that a well 
will be dry is 0.78, while the probability 
of it being a discovery is 0.22.   

• The porosity joint favourability 
function, 0.47, is comparable to being on 
an anticlinal prospect, 0.46.

Frequency (number) of discovery (solid) and dry wells 
(dashed) as a function of pool average porosity. 

(Chen and Osadetz, 2006, AAPG Bull, 90/6, Figure 3).

Mahalanobis D. 



Discriminating Between Discoveries and 
“Dry” Wells

• Being on an anticlinal prospect, 0.46, 
having porous reservoir, 0.47, and having 
thick cap rock, 0.45, are among the 
strongest indicators of geological 
favourability.

•Gross reservoir thickness, 0.22, is the 
weakest indicator of geological 
favourability.

•Yet favourability of 10 of the 11 
parameters is >0.30 and we should try to 
consider all of them.   

• One method to do this is to compute 
the “Mahalanobis Distance” (MD) of 
discovery and dry wells compared to the 
“mean” of the discovery wells.

Conditional Probabilities of Discovery when Geological 
Parameters are Favourable as compared to Dry Well 
Occurrence when GP are Unfavourable. Favourability 

Function is the Product of the Conditional Probabilities. 

(Chen and Osadetz, 2006, AAPG Bull, 90/6, Table 1).

Mahalanobis D. 

Variable P(HC|Fav) P(Dry|Unf) Favorability
Porosity 0.60 0.78 0.47
Net thickness 0.49 0.73 0.36
Net/Gross 0.54 0.70 0.38
Cap thickness 0.81 0.55 0.45
Est. Uplift 0.72 0.64 0.46
Eff. Source Rock 0.70 0.60 0.42
Pressure Grad. 0.60 0.67 0.40
Salinity Gradient 0.68 0.51 0.35
Structure 0.55 0.63 0.35
Structure residuals 0.74 0.63 0.46
Gross. Thickness 0.43 0.50 0.22
MD 0.93 0.89 0.83



Considering Multiple Variables Simultaneously: 
Mahalanobis Distance (MD)

• Xk is the kth row vector among the observations (i.e. the 
reservoir parameters of the kth well), 

• Xs is the mean vector of reservoir parameters for the training 
data set (i.e. discovery wells), 

• Ss is the covariance matrix of the discovery well training data 
set.

Mahalanobis D. 

)()( 1
sks

T
sk XXSXXMD −−= −



Sverdrup Basin Triassic-Jurassic Anticlinal 
Play: Mahalanobis Distance (MD)

(Chen and Osadetz, 2006, AAPG Bull, 90/6, Figure 6).

Mahalanobis D. 



Mahalanobis Distance (MD) as a classification tool

• MD permits simultaneous 
consideration of ten well parameters 
with favourability >0.30. This 
improves the ability to distinguish 
between discovery and dry wells.

•Where MD is <2.5 the conditional 
probability of a well being a 
discovery is 0.93, while the 
probability of it being dry is 0.07.

•Where pool average porosity is >2.5 
the conditional probability that a 
well will be dry is 0.89, while the 
probability of it being a discovery is 
0.11.   

• The MD joint favourability function 
is 0.83, which is much stronger than 
any single parameter.

Frequency (number) of discovery (solid) and dry wells 
(dashed) as a function of Manhalanobis Distance. 

(Chen and Osadetz, 2006, AAPG Bull, 90/6, Figure 5).

Mahalanobis D. 



Sverdrup Basin Triassic-Jurassic Anticlinal Play: 
Conditional Probability of Petroleum Occurrence 
from MD

(Chen and Osadetz, 2006, 
AAPG Bull, 90/6, Figure 7).

Mahalanobis D. 

- Most of the dry wells have MD values greater than 2.5.

- MD values <2.5, P(HCjFav) = 0.93 which is >46% higher than the average 
success rate (47%) in the play.

- Use of MD is ~35% better than the best single prospect variable (porosity, 
0.47).



Does use of Mahalanobis Distance (MD) 
make a difference?

• Using a real play (Rainbow Reefs) we 
compare standard industrial risk 
assessment, as illustrated by 
exploratory success rate, to a 
hypothetical result that considers MD 
as an indicator of exploratory risk.

•Both the number of wells drilled and 
the average success rate vary with time.

•We employ the 114 wells drilled prior 
to 1968 to predict the play and 
compare exploratory risk and compare 
the result to the actual post 1968 
results (historical vindication).

•Presumably a better result would be 
obtained by constant updating.

(Chen et al., 2001, BCPG, 49/3, Figures 2&3).

Rainbow Reefs
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Relative Success Rates of Drilled Prospects post-1968

• The overall play success rate is 
186/409 = 0.45, the overall 1968 
success rate was 0.50 and the “best” 
post-1968 success window (31 wells) is 
0.62.

•Computed both the MD and used it to 
update the 1968 prior probability of 
petroleum occurrence map (posterior 
probability). 

•Using MD alone and choosing a value 
< 2.1 the post-1968 wells meeting these 
criteria have a 0.63 success rate.

•Using MD to make a Posterior 
Probability of success map and using 
>60% the post 1968 drilling results have 
a 0.68 success rate, which is 
comparable to the best window of 
success prior to 1968.

(Chen et al., 2001, 

BCPG, 49/3, 

Like Figure 6).

Rainbow Reefs

Mahalanobis distance, Pre-1968 data set
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1. Should the same types of methods be applicable? 
1. In general yes: containment can also be seen as a success or failure classification.
2. We need to understand better the data we have, and
3. We probably need new data.

2. Where should we start?
1. Dealing with geological features and intrinsic risks would be a good first step.
2. We need to consider what data is available, how it can be used and what we can 

derive from it, looking initially at deterministic approaches and identifying 
correlations among data types and signals (e.g. relationships among: faults in the cap 
rock; stress-state; mass dissolution events in underlying successions (salt dissolution 
or karst); formation water chemistry etc.)

3. Are there indications as to what data will be most important?
1. Seismic data permits structure, effective spatial characterization, and comparison for 

the analysis of all other data.
2. Indications for current structure and seepage may distinguish fractures that are at 

great risk.  

Containment Risk

What if we were concerned about 
containment (steam chambers, storage, 
fracking)?



Beginning the containment conversation

1. There are noticeable differences between exploratory risk and containment 
risk: 

1. There is a consensus about the data and vocabulary for exploration risk, but for 
containment risk; the general understanding may be there but the conversation is new.

2. In exploration we have only two or three classes but in containment we have at least 
four classes (naturally and induced; contained and uncontained).

3. Dry hole risk is due primarily accumulation paradigm failures (i.e. intrinsic), whereas 
containment failure can be both geological (intrinsic) and engineered (induced).

4. We lack adequate monitoring technologies and processes. Currently, we report 
containment failure as catastrophic rather than incremental (consider the Richter-
Gutenberg equation of earthquake magnitude and number of events; where are the 
small containment failures?). 

5. Geomechanical and reservoir modelling are currently predominantly deterministic.

Containment Risk



Athabasca: The Problem

Petroleum and Formation Water Seepage to the surface and 
atmosphere are both Natural and Induced:

1. Bitumen steam chamber or mining conformance and containment 
issues can negatively effect project success (e.g. Joslyn Creek SAGD, 
e.g. Haug et al., 2013 ARMA paper 13-611).

2. We lack detailed knowledge of caprock geomechanical discontinuities, 
their characteristics and containment risk.

3. What are the baselines for natural petroleum and formation water 
fluxes into the soil and atmosphere?

4. How can we use natural and induced fluxes into the soil and 
atmosphere to inform resource characterization, project design and 
risk management?

26



Opaque Data: Wolf Lake
Containment Risk

Unknown 1
Tank Leak 1

Storage Tank 1

Power Failure 1 Blowout 3 Hi Level Switch 2

Metal Fatigue 1
Mechanical Joint 
Failure 2

Line Failure 1 Equipment Failure 13 Operator Error 6
Tank Overflow 2

Hi Pressure Switch 1

Fracturing Operation 1
Valve Failure 2

Flare 
Stack 1

Internal 
Corrosion 1

Valve or Fitting Failure 4

Valve Leak 2

Separator 1

Following: http://globalnews.ca/news/1189216/cnrl-high-pressure-steaming-active-bitumen-spill/#tableau_frame_54ece

Incidents reported to the AER 
are a confused mix of facilities 
location and attribution.  

As expected, (Fischer and 
Sublette, 2005, Environmental
Geosciences, 12/2:89–99 ) 
surface spills are the primary 
risk. 

However, the extraction of 
information pertinent to the 
assessment of containment 
risk is non-trivial while 
distinguishing between 
intrinsic and induced risks is 
not straightforward.



Considerations

We know that:

1. There are cap rock issues and risks in Alberta Oil 
Sands and In Situ Operations Areas.

2. That there are aqueous geochemical indications 
for some natural communication from the 
Devonian into the groundwater.

3. There are complex structures related to 
endogenic karst of both salts and carbonates.

4. Only some of these features, faults, fractures, 
karst cavern fills, stratification, pose significant 
risks to mining and in situ operations

5. Major accidents and failures are rare. This 
suggests that there are many lesser events (

Residual structural anomalies from:   Schneider et al., 2012.

28



Athabasca: The Methane Sieve

We know that:

1. The anaerobic degradation of Alberta crude oils in the 
bitumen and heavy oil accumulations produced an 
estimated 4,991 tcf (142 X 1012 m3 ) of secondary 
biogenic methane .

2. GSC gas resource assessments suggest that McMurray 
Formation is expected to contain approximately 58.7 X 
109 m3 natural gas in place and that all Mannville Group 
reservoirs associated with the oil sands regions 
(Athabasca and Lloydminster) are expected to contain 
approximately 608.5 X 109 m3 of raw gas in place.  

3. Even if the estimates of retained gas are conservative 
the vast majority of the secondary biogenic methane 
generated during biodegradation leaked into the 
overburden, dissolved in formation water, or escaped 
into the atmosphere, since the Eocene or earlier. 

Athabasca Secondary Biogenic Gas Characteristics (from 
Huang and Larter, in press).

29



The Opportunity

Petroleum Seepage Identification and Characterization 
could:

1. Provide “early-warning” detection of bitumen steam 
chamber or mining conformance and containment issues.

2. Identify structural features that pose geomechanical risks to 
any type of sub-surface injection program.

3. Provide base-line environmental surveys of natural 
petroleum and formation water atmospheric and soil fluxes.

4. Serve as a terrestrial petroleum prospecting tool, elsewhere.

30



Natural Macroseeps: 
E. Flank of the Richardson Mountains

Yukon Macroseeps from:   Allen and Osadetz, BCPG, 2013.

Surface seepage associated with 
Structure

Proposal:  Using a cross validation of new 
technologies to test the detection limit of seeps 
and attempt to associate them with structural 
discontinuities. 31



Associations of Gas Hydrates with Faults

• Gas Hydrates are identified in wells.
•Five wells contain about 85% of the GH resource.
•The next 12 contain about 10% of the resource.
•The remainder occurs in 105 wells.
•There is a good correlation between GH occurrence 
and major faults that is stronger the richer the GHs. 

Other Applications

Osadetz and Chen 2006, BCPG, 58/1:56–71



Proposed Technology Demonstration

We propose to:

1. Conduct a rigorous Technology Demonstration that cross validates, at 
least, two established and reliable geochemical techniques that detect 
both liquid and gaseous petroleum seepages.

2. Make demonstration surveys of:
1. An undeveloped area (natural background),
2. A project, or projects, that are actively being developed (e.g. a mine 

and a SAGD operation).
3. Regions where “accidents” have occurred. 

3. To analyze the survey results against other available data sets to 
determine if the survey results contribute to an improved analysis of 
project risk. 

4. Publish the results in peer-reviewed scientific literature.

33



Survey Methods: Cross-Validation

Amplified Geochemical Imaging (GeoChemTech)

 Amplified Geochemical Imaging LLC (AGI) provides geochemical imaging surveys 
(formerly known as the GORE-SORBERTMSURVEY) based on technology purchased from 
W.L. Gore & Associates, Inc. Their technology, in use for over 20 years and employed in 
more than 70 countries, consists of a soil deployed passive sampler consisting of 
proprietary adsorbant media within a semi-permeable membrane sheath. The adsorbed 
petroleum compounds are extracted in the laboratory and analyzed using conventional 
geochemical molecular methods (e.g. Gas Chromatography and Mass Spectrometry).

Cavity Ring-Down Spectroscopy(CMC/University Network):

 A proven, high sensitivity and high selectivity non-intrusive, potentially remote sensing 
laser-based optical spectroscopic method techniques for detection and monitoring of 
gas phase constituents in the atmosphere.  Laser absorption spectrometry is the 
foremost technique for quantitative assessments of atoms and molecules in gas phase.  
Isotopically specific sensitivities in the ~10−7 range can routinely be obtained (although 
some setups can reach ~10−9). CR-DS has started to become a standard technique for 
sensitive trace gas analysis under a variety of conditions. David Risk has successful made 
field observation in both Saskatchewan and Nova Scotia. Both Universities have a 
Picarro device.  CR-DS is also an effective method for physical parameters 
measurements including temperature,pressure, and strain sensing. 

34



Cavity-Ring Down Spectrometry

CRDS is a highly sensitive optical 
spectroscopic technique used to study 
gaseous samples which to determine 
isotopically specific mole fractions
down to the parts per trillion level. 

It consists of a laser that illuminates a 
“high-finesse” optical cavity within 
highly reflective mirrors. When the 
laser is in resonance with a cavity 
mode, intensity builds up in the cavity 
due to constructive interference. 

The laser is turned off and the 
decaying light intensity leaking from 
the cavity is measured, while the light 
is reflected thousands of times giving 
an effective path length of kilometers. 

Material in the chamber absorbs light 
in the cavity reducing the number of 
reflections.  CRDS measures the light 
to decay to 1/e of its initial intensity 
("ring-down time") which is used to 
calculate the concentration of the 
absorbing substance in the gas 
mixture.

CRDS schematic from Picarro website.
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Cavity-Ring Down Spectrometry (2)

Advantages of CRDS:

• Insensitive to laser intensity 
fluctuation among blanks, standards 
and samples. Because the ring-down 
time is independent of the laser 
intensity. 

• Highly sensitive due to its long path-
length since detection threshold 
depends on path-length. 

• Portable and Rapid (milliseconds), but 
not “real-time” measurement, which 
can guide deployment of other 
methods (e.g. AGI). Some work is 
being done to improve this.

Disadvantages to CRDS over other optical 
absorption methods:

• Spectra cannot be acquired quickly 
using a monochromatic source. 

• Analytes are limited by the availability 
of tunable laser light wavelengths and 
high reflectance mirrors at similar 
wavelengths.

• Somewhat expensive, the requirement 
for laser systems and high reflectivity 
mirrors often makes CRDS more 
expensive than alternative 
spectroscopic techniques.

CRDS schematic from Picarro website.
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Amplified Geochemical Imaging
1. The “trick” is in obtaining the sample, not 

in the analysis.

2. Need to minimize environmental 
alterations of the seepage to obtain a 
chemical characterization.

3. Employs a patented semipermeable 
membrane developed by GORE 
Technologies that contains a collection of 
glass beads coated with a petroleum 
adsorptive resin.

4. Collected samples are chemically desorbed 
in the laboratory (hence primarily non-
volatile fraction compunds are collected).

5. Standard sample characterization by 
column chromatography, gas 
chromatography (GC) and by GC-mass 
spectrometry.

Photo courtesy of GeoChemTech Inc.
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Conclusions
1. Exploratory Risk can be objectively studied and analyzed, but it is commonly seen as retrospective as 

opposed being used proactively.  

2. The quality of the compilation, study and analysis of data is the basis of the “value” of the subsequent 
analysis regardless of analytical method.  

3. Probabilistic risk evaluation (historical vindication), shows a potential to reduce exploratory and 
possibly containment risks significantly, if used proactively.

4. When risk is considered as a classification problem we can employ powerful multivariate analytical 
tools that consider the covariance among the data types.

5. We should be doing a better and more objective job of managing risk, we should identify data that is 
carrying decision making information, but old habits die hard and the minor methodological hurdles 
seem to be “culturally” barriers.

6. Problems of Exploratory Risk and Conformance and Containment have some differences, but the 
methods of the first should be adaptable to the analysis of the other two. 

7. We probably need new and different data for the analysis of containment risk.

Conclusions
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