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Executive Summary 

A major challenge in mitigating climate change effects is the reduction of anthropogenic 
CO2 emissions through a broad portfolio of measures, including CO2 capture, utilization 
and storage (CCUS). The Alberta and federal governments have provided significant 
financial support for the implementation of large-scale CCUS demonstration projects in 
western Canada, among them being Enhance Energy’s “Alberta Carbon Trunk Line” 
Project. Enhance Energy Inc. will construct and operate a 240 km pipeline that will 
collect CO2 from industrial emitters in and around Alberta’s Industrial Heartland and 
transport it to aging oil reservoirs in central Alberta, more specifically the Leduc (D3-A) 
and Nisku (D-2) reservoirs in the Clive oil field, for secure storage in CO2-EOR projects  

All CCUS projects require the study of the fate and effects of the stored CO2, and the 
development of an active monitoring program to ensure that there is no CO2 leakage 
from the storage unit. In the case of CO2-EOR operations, CO2 is stored in the 
respective oil reservoir(s), and monitoring of the fate and effects of CO2 in the 
reservoir(s) is part of the engineering practice. However, monitoring for CO2 leakage and 
for effects of CO2 injection outside the reservoir requires knowledge of the 
characteristics of the sedimentary succession above the oil reservoir(s) into which CO2 is 
injected. The geology, hydrogeology and rock mineralogy in the sedimentary succession 
from the top of the Leduc (D3-A) and Nisku (D2) oil reservoirs to the ground surface 
were studied and characterized in the area of the Clive oil field to provide the basis for 
the evaluation of possible effects of CO2 injection and for the development of a 
monitoring program.  

A very thick package of Paleozoic, Mesozoic and Cenozoic sediments (around 2000 m 
thick) overlies the Clive Leduc (D3-A) and Nisku (D2) pools in the study area. The 
majority of sedimentary units are continuous across the study area, except for those 
Paleozoic strata in proximity to the sub-Cretaceous unconformity and at the base of the 
Tertiary and Quaternary deposits, which were truncated as a result of pre-Cretaceous 
and Cenozoic erosional events, respectively. A detailed hydrogeological characterization 
of the sedimentary succession overlying the Leduc (D3-A) and Nisku (D-2) reservoirs in 
the Clive oil field has been completed using analyses of formation waters, drillstem tests 
and core analyses to identify and evaluate the competence of the main barriers 
(aquitards) to cross-formational flow, in light of the proposed CO2 EOR operation and 
further permanent CO2 storage in these reservoirs.  

All the geological, hydrogeological and mineralogical evidence collected and interpreted 
in this study indicates that the Leduc (D3-A) and Nisku (D-2) oil reservoirs in the Clive 
study area are capped by a strong and thick primary seal (caprock), the Calmar-
Wabamun Aquitard (which includes in places remnants of the Carboniferous shales of 
the Exshaw and Lower Banff formations). This primary seal constitutes a barrier to 
upward migration and leakage of CO2 from the oil reservoirs targeted for CO2 enhanced 
oil recovery in the area. The primary caprock is overlain in turn in by a succession of 
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aquifers, listed in ascending order: Lower Mannville, Viking, Basal Belly River and Upper 
Belly River, separated by strong intervening aquitards: Joli Fou, McKay and Bearpaw, 
which constitute secondary traps and secondary barriers, respectively, for any CO2 that 
may leak from the oil reservoirs through wells that penetrate the oil reservoirs. In the 
case of CO2 leakage, the formation water will become acidic locally, resulting in 
reactions with the rock minerals and potentially formation of new minerals. The Leduc, 
Nisku, Calmar and Wabamun strata are primarily carbonate and/or sulphate mineral 
containing formations. The overlying strata are all siliciclastics (sandstones and shales) 
and can only be distinguished apart by the amount of other phases present. Some of the 
carbonate minerals present in the overlying formations (calcite, dolomite and/or siderite) 
will likely dissolve. Illite and potassium feldspar would probably react to form kaolinite 
and change the formation water composition slightly. The presence of plagioclase 
suggests that, as it dissolves into the more acidic formation water, the increased levels 
of calcium in the formation will result in calcite precipitation.  

The strength of the aquitards in the sedimentary succession indicates that no CO2 
leakage is possible through the natural geological and hydrogeological system in the 
Clive study area. The only possible leakage pathway for CO2 injected in the Leduc (D3-
A) and Nisku (D2) reservoirs is through one or more of the ~309 wells that penetrate the 
oil-producing horizons in these reservoirs. The deep aquifers and aquitards in the study 
area are overlain by a succession of shallow aquifers which are within the depth of 
protected groundwater in the area: Horseshoe Canyon, Scollard-Paskapoo and Surficial. 
These aquifers should be monitored for any potential leakage of CO2. Thus, an 
evaluation of the potential for CO2 leakage through wells, the geochemical evaluation of 
the effects of potential CO2 leakage, and the development of a monitoring program in the 
Clive area are recommended as potential subjects of study in a follow-up Phase 2 of the 
current work.  
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1. Introduction 
 

1.1 Background 
Interpretation of the temperature record on a scale of centuries to millennia indicates a 
slight increase in global annual temperatures in the last 150 years, in the order of 0.76ºC 
(IPCC, 2007). Predictions are that, if continuing in a business-as-usual (BAU) scenario, 
humankind is facing significant climate change by the end of this century as a result of 
warming forecast to be in the range of 1.1 to 6.3ºC, depending on greenhouse gas 
emissions scenario. It is very likely (>90% likelihood) and generally accepted that the 
main cause of the observed global warming is the increase in atmospheric 
concentrations of greenhouse gases, such as carbon dioxide (CO2), methane (CH4) and 
nitrous oxide (N2O) (IPCC. 2007). This increase, noticeable since the beginning of the 
industrial revolution, is due to human activity in land use (agriculture and deforestation), 
which is the major factor in CH4 and N2O concentrations increases, and increasing 
consumption of fossil energy resources, which accounts for >80% of the increase in CO2 
concentrations (IPCC, 2007). Of all the greenhouse gases, CO2, whose atmospheric 
concentration has risen from pre-industrial levels of 280 ppm to 380 ppm in 2005, is the 
most important greenhouse gas, being responsible for about two-thirds of the enhanced 
“greenhouse gas” effect (IPCC, 2007, Bryant, 1997). Although a direct causal link 
between the carbon cycle, including CO2 and CH4, and global warming has not been 
demonstrated, circumstantial evidence points toward this link, which has generally been 
accepted by a broad segment of the scientific community, population and policy makers. 

A major challenge in mitigating climate change effects is the reduction of anthropogenic 
CO2 emissions through a broad portfolio of measures which includes increasing energy 
efficiency and conservation, and switching from fossil-based energy production to other 
forms of energy such as nuclear, solar, wind and other renewables. However, it is being 
recognized that, due to population increase and economic development, scarcity or cost 
of other forms of energy production, and lack of infrastructure, the consumption of fossil 
fuels, mainly coal for electricity generation, will continue to increase this century. Besides 
increasing energy efficiency and conservation, and switching to less carbon-intensive 
fuels (such as from coal to gas) or to renewables, solar and nuclear energy, artificially 
increasing the capacity and capture rate of CO2 sinks is a recognized means for 
reducing anthropogenic CO2 emissions into the atmosphere. The latter could be 
achieved through manipulating biological processes to capture and sequester CO2 that 
has already been emitted and dispersed in the atmosphere, and through the capture of 
CO2 from large stationary sources prior to potential release into the atmosphere, and 
utilization or storage in various geological media (this process is known as Carbon 
Capture, Utilization and Storage, or CCUS). The “utilization” in CCUS consists mainly in 
using CO2 captured from large stationary sources for CO2 enhanced oil recovery (CO2-
EOR). The “storage” in CCUS consists of capturing CO2 from large stationary sources, 
transporting it to a storage site, and isolation from the atmosphere by injecting it into 
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deep saline aquifers or depleted oil and gas reservoirs (IEA, 2004, 2010; IPCC, 2005). 
Currently there are more than a hundred CO2-EOR operations in the world, the great 
majority of them being in the U.S. However, they predate CCUS and, for various 
reasons, they are not considered as CO2 storage operations except for the Weyburn-
Midale project in southeastern Saskatchewan which uses CO2 from a coal-gasification 
plant in North Dakota. Geological storage of CO2 is actively pursued at several locations 
around the globe, but all are storing CO2 captured at gas plants after the separation of 
CO2 from produced natural gas (e.g., Sleipner and Snohvit in Norway, and In Salah in 
Algeria).  

CCUS is strongly supported by the G8 and the International Energy Agency (IEA, 2010). 
In 2008, the International Energy Agency (IEA) and the Carbon Sequestration 
Leadership Forum (CSLF) recommended to the leaders of G8: 

“G8 heads of government are urged to recognize the critical role of CCS in 
tackling global climate change and demonstrate the political leadership 
necessary to act now to initiate widespread deployment of this technology.  
CCS can achieve substantial reductions in CO2 in a world faced with increased 
demand for fossil fuels.  With CCS, fossil fuels will become part of the 
solution, not part of the problem…” 

The potential of this technology has been recognized by the G8, which consequently 
recommended the implementation of a series of large-scale demonstration projects to 
prove its potential1, and also by individual governments in Australia, Canada, the 
European Union and USA. Aware of the potential of CCUS to reduce anthropogenic CO2 
emissions, the federal, Alberta and Saskatchewan governments have provided 
significant financial support for the implementation of large-scale CCUS demonstration 
projects in western Canada. Among the projects that have been initiated in western 
Canada is Enhance Energy’s “Alberta Carbon Trunk Line” Project, known also as ACTL. 

 

1.2 The ACTL Project 
Enhance Energy Inc. will construct and operate the Alberta Carbon Trunk Line, which is 
a 240 km pipeline that will collect CO2 from industrial emitters in and around Alberta’s 
Industrial Heartland and transport it to aging oil reservoirs in central Alberta, more 
specifically the Clive oil field first and beyond as the project progresses, for secure 
storage in CO2-EOR projects (Figure 1). The Clive oil field is located east to northeast of 
Joffre and immediately north of the Red Deer River. At full capacity the ACTL route will 
provide access to oil reservoirs capable of producing an additional billion barrels of high-
quality light-crude oil while storing 14.6 Mt CO2. 

                                                
1
 At the Hokkaido Toyako Summit in 2008, the G8 leaders committed to announce 20 large-scale CCS 

demonstration projects globally by 2010, with a view to beginning broad deployment of CCS by 2020. 
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All CCUS projects require the study of the fate and effects of the stored CO2, and the 
development of an active monitoring program to ensure that there is no CO2 leakage 
from the storage unit. In the case of CO2-EOR operations, CO2 is stored in the 
respective oil reservoir(s), and monitoring of the fate and effects of CO2 in the 
reservoir(s) is part of the engineering practice. However, monitoring for CO2 leakage and 
for effects of CO2 injection outside the reservoir requires knowledge of the sedimentary 
succession above the oil reservoir(s) into which CO2 is injected. Conceptually, the 
sedimentary succession in a CCUS operation can be divided into: 

1) The storage complex comprising the injection unit (reservoir) and primary 
caprock (seal) above the injection unit; 

2) The succession of aquifers and aquitards between the primary seal and the base 
of protected groundwater; and 

3) The sedimentary succession from the base of shallow protected groundwater, 
defined in Alberta as groundwater with salinity (Total Dissolved Solids, or TDS) 
less than 4000 mg/L, to the ground surface. 

 

 

Figure 1: Location of the Alberta Carbon Trunk Line (ACTL). Reproduced from Enhance Energy Inc.’s fact 
sheet at http://www.enhanceenergy.com. 
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Effects of CO2 injection are generally of two types: 

 Geomechanical, as a result of pressure increase during CO2 injection, and  
 Geochemical as a result of CO2 coming in contact with formation water and 

rocks. These effects are particularly important if CO2 leaks into protected 
groundwater that is used for human consumption and for agricultural and 
industrial purposes (hence the division of the sedimentary succession presented 
previously).  

In the case of the Alberta Carbon Trunk Line project, Enhance Energy is taking care of 
studying, predicting and monitoring the effects of CO2 injection into the Leduc (D3-A) 
and Nisku (D2) oil reservoirs in the Clive oil field, which are the oil reservoirs targeted 
for CO2-EOR in the initial phase of the ACTL project. In regard to studying the 
geomechanical effects of injecting CO2 on the overlying sedimentary succession, and 
the geochemical effects in case of CO2 leakage from the Leduc and Nisku reservoirs, 
Enhance Energy has retained Alberta Innovates – Technology Futures (AITF) to study 
these effects in a staged approach that consists of several phases. In Phase 1 of the 
study, AITF in collaboration with University of Saskatchewan studied the geology, 
hydrogeology, rock mineralogy and geomechanical properties of the sedimentary 
succession from the top of the Leduc (D3-A) and Nisku (D2) oil reservoirs, whose 
primary seal (caprock) is the combined interval of the anhydritic upper portion of the 
Nisku Formation and the shaley Calmar Formation, to the ground surface. The study 
area is defined as illustrated in Figure 2, covering 171 sections of land. A total 1715 
wells were drilled within the study area, of which 660 wells reach the top of the Nisku 
Formation; most of those are located within the D-2 pools. 

Geological delineation and characterization of the sedimentary succession above the 
reservoirs targeted for CO2-EOR has the purpose of identifying and characterizing the 
succession of aquifers and aquitards (caprocks) in the sedimentary succession, 
including coal beds known to be present. This is because saline aquifers overlying the 
target oil reservoirs constitute additional traps for CO2 in case of upwards leakage, while 
the intervening aquitards (caprocks) and coal beds constitute secondary barriers to CO2 
upwards leakage (the upper part of the Nisku Formation and the Calmar Formation 
caprock overlying the oil reservoirs constitutes the primary barrier). The coal beds are a 
barrier to leaked CO2 due to coal’s adsorbing properties. The hydrogeological 
characterization comprises an analysis of aquifer hydrodynamics based on pressure, 
and chemistry of formation waters. In addition, aquifer porosity and permeability, 
determined based on existing core and drillstem test data, are important for establishing 
the strength of CO2 and formation water flow. The mineralogical analysis of the aquifer 
rocks is essential in assessing the geochemical integrity of the caprock, and the 
geochemical effects of the injected CO2 in selected aquifers in case of CO2 leakage. 
Finally, a geomechanical Mechanical Earth Model (MEM) of the sedimentary succession 
above the Leduc (D3-A) and Nisku (D2) oil reservoirs is needed for future modelling of 
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geomechanical effects of CO2 injection, particularly if the reservoir pressure during the 
CO2 storage phase of the project will increase above the initial reservoir pressure to 
reverse the effects of water invasion from the underlying aquifers, and if CO2 will be 
injected at a lower temperature than that of the reservoirs.  

 

Figure 2: Study area, delineated by the red line, for the assessment of the sedimentary succession above the 
Leduc (D3-A) and Nisku (D2) oil reservoirs in the Clive oil field. 

Two separate reports are provided to Enhance Energy as a result of work executed in 
Phase 1 of this study: 

- This report by Alberta Innovates – Technology Futures, covering the geology, 
hydrogeology and mineralogy of the sedimentary succession overlying the Leduc 
(D3-A) and Nisku (D2) oil reservoirs in the Clive oil field, and 

- A companion report produced by University of Saskatchewan describing the 
geomechanical properties and the Mechanical Earth Model of the same 
sedimentary succession. 

This report comprises chapters on the geology, hydrogeology and mineralogy of the 
sedimentary succession, and appendices with relevant figures and data tables. 
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2. Geology  
 

2.1 Geological Setting and Study Area 
The Enhance Clive study area is located in south-central Alberta, between the cities of 
Edmonton and Calgary (Figure 3), and is centered on the Clive oil field, where oil is 
produced from a Devonian Leduc Formation reef called the Bashaw Reef Complex (the 
Leduc is known informally as D3 for production purposes), and from overlying Devonian 
Nisku Formation carbonates (known informally as D2). The study area for geology 
ranges from Townships 38 to 41 and Ranges 23 to 25 west of the 4th Meridian (Figure 3). 
The study area was expanded beyond the initial Enhance Clive study area (identified by 
a red border in Figure 1) to provide better data control and avoid artificial edge effects. 
Sedimentary strata comprising the Nisku to those units defining the bedrock underneath 
Quaternary deposits were resolved structurally as part of a geological mapping task. For 
reference, the Nisku Formation, the deepest formation delineated in the study area, 
ranges in depth from 1881 to 2092 m.  
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Figure 3: Location of the Enhance Clive study area and of the geological study area in south-central Alberta. 

Sedimentary strata in the study area were deposited in the Alberta Basin and are the 
culmination of deposition predominantly within two distinct stages of tectonic evolution of 
the Alberta Basin. The first stage involves an early Phanerozoic (Cambrian) to Late 
Jurassic miogeocline-platform stage (Price, 1994); essentially deposition on what can be 
considered predominantly a passive cratonic margin. During this stage, deposition of 
sedimentary strata was dominated by the growth of carbonates (Figure 4), especially 
during the Devonian, during which time major carbonate reef and platform complexes 
formed in the Alberta Basin, including the Bashaw Leduc (D3) reef complex and the 
overlying Nisku Formation (D2) which form the Clive oil field (Figure 3). 

The second major phase of basin evolution involves orogenic cycles affecting the 
western cratonic margin of North America. Two major cycles are represented in the 
Alberta Basin by the Jurassic-Early Cretaceous Columbian and Late Cretaceous-Tertiary 
Laramide orogenies. During the second phase of basin evolution the uplift of the 
Cordillera due to accretion of allochtonous terranes from the west began to take place 
and marked a major shift in sedimentation style and patterns across the basin. The 
accretion of terranes on the western cratonic margin caused dislocation of a supracrustal 
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wedge that was stacked and thickened north-eastward onto the cratonic margin, the 
weight of which produced the foreland trough east of the Cordillera (Price, 1994). As a 
result of tectonic loading at the western margin of the basin during the Columbian 
orogeny, Paleozoic strata were tilted south-westward with a slope in the Enhance Clive 
study area of approximately 13 m/km (0.74º). Major erosional events prior to Cretaceous 
deposition resulted in significant removal of Mississippian strata, and complete erosional 
truncation of Triassic and Jurassic sediments from the study area. Consequently, in the 
study area the Mississippian Banff and Devonian Wabamun formations are successively 
exposed west to east beneath Cretaceous strata at the sub-Cretaceous unconformity 
(Figure 4). Throughout Mesozoic time the foreland basin, created as a result of the 
Columbian and Laramide orogenies and paralleling the mountain chain, was the locus of 
much of the sedimentation derived from erosion of the newly formed Cordillera, and as 
such, the sediments filling the basin during this stage are dominated by siliciclastics 
(Figure 4).  

 

2.2 Dataset and Methods 
A total of 672 wells in GeoLogic’s GeoScout were used for picking the stratigraphic tops 
in the geological study area (Figure 5) for the formations in the sedimentary succession 
from Devonian Leduc Fm. to the Cretaceous Lea Park Fm. (Figure 4). A total of 542 of 
these wells are located within the Enhance Clive study area, while the remaining 130 
wells are located outside of the main study area to supplement data distribution, and to 
aid in avoiding edge effects in structure and isopach maps. Of the 672 wells, 
approximately 150 are shallow wells used for resolving formations in the Upper 
Cretaceous Belly River and Edmonton groups in the study area. The majority of these 
wells are shallow coalbed methane wells, in which geophysical logs are of good quality 
given that they were drilled recently.  
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Figure 4: Lithostratigraphic column, including major coal zones, for the Enhance Clive study area. 

All tops for the stratigraphic column outlined in Figure 4 were manually picked or verified 
through the use of cross-sections and, where possible, were cross-referenced with 
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stratigraphy and correlations from literature. Two strike and one dip cross-section, 
whose locations are shown in Figure 5 together with the locations of wells used in the 
study, are presented to illustrate the stratigraphy in the area. Of the strike cross-
sections, A-A’ resolves deep stratigraphy (Figure 6), and B-B’ was constructed to resolve 
the shallow stratigraphy (Figure 7). A shallow dip section (C-C’, Figure 8) is presented to 
illustrate depositional relationships east-to-west in the Belly River and Edmonton groups. 

 

Figure 5: Well control used for mapping and lines of cross-section in the geological study area. The Clive D2 
(Nisku) and D3-A (Leduc) field outlines are shown, as well as the approximate edges of the Leduc 
reef complexes. 
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For Upper Cretaceous strata overlying the Lea Park Formation at the top of the 
sedimentary column (Figure 4), an additional data set publicly-available from the Alberta 
Geological Survey (Glombick, 2010) was used for the top of the Belly River Formation 
pick, which was subsequently used as a reference for correlation for this surface in a 
great number of wells in the study area. Another Alberta Geological Survey dataset, the 
coal database (Wynne and Beaton, 2003), was used to aid in picking the Whitemud and 
Battle formations due to the proximity of these formations to the Carbon-Thompson and 
Ardley coal zones (Figure 4). Shallow geological data from the Alberta Water Well 
Information Database, a public database maintained by Alberta Environment’s 
Groundwater Information Centre, were used to define the top of the bedrock. A digital 
elevation model (DEM) was used to define the ground surface. 

For the Mannville, McKay and Lethbridge coal zones (Figure 4), tops and bases were 
resolved in as many wells as possible, predominantly within wells with a combination of 
neutron-density, sonic and resistivity logs. Cumulative thicknesses of the individual coal 
seams therein were compiled and are presented in Section 2.3.8.  

Well data in Geographic Latitude and Longitude, with a North American Datum 1983, 
were imported into Landmark’s Geographix software for the construction of maps. Maps 
are displayed using a Universal Transverse Mercator system centered on Zone 12 (114 
to 108 degrees west Longitude). Contour maps were constructed using a minimum 
curvature algorithm. Isopach maps are volumetrically correct (i.e., no negative 
thicknesses). All structure and isopach maps are collected in Appendix 1, and are 
referenced in the text by Figure A.n. Although all the structure top and isopach maps 
were produced for the expanded geological study area, in Appendix 1 they are 
presented only for the Enhance Clive study area. 

 

2.3 Depositional History and Architecture of Strata above the Ireton 
Formation 

2.3.1 Winterburn Group 

The lowermost unit of the Devonian Winterburn Group is the Nisku Formation (Figure 4). 
Whereas the Woodbend reefs of the underlying Leduc Formation gain conspicuous 
topography due to their biohermal/pinnacle nature, the Nisku Formation is a platform 
carbonate sequence (Stoakes, 1980) displaying a homoclinal ramp morphology in the 
study area (Watts, 1987). The Nisku Formation directly overlies the Ireton Formation. At 
the top of the Ireton Formation are the carbonates of the Camrose Member, which are 
difficult to differentiate on logs from the Nisku Formation due to similar carbonate 
lithologies. 

Elevations for the top of the Nisku Formation range from -1085 to -880 metres above 
sea level (mASL) (Figure A.1 Figure A.1: Structural elevation of the top of the Nisku 
Formation in the Enhance Clive study area.). The structure of the top of the Nisku 
Formation appears to be affected by the presence of the underlying Leduc Formation 
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reef complexes, where compaction of the Ireton Formation over the reef and late-stage 
Leduc reef growth may have played a factor in the present day structure of the Nisku 
Formation. 

The deposition of the upper Nisku Fm. was eventually terminated by the progradation of 
silts and shales of the Calmar Formation after a drop in relative sea level (Stoakes, 
1992; Hearn et al., 2011). 

Elevations for the Calmar Formation range from -1085 to -875 mASL (Figure A.2). 
Similar to the underlying Nisku Formation, the Calmar Formation displays unbroken and 
uniform structural dip to the southwest until around -975 mASL, where the structure 
appears to be affected by the underlying Leduc Formation Reef complexes.  Its 
thickness ranges from 1 to 8 metres, averaging 3.3 metres across the study area (Figure 
A.3).  

 

2.3.2 Wabamun Group 

Strata of the Wabamun Group conformably overlie the Calmar Formation. In the study 
area the Wabamun Group consists predominantly of evaporitic deposits of the Stettler 
Formation (Burrowes and Krause, 1987) (Figure 4), deposited in a semi-restricted 
carbonate shelf environment (Halbertsman and Meijer-Drees, 1987). Strata of the Big 
Valley Formation overlie the Stettler Formation, and comprise open marine limestones 
that were deposited during a second Wabamun Group transgression (the first 
transgression was responsible for Stettler Fm. and equivalent strata elsewhere in 
Alberta) (Burrowes and Krause, 1987). 

Elevations for the top of Stettler Formation range from -875 to -730 mASL (Figure A.4). 
The stratum is generally deepest in the southwest of the study area. Its thickness ranges 
from 80 to 210 metres, averaging 166 metres across the study area (Figure A.5). The 
Stettler Formation is thickest in the western part of the study area. 

Elevations for the top of Big Valley Formation range from -855 to -720 mASL (Figure 
A.6). Its thickness ranges from 3 to 29 metres, averaging 14.5 metres across the study 
area (Figure A.7). It appears that the Big Valley Formation is affected by the presence or 
absence of the overlying Mississippian strata, and therefore affected by pre-Cretaceous 
erosion - the thinnest parts of the formation correspond to areas where strata of the 
Carboniferous Exshaw and Banff formations are removed by pre-Cretaceous erosion 
(compare Figure A.7 and Figure A.8). 

 

2.3.3 Lower Mississippian Strata 

Following deposition of the Big Valley Formation, a change in the tectonic setting 
influenced depositional settings in the Alberta Basin. A suspect change in tectonic 
regime in the south from passive to convergent settings (Antler Orogeny in the western 
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U.S.) is considered responsible for the creation of accommodation and the resultant 
deposition of the deep-water, low-oxygen (anoxic) shales of the Exshaw Formation 
(Savoy and Mountjoy, 1995; Caplan and Bustin, 1998). The Exshaw Formation is 
overlain by the Banff Formation, which comprises an overall shallowing-upward 
sequence of deeper-water siliciclastics to shallow-marine carbonate ramp settings 
(Savoy and Mountjoy, 1995). Both the Exshaw and Banff formations were erosionally 
truncated by events that culminated with the Columbian Orogeny (Figure 4). Herein the 
remnants of Exshaw and Lower Banff formations are dominated by shales and are 
amalgamated for mapping and analysis purposes. 

Where present, elevations for the top of the Exshaw-Banff interval range from -845 to -
725 mASL (Figure A.8). The thickness of this interval ranges from 0 m at its erosional 
boundary, to 85 metres in the southwest (Figure A.9). 

 

2.3.4 Mannville Group 

Pre-Cretaceous erosional events linked with the late Jurassic Columbian Orogeny led to 
removal of most of the Mississippian and the Permian to Jurassic sedimentary 
succession in the study area. The resulting surface on which Cretaceous sedimentation 
began had considerable topographic relief in much of the Alberta Basin. In the study 
area the Paleozoic relief consists of Big Valley to Banff Formation strata. Lower 
Cretaceous sediments of the Mannville Group, namely the Ellerslie Formation, were 
deposited on the sub-Cretaceous unconformity (Figure 4), reflecting a series of 
transgressions and regressions of the Boreal Sea inundating from, and receding to, the 
north. Elevations for the sub-Cretaceous unconformity range from -855 to -725 mASL 
(Figure A.10). The resultant sedimentary patterns comprise complex assortments of 
fluvial, marginal-marine, and marine sediments. Cant (1996) considered Ellerslie 
deposition to have occurred during an overall transgressive event, with non-marine 
environments dominating in the location of the Enhance Clive study area. Commonly, 
the lower part of the Ellerslie Formation comprises relatively thick sandstones that have 
been informally called the Basal Quartz. Interbedded with and overlying these 
sandstones are variable amounts of shale and siltstone (Hayes et al., 1994). 

Elevations for the top of the Ellerslie Formation range from -760 to -635 mASL (Figure 
A.11). Its thickness ranges from 40 to 120 metres, averaging 81 metres across the study 
area (Figure A.12) Thickness trends in the Ellerslie Formation result from topography on 
the underlying sub-Cretaceous unconformity, where the thickest portions of the Ellerslie 
are located in areas where pre-Cretaceous incision was focused (e.g., see 100 m 
contour on Figure A.12 and compare with -800 mASL contour on Figure A.10). 
Deposition of the Ellerslie Formation began in these topographic lows on the sub-
Cretaceous unconformity, and onlapped the adjacent topographic highs as deposition 
progressed. 

APPENDIX B



 

17 

A subsequent significant rise in relative sea level resulted in widespread brackish 
embayment/seaway settings over the local-scale study area (Hubbard et al., 1999; 
Smith, 1994; McLean and Wall, 1981). During this time the brackish influence is 
evidenced in deposits of the Ostracod Formation (Figure 4). The Ostracod Formation 
disconformably overlies the Ellerslie Formation, marked by a trangressive flooding 
surface due to continued incursion of the Boreal Sea to the south (Karvonen and 
Pemberton, 1997). In the Jenner-Suffield area of south-east Alberta the Ostracod 
consists of variable amounts of siltstone, shale, calcareous shale, argillaceous limestone 
and calcareous sandstone (Karvonen and Pemberton, 1997). Similar lithologies were 
observed in a core from the Enhance Clive study area, in which coquina beds were also 
observed. 

Elevations for the top of the Ostracod Formation range from-735 to -620 mASL (Figure 
A.13). Its thickness ranges from 8 to 28 metres, averaging 15 metres across the study 
area (Figure A.14). 

The Ostracod Formation is overlain by the Glauconitic Sandstone Formation (Figure 4), 
which comprises a series of progradational, mostly shoreface sandbodies resulting from 
highstand conditions (Cant and Abrahamson, 1996). Commonly, valleys incise the 
sandbodies as a result of lower order sea level fluctuations, with estuarine deposits 
dominating the fill of the incised valley (Smith, 1994; Cant, 1996).  The Glauconitic 
Sandstone Formation is dominantly quartz sandstone, with glauconite-rich intervals, 
interbedded with shale and siltstone. Generally in Alberta, the Glauconitic Sandstone 
becomes increasingly paralic, or continentally influenced, further to the south (Hayes et 
al., 1994).  

Elevations for the top of the Glauconitic Sandstone Formation range from -725 to -595 
mASL (Figure A.15). Thicknesses range from 9 to 36 metres, averaging 24 metres 
across the study area (Figure A.16). Thicknesses are highest in the southwest and 
northeast portions of the study area. 

Continued highstand conditions and an influx of sediments from the Cordillera led to 
deposition of the undifferentiated Upper Mannville (Smith, 1994). The Upper Mannville 
comprises a highly mixed siliciclastic unit that resulted from deposition in predominantly 
non-marine settings in the study area, consisting of interbedded quartz to valcano-
feldspathic sandstones, siltstone and shale. Feldspathic content in the sandstones is 
derived from exposed igneous and metamorphic rocks in the Cordillera (Hayes, 1994).  

Elevations for the top of the undifferentiated Upper Mannville range from -620 to-495 
mASL (Figure A.17). Thicknesses range from 80 to 125 metres in the south-central 
portion of the study area. The unit averages 101 metres across the study area (Figure 
A.18).  
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2.3.5 Colorado Group and Lea Park Formation 

The Colorado Group in the study area is dominated by a thick succession of fine-grained 
deposits (Figure 4). The base of the Colorado Group represents a basin-wide 
unconformity that preceded transgression and the eventual deposition of the Joli Fou 
Formation. Detailed studies of the mudstones deposited within the group have revealed 
that deposition occurred in an expansive north-south trending eiperic sea, formed by the 
connection of the northern Boreal and southern Tethyan oceans (Roca et al., 2008; 
Schröder-Adams et al., 1996; Leckie et al., 1994). The Joli Fou Formation is overlain by 
the Viking Formation. In this report three distinct log markers were used to differentiate 
the shale succession above the Viking Formation, in ascending order: the Base of Fish 
Scales, top of the Second White Specks, and top of First White Specks (top of Colorado 
Group) (Figure 4). These markers represent times during which significant amounts of 
organic matter were concentrated on the sea floor (Roca et al., 2008; Leckie et al., 
1994), resulting in high radioactivity and distinct gamma ray responses amenable to 
regional correlation. 

The Joli Fou Formation is a widespread unit across much of the basin. It represents 
deposits formed after a major transgression across existing Upper Mannville units, thus 
it disconformably overlies the Mannville Group (Leckie et al., 1994). Lithologically the Joli 
Fou Formation comprises non-calcareous marine shales with minor interbedded 
sandstones (Simpson, 1997).  

Elevations for the top of the Joli Fou Formation range from-605 to -480 mASL (Figure 
A.19). Thicknesses range from 12 to -24 metres, averaging 16.4 metres across the study 
area (Figure A.20). 

The Viking Formation was deposited during high rates of sediment supply from the 
western Cordillera, resulting in progradation of marginal-marine sandstones east and 
north during an overall transgressive event (Burton and Walker, 1999; MacEachern et 
al., 1999; Reinson et al., 1994). In central Alberta, the Viking Sandstone unit has been 
shown to consist of a number of linear coarsening-upward offshore to shoreface 
successions, some of which are sharp-based, that erosively overlie the Joli Fou 
Formation (Reinson et al., 1994). In addition to marine sandstones, the unit may consist 
of conglomeratic intervals. Many of the conglomeratic linear bodies are encased in 
offshore mudstones and form excellent reservoirs, such as in the Joffre Field just south 
of the study area. In this study, the Viking Formation has been subdivided into the Viking 
Sandstone unit and the overlying Viking “shaly” unit, the latter consisting of silty shales 
and interbedded sandstones. 

Elevations for the top of the Viking Sandstone unit range from -575 to -450 mASL 
(Figure A.21). Thicknesses range from 19 to 35 metres, averaging 30 metres across the 
study area (Figure A.22). 
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Elevations for the top of the “shaly” Viking unit range from -560 to-425 mASL (Figure 
A.23). Thicknesses range from 6 to 21 metres, averaging 15 metres across the study 
area (Figure A.24). 

The Base of Fish Scales (BFS) marker is a distinct gamma ray excursion, present 
across much of the Alberta Basin. In this report, the interval between the top of the 
Viking Formation and the Base of Fish Scales marker is termed the Westgate Formation 
following MacEachern et al. (1999). The Westgate Formation consists of dark mudstone 
with some interbedded silty shales and bentonites (Leckie et al., 1994). The Westgate 
marks deposition during a time of continued marine transgression over the Viking 
Formation (MacEachern et al., 1999).  

The top of the Second White Specks (SWS) is another basin-wide marker easily defined 
in the local-scale study area. Elevated gamma ray counts are related to high uranium 
content due to an abundance of white spheres consisting of coccoliths and 
coccospheres (Leckie et al., 1994). In this report the BFS – SWS shale is an interval that 
includes both the Second White Specks and the Fish Scales Formation (Figure 4). As 
such, high gamma ray counts are indicative of much of the interval. This thick shale 
succession was deposited during a lengthy time of elevated relative-sea level in the 
study area (Roca et al., 2008). 

The top of the First White Specks (FWS) is the youngest of three basin-wide markers 
easily identified on logs in the study area. Similar to the SWS, high radioactivity is the 
result of high uranium content from microfossils (Leckie et al., 1994). In this report the 
interval between the FWS and SWS is termed the Upper Colorado shale (Figure 4). 
Deposition of this interval represents the second peak of marine transgression following 
deposition of the BFS-SWS shale. Lithologically the unit comprises calcareous 
mudstones, minor bentonites, fish remains and phosphorite nodules (Simpson, 1997; 
Leckie et al., 1994). 

Overlying the Colorado Group, the Lea Park Formation in the study area is an 
undifferentiated interval of sediments comprised of marine mudstones and siltstones. In 
southern Alberta, the interval comprising the Lea Park is coarser-grained and is 
differentiated into the marginal-marine Milk River and Pakowki formations, which 
represent regressive and transgressive sedimentation, respectively (Power and Walker, 
1996; Leckie et al., 1994). Thus, although not represented by significant sand bodies in 
the local-scale study area, the marine Lea Park interval encompasses both regressive 
and transgressive events. The latter transgressive event, recorded as Pakowki 
Formation mudstone deposition over Milk River sandstones to the south, is recorded in 
the study area as a distinctive resistivity log marker called the Milk River Shoulder 
(Power and Walker, 1996), which aided in correlation of the overlying Basal Belly River 
Sandstone unit (Figure 2). 

In this study all of the fine-grained Colorado Group and Lea Park Formation deposits 
above the Viking Formation are mapped together as a single package of sediments, 
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since they constitute a significant regional aquitard. Elevations for the top of the Lea 
Park Formation range from 0 to 85 mASL (Figure A.25). The thickness of the sediments 
from the top of the Viking Formation to the top of the Lea Park Formation ranges from 
510 to 573 metres, averaging 538 metres across the study area (Figure A.26).  

 

2.3.6 Belly River Group 

The Belly River Group characterizes the first pulse of sediment from the Cordillera 
following the Laramide Orogeny (Dawson et al., 1994). Cordillera-derived sediments 
prograded eastward and eventually capped the Lea Park Formation. The lower contact 
with the Lea Park Formation is gradational in the study area and represents the 
transition from open-marine to deltaic and fluvial sedimentation (Power and Walker, 
1996). Deltaic and fluvial sedimentation is recorded in the lowermost unit of the Belly 
River Group, commonly known as the Basal Belly River Sandstone unit (the Basal Belly 
River Sandstone unit is part of the Foremost Formation; in this report the Belly River 
Group is subdivided only into the Basal Belly River sandstone and the overlying 
undifferentiated deposits named Upper Belly River) (Figure 4). The transition from the 
Lea Park Formation to the Basal Belly River is typically transitional, representing 
prograding shoreface environments with pulses of coarsening upward sandstones 
encased in shales (Power and Walker, 1996). In this study an effort was made to pick 
the base of the Basal Belly River (top of Lea Park) at the first occurrence of a significant 
sandy pulse across the study area.  

Elevations for the top of the Basal Belly River Sandstone unit range from 10 to100 mASL 
(Figure A.27). Its thickness ranges from 3 to 23 metres, averaging 11 metres across the 
study area (Figure A.28). 

Overlying the Basal Belly River Sandstone unit, the rest of the Belly River Group (Upper 
Belly River) is undifferentiated in this study, and comprises the rest of the coastal 
Foremost Formation, and the Oldman and Dinosaur Park formations (Figure 4). The 
Oldman Formation records predominantly fluvial and associated floodplain 
sedimentation (Dawson et al., 1994). The Dinosaur Park Formation consists of 
sandstones and siltstones, with characteristic inclined heterolithic stratification, 
deposited in fluvial, estuarine and floodplain environments (Hamblin, 1997). 

Elevations for the top of the undifferentiated Upper Belly River interval range from 305 to 
395 mASL (Figure A.29). Its thickness ranges from 285 to 305 metres, averaging 
296 metres across the study area (Figure A.30). 

 

2.3.7 Edmonton Group, Uppermost Cretaceous, Tertiary and Quaternary 

The Bearpaw Formation represents a second major Upper Cretaceous transgression 
within the Alberta Basin, the first occurring during Lea Park time (Dawson et al., 1994). 
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The lower contact with the top of the Belly River Group reflects the flooding of the Boreal 
Sea north-westward (Eberth, 1996; Smith, 1994), with maximum transgression and 
deposition of the Bearpaw Formation shales just northwest of Edmonton (Dawson et al., 
1994). The Bearpaw Formation is very thin in the study area, and as such it was difficult 
to pick. Picking the contact with the overlying Horseshoe Canyon Formation of the 
Edmonton Group was aided by the use of the Alberta Geological Survey dataset 
(Glombick, 2010), from which correlations were extended in the study area due to the 
fact that the top of the Lethbridge Coal Zone is proximal to the base of the Bearpaw 
Formation (Figure 4). Beyond the depositional edge of the Bearpaw Formation, the 
Lethbridge and Drumheller coal zones merge, with the base of the resulting coal zone 
being considered an approximate timeline the base of the Horseshoe Canyon Formation 
for the purposes of this study. 

Elevations for the top of the Bearpaw Formation range from 335 to 400 mASL (Figure 
A.31). Thicknesses range from 0 m where missing due to non-deposition in the west of 
the study area, to 8 metres in the northeast (Figure A.32). 

The overlying Horseshoe Canyon Formation represents a second pulse of east-
southeast prograding (regressive) siliciclastics being deposited into and interfingering 
with the retreating Bearpaw Sea (Dawson et al., 1994; Smith, 1994). The interfingering 
nature records minor transgressions of the Bearpaw Sea during retreat to the southeast 
(Eberth, 1996). The formation comprises sandstone, mudstone and coals deposited in 
marginal-marine settings (Eberth, 1996). 

Elevations for the top of the Horseshoe Canyon Formation range from 690 to 770 mASL 
(Figure A.33). Thicknesses range from 365 to 400 metres, averaging 382 metres across 
the study area (Figure A.34). 

The Whitemud and Battle formations (Figure 4) record a period of limited sedimentation 
in the basin, with deposition in lakes and bogs (Dawson et al., 1994). The Whitemud and 
Battle formations are predominantly fine-grained, with tuffaceous beds in the upper 
Battle that have a distinctive high gamma ray response that aids in correlation (Dawson 
et al., 1994). Picking the contact with the underlying Horseshoe Canyon Formation was 
aided by the use of the Alberta Geological Survey coal database (Wynne and Beaton, 
2003), from which correlations were extended in the study area due to the fact that the 
top of the Carbon-Thompson Coal Zone is proximal to the base of the Battle Formation 
(Figure 4). 

Elevations for the top of the Whitemud-Battle interval range from 700 to 780 mASL 
(Figure A.35). Its thickness ranges from 5 to 18 metres, averaging 11 metres across the 
study area (Figure A.36). 

The Battle Formation is disconformably overlain by the coarse siliciclastics of the lower 
part of the Scollard Formation (Dawson et al., 1994). Although locally portions of the 
Scollard Formation can act as an aquifer, due to the inherent heterogeneity in the 
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formation, regionally the formation is expected to act as a weak aquitard (Parks and 
Andriashek, 2009). The Paskapoo Formation consists of interbedded sandstone, 
siltstone and mudstone with minor coal and bentonite (Parks and Andriashek, 2009). 
The Scollard and Paskapoo formations, deposited predominantly with fluvial and 
associated environments, are amalgamated herein for mapping purposes (Figure 4). 
The combined unit is affected significantly by uplift and Cenozoic erosion following 
Paskapoo deposition during the Eocene to Miocene, which removed up to 3 km of 
sediment in the Alberta Basin (Dawson et al., 1994).  

Elevations for the top of the Scollard-Paskapoo interval, which defines the top of 
bedrock, range from 780 to 910 mASL (Figure A.37). The thickness of this interval 
ranges from 20 to 210 metres, averaging 103 metres across the study area (Figure 
A.38). 

The upper surface of the Scollard-Paskapoo defines the bedrock surface and is a major 
basin-wide unconformity. Resting on this surface is a complex mixture of unconsolidated 
Cenozoic sediments, much of which are glacially derived. In this report, unconsolidated 
sediments of Tertiary and Quaternary age between the top of the bedrock and the 
ground surface are treated as a single unit. Construction of the base of these deposits 
and of the ground surface was accomplished through the use of the publicly available 
Alberta Water Well Information Database.  

The Quaternary unconsolidated surficial sediments generally consist of lacustrine 
deposits underlying glacially derived tills. Incised within these deposits are buried 
bedrock valleys and meltwater channels filled with fluvially derived sand and gravel. The 
Buried Buffalo Lake Valley (Agriculture and Agri-Food Canada, 2001) located to the east 
of the study area, has been eroded into the underlying bedrock. Meltwater channels 
trending northwest to southeast transect the study area. The thickness of the underlying 
unconsolidated undifferentiated Tertiary and Quaternary sediments range from 1 to 
60 metres, averaging 15 metres across the study area (Figure A.39). 

A topographical contour map (Figure A.40) was created using a Digital Elevation Model 
(DEM). Elevations for the ground surface in the study area range from 790 to 910 mASL 
(Figure A.40). The land surface elevation is generally higher in the west and lower in the 
east, with the Red Deer River in the southeast and associated tributaries in the northeast 
portions of the study area. Topographical highs are found in the southwest and west-
central portions of the study area.  

 

2.3.8 Coal Zones 

Within the study area coal zones are found within the Upper Mannville, and the Belly 
River and Edmonton groups (Figure 4). Naming of the major coal zones follows that of 
Beaton et al. (2006). Coal seams were identified based on geophysical log responses. 
From the 672 wells selected for the project, wells with a combination of gamma ray, 
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neutron/density, sonic, sonic/neutron, resistivity, photoelectric, and caliper logs were 
used to identify the presence of coal seams. There are many coalbed methane wells in 
the study area, and good quality logs within these wells aided in the delineation of coal 
seams from the Belly River Group and shallower. Where poor borehole conditions 
existed — as identified by the caliper log and excessive density correction — sonic, 
density and neutron log responses that could be otherwise categorized as a coal 
response were ignored. Calculations of cumulative coal thicknesses (the net thickness of 
the coal seams from within a given coal zone) were made for the Mannville, McKay and 
Lethbridge coal zones (Table 1). For the Drumheller, Daly-Weaver, Carbon-Thompson 
and Ardley coal seams (Figure 4), a small number of Alberta Geological Survey coal 
database wells (Wynne and Beaton, 2003) were available within the study area, but 
were too few to generate statistically significant data for structure and thicknesses. For 
the most part, this small number of shallow coal picks aided in correlation of Belly River 
and Edmonton Group strata. The Taber Coal Zone (middle undifferentiated Belly River 
interval) was found to be absent in the study area.  

Table 1: Characteristics of the mapped coal zones in the Enhance Clive study area. 

 

Coals of the Mannville Coal Zone were identified in 433 wells (Figure 9). The base of the 
zone varies in elevation from -737.1 to 559.3 mASL, and the top from -684.1 to 
504.1 mASL. It was not always possible to obtain a net cumulative thickness in all the 
wells due to poor log quality. Cumulative thicknesses calculated from good logs 
averages 8.4 metres, and ranges from 2.2 to 15.2 metres. 

Coals of the McKay Coal Zone were identified in 220 wells (Figure 10). The base of the 
zone varies in elevation from 805 to 109.5 mASL, and the top from 11.3 to 119.6 mASL. 
It was not always possible to obtain a net cumulative thickness in all the wells due to 
poor log quality. Cumulative thickness calculated from good logs averages 1.7 metres, 
and ranges from 0.5 to10.9 metres. 

Coals of the Lethbridge Coal Zone were identified in 93 wells (Figure 11). The zone was 
only delineated and cumulative thicknesses calculated where the Bearpaw Formation 
was recognized, and therefore where it could be differentiated from the coals of the 
Drumheller coal zone. The base of the zone varies in elevation from 339.2 to 
391.8mASL, and the top from 342 to 392.8 mASL. It was not always possible to obtain a 
net cumulative coal thickness in all the wells due to poor log quality. Cumulative coal 
thickness calculated from good logs averages 1.7 metres, and ranges from 0.4 to 
3.7 metres. 
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Figure 9: Well control used for mapping the Mannville Coal Zone (433 wells). 
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Figure 10: Well control used for mapping the McKay Coal Zone (220 wells). 
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Figure 11: Well control used for mapping the Lethbridge Coal Zone (93 wells). 
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2.4 Geological Summary 
A very thick package of Paleozoic, Mesozoic and Cenozoic sediments overlies the Clive 
Leduc (D3-A) and Nisku (D2) pools in the Enhance Clive study area. The top of the 
Paleozoic Nisku Formation to the ground surface, and all differentiable strata therein, 
were mapped as part of the geological task to define the sedimentary succession 
overlying the Leduc (D3-A) and Nisku (D2) reservoirs in the Clive oil field. The said 
stratigraphic interval is defined by strata deposited within two distinct basin evolutionary 
phases: an early Phanerozoic (Cambrian) to Late Jurassic miogeocline-platform stage 
with deposition on what can be considered predominantly a passive cratonic margin, and 
a phase of basin evolution involving orogenic cycles (the Jurassic-Early Cretaceous 
Columbian and Late Cretaceous-Tertiary Laramide orogenies) that affected the western 
cratonic margin of North America. The Devonian Nisku Formation to the top of the 
Mississippian Exshaw-Banff Formation in the study area were deposited within the first 
stage of basin evolution, and are dominated by carbonates, evaporites and intervening 
fine siliciclastics. The top of the Devonian Exshaw-Banff and Wabamun formations are 
affected significantly by erosional events that preceded deposition during the second 
phase of basin evolution, and form a Paleozoic subcrop that plays a significant role in 
the hydrogeological characteristics in the study area. Whereas the majority of the 
Paleozoic sedimentary units are continuous within the study area, the Exshaw-Banff 
interval is of limited extent due to the described erosional events. As a result of tectonic 
loading at the western margin of the basin during the Columbian orogeny, Paleozoic 
strata were tilted south-westward with a slope in the Enhance Clive study area of 
approximately 13 m/km (0.74º). 

The second stage of basin evolution saw a cessation of carbonate growth due to a major 
influx of siliciclastics. Throughout Mesozoic time the foreland basin, created as a result 
of the Columbian and Laramide orogenies and paralleling the Rocky Mountain chain, 
was the locus of much of the sedimentation derived from erosion of the newly formed 
Cordillera. The majority of sedimentary units filling this foreland trough are continuous 
across the study area, except for those strata in proximity to the base of the Tertiary and 
Quaternary deposits, which were truncated as a result of Cenozoic erosional events 
(Scollard and Paskapoo formations). Only the Bearpaw Formation is limited in extent in 
the study area due to non-deposition.  

A large number of formations considered to act as aquitards overlie the Leduc and Nisku 
oil reservoirs in the study area, especially within the Mesozoic sedimentary succession 
(Figure 4). A number of Devonian and Mississippian formations likely constitute 
aquitards, such as the Calmar, and Exshaw and Banff formations, respectively. 
Anhydritic intervals within the Nisku and Stettler formations constitute effective barriers, 
the former of which is evidenced by the nature of Nisku oil accumulation being restricted 
to the lower Nisku unit. Very thick Colorado Group to Lea Park Formation sediments, 
consisting of fine-grained siliciclastics, also form a significant barrier to upwards 
migration of CO2. In addition, Cretaceous formations contain thick and laterally extensive 
coal zones, consisting of numerous coal seams of various thicknesses, which act as 
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additional barriers to upwards migration of CO2 due to CO2 affinity to coal onto which 
surface it adsorbes. The aquitard properties of these strata will be demonstrated in the 
next chapter. 
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3. Hydrogeology 
 

3.1 Hydrostratigraphic Framework 
3.1.1 Overview 

The Hydrogeology Group at the University of Alberta was sub-contracted by AITF to 
undertake the hydrogeological characterization of deep strata using data from oil and 
gas wells in order to assess hydraulic communication between aquifers, and to define 
secondary barriers for CO2 leakage from the storage unit (Melnik and Rostron, 2011). 
The study of shallow hydrogeology was conducted by AITF using data from water wells 
as recorded in Alberta Environment databases. The results of both studies are 
integrated in this chapter. 

The study area for deep hydrogeology was expanded by one additional township on 
each side of the geology study area, covering TWP 37-42, RG 22-26W4 (Figure 12), to 
encompass more data and build a better understanding of the regional flow systems 
present. This expansion of the study area was necessitated by the general scarcity of 
hydrogeological data (particularly drill-stem tests) compared to geological data. The 
study of shallow hydrogeology, on the other hand, focused only on the Enhance Clive 
study area (TWP. 38-41, RG. 23-25) due to the large number of water wells present in 
the area. 

The hydrogeological characterization of the sedimentary succession above the Leduc 
(D3-A) and Nisku (D-2) oil reservoirs involves an in-depth analysis of the chemistry and 
flow of formation waters in each aquifer in the succession. The deep hydrogeology of 
this area has been previously studied in detail as part of broader hydrogeological studies 
by Rostron (1995); Rostron and Tóth (1997); Rostron et al. (1997); Anfort et al. (2001); 
and Bachu and Michael (2003). These studies have produced a detailed hydrogeological 
characterization of the Upper Devonian to Lower Cretaceous sedimentary succession. 
One of their major conclusions was that hydraulic communication may exist between the 
Upper Devonian and overlying Cretaceous aquifers. The objective of this study is to 
update the hydrogeological characterization of the strata above the Nisku Formation, 
focusing on the assessment of degree of hydraulic communication between various 
aquifers.  

The analyses and steps taken to achieve the study objectives include: 

a) Definition and delineation of the hydrostratigraphy (aquifers and aquitards) within 
the sedimentary succession overlying the Nisku Formation; 

b) Analysis of salinity and hydraulic head distributions in each aquifer to describe 
the patterns of formation water salinity and lateral flow; 

c) Detailed analysis of formation water chemistry; 
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d) Interpretation of hydrochemistry and hydrodynamics in the aquifers using aquifer 
hydrochemistry and vertical pressure gradients. 

e) Summary of hydrogeology and assessment of hydraulic communication between 
aquifers; and identification of secondary traps and barriers to vertical migration of 
CO2. 

 
Figure 12: Regional topographic map of the hydrogeological study area. (Topography DEM from GeoBASE; 

roads and DLS grid from GeoScout). 
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3.1.2 Major Hydrostratigraphic Units 

The sedimentary succession investigated primarily consists of four geologic packages 
(in ascending stratigraphic order): 1) Upper Devonian carbonates, evaporites and 
shales; 2) Carboniferous shales present in the west and south; 3) a thick package of 
Mesozoic mixed siliciclastics and shales; all overlain by 4) Cenozoic till, glacio-fluvial and 
lacustrine sediments (Figure 4).  

Rostron (1995) defined three major aquifer groups in the Upper Devonian and Lower 
Cretaceous sedimentary succession in the Clive area: 1) Upper Devonian Hydrogeologic 
Group; 2) Mannville Group Aquifer; and 3) Viking Group Aquifer. The Upper Cretaceous 
hydrostratigraphy was refined by Bachu and Michael (2003) to include two additional 
aquifers: 1) Basal Belly River Aquifer; and 2) Upper Belly River Aquifer. This chapter 
combines the previous results into a single hydrostratigraphic chart for the Enhance 
Clive and larger hydrogeological study areas (Figure 13). 

The Nisku (D-2) oil reservoir is overlain by the Calmar Formation (both are part of the 
Winterburn Group), which constitutes the primary caprock. The deep hydrostratigraphy 
of the sedimentary succession overlying the Winterburn Group in the regional study area 
(Figure 13) consists of four aquifers and five aquitards. This framework has been 
constructed based the lithology, data quality and availability, and previous 
hydrogeological studies in the area. Defined aquifers were characterized by using 
pressures from drill-stem tests and water chemistry data from formations considered to 
be laterally continuous and permeable. 

The base of the hydrostratigraphic section is the Calmar-Wabamun Aquitard. The lower 
portion of the aquitard consists of anhydritic Upper Nisku Formation (Hearn et al., 2011) 
overlain by the shales of Calmar Formation. Above that the Wabamun Aquitard in the 
Enhance Clive study area consists of predominantly evaporitic deposits of the Stettler 
Formation and marine limestones of the Big Valley Formation (both of the Wabamun 
Group). In the larger geological and hydrogeological study areas, the Wabamun Group 
(Calmar-Wabamun Aquitard) is overlain by Lower Mississippian shales of the Exshaw 
and Lower Banff formations, however, these relatively thin sediments are present only in 
the southern and western parts of the Enhance Clive study area (Section 2.3.3). For the 
purpose of the hydrogeological study the Mississippian shales, where present, are 
included in the Calmar-Wabamun Aquitard. 

The Lower Mannville Aquifer is situated immediately above the Calmar-Wabamun 
Aquitard. The Lower Mannville Aquifer consists of mixed siliciclastics of the Ellerslie 
Formation, calcareous siltstones and shales of the Ostracod Formation, and coarse 
clastics of the Glauconitic Formation. However, the majority of the hydrogeological data 
are from the Ellerslie Formation, which, therefore, is thought to be the main water-
bearing unit. The Sub-Cretaceous Unconformity forms the boundary between the 
underlying Wabamun Aquitard and the overlying Lower Mannville Aquifer.  
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Figure 13: Lithostratigraphic and hydrostratigraphic charts for the Enhance Clive study area.  
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Overlying the Lower Mannville Aquifer is the Upper Mannville–Joli Fou Aquitard. In the 
Clive area the Upper Mannville Group consists of thick coals and highly mixed 
siliciclastics; interbedded quartz to volcano-feldspathic sandstones, siltstone and shale 
units of non-marine origin (Section 2.3.4), unlike in other parts of Alberta where the 
Upper Mannville strata are dominantly sandstones or dominantly shales,. The lithology 
and the lack of any significant water recovered in any of the drill-stem tests from the 
Upper Mannville in the Clive area indicate that the Upper Mannville Group in this area 
has very low bulk permeability. Therefore, the Upper Mannville Group has aquitard 
characteristics and, combined with the overlying shales of the Joli Fou Formation, is 
interpreted to form the thick Upper Mannville –Joli Fou Aquitard. 

The coarse clastics of the Viking “sandstone” Formation constitute the Viking Aquifer. In 
this area the Viking Formation consists of a lower clean sand unit and an upper “shaly” 
unit (Section 2.3.5). Fluid recovered from DSTs originated mainly from the sand unit of 
the Viking, therefore this unit was denoted the aquifer, and the upper shaly unit was 
incorporated into the overlying aquitard. 

Above the Viking Formation is the massive succession of shales and siltstones of the 
Upper Colorado Group and Lea Park Formation (Section 2.3.5). This thick shale 
succession, together with the upper shaly unit of the Viking Formation, form the 
regionally-extensive Colorado-Lea Park Aquitard. This aquitard ranges in thickness from 
529.29 m to 586.31 m, with an average of 554 m. 

Strata of the Belly River Group overlie the Colorado–Lea Park Aquitard. The Belly River 
Group has been subdivided into two aquifers: 1) Basal Belly River; and 2) Upper Belly 
River based on their different geological and hydraulic characteristics. The lower unit, 
termed the Basal Belly River Aquifer, is composed of coarsening upward sandstones 
encased in shales (Section 2.3.6). Overlying the Basal Belly River Aquifer is the Upper 
Belly River Aquifer which consists of undifferentiated fluvial deposits of sandstones and 
shales. These two aquifers are separated by the “McKay Coal Zone” (Section 2.3.8) and 
associated fine-grained sediments that act as an aquitard (McKay Aquitard). The Upper 
Belly River Aquifer is capped by the variably thick shales of the Bearpaw Formation. 
East of Range 23 the Bearpaw Formation acts as an aquitard (Bachu and Michael, 
2003), however west of Range 23 the Bearpaw Formation is absent due to non-
deposition.  

The shallow hydrostratigraphy consists of three aquifers and one aquitard. The 
interbedded sandstones, mudstones and coals (Section 2.3.7) of the Horseshoe Canyon 
Aquifer (Edmonton Group) overlie the Bearpaw Aquitard where present, or the Upper 
Belly River Aquifer where the Bearpaw Aquitard is absent. According to Alberta 
Environment, the Horseshoe Canyon Aquifer constitutes the base of groundwater 
protection in the Clive area (Tokarsky, 1987). 

The Whitemud-Battle Aquitard overlies the Horseshoe Canyon Aquifer and consists of 
the shales of the Whitemud and Battle formations. Above it, the Tertiary sandstones, 

APPENDIX B



 

34 

mudstones, and coals of Scollard and Paskapoo formations form the Paskapoo Aquifer. 
The overlying undifferentiated Quaternary sediments form the last aquifer in the 
succession, named here the Surficial Aquifer. 

The hydrogeological analysis presented herein is focused on the Cretaceous and 
Tertiary aquifers because the Devonian strata overlying the Leduc (D3-A) and Nisku (D-
2) oil reservoirs in the Clive area form an aquitard, and the complex lithology, hence 
hydrostratigraphy and hydrogeology of the Surfical Aquifer is beyond the scope of this 
report. 

 

3.2 Data Collection and Methodology 
 

3.2.1 Deep Hydrogeology 

The regional hydrogeological characterization presented here is based on the chemistry 
and pressure regime of formation waters. The data for each aquifer were assembled into 
two separate databases for chemistry and pressures. Chemistry and pressure data for 
aquitards were not available with exception of three water chemistry analyses from the 
Stettler Formation (Calmar-Wabamun Aquitard). Interval testing (Khan, 2006; Palombi, 
2008) of each data point was used to structurally verify the data points. In this way each 
data point was placed within the structurally-defined boundaries of its corresponding 
aquifer based on the geological model described in Chapter 2 and Appendix A. For 
those data located outside of the geological study area, individual well logs were 
examined to confirm the sample interval and its formation. 
 
Water Chemistry Data  
The water chemistry database for deep aquifers was assembled using the Geofluids 
software (Rakhit Petroleum Consulting Ltd: now Canadian Discovery Ltd.). In the 
hydrogeological study area it consists of 1869 water analyses of samples obtained in 
drill-stem tests (DSTs), production tests and wellhead samples (Table 2). Since the 
majority of the analyses are from DSTs and wellhead samples, they have a high risk of 
contamination by (acid) completion fluid, corrosion inhibitor, and various drilling muds 
(Hitchon and Brulotte, 1994). Removal of these contaminated water analyses was 
required to ensure that only samples representative of true formation water were used 
for further analysis. Culling water chemistry is an iterative process due to variability of 
formation-water chemistry throughout the study area. Culling procedures (detailed in 
Appendix B) are based on previous studies by Hitchon and Brulotte (1994), Rostron 
(1994), Hitchon (1996), and Block (2001). More than 85% of initial data were culled as a 
result of this process (Table 2). 
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Table 2: Number of chemistry and pressure data collected (initial) and used (final) in the hydrogeological 
characterization of deep aquifers in the Clive hydrogeological study area. 

Aquifer Chemistry Data Pressure Data 
Initial Final Initial Final 

Upper Belly River 
542 

50 
1294 

73 
Basal Belly River 18 48 
Viking 482 52 1245 49 
Lower Mannville 845 147 2400 136 
Total 1869 267 4939 306 

 

The values of Total Dissolved Solids (TDS) are calculated through the summation of all 
ionic constituents dissolved in a groundwater sample. The analysis of TDS distribution is 
supplemented with the major ion constituents to better understand groundwater 
evolution and help identify contaminated samples. The chemistry of formation waters in 
the Cretaceous aquifers was analyzed using maps of TDS and the variation of individual 
major ions. 

Chemistry data were used to produce maps of Total Dissolved Solids (TDS) and ionic 
cross-plots, which were incorporated in density-dependent flow analysis. The TDS 
values are calculated through the summation of all ionic constituents dissolved in a 
groundwater sample. The analysis of TDS distribution is supplemented with the major 
ion constituents to better understand groundwater evolution and help identify 
contaminated samples. 
 
Pressure Data 
Fluid pressure data (4939 data points) from drill-stem tests (DSTs) were downloaded 
from GeoScout software (Hydrofax database) into a single excel spreadsheet and 
supplemented with additional data (Canadian Institute for Formation Evaluation - CIFE). 
Production data for the study area were also downloaded from GeoScout. 

All DSTs were screened using both automated and manual techniques to remove poor-
quality and inaccurate fluid pressures. An additional set of culling criteria used to further 
evaluate the quality of pressure measurements is described in Appendix B. 

A “Cumulative Interference Index” (CII) was calculated to determine and quantify the 
influence of production and injection on the pressures within the respective aquifer-
formation. The CII method was initially used by Barson (1993) and Rostron (1994), 
based on the interference index suggested by Tóth and Corbet (1986). For every DST in 
a particular aquifer a quantitative index was calculated accounting for radial proximity of 
a DST to producing or injecting wells and the duration of production or injection. This 
calculation was implemented in the Visual Basic Code developed by Alkalali (2002). 
Almost 94% of the initial DST data were culled because of poor quality or production 
interference (Table 2). 
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Pressure data were converted to freshwater hydraulic heads using the following 
equation: 

                                                                  (1) 

where: h is hydraulic head, p is the extrapolated (true) formation pressure, ρ is the 
reference water density, g is the gravitational constant, and z is the measurement’s 
(recorder) elevation.  

The three main assumptions in construction of fresh-water hydraulic head maps are: 
(a) the water density is uniform and has a value of 1000 kg/m3, (b) the aquifer is near 
horizontal, and 3) there is no vertical flow (i.e. the flow is parallel to the aquifer bedding). 
However, these assumptions have been shown as incorrect in deep, saline, and sloping 
aquifers introducing significant errors into the flow interpretation (Davies, 1987; Bachu, 
1995a; Bachu and Michael, 2002). Variable water density and aquifers’ slope were taken 
into account by using Water Driving Forces plotted as vectors on the freshwater 
hydraulic head maps. Davies (1987) defined the “Water Driving Force” ( ) to correct 
for the variable density in the sloping aquifers as the vectorial addition of the following 
terms: 

                                                          (2) 

where:  is the fresh-water hydraulic head gradient,  is the slope of the aquifer or of 
the corresponding formation top, and  is the density difference between fresh-water 
and the formation water. The Water Driving “Force” is a fresh-water gradient  
corrected by an additional term of aquifer slope  modified by the density contrast  
(Alkalali, 2002; Khan, 2006; Palombi, 2008). Structural elevations required to calculate 
the slope of each aquifer ( ) in the Clive study area are shown in Appendix A and 
described in Chapter 2. Additional tops for the greater hydrogeological study area were 
downloaded from GeoScout and combined with the picks of the Clive area to calculate 
aquifer slope in the region not covered by the geological study area.  

Maps of freshwater hydraulic heads and driving force vectors were produced and 
combined to show the direction and magnitude of the force driving the flow of formation 
water. Actual flow strength can be assessed by considering rock permeability and the 
viscosity of formation water. Vertical flow and hydraulic communication (or lack thereof) 
can be interpreted by comparing the flow patterns in adjacent aquifers and by using 
pressure-elevation plots. 

Bachu and Michael (2002) have shown that the errors introduced by the use of hydraulic 
head distributions to analyze the flow of variable-density water in sloping aquifers is 
minimized if hydraulic heads are calculated using the average water density found in 
each aquifer, which for the aquifers in the Cretaceous-Tertiary succession in 
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hydrogeological study area are: Lower Mannville Aquifer - 1060 kg/m3; Viking Aquifer - 
1025 kg/m3; and Basal and Upper Belly River aquifers - 1000 kg/m3. The density values 
are based on the water chemistry analyses. Freshwater hydraulic head maps 
(potentiometric surfaces) are sufficient for the Basal and Upper Belly River aquifers 
because the density of formation water in these aquifers is that of freshwater (1000 
kg/m3). For the other two deeper aquifers, Lower Mannville and Viking, maps of 
hydraulic heads produced with the respective average water density were produced, in 
addition to the maps of freshwater hydraulic heads and driving force vectors, to illustrate 
flow direction and strength. 

Porosity and Permeability 
Porosity and permeability are rock flow properties important in the assessment of the 
flow of formation water and of other fluids, such as CO2, in the subsurface. Porosity is an 
additive (cumulative) volumetric property of the rocks. Permeability is a scale-dependent 
tensorial property of porous media defining the ability of fluids to flow through the 
respective medium that is not additive, and scaling-up methods need to be used to 
estimate permeability at the well and field scales (Dagan, 1989). Permeability is 
measured in the laboratory on plugs taken from cores (plug-scale permeability), and in 
drillstem (or hydraulic) tests (well-scale permeability). 

Core porosity and permeability were processed for the Cretaceous strata within the 
Enhance Clive study area. Core analyses for aquitards were not available. Standard 
measurements from core plugs such as minimum, maximum and median values have 
been determined for each formation (Section 3.6). In addition, an upscaling procedure 
has been completed from the core- to well- and regional-scales. Porosity is an additive 
scalar quantity and as such, it can be scaled up from core- to well-scale according to the 
following relation: 

N

i

N

ii

well

l

l

1

1                                                 (3) 

where: i  is the porosity measured in plug i, il  is the length of the representative interval 
for the measured porosity value, and N is the number of porosity measurements in the 
respective well. The geometric average was taken for all well-scale values to arrive at 
the regional-scale (or field-scale) porosity for each formation (Dagan, 1989). 

Due to permeability’s tensorial nature, usually three values are measured in core: the 
maximum horizontal permeability (kmax), the permeability in the horizontal direction (k90) 
orthogonal to kmax, and the vertical permeability (kv). Permeability anisotropy is 
expressed by the ratios of k90 to kmax (horizontal anisotropy) and of kv to kmax (vertical 
anisotropy), and is usually derived by regression analysis of the core measurements. 
The evaluation of anisotropy is based on core measurements where kmax, k90 and kv were 
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determined in the same core. In many cases only kmax is routinely measured, thus data 
samples for anisotropy determination are usually smaller than the data sample for kmax.  

Due to permeability being a non-additive quantity, it is scaled up from core- to well-scale 
according to the power-law averaging as follows: 
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k                                                                (4) 

where: ik  is the maximum permeability measured in plug i, and wellk  is the effective well 
permeability. In the above expression,  has values between -1 (harmonic average, for 
flow in serial systems) and +1 (arithmetic average, for flow in parallel systems). The 
geometric average is retrieved for = 0. Previous work has shown that the value of = 
0.8 should be used in scaling up from the core- to the well-scale (Desbarats and Bachu, 
1994). The geometric average was taken for all well-scale values to arrive at the 
regional-scale permeability for each formation (Dagan, 1989). 

Drill-stem test permeability for the aquifers with data was calculated using the slope of 
the pressure build-up curve determined from the Horner (1951) extrapolation plot 
(Earlougher, 1977), according to:  

    m / QB 62.61  /kh                                                   (5) 

where: k  is permeability (millidarcies), h  is reservoir thickness (feet),  is fluid viscosity 
(cP), Q is the average flow rate (bbl/day), B is the oil formation volume factor (STB/RB, 
approximately equal to 1.0), and m  is the slope of the pressure build-up curve, in psi per 
logarithmic cycle. 

The collected (initial) pressure data from drill-stem tests were culled according to 
methods described in Appendix B. The effects of production (Cumulative Interference 
Index) were not considered because permeability is a rock property and does not 
depend on pressure conditions. The following additional parameters were required for 
permeability calculation: (1) the slope of the pressure build-up curve, (2) the total fluid 
recovery for the DST, and (3) the drill pipe and/or drill collar dimensions. The total fluid 
recovery and the length of the drill collars are critical parameters when calculating DST 
permeability because they are needed in the determination of the volumetric flow rate Q. 

3.2.2 Shallow Hydrogeology 

Water well data for shallow aquifers were obtained from the Alberta Environment Water 
Well Database through the Groundwater Information Centre (GIC). The data query in the 
Enhance Clive study area (TWP 38 - 41 and RG 23 – 25W4) produced a list of 1170 
wells. A total of 424 water level data and 41 chemistry analyses were extracted from the 
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database (Table 3). All of the 424 water levels and only 25 chemistry analyses (after 
culling) were used in the hydrogeological analysis for the shallow aquifers in the 
Enhance Clive study area.  

Wells were separated out based on perforated or screened intervals relative to formation 
surfaces. When perforation or screened interval details were not available, casing depth 
and well liner depth were used to determine the completion interval for the purposes of 
this study. Table 3 indicates that 31 water levels were available for wells within the 
unconsolidated Quaternary deposits and 383 from wells completed in the Paskapoo 
Aquifer. Only eight water levels were available for the Horseshoe Canyon Aquifer. 
Similarly, water chemistry data available for use in this study were limited. Additional 
water chemistry data (55 water analyses) for the Horseshoe Canyon Aquifer were 
obtained from GeoScout database. These were production and wellhead samples from 
Coal Bed Methane (CBM) wells perforated in the Horseshoe Canyon coal seams 
throughout the larger hydrogeological study area. 

Table 3: Data collected from GIC for shallow aquifers and used in the hydrogeological analysis. 

Unit/Formation Water 
Level Data 

Chemistry Data 
Preliminary Final 

Quaternary 
Deposits 31 14 5 

Paskapoo-Scollard 383 25 18 
Horseshoe Canyon 8 1 1 
Total 422 40 24 

 

Total Dissolved Solids values were calculated using the following formula for 
consistency with the GIC database: 

   (6) 

The obtained values were lower than those calculated through simple ionic summation 
but are still representative of the regional TDS trends. 

Hydraulic head values were directly inferred from the static water level measurements. 
Water Driving Forces were not calculated for these aquifers due to the relatively low 
TDS in shallow aquifers which has no effect on water density. Consequently, maps of 
freshwater hydraulic heads can be used to ascertain flow direction and magnitude of the 
force driving the flow. 

No porosity or permeability data were available for the shallow aquifers. Porosity is not 
measured, and permeability can be derived from hydraulic conductivity calculated from 
pump tests, but no such tests were available. 
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3.3 Regional Flow and Salinity of Formation Waters 
 

3.3.1 Lower Mannville Aquifer 

The Lower Mannville Aquifer is present across the entire hydrogeological study area and 
is directly underlain by the Calmar-Wabamun Aquitard.  

The distribution of TDS in the Lower Mannville Aquifer is shown in Figure 14. Total 
Dissolved Solids concentrations in this aquifer are quite variable and increase from 
south to north in the study area. The TDS ranges from 40 g/L in Twp. 37 to over 130 g/L 
in the very north. The 100 g/L contour line defines a large saline plume which occupies 
all of the north-eastern part of the full study area. This plume extends further to the 
north-east outside of this study area (Rostron et al., 1997; Rostron and Tóth, 1997, 
Anfort et al., 2001) and its position corresponds with the erosional edge of Banff 
Formation where the Lower Mannville Aquifer is in direct contact with the underlying 
Devonian strata. There are several minor isolated points of high and low TDS attributed 
to local intra-formational variations in chemistry between the Ellerslie and Glauconitic 
formations (i.e., isolated samples from different formations within the same aquifer may 
occasionally show slightly different TDS and chemistry).  

Hydraulic heads in the Lower Mannville Aquifer calculated with the average water 
density of 1060 kg/m3 are shown in Figure 15. Water Driving Force vectors have been 
calculated and posted on Figure 16. There are no significant areas of density-dependent 
flow in the study area due to the ambient combination of salinity contrast (Figure 14), 
hydraulic gradient (Figure 16) and aquifer slope (Figure A.15). The interpreted lateral 
flow direction is not uniform throughout the entire study area. There are three distinct 
areas of hydraulic-head highs present, which coincide with hydrocarbon producing fields. 
The arm of the 450 m contour extends from the west and culminates at 500 m of 
hydraulic head between Twp. 40 to 41 and Rg. 25. Two other major highs are present in 
Twp. 38, Rg. 23 and Twp. 39, Rg. 22. Water flows from the above-mentioned highs 
towards lows in the southeast and northeast, where the head values are below 400 m. 
The gradients range from 40 m/km near potentiometric highs and decrease towards the 
potentiometric lows to less than 1 m/km (Figure 16). These results are consistent with 
the regional flow patterns in the Lower Mannville Aquifer (e.g., Rostron, 1995; Anfort et 
al., 2001). 
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Figure 14: Total dissolved solids distribution (g/L) in the Lower Mannville Aquifer (C.I. = 20 g/L). 
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Figure 15: Hydraulic head distribution (m) in the Lower Mannville Aquifer (C.I. = 50 m). Water density (ρ) = 1060 

kg/m3 
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Figure 16: Water Driving Forces (WDF) in the Lower Mannville Aquifer overlain over freshwater hydraulic 

heads (C.I. = 50 m).  
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3.3.2 Viking Aquifer 

The hydrodynamic regime in the Viking Aquifer is based on data summarized in Table 2. 
Distributions of TDS and hydraulic heads are shown in Figure 17 and Figure 18, 
respectively. The most obvious feature is the lack of data (water recovered from DSTs or 
producing wells) in the south and southwest, which coincides with the boundary of the 
“Deep Basin” (Masters, 1979; 1984). The Deep Basin is a widespread hydrocarbon-
saturated (mainly gas) zone stretching along the Alberta foothills characterized by 
significant underpressures and lack of formation water (Masters, 1979; 1984; Corbet and 
Bethke, 1992; Bachu and Underschultz, 1995; Rostron, 1995).  

The overall distribution of TDS in the Viking Aquifer (Figure 17) is distinctly different from 
the underlying Lower Mannville Aquifer (Figure 14). The range of TDS in the Viking 
Aquifer has been measured between roughly 30 and 60 g/L, with TDS decreasing with 
depth toward the southwest. 

Fluid flow directions in the Viking Aquifer (Figure 18) are more uniform compared to the 
underlying flow patterns in the Lower Mannville Aquifer. Hydraulic heads in the Viking 
Aquifer, calculated with an average water density of 1025 kg/m3, range from 390 m in 
the northeastern corner of the study area down to 230 m in the central region, much 
lower than hydraulic heads in any other aquifer and significantly lower than the 
topographic elevation in the area. The low pressures and corresponding hydraulic heads 
in the Viking Aquifer are believed to be the result of erosional rebound of the overlying 
rock framework (Corbet and Bethke, 1992; Parks and Tóth, 1995; Bachu, 1995) or of 
post-glaciation rebound (Bekele et al., 2003; Lemieux et al., 2008). The hydraulic head 
distribution the flow of the Viking Aquifer waters downdip, to the southwest. Previous 
studies in the area (Hitchon, 1969a; 1969b; Bachu and Underschultz, 1995; Rostron, 
1995; Rostron and Tóth, 1997; Rostron et al, 1997) have shown similar downdip flow 
patterns in the Viking Aquifer. Lateral hydraulic gradients range from 20 m/km in the 
central area along the Deep Basin transition boundary to less than 1 m/km in the 
northeast (Figure 19). 

3.3.3 Basal Belly River Aquifer 

The Belly River Group has been separated into two aquifers: 1) the Basal Belly River, 
and 2) the Upper Belly River. This hydrostratigraphic delineation coincides with the 
rather significant difference in the values of hydraulic head and change in lithology from 
the coarse basal sandstone in the Basal Belly River overlain by the continuous MacKay 
Coal Zone (Figure 13), to the predominantly mixed siliciclastics in the Upper Belly River 
Group. Using the geological model from Chapter 2 it was possible to distinguish and 
allocate hydraulic data to either the Basal or Upper Belly River aquifers.  
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Figure 17: Total dissolved solids distribution (g/L) in the Viking Aquifer (C.I. = 10 g/L). 
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Figure 18: Hydraulic head distribution (m) in the Viking Aquifer (C.I. = 50 m). Water density (ρ) = 1025 kg/m3 
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Figure 19: Water Driving Forces (WDF) in the Viking Aquifer overlain over freshwater hydraulic heads  

(C.I. = 50 m).  
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The hydrochemistry and flow regime of the Basal Belly River Aquifer are shown in Figure 

20 and Figure 21, respectively. Results are based on a fairly limited data control 
summarized in Table 2. Values of TDS are posted in Figure 20, and show that formation 
waters are significantly fresher in this aquifer compared to the underlying Cretaceous 
aquifers. Measured values of TDS range from 10.1 to 15 g/L, much less than in the 
underlying Viking Aquifer (Figure 17) where the TDS ranged from 30 to 60 g/L. It should 
be noted that the chemistry data are limited to the northern half of the hydrogeological 
study area because there are no data points within the Enhance Clive study area itself. 

Hydraulic heads in the Basal Belly River Aquifer (Figure 21) are the highest in the 
northeastern corner of the study area, (almost 600 m), and decrease to the southwest 
(down to 350 m). Lateral flow directions in this aquifer are generally downdip towards the 
southwest and are the result of post-glaciation erosional rebound (Bachu and Michael, 
2003). Hydraulic gradients range from 1 to 20 m/km. The hydrodynamic regime in the 
Basal Belly River Aquifer is markedly different from that in the underlying Viking Aquifer 
(Figure 18), as indicated by the significantly higher hydraulic heads. 

3.3.4 Upper Belly River Aquifer 

Undifferentiated siliciclastics of the Upper Belly River Group have been combined into a 
single aquifer, the Upper Belly River Aquifer. This aquifer is separated from the 
underlying Basal Belly River Aquifer by the MacKay Aquitard.  

Distributions of TDS and freshwater hydraulic heads in the Upper Belly River Aquifer are 
shown in Figure 22 and Figure 23, respectively. Total Dissolved Solids in this aquifer are 
generally less than 10 g/L across the entire study area (Figure 22). The TDS is highly 
variable due to the complex nature of the Upper Belly River sands (Chapter 2) and 
contouring the data reveals no underlying patterns or trend. Thus, the data are only 
posted to provide bounds on the potential distribution of TDS anywhere in the aquifer. 

While the TDS values between the Basal and Upper Belly River aquifers are markedly 
different, the distributions of freshwater hydraulic heads in the two aquifers are relatively 
similar. Hydraulic heads in the Upper Belly River Aquifer range between 500 m in the 
northeast to 400 m the southwest (Figure 23). Water flows downdip from the northeast 
towards the southwest as the result post-glaciation erosional rebound (Bachu and 
Michael, 2003). An additional potentiometric high is observed in Twp. 37, Rg. 22 from 
which water flows to the west and north into a small potentiometric low. Lateral hydraulic 
gradients vary between 1 to 20 m/km. It should be noted that the potentiometric surface 
in the Upper Belly River Aquifer is not influenced by surface topography (i.e., the 
distribution of hydraulic heads (Figure 23) does not correspond to topographic elevations 
in the study area (Figure 12). 
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Figure 20: Total dissolved solids distribution (g/L) in the Basal Belly River Aquifer. 
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Figure 21: Hydraulic head distribution (m) in the Basal Belly River Aquifer (C.I. = 50 m).  Water density (ρ) = 
1000 kg/m3 
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Figure 22: Total dissolved solids distribution (g/L) in the Upper Belly River Aquifer. 
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Figure 23: Hydraulic head distribution (m) in the Upper Belly River Aquifer (C.I. = 50 m). Water density (ρ) = 
1000 kg/m3 
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3.3.5 Horseshoe Canyon Aquifer 

The data for the Horseshoe Canyon Aquifer are very limited. The values of TDS and 
hydraulic heads were posted on Figure 24 and Figure 25, respectively. Total Dissolved 
Solids are lower than in the underlying Upper Belly River Aquifer, and range between 0.5 
and 8.3 g/L (3 g/L on average) (Figure 24). All available chemistry data are located 
outside of the Enhance Clive study area. Hydraulic head values in the Enhance Clive 
study area range between 718 m and 798 m (Figure 25). Topography likely controls the 
flow regime in this aquifer; however, this cannot be confirmed due to the lack of data. 

3.3.6 Paskapoo Aquifer 

The TDS concentrations in the Paskapoo Aquifer range from 404 mg/L to 1800 mg/L 
(Table 3). The lowest TDS concentrations appear to be associated with areas of higher 
elevation, whereas the areas with highest TDS concentrations appear to be associated 
with areas of lower topographic elevations (Figure 26). It is expected that the 
topographically high areas represent recharge areas, whereas the lower elevation areas, 
associated with the ancient buried bedrock river valley and meltwater channel (see 
Section 2.3.7), may represent areas of discharge.  

Although most of the wells screened within the Paskapoo Aquifer have TDS values 
ranging between 400 mg/L and 1000 mg/L, an area located in the southwestern portion 
of the study area exhibits higher TDS values ranging from 1325 mg/L to 1800 mg/L.  
Insufficient information is available at this time to discern the origin of the relatively 
higher TDS waters.  

The Paskapoo Aquifer water levels (Figure 27) appear to generally follow the land 
surface topography as illustrated in Figure 12. The hydraulic head values range between 
800 m and 880 m. The areas of lower elevation represent either the locations of ancient 
buried bedrock valleys or meltwater channels that are oversized for the present rivers 
that are found to flow in them. Generally areas of higher water levels are found in wells 
located in the western portion of the study area. 

3.3.7 Surficial (Undifferentiated) Aquifer 

Water levels within the surficial, unconsolidated deposits vary based on topography, 
location and depth. The total dissolved solids (TDS) concentrations ranged from 
395 mg/L to 643 mg/L. The flow regime is most likely controlled by the surface 
topography, however, insufficient water-well levels or well chemistry data were available 
to produce contoured TDS and groundwater surface maps. The aquifers in the 
Quaternary unconsolidated sediments will be studied in more detail in future phases of 
the study, particularly in relation to the development of a monitoring and verification plan. 
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Figure 24: Total dissolved solids distribution (g/L) in the Horseshoe Canyon Aquifer. 
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Figure 25: Hydraulic head distribution (m) in the Horseshoe Canyon Aquifer. 
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Figure 26: Total dissolved solids distribution (mg/L) in the Paskapoo Aquifer in the Enhance Clive study area. 
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Figure 27: Hydraulic head distribution (m) in the Paskapoo Aquifer (C.I. = 10 m) in the Enhance Clive study 
area. 
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3.4 Major Ion Chemistry 
 

Water samples are generally analyzed for the following major ions: sodium (Na+), 
potassium (K+), calcium (Ca2+), magnesium (Mg2+), chloride (Cl-), sulphate (SO4

2-) and 
bicarbonate  (HCO3

-). Observed variations and patterns in formation water chemistry and 
TDS can help in identifying contaminated or anomalous water analyses as well as aid in 
deciphering the chemical evolution (Chebotarev, 1955; Toth, 1984) and flow path in a 
regional-scale flow system (Tóth, 1995). Cross-plots of TDS versus major ions were 
created to evaluate hydrochemical variations within and between aquifers. Potassium 
was not plotted because it is often not reported or it is combined with sodium (Na+K) due 
to its low concentrations. Chloride was not plotted because it almost always shows a 
positive linear relationship with TDS. 

Cross-plots of Na, percent cationic Ca and Mg, and the anionic percent of SO4 and 
HCO3 versus TDS for the Lower Mannville, Viking, Basal and Upper Belly River aquifers 
are shown in Figure 28. There are two distinct clusters in the formation water chemistry 
data. The Basal and Upper Belly River aquifers have much lower TDS, and therefore, 
plot separately from the two deeper aquifers (Lower Mannville and Viking) (Figure 28d). 
Cross-plots for the shallower aquifers (Horseshoe Canyon and Paskapoo) are shown on 
Figure 29 combined with the underlying Basal and Upper Belly River aquifers for 
comparison purposes.  

The relationship between Na and TDS for all of the aquifers forms a strong positive 
linear trend throughout the entire range of TDS (Figure 28a and Figure 29a). A slight 
relative decrease in sodium concentration, hence deviation in the linear trend, is 
observed in the high salinity range (> 100 g/L) in samples from the Lower Mannville 
Aquifer (Figure 28a). This is the result of slightly higher calcium concentration in these 
samples.  

Percent cationic calcium versus TDS forms a rather scattered plot with a slight 
exponential trend, also increasing with TDS (Figure 28b and Figure 29b). Higher calcium 
percentages (above 5%) and concentrations are observed in the Lower Mannville 
Aquifer and coincide with the high salinity plume in the central and northeastern parts of 
the full study area (Figure 14). This is similar to what was observed previously in the 
area on a regional scale (Rostron et al., 1997; Rostron and Tóth, 1997), where higher 
calcium was used as a tracer of Devonian brines migrating upward into the Lower 
Mannville Aquifer. In contrast, the Basal and Upper Belly River aquifers have similar but 
low percentages of calcium. The Paskapoo Aquifer contains relatively high proportions 
of calcium (up to 10%) (Figure 29b), which is much higher than the deep aquifers. 

Magnesium concentrations are relatively low for all the aquifers, generally below 2% Mg, 
with a slight increase in concentration with increasing TDS (Figure 28c). The Paskapoo 
Aquifer has the highest proportions of magnesium of up to 5% (Figure 29c). 
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Figure 28: Cross-plots of (a) sodium (Na), (b) percent calcium (%Ca), (c) percent magnesium (%Mg), (d) 
percent bicarbonate (%HCO3), and (e) percent sulphate (%SO4) versus Total Dissolved Solids (TDS) 
in the Lower Mannville, Viking, Basal and Upper Belly River aquifers. 
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Figure 29: Cross-plots of (a) sodium (Na), (b) percent calcium (%Ca), (c) percent magnesium (%Mg), (d) 
percent bicarbonate (%HCO3), and (e) percent sulphate (%SO4) versus Total Dissolved Solids (TDS) 
in the Basal and Upper Belly River, Horseshoe Canyon and Paskapoo aquifers. 
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Bicarbonate concentrations (Figure 28d) for the Lower Mannville and Viking aquifers 
decrease with increasing TDS. Bicarbonate ranges from almost 3% to 20% for TDS 
below 40 g/L. For higher salinity waters (> 40 g/L), bicarbonate drops to less than 2%. A 
plot of bicarbonate versus TDS can also be used to distinguish the Basal Belly River 
Sandstone Aquifer from the overlying Upper Belly River Aquifer in the study area. 
Groundwater in the Upper Belly River Aquifer has bicarbonate up to 15%. In contrast, the 
Basal Belly River Sandstone Aquifer has generally less than 6% bicarbonate. Higher 
bicarbonate concentrations in the Upper Belly River Aquifer indicate the presence of 
fresh meteoric recharge waters, whereas low bicarbonate concentrations in the Basal 
Belly River Aquifer are indicative of more evolved waters, still of a meteoric origin but 
more saline and of a slightly different composition (e.g., Chebotarev, 1955; Hanor, 
1994). The bicarbonate fraction in the Horseshoe Canyon and Paskapoo aquifers 
(Figure 29d) is much higher than in deep aquifers and ranges from 20% to 70%, 
indicating the presence of fresh meteoric waters. 

Sulphate concentrations generally tend to decrease with increasing TDS. Sulphate 
concentrations in the Lower Mannville and Viking aquifers are negligible. Percent 
sulphate in the Basal and Upper Belly River aquifers are highly variable, ranging from 
less than 1 to over 30% (Figure 28e). The Upper Belly River Aquifer generally has more 
dissolved sulphate than does the Basal Belly River Aquifer. The Paskapoo aquifer has 
the highest fraction of sulphate, ranging between 10% and 40% (Figure 29e). Higher 
SO4 concentrations are associated with formation waters of meteoric origin that have 
somewhat evolved in a local-scale flow system (Chebotarev, 1955). With increasing 
residence time and water-rock interaction, sulphate concentrations decrease and 
chloride concentrations increase until chloride becomes the dominant ion (Hanor, 1994).  

There is only one dominant water type observed in all the deep aquifers: Na-Cl (Khan, 
2006). That is, more than 50% of all cations and anions in all waters in all of the aquifers 
are represented by sodium (Na+) and chloride (Cl-), respectively.  

Groundwater in the shallow aquifers, on the other hand, consists of several different 
water types. A series of piper plots were created to determine the water type and 
chemistry of water samples from wells screened within the Paskapoo Aquifer. Other 
shallow aquifers did not have sufficient data for this type of hydrochemical analysis.  The 
piper plots for wells belonging to each groundwater type identified in the study area are 
found in Appendix C. The results of the water chemistry analysis indicate that four 
groundwater types are found within wells screened in the Paskapoo Aquifer. Generally 
wells in the study area have Na-HCO3 based groundwater with varying amounts of 
calcium and magnesium. Those wells associated with the expected recharge area are 
dominated by Na-Ca-Mg-HCO3 based groundwater. It appears that wells located 
adjacent to the ancient buried river valley and meltwater channel have a Na-HCO3 based 
groundwater with hardness ranging from approximately 10 to 53 mg/L.  

An area of higher concentrations of sulphate (i.e. approximately 192 mg/L to 976 mg/L), 
TDS (i.e. approximately 960 mg/L to 2102 mg/L) and sodium (i.e. approximately 
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335 mg/L to 511 mg/L) is found in an area in the southwest (Figure 26). The reason for 
the higher values of these specific parameters in the groundwater of this area is not 
known based on the data examined in this study. 

 

3.5 Vertical Pressure Gradients 
 

An analysis of the pressure variation versus elevation (p-z profiles) has been completed 
to identify vertical variations in hydraulic gradients, and evaluate the potential for cross-
formational flow and hydraulic communication between adjacent aquifers (Tóth, 1978). 
Pressure-elevation profiles have been created for the aquifers ranging from the Lower 
Mannville to Paskapoo for the entire hydrogeological study area. Data for the Surficial 
Aquifer were not plotted due to the lack of information about perforation depths. 
Pressure-depth (p-d) analysis was not used due to the large variation in topography in 
the study area (Figure 12).  

Pressure data from the hydrogeological study area were plotted versus elevation on 
Figure 30 and colour-coded to represent the different aquifers. The measured gradient 
lines (Table 4) were fitted through the observed data trends using linear interpolation. 
The nominal reference-density gradients for each aquifer are shown for reference. 
Additional pressure data points from the Nisku Formation in the Clive oil reservoirs were 
added to the p-z plot for comparison and interpretation purposes. 

Table 4: Summary of vertical hydraulic gradients. 

Aquifer 
Reference 

Density 
(kg/m3) 

Reference 
Hydrostatic 

Gradient 
(kPa/m) 

Measured (fitted) 
Gradient 
(kPa/m) 

Paskapoo (Shallow) 1000 9.8 2.8 
Upper Belly River 1000 9.8 8.8 
Basal Belly River 1000 9.8 8.4 
Viking 1025 10.1 10.4 
Lower Mannville 1060 10.4 12.7 

 

The p-z profile (Figure 30) immediately highlights the clear separations between the flow 
systems in the Cretaceous-Tertiary aquifers. A fitted vertical hydraulic gradient of 
12.7 kPa/m was calculated in the Lower Mannville Aquifer. This is higher than the 
hydrostatic reference gradient (10.4 kPa/m), indicating an upward component of flow. It 
should be noted that several data points have higher pressures which do not fit on the 
determined gradient; they are associated with the hydrocarbon column(s) of producing 
oil fields. However, the fact that the majority of data points fall on the gradient indicates 
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good lateral hydraulic continuity within the aquifer. Pressure data points from the Nisku 
Formation do not fall on the p-z gradient for pressures in the Lower Mannville Aquifer. 

 

Figure 30: Pressure-elevation (p-z) plot for the entire hydrogeological study area. 

Pressure data from the Viking Aquifer fall on a significantly different gradient from the 
underlying Lower Mannville Aquifer. There are two groups of data: the main group falls 
with the fitted gradient and a secondary underpressured group. The fitted line through 
the main group was determined to have a slope of 10.4 kPa/m, which is slightly less than 
the hydrostatic gradient (10.1 kPa/m). This means that flow in the Viking Aquifer is 
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mainly lateral with no indication of a vertical flow component, and is different from the 
flow in the underlying Lower Mannville aquifer. This is consistent with the flow directions 
shown in the hydraulic head distribution for the Viking Aquifer (Figure 18). The second 
group of Viking data plot below the main gradient and are associated with large-scale, 
Deep Basin underpressures observed here and in other Cretaceous formations of west-
central Alberta (Bachu and Underschultz, 1993; 1995; Parks and Tóth, 1995; Rostron et 
al., 1997; Rostron and Tóth, 1997). The origin of these underpressured values remains 
controversial, however, it should be noted that their presence on a geological time scale 
implies distinct hydraulic isolation from the overlying and underlying units, as well as 
from the east-northeastern part of the Viking aquifer. This is strong evidence of excellent 
sealing capacity for CO2 in the hydrostratigraphic section of this study area. 

Vertical hydraulic gradients in the Basal and Upper Belly River aquifers are significantly 
different from those in the underlying Viking Aquifer. Thick Colorado and Lea Park 
shales of the Colorado-Lea Park Aquitard overlie the Viking Aquifer and separate it from 
the Belly River Group aquifers, with significant pressure difference between the two. A 
fitted gradient for the Basal Belly River Aquifer was estimated to be 8.4 kPa/m. This 
value compared to the reference hydrostatic gradient of 9.8 kPa/m indicates a 
downward, downdip component of flow (Parks and Tóth, 1995; Bachu and Michael, 
2003). The fitted gradient for the Upper Belly River Aquifer (8.8 kPa/m) is similar to that 
of Basal Belly River albeit with a smaller magnitude downward component of flow. Fluid 
pressures in the Upper Belly River Aquifer are lower than in Basal Belly River Aquifer 
indicating good hydraulic separation of the two aquifers by the intervening Mckay 
Aquitard. 

Shallow aquifers (Horseshoe Canyon and Paskapoo) have a subhydrostatic vertical 
gradient of 2.8 kPa/m. This gradient is significantly different from the deeper aquifers 
and indicates the presence of strong downward flow component.  
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3.6 Rock Properties 
 
Core data for the Cretaceous aquifers have been assembled and analysed (Table 5 and 
Table 6). Cored wells within the Lower Mannville Aquifer appear to be evenly distributed 
throughout the Enhance Clive study area (Figure 31). The majority of the wells 
containing cores from the Viking Aquifer are located in the western half of the Enhance 
Clive study area. Only one well with core analyses from the Basal Belly River Aquifer 
was found in the study area. There were no core analyses reported in the Upper Belly 
River Aquifer despite the record of two cored wells.  
Permeability values calculated from DSTs are summarized in Table 7. Wells with DSTs 
within the Lower Mannville and Viking aquifers appear to be evenly distributed 
thoruhgout the Enhance Clive study area (Figure 32). Basal and Upper Belly River 
aquifers have very low data density. 

 

 

Figure 31: Distribution of wells containing porosity and permeability data from core analyses: a) in the Lower 
Mannville Aquifer, b) in the Viking Aquifer, and c) in the Basal Belly River Aquifer. 
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Figure 32: Distribution of wells containing permeability data calculated from drill-stem tests: a) in the Lower 
Mannville Aquifer, b) in the Viking Aquifer, c) in the Basal Belly River Aquifer, and d) in the Upper 
Belly River Aquifer. 
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3.6.1 Porosity 

Plug-scale porosity values vary between 1% and 27%, with median values varying 
between 10.0% and 10.8% (Table 5). Well-scale porosity values vary between 5.3% and 
26.5%, with median values ranging between 9.4% and 12.2%. Field-scale porosity 
values are around 10% (Table 5). As a general observation, it appears that, overall, 
porosity decreases with increasing depth, which is expected for siliciclastic sediments.  
The lowest average porosity at both core- and well-scales is observed in the Lower 
Mannville Aquifer, the deepest aquifer described. The Viking Aquifer has higher average 
porosity than the Lower Mannville Aquifer, with core-scale median of 10.0% and well-
scale median of 10.2%. The Basal Belly River Aquifer is the shallowest has the highest 
median core- and well-scale porosity at 10.8% and 12.2%, respectively. The field-scale 
values, calculated as geometric averages of well-scale porosity, show similar trends for 
the Lower Mannville and Viking aquifers. 

Table 5: Core porosity processed in Cretaceous aquifers within the Enhance Clive study area. 

Aquifer No. 
Wells No. Plugs 

Porosity (%) 
Core Scale Well Scale Field 

Scale Min Median Max Min Median Max 
Upper Belly River 2 0 - - - - - 
Basal Belly River 1 12 1.6 10.8 22.5 12.2 - 

Viking 14 263 1.0 10.0 27.0 5.3 10.2 26.5 10.6 
Lower Mannville 22 853 1.0 10.1 25.9 5.7 9.4 15.2 9.7 

 

3.6.2 Core Permeability 

Permeability values at the plug scale vary between 0.01 mD (the lower measurable limit) 
and several darcies (Table 6). The low median values (<1 mD) indicate that most core 
permeability values are quite low (Table 6). Well-scale and field-scale permeability 
values show a decrease of permeability with depth; however the Belly River Aquifer 
permeability is based on only 12 core plugs taken in a single well and most likely the 
resulting value is not representative for the aquifer as a whole.  

Table 6: Core permeability processed in Cretaceous aquifers within the Enhance Clive study area. 

Aquifer No. 
Wells 

No. 
Plugs 

Permeability (mD) Anisotropy 
Core Scale Well Scale Field 

Scale Hor. Vert. 
Min Median Max Min Median Max 

Upper Belly 
River 2 0 - - - - - - - 

Basal Belly 
River 

1 12 0.06 0.95 86 14.1 - 0.77 0.29 

Viking 14 260 0.01 0.52 8770 0.20 12.0 291 7.1 0.82 0.21 
Lower 

Mannville 
22 786 0.01 0.51 2425 0.03 2.33 217 2.8 0.84 0.41 
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The relationship between porosity and permeability in the Lower Mannville, Viking, and 
Basal Belly River aquifers at the core- and well-scales has been investigated and is 
shown in Figure 33. An empirical relationship in the form of   (where  is 
permeability,  is porosity, and A and B are numerical coefficients/constants) is apparent 
for all the aquifers. However, the individual relationships are not provided due to a wide 
data spread and poor correlation (R2 of 0.3 – 0.5). 

The analyses of permeability anisotropy for Lower Mannville, Viking, and Basal Belly 
River aquifers are shown in Figure 34 above. The values of horizontal anisotropy (Figure 
34a, b and c) range between 0.90 and 0.96 (low anisotropy) with high correlation 
coefficients (R2) of 0.985 – 0.995 in all the aquifers. The values of vertical anisotropy 
(Figure 34d, e and f) range from 0.086 (very high anisotropy) in the Viking aquifer to 0.53 
and 0.33 (high anisotropy) in the Lower Mannville and Basal Belly River aquifers, 
respectively; however the correlations for vertical anisotropy are poorer than for 
horizontal anisotropy (R2 in the 0.664 and 0.856 range). No further relationships of 
permeability anisotropy to facies or lithologies were investigated in this report. 

3.6.3 DST Permeability 

Permeability values from drill-stem tests vary between 0.05 mD and several darcies 
(Table 7). Highest median permeability is observed in the Basal Belly River Aquifer 
(684 mD at the well-scale and 501 mD at the field-scale). However, it should be noted 
that these values are subject to strong bias towards high permeability due to the very 
low number of good data points (only five DSTs). Permeability values in the Lower 
Mannville Aquifer are the second largest in the study area, ranging from the well-scale 
median of 12.2 mD to the field-scale geometric average of 13.3 mD. The Viking and 
Upper Belly River aquifers have the lowest permeability values in the study area. It 
should be noted that field-scale permeability values derived from core measurements 
and from drill-stem tests are within the same order of magnitude for the Lower Mannville 
and Viking aquifers, and comparable with that in the Upper Belly River Aquifer. Only for 
the Basal Belly River Aquifer the field-scale permeability values derived from core and 
from drill-stem tests differ by a factor of ~40, but this may be statistically explained by the 
fact that only one well has core analyses and there are only five drill-stem tests in this 
aquifer, hence the results are not necessarily representative. 

Table 7: Permeability values calculated from drill-stem tests for Cretaceous aquifers within the Enhance Clive 
study area. 

Aquifer No. 
DSTs 

Permeability (mD) 
Well Scale Field 

Scale Min Median Max 
Upper Belly River 8 0.67 4.35 12.4 3.85 
Basal Belly River 5 29.3 684 2,893 501 

Viking 11 0.38 5.24 41.7 3.90 
Lower Mannville 46 0.05 12.2 1,085 13.3 

APPENDIX B



 

69 

 

Figure 33: Relationships between: core-scale permeability and porosity for Lower Mannville (a), Viking (b), 
Basal Belly River (c) aquifers, and well-scale permeability and porosity and for Lower Mannville (d) 
and Viking (e) aquifers. 
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Figure 34: Relationships between: (a,b,c) horizontal permeabilities (k
90

 vs. k
MAX

), and (d,e,f) vertical and 

maximum horizontal permeabilities (k
VERT

 vs. k
MAX

) for Lower Mannville, Viking, and Basal Belly 

River aquifers. 
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3.7 Interpretation 
 

Results presented above provide a comprehensive characterization of the 
hydrostratigraphy and hydrogeology within the Cretaceous sedimentary succession in 
the Clive area in central Alberta. The main focus is on hydraulic features in aquifers of 
the Clive field study area, which is the intended target of a large-scale CO2-EOR 
operation. This section integrates the chemistry and hydrodynamic regime of all the 
aquifers to establish the degree of hydraulic communication between the various 
aquifers in the sedimentary succession overlying the Leduc (D3-A) and Nisku (D-2) 
reservoirs and discusses the barriers to the upward migration or leakage of CO2. 

3.7.1 Hydrochemistry of Formation Waters 

Water chemistry can be useful to differentiate the aquifers in the section and establish 
their degree of hydraulic communication. Maps of TDS distribution and chemistry cross-
plots reveal significant differences in salinity between the four main aquifers in the Clive 
study area. Total Dissolved Solids in the Lower Mannville Aquifer range from less than 
40 g/L in the south to over 120 g/L in the northeast. A large saline plume (defined by the 
100 g/L contour) exists in this aquifer in the northeast in the region that corresponds to 
the absence of the Carboniferous Exshaw and Banff formations and where the Lower 
Mannville Aquifer and underlying Devonian strata are in direct contact. This plume is 
most likely the result of past density-driven, downdip, back-flow of heavy brines sourced 
from the Devonian aquifers to the northeast and outside of the present study area, as 
noted also on a larger scale by Anfort et al. (2001). It should be noted that the present 
hydraulic system is dynamic and the lack of evidence in the Enhance Clive study area 
for density-related flow effects (flow reversals or back-flow) at this time does not mean 
that they did not exist in the past or that they are not present outside this area. 

Rostron (1995) and Rostron et al. (1997) hypothesized, based on elevated calcium 
concentrations, that high TDS waters in the Lower Mannville Aquifer are sourced from 
the underlying Nisku Formation to the northeast of the present hydrogeological study 
area. However, Nisku waters in the Enhance Clive study area appear to have much 
higher TDS and calcium concentrations than in the overlying Lower Mannville Aquifer 
(Rostron, 1995; Rostron et al, 1997), showing that the two formations are not in 
hydraulic communication. In addition to that, three water analyses obtained from DSTs in 
isolated high-permeability zones of the Stettler Formation (Calmar Wabamun Aquitard) 
have much higher concentrations of sulphate (likely due to anhydrite dissolution and 
oversaturation) than in both underlying Nisku Aquifer and overlying Lower Mannville 
Aquifer. This is further indication that the Calmar-Wabamun Aquitard is a strong barrier 
to cross-formational flow in the Enhance Clive study area.  

Total dissolved solids in the Viking Aquifer range from 30 g/L in the central parts of the 
hydrogeological study area to 60 g/L in the northeast. No elevated concentrations of 
calcium have been found within the study area in contrast to the underlying Lower 
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Mannville Aquifer, interpreted to indicate the lack of any further vertical migration of 
Devonian formation waters. Viking formation water appears to be connate and 
represents ancient sea water modified through water-rock interaction and mixing of 
higher salinity water from the northeast (Connolly et al., 1990; Rostron, 1995). The 
significant difference in water chemistry between Lower Mannville and Viking aquifers 
suggests that the Upper Mannville–Joli Fou Aquitard acts as a very effective barrier to 
the upward migration of water and, consequently, for any leaked CO2. 

Total dissolved solids values in the Basal Belly River Aquifer range between 10 g/L and 
15 g/L, significantly lower than in the underlying Viking Aquifer. Total dissolved solids in 
the Upper Belly River Aquifer are even lower, generally less than 10 g/L. The high 
proportions of bicarbonate and sulphate ions in Belly River aquifers suggest their 
meteoric origin, as proposed by others (e.g., Connolly, 1990). Significantly different 
salinity values in the Belly River and Viking aquifers suggest that the Colorado-Lea Park 
aquitard is a very strong barrier to the upward migration of formation water. Furthermore, 
the difference in chemistry between the Basal and Upper Belly River aquifers indicates 
that the MacKay Aquitard also acts as a competent barrier to cross-formational flow, 
restricting hydraulic communication between the two aquifers. 

Shallow aquifers have freshwater with TDS generally less than 5 g/L, significantly lower 
than in the deep aquifers. These waters are interpreted to be of meteoric origin (rain and 
melt water) as indicated by the high bicarbonate (20% - 70%) and sulphate 
concentrations (10% - 40%). Differences in hydrochemistry indicate the presence of a 
barrier or multiple barriers (mudstones and coal beds), between the shallow Horseshoe 
Canyon, Paskapoo and Surficial aquifers themselves, and also between the shallow and 
deep aquifers. 

3.7.2 Regional Fluid Flow 

The natural regional-scale flow of formation waters was assessed using maps of 
hydraulic head distributions and pressure-elevation plots. Hydraulic heads in the Lower 
Mannville aquifer range from 500 m to 350m. Fluid flow in the Lower Mannville Aquifer is 
highly complex and is attributed to the presence of geologic heterogeneities 
(permeability distribution), variable aquifer thickness (transmissivity), and vertical flow 
(Rostron, 1995; Rostron and Tóth, 1997). The vertical gradient (Figure 30) is 
12.7 kPa/m, which is much higher than the hydrostatic gradient (10.4 kPa/m), indicating 
a vertical upward flow component. The fact that pressure data from the Nisku Formation 
do not fall on the same vertical gradient as the Lower Mannville Aquifer indicates again 
that the Calmar-Wabamun Aquitard is a strong barrier to cross-formational flow in the 
Enhance Clive study area between the Nisku and Lower Mannville strata.  

In contrast, hydraulic heads in the Viking Aquifer are much lower than in the Lower 
Mannville Aquifer, ranging between 390 m and 230 m. Tightly spaced contours, which 
also correspond to the Deep Basin boundary-transition, represent a major lateral barrier 
attributed to lower permeability in the sediments therein. Generally there is little or no 
water found west of this boundary. Flow towards the southwest in the Cretaceous 
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aquifers has been attributed to the erosional rebound in low diffusivity rocks (Corbet and 
Bethke, 1992; Parks and Tóth, 1995; Bachu, 1995; Bachu and Underschultz, 1995; 
Rostron and Tóth, 1997). Given the completely different flow regime identified in the 
hydraulic head distribution, and lateral flow in the p-z plot, it is evident that the 
intervening Upper Mannville–Joli Fou Aquitard acts as a strong barrier to cross-
formational flow in the study area.  

Fluid flow in the Basal Belly River Aquifer is directed towards the southwest. Hydraulic 
heads range from almost 600 m in the northeast down to 350 m in the southwest. The 
pattern of hydraulic heads is similar to that in the underling Viking Aquifer implying a 
similar erosion-rebound driving force on fluid flow in the Basal Belly River Aquifer (e.g., 
Bachu and Underschultz, 1995; Parks and Tóth, 1995; Bachu and Michael, 2003). 
However, the hydraulic head values in the Basal Belly River Aquifer are much higher 
(almost double) than in the Viking Aquifer. Vertical pressure gradients in the Basal Belly 
River Aquifer of 8.4 kPa/m are also significantly different from that in the Viking Aquifer 
(10.4 kPa/m). The distinctly different vertical pressure gradients, and magnitude of 
hydraulic heads, indicate that the Colorado-Lea Park Aquitard acts as a very effective 
barrier to cross-formational flow between Basal Belly River and Viking aquifers. 

Differences in hydraulic heads are also observed between Upper and Lower Belly River 
aquifers (compare Figure 21 and Figure 23). Hydraulic head values in the Upper Belly 
River Aquifer differ from those in the Basal Belly River Aquifer by approximately 50 m 
throughout the study area. This difference is more evident from the pressure-elevation 
plot (Figure 30): the Upper Belly River Aquifer is significantly underpressured relative to 
the Basal Belly River Aquifer, despite having similar hydraulic gradients. This indicates 
that the MacKay Coal Zone, or MacKay Aquitard as defined here, is an effective barrier 
to cross-formational flow in this sedimentary succession.  

The Bearpaw shale overlies the Upper Belly River Aquifer and thus acts as an additional 
aquitard over part of the study area separating the deep aquifers from the shallow ones. 
Fluid flow in the shallow Horseshoe Canyon, Paskapoo and Surficial aquifers is 
topographically controlled and is different from the underlying aquifers. The separation 
between the two systems is reinforced by the significantly different subhydrostatic 
vertical gradient (2.8 kPa/m) and much lower TDS in these shallow aquifers than those 
in the deeper aquifers. Therefore, numerous mudstones and coal beds act as the last 
major barriers to cross-formational flow.  
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3.8 Hydrogeological Summary 
 

A detailed hydrogeological characterization of the sedimentary succession overlying the 
Leduc (D3-A) and Nisku (D-2) reservoirs in the Clive oil field has been completed to 
identify and evaluate the competence of the main barriers to cross-formation flow in light 
of the proposed CO2 EOR operation and further permanent CO2 storage in these 
reservoirs.  

The hydrostratigraphic column has been constructed based on the geological 
framework, data quality and availability, and previous larger-scale hydrogeological 
studies the Clive and adjacent areas. A total of four deep aquifers and five aquitards 
have been identified in the sedimentary succession overlying the reservoirs targeted for 
CO2-EOR, listed in ascending order: Calmar-Wabamun Aquitard, Lower Mannville 
Aquifer, Upper Mannville–Joli Fou Aquitard, Viking Aquifer, Colorado–Lea Park Aquitard, 
Basal Belly River Aquifer, McKay Aquitard, Upper Belly River Aquifer, and Bearpaw 
Aquitard. Shallower strata contain three aquifers and one aquitard: Horseshoe Canyon 
Aquifer, Whitemud-Battle Aquitard, Paskapoo Aquifer, and Surficial Aquifer, the last two 
being in contact at the top of the bedrock. 

The deepest aquifers, Lower Mannville and Viking, in which water salinity is high and 
highly variable - hence water density is variable - were examined for density-related flow 
effects using Water-Driving-Force analysis. Total Dissolved Solids, aquifer slope, and 
lateral hydraulic gradients were calculated for each aquifer. There are no significant 
density-related flow effects present in these two aquifers in the Enhance Clive study 
area. 

Fluid flow in the Lower Mannville Aquifer is complex and directed primarily towards the 
east and north east. Hydraulic heads range from 500 to 350 m, with horizontal hydraulic 
gradients ranging from 1 to 40 m/km. A composite pressure-elevation plot indicates a 
vertical component of fluid flow based on a measured super-hydrostatic gradient of 
12.4 kPa/m. The distribution of Total Dissolved Solids in the Lower Mannville Aquifer is 
highly variable, ranging from 40 g/L in the south to over 120 g/L in the north. A large 
high-TDS (> 100 g/L) plume sourced from the Devonian aquifers has been identified in 
the northeast. The hydrochemical evidence from the Nisku and Lower Mannville aquifers 
and the Calmar-Wabamun Aquitard, as well as pressure data from the Nisku reservoirs 
and the Lower Mannville Aquifer indicates that there is no hydraulic communication 
between the Nisku Formation and the Lower Mannville Aquifer in the Enhance Clive 
study area. Therefore, the Calmar-Wabamun Aquitard is a strong barrier to cross-
formational flow in this study area.  

Fluid flow in the Viking Aquifer is directed towards the southwest. Hydraulic heads range 
from 390 to 230 m, with lateral hydraulic gradients in the 1 to 20 m/km range. Vertical 
gradients of 10.4 kPa/m indicate that flow in the Viking Aquifer is mainly lateral, with no 
indication of a vertical flow component. Hydraulic heads in the Viking Aquifer are much 
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lower than those in the Lower Mannville Aquifer. Both flow patterns and hydraulic 
gradients in these two aquifers indicate that they are not in hydraulic communication and 
that the intervening Upper Mannville-Joli Fou Aquitard is strong. Water chemistry further 
supports the separation of the Viking Aquifer from the Lower Mannville Aquifer, with TDS 
in the Viking Aquifer ranging from 30 g/L in the central area to 60 g/L in the northeast, 
compared to >120 g/L in the Lower Mannville Aquifer.  

Fluid flow in the Basal and Upper Belly River aquifers is directed towards the southwest. 
Vertical pressure analysis shows that the Basal and Upper Belly River aquifers have a 
downward, downdip component of flow, based on vertical gradients of 8.4 and 
8.8 kPa/m, respectively. These gradients are significantly lower than in the underlying 
Viking Aquifer. Hydraulic heads range between 600 to 350 m in the Basal Belly River 
Aquifer, and 500 to 400 m in the Upper Belly River Aquifer. These hydraulic head values 
are much higher than in the Viking Aquifer. Both Basal and Upper Belly River aquifers 
have TDS values below 15 g/L throughout the entire study area. The Upper Belly River 
Aquifer appears to be underpressured relative to the Basal Belly River Aquifer. All of 
these lines of evidence point towards the competence of the Colorado–Lea Park 
Aquitard as a major barrier to the vertical migration of formation fluids in the Clive study 
area. Also, the McKay Coal Zone separating the Basal and Upper Belly River Aquifers 
seems to be a strong aquitard. 

The flow in the shallow Horseshoe Canyon, Paskapoo, and Surficial aquifers is 
controlled by surface topography and is different from that in the deep aquifers. The 
hydraulic heads are much higher than in the Upper and Basal Belly River aquifer and 
range between 718 – 798 m in the Horseshoe Canyon and 800 – 880 m in the Paskapoo 
aquifers. The TDS values are in the Horseshoe Canyon Aquifer are < 5 g/L and in the 
Paskapoo and Surficial aquifers <1 g/L. The differences in the flow pattern, hydraulic 
heads, and formation water chemistry indicate the presence of a barrier or multiple 
barriers (mudstones and coal beds), between the shallow Horseshoe Canyon, Paskapoo 
and Surficial aquifers themselves, and also between the shallow and deep aquifers in 
the Enhance Clive study area. 

Porosity and permeability of aquifer rocks were analyzed for the Lower Mannville, Viking, 
Basal Belly River and Upper belly River aquifers based on core analyses and drill-stem 
tests. No data are available for shallower aquifers. Plug-scale porosity values vary 
between 1% and 27%, with median values varying between 10.0% and 10.8%. Well-
scale porosity values vary between 5.3% and 26.5%, with median values ranging from 
9.4% to 12.2%. Field-scale porosity values are around 10%. As a general observation, it 
appears that, overall, porosity decreases with increasing depth, which is expected for 
siliciclastic sediments.  Permeability values at the plug scale vary between 0.01 mD (the 
lower measurable limit) and several darcies. However, the low median values (<1 mD) 
indicate that most core permeability values are quite low. Well-scale and field-scale 
permeability values show a decrease of permeability with depth. Horizontal permeability 
anisotropy as determined from core analyses for the three aquifers ranges between 0.90 
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and 0.96 (low anisotropy). Vertical permeability anisotropy ranges from 0.086 (very high 
anisotropy) in the Viking aquifer to 0.53 and 0.33 (high anisotropy) in the Lower 
Mannville and Basal Belly River aquifers, respectively. Permeability values from drill-
stem tests vary between 0.05 mD and several darcies. Field-scale values range between 
3.85 mD for the Upper Belly River Aquifer and 501 mD for the Basal Belly River Aquifer. 
Field-scale permeability values derived from core measurements and from drill-stem 
tests are within the same order of magnitude for the Lower Mannville and Viking 
aquifers, and comparable with that in the Upper Belly River Aquifer. Only for the Basal 
Belly River Aquifer the field-scale permeability values derived from core and from drill-
stem tests differ by a factor of ~40, but this may be statistically explained by the fact that 
only one well has core analyses and there are only five drill-stem tests in this aquifer, 
hence the results are not necessarily representative. 
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4. Mineralogy 
Mineralogical samples have been selected from the aquifers in preparation for the 
numerical geochemical simulations that will be undertaken as part of the next phase of 
this project.  The sample identification, well location, sample depth and formation name 
are given in Table 8. The first nine rock samples are listed in ascending stratigraphic 
order, from above the potential storage complex. Then two samples (EN-10 and EN-11) 
represent the storage unit. Then samples EN-30 through EN-34 represent additional 
samples from formations above the storage complex that were not analyzed earlier on, 
and these are also listed in ascending stratigraphic order. 

Table 8: Sample identification, well location and formation 

Sample # Well Location Depth (m) Formation 
EN-1 6-13-41-25W4 ~ 1864.00 Calmar 
EN-2 6-13-41-25W4 ~ 1860.50 Calmar 
EN-3 6-13-41-25W4 ~1855.00 Wabamun 
EN-4 11-5-41-23W4 ~ 1492.00 Ellerslie 
EN-5 11-5-41-23W4 ~ 1478.00 Ostracod 
EN-6 11-5-41-23W4 ~1474.00 Ostracod 
EN-7 11-5-41-23W4 ~ 1463.30 Glauconitic Sandstone 
EN-8 11-12-41-25W4 ~ 1388.00 Viking 
EN-9 9-35-41-23W4 ~695.25 Basal Belly River Sandstone 
EN-10 9-35-39-24W4 ~1847.00 Nisku 
EN-11 9-35-39-24W4 ~1876.50 Leduc 
EN-30 6-7-40-24W4 ~1570.50 lowermost Upper Mannville 
EN-31 8-6-40-25W4 ~1448.00 Colorado shales 
EN-32 12-17-39-24W4 ~1401.90 Viking Fm. Shale 
EN-33 7-14-41-23W4 ~548.00 Upper Belly River Sst. 
EN-34 12-5-39-23W4 ~748.50 lowermost Upper Belly River 

 

As can be seen from Table 8, multiple samples were taken from the Calmar, Ostracod 
and Belly River formations. At the time of sampling, significant differences in lithology 
were recognized. Thus two samples were taken from each to represent the observed 
heterogeneous formation mineralogy. 

4.1 Analytical Methodology 
A number of different analytical techniques were used to evaluate the mineralogy of 
each of the samples. These included XRD (X-Ray Diffraction), XRF (X-Ray 
Fluorescence), LECO2 (Carbon and Sulphur loss by ignition), ICP-MS (Inductively 
Coupled Plasma Mass Spectrometry analysis), SEM (Scanning Electron Microscopy) 
and EDX (Energy Dispersive X-Ray analysis, on the SEM). With the exception of the 
SEM and XRD, these methods give a direct measurement of the elemental composition 
of the entire sample. SEM provides an image of a section of the core sample and allows 
                                                
2 The term LECO is the name of the original manufacturer for this specific type of instrument, and it is commonly used to 
indicate the apparatus from all manufacturers. 
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portions to be analysed by EDX. The user selects the area to be examined and 
analysed, thus there can be significant sample bias – each phase is usually looked at 
and analysed. Common phases, like quartz, may only be examined once even though it 
may be 90% of the sample. However, the SEM does allow identification of phases which 
are present in trace (or less amounts), a means to evaluate the dimensions of a mineral 
and the relative relationship of the minerals. XRD provides the identity of the major 
minerals and gives an estimate of the relative percentage of each. It does not give the 
composition of the phase. If the phase is non-stoichiometric, it may not be easy to 
identify via XRD. X-Ray Diffraction ratios should be considered approximate. Although 
the peak areas are primarily dependent on the relative amount of each phase, they are 
also strongly dependent on sample preparation, mineral crystallinity and the mineral 
“reflectivity to X-rays”. 

A number of different analytical techniques were used to evaluate the geochemical 
nature of each of the collected rock samples. These include XRD, XRF, LECO, ICP-MS 
and SEM (with EDX). Each of these techniques is presented below and the results are 
presented sample by sample in the following pages. The SEM microphotographs were 
made at selected points in the prepared thick section. EDX analyses were made at 
selected points on the thick section. The images and analysis were made in order to 
identify the salient features that were observed. They do not represent the mineral 
proportions in any way.  

X-Ray Diffraction Analysis: The purpose of the X-Ray Diffraction (XRD) analysis was to 
identify the major crystalline minerals in the core sample. XRD is based on the scattering 
of X-rays from the crystalline mineral structure, which is characteristic of that phase. The 
intensity of the X-rays is measured as a function of angle and plotted. This pattern is 
then compared with the patterns to the standards database maintained by the 
International Centre for Diffraction Data and used to identify the various phases. XRD 
analysis is considered to be semi-quantitative as the mineral is identified by the 
diffraction peak positions, and the fraction of the phase by the relative areas under the 
major peak(s) for each mineral. This must be considered semi-quantitative as the peak 
location, height and width for any given mineral is also a function of mineral composition, 
crystallinity and sample orientation. In addition, unless the mineral has an exceptionally 
clean diffraction pattern compared to the background, it is often difficult to accurately 
estimate the peak areas. Complex mixtures of minerals may be difficult to identify 
because of overlapping characteristic peaks. XRD cannot identify amorphous or poorly 
crystalline material and difficulties may arise if the samples are poorly prepared 
(orientated crystal grains). Thus, for most minerals, calculated fractions below 1% are 
just given as present, and values below 5% should not be considered accurate. To 
quantify low percentage minerals, either the minerals in the sample must be separated 
and concentrated before measurement, or other analytical methods must be used in 
addition to XRD. 
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One gram of material from each sample was prepared for XRD analysis by crushing and 
then homogenizing with a SPEX 800D Mixer/Mill or a McCrone Vibrating Micronizing Mill 
until thoroughly mixed. The sample was then passed through a 45 micron sieve and a 
spatula was used to assist in the gathering of the fine-grained solid. A top loaded sub 
sample of the very fine powder was then prepared. A Siemens D5000 X-Ray 
Diffractometer equipped with a monochrometer was used to collect data. The diffraction 
pattern was recorded with copper radiation generated at 45 kV and 30 mA and any 
crystalline compounds in the sample were then matched to compounds in the 
International Centre for Diffraction Database. 

X-Ray Fluorescence and LECO Analysis: The samples were analyzed using X-Ray 
Fluorescence (XRF) for the major cations and using LECO for carbon and sulphur. XRF 
measures the concentrations of elements within a sample by measuring the energy of 
the secondary X-rays generated when the sample is bombarded with high-energy 
gamma rays. It is useful in measurement of the major elemental composition of a sample 
when, for practical purposes, the sample is comprised of elements with mass at or 
above sodium. To do this, a sample of the core material was crushed, ground, pressed 
into a disc and fused with a flux. The components, SiO2, TiO2, Al2O3, Fe2O3, MnO, MgO, 
CaO, K2O, Na2O, P2O5 and L.O.I. (loss on ignition) were measured. The L.O.I 
measurement is a sum of the volatiles lost during fusion and must be analyzed 
separately to determine what the volatiles are.  

For the samples selected for this project, the LECO analyzer was used to simultaneously 
determine carbon and sulphur through combustion. A sample was loaded into a tared 
ceramic boat and combusted at 1350oC. A combustion catalyst is added to each sample 
to ensure complete combustion in the furnace. The combustion gases are collected and 
flowed through infra-red absorption detectors. The acronym LECO is based on the 
principal manufacturer of this analytical apparatus.  

The XRF and LECO analyses are given for all samples in Appendix D, along with the 
ICP-MS analyses. They are all in the same tables of analytical results, as provided by 
Acme Labs of Vancouver. The first line of the title of the results sheets is “Method”. If 
the listed method is “4X”, then the results refer to XRF analyses. If the listed method is 
“2A Leco”, then the results are the carbon and sulphur analytical results using LECO. If 
the listed method is “1T” or “1E”, then the results are the ICP-MS analysis. For each set 
of tables, the first results presented are the XRF analyses, then the LECO analyses, and 
finally the ICP-MS results. After these results, the analytical data for the various 
laboratory standards are presented. 

Inductively Coupled Plasma Mass Spectrometry Analysis: Inductively coupled plasma 
mass spectrometry (ICP-MS) can be used to determine a range of metals and non-
metals at low concentrations, thus it is ideal for evaluating the trace metal concentrations 
present in a rock sample. ICP-MS is based on injecting a liquid sample as an aerosol 
into plasma in order to create ionic forms of the elements in the sample. The resulting 
plasma/ion mixture is injected into a mass spectrometer which separates and measures 
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the mass of the constituents. The method is extremely accurate in the measurement of 
small and trace amounts of components, with concentrations of one part in 1012 
potentially be measured. It is less appropriate when the component concentrations are 
high. 

For the analyzed samples, the solid sample was acid digested by microwave heating. 
The digested solutions were then diluted with distilled deionized water (DDW) and 
analyzed by inductively coupled plasma-mass spectrometry (ICP-MS). Trace metals 
including Al, An, As, Ba, Be, Bi, B, Cd, Ca, Cl, Cr, Co, Cu, Fe, Pb, Li, Mn, Mo, Ni, Se, 
Ag, Sr, Tl, Th, Sn, Ti, U, V and Zn in the digested solutions were determined using an 
external calibration method with Indium used as the internal standard. Digestion of the 
solid samples was accomplished using a MULTIWAVE-3000 microwave sample 
preparation system (Anton Paar GmbH, Graz, Austria), equipped with temperature and 
pressure regulation (through a sensor vessel) and controlled by a personal computer. 
The ICP-MS system used for analysis was the Perkin-Elmer Elan DRC-II ICP 
quadrupole mass spectrometer (Thornhill, ON, Canada), equipped with a GemTip cross-
flow nebulizer, Ryton spray chamber, plasma torch with a quartz injector, a build-in 
peristaltic sample pump and CETAC ASX-510/ADX-500 auto-sampler/auto-diluter 
equipped with a CEASX500\as500B tray and controlled by ICP-MS software.  

The solid samples were prepared and digested in a clean-laboratory environment. 
Approximately 0.22 to 0.25 gram portions of each solid was weighed into a digestion 
liner, and 5 ml of nitric acid and 0.5 ml of hydrofluoric acid were added. The microwave 
digestion was carried out in a closed vessel at controlled temperature (175°C) and 
controlled pressure (200 psi, or ~1379 kPa). The digested solutions were then diluted to 
100 ml using distilled deionized water (DDW) before ICP-MS analysis. 

In the ICP-MS analysis, all background concentrations of samples and standards were 
reagent blank subtracted. The external standard calibration curves (0, 10 and 100 µg/L 
of Al, An, As, Ba, Be, Bi, B, Cd, Ca, Cl, Cr, Co, Cu, Fe, Pb, Li, Mn, Mo, Ni, Se, Ag, Sr, Tl, 
Th, Sn, Ti, U, V and Zn, and 0, 1, 10 mg/L of Ca) were plotted linearly through zero for 
each isotope. Correction equations were applied to As, Se, Cr and V for corrections of 
interferences from chloride (ArCl and ClO) and also applied to Fe, Co and Ni for 
correction of interferences from calcium oxide and hydroxide. Analytical results were 
calculated and reported in µg/g. All results reported are corrected for mass of sample 
and dilution. The final reported analytical results are either ppm or weight %, based upon 
dry solid sample mass.  

The ICP-MS XRF and LECO analyses are given for all samples at the end of this 
appendix, along with the XRF and LECO analyses. For details on the organization of the 
results, please refer to the last paragraph in the XRF and LECO section, the section 
immediately preceding this one. 

Scanning Electron Microscopy and Energy Dispersive X-Ray analysis: A scanning 
electron microscope (SEM) is an electron microscope that images a sample by scanning 
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it with a high-energy beam of elections. The signals produced include the generation of 
secondary electrons, backscatter electrons and characteristic X-rays. The secondary 
electrons are the primary source to create the morphological map of the sample, while 
the backscatter electrons can be used to provide information about the distribution of 
different elements in the sample. It was not necessary to use backscatter electrons in 
the generation of this images and analyses.  

Some of these sections were examined on a SEM model JEOL 6301FE, using an 
accelerating voltage of 5.0 kV. The remainder were examined using a Zeiss EVO MA 15 
scanning electron microscope with a LaB6 filament. On both, backscattered images are 
taken using a Si diode detector. The Energy Dispersive X-ray analyses were taken using 
a peltier-cooled 10 mm2 Bruker Quantax 200 Silicon drift detector with 123 eV resolution. 
Secondary electron images are obtained using an Everhart-Thornley detector. For the 
range of images and EDX analyses used in this report, the only difference between the 
JEOL and the Zeiss SEM is that the Zeiss instrument allowed direct annotation of the 
images. 

Magnification for each image ranged from 20 times to 20,000 times.  

A small fragment of rock was cut from each sample and a “thick” section was prepared 
by cementing a layer of rock on a glass slide and polishing it. No cover glass was used. 
(Note that one sample, EN-34, was water sensitive and only fragments could be 
mounted on the glass slide).The sample was then gold coated to provide an electrically 
conductive layer using a Nanotech SEMPrep 2 DC sputter coater.  

The mineralogy of the components is based on the morphology of the crystals and 
elemental analysis as determined by Energy Dispersive X-ray (EDX) of selected spots 
(~ 1 µm diameter). Note that gold is always present in the EDX measurement as the 
sample was gold coated.  

Within the section for each sample, the images are presented first and then are followed 
by the EDX analysis. After these, the X-ray diffraction results for the sample are given. 

The ICP-ms, LECO and XRD analyses for all samples are given in Appendix D. 

The ICP-ms and XRF analyses were performed at ACME laboratories in Vancouver, the 
SEM and associated EDX analyses were undertaken by AITF using University of Alberta 
facilities. 

All of the data will be numerically combined using LPNorm (Linear Programming 
Normative analyses) to give the appropriate starting mineralogical conditions for the 
geochemical modelling. This will be undertaken in the second phase of this program. 
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4.2 Results 
 

Based on XRD, the mineralogy of each of the samples is summarized in Table 9 (the 
complete scans are provided in Appendix D).  

Table 9: Mineralogical composition of analyzed samples based on XRD. 

Mineral Sample 
  

          EN 1 EN 2 EN 3 EN 4 EN 5 EN 6 EN 7 EN 8 
Anatase           < 1 < 1   
Anhydrite     65           
Calcite   5       20 < 1   
Dolomite 70 50 35     5     
Halite         
Illite   5   < 1 5 5 5 < 1 
Kaolinite   < 1   5 5 5 5 < 1 
K-Feldspar   5   5     < 1   
Plagioclase       < 1 < 1 < 1 < 1 5 
Pyrite 5 5   < 1       < 1 
Quartz 20 30 < 1 90 75 65 90 95 
Siderite         15       

 

Mineral Sample 
   

      
  

  EN 9 EN-10 EN-11 EN-30 EN-31 EN-32 EN-33 EN-34 
Anatase           <1 <1 5 
Anhydrite   70             
Calcite         20       
Dolomite   30 100   5   15   
Halite          5  <1 <1 
Illite 5     5 5   5 5 
Kaolinite  10     5 <1 5 5 5 
K-Feldspar      5     5 5 
Muscovite          5     
Plagioclase 20     10   5 5 10 
Pyrite  65     <1 5     <1 
Quartz    <1 75 65 70 65 70 
Siderite      <1   10     

 

A quick look at this table indicates that the Calmar, Wabamun, Nisku and Leduc 
formations are primarily carbonate and/or sulphate mineral containing formations. The 
remaining are all siliceous and can only be distinguished apart by the amount of other 
phases present. The XRD results indicate that the Calmar formation is dolomitic with 20 
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to 30% quartz and significant amounts of pyrite present. They also indicate the 
Wabamun formation in the study area is predominately composed of anhydrite (calcium 
sulphate) and dolomite. The Nisku Fm. is predominately composed of anhydrite (calcium 
sulphate) and dolomite. However, as shown in Appendix D, the high amount of anhydrite 
observed is most likely due to the presence of an anhydrite vein. The Leduc Formation 
was found to be 100% dolomite. The Ellerslie Formation is predominately quartz with 
small amounts (approximately 5%) of kaolinite and potassium feldspar. The Ostracod 
Formation is predominately quartz for both samples. The deeper Ostracod sample 
contains in addition siderite, kaolinite and illite, whereas the shallower sample contains 
calcite, dolomite, kaolinite and illite in addition to the quartz. The Glauconitic Sandstone 
is predominately quartz with 5% each of illite and kaolinite. The Viking Sandstone 
sample has a higher proportion of quartz, and 5% calcium plagioclase. The Basal Belly 
River Sandstone has 65% quartz, 20% plagioclase, 10% kaolinite and 5% illite. The 
lowermost Upper Mannville has about 75% quartz, 10% plagioclase and 5% of each of 
illite, kaolinite and potassium feldspar. The Colorado shale has about 65% quartz, 20% 
calcite and 5% of each dolomite, illite and pyrite. The Viking Formation shale has about 
70% quartz and 5% of each kaolinite, muscovite, plagioclase and siderite. Halite was 
identified (5%) but is probably due to drilling fluid contamination. The Upper Belly River 
Fm. has about 65% quartz, 15% dolomite and 5% each of illite, kaolinite, potassium 
feldspar and plagioclase. The lowermost Upper Belly River has about 70% quartz, 10% 
plagioclase and 5% each of illite, kaolinite and potassium feldspar.The significance of 
the mineralogy is in the potential reactions that may occur when either carbon dioxide or 
CO2-containing fluids encounter them. Calcite and siderite will be expected to dissolve in 
the short term. Plagioclase is expected to be quite reactive. Illite is also reactive but is 
expected to react and form more kaolinite. Kaolinite is expected to be relative stable, 
and quartz will be essentially inert. 

A number of minerals were identified in the SEM evaluations that were not identified in 
the XRD scans. It is expected that these will be present in trace amounts. Some, like 
rutile, are expected to be inert. 

The relationships of the minerals and the matrix can be seen in the SEM evaluation. A 
number of the SEM images are shown below for illustration purposes, with the complete 
set presented in the appendices.  

Figure 35 shows a large grain of anhydrite present at the center of the Calmar Formation 
sample, about 1 millimeter in length. No other anhydrite grains were identified in the 
sample. It is quite large compared to the other minerals, which are up to 20X smaller.  

Figure 36 presents a SEM image of the Wabamun formation. It is re-crystallized and 
formed from anhydrite and dolomite. Very little porosity is visible. 
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Figure 35: A 40X magnification from sample EN-1, the Calmar Formation. 

 

Figure 36: 50X magnification of sample EN-3, the Wabamun Formation. 
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Figure 37 presents a SEM image of the Ellerslie Formation. The main mineral is quartz, 
which is present in sub-rounded to slightly angular grains. A number of other minerals 
can be seen – these were examined by EDX. The data are presented in detail 
Appendix D. Significant porosity can be seen. 

Figure 38 presents a SEM image of the Ostracod Formation. It is quite fine grained, and 
in addition to the abundance of quartz grains, a number of other minerals are present. 
The “bright” points in this image are mostly pyrite but some are other heavy minerals.  

Figure 39 presents a SEM image of the Glauconitic Sandstone Formation. The sample is 
predominantly quartz surrounded by clay. The clay is most likely a kaolinite-illite mixture. 

Figure 40 presents a SEM image of the sandstones of the Viking Formation. Most of the 
grains are angular quartz and are approximately 100 to 300 microns in length along the 
apparent long axis. Porosity is evident from the image. A number of bright grains can be 
seen, the majority of which are pyrite. 

In Figure 41, the Basal Belly River Sandstone has good porosity. More than one half of 
the grains are quartz, with a number of other minerals present. Based on its appearance, 
the Basal Belly River Sandstone should be considered to be a reactive formation due to 
the abundance of minerals other than quartz. 

Figure 42 shows an image of the Leduc Formation. In this sample, the formation is 
comprised entirely of dolomite. Sharp crystal edges can be seen in the pores. 

Figure 43 is an SEM image from the Upper Mannville Group. A range of clays and 
plagioclase are present, suggesting that this is a chemically reactive unit. 

Figure 44 is an SEM image from the Colorado shales. The bedding layers can be easily 
seen. At this particular point, considerable pyrite is present. 

Figure 45 is an SEM image from the Viking Formation shale. The bedding plans can be 
clearly seen. 

Figure 46 is an SEM image from sample the Upper Belly River sandstone. This 
particular sample has a large amount of clay. The sample was slightly water sensitive 
and partially separated during mounting on the SEM slide. 

Appendix D contains the full set of analytical data and SEM images for all of these 
samples. As mentioned above, they range in composition from carbonates to almost 
pure quartz sandstone. The range in composition indicates that if they are exposed to 
carbon dioxide-containing water solutions, there will be very different types of reactions 
occurring in each. Some of these reactions may be extensive, while others, particularly 
in the high percentage quartz formations, will be very limited. This will be evaluated in 
the next phase of the project. 
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4.3 Mineralogical Summary 
 

Samples were selected from drill core in order to characterize the mineralogy of the 
Calmar, Wabamun, Ellerslie, Ostracod, Glauconitic Sandstone, Viking and the Basal 
Belly River Sandstone formations. Multiple samples were taken from the Calmar and 
Ostracod formations due to the observation that there were significant differences in 
lithology within these formations. It should be recognized that more variations could 
exists, but within the scope of this program, this sample set will be used as input for the 
geochemical modeling portion of the next phase of the study.  

 

 

Figure 37: A 125X magnification of sample EN-4, the Ellerslie Formation. The green numbers refer to EDX 
analysis in Appendix D. 
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Figure 38: A 100X magnification of sample EN-6, the Ostracod Formation. 

 

Figure 39: A 100X magnification of sample EN-7, the Glauconitic Sandstone Formation. 
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Figure 40: A 100X magnification of sample EN-8, the sandstones of the Viking Formation. 

 

Figure 41: A 50X magnification of sample EN-9, the Basal Belly River Sandstone. 
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Figure 42: A 500X magnification of sample EN-11, the Leduc formation. 

 

Figure 43: A 200X magnification of sample EN-30, from the lowermost portion of the upper Mannville. 
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Figure 44: A 200X magnification of the Colorado shale, Sample EN-31. 

 

Figure 45: A 200X magnification of the Viking Formation shale, sample EN-32. 
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Figure 46: A 200X magnification of sample EN-33, the upper Belly River Sandstone. 

A wide range of analytical techniques were used for the mineralogical, including XRD (X-
Ray Diffraction), XRF (X-Ray Fluorescence), LECO (Carbon and Sulphur loss by 
ignition), ICP-MS (Inductively Coupled Plasma Mass Spectrometry analysis), SEM 
(Scanning Electron Microscopy) and EDX (Energy Dispersive X-Ray analysis, on the 
SEM).  

Given the wide range of formations, the observed mineralogy is relatively limited. The 
Calmar formation is primarily a dolomite with varying amounts of quartz. Pyrite is present 
in both samples at 5%. Variable amounts of calcite, illite, potassium feldspar with traces 
of kaolinite were found in the samples. The Wabamun formation is primarily composed 
of anhydrite and calcite, with a trace of quartz. The Nisku Formation is predominantly 
composed of anhydrite (calcium sulphate) and dolomite. However the large amount of 
anhydrite is most likely due to the presence of an anhydrite vein. The Leduc formation 
was found to be 100% dolomite. The remaining formations are sandstones or shales, 
and comprise more than 65% quartz. The Ellerslie and Glauconitic Sandstone 
formations have 90% quartz, with illite, kaolinite and potassium feldspar present in 
varying amounts in both. Although the modal amounts of the minerals vary, the two 
samples from the Ostracod formation are similar. They have 65 to 75% quartz, 5% each 
of illite and kaolinite and 20% of calcite or siderite (calcium carbonate or iron carbonate). 
The Viking formation has 95% quartz and 5% plagioclase, while the Basal Belly River 
Sandstone has 65% quartz, 20% plagioclase, 10% kaolinite and 5% illite. The lowermost 
Upper Mannville has about 75% quartz, 10% plagioclase and 5% of each of illite, 
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kaolinite and potassium feldspar. The Colorado shale has about 65% quartz, 20% calcite 
and 5% of each dolomite, illite and pyrite. The Viking Formation shale has about 70% 
quartz and 5% of each kaolinite, muscovite, plagioclase and siderite. The Upper Belly 
River has about 65% quartz, 15% dolomite and 5% each of illite, kaolinite, potassium 
feldspar and plagioclase. The lowermost Upper Belly River has about 70% quartz, 10% 
plagioclase and 5% each of illite, kaolinite and potassium feldspar. 

From a geochemical perspective, quartz is, for all practical purposes, inert when in 
contact with CO2 or CO2-saturated formation water. However, leakage of CO2 in these 
siliciclastic formations is expected to result in more acidic formation waters in the 
formations reached by CO2. This will likely result in (some) carbonate mineral dissolution 
and conversion of illite and potentially potassium feldspar to kaolinite, partially buffering 
the pH shift and resulting in high potassium concentrations in the formation fluids. The 
presence of plagioclase in the Viking and Basal Belly River Sandstone formation could 
be significant for mineralogical precipitation of the leaked CO2. If the plagioclase reacts 
to the acidification of the formation water, it will dissolve. This will partially buffer the pH 
and, more interesting, increase the calcium ion concentration. Thus, there is potential for 
the later stage precipitation of calcite, resulting in mineralogical precipitation. The shale 
samples are chemically more complex than the sandstones, as they contain plagioclase 
as well as a number of different sheet silicates / clays. Thus, they also have potential for 
geochemical reactions to occur. These reactions will be limited by the low permeability of 
these formations, which restricts the amount, if any, of penetrating CO2 or CO2-saturated 
water. Both of these possibilities will be evaluated in future phases of the project. 
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5. Summary 
A major challenge in mitigating climate change effects is the reduction of anthropogenic 
CO2 emissions through a broad portfolio of measures which includes increasing energy 
efficiency and conservation, switching from fossil-based energy production to other 
forms of energy such as nuclear, solar, wind and other renewables, and CO2 capture, 
utilization and storage (CCUS). Aware of the potential of CCUS to reduce anthropogenic 
CO2 emissions, the Alberta and federal governments have provided significant financial 
support for the implementation of large-scale CCUS demonstration projects in western 
Canada, among them being Enhance Energy’s “Alberta Carbon Trunk Line” Project, 
known also as ACTL. Enhance Energy Inc. will construct and operate the Alberta 
Carbon Trunk Line, which is a 240 km pipeline that will collect CO2 from industrial 
emitters in and around Alberta’s Industrial Heartland and transport it to aging oil 
reservoirs in central Alberta, more specifically the Leduc (D3-A) and Nisku (D-2) 
reservoirs in the Clive oil field first and then other oil reservoirs as the project 
progresses, for secure storage in CO2-EOR projects  

All CCUS projects require the study of the fate and effects of the stored CO2, and the 
development of an active monitoring program to ensure that there is no CO2 leakage 
from the storage unit. In the case of CO2-EOR operations, CO2 is stored in the 
respective oil reservoir(s), and monitoring of the fate and effects of CO2 in the 
reservoir(s) is part of the engineering practice. However, monitoring for CO2 leakage and 
for effects of CO2 injection outside the reservoir requires knowledge of the 
characteristics of the sedimentary succession above the oil reservoir(s) into which CO2 is 
injected. Enhance Energy has retained Alberta Innovates – Technology Futures (AITF) 
to study the geology, hydrogeology and rock mineralogy in the sedimentary succession 
from the top of the Leduc (D3-A) and Nisku (D2) oil reservoirs, whose primary seal 
(caprock) is the Calmar Formation, to the ground surface. The Enhance Clive study area 
covers 171 sections of land. A total 1715 wells were drilled within this study area, of 
which 660 wells reach the top of the Nisku Formation. For the purpose of a study, a 
geological study area expanded to a Township on each side of the Enhance Clive study 
area was defined. Because of data scarcity, an even larger hydrogeological study area 
was defined, comprising an additional Township on each side of the geological study 
area. 

A very thick package of Paleozoic, Mesozoic and Cenozoic sediments (around 2000 m 
thick) overlies the Clive Leduc (D3-A) and Nisku (D2) pools in the Enhance Clive study 
area. The majority of sedimentary units are continuous across the study area, except for 
those Paleozoic strata in proximity to the sub-Cretaceous unconformity and at the base 
of the Tertiary and Quaternary deposits, which were truncated as a result of pre-
Cretaceous and Cenozoic erosional events, respectively. Only the Bearpaw Formation is 
limited in the study area due to non-deposition. The sedimentary succession comprises 
in ascending order the Devonian shales of the Calmar Formation and anhydritic 
carbonates of the Wabamun Group, the thick Cretaceous succession which consists 
dominantly of sandstones of the Lower Mannville group, mixed siliciclastics of the Upper 
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Mannville Group, shales of the Joli Fou Formation, sandstones of the Viking Formation, 
very thick shales of the Colorado Group and Lea Park Formation, sandstones of the 
Basal Belly River Group, mixed siliciclastics of the Upper Belly River Group, shales of 
the Bearpaw Formation, sandstones of the Horseshoe Canyon Formation, shales of the 
Whitemud and Battle formations, and sandstones of the Scollard Formation. The mixed 
siliciclastics of the Tertiary Paskapoo Formation overlies the Cretaceous succession at 
the top of the bedrock. Quaternary unconsolidated surficial sediments overlying the 
bedrock generally consist of lacustrine deposits underlying glacially-derived tills. Incised 
within these deposits are buried bedrock valleys and meltwater channels filled with sand 
and gravel of fluvial origin. Coal zones are present in the Upper Mannville and Belly 
River groups, and in the Horseshoe Canyon, Scollard and Paskapoo formations. 

A detailed hydrogeological characterization of the sedimentary succession overlying the 
Leduc (D3-A) and Nisku (D-2) reservoirs in the Clive oil field has been completed using 
analyses of formation waters, drillstem tests and core analyses to identify and evaluate 
the competence of the main barriers (aquitards) to cross-formational flow, in light of the 
proposed CO2 EOR operation and further permanent CO2 storage in these reservoirs.  

The hydrostratigraphic column has been constructed based on the geological 
framework, data quality and availability, and previous larger-scale hydrogeological 
studies of the Clive and adjacent areas. A total of four deep aquifers and five aquitards 
have been identified in the deeper sedimentary succession overlying the reservoirs 
targeted for CO2-EOR, listed in ascending order: Calmar-Wabamun Aquitard, Lower 
Mannville Aquifer, Upper Mannville-Joli Fou Aquitard, Viking Aquifer, Colorado-Lea Park 
Aquitard, Basal Belly River Aquifer, McKay Aquitard, Upper Belly River Aquifer, and 
Bearpaw Aquitard. Shallower strata contain three aquifers and one aquitard: Horseshoe 
Canyon Aquifer, Whitemud-Battle Aquitard, Paskapoo Aquifer, and Surficial Aquifer (the 
package of unconsolidated sediments), the last two being in contact across the bedrock 
subcrop. 

Fluid flow in the Lower Mannville Aquifer is complex and directed primarily towards the 
east and north east. Hydraulic heads range from 500 to 350 m, with horizontal hydraulic 
gradients ranging from 1 to 40 m/km. A composite pressure-elevation plot indicates a 
vertical component of fluid flow based on a measured super-hydrostatic gradient of 
12.4 kPa/m. The distribution of Total Dissolved Solids (TDS) in the Lower Mannville 
Aquifer is highly variable, ranging from 40 g/L in the south to over 120 g/L in the north. A 
large high-TDS (>100 g/L) plume has been identified in the northeast. This is most likely 
the result of back-flow of heavy Devonian brines from subcrop regions outside of the 
study area. The hydrochemical evidence from the Nisku and Lower Mannville aquifers 
and the Calmar-Wabamun Aquitard, and the pressure data from the Nisku reservoirs 
and the Lower Mannville Aquifer indicate that there is no hydraulic communication 
between the Nisku Formation and the Lower Mannville Aquifer in the Enhance Clive 
study area and that the Calmar-Wabamun Aquitard is a strong barrier to cross-
formational flow. 
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Fluid flow in the Viking Aquifer is directed towards the southwest. Hydraulic heads range 
from 390 to 230 m, with lateral hydraulic gradients in the 1 to 20 m/km range. Vertical 
gradients of 10.4 kPa/m indicate that flow in the Viking Aquifer is mainly lateral, with no 
indication of a vertical flow component. Hydraulic heads in the Viking Aquifer are much 
lower than those in the Lower Mannville Aquifer. The differences in hydraulic heads, 
hydraulic gradients and flow patterns between these two aquifers indicate that they are 
not in hydraulic communication and that the intervening Upper Mannville-Joli Fou 
Aquitard is strong. Water chemistry further supports the separation of the Viking Aquifer 
from the Lower Mannville Aquifer, with TDS in the Viking Aquifer ranging from 30 g/L in 
the central area to 60 g/L in the northeast, compared to >120 g/L in the Lower Mannville 
Aquifer.  

Fluid flow in the Basal and Upper Belly River aquifers is directed towards the southwest. 
Vertical pressure analysis shows that the Basal and Upper Belly River aquifers have a 
downward, downdip component of flow, based on vertical gradients of 8.4 and 
8.8 kPa/m, respectively. These gradients are significantly lower than in the underlying 
Viking Aquifer. Hydraulic heads range between 600 to 350 m in the Basal Belly River 
Aquifer, and 500 to 400 m in the Upper Belly River Aquifer. These hydraulic head values 
are much higher than in the Viking Aquifer. Both Basal and Upper Belly River aquifers 
have TDS values below 15 g/L throughout the entire study area. The Upper Belly River 
Aquifer appears to be underpressured relative to the Basal Belly River Aquifer. All of 
these lines of evidence point towards the competence (strength) of the Colorado–Lea 
Park Aquitard as a major barrier to the vertical migration of formation fluids in the Clive 
study area. Also, the McKay Coal Zone separating the Basal and Upper Belly River 
Aquifers seems to be a strong aquitard. 

The flow in the shallow Horseshoe Canyon, Paskapoo, and Surficial aquifers is 
controlled by surface topography and is different from that in the deep aquifers. The 
hydraulic heads are much higher than in the Upper and Basal Belly River aquifer and 
range between 718 – 798 m in the Horseshoe Canyon and 800 – 880 m in the Paskapoo 
aquifers. The TDS values are in the Horseshoe Canyon Aquifer are <5 g/L and in the 
Paskapoo and Surficial aquifers <1 g/L. The differences in the flow pattern, hydraulic 
heads, and formation water chemistry indicate the presence of a barrier or multiple 
barriers (mudstones and coal beds), between the shallow Horseshoe Canyon, Paskapoo 
and Surficial aquifers themselves, and also between the shallow and deep aquifers in 
the Enhance Clive study area. 

Porosity and permeability of aquifer rocks were analyzed for the Lower Mannville, Viking 
and Basal and Upper Belly River aquifers based on core analyses and drillstem tests. 
No data are available for shallower aquifers. Plug-scale porosity values vary between 
1% and 27%, with median values varying between 10.0% and 10.8%. Well-scale 
porosity values vary between 5.3% and 26.5%, with median values ranging between 
9.4% and 12.2%. Field-scale porosity values are around 10%. As a general observation, 
it appears that, overall, porosity decreases with increasing depth, which is expected for 
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siliciclastic sediments.  Permeability values at the plug scale vary between 0.01 mD (the 
lower measurable limit) and several darcies. However, the low median values (<1 mD) 
indicate that most core permeability values are quite low. Well-scale and field-scale 
permeability values show a decrease of permeability with depth. The horizontal 
permeability anisotropy is low (greater than 0.90). Vertical permeability anisotropy 
ranges from 0.086 (very high anisotropy) in the Viking aquifer to 0.33 and 0.53 (high 
anisotropy) in the Basal Belly River and Lower Mannville aquifers, respectively. 
Permeability values from drill-stem tests vary between 0.05 mD and several darcies. 
Field-scale values range between 3.85 mD for the Upper Belly River Aquifer and 
501 mD for the Basal Belly River Aquifer. Field-scale permeability values derived from 
core measurements and from drill-stem tests are within the same order of magnitude for 
the Lower Mannville and Viking aquifers, and comparable with that in the Upper Belly 
River Aquifer. Only for the Basal Belly River Aquifer the field-scale permeability values 
derived from core and from drill-stem tests differ by a factor of ~40, but this may be 
statistically explained by the fact that only one well has core analyses and there are only 
five drill-stem tests in this aquifer, hence the results are not necessarily representative. 

The mineralogy of the Calmar, Wabamun, Ellerslie, Ostracod, Glauconitic Sandstone, 
Viking and the Basal Belly River Sandstone formations was characterised in preparation 
for geochemical simulations in the next phase of this study. Samples were taken from 
drill core and evaluated using a range of analytical techniques. In summary, the Calmar 
and Leduc formations is primarily composed of dolomite. The Wabamun and Nisku 
formations are almost entirely comprised of anhydrite and dolomite. The remaining 
formations all have quartz as the dominate mineral, ranging from 65 to 95%. Illite, 
kaolinite and potassium feldspar are present in most of the remaining samples. Some of 
the carbonate minerals are observed in about half of these samples. Plagioclase is 
present in the Viking, Manville and Basal Belly River Sandstone.  

In the case of CO2 leakage into a formation, the formation water will become acidic, 
resulting in reactions with the rock minerals and potentially formation of new minerals. 
Some of the carbonate minerals (calcite, dolomite and/or siderite) are expected to 
dissolve. Illite, and potassium feldspar would probably react to form kaolinite and change 
the formation water composition slightly. The presence of plagioclase suggests that, as it 
dissolves into the more acidic formation water, the increased levels of calcium in the 
formation will result in calcite precipitation. This mechanism for potential mineralogical 
sequestration of leaked CO2 is very significant and will be examined in detail in the next 
phase of the study through geochemical simulations.  

In conclusion, all the geological, hydrogeological and mineralogical evidence collected 
and interpreted in this study indicates that the Leduc (D3-A) and Nisku (D-2) oil 
reservoirs in the Enhance Clive study area are capped by a strong and thick primary 
seal (caprock), the Calmar-Wabamun Aquitard (which includes in places remnants of the 
Carboniferous shales of the Exshaw and Lower Banff formations). This primary seal 
constitutes a barrier to upward migration and leakage of CO2 from the oil reservoirs 
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targeted for CO2 enhanced oil recovery in the area. The primary caprock is overlain in 
turn in by a succession of aquifers, listed in ascending order: Lower Mannville, Viking, 
Basal Belly River and Upper Belly River, separated by strong intervening aquitards: Joli 
Fou, McKay and Bearpaw, which constitute secondary traps and secondary barriers, 
respectively, for any CO2 that may leak from the oil reservoirs through wells that 
penetrate the oil reservoirs. The strength of the aquitards in the sedimentary succession 
indicates that no CO2 leakage is possible through the natural geological and 
hydrogeological system in the Enhance Clive study area. The only possible leakage 
pathway for CO2 injected in the Leduc (D3-A) and Nisku (D2) reservoirs is through one 
or more of the ~309 wells that penetrate the oil-producing horizons in these reservoirs. 
The deep aquifers and aquitards in the study area are overlain by a succession of 
shallow aquifers which are within the depth of protected groundwater in the area: 
Horseshoe Canyon, Scollard-Paskapoo and Surficial. These aquifers constitute a source 
of groundwater used for human consumption and agricultural and industrial purposes 
and they should be monitored for any potential leakage of CO2. Thus, an evaluation of 
the potential for CO2 leakage through wells and the development of a monitoring 
program in the Enhance Clive area are recommended as potential subjects of study in a 
follow-up Phase 2 of the current work.  
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8. APPENDIX A – Geological Structure and Isopach Maps 
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Figure A.1: Structural elevation of the top of the Nisku Formation in the Enhance Clive study area. 
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Figure A.2: Structural elevation of the top of the Calmar Formation in the Enhance Clive study area. 
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Figure A.3: Isopach of the Calmar Formation in the Enhance Clive study area. 

APPENDIX B



 

110 

 

Figure A.4: Structural elevation of the top of the Stettler Formation in the Enhance Clive study area. 
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Figure A.5: Isopach of the Stettler Formation in the Enhance Clive study area. 
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Figure A.6: Structural Elevation of the top of the Big Valley Formation in the Enhance Clive study area. 
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Figure A.7: Isopach of the Big Valley Formation in the Enhance Clive study area. 

APPENDIX B



 

114 

 

Figure A.8: Structural elevation of the Mississippian Exshaw and Banff formations in the Enhance Clive study 
area. 
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Figure A.9: Isopach of the Mississippian Exshaw and Banff formations in the Enhance Clive study area. 

APPENDIX B



 

116 

 
Figure A.10: Structural elevation at the sub-Cretaceous unconformity in the Enhance Clive study area. 
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Figure A.11: Structural elevation of the top of the Ellerslie Formation in the Enhance Clive study area. 
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Figure A.12: Isopach of the Ellerslie Formation in the Enhance Clive study area. 
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Figure A.13: Structural elevation of the top of Ostracod Formation in the Enhance Clive study area. 
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Figure A.14: Isopach of the Ostracod Formation in the Enhance Clive study area. 
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Figure A.15: Structural elevation of the top of the Glauconitic Sandstone Formation in the Enhance Clive study 
area. 
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Figure A.16: Isopach of the Glauconitic Sandstone Formation in the Enhance Clive study area. 
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Figure A.17: Structural elevation of the top of the Upper Mannville unit in the Enhance Clive study area. 
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Figure A.18: Isopach of the Upper Mannville Group in the Enhance Clive study area. 

APPENDIX B



 

125 

 
Figure A.19: Structural elevation of the top of the Joli Fou Formation in the Enhance Clive study area. 
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Figure A.20: Isopach of the Joli Fou Formation in the Enhance Clive study area. 
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Figure A.21: Structural elevation of the Viking Sandstone in the Enhance Clive study area. 
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Figure A.22: Isopach of the Viking Sandstone in the Enhance Clive study area. 
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Figure A.23: Structural elevation of the Viking Formation (“shaly” Viking) in the Enhance Clive study area. 
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Figure A.24: Isopach of the “shaly” Viking unit in the Enhance Clive study area. 
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Figure A.25: Structural elevation of the top of the Lea Park Formation in the Enhance Clive study area. 
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Figure A.26: Isopach of the sedimentary succession from the top of the Viking Sandstone Unit to top of the 
Lea Park Formation in the Enhance Clive study area. 
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Figure A.27: Structural elevation of the top of the Basal Belly River Sandstone unit of the Foremost Formation 
in the Enhance Clive study area. 
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Figure A.28: Isopach of the Basal Belly River Sandstone unit in the Enhance Clive study area. 
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Figure A.29: Structural elevation of the top of the Belly River Group in the Enhance Clive study area. 
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Figure A.30: Isopach of the undifferentiated Upper Belly River Group in the Enhance Clive study area. 
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Figure A.31: Structural elevation of the top of the Bearpaw Formation in the Enhance Clive study area. 
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Figure A.32: Isopach of the Bearpaw Formation in the Enhance Clive study area. 
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Figure A.33: Structural elevation of the top of the Horseshoe Canyon Formation in the Enhance Clive study 
area. 
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Figure A.34: Isopach of the Horseshoe Canyon Formation in the Enhance Clive study area. 
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Figure A.35: Structural elevation of the top of the Whitemud and Battle formations in the Enhance Clive study 
area. 
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Figure A.36: Isopach of the Whitemud-and Battle formations in the Enhance Clive study area. 
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Figure A.37: Structural elevation of the top of the bedrock surface (subcrop of the Scollard and Paskapoo 
formations) in the Enhance Clive study area. 
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Figure A.38: Isopach of the Scollard and Paskapoo formations in the Enhance Clive study area. Bedrock well 
control comes from the Alberta Water Well Database. Battle Fm. well control comes from hydrocarbon wells. 
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Figure A.39: Isopach of the unconsolidated Tertiary and Quaternary deposits in the Enhance Clive study area. 
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Figure A.40: Ground elevation (surface topography) in the Enhance Clive study area. 
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9. APPENDIX B – Culling Methods for Hydrogeological Data 
 

9.1 Chemistry 
 

The following are additional culling criteria for chemistry data: 

Incomplete Analyses 
Many chemical analyses are incomplete or have missing information (such as test 
interval, pH, and type of test). All water samples must be analysed for major ionic 
species: chloride (Cl-), bicarbonate (HCO3

-), sulphate (SO4
2-), sodium (Na+), Calcium 

(Ca2+), and Magnesium (Mg2+). Analyses that are missing any one of these ions were 
removed from database or flagged as potentially erroneous. However, certain chemical 
species are not reported due to their very low concentrations (bellow the detection limit). 
This does not mean that the entire analysis is invalid and manual examination is 
required. 

Charge Balance Error 

Charge Balance Error (CBE) is a fundamental parameter in the quality control of 
chemical analyses (Davis, 1988). Poor quality analyses can be detected by a simple 
calculation based on the fact that dissolved chemical species exist in equilibrium (by 
molar mass and charge). The % CBE is calculated using the following equation (Freeze 
and Cherry, 1979): 

 

 100%
m Zm  Z

m Zm  Z
=%CBE

ac

ac

              (7) 

 

where: Z is the absolute value of ion’s charge, mc is the molar mass of cations, and ma is 
the molar mass of anions. Analyses with CBE greater than 10% were flagged and 
subsequently eliminated from further consideration. 

Identification of Contaminated Samples 

The following are diagnostic criteria used to identify contaminated water samples (e.g. 
Hitchon and Brulotte, 1994; Rostron, 1994; Khan, 2006; Palombi, 2008):  

a) General Criteria 
 pH < 5 or > 8: generally formation water falls within this pH boundary. Any 

samples with pH from outside of this range could potentially be 
contaminated by completion fluid or corrosion inhibitor. 
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 Hydroxide reported (OH-): presence of hydroxide may indicate large 
amount of mud recovery during the test. 

 Carbonate reported (CO3
2-): dissolved CO3

2- cannot exist in a pH 
environment below 8.1 (Langmuir, 1997). Most subsurface brines do not 
contain CO3

2-, therefore, its presence may indicate potential contamination 
with drilling fluid. 

 Density <1 g/cm3 (1000 kg/m3): measured water density of less than 
1 g/cm3 may indicate contamination by an alcohol-based drilling fluid. 

 Recovery <100 m (measured in drill-pipe stands during DSTs only): drill-
stem tests with low recoveries were avoided whenever possible due their 
higher risk of contamination with drilling fluid ("filter cake"). 

b) Acid Water/Completion Fluid Criteria 
 pH <4.5 
 Ratio Ca/Cl >0.3 and pH <5.7 
 Ratio Na/Ca <1.2 
 Ratios Na/Ca <5 and Na/Mg <10 and pH <6 
 Ratio Na/Cl <0.4 and pH <6.8 

c) Corrosion Inhibitor Criteria 
 pH >9 
 Ratios Na/Cl >3.5 and SO4/Cl >1.5 
 SO4/Cl >10 

d) Mud Filtrate/GelChem Criteria 
 Ratio Na/Cl >5 
 Ratios Na/Cl >3.5 and SO4/Cl >1.5 

e) KCl Mud Filtrate (“Kill Fluid”) Criterion 
 Ratio Na/K <20 

In addition to the above criteria, a number of other parameters were used to assess the 
quality of the water analyses. First, the location of the sampling point was used to 
identify where in the fluid column a sample has been taken. Typically locations described 
in the water analysis report include: the top; middle; and bottom of fluid recovery; 
specified distance above the tool; top of tool (above the down-hole sampler); and the 
down-hole sampler. The lower in the fluid column the sample was taken, the better 
("cleaner") the sample is likely to have been recovered since larger volume of formation 
water has entered the drill pipe and flushed the drilling fluid (filter cake) up the tool string. 
Thus, the bottom of the fluid recovery and top of tool are the preferred locations. 
Samples from the down-hole sampler are generally good but it is often found that drilling 
fluid is erroneously sampled instead of the formation water. The least favourable 
sampling locations include the top and middle of the fluid recovery, but sometimes they 
can also produce representative water samples in DSTs with large water recoveries 
(hundreds of metres). 
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A water cushion, a volume of water placed in the tubing prior to flow, is often used in 
deep drill-stem tests to avoid wellbore damage due to high pressure differential. Water 
cushion can significantly dilute the sample, therefore, it is important to know which DSTs 
contained them and take precautions. 

For the final culling stage the TDS and chemistry of each analysis were manually 
examined to ensure a fit with the general data trend. Previous work has shown that 
formation water chemistry is locally consistent, i.e. does not vary (Benn and Rostron, 
1998; Khan, 2006; Palombi, 2008). Data points with anomalous TDS were further 
examined. In cases where TDS values were similar, ionic ratios were calculated and 
samples with anomalous ratios were identified as contaminated or being from a different 
formation. 

 

9.2 Pressure 
 

The following are additional culling criteria for pressure data: 

a) Interval Length: The length of tested interval can often be too large and straddle 
over several formations or aquifers with different pressure regimes. Tests with 
intervals greater than 50 m were manually examined and generally culled. 

b) Quality Code: Data vendors assign a code to subjectively assess the quality of 
the pressure test. Both Hydrofax and CIFE have similar quality codes: (A) best 
quality; (B) nearing stabilization; (C) caution (possible tool plugging); 
(D) questionable or misrun; (E) low permeability and low pressure; (F) low 
permeability and high pressure; (G) misrun. Data with quality from A to C were 
generally retained for further mapping. Quality-D data were also used in areas 
where better quality data were not available or areas of sparse data. Very poor 
quality tests (E to G) were discarded. Additional verification and manual culling 
was performed on lesser-quality data (C and D). 

c) Qualitative Permeability: This code provides a permeability rating based on 
subjective examination of the DST chart(s) by the database vendors. The 
following are the assigned codes: excellent (EX) – final flow has stabilized with 
the final shut-in pressures; high (HI) final flow nearing stabilization with the final 
shut-in pressures; relatively high (RH) – final flow and shut-in are still building up 
slightly; average (AV) - final flow and shut-in are still building up rapidly; relatively 
low (RL) – flow pressure is low and shut-in pressure is building rapidly; low (LO) 
– very low flowing pressure with rapidly building-up shut-in pressure; virtually 
none (VN) – almost no flow and rapidly building pressure. DSTs with qualitative 
permeabilities of lower than average (AV) were generally culled. 
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d) Qualitative Hydro-Factor: This code indicates the type of fluid recovered: water, 
oil, gas, mud, or water cushion. With a mixed recovery the larger amount of fluid 
is taken to be the representative fluid type. For example “Gas-cut water” will be 
marked as W (water). DSTs with water recoveries were preferred. However, 
most DSTs with oil and water cushion recoveries were used since they still 
represent flow conditions in the formation. Mud and gas recoveries were 
generally not used. 

e) Flow and Shut-In Times: These are the times allowed for the fluid to flow into the 
drill-pipe and then stabilize during the shut-in time. Tests with longer flow and 
shut-in times are likely to better represent true formation pressure or provide 
more accurate extrapolation results.  

f) Recovery and Blow Description: on-site operator’s comments can often be useful 
in determining the quality of the test. Those comments could include any 
breakdown events during the test, equipment malfunctions, tool skids, and mud 
leaks all of which could affect pressure measurements. 

g) DST chart: Visual examination of a DST chart can give a firsthand impression 
about the quality of the test if no addition information or interpretation is given. 
Certain older tests also require proper Horner extrapolation directly from the DST 
chart due to the lack of digital pressure readings. 
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10. APPENDIX C – Piper Plots for the Paskapoo Aquifer 

 

Figure C.1: Paskapoo Formation Well Chemistry. 
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Figure C.2: Paskapoo Formation Wells – Na-HCO3 Water. 
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Figure C.3: Paskapoo Formation Wells – Na-HCO3-SO4 Water. 
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Figure C.4: Paskapoo Formation Wells – Na-Ca-Mg-HCO3 Water. 
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Figure C.5: Paskapoo Formation Wells – Na-SO4-HCO3 Water. 
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11. APPENDIX D – Mineralogical Analyses 
The following is a record of the SEM microphotographs, the EDX analyses, the ICP-ms 
analyses, LECO and XRD analyses for the following samples collected form the 
sedimentary succession from the Leduc (D3-A) and Nisku (D2) reservoirs to Upper Belly 
River in the Clive oil field, and include both the aquifers and aquitards in the succession. 

Sample # Well Location Depth (m) Formation 
EN-1 6-13-41-25W4 ~ 1864.00 Calmar 
EN-2 6-13-41-25W4 ~ 1860.50 Calmar 
EN-3 6-13-41-25W4 ~1855.00 Wabamun 
EN-4 11-5-41-23W4 ~ 1492.00 Ellerslie 
EN-5 11-5-41-23W4 ~ 1478.00 Ostracod 
EN-6 11-5-41-23W4 ~1474.00 Ostracod 
EN-7 11-5-41-23W4 ~ 1463.30 Glauconitic Sandstone 
EN-8 11-12-41-25W4 ~ 1388.00 Viking 
EN-9 9-35-41-23W4 ~695.25 Basal Belly River Sandstone 
EN-10 9-35-39-24W4 ~1847.00 Nisku 
EN-11 9-35-39-24W4 ~1876.50 Leduc 
EN-30 6-7-40-24W4 ~1570.50 lowermost Upper Mannville 
EN-31 8-6-40-25W4 ~1448.00 Colorado shales 
EN-32 12-17-39-24W4 ~1401.90 Viking Fm. shale 
EN-33 7-14-41-23W4 ~548.00 Upper Belly River Sst. 
EN-34 12-5-39-23W4 ~748.50 lowermost Upper Belly River 

 

 

 

 

11.1 Sample EN-1 
Sample EN-1 was sampled from core extracted from the Calmar Formation at a depth of 
approximately 1864 meters in well 6-13-41-25W4.  
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Figure D 1: A 100X image of the central grain in sample EN-1, with the EDX analyses positions identified. 

The large central grain in Figure D 1 is a calcium sulphate mineral, and is probably 
anhydrite. 

 

 

Figure D 2: A 40X magnification of sample EN-1. 

Figure D 2 is at lower magnification than 
Figure D 1. No other grains of anhydrite 
can be seen.  

 

Figure D 3: A 100 X magnification of the matrix. 

Figure D 3 is a 100 X magnification of 
the matrix, which can be seen in 
Figure D 2 and Figure D 1. A 
mineralogical assessment would be 
predominately quartz with significant 
potassium feldspar. There are large, 
but isolated calcium sulphate grains 
(anhydrite) occurring infrequently 
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through the matrix. The matrix was 
found to be visually consistent across 
the remained of the sample, 
suggesting that it (the matrix) is 

relatively mineralogical 
homogeneous. 

 

 

Figure D 4: An EDX analysis of point 1. 

This mineral is a calcium sulphate 
phase, most likely anhydrite. 

 

 

Figure D 5: An EDX analysis of point 2. 

This mineral is a titanium oxide, 
either rutile or anatase. 

 

 

Figure D 6: An EDX analysis of point 3. 

This mineral is an iron sulphide, either 
pyrite (most likely) or pyrrhotite. 

 

 

Figure D 7: An EDX analysis of point 4. 

This mineral is quartz. 
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Figure D 8: An EDX analysis of point 5. 

This mineral is potassium feldspar. 
Other spot analysis were made and 
identified additional grains of quartz, 
iron sulphide and potassium 
feldspar. 
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Figure D 9: X-Ray Diffraction pattern for sample EN-1. 

Based on the XRD data, the relative proportions and identity of the minerals 
are: 70% dolomite, 20% quartz, 5% pyrite and 5% illite. 
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11.2 Sample EN-2 
Sample EN-2 was sampled from core at a depth of approximately 1860.5 meters form 
the Calmar Formation in well 6-13-41-25W4.  

 

Figure D 10: A 500X magnification of sample EN-2. The green numbers refer to the location of the EDX 
analyses. 

The sample did not polish as well as sample EN-1. The EDX analysis at point 2 was not 
recorded, however, the mineral was noted to be potassium feldspar and the same as 
point 3. 
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Figure D 11: A 100X magnification of sample EN-2. 

Bedding effects can be clearly seen in 
this figure. 

 

 

 

Figure D 12: A high magnification of the minerals 
at EDX analysis point 6. 

The principal grain in the center of  

Figure D 12 (point 6) is smaller than the 
effective beam diameter, thus the 
analysis at point 6 contains elemental 
signals from other mineral grains. 

 

 

Figure D 13: Point 1 in Figure 10. 

The mineral is a grain of dolomite. 

 

 

 

Figure D 14: EDX analysis at point 3. 

The mineral is a grain of potassium 
feldspar. 
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Figure D 15: EDX analysis at point 4.  

The mineral is a grain of iron sulphide, 
probably pyrite. 

 

 

 

 

 

Figure D 16: EDX analysis at point 5. 

The mineral is a grain of calcium 
phosphate, probably apatite. 

 

Figure D 17: EDX analysis at point 6.  

As was noted in the text following  

Figure D 12, the minerals examined 
and analyzed at point 6 are smaller 
than the beam size. Thus, it is not 
clear from Figure D 17 what the 
identity and composition of the mineral 
is, and it is believe that more than one 
mineral was included in the analytical 
results. 

 

Figure D 18: EDX analysis at Point 7. 

The mineral is quartz.
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Figure D 19: X-Ray Diffraction pattern for sample EN-2. 

Based on the XRD results, the mineralogy and the relative phase abundance is 50% 
dolomite, 30% quartz, 5% illite, 5% potassium feldspar, 5% calcite and 5% pyrite. A 
trace amount of kaolinite is also present.  
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11.3 Sample EN-3 
Sample EN-3 was sampled from core at a depth of approximately 1855 meters, at well 
location 6-13-41-25W4. The formation is the Wabamun formation.  

 

Figure D 20: A 300x magnification of sample EN-3. The green numbers refer to the spot EDX analyses reported 
below. 

 

Note the lack of visible grain boundaries in the matrix in Figure D 20.
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Figure D 21: A 50X magnification of sample EN-3. 

 

 

 

Figure D 22: A 300X magnification of a portion of 
EN-3.  

In Figure D 22, a large grain of iron 
sulphide (pyrite) was observed in the 
upper center portion of the slide. 
Although it was analyzed, the EDX 
spectrum was not kept. Pyrite was not 
noticed elsewhere on the slide. 

 

 

Figure D 23: EDX analysis at point 1.  

The grain is dolomite. 

 

 

Figure D 24: EDX analysis at point 2.  

The grain is calcium sulphate 
(anhydrite). 
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Figure D 25: EDX analysis at point 3.  

The grain is calcium sulphate 
(anhydrite) with some magnesium 
present.  

 

Figure D 26: EDX analysis at point 4.  

The grain is calcium sulphate 
(anhydrite) with some magnesium 
present. 
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Figure D 27: X-Ray Diffraction pattern for sample EN-3. 

Based on the XRD results, the mineralogy is primarily anhydrite (65%), with the 
remainder dolomite (35%). A trace amount of quartz (< 1%) was also noted.   
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11.4 Sample EN-4 
Sample EN-4 was sampled from Ellerslie Formation core at a depth of approximately 
1492 meters in well location 11-5-41-23W4.  

 

Figure D 28: A 125X view of sample EN-4, with the EDX analytical positions identified. 

 

 

Figure D 29: A 50X overview of sample EN-4 

 

 

Figure D 30: A high magnification of an unusual 
mineral grain at position 3. 
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Figure D 31: EDX analysis of position 1.  

The mineral is quartz. 

 

 

 

 

 

 

Figure D 32: EDX analysis of position 2.  

The mineral is potassium feldspar. 

 

 

Figure D 33: EDX analysis of position 3.  

The analysis of point 3, shown in more 
detail in Figure D 30, is composed of 
nickel and other metals. There is a 
similar grain about 2/3 of the distance 
from point 3 to point 5 in Figure D 28. 
Because of its unique composition, it is 
probably the result contamination either 
during drilling or sample preparation of 
the slide. 

 

Figure D 34: EDX analysis of position 4.  

The mineral phase is barite. 

1 2 3 4 5 6 7 8 9 10

 

keV

0

10

20

30

40

50

60

70

80

 
 cps/eV

 Si  O  Au  Au  Au  Au 

1 2 3 4 5 6 7 8 9 10

 

keV

0

10

20

30

40

50

60

70

80

 
 cps/eV

 Si  O  Au  Au  Au  Au  Al  K 
 K 

1 2 3 4 5 6 7 8 9 10

 

keV

0

5

10

15

20

25

30

35

40

 
 cps/eV

 Si  O  Au  Au  Au  Au  Al  Ni  Ni  Fe 
 Fe 

 Cr 

 Cr 

1 2 3 4 5 6 7 8 9 10

 

keV

0

5

10

15

20

25

30

 
 cps/eV

 O  Au  Au  Au  Au  Ba  Ba 
 Ba  S  S 

APPENDIX B



 

172 

 

Figure D 35: EDX analysis of position 5.  

The mineral phase is quartz, as are the 
grains surrounding it. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure D 36: EDX analysis of position 6.  

The mineral phase is a mixture of quartz 
and titanium oxide (rutile or anatase). 

 

Figure D 37: EDX analysis of position 7.  

The mineral phase is potassium feldspar. 
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Figure D 38: X-Ray Diffraction pattern for sample EN-4. 

Based on the XRD results, this sample is predominately quartz (90%). Kaolinite at 5% 
and 5% potassium feldspar was also noted. Trace amounts (< 1%) of illite, plagioclase 
and pyrite were also noted.
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11.5 Sample EN-5 
Sample EN-5 was sampled from core from the Ostracod Formation at a depth of 
approximately 1478 meters in well 11-5-41-23W4.  

 

Figure D 39: 50X magnification of sample EN-5. 

 

Unfortunately, the SEM image showing the locations of the EDX analyses was corrupted 
and could not be used. As a result, the location of the analytical EDX that follow could 
not be located on this image. 
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Figure D 40: 300X magnification of the framboidal pyrite at the center of the previous figure. 

 

Figure D 41: EDX of the framboidal pyrite balls in 
the upper portion of the figure. 

 

 

Figure D 42: EDX analysis of the matrix. 

It is a complex mixture with major 
constituents being calcium, iron and 
magnesium. A smaller amount of silicon 
is present. The minerals could not be 
identified. 
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Figure D 43: EDX analysis of the large grains in 
the matrix. 

The mineral is quartz. 

 

 

Figure D 44: A second EDX analysis of the matrix. 

It is a complex mixture with major 
constituents being calcium, iron and 
magnesium. A smaller amount of silicon 
is present. The mineral(s) could not be 
identified. 

 

 

Figure D 45: A second EDX analysis of the large 
grains in the matrix.  

The mineral is quartz. 
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Figure D 46: X-Ray Diffraction pattern for sample EN-5. 

Based on the XRD results, this sample is primarily composed of quartz (75%) and 
siderite (15%). Illite and kaolinite comprise 5% of the sample each. Trace amounts of 
plagioclase were also noted. 
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11.6 Sample EN-6 
Sample EN-6 was sampled from core at a depth of approximately 1474 meters form the 
Ostracod Formation in well 11-5-41-23W4.  

 

Figure D 47: A 500X view of Sample EN-6, with the EDX analytical positions identified by numbers. 

 

 

Figure D 48: 100X magnification of Sample EN-6. 

 

Figure D 49: Further magnification of the area 
around samples 3 and 3b. The location of Figure D 
49 is slightly to the upper left of the center of 
Figure D 47. 
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Figure D 50: EDX analysis at position 1.  

The phase is pyrite. 

 

 

Figure D 51: EDX analysis at position 2.  

The phase is composed of titanium and 
oxygen, and is either rutile or anatase. 

 

 

Figure D 52: EDX analysis at position 3.  

The phase is quartz. 

 

 

Figure D 53: EDX analysis at position 3b. 

The high magnification resulted in a 
beam size greater than the mineral 
grains; hence the phases could not be 
identified. 
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Figure D 54: EDX analysis at position 4.  

The area analyzed comprises two or 
more phases, one is composed of 
titanium and oxygen, and the other is 
either a potassium clay or potassium 
feldspar. 

 

Figure D 55: EDX analysis at position 5. 

The phase is composed of titanium and 
oxygen, and is either potassium clay or 
potassium feldspar. This is very similar 
to analytical position 4. 

 

Figure D 56: EDX analysis at position 6.  

The phases are too small to be 
accurately analyzed, but they appear to 
be a mixture of ilmenite and potassium 
feldspar.  

 

 

Figure D 57: EDX analysis at position 7.  

The phase is calcite. 
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Figure D 58: X-Ray Diffraction pattern for sample EN-6. 

Based on the XRD results, the most abundant mineral is quartz (65%). Calcite is present 
(20%), with 5% of dolomite, illite and kaolinite, respectively, also present. Trace amounts 
of anatase and plagioclase were also noted. 
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11.7 Sample EN 7 
Sample EN-7 was sampled from core at a depth of approximately 1463.3 meters from 
the Glauconitic Sandstone in well 11-5-41-23W4.  

 

Figure D 59: A 300X magnification of sample EN-7. The annotations refer to the positions of the EDX analyses. 
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Figure D 60: A 100X magnification / overview of 
sample EN-7 

 

 

Figure D 61: EDX analysis of position 1.  

The minerial is a zircon. 

 

Figure D 62: EDX analysis of position 2.  

The mineral is quartz. 

 

Figure D 63: EDX analysis of position 3.  

The mineral is either an illite or fine 
grained potassium feldspar, probabably 
with minor amounts of kaolinite present. 

 

Figure D 64: EDX analysis of position 4.  

The mineral is quartz. 

 

Figure D 65: EDX analysis of position 4.  
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The mineral(s) are predominately 
quartz. 

 

 

Figure D 66: X-Ray Diffraction pattern for sample EN-7. 
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Based on the XRD results, the primary mineral present is quartz (90%). Illite and 
kaolinite are both present at approximately 5%. Trace amounts of anatase, potassium 
feldspar, plagioclase and calcite were also noted.  

11.8  Sample EN-8 
Sample EN-8 was sampled from core at a depth of approximately 1388 meters from the 
Viking sandstone in well 11-12-41-25W4.  

 

Figure D 67: 200X magnification of Sample En-8. The numbers refer to the points at which an EDX analysis 
was made. 
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Figure D 68: 100X magnification of sample EN-8 

 

 

 

 

Figure D 69: EDX analysis at position 1, Error! 
eference source not found.. 67. 

The grains are framboidal pyrite. 

 

 

Figure D 70: EDX analysis at position 2.  

The grains are quartz with minor 
amounts of aluminium and iron. The 
aluminum and iron is either due to 
inclusions or other grains. 

 

Figure D 71: EDX analysis at position 3.  

The grains are either a feldspar or clay, 
and appear that they have undergone 
digenetic reactions. 
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Figure D 72:  EDX analysis at position 4.  

The grains are most likely feldspar with 
minor amounts of magnesium and iron 
present, probably due to other grains. 
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Figure D 73: X-Ray Diffraction pattern for sample EN-8 

Based on the XRD data, the mineralogy of this sample is dominantly quartz (95%). 
Plagioclase is present at 5%. Trace amounts (< 1%) of illite, kaolinite and pyrite were 
also observed.  
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11.9 Sample EN-9 
Sample EN-9 was sampled from core at a depth of approximately 695.25 meters from 
the Basal Belly River sandstone in well 9-35-41-23W4.  

 

Figure D 74: A 100X magnification of Sample EN-9. The numbers refer to the points at which an EDX analyses 
were made. 

In Figure D 74, the square box labeled image 3 refers to Figure D 77. 
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Figure D 75: A 100X magnification of Sample EN-9. The numbers refer to the points at which an EDX analyses 
were made. 

 

 

Figure D 76: A 50X magnification of Sample EN-9. 

 

 

Figure D 77: A 400X magnification of the area 
identified as image 3. 
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Figure D 78: An EDX analysis at point 1.  

The primary mineral is an illite with 
some intergrowths of other phases 
containing iron, magnesium and oxygen 

 

Figure D 79: An EDX analysis at point 20.  

The mineral grain is quartz. 

 

 

Figure D 80: An EDX analysis at point 3.  

The large mineral grain is quartz. 

 

 

Figure D 81: An EDX analysis at point 4.  

The main mineral is iron oxide or 
siderite, with small amounts of other 
phases such as calcite. 
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Figure D 82: An EDX analysis at point 5.  

The principle grain is quartz with some 
clays and iron oxides present. 

 

 

Figure D 83: An EDX analysis at point 6.  

The principal mineral is kaolinite with 
some minor illite present. 

 

Figure D 84: An EDX analysis at point 7.  

The mineralogy is comprised of 
intergrowths of kaolinite and a minor 
amount of plagioclase. 

 

Figure D 85: An EDX analysis at point 8.  

The principal mineral is kaolinite. 
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Figure D 86: An EDX analysis at point 9.  

This large grain is a complex intergrowth 
of various clays, plagioclase and 
probably iron-manganese oxides.  

 

 

Figure D 87: An EDX analysis at point 10.  

The mineral analyzed is ilimenite.  

 

Figure D 88: An EDX analysis at point 11. 

The high concentrations of nickel, 
chromium and aluminum suggest that 
this material is either a polishing 
compound or contamination. 
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Figure D 89: X-Ray Diffraction pattern for sample EN-9 

Based on the X-ray Diffraction results, the main mineralogy can assumed to be mostly 
quartz (65%), approximately 20% plagioclase, 10% kaolinite and 5% illite. 
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11.10 Sample EN-10 
Sample EN-10 was sampled from core at a depth of approximately 1847.0 meters from 
the Nisku Formation in well 9-35-39-24W4.  

 

Figure D 90: A 250X magnification of Sample EN-
10. At this scale, the sample appears 
homogeneous. 

 

Figure D 91: A 500X magnification of Sample EN-
10. At this scale, the sample appears 
homogeneous

 

Figure D 92: A 1000X magnification of Sample EN-10. Once again, the sample appears homogeneous. The 
green annotations refer to the following EDX analysis. 
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Figure D 93: An EDX analysis at point 1. The 
mineral is calcium sulphate 

 

Figure D 94: An EDX analysis at point 2. The 
mineral is calcium sulphate. 

 

Figure D 95: An EDX analysis at point 3. The 
mineral is calcium sulphate. 

All three analyses are identical. No other 
minerals were observed in the SEM 
sample. 

 

 

Figure D 96: A 250X magnification of another area 
on the sample. The mineralogy and texture is 
essentially the same as the previous images. 

 

 

Figure D 97: Photograph of the Nisku sample 
which has been used for analytical purposes. 

The solid line on the same indicates 
where the cut was to be made for the 
SEM sample. Based on the SEM 
results, it appears that only the “white” 
vein portion of the sample was used for 
the SEM sample, thus resulting in the 
“pure” anhydrite sample. 
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Figure D 98: X-Ray Diffraction pattern for sample EN-10 
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Based on the X-Ray Diffraction (XRD) results, the minerals observed are anhydrite 
(calcium sulphate – 70%) and dolomite 30%. This indicates that the XRD sample 
consisted mostly of vein material with a smaller portion of matrix material. 

11.11 Sample EN-11 
Sample EN-11 was sampled from core at a depth of approximately 1876.50 meters from 
the Leduc Formation in well 9-35-39-24W4.  

 

 

Figure D 99: A 100X magnification of Sample EN-
11. At this scale, the sample appears relatively 
homogeneous. 

 

Figure D 100: A 250X magnification of Sample EN-
11. Sharp grain edges in the pores show no 
evidence of dissolution.

 

Figure D 101: A 500X magnification of Sample EN-11. The two green annotations refer to the following EDX 
analysis 
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Figure D 102: A 250X magnification of another area on the sample. 

 

 

Figure D 103: A 500X magnification near the center of the preceding image. Three analysis (identified as 4, 5 
and 6) shown in the followed EDX spectrum were made. 
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Figure D 104: An EDX analysis at point 1. The 
mineral is a potassium feldspar. 

 

 

Figure D 105: An EDX analysis at point 2. The 
mineral is Dolomite and comprises the matrix 
material. 

 

 
Figure D 106: An EDX analysis at point 3. The 
mineral is pyrite and can be seen in other 
locations as a bright spot. 

 

 

Figure D 107: One of the small bright grains turned 
out to be almost pure nickel. It is mostly 
contamination.  

 

 

Figure D 108: Several small grains of potassium 
feldspar were identified at high magnification. 

 

Figure D 109: The matrix is dolomite, as was 
identified from this EDX analysis. 
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Figure D 110: X-Ray Diffraction pattern for sample EN-11. 
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Based on the X-ray Diffraction results, the main mineral is dolomite. A trace of quartz 
(less than 1%) was also measured. No other minerals were identified by XRD. 

 

11.12 Sample EN-30 
Sample EN-30 was sampled from core at a depth of approximately 1570.50 meters from 
the lowermost upper Mannville in well 6-7-40-24W4. 

  

 

Figure D 111: A 50X magnification of Sample EN-
30. At this scale, the sample appears relatively 
homogeneous although composed of a number of 
different minerals. 

 

Figure D 112: A 100X magnification of Sample EN-
30.  

 

 

Figure D 113: A 200X magnification of Sample EN-30. The green annotations refer to the following EDX 
analysis. 
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Figure D 114: An EDX analysis/scan of the entire 
sample. Quartz with smaller amounts of illite/k-
spar appear to be the dominate mineralogy. 

 

 

Figure D 115: An EDX analysis at point 1. The 
mineral is Quartz and comprises the matrix 
material. 

 
Figure D 116: An EDX analysis at point 2. There is 
no clear indication of the identity of the mineral(s).  

 

 

Figure D 117: An EDX analysis at point 3. The 
mineral is most likely K-spar with some minor 
kaolinite. 

 

 

Figure D 118: An EDX analysis at point 4. The 
mineral is pyrite with some background bleed 
through. 
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Figure D 119: X-Ray Diffraction pattern for sample EN-30. 
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Based on the X-ray Diffraction results, the main mineral is quartz (75%). Plagioclase 
(10%), illite (5%), kaolinite (5%) and potassium feldspar (5%) are the other major 
components. Siderite and pyrite were present as trace amounts. 

11.13 Sample EN-31 
Sample EN-31 was sampled from core at a depth of approximately 1448.0 meters from 
the Colorado shales in well 8-6-40-25W4.  

 

Figure D 120: A 50X magnification of Sample EN-
31. At this scale, the layering can be clearly seen. 

 

Figure D 121: A 100X magnification of Sample EN-
30, located slightly to the right of center of the 
previous image. The bright grains are quartz.

 

Figure D 122: A 200X magnification of Sample EN-31. The green annotations refer to the following EDX 
analysis 
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Figure D 123: A 3000X magnification of the area 
identified as point 1 on the annotated sample.  

The small grains in the center of the 
image are pyrite. It is surrounded by 
calcite and fine grained clays. 

 

Figure D 124: A 1500X magnification of the area 
identified as point 4 on the annotated sample. 

The area in the center of the figure are 
kaolinite, which are surrounded by 
calcite This relationship was observed 
throughout the slide. 
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Figure D 125: An EDX overview analysis, 
indicateing that pyrite,quartz and plagioclase are 
present. There is an indication of illite and/or 
potassium feldspar.  

 

 

Figure D 126: An EDX analysis at point 1. The 
bright central mineral is Pyrite and is surrounded 
by calcite and clays.  

 
Figure D 127: An EDX analysis at point 2. The 
mineral is calcite. 

 

Figure D 128: An EDX analysis at point 3. The 
mineral is quartz. 

 

Figure D 129: An EDX analysis at point 4. The 
mineral in the center is kaoloinite with calcite 
surrounding it. An SEM image showing this point 
precedes this EDX section. 

 

 

Figure D 130: An EDX analysis at point 5. The 
mineral is pyrite. 

 

 

Figure D 131: An EDX analysis at point 6. The 
mineral is a clay, but could not be further 
identified. 
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Figure D 132: X-Ray Diffraction pattern for sample EN-31. 
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Based on the X-ray Diffraction results, the main mineral is quartz (65%). Calcite is 
present at 20%. Illite, dolomite and pyrite are present each in the amount of 5%. A trace 
of kaolinite (less than 1%) was also observed.  

11.14 Sample EN-32 
Sample EN-32 was sampled from core at a depth of approximately 1401.90 meters from 
the Viking Formation shales in well 12-17-39-24W4.  

 

 

Figure D 133: A 50X magnification of Sample EN-
32.  

 

Figure D 134: A 100X magnification of Sample EN-
32.  

 

 
 

Figure D 135: A 400X magnification near the 
center of the preceding image 

 

 

APPENDIX B



 

210 
 

 
Figure D 136: A 300X magnification sample EN-32. The green numbers refer to the points at which the 
following EDX analyses were made on the sample. 
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Figure D 137: An EDX overview analysis of the 
100X image. It indicates that Quartz is the major 
mineral.  

 

 

Figure D 138: An EDX analysis at point 1. The 
principle elements are oxygen, iron, silica and 
aluminum. The other common cations are present 
from .5 to 4 %.The mineral identities are not clear. 

 

 
Figure D 139: An EDX analysis at point 2. The main 
mineral is calcite. 

 

 

Figure D 140: An EDX analysis at point 3. The 
mineral appears to be clay or perhaps a chlorite.  

 

 

Figure D 141: An EDX analysis at point 4. The 
mineral appears to be clay. 

 

 

Figure D 142: An EDX analysis at point 5. The 
analysis is of the matrix material, and apears to be 
a clay or perhaps a chlorite. 
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Figure D 143: X-Ray Diffraction pattern for sample EN-32. 
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Based on the X-ray Diffraction results, the main mineral is quartz (70%). Siderite was 
present at approximately 10%. Muscovite, kaolinite, plagioclase and halite were all 
present at 5% each. A trace of Anatase was present.  

11.15 Sample EN-33 
Sample EN-33 was sampled from core at a depth of approximately 548.00 meters from 
the upper Belly River sandstone in well 7-14-41-23W4.  

 

Figure D 144: A 50X magnification of Sample EN-
33. The layering is very clear. 

 

Figure D 145: A 100X magnification of Sample EN-
33.

 

Figure D 146: A 200X magnification of Sample EN-33. The green annotations refer to the following EDX 
analyses 1 through 6. 

APPENDIX B



 

214 
 

 

 
Figure D 147: A 1000X magnification of another area on the sample, annotated showing the locations of EDX 
analyses 7, 8 and 9. 

. 
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Figure D 148: An EDX overview analysis. High 
oxygen, carbon, silica (all exceeding 10%). About 
4% aluminium and other major cations in the 
range of 1% to 2%. 

 

 

Figure D 149: An EDX analysis at point 1. The 
mineral is illite. 

 

 
Figure D 150: An EDX analysis at point 2. The 
mineral is Quartz. 

 

 

Figure D 151: An EDX analysis at point 3. The 
mineral is a clay, with the possible presence of 
some pyrite.  

 

Figure D 152: An EDX analysis at point 4. The 
mineral in a clay with high magnesium, potassium, 
aluminum and silica. 

 

 

Figure D 153: An EDX analysis at point 5. The 
mineral is a clay, and appears to be illite.  
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Figure D 154: An EDX analysis at point 6. The 
mineral appears to be an illilte with minor amounts 
of iron present. 

 

 

Figure D 155: An EDX analysis at point 7. The 
mineral is probably an Illite, but could be a 
glauconite. 

 

Figure D 156: An EDX analysis at point 8. The 
mineral is high in magnesium and iron but was not 
identified. 

 

 

Figure D 157: An EDX analysis at point 9. The 
mineral is potassium feldspar. 
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Figure D 158: X-Ray Diffraction pattern for sample EN-33. 
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Based on the X-Ray Diffraction results, the main mineral is quartz (65%). 15% of the 
sample is dolomite. Illite, kaolinite, potassium feldspar and plagioclase are present in the 
amount of 5% each. Traces of anatase and of halite (less than 1% each) were also 
identified. The Halite is probably drilling mud fluid contamination. 

 

11.16 Sample EN-34 
Sample EN-34 was sampled from core at a depth of approximately 748.50 meters from 
the lowermost Upper Belly River formation in well 12-5-39-23W4.  

During the preparation, the sample was found to be water sensitive and proved very 
difficult to mount. Thus the SEM slide consists of grains epoxied onto the slide and then 
prepared. 

 

 

Figure D 159: A 100X magnification of Sample EN-34, shows that the slide is glued on fragments. 
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Figure D 160: A 300X magnification of Sample EN-34. The green annotations refer to the following EDX 
analysis. Quartz, illite and pyrite can be easily identified in this slide.  

 

.  

Figure D 161: An EDX overview analysis. The 
dominate minerals appear to be quartz and illite. 

 

Figure D 162: An EDX analysis at point 1. The 
mineral is a clay, perhaps a chlorite. 
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Figure D 163: An EDX analysis at point 2. The 
mineral is potassium feldspar. 

 

 
Figure D 164: An EDX analysis at point 3. The 
mineral is probably clay or a chlorite. 

 

 

Figure D 165: An EDX analysis at point 4. The 
mineral is Pyrite with some background silicates 
indicating bleeding through. 

 

Figure D 166: An EDX analysis at point 5. The 
mineralogy is basically the same as at points 1 
and 3. 

 

Figure D 167: An EDX analysis at point 6. This 
analysis is similar to the previous ones but the 
potassium levels are higher. Some illite may be 
present.  

 

Figure D 168: An EDX analysis at point 7. This is 
an analysis of the very fine matrix and appears to 
be kaolinite with perhaps some illite.  
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Figure D 169: X-Ray Diffraction pattern for sample EN-34. 
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Based on the X-Ray Diffraction results, the main mineral is Quartz (70%). 10% 
Plagioclase was also measured. Illite, kaolinite, potassium feldspar and anatase were 
present at 5% each. A trace of pyrite and hyalite (less than 1%) was also measured. 
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11.17 ICP-MS, LECO & XRF analyses of all samples. 
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11.18 Additional ICP-MS, & XRF of samples EN-10 and EN-11. 
 

The following tables contain duplicate analytical results for samples EN-10 and EN-11. 
These analyses include XRF, and acid digestion followed by ICP-AES. The analyses 
were undertaken at Waterloo University, Ontario, Canada, and have been included for 
completeness.  

Major Oxide Determinations by Fusion XRF analysis (in wt%) 
  

         

         Sample  SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO K2O 

EN10 0.49 0.01 0.12 0.12 0.02 20.40 31.78 0.02 

EN11 0.78 0.01 0.24 0.14 0.01 20.63 29.94 0.02 

         

         Standard SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO K2O 

JA-3 62.23 0.67 15.30 6.49 0.09 3.70 6.22 1.39 

R.V. 62.26 0.68 15.57 6.39 0.11 3.65 6.28 1.41 

MRG-1 39.08 3.76 8.52 17.88 0.15 13.53 14.58 0.17 

R.V. 39.12 3.77 8.47 17.94 0.17 13.55 14.70 0.18 

 

 

Major Oxide Determinations by Fusion XRF analysis (in wt%) 

      

      Sample  Na2O P2O5 Cr2O3 L.O.I. Total 

EN10 < 0.01 0.01 0.02 44.93 97.92 

EN11 < 0.01 0.01 0.00 47.10 98.88 

      

      Standard Na2O P2O5 Cr2O3 L.O.I. Total 

JA-3 3.07 0.12 0.01 0.88 100.17 

R.V. 3.17 0.11 0.02 
  MRG-1 0.70 0.06 0.07 1.86 100.36 

R.V. 0.74 0.08 0.06 
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Aqua-regia Digestion ICP-AES metal analysis (mg/l). 
 

Sample Al As B Ba Be Ca 
EN-10 380  1.10  7.82  2.53  n.d. 157450  

EN-11 443  0.86  10.55  2.97  n.d. 152087  

       

       Standard Al As B Ba Be Ca 
BLANK n.d. n.d. n.d. n.d. n.d. n.d. 

       SPIKE 4.27  4.25  4.49  4.53  4.28  0.66  

SPIKE DUP 4.34  4.33  4.34  4.34  4.20  0.54  

       AQR VHG-3 0.5 ppm 5.07  5.04  5.07  5.05  5.07  5.01  

WAVECAL 0.5 ppm n.d. 0.51  n.d. n.d. n.d. n.d. 

       AQR QCS-26 1.0 ppm 0.97  0.88  0.90  0.91  0.90  1.13  

 

 

Sample Cd Co Cr Cu Fe Hg 
EN-10 0.43  0.31  0.48  0.45  532  n.d. 

EN-11 0.41  0.49  2.35  0.62  578  n.d. 

       

       Standard Cd Co Cr Cu Fe Hg 
BLANK n.d. n.d. n.d. n.d. n.d. n.d. 

       SPIKE 4.53  4.44  4.54  4.22  4.42  4.38  

SPIKE DUP 4.47  4.38  4.50  4.19  4.32  4.33  

       AQR VHG-3 0.5 ppm 5.04  5.10  5.05  5.03  5.06  5.04  

WAVECAL 0.5 ppm n.d. n.d. n.d. n.d. 0.01  0.01  

       AQR QCS-26 1.0 ppm 0.95  0.92  0.92  0.93  1.01  0.00  
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Sample K Li Mg Mn Mo Na 
EN-10 312  2.26  50661  62  n.d. 541  

EN-11 326  2.36  53728  46  n.d. 634  

       

       Standard K Li Mg Mn Mo Na 
BLANK n.d. n.d. n.d. n.d. n.d. n.d. 

       SPIKE 4.17  4.33  2.74  4.42  4.08  4.35  

SPIKE DUP 4.28  4.15  2.67  4.35  4.07  3.81  

       AQR VHG-3 0.5 ppm 5.07  5.08  5.04  5.05  5.05  5.07  

WAVECAL 0.5 ppm 2.52  0.51  n.d. 0.55  0.52  0.60  

       AQR QCS-26 1.0 ppm 9.61  n.d. 1.01  0.94  0.89  0.91  

 

 

Sample Ni P Pb S Sb Se 
EN-10 0.26  56.6  n.d. 1699  n.d. n.d. 

EN-11 0.83  73.1  1.45  105  n.d. n.d. 

       

       Standard Ni P Pb S Sb Se 
BLANK n.d. n.d. n.d. n.d. n.d. n.d. 

       SPIKE 4.35  3.94  4.24  n.d. 4.25  4.27  

SPIKE DUP 4.32  3.71  4.23  n.d. 4.28  4.29  

       AQR VHG-3 0.5 ppm 5.04  5.10  5.08  0.03  5.06  1.89  

WAVECAL 0.5 ppm 0.54  0.52  n.d. 0.49  n.d. 0.01  

       AQR QCS-26 1.0 ppm 0.95  n.d. 0.93  n.d. 0.92  0.92  
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Sample Si Sn Sr Ti Tl V 
EN-10 534  n.d. 164  n.d. n.d. 5.40  

EN-11 503  n.d. 91  n.d. n.d. 11.35  

       

       Standard Si Sn Sr Ti Tl V 
BLANK n.d. n.d. n.d. n.d. n.d. n.d. 

       SPIKE 3.83  4.55  4.28  4.42  4.42  4.46  

SPIKE DUP 3.81  4.47  4.13  4.38  4.37  4.39  

       AQR VHG-3 0.5 ppm 5.08  5.10  5.06  5.05  5.08  5.05  

WAVECAL 0.5 ppm n.d. 0.01  n.d. 0.10  0.01  n.d. 

       AQR QCS-26 1.0 ppm 0.82  n.d. n.d. 0.90  0.88  0.91  

 

Sample Zn 
EN-10 5.05  

EN-11 3.75  

  

  Standard Zn 
BLANK n.d. 

  SPIKE 4.58  

SPIKE DUP 4.51  

  AQR VHG-3 0.5 ppm 5.03  

WAVECAL 0.5 ppm n.d. 

  AQR QCS-26 1.0 ppm 0.98  
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Executive Summary  

The objective of the Alberta Carbon Trunk Line project being implemented by Enhance 

Energy Inc. is to collect CO2 from large-scale industrial CO2 emitters in and around 

Alberta’s Industrial Heartland for use in CO2-assisted enhanced oil recovery in aging oil 

reservoirs in central Alberta. Alberta Innovates – Technology Futures has performed 

several studies to assess the effects of injecting CO2 in the Leduc D3-A and Nisku D2 oil 

reservoirs in the Clive oil field.  The objective of the study reported here is to assess the 

likely geochemical interactions between the injected CO2 and the rocks and water 

contained in these two oil reservoirs and in overlying saline aquifers assuming that 

leakage of CO2 or CO2-rich water from the reservoir may occur.  These geochemical 

reactions were modelled using the geochemical code PHREEQC. The results presented 

here are restricted to equilibrium calculations; these results represent upper limits on the 

extent of geochemical reactions. Specifically, the extent of chemical trapping of CO2 and 

acid neutralization reported here represent upper limits for the scenarios modelled. 

Within the oil reservoirs, in both of which the host rock is relatively pure dolomite, the 

interaction between the injected CO2 and reservoir minerals will lead to the breakdown of 

feldspars, present in minor amounts, to form clays. There is also some transformation of 

the carbonate minerals within the reservoir, however, this will be minor. Overall, the 

predicted geochemical reactions will lead to a trivial decrease in porosity in the oil 

reservoirs; with no expected impact on reservoir characteristics, particularly permeability, 

and hence on oil recovery.  

This thick seal overlying the Leduc D3-A and Nisku D2 oil reservoirs constitutes a barrier 

to upward migration and leakage of CO2 from these oil reservoirs. The greatest risk of 

leakage of fluids (CO2 or acidified brines) from the oil reservoirs will be associated with 

well bores that penetrate these reservoirs.  Leaking fluids will interact with formation 

water and minerals in a succession of saline aquifers. These are, in ascending order: 

Lower Mannville, Viking, Basal Belly River and Upper Belly River. These overlying 

aquifers, being of siliciclastic nature, are mineralogical more complex than the carbonate 

oil reservoirs, hence the resultant geochemical reactions are accordingly more complex.  

In the case of pure CO2 leakage into these aquifers, the general tendency will be for the 

pre-existing feldspars and complex clays to breakdown, forming the simpler, more acidic 

clay mineral kaolinite and a pure silica phase. As well, significant quantities of the 

magnesium carbonate, magnesite, are predicted to form within the Basal and Upper 

Belly River aquifers. As with the oil reservoirs, the predicted changes in the porosity of 

the lower two aquifers (Lower Mannville and Viking) are inconsequential; however, this is 

not the case for the upper two aquifers; an increase in porosity is expected within the 

Basal Belly River aquifer, while a significant porosity reduction is expected within the 

Upper Belly River aquifer.  Permeability is not expected to change, at least not in the two 

lower aquifers (Lower Mannville and Viking), and maybe only locally in the two upper 

ones (Basal and Upper Belly River).  
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The capacity of the aquifers overlying the oil reservoirs to trap CO2, either within mineral 

phases or as bicarbonate in the water, is also greater in the upper two aquifers (Basal 

and Upper Belly River) than in the lower ones (Lower Mannville and Viking). One reason 

for this is the markedly lower salinity in the former than in the latter.  Calculations 

suggest that, following equilibration with a free-phase CO2, free CO2 will continue to exist 

within the Mannville and Viking aquifers but not in the Basal and Upper Belly River 

aquifers.  Leakage through any of these aquifers will also result in some dispersion and 

dilution of any vertical flux of CO2 into each of these aquifers.    

Leakage of acidified brines into these aquifers will result in a more complex set of 

reactions. In contrast to the case of pure CO2 leakage where the rock acts to buffer pH 

changes associated with the acidification of aquifer water, the flow of cation-laden brines 

can induce acid forming reactions. As such, the pH of waters resulting from the mixing of 

CO2-enriched reservoir-derived water with that from the overlying aquifers will generally 

be lower (the water will be more acidic) than in the case of pure CO2 flow. This has 

implications when considering trace metal mobility within affected aquifers – generally 

the mobility of trace elements, such as lead and arsenic, increases as pH decreases.  

The results presented here represent the state towards which reservoir and aquifer 

mineralogy and water chemistry will ultimately tend when interacting with fluids in and 

leaking from the oil-reservoirs into which CO2 is injected. Nevertheless, these 

geochemical calculations provide insights into mechanisms which may be responsible 

for reducing leakage rates and related effects, while also providing an insight into 

potential compositional changes induced by CO2 leakage that may influence future 

monitoring approaches.    
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1. Introduction 
1.1 Background 
Interpretation of the temperature record on a scale of centuries to millennia indicates a 

slight increase in global annual temperatures in the last 150 years, in the order of 0.76ºC 

(IPCC, 2007). It is very likely (>90% likelihood) and generally accepted that the main 

cause of the observed global warming is the increase in atmospheric concentrations of 

greenhouse gases, mainly carbon dioxide (CO2), but also methane (CH4) and nitrous 

oxide (N2O) (IPCC, 2007). Although a direct causal link between the carbon cycle, 

including CO2 and CH4, and global warming has not been demonstrated, circumstantial 

evidence points toward this link, which has generally been accepted by a broad segment 

of the scientific community, the general public and policy makers. 

A major challenge in mitigating climate change effects is the reduction of anthropogenic 

CO2 emissions through a broad portfolio of measures which includes increasing energy 

efficiency and conservation, and switching from fossil-based energy production to other 

forms of energy such as nuclear, solar, wind and other renewables. Capture of CO2 from 

large stationary sources prior to potential release into the atmosphere, and utilization or 

storage in various geological media (this process is known as Carbon Capture, 

Utilization and Storage, or CCUS) has been recognized also as one of the main 

technologies available today for reducing anthropogenic emissions of CO2 in the 

atmosphere. The “utilization” in CCUS consists mainly in using CO2 captured from large 

stationary sources for CO2 enhanced oil recovery (CO2-EOR). Currently there are more 

than a hundred CO2-EOR operations in the world, the great majority of them being in the 

U.S. However, they predate CCUS, most of them use CO2 from natural CO2 reservoirs 

rather than anthropogenic sources, and, for various reasons, they are not considered as 

CO2 storage operations. Only the Weyburn-Midale project in southeastern 

Saskatchewan, which uses CO2 from a coal-gasification plant in North Dakota, is 

considered as a CO2 storage operation.  

Aware of the potential of CCUS to reduce anthropogenic CO2 emissions, the federal, 

Alberta and Saskatchewan governments have provided significant financial support for 

the implementation of large-scale CCUS demonstration projects in western Canada. 

Among the projects that have been initiated in western Canada is Enhance Energy Inc. 

project “Alberta Carbon Trunk Line”, known also as ACTL. 

1.2 The ACTL Project 
Enhance Energy Inc. will construct and operate the Alberta Carbon Trunk Line, which is 

a 240 km pipeline that will collect CO2 from industrial emitters in and around Alberta’s 

Industrial Heartland and transport it to aging oil reservoirs in central Alberta, more 

specifically to the Clive oil field first and beyond it as the project progresses, for secure 

storage in CO2-EOR projects (Figure 1). The Clive oil field is located east to northeast of 

Joffre and immediately north of the Red Deer River. At full capacity the ACTL route will 
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provide access to oil reservoirs capable of producing an additional billion barrels of high-

quality light-crude oil while storing 14.6 Mt CO2. 

 

Figure 1:  Location of the Alberta Carbon Trunk Line (ACTL). Reproduced from Enhance Energy Inc.’s fact 
sheet at http://www.enhanceenergy.com. 

All CCUS projects require the study of the fate and effects of the stored CO2, and the 

development of an active monitoring program to ensure that there is no CO2 leakage 

from the storage unit. In the case of CO2-EOR operations, CO2 is stored in the 

respective oil reservoir(s), and monitoring of the fate and effects of CO2 in the 

reservoir(s) is part of the engineering practice. However, monitoring for CO2 leakage and 

for effects of CO2 injection outside the reservoir requires knowledge of the sedimentary 

succession above the oil reservoir(s) into which CO2 is injected. Conceptually, the 

sedimentary succession in a CCUS operation can be divided into: 

1) The storage complex comprising the injection unit (reservoir) and primary 

caprock (seal) above the injection unit, which in this case comprise the Leduc 

D3-A and Nisku D2 oil reservoirs and the Calmar Formation (caprock); 

2) The succession of aquifers and aquitards between the primary seal and the base 

of protected groundwater, which in this case comprise the succession from the 

Devonian Stettler Formation to the Upper Cretaceous Belly River Group; and 
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3) The sedimentary succession from the base of shallow protected groundwater, 

defined in Alberta as groundwater with salinity (Total Dissolved Solids, or TDS) 

less than 4000 mg/L, to the ground surface, which in this case is the sedimentary 

succession overlying the Belly River Group. 

Effects of CO2 injection are generally of two types: 

 Geomechanical, as a result of pressure increase during CO2 injection; and  

 Geochemical as a result of CO2 coming in contact with formation water and 

rocks. These effects are particularly important if CO2 leaks into protected 

groundwater that is used for human consumption and for agricultural and 

industrial purposes (hence the division of the sedimentary succession presented 

previously).  

In the case of the Alberta Carbon Trunk Line project, Enhance Energy Inc. has retained 

Alberta Innovates – Technology Futures (AITF) to study these effects in a staged 

approach that consists of several phases. In Phase 1 of the study, AITF in collaboration 

with University of Saskatchewan studied the geology, hydrogeology, rock mineralogy 

and geomechanical properties of the sedimentary succession from the top of the Leduc 

D3-A and Nisku D2 oil reservoirs, whose primary seal (caprock) is the combined interval 

of the anhydritic upper portion of the Nisku Formation and the shaley Calmar Formation, 

to the ground surface (Bachu et al., 2011; Oar et al., 2011).  

The study area was defined as illustrated in Figure 2 covering 171 sections of land. A 

total of 1715 wells were drilled within the study area, of which 660 wells reach the top of 

the Nisku Formation; most of those are located within the D2 pools. Elevations for the 

ground surface in the study area range from 790 to 910 mASL (Figure 3). The land 

surface elevation is generally higher in the west and lower in the east, with the 

Red Deer River in the southeast and associated tributaries in the northeast portions of 

the study area. Topographical highs are found in the southwest and west-central 

portions of the study area. In Phase 2 of the study, the leakage potential of the wells 

penetrating the Leduc D3-A and Nisku D2 oil reservoirs was examined (Faltinson et al., 

2011), and geomechanical effects of CO2 injection were assessed based on numerical 

modelling (Soltanzadeh et al., 2012).  

This report presents the results of geochemical modelling of effects of CO2 on the Leduc 

D3-A and Nisku (2-D) oil reservoirs, and on the strata in the sedimentary succession 

overlying these reservoirs up to the Belly River Group below the protected groundwater 

in the Clive area. This work was performed also as part of Phase 2 of the study. 
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Figure 2:  Clive study area, delineated by the red line, for the assessment of the sedimentary succession 
above the Leduc D3-A and Nisku D2 oil reservoirs in the Clive oil field. 
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Figure 3:  Regional topographic map of the region around the Clive study area (Topography DEM from 
GeoBASE; roads and DLS grid from GeoScout). 

 

1.3 Modelling of geochemical interactions 
Interactions between injected gases and the host reservoir, its caprock, and overlying 

strata, are dictated by the chemical properties of the phases which exist prior to, and 
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following gas injection (in this case CO2). Aspects of these phase properties which are 

relevant to this study have been previously presented in Bachu et al. (2011). Carbon 

dioxide and CO2-charged waters contact the mineral and cement phases in rocks and 

wells, respectively, whose characteristics are also reported in Bachu et al. (2011) and 

Faltinson et al. (2011).  

Through the extensive period of contact between the formation water and the solid rock 

phases, the water composition evolves towards equilibrium with the minerals found in 

the respective aquifers and reservoirs. This equilibrium will be disturbed by the presence 

of CO2 either as a dense, supercritical fluid, or in gaseous phase in the case of leakage 

into shallow strata. The fluid and rock properties required to define the chemical 

interactions between these phases are documented in this report. This begins with 

compositional aspects of the various phases (Chapter 2), followed in Chapters 3 and 4 

by more detailed analysis of their chemical properties, including equilibrium 

relationships. The most probable geochemical interactions between these disparate 

phases (reservoir and aquifer minerals, water and the injected CO2) are presented in 

Chapter 5. The report ends with a brief summary and conclusions regarding the 

geochemical effects of injecting and storing CO2 in the Nisku D2 and Leduc D3-A 

reservoirs in the Clive oil field and their importance.  

Any injected CO2 will be relatively pure (e.g., Wigston and Ryan, 2011). However, 

depending on the in-situ temperature, pressure and fluid(s) composition, the injected gas 

has the potential to strip volatile components from existing fluid phase(s). This effect is 

responsible for the generation of a methane-rich bank at the leading edge of the plume 

of injected CO2 injected into a saline aquifer that contains a significant amount of 

dissolved methane (Doughty and Freifeld, 2012). As well, modelling results suggest a 

similar effect can arise in H2S-rich formation waters (Ghaderi et al., 2011). The presence 

of H2S can greatly modify the geochemical behaviour of CO2/water/rock systems. While 

H2S is noted as present in waters recovered from the oil reservoirs, there is no indication 

of its concentration; it is simply noted as being present in the samples. Ghaderi et al. 

(2011) cite Hutcheon (1999) as reporting high H2S contents in brines recovered from the 

Nisku Formation in deeper regions closer to the Rocky Mountain Thrust and Fold Belt as 

a result of thermosulphate reduction. However, in the absence of specific knowledge 

about the concentrations of H2S in the local waters and oils within the study area, 

modelling such interactions are outside the scope of this current work. There is no 

indication about the presence of H2S in the Cretaceous aquifers overlying the Devonian 

Leduc 3D-A and Nisku 2D oil reservoirs in the Clive oil field (Bachu et al., 2011), and its 

presence is not expected based on the characteristics of these aquifers and generally of 

the Cretaceous strata.  
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2. Relevant Prior Work  
This chapter presents a review of previously-reported results (see Bachu et al. 2011) 

regarding the characteristics of the rocks and waters in the Leduc D3-A and Nisku D2 oil 

reservoirs and overlying formations in the Clive oil field that are required to define the 

possible geochemical interactions analyzed in this report. These geochemical 

interactions involve mineral phases which are generally referred to herein by their 

mineral names. These are defined in terms of their chemical composition in Appendix A. 

2.1 Geology 
Sedimentary strata in the Clive area are the result of deposition predominantly within two 

distinct stages of tectonic evolution of the Alberta Basin. The first stage involves an early 

Phanerozoic (Cambrian) to Late Jurassic deposition on the western passive cratonic 

margin of the proto North American continent. During this stage, deposition of 

sedimentary strata was dominated by the growth of carbonates (Figure 4), especially 

during the Devonian, including the Leduc (D3) reef complex and the overlying 

Nisku Formation D2 which form the Clive oil field. 

The second major phase of basin evolution involves orogenic cycles affecting the 

western cratonic margin of North America. Two major cycles are represented in the 

Alberta Basin by the Jurassic-Early Cretaceous Columbian and Late Cretaceous-Tertiary 

Laramide orogenies. The accretion of terranes on the western cratonic margin caused 

dislocation of a supracrustal wedge that was stacked and thickened north-eastward onto 

the cratonic margin, the weight of which produced the foreland trough east of the 

Cordillera. As a result of tectonic loading at the western margin of the basin during the 

Columbian orogeny, Paleozoic strata were tilted south-westward with a slope in the Clive 

area of approximately 13 m/km (0.74º). Major erosional events prior to Cretaceous 

deposition resulted in significant removal of Mississippian strata, and complete erosional 

removal of Triassic and Jurassic sediments in the area. Consequently, in the Clive area 

the Devonian Big Valley and the Mississippian Exshaw and Banff formations are 

successively exposed west to east beneath Cretaceous strata at the sub-Cretaceous 

unconformity (Figure 4).  

The second stage of basin evolution saw a cessation of carbonate growth due to a major 

influx of siliciclastics. Throughout Mesozoic time the foreland basin, created as a result 

of the Columbian and Laramide orogenies and paralleling the Rocky Mountain chain, 

was the locus of much of the sedimentation derived from erosion of the newly formed 

Cordillera. The majority of sedimentary units filling this foreland trough are continuous 

across the study area, except for those strata in proximity to the base of the Tertiary and 

Quaternary deposits, which were truncated as a result of Cenozoic erosional events 

(Scollard and Paskapoo formations). Only the Bearpaw Formation is limited in extent in 

the study area due to non-deposition. Coal zones are found within the Upper Mannville, 

and the Belly River and Edmonton groups (Figure 4). 
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Figure 4:  Lithostratigraphic column, including major coal zones, in the Clive study area. 
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The Quaternary unconsolidated surficial sediments generally consist of lacustrine 

deposits underlying glacially derived tills. Incised within these deposits are buried 

bedrock valleys and meltwater channels filled with fluvially-derived sand and gravel. 

Meltwater channels trending northwest to southeast transect the Clive area.  

2.2 Hydrostratigraphy and Flow of Formation Waters 
The sedimentary succession consists of four geological packages (in ascending 

stratigraphic order): 1) Upper Devonian carbonates, evaporites and shales; 

2) Carboniferous shales present in the west and south; 3) a thick package of Mesozoic 

mixed siliciclastics and shales; all overlain by 4) Cenozoic till, glacio-fluvial and 

lacustrine sediments (Figure 4). The hydrostratigraphic column (Figure 5) has been 

constructed based on the geological framework, data quality and availability, and 

previous larger-scale hydrogeological studies of the Clive and adjacent areas (Bachu et 

al., 2011). 

The Nisku D2 oil reservoir is overlain by the Calmar Formation (both are part of the 

Winterburn Group), which constitutes the primary caprock. A total of four deep aquifers 

and five aquitards have been identified in the sedimentary succession overlying the 

reservoirs targeted for CO2-EOR, listed in ascending order: Calmar-Wabamun Aquitard, 

Lower Mannville Aquifer (including the Ellerslie, Ostrocod and Glauconitic Sandstone), 

Upper Mannville–Joli Fou Aquitard, Viking Aquifer, Colorado–Lea Park Aquitard, Basal 

Belly River Aquifer, McKay Aquitard, Upper Belly River Aquifer, and Bearpaw Aquitard. 

Shallower strata contain three aquifers and one aquitard: Horseshoe Canyon Aquifer, 

Whitemud-Battle Aquitard, Paskapoo Aquifer, and Surficial Aquifer, the last two being in 

contact at the top of the bedrock. 

Fluid flow in the Lower Mannville Aquifer is complex and directed primarily towards the 

center of the Clive area from the southeast and northwest, and out of the Clive area 

toward the northeast. A composite pressure-elevation plot indicates a vertical 

component of fluid flow based on a measured super-hydrostatic gradient of 12.7 kPa/m, 

which is higher than the corresponding hydrostatic gradient, thus indicating a vertical 

upward flow component. The hydraulic evidence based on a pressure-elevation plot 

(Figure 6) indicates that there is no hydraulic communication between the 

Nisku Formation and the Lower Mannville Aquifer in the Clive area. Therefore, the 

Calmar-Wabamun Aquitard is a strong barrier to cross-formational flow in this area.  

Fluid flow in the Viking Aquifer is directed towards the southwest. A vertical gradient of 

10.4 kPa/m (Figure 6) indicates that flow in the Viking Aquifer is mainly lateral, with no 

indication of a vertical flow component. Hydraulic heads in the Viking Aquifer are much 

lower than those in the Lower Mannville Aquifer, indicating underpressuring. The 

differences in both flow patterns and hydraulic gradients in these two aquifers indicate 

that they are not in hydraulic communication and that the intervening Upper Mannville-

Joli Fou Aquitard is strong.  
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Figure 5:  Lithostratigraphic and hydrostratigraphic charts in the Clive study area.  
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Figure 6:  Pressure-elevation (p-z) plot for the aquifers overlying the Leduc D3-A and Nisku D2 reservoirs in 
the Clive area shown in Figure 3. 

Fluid flow in the Basal and Upper Belly River aquifers is directed towards the southwest, 

with hydraulic heads in the 350 m to 550 m range, indicating under-pressuring. Vertical 

pressure analysis shows that the Basal and Upper Belly River aquifers have a 

downward, downdip component of flow, based on vertical gradients of 8.4 and 

8.8 kPa/m, respectively (Figure 6). These gradients are significantly lower than in the 

underlying Viking Aquifer, and, together with hydraulic heads that are much higher than 

in the Viking Aquifer, indicate that the intervening Colorado-Lea Park Aquitard is strong. 
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The Upper Belly River Aquifer appears to be underpressured relative to the Basal Belly 

River Aquifer (Figure 6) and hydraulic head isolines are shifted, indicating that the 

McKay Coal Zone separating the Basal and Upper Belly River Aquifers seems to be a 

strong aquitard. 

The flow in the shallow Horseshoe Canyon, Paskapoo, and Surficial aquifers is 

controlled by surface topography (see Figure 3) and is different from that in the deep 

aquifers. The hydraulic heads are much higher than in the Upper and Basal Belly River 

aquifer and range between 718 – 798 m in the Horseshoe Canyon and 800 – 880 m in 

the Paskapoo aquifer. These aquifers (Horseshoe Canyon and Paskapoo) have a 

subhydrostatic vertical gradient of 2.8 kPa/m (Figure 6). This hydraulic gradient is 

significantly different from those in the deeper aquifers and indicates the presence of 

strong downward flow component, likely of meteoric origin (rain and snowmelt water) 

flowing downwards through these aquifers.  

The differences in flow pattern, hydraulic heads and hydraulic gradients (see Figure 6) 

indicate the presence of a barrier or multiple barriers (mudstones and coal beds), 

between the shallow Horseshoe Canyon, Paskapoo and Surficial aquifers themselves, 

and also between the shallow and deep aquifers in the Clive area. Furthermore, all the 

aquifers in the sedimentary succession between the caprock of the Leduc D3-A and 

Nisku D2 oil reservoirs and the potable groundwater aquifers (Horseshoe Canyon, 

Paskapoo and Surficial), namely Lower Mannville, Viking, and Basal and Upper Belly 

River, are underpressured with respect to hydrostatic conditions (Figure 6, and also 

Bachu et al., 2011).  

2.3 Salinity and Composition of Formation Waters 
The distribution of total dissolved solids (TDS) in the Lower Mannville Aquifer is quite 

variable. Salinity increases northward in the Clive area from less than 80 g/L in the south 

to more than 120 g/L in the northeast. The TDS distribution in the Viking Aquifer is 

distinctly different from that in the underlying Lower Mannville Aquifer, varying from 

roughly 30 g/L in the south of the Clive area to 40 g/L in the northeast. Formation waters 

are significantly fresher in the Basal Belly River Aquifer compared to the underlying 

Viking and Lower Mannville aquifers, with TDS values in the 12 to 14 g/L range. Salinity 

of formation water in the Upper Belly River Aquifer is less than 10 g/L in the Clive area. 

Salinity in the overlying Horseshoe Canyon Aquifer is even lower, in the 5 g/L range, 

while TDS in the Paskapoo Aquifer varies between 0.5 g/L and 2 g/L. Finally, TDS 

values in the Surficial Aquifer range from ~400 mg/L to ~700 mg/L. The salinity variation 

within and between the various aquifers overlying the Leduc (D3-A) and Nisku D2 oil 

reservoirs in the Clive area confirms the conclusions reached through the hydrodynamic 

analysis that these aquifers are separated by the intervening aquitards (i.e., they are not 

in hydraulic communication). 

Cross-plots of Na, percent cationic Ca and Mg, and the anionic percent of SO4 and 

HCO3 versus TDS for the Lower Mannville, Viking, Basal and Upper Belly River aquifers 
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are shown in Figures 7 and 8. There are two distinct clusters in the formation water 

chemistry data. The Basal and Upper Belly River aquifers have much lower TDS, and 

therefore, plot separately from the two deeper aquifers (Lower Mannville and Viking). 

Cross-plots for the shallower aquifers (Horseshoe Canyon and Paskapoo) are shown on 

Figure 8 combined with the underlying Basal and Upper Belly River aquifers for 

comparison purposes.  

The relationship between Na and TDS for all the aquifers forms a strong positive linear 

trend throughout the entire range of TDS (Figures 7a and 8a). A slight relative decrease 

in sodium concentration, hence deviation in the linear trend, is observed in the high 

salinity range (> 100 g/L) in samples from the Lower Mannville Aquifer (Figure 7a). This 

is the result of slightly higher calcium concentration in these samples.  

Percent cationic calcium versus TDS forms a rather scattered plot with a slight 

exponential trend, also increasing with TDS (Figures 7b and 8b). Higher calcium 

percentages (above 5%) and concentrations are observed in the Lower Mannville 

Aquifer and coincide with the high salinity plume in the central and northeastern parts of 

the Clive area. In contrast, the Basal and Upper Belly River aquifers have similar but low 

percentages of calcium. The Paskapoo Aquifer contains relatively high proportions of 

calcium (up to 10%) (Figure 8b), which is much higher than the deep aquifers. 

Magnesium concentrations are relatively low for all the aquifers, generally below 2% Mg, 

with a slight increase in concentration with increasing TDS (Figure 7c). The Paskapoo 

Aquifer has the highest proportions of magnesium of up to 5% (Figure 8c). 

Bicarbonate concentrations (Figure 7d) for the Lower Mannville and Viking aquifers 

decrease with increasing TDS. Bicarbonate ranges from almost 3% to 20% for TDS 

below 40 g/L. For higher salinity waters (TDS > 40 g/L), bicarbonate drops to less than 

2%. A plot of bicarbonate versus TDS can also be used to distinguish the Basal Belly 

River Aquifer from the overlying Upper Belly River Aquifer. Groundwater in the Upper 

Belly River Aquifer has bicarbonate up to 15%. In contrast, the Basal Belly River Aquifer 

has generally less than 6% bicarbonate. Higher bicarbonate concentrations in the Upper 

Belly River Aquifer indicate the presence of fresh meteoric recharge waters, whereas 

low bicarbonate concentrations in the Basal Belly River Aquifer are indicative of more 

evolved waters, still of a meteoric origin but more saline and of a slightly different 

composition (e.g., Chebotarev, 1955; Hanor, 1994). The bicarbonate fraction in the 

Horseshoe Canyon and Paskapoo aquifers (Figure 8d) is much higher than in deep 

aquifers and ranges from 20% to 70%, indicating the presence of fresh meteoric waters. 

Sulphate concentrations generally tend to decrease with increasing TDS. Sulphate 

concentrations in the Lower Mannville and Viking aquifers are negligible. Percent 

sulphate in the Basal and Upper Belly River aquifers are highly variable, ranging from 

less than 1 to over 30% (Figure 7e). The Upper Belly River Aquifer generally has more 

dissolved sulphate than does the Basal Belly River Aquifer. The Paskapoo aquifer has 

the highest fraction of sulphate, ranging between 10% and 40% (Figure 8e). 
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Figure 7:  Cross-plots of: (a) sodium (Na), (b) percent calcium (%Ca), (c) percent magnesium (%Mg), 
(d) percent bicarbonate (%HCO3), and (e) percent sulphate (%SO4), versus Total Dissolved Solids 
(TDS) in the Lower Mannville, Viking, Basal and Upper Belly River aquifers. 
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Figure 8:  Cross-plots of: (a) sodium (Na), (b) percent calcium (%Ca), (c) percent magnesium (%Mg), 
(d) percent bicarbonate (%HCO3), and (e) percent sulphate (%SO4), versus Total Dissolved Solids 
(TDS) in the Basal and Upper Belly River, Horseshoe Canyon and Paskapoo aquifers. 
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Higher SO4 concentrations are associated with formation waters of meteoric origin that 

have somewhat evolved in a local-scale flow system (Chebotarev, 1955). With 

increasing residence time and water-rock interaction, sulphate concentrations decrease 

and chloride concentrations increase until chloride becomes the dominant ion (Hanor, 

1994).  

There is only one dominant water type, Na-Cl, observed in all the deep aquifers (from 

Lower Mannville to Upper Belly River), i.e., more than 50% of all cations and anions in 

all waters in all of the aquifers are represented by sodium (Na+) and chloride (Cl-), 

respectively. Groundwater in the shallow aquifers, on the other hand, consists of several 

different water types. The results of the water chemistry analysis indicate that four 

groundwater types are found in the shallow aquifers (Horseshoe Canyon to Surficial). 

Generally wells in the study area have Na-HCO3 based groundwater with varying 

amounts of calcium and magnesium. Those wells associated with the expected recharge 

area are dominated by Na-Ca-Mg-HCO3 based groundwater. It appears that wells 

located adjacent to the ancient buried river valley and meltwater channel have a Na-

HCO3 based groundwater with hardness ranging from approximately 10 to 53 mg/L.  

Seven representative water samples have been selected for use in modelling the 

geochemical effects of CO2 in the oil reservoirs and overlying strata in case of leakage. 

Table 1 presents the location of these samples and corresponding in-situ pressures and 

temperatures, estimated from direct measurements at nearby wells (Melnik, personal 

communication), and Table 2 presents the composition of these water samples. The 

water samples are listed in ascending stratigraphic order. Two samples are provided for 

the Lower Mannville aquifer due to the significant differences in water salinity. 

Table 1:  Location and in-situ characteristics of representative water samples from reservoirs and aquifers in 
the Clive study area. Samples are listed in ascending stratigraphic order 

No. Aquifer or 
Reservoir 

Well Location Depth 
(m) 

Pressure 
(kPa) 

Temperature 
(ºC) 

Density 
(kg/m3) 

1 Leduc 100/03-21-40-24W4/00 1920 17,250 65 1,145 

2 Nisku 100/04-12-40-24W4/00 1890 16,900 60 1,145 

3 Lower 
Mannville-1 

102/16-20-40-24W4/00 1615 11,500 55 1,074 

4 Lower 
Mannville-2 

100/06-34-38-24W4/00 
 

1610 11,850 57 1,046 

5 Viking 100/11-08-40-24W4/00 1420 7,000 50 1,025 

6 Basal Belly 
River 

100/10/36/40/23W4/00 720 7,100 35 1,010 

7 Upper 
Belly River 

102/03-02-40-24W4/03 600 3,150 30 1,005 
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Table 2: Composition of representative water samples from reservoirs and aquifers in the Clive study area (all 
values are given in mg/L except for pH; TDS is calculated). The pH is assumed to be measured at 
23ºC. 

No. Cations Anions TDS pH 
Na Ca Mg Cl HCO3 SO4 

1 56,522 20,567 3,071 131,464 456 425 213,522 6.7 

2 50,065 19,139 3,815 121,400 730 530 195,679 6.4 

3 32,724 5,542 1,107 63,000 488 374 103,728 6.5 

4 25,070 1,522 345 41,800 737 387 70,055 6.8 

5 12,758 260 49 18,667 2,760 15 34,509 7.8 

6 4,825 120 34 8,350 244 2 13,775 8.3 

7 2,484 56 16      3,770 303 6 6,750 8.4 

 

2.4 Rock Porosity 
Core data for the Cretaceous aquifers have been assembled and analysed (Table 3). 

Plug-scale porosity values vary between 1% and 27%, with median values varying 

between 10.0% and 10.8% (Table 3). Well-scale porosity values vary between 5.3% and 

26.5%, with median values ranging between 9.4% and 12.2%. Field-scale porosity 

values are around 10% (Table 3). As a general observation, it appears that, overall, 

porosity decreases with increasing depth, which is expected for siliciclastic sediments.  

The lowest average porosity at both core- and well-scales is observed in the Lower 

Mannville Aquifer, the deepest aquifer described. The Viking Aquifer has higher average 

porosity than the Lower Mannville Aquifer, with core-scale median of 10.0% and well-

scale median of 10.2%. The Basal Belly River Aquifer is the shallowest has the highest 

median core- and well-scale porosity at 10.8% and 12.2%, respectively. The field-scale 

values show similar trends for the Lower Mannville and Viking aquifers. 

Table 3:  Core porosity processed in Cretaceous aquifers within the Clive study area and in the Nisku 2D and 
Leduc 3D-A oil reservoirs. 

Aquifer No. 
Wells 

No. 
Plugs 

Porosity (%) 
Core Scale Well Scale Field 

Scale Min Median Max Min Median Max 

Upper Belly River 2 0 - - - - - 

Basal Belly River 1 12 1.6 10.8 22.5 12.2 - 

Viking 14 263 1.0 10.0 27.0 5.3 10.2 26.5 10.6 

Lower Mannville 22 853 1.0 10.1 25.9 5.7 9.4 15.2 9.7 

Nisku 2D 77 3402 0.1 4.9 29.9 1.4 6.1 9.0 5.2 

Leduc D3-A 78 3496 0.1 5.8 36.0 3.3 5.4 9.3 5.9 
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2.5 Mineralogy  
A detailed mineralogical characterization of samples recovered from core taken in and 

above the the Leduc D3-A and Nisku D2 oil reservoirs of the Clive field is given in Bachu 

et al. (2011, Appendix D). The data presented therein are restricted to bulk chemical 

analysis of the samples, X-ray diffractograms (XRD), SEM photomicrographs and X-ray 

dispersive elemental analysis to assist in mineral phase identification. These data are 

summarized and expanded with further interpretation in Chapter 4 in this report. 

2.6 Analysis of the Potential for CO2 Leakage through Wells 
Currently, 252 wells within the Clive oil field penetrate the Leduc D3-A and Nisku D2 oil 

reservoirs that are the target for CO2 enhanced oil recovery. These wells were evaluated 

for the potential of CO2 leakage into adjacent permeable reservoirs, shallow aquifers and 

to surface (Faltinson et al., 2011). Well data were compiled from data warehouse vendor 

GeoScout, the Energy Resources Conservation Board (ERCB) and Alberta Environment 

and used in the evaluation. Leakage potential software was used to process the data 

and assign semi-quantitative leakage potential scores, together with a manual process 

of validating and adjusting the scores (Faltinson et al., 2011). Operating data from the 

ERCB relating to reported cases of surface casing vent flow (SCVF), gas migration (GM) 

and casing leaks or failures (CF) were then retrieved and incorporated into the overall 

assessment of leakage potential for all of the 252 wells of interest. While the leakage 

potential scores do not quantify absolute probability of leakage, they do suggest an 

ordinal ranking of wells that may be more likely to be problematic based on experience 

with Alberta wells that have, in the past, demonstrated a higher likelihood of leaking.  

All wells assessed as having high shallow, deep, or shallow and deep leakage potential 

scores, and, in particular, wells with high leakage potential scores in combination with 

reported SCVF and/or CF were identified. Six wells with high leak potential scores in 

combination with casing failure were flagged for special attention when developing the 

Leduc D3-A and Nisku 2D reservoirs for CO2 enhanced oil recovery and CO2 storage: 

00/02-10-040-24W4, 00/04-08-041-24W4, 00/09-20-040-24W4, 00/10-02-040-24W4, 

00/11-21-040-24W4 and 00/14-03-040-24W4. 

It is important here to draw a distinction between the various fluids that theoretically may 

leak from the Leduc D3-A and Nisku D2 reservoirs. If reservoir water or oil leak into any 

of the intervening aquifers (secondary traps) between the oil reservoirs and shallow 

potable groundwater (i.e., Lower Mannville, Viking, and Basal and Upper Belly River), 

they will not leak higher up in the succession because all these aquifers are 

underpressured, some of them significantly, such that the leaked reservoir water or oil 

will be trapped in these pressure sinks. Only CO2, which is driven by buoyancy, may leak 

in aquifers higher up in the succession if it finds a pathway. Thus, oil and reservoir water 

may leak into shallow aquifers only through wells that penetrate these reservoirs, while 

CO2 may leak directly though any of these wells or through a combination of reservoir 

wells and offset wells that do not penetrate the oil reservoirs per se. 
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2.7 Summary 
All the geological, hydrogeological and mineralogical evidence collected and interpreted 

in Phase 1 of this work indicates that the Leduc D3-A and Nisku D2 oil reservoirs in the 

Clive area are capped by a strong and thick primary seal (caprock), the Calmar-

Wabamun Aquitard (which includes in places remnants of the Carboniferous shales of 

the Exshaw and Lower Banff formations). This primary seal constitutes a barrier to 

upward migration and leakage of CO2 from the oil reservoirs targeted for CO2 enhanced 

oil recovery in the area. The primary caprock is overlain in turn in by a succession of 

aquifers, listed in ascending order: Lower Mannville, Viking, Basal Belly River and Upper 

Belly River, separated by strong intervening aquitards: Joli Fou, Colorado, McKay and 

Bearpaw, which constitute secondary traps and secondary barriers, respectively, for any 

CO2 that may leak from the oil reservoirs through wells that penetrate the oil reservoirs. 

The strength of the aquitards in the sedimentary succession indicates that no CO2 

leakage is possible through the natural geological and hydrogeological system in the 

Clive area. The only possible leakage pathway for CO2 injected in the Leduc D3-A and 

Nisku D2 reservoirs is through one or more of the 252 wells that penetrate the oil-

producing horizons in these reservoirs. The deep aquifers and aquitards in the study 

area are overlain by a succession of shallow aquifers which are within the depth of 

protected groundwater in the area: Horseshoe Canyon, Scollard-Paskapoo and Surficial.  

Equilibrium relationships between the minerals and formation water in the sedimentary 

succession from the Leduc D3-A oil reservoir to the Upper Belly River aquifer, as well as 

the geochemical reactions that are expected to be induced in the these strata by injected 

CO2, or by leakage CO2 or associated brines into them, are presented in the following 

chapters.  
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3. Chemical Equilibrium Relationships of Water Samples 
Associated with the Clive Field  

 

Potential reactions which can occur between the fluid and mineral phases within a rock 

system are determined by thermodynamic considerations. These include: the in-situ 

temperature and pressure, the composition of the waters within the rock, the mineral 

phases present, and, when present, the composition of any free gas. From this 

description the changes to these phases required to bring the system into equilibrium 

can be calculated. Estimates of the aquifer mineralogy will be given in the next chapter. 

The inputs and calculations required to define the aqueous phase are presented below. 

These calculations, while well defined, are complex and require the use of specialized 

chemical codes (or geochemical models) to perform. For this work, the geochemical 

model PHREEQC was used, primarily as it has the best developed treatment of the 

thermodynamics of very saline brines.  

3.1 PHREEQC Description 
PHREEQC is a free software developed by the United States Geological Survey 

(Parkhurst and Appelo, 1999). Its primary use is to determine equilibria in mineral/water 

systems at near surface conditions. It has been used extensively in this capacity and is 

consistently updated. In its most basic configuration the code will calculate the aqueous 

speciation (and aqueous activities) as well as the saturation state of minerals in an 

aqueous solution of known composition at a specified temperature using model 

parameters obtained from an assigned thermodynamic database. The equilibrium 

fugacity of gas components is also calculated; this is produced at output as the logarithm 

of the component’s fugacity expressed in bars (1 bar = 100 kPa). 

The program PHREEQC supports a number of options which can be used to further 

investigate the equilibrium behaviour of chemical systems. These include changing the 

temperature of the system, imposing further equilibrium constraints on the solution, and 

tracking the evolution associated with adding discrete amounts of individual components 

to the solution. Currently, PHREEQC does not correct for pressure variations. Brief 

descriptions of keywords used in the input files discussed here are given below. 

The keyword EQUILIBRIUM_PHASES is used to add further equilibrium constraints. 

Examples of such calculations would be determining how much CO2 must be re-

introduced in order to bring a water into equilibrium with calcite, or how much halite may 

have precipitated during sampling (and associated cooling) from a water which was 

recovered from a hot, halite bearing, sedimentary rock. The parameters associated with 

this keyword are: the name of the component for which the equilibrium constraint is 

imposed, the equilibrium constraint, the component which is used to induce change in 

the system, and the total amount of this component in the system. For instance the 

string: 

Calcite   0      CO2(g)    10  
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would be used to determine the amount of gaseous CO2 (component name CO2(g)) 
which must be added into a water to bring the water into equilibrium (saturation index SI 

= 0) with the component Calcite. The total amount of CO2(g) to be titrated is restricted 

to be less than 10 moles. If the change-inducing component is not specified, the 

equilibrium constraining mineral is taken to be the component added.  

The evolution of the solution composition associated with the dissolution of one or more 

minerals (keyword REACTION) can be used to track the sequence of minerals which 

may precipitate from a reactive mineral/water system. The sequence of input data and 

information is more complex than for the EQUILIBRIUM_PHASES case as both the 

reactive phases and equilibrium phases must be defined. The sequence: 

EQUILIBRIUM_PHASES 1 
        Kaolinite       0.0     0.0 
        Gibbsite        0.0     0.0 
        K-mica          0.0     0.0 
        K-feldspar      0.0     0.0 
REACTION 1 
        K-feldspar      1.0 
        0.04 0.16 0.64 2.0 8.0 32.0 100 200 µmol 

will simulate the dissolution of the component K-feldspar into a previously defined 

aqueous solution. Eight reaction steps are defined with the total number of moles (not 

the incremental amount) defined by the product of the stoichiometric factor 1.0 with the 

reaction total (e.g. 0.64). In this example the system initially contains no other minerals; 

however, in the event that the dissolution of K-feldspar results in any of the four named 

minerals becoming supersaturated, the program will calculate the water composition, 

and amounts of the potential (although initially absent) co-existing minerals defined in 

the EQUILIBRIUM_PHASES section. The system could be initialized to be in equilibrium 

with, for example kaolinite, by replacing the expression 

        Kaolinite       0.0     0.0 

with 

        Kaolinite       0.0     1.0 

as this would introduce 1.0 moles of kaolinite into the system as a second, rapidly 

reacting, reactant. The expression 

        Kaolinite       1.0     0.0 

would be used to define a simulation in which kaolinite is initially absent, and is hindered 

from forming is solutions unless the saturation index is 1.0.  

Simultaneous reactions can be simulated by specifying more than one mineral 

associated with the REACTION keyword; the relative rates of addition of the minerals 

can be defined by using different stoichiometric factors. For instance, if one mineral, e.g. 

anorthite, is expected to react about 10 times faster than K-feldspar, then the input: 
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REACTION 1 
        Anorthite      10.0 
        K-feldspar      1.0 
        0.04 0.16 0.64 2.0 8.0 32.0 100 200 µmol 

would, initially, simulate the simultaneous addition of 0.04 moles of anorthite and 

0.004 moles of K-feldspar to the aqueous phase.  

Another feature of PHREEQC allows users to generate subroutines to specify more 

complex reaction kinetics; however, this feature is not utilized in this study.  

Databases and Activity Relations: Strictly speaking, thermodynamic databases are 

not software but they are an enabling component of the software. They consist of 

thermodynamic parameterizations of the phases required to define the physical system 

which is to be modelled. This typically involves an activity model for components 

dissolved in the aqueous phase and equilibrium constants for reactions defining the 

dissolution of solid and gaseous phases.  

Mineral solubility is defined by an equilibrium constant; this is expressed as a product 

involving the activities of the reactants and reaction products. The activity of components 

dissolved in water is described by the relationship: 

ai = i ci             (1)  

where ai represents the activity of the solute i (mineral component), i is the activity 

coefficient of component i, and ci is the concentration of that component in water. The 

activity coefficients are functions of temperature, pressure and solution composition. 

Expressions relating the activity of specific ions to the concentration of aqueous 

components are generally referred to as solution models; traditionally geochemical 

studies have used an extended Debye-Hückel model with ion pairing to calculate solute 

activities (Appelo and Postma, 1993). This model is accurate for many natural waters; 

however, some of the waters in the sedimentary succession in the Clive oil field are very 

saline, and are well outside the concentration range of validity of the extended Debye-

Hückel model. Special solution models are required to accurately model such saline 

solutions. These models are not yet fully developed although several theoretical 

treatments exist (e.g., Nesbitt 1982, Pitzer 1991). The best known and most fully 

developed such model is due to Pitzer (see Pitzer, 1991 for a review). Within Pitzer’s 

(1991) framework, the activity coefficients arise, in part, because of pairwise and higher 

order interactions of the solutes.  

The standard Pitzer approach treats electrolytes as being completely dissociated; ion 

pairing is generally considered less important in defining the behaviour of the ions. 

Instead, random, multi-body interactions between the individual ions dominate non-ideal 

behaviour of the ions. Briefly stated, the deviations between the experimental 

measurements on mean molal activity coefficients and those predicted using the Debye-

Hückel theory are attributed to short-range interactions between ions. A suite of ion 
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interaction parameters are used to represent these interactions. These parameters can 

be extracted from experimental data, but their extraction is complex and time consuming 

and in many cases relevant experimental data are lacking.  

The thermodynamic database PITZER.dat is included as part of the standard PHREEQC 

distribution package. It is primarily on a solution activity model reported in Harvie et al. 

(1984). This database, originally developed for the separate program, PHRQPITZ, 

includes Pitzer interaction parameters evaluated at 25°C for the system Na-K-Mg-Ca-H-

Cl-SO4-OH-HCO3-CO3-CO2-H2O (Plummer et al., 1988). A more extensive database 

(data0.ypf.R2), developed as part of the Yucca Mountain Project (YMP) for use with the 

geochemical code EQ3/6, was chosen in this study because it is better suited for 

studying the interaction between the rock and the highly-saline waters. Hereafter, this 

will be referred to as the YPF database. The YPF database was developed to predict the 

post-closure within the engineered barrier system of the YMP (Sandia National 

Laboratories, 2007). The original EQ3/6 was subsequently converted to a PHREEQC 

compatible format (Benbow et al., 2008). There are 40 elements, 236 aqueous species, 

and 450 solids in the YPF database. The system Na-K-H-Mg-Ca-Al-Cl-F-NO3-SO4-Br-

CO3-SiO2-CO2-O2-H2O is the core of the database development, with the applicable 

temperature ranging from 0°C to 200°C. Relative to the PITZER.dat, the YPF database 

involves a more comprehensive compilation of Pitzer parameters, and a more extensive 

set of mineral phases, especially aluminosilicates. More importantly, the temperature 

range over which the database is applicable is much greater than in the PITZER.dat 

database. It is noted that two versions of the Yucca Mountain Project database for dilute 

systems (data0.ymp.R2 and data0.ymp.R4) are the primary sources for silicate mineral 

log K data (Sandia National Laboratories, 2007) and the equilibrium constants describing 

gas dissolution into the aqueous phase. 

It is important to recognize the limitations associated with the YPF database. The 

compiled selection of Pitzer parameters, equilibrium constants for aqueous species and 

solubility products for solids were obtained from various sources. Model validations have 

been performed for some binary (salt solutions with only two components such as CaCl2) 

and mixed systems. However, for most of the binary systems, only a limited 

concentration range was examined. In the development of the YPF database, no 

guidelines were followed for data selection; as mentioned before, the database is 

essentially a compilation of data from various sources. Therefore, internal consistency 

was not necessarily maintained. A large number of aqueous species are included in the 

YPF database. Incorporation of aqueous species, if not bridged with the Pitzer model, 

could potentially lead to erroneous predictions. Finally, the database does not cover 

some of the compounds of interest to the geochemical modelling undertaken here. 

There are relatively few redox active species considered; this is because the database 

was primarily developed for use in oxidizing environments. Consequently, the 

description of sulphide minerals and the activity model for the sulphide species is 

restricted, this can be a significant limitation when dealing with many formation waters. 
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Finally, the PHREEQC default database for the Pitzer model does not contain any redox 

active species. Consequently, on encountering keywords that are required for the use of 

the Pitzer activity model, the default configuration of PHREEQC prevents the assigned 

oxidation potential from changing with imposed reactions. In contrast, when a database 

built around the Debye-Hückel activity model is used, the default behaviour is that the 

oxidation state varies with reactions.  In order to model the evolution of solution 

compositions due to redox reactions, the keywords 

 -redox  TRUE 

must be added to the PHREEQC database following the keyword  

 PITZER. 

This fact is not well described in the PHREEQC documentation but it is essential to 

ensure that redox systems are properly modelled. The dominant redox reactions in the 

systems considered here will involve iron and sulphur bearing minerals such as pyrite 

(FeS2), siderite (FeCO3), and anhydrite (CaSO4) identified in some rock samples. 

Results generated from the aqueous activity calculations are required to define 

equilibrium relationships between the aqueous phase and other phases. For instance, a 

separate gas phase will exist in equilibrium with an aqueous solution if the fugacity of 

each component in the gas phase is equal to the activity of these components in the 

aqueous phase multiplied by the Henry’s law constant at the local temperature and 

pressure. Similarly, a mineral phase will be in equilibrium with an aqueous solution if the 

activity of that phase (generally equal to unity) is equal to the activity of this component 

in the aqueous phase multiplied by an equilibrium constant. The activity of the mineral 

component in the aqueous solution is expressed as a product of the aqueous activity of 

its constituent components in solution. As such, an accurate representation of the 

activity relations in each of the phases within a chemical system is of fundamental 

importance in the modelling of chemical systems, including geochemical modelling of 

CO2 interactions with aquifer water and rocks. These activity models and the 

thermodynamic constants needed to determine phase stabilities are all included in the 

thermodynamic database, together with relevant temperature variations.  

3.2 Composition of Formation Water 
Analyses of waters recovered from the reservoirs of interest and several aquifers 

overlying them are reported in Table 2. These water analyses are incomplete; the 

reported components are commonly restricted to Ca, Mg, Na, Cl, SO4, as well as 

alkalinity and pH, although selected samples also report K concentrations. As well, some 

of the reported Na values are likely derived from charge balance considerations rather 

than from an independent analytical determination, and as such the values include 

contributions from other ions, with K being the most important, in the solution.  

As noted in previously, most waters, except the freshest waters in the study area 

(Figures 5 and 6) and all of the above waters listed in Table 2, are dominated by Na and 
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Cl. As well, with the exception of the waters recovered from the Belly River Group, the 

waters are relatively saline; and outside the recommended range of Debye-Hückel 

treatment of aqueous activities. However, given an appropriate activity model, this 

restricted water composition can be analysed with PHREEQC or other geochemical 

modelling codes to calculate the saturation state of some simple, commonly occurring, 

minerals both at surface and subsurface (in situ) conditions. Furthermore, it is generally 

possible to draw additional inferences based on the equilibrium relationships between 

these waters and common geological materials.  

3.2.1 Equilibrium calculations with formation waters at surface conditions  

The water compositions presented in Table 2 were used as input to the program 

PHREEQC. As discussed above, this software has been used extensively in the analysis 

and modelling of near surface waters. The database of thermodynamic constants used 

in this analysis is a temperature dependent, Pitzer-based model developed for saline 

solutions associated with evaporation of oxidizing ground waters (Sandia National 

Laboratories, 2007).  

The results of PHREEQC calculations at near surface conditions are summarized in 

Table 4. This table gives the calculated saturation indices (SI) of commonly occurring 

minerals which contain only Na, Ca, Mg, Cl, CO3, and/or SO4. If a mineral is in 

equilibrium with a solution (water) the SI is 0. Practical sampling difficulties can lead to 

uncertainties in the water composition. These include sample contamination during 

recovery, poor sample preservation and analytical error. Typically saturation indices with 

a magnitude of less than 0.1 indicate that the water composition may be controlled by 

the solubility of the mineral phase. Table 4 demonstrates that, at surface conditions, all 

of the samples are clearly undersaturated with anhydrite and halite, but are in 

equilibrium or supersaturated with respect to calcite, as well as dolomite (not reported). 

Supersaturation with respect to a carbonate mineral is a common indication that CO2 

has been lost from the recovered water during sampling.  

Table 4:  Ionic strength (μ), calculated charge imbalance (CIB) and saturation indices (SI) of selected minerals, 
and the logarithm of the equilibrium CO2 partial pressure (in bars) calculated at surface conditions 
for the formation water samples listed in Table 2. 

Location T 
(ºC) CIB % SI 

Anhydrite 
SI 

Halite 
SI 

Calcite Log(PCO2) 

1 23 4.68 0.01 -0.30    -0.70     1.48     -1.90 

2 23 4.28 0.00 -0.27    -0.84     1.26     -1.39    

3 23 2.04 0.00 -1.31    -1.80     0.61 -1.29 

4 23 1.28 0.33 -0.90  -1.48     0.63 -1.31    

5 23 0.58 -0.01 -3.27    -2.44    1.48 -1.59    

6 23 0.23 -3.44 -4.13    -3.15    0.76     -3.08 

7 23 0.11 0.17 -3.75 -3.73 0.74 -3.04 
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That CO2 may be lost during sampling is clearly shown by the calculated equilibrium CO2 

partial pressure (last column in Table 4). All of the samples have the potential to lose 

CO2 to the atmosphere since the equilibrium with CO2 partial pressure is greater than the 

atmospheric value of log(pCO2) = -3.5. Loss of CO2 from the water samples will change 

the solution pH, and this can result in calcite supersaturation and, potentially, 

precipitation. As such, the possibility also exists that some Ca may have precipitated 

from these waters as calcite prior to analysis. However, at least in the samples from the 

deepest units, the potential loss is small as the concentration of Ca in these aqueous 

solutions is considerably greater than the total carbonate in solution; this condition 

restricts the amount of Ca which can precipitate.  

Finally, the charge balance (reported in Table 4 as CIB%) for samples 1, 2, 3 and 5 is 

essentially perfect. This means that the total reported concentration of cations balances 

exactly with the reported anions, a condition which is generally an indication that the 

analysis is incomplete. Rather than analysing a full suite of dissolved constituents, one 

value is obtained by taking an incomplete analysis and adding enough of the missing 

constituent (generally Na) to achieve charge balance. (Samples 1, 2, and 5 are also 

lacking a K determination). Consequently, the results for these three samples listed in 

Table 2 likely represent independent (measured) analyses of Ca, Mg, Cl, and SO4 as 

well as pH and alkalinity. Sample 3 is similar, although with an independent K 

determination.    

3.2.2 Equilibrium calculations with formation waters at in-situ conditions and 
inferred water compositions 

The results of the PHREEQC calculations at subsurface conditions are summarized in 

Table 5.  

Table 5:  Ionic strength (μ) and saturation indices of selected minerals, and the logarithm of the equilibrium 
fugacity of CO2 (bars), calculated with PHREEQC at in situ temperatures for the formation water 
samples listed in Table 2 whose locations are listed in Table 1. The formation porosity (Table 3) is 
listed in the second column. Based on porosity of the Basal Belly River Group and on the upward 
increase of porosity with decreasing depth, an arbitrary value of 12.5% is applied for Upper Belly 
River Group for which there are no data. 

Location T (ºC) Anhydrite Gypsum Halite Calcite pCO2(g) 

1 5.9 65 4.68 -0.14 -0.39 -0.75 1.65 -1.33 

2 5.2 60 4.27 -0.12 -0.32 -0.89 1.52 -0.99 

3 9.7 55 2.04 -0.66 -0.76 -1.52 0.93 -1.00 

4 9.7 57 1.28 -1.01 -1.10 -1.85 0.94 -0.96 

5 10.6 50 0.58 -3.03 -3.05 -2.48 1.65 -1.23 

6 12.2 35 0.24 -4.02 -3.93 -3.17 0.80 -2.88 

7 12.5 30 0.11 -4.69 -3.56 -3.75 0.77 -2.93 
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Note again that only temperature corrections are applied to these calculations; 

corrections for in-situ pressures are neglected. The results presented here are 

essentially the same as those in Table 4; the samples are supersaturated with respect to 

calcite, and, with the exception of anhydrite in samples 1 and 2, they are significantly 

undersaturated with respect to the other minerals of interest for this restricted chemical 

composition. 

The analyses in Table 2 can be supplemented with estimated values based on 

assumptions of water/mineral equilibrium. Components which are not analysed but are 

of importance to CO2-mineral reactions are Si, Al and K. As well, analysed values of the 

bicarbonate content generally are not representative of in-situ conditions, as CO2 

commonly volatilizes during sample recovery.  

Calcite is a very common mineral; it is generally safe to assume that the formation fluids 

are in equilibrium with calcite when it is present in the rocks. Although calcite does not 

appear as present in all the normative mineral calculations (see next chapter), there are 

indications of at least trace quantities of carbonate minerals in almost all of the rock 

samples. It is common practice to fix pCO2 on the assumption that if a sample is 

supersaturated with respect to calcite it is because of the loss of CO2 on sampling. 

Dolomite is also a very common constituent in sedimentary rocks; however, it is less 

reactive than calcite, and will generally not precipitate from formation water under 

ambient conditions (Warren, 2000). At elevated temperatures energetic barriers to its 

formation decrease and it may also exert an equilibrium control on the fluid composition.  

There are potential problems with estimating CO2 partial pressures in the formation 

waters using such corrections. Produced fluids may be mixtures of fluids, and mixtures 

of solutions do not necessarily demonstrate the same equilibrium relations as the source 

waters for the mixture. Alternatively, due to the absence of the mineral in the aquifer, the 

water may not have, in fact, been in equilibrium with a specific carbonate mineral. 

However, given the imperfections of in-situ water sampling, such assumptions are 

generally necessary to correct water analyses to better represent in-situ compositions. 

Given that some corrections must be made to the composition of these water samples, it 

is important to ensure that the eventual estimates for the composition of the water 

samples at in-situ conditions are stable (in equilibrium) with the in-situ mineralogy.  

In a similar vein, the dissolved silica can also be fixed by assuming that the aqueous 

solution is in equilibrium with a specific silica-bearing mineral. Generally the upper bound 

for silica is fixed by equilibrium with metastable SiO2 phases, such as cristobalite. These 

forms crystalize easily from supersaturated solutions, although the less reactive phase 

quartz, can be assumed (Rimstidt, 1997).  It is assumed, for the calculations presented 

below, that the phase cristobalite is controlling the SiO2 solubility. However, in the 

presence of Al and base cations, a number of clay minerals may be more stable than 

pure SiO2 phases (Nesbitt, 1977, Garrels 1984).  

APPENDIX C



 

28 
 

As with SiO2, the concentration of Al in solution can be estimated by assuming 

equilibrium with an aluminosilicate; here kaolinite was used. Aluminum hydroxides can 

control Al solubility in acidic, near-surface aqueous solutions, where more complex Al-

bearing phases can be kinetically hindered. However, in the presence of quartz, many 

aluminosilicate phases will be more stable than the hydroxide. These should control Al 

solubility given an extensive time to reach equilibrium.  

The water analyses listed in Table 2 are supplemented with values for the important 

constituents K (when absent from the analysis), Si, and Al to obtain compositions which 

are suitable for further modelling of the geochemical reactions. Furthermore, CO2 which 

is assumed lost during sampling must be added back to the solution. These components 

are added by dissolving CO2, kaolinite, SiO2, and KCl into the aqueous solution up to the 

point where the solution is in equilibrium with the phases calcite, kaolinite, cristobalite 

and potassium feldspar. The additions of CO2 will drive the system to be more acidic 

than the sampled solution; this is simulating the natural process which presumably led to 

the calcite supersaturation in the first place. Ideally, the other additions should not 

appreciably affect any of the other measured concentrations. Addition of SiO2 has 

virtually no impact, and while kaolinite dissolution does consume acid, because of its low 

solubility, the effect on pH is minimal. Addition of KCl will increase the chloride 

concentration in the solution, but, as long as the amount of potassium remains small in 

comparison with the total chloride, no further corrections are needed. Ideally, an identical 

amount of NaCl should be removed from the solution; however, the analytical error on 

the original Cl measurement is expected to be about ±5%, so increases of this order are 

acceptable. The supplemental water compositions that satisfy the equilibrium relations 

described above are listed in Table 6  

Table 6:  Calculated composition (in moles/kg H2O) of formation water samples of Table 2 equilibrated with 
calcite, K-feldspar (when no K analysis), cristobalite and kaolinite.  The sample locations are listed in 
Table 1 

Location 
Al 

(moles/kg) 
K 

(moles/kg) 
Si 

(moles/kg) 
log 

(pCO2(g))  
pH 
@T 

SI  
(K-feldspar) 

1 2.4 ×10
-9

 2.68 ×10
-2 8.07 ×10

-4 0.42 4.73 0.00 

2 4.4 ×10
-9

 2.98 ×10
-2 7.47 ×10

-4 0.59 4.71 0.00 

3  1.3 ×10
-10

 1.3 ×10
-2

 9.30 ×10
-4

 -0.04 5.45 0.28 

4 2.5×10-11
 5.08 ×10-3 1.08 ×10-3 0.01 5.73 0.15 

5 2.0 ×10
-11

 2.47 ×10
-3 1.03 ×10

-3 0.49 5.91 0.00 

6 1.84 ×10
-10

 5.134 ×10
-3 7.64 ×10

-4 -2.01 7.34 1.72 

7 4.74 ×10
-10 3.07 ×10

-4 6.91 ×10
-4 -2.10 7.53 0.70 

With these compositions, the formation water samples 1, 2 and 5 at in-situ conditions are 

constrained to be in equilibrium with calcite, cristobalite, kaolinite and K-feldspar. 

Cristobalite is a crystalline form of SiO2, which is more soluble, and more readily 
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precipitated from solution, than quartz. Either cristobalite or chalcedony (another silica 

polymorph with solubility intermediate between quartz and cristobalite) is more likely to 

control aqueous silica content than quartz in low temperature sedimentary rocks 

(Kharaka et al., 1988). Calculated mineral saturation indices for several key minerals are 

listed in Table 7 for each of the formation water samples listed in Table 2.  

 

Table 7: Saturation indices of key mineral phases in the formation water samples recorded in Table 2 with 

locations listed in Table 1. Two cases are presented for the water samples 6 and 7. Cristobalite 

equilibrium is assumed for the samples 6 and 7, while equilibrium with sodium montmorillonite is 

assumed for the samples 6A and 7A. Absent values represent saturation indices less than -2.5. 

 

Mineral \ Site 1 2 3 4 5 6 6A 7 7A 

Albite -0.31 -0.5 -0.18 -0.02 -0.28 0.47 -0.54 0.3 -0.64 

Anhydrite -0.13 -0.11 -0.66 -1.48      

Aragonite -0.16 -0.15 -0.14 -0.14 -0.13 -0.11 -0.11 -0.11 -0.11 

Calcite 0 0 0 0 0 0 0 0 0 

Chabazite 4.54 4.21 5.5 5.49 4.53 9.09 6.85 8.42 6.34 

CO2(g) 0.42 0.59 -0.04 0.00 0.49 -2.01 -1.99 -2.1 -2.08 

Cristobalite(alpha) 0 0 0 0 0 0 -0.5 0 -0.46 

Dawsonite -2.02 -1.69 -1.63 -1.56 -0.82 -1.44 -0.93 -1.3 -0.82 

Dolomite 0.84 0.96 0.9 0.93 0.78 0.98 0.99 0.95 0.98 

Gypsum -0.38 -0.31 -0.76 -1.10      

H2O(g) -0.67 -0.76 -0.83 -0.78 -0.92 -1.25 -1.25 -1.37 -1.37 

Illite -0.59 -0.68 -0.46 -0.53 -0.88 0.61 0.01 -0.05 -0.62 

Kaolinite 0 0 0 0 0 0 0 0 0 

K-feldspar 0 0 0.28 0.15 0 1.72 0.72 0.7 -0.24 

Magnesite -0.56 -0.47 -0.57 -0.53 -0.72 -0.63 -0.62 -0.68 -0.66 

Montmo-Ca 0.36 0.23 0.41 0.42 0 1.03 -0.14 0.97 -0.12 

Montmo-K -0.07 -0.15 0.05 0.02 -0.32 0.94 -0.23 0.57 -0.52 

Montmo-Mg 0.38 0.26 0.42 0.45 -0.01 1.03 -0.14 0.96 -0.12 

Montmo-Na 0.4 0.27 0.49 0.56 0.19 1.17 0 1.08 0 

Phillipsite 5.06 4.88 6.37 6.41 5.76 10.38 5.95 9.67 5.55 

Pyrophyllite -0.26 -0.29 -0.35 -0.35 -0.39 -0.47 -1.47 -0.5 -1.43 

Quartz 0.48 0.49 0.5 0.49 0.51 0.54 0.04 0.55 0.08 

SiO2(am) -0.46 -0.46 -0.46 -0.46 -0.47 -0.47 -0.97 -0.47 -0.93 

Talc      0.47 -1.56 0.11 -1.74 
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With the exception of dolomite, quartz and several zeolites (e.g. phillipsite and chabazite) 

for which the thermodynamic data may be incorrect, the minerals saturation indices are 

small positive numbers (less than about 0.5) which indicates that the minerals may 

potentially precipitate from the solution, at equilibrium, or undersaturated in the modified 

solution.   

Samples 3, 4, 6 and 7 have potassium included in the water analysis. The first two of 

these waters are slightly supersaturated with K-feldspar (saturation indices 0.14 and 

0.28 respectively) which suggests that the water composition and the equilibrium 

assumptions are consistent. Samples 6 and 7 are significantly more supersaturated with 

respect to potassium feldspar. This suggest that the assumptions behind the calculations 

are inaccurate. Other observations also suggest that the corrected solution analysis is 

inaccurate; the saturation indices of the montmorillonite-type minerals and talc are also 

positive. Although slight supersaturation of the montmorillonites is also the case for other 

samples, the saturation index is considerably greater for samples 6 and 7.  The situation 

can be mostly rectified if the aqueous silica concentration is determined by assigning the 

sodium form of montmorillonite as a stable phase. In essence, this suggests that the 

phase controlling the aqueous silica concentration is a clay, rather than a pure, 

metastable, form of silica.  

Most of the other samples (i.e., not samples 6 or 7) are slightly supersaturated with 

respect to several clay minerals, generally a sodium (and other cationic forms) 

montmorillonite. This may also suggest that the choice of cristobalite as the silica 

controlling phase is incorrect. In subsequent calculations the slightly less soluble phase 

chalcedony is used (see Section 4.2.1) when deemed appropriate.  

Interestingly, with the exception of the sulphate minerals anhydrite and gypsum (both of 

which are undersaturated and consequently likely absent from the host rock), the 

saturation indices of many mineral phases for water samples #3 and #4 are quite similar. 

These waters, while quite different in total dissolved solids content, are both recovered 

from the Lower Mannville Group. The fact that the same mineral suite is apparently in 

equilibrium with these waters is expected from the similarity of their origin.  
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4. Quantitative Mineralogy  

The mineralogical characterization of core samples recovered in, and around the Clive 

oil field is reported in Bachu et al. (2011, Appendix D), although further interpretation of  

that data is required for numerical simulations of geochemical reactions between CO2 

and formation water and minerals.  This interpretation involves estimating the mineral 

content of a rock by integrating various, independently determined physical and 

chemical properties of the rock. This involves determining a mineralogical composition 

that is consistent with results obtained from two (or more) analytical techniques. Semi-

quantitative XRD can be used to detect which minerals are present in a rock sample, 

while not necessarily providing an accurate estimate of the proportions. X-ray 

fluorescence spectroscopy (XRF) gives an accurate representation of the chemical 

composition of the whole rock, while providing no information about the constituent 

minerals. Other techniques are available to determine the amount of carbon and sulphur 

in a rock specimen. Additionally, the chemical composition of individual mineral grains 

can be determined with an electron microprobe (EPMA).  These data can be integrated 

using techniques described in Slaughter (1989), de Caritat et al. (1994) and Paktunc 

(1998) to provide a good estimate of the mineralogical composition, or mineral norm of a 

rock sample.   

4.1 Laboratory Analyses 
Samples were selected for mineralogical analysis from the Leduc D3-A and Nisku D2 oil 

reservoirs in the Clive oil field and from the aquifers and aquitards in the sedimentary 

succession above them. The sample identification, well location, sample depth and 

formation name are given in Table 8 (samples are numbered in order of sampling). The 

first nine rock samples are listed in ascending stratigraphic order starting with the 

Calmar Fm. and are from the caprock overlying the oil reservoirs of interest (Calmar Fm. 

and Wabamun Gp.) and aquifers higher up in the sedimentary succession except for the 

Ostracod zone which is a thin aquitard within the Lower Mannville Group. Note that the 

Ellerslie Fm, Ostracod Zone and Glauconitic Sandstone are all strata in the Lower 

Mannville Group. The next two samples (EN-10 and EN-11) are from the Nisku D2 and 

Leduc D3-A oil reservoirs. Samples EN-30 through EN-34 were collected and analyzed 

in a second sampling round to complete sampling of all lithostratigraphic units in the 

sedimentary succession above the oil reservoirs up to the Bearpaw Formation for which, 

being too shallow, no core samples exist. These are also listed in ascending 

stratigraphic order. Multiple samples were taken from the Calmar, Ostracod and Belly 

River formations. At the time of sampling, significant differences in lithology were 

recognized and two samples were taken from each to represent the observed 

heterogeneous formation mineralogy. 

A number of different analytical techniques were used to evaluate the mineralogy of 

each sample. These include XRF (X-Ray Fluorescence), LECO1 (Carbon and Sulphur 

                                                
1
 The term LECO is the name of the original manufacturer for this specific type of instrument, and it is commonly used to 

indicate the apparatus from all manufacturers. 
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loss by ignition), ICP-MS (Inductively Coupled Plasma Mass Spectrometry analysis), 

XRD (X-Ray Diffraction), SEM (Scanning Electron Microscopy) and EDX (Energy 

Dispersive X-Ray analysis, on the SEM). The first three analytical results give a direct 

measurement of the elemental composition of the entire sample. SEM provides an 

image of a section of the core sample and allows portions to be analyzed by EDX. The 

SEM does allow identification of phases which are present in trace (or less amounts), 

and provides a means to evaluate the dimensions of a mineral and the relative 

relationship of the minerals. XRD provides the identity of the major minerals and gives 

an estimate of the relative percentage of each. It does not give the composition of the 

phase. If the phase is non-stoichiometric, it may not be easy to identify via XRD.  

Table 8: Mineralogical sample identification, well location, depth, formation and type of mineralogical samples 
from the Clive study area analyzed in this study. 

 

Estimates of the mineralogical composition of these core samples based on XRD peak 

heights are summarized in Table 9. The Calmar, Wabamun, Nisku and Leduc formations 

are primarily carbonate and/or sulphate mineral containing formations. The remaining 

are all siliceous, with the XRD analysis identifying quartz as the predominant mineral 

phase. The Leduc D3-A was found to be 100% dolomite. The Nisku D2 is predominately 

composed of anhydrite (calcium sulphate) and dolomite. However, the high amount of 

anhydrite observed is most likely due to the presence of an anhydrite vein in the core 

sample. The XRD results indicate that the Calmar Formation is dolomitic with 20 to 30% 

quartz and significant amounts of pyrite present. The Wabamun Group is predominately 

composed of anhydrite (calcium sulphate) and dolomite. 

  

Sample Well Location Depth (m) Formation Type 
EN-1 6-13-41-25W4 ~ 1864.00 Calmar Caprock 

EN-2 6-13-41-25W4 ~ 1860.50 Calmar Caprock 

EN-3 6-13-41-25W4 ~1855.00 Wabamun Aquitard 

EN-4 11-5-41-23W4 ~ 1492.00 Ellerslie (Lower Mannville) Aquifer 

EN-5 11-5-41-23W4 ~ 1478.00 Ostracod Zone (Lower Mannv.) Aquitard 

EN-6 11-5-41-23W4 ~1474.00 Ostracod Zone (Lower Mannv.) Aquitard 

EN-7 11-5-41-23W4 ~ 1463.30 Glauconitic Ss (Lower Mannv.)  Aquifer 

EN-8 11-12-41-25W4 ~ 1388.00 Viking Ss Aquifer 

EN-9 9-35-41-23W4 ~695.25 Basal Belly River Sandstone Aquifer 

EN-10 9-35-39-24W4 ~1847.00 Nisku Reservoir 

EN-11 9-35-39-24W4 ~1876.50 Leduc Reservoir 

EN-30 6-7-40-24W4 ~1570.50 Lowermost Upper Mannville Aquifer 

EN-31 8-6-40-25W4 ~1448.00 Colorado shales Aquitard 

EN-32 12-17-39-24W4 ~1401.90 Viking Shale Aquitard 

EN-33 7-14-41-23W4 ~548.00 Upper Belly River Sandstone. Aquifer 

EN-34 12-5-39-23W4 ~748.50 Lowermost Upper Belly River Aquifer 
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Table 9: Mineralogical composition of the analyzed samples (see Table 8) estimated from XRD analysis. 

 
Mineral 

 

Sample and Formation 

EN-1 
Calmar 

EN-2 
Calmar 

EN-3 
Wab. 

EN-4 
Eller. 

EN-5 
Ostr. 

EN-6 
Ostr. 

EN-7 
Glauc. 

EN-8 
Viking 

SS 
Anatase           < 1 < 1   
Anhydrite     65           

Calcite   5       20 < 1   

Dolomite 70 50 35     5     

Halite         

Illite 5  5   < 1 5 5 5 < 1 

Kaolinite   < 1   5 5 5 5 < 1 

K-feldspar   5   5     < 1   

Plagioclase       < 1 < 1 < 1 < 1 5 

Pyrite 5 5   < 1       < 1 

Quartz 20 30 < 1 90 75 65 90 95 

Siderite         15       

 

Table 9 continued. 

Mineral 
 

Sample and Formation 
EN 9 
Basal 
Belly 
River 

EN-10 
Nisku 

EN-11 
Leduc 

EN-30 
Upper 

Mannv. 
EN-31 
Colo. 

EN-32 
Viking 
Shale 

EN-33 
Upper 
Belly
River 

EN-34 
Upper 
Belly
River 

Anatase           <1 <1 5 

Anhydrite   70             

Calcite         20       

Dolomite   30 100   5   15   

Halite          5  <1 <1 

Illite 5     5 5   5 5 

Kaolinite  10     5 <1 5 5 5 

K-feldspar      5     5 5 

Muscovite          5     

Plagioclase 20     10   5 5 10 

Pyrite      <1 5     <1 

Quartz  65   <1 75 65 70 65 70 

Siderite      <1   10     

 

The Ellerslie Fm. is almost entirely quartz with small amounts (approximately 5%) of 

kaolinite and potassium feldspar. Both samples from the Ostracod Zone are also quartz 

rich; however, the deeper Ostracod sample contains in addition siderite, kaolinite and 

illite, whereas the shallower sample contains calcite, dolomite, kaolinite and illite in 

addition to the quartz. The Glauconitic Sandstone is predominately quartz with 5% each 

of illite and kaolinite, and the lowermost Upper Mannville has about 75% quartz, 10% 

plagioclase and 5% of each of illite, kaolinite and potassium feldspar. The Viking 
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Sandstone sample has a higher proportion of quartz, and 5% calcium plagioclase. The 

Viking Formation shale has about 70% quartz and 5% of each kaolinite, muscovite, 

plagioclase and siderite. Halite was identified (5%) but is probably due to drilling fluid 

contamination. The Colorado shale is about 65% quartz, 20% calcite and 5% of each 

dolomite, illite and pyrite and the Basal Belly River Sandstone is 65% quartz, 20% 

plagioclase, 10% kaolinite and 5% illite. The lowermost Upper Belly River has about 

70% quartz, 10% plagioclase and 5% each of illite, kaolinite and potassium feldspar. The 

Upper Belly River Fm. has about 65% quartz, 15% dolomite and 5% each of illite, 

kaolinite, potassium feldspar and plagioclase. Stratigraphic units above the Upper Belly 

River were not analyzed for mineralogical composition because of the lack of core in the 

study area. These results are also considered in detail together with the water 

compositions recovered from the same formation in the following section.   

The concentration of major oxides of these samples, as determined by XRF analysis, is 

given in Table 10. As well, the concentration of inorganic carbon (as CO2) and elemental 

sulphur (S) determined by LECO is also reported.  

Table 10:  Major oxide composition of rock samples as determined by XRF and LECO (InCO2 and S). The InCO2 
values marked with an asterisk were estimated from the sample loss on ignition; ND represents 
composition below detection levels. 

 

There is a great deal of compositional variability seen in Table 10, with two samples 

containing greater than 90% silica (SiO2) and three samples containing less than 1% 

SiO2. Six samples contain in excess of 20% CO2 (see column “InCO2” in Table 10) 

indicating the presence of a significant proportion of carbonate minerals, and a single 

# SiO2 Al2O3 Fe2O3 Mg Na2O CaO K2O TiO2 P2O5 MnO InCO2 S 

1 24.1 5.24 2.05 14.48 0.24 19.61 2.01 0.28 0.05 0.02 29.63 0.79 

2 33.9 8.94 2.72 12.02 0.34 13.92 3.78 0.41 0.09 0.03 22.11 0.25 

3 0.8 0.21 0.09 8.76 0.00 36.83 0.02 0.00 0.00 0.00 20.13 13.93 

4 90.8 1.32 1.25 0.29 0.04 0.91 0.27 0.23 0.01 0.02 6.53 0.79 

5 49.7 13.00 12.49 2.81 0.41 2.64 2.94 0.55 1.07 0.13 13.75 0.09 

6 53.4 9.08 2.11 1.87 0.39 12.88 1.75 0.48 0.28 0.08 18.74 0.58 

7 82.8 7.74 1.14 0.41 0.53 0.49 1.49 0.81 0.13 0.01 1.87 0.22 

8 92.2 2.02 1.54 0.28 0.31 0.41 0.39 0.09 0.10 0.01 2.16 0.35 

9 79.3 8.94 2.10 0.65 1.92 0.49 1.98 0.39 0.09 0.03 1.21 0.04 

10 0.49 0.12 0.12 20.40 nd 31.78 0.02 0.01 0.01 0.02 44.93* 1.70  

11 0.78 0.24 0.14 20.63 nd 29.94 0.02 0.01 0.01 0.01 47.10* 0.11  

30 69.9 16.15 2.05 0.52 2.03 0.16 3.41 0.77 0.03 0.01 1.58 0.56 

31 47.7 11.22 5.64 1.89 0.54 10.42 2.23 0.54 0.19 0.02 25.19 3.47 

32 60.4 13.82 8.7 1.65 1.02 0.63 2.33 0.72 0.27 0.11 9.68 0.27 

33 63.3 10.47 4.6 3.27 1.35 3.87 2.53 0.45 0.17 0.08 10.96 0.2 

34 59.4 16.97 5.8 2.07 1.8 0.45 2.12 0.76 0.11 0.03 5.39 0.43 
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sample contains greater than 10% S. Each of these chemical signatures gives an 

indication of the mineral within the core sample; however, integrating these data with the 

minerals identified as present in the sample by XRD gives a better indication of the 

relative mass of each mineral present in the samples. Results of such calculations are 

present in the following section.   

4.2 Rock Mineralogy – Normative Calculations  
The program LPNORM (de Caritat et al., 1994), and the data presented in Tables 8 and 

9 were used to obtain accurate estimates of the proportion of each mineral within the 

rock (expressed as weight percentage). These proportions are also referred to as 

mineral norms; these are necessary input for the geochemical simulations presented in 

the Chapter 5. The normative calculation program, LPNORM (de Caritat et al., 1994) 

requires as input the chemical composition of the rock, (expressed as weight percent of 

the constituent oxides), as well as the total inorganic carbon of the sample, and the 

sulphur content. The composition of the constituent minerals is also a required input; 

commonly these are assumed to be the idealized mineral compositions. Compositional 

data obtained from an electron microprobe can also be incorporated into LPNORM data 

files to better constrain the mineralogical fit, although such data were not available for 

this study.  

The user of LPNORM is allowed to indicate a specific objective function, as well as a 

series of constraints, on the calculated mineral norms. The most commonly imposed 

constraints are to maximize, or minimize, the amount of a particular mineral in the 

calculated norms. These can be particularly useful if the program is finding solutions 

which are incompatible with known properties, such as those determined from the XRD 

spectra. Other linear constraints, such as limiting the total amount of quartz in a sample 

to be less than or equal to a specified value based on independent determinations can 

also be imposed.  

It was noted above that the composition of each mineral is required as input for 

LPNORM. Many mineral compositions are poorly constrained; this is particularly true for 

clay minerals. Since the outputs from the program LPNORM are used to define rock 

compositions for use in geochemical simulations, the minerals included in the LPNORM 

calculations are restricted to those for which thermodynamic data are available. If the 

composition of water in contact with the minerals is known this composition can also be 

used to constrain the mineral norm. For example, if the partial pressure of CO2 at in-situ 

conditions is estimated by imposing the requirement of calcite equilibrium, then the 

presence of calcite should be required in the normative solution. Ideally, mineral phases 

should be restricted to those which are at, or nearly at, equilibrium with the formation 

water following corrections to in-situ conditions. Minerals which are significantly out of 

equilibrium with the co-existing water composition should be excluded from normative 

calculations unless there is unequivocal evidence of their presence in the rock. 
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4.2.1 Silica solubility  

The stability of many minerals in the formation waters cannot be determined directly 

from the water compositional data presented in Table 2, as many key solute 

concentrations are absent from the available water analyses. This difficulty was 

overcome in constructing Table 7 by assuming that locally the waters are in equilibrium 

with the clay mineral, kaolinite, and the pure silica mineral, cristobalite. Since cristobalite 

is one of the more soluble polymorphs of silica, its choice will result in silica bearing 

minerals being more stable in these solutions (waters) than had a less soluble form been 

chosen.  

The geochemical software package SOLMINEQ.88 (Kharaka et al., 1988) uses 

chalcedony, a slightly less soluble silica mineral, as an indicator mineral for estimating 

the in-situ temperatures of aquifers from which waters are produced when an aqueous 

silica analysis is available. This geo-thermometer is recommended for waters produced 

from reservoirs which are cooler than about 70ºC. This is above the assumed 

temperature of each of the formations considered here. Unfortunately, the 

thermodynamic database used for the calculations presented here (data0.ypf.r2) is not 

distributed with chalcedony in the solids database, so its thermodynamic properties must 

be added to the data base before it can be designated as an equilibrium phase. As well, 

the thermodynamic description of the silica (and silicate) minerals is quite different 

between data0.ypf.r2 and the database used by SOLMINEQ.88, due to the adoption of 

Rimstidt’s (1997) estimates of low-temperature quartz solubility. Here the 

thermodynamic properties of chalcedony are estimated from the solubility of quartz and 

cristobalite listed in data0.ypf.r2, and the solubility of these minerals and chalcedony 

given in the SOLMINEQ.88 data base. Each of these solubility values are plotted as a 

function of temperature in Figure 9, together with the interpolated value used here to 

estimate the solubility product of chalcedony within the thermodynamic description of 

silica minerals used in data0.ypf.r2. Subsequent calculations presented here are based 

on the assumption that the aqueous solution is in equilibrium with one of these three 

silica phases. The specific phase chosen is based on equilibrium constraints imposed by 

other silicate phases; the phases chosen will noted in the accompanying text.  Changes 

in the stable silica phase will result in minor changes in the equilibrium water 

compositions listed in Table 6. 
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Figure 9: Solubility of the silica polymorphs quartz, -cristobalite, and chalcedony as given in data0.ypf.r2 

(lines, right Y axis) and the thermodynamic database accompanying SOLMINEQ88 (symbols, left  Y 

axis). There is a roughly 0.2 log unit difference between the data sets. The green line representing 

chalcedony saturation is estimated from quartz and cristobalite solubilities and the relative 

differences established from the SOLMINEQ88 database. 

4.2.2 Normative calculations of rock samples from the oil reservoirs and 
aquifers  

Nine samples (Table 8) obtained from cores taken from the oil reservoirs (samples 10 

and 11) and overlying aquifers (samples 4, 7, 8, 9, 30, 33, 34) were analyzed for 

mineralogical and chemical composition. Similarly, Table 2 presents the major ion 

composition of five waters recovered from the high permeability Mesozoic formations 

overlying the Leduc D3-A and Nisku D2 oil reservoirs in the area of the Clive field with a 

further two water analyses from the two reservoirs. These seven water analyses consist 

of one analysis from each of the Leduc, Nisku, Viking, Belly River, and Basal Belly River, 

and two from the Lower Mannville (Table 1). They may, ideally, be used to determine 

which minerals are stable, and hence likely to be present, within each formation. In the 

instance where there are two rock samples from a given formation, the rock sample for 

which the mineralogical analysis was most readily equilibrated with the recovered water 

was used for further geochemical modelling. These rock samples (En-4, and En-33) are 

discussed in some detail below along with the single samples from the remaining 

formations; the remaining two aquifer samples (samples En-7 and En-34) are also 

discussed briefly. The pairings between rock and water analyses are tabulated in 

Table 11.  
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Table 11: Correspondence between water and rock samples. The underlined rock samples were used in the 

PHREEQC modelling.  

Water 
Sample Formation Ionic Strength Mineralogy samples 

1 Leduc 4.68 En-11 

2 Nisku 4.27 En-10 

3 Lower Mannville-1 1.28 En-4, En-7 

4 Lower Mannville-2 2.04 En-4, En-7 

5 Viking Sandstone 0.58 En-8 

6 Basal Belly River 0.24 En-9 

7 Upper Belly River 0.11 En-33, En-34 

 

Reservoir Rocks (Leduc 3D-A and Nisku D2): XRD results from the reservoir samples 

(samples 10 and 11) indicate that the rocks are comprised almost entirely of dolomite 

and anhydrite (Table 8). This is in good agreement with the compositional data for the 

rock (Table 10) which show that the components present in these minerals (CaO, MgO, 

CO2 or S) comprise greater than 98 wgt % of the samples. Following the corrections 

made to the composition of the aqueous solution (Tables 5 and 6) the recovered waters 

are at, or near equilibrium with calcite (equilibrium with calcite is a constraint), and 

anhydrite (SI(anhydrite) = -0.11 and -0.13 for samples 10 and 11). These SI values for 

anhydrite are within commonly encountered values in waters recovered from anhydrite 

bearing rock; the slight undersaturation may be due to analytical errors, errors in the 

solution activity model, and/or failure to make corrections for subsurface pressures2. The 

solutions are both significantly supersaturated with respect to the most stable 

magnesium/calcium carbonate (ordered dolomite), and marginally undersaturated with 

respect to its least stable form (disordered dolomite). This is a common occurrence, and 

can be treated in modelling by maintaining a constant degree of saturation with respect 

to either of these phases (SI(dolomite) = 0.96 and 0.84 respectively for samples 10 and 

11). Thus, the recovered waters are compatible with the dominant minerals found in the 

reservoir, although only if the stability of the dolomitic mineral is intermediate between 

the ordered and disordered dolomite. The composition of the aqueous solution was 

further constrained to be in equilibrium with K-feldspar, kaolinite (Section 3.2.2) and 

chalcedony (Section 4.2.1). Following this set of corrections, the clay minerals Na-

montmorillonite and Mg-montmorillonite are also in equilibrium with the fluid (SI <0.1), so 

these phases are also incorporated into the suite of minerals included in the LPNORM 

calculation.  

                                                
2
  Anhydrite solubility increases with increasing pressure (Monnin, 1990); including pressure corrections to 

the existing solution model would lead to a greater departure (more negative SI) on the order of a further 
0.1, from equilibrium. 
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There are also analyses for Fe2O3, TiO2, P2O5 and MnO listed in Table 10. These 

components are not represented in either any of the identified mineral phases, or in the 

solution analyses. Typically TiO2 is found in sediments as the chemically inert mineral 

anatase (TiO2). Phosphate is typically found either in phosphate minerals such as apatite 

or vivianite. Iron and manganese may reside in a number of mineral phases, either as 

integral to the phase (e.g. pyrite, siderite, rhodochrosite or vivianite), or as trace 

impurities in clays and carbonates. In the absence of any guidance from other analysis, 

these oxides are generally assigned to specific phases. Ideally, the fluid/rock interactions 

should not be greatly impacted by this choice; however, in instances where these oxides 

are present in significant quantities this condition will not be satisfied, and further 

mineralogical work must be undertaken to further constrain the siting of iron and 

manganese within the rock. However, in the two reservoir samples, these oxides are 

present at only trace levels.  The LPNORM results for each of the samples discussed 

here are given in Table 12.  

Clearly, samples 10 and 11 are dominated by dolomite, with anhydrite as the only other 

significant phase (present at about 7% in sample 10; the content of anhydrite in the 

larger hand specimen shown in Section 11.10 of Bachu et al., 2011 is clearly greater 

than this). The presence of other minerals, such as quartz, calcite, and K-feldspar, within 

these samples is inferred solely from the bulk chemical analysis and equilibrium 

considerations. 

Table 12: Mineralogical composition (weight %) of aquifer samples based on LPNORM analysis. The entry for 
illite corresponds to the contributions from illite and montmorillonite.  

Formation Leduc Nisku Lower 
Mannville 

Upper 
Mannville Viking 

Basal 
Belly 
River 

Upper 
Belly 
River 

Water sample   1 2 3 4 5 6 7 
Rock sample  EN-11 EN-10 EN-4 EN-30 EN-8 EN-9 EN-33 
Albite   0.34 14.54 2.20 14.31 11.42 

Anatase 0.01 0.01 0.23 0.77 0.09 0.39 0.45 

Anhydrite  7.07   

 

  

Calcite 2.20 0.76 0.90  0.23   

Dolomite 94.40 91.34 1.33 0.53 0.97 1.61 12.73 

Iron (hydr)oxide     

 

1.13  

Illite *  0.19  11.18 2.05 8.22 17.43 

Kaolinite 0.55 0.13 2.44 17.82 1.85 5.00 4.35 

K-feldspar 0.12 0.12 1.60 20.15 

 

11.30 8.00 

Pyrite 0.21  1.48 1.05 0.67 0.07 0.37 

Muscovite     

 

0.52  

Quartz 0.45 0.22 88.41 31.24 89.15 54.18 38.37 

Rhodochrosite 0.02  0.03 0.02 0.02 0.05 0.13 

Siderite  0.15 0.36 1.89 1.39 1.11 5.90 

Vivianite  0.02 0.02 0.08 0.25 0.23 0.43 
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Lower Mannville Group:   As noted in Section 2.3, there are two water samples (3 and 

4) recovered from within the Lower Mannville Group. Although the salinity of these 

samples differs greatly, the minerals which are stable in both waters (at cristobalite 

saturation) are similar (Table 7). Dolomite and the montmorillonites are all clearly 

supersaturated in both water samples (although at levels comparable to those seen in 

other water samples used in this study). Additionally, the saturation index of the alkali 

feldspars (albite and K-feldspar) in both water samples are within a range of +/-0.3 of 

equilibrium. This is a greater deviation than might be expected based on ideally sampled 

waters and perhaps this indicates there was some minor contamination of the recovered 

water with drilling fluids. 

The core samples, EN-4 and EN-7 are recovered from the Lower Mannville Group. 

Sample EN-4 clearly contains significant quantities of kaolinite, quartz and K-feldspar, 

with minor amounts of pyrite and albite. XRD results from Sample EN-7 identify the clay 

minerals illite and kaolinite, and quartz, although the chemistry suggests that it also 

contains minor amounts of the alkali feldspars, calcite, and anatase.  

LPNORM calculations utilizing the minerals at or near equilibrium with the inferred local 

water composition did not unequivocally satisfy the constraints provided by the XRD 

results. The best agreement was with the sample EN-4 which was calculated to be 

predominantly quartz (just less than 90%), with kaolinite, dolomite, pyrite and K-feldspar 

present at levels of 1 - 2.5%, and with traces of calcite and albite. This is in good 

agreement with the XRD results.  

For sample EN-7 there was less agreement between the LPNORM and XRD results; the 

normative calculation gave a quartz content of less that 50%, as well as significant 

volumes of dolomite and siderite (meaning that these minerals would be expected to 

show a signal with XRD). XRD peaks from both of these minerals were not noted (Table 

9). Similarly, the calculated alkali feldspar content was considerably higher than that 

suggested by the XRD results.  It was possible to add constraints so that the normative 

quartz content is increased to 75%, but to do so required including several minerals 

which are very reactive in the recovered Lower Mannville waters, but this was not 

performed. Specifically, significant volumes of halite (NaCl) are required; its presence in 

the rock is incompatible with the recovered water composition. The inability to integrate 

the water analyses with the LPNORM and XRD results suggests that the formation 

mineralogy is heterogeneous, and that neither subsample is necessarily representative 

of the rock on a large scale. 

Upper Mannville Group:   The rock sample EN-30 from the Upper Mannville group is 

relatively quartz poor but similar in many ways to the Lower Mannville group samples.  

Although the proportions differ, the minerals identified in the core are the same as in 

sample EN-4, although siderite is also detected in this sample. As with the Lower 

Mannville samples, the LPNORM and XRD results from sample EN-30 are discordant in 

that the quartz content calculated with LPNORM (~30%) is considerably lower than that 

suggested by the XRD results (75%). As there was no good-quality water sample 
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recovered from the Upper Mannville from within the expanded study area (Figure 3), it 

was not possible to determine if the mineralogy as determined from LPNORM 

calculations is compatible with the formation water. The LPNORM results for Upper 

Mannville are shown in Table 12.  

Viking Formation: The core sample representative of the Viking Formation is EN-8, and 

the water is sample # 5. Although sample EN-32 is also recovered from the Viking 

Formation, it represents a shaley unit. The bulk of the fluid recovered is thought to 

originate from the sandy unit (Bachu et al, 2011), so sample En-32 was not considered 

as representative of the aquifer. XRD results indicate that the dominant minerals in EN-8 

are quartz and plagioclase, taken here as albite. Trace amounts of illite, kaolinite and 

pyrite are also reported, with no evidence of other minerals. Specifically, there is no clear 

evidence of any particular carbonate minerals, although the CO2 content is greater than 

2%, which indicates that carbonate minerals are present in the rock.  

The water analysis suggests that albite is undersaturated in the recovered solution; the 

saturation of albite listed in Table 7 is -0.28. This value decreases further to -0.58 if 

chalcedony is used to define the aqueous SiO2 concentration. Due to uncertainties in the 

phase solubilities used in these calculations, inaccuracies in the measure water 

composition, as well as potential contamination of the recovered waters, it is 

unreasonable to expect that the calculated saturation index of each phase to be 0.0. 

However, a value of +/- 0.2 is reasonable to expect for the simpler minerals such as 

albite. This tolerance will be greater for clays due to issues with phase purity and 

crystallinity. In order to stabilize the albite, the solution composition was defined to be in 

equilibrium with cristobalite rather than chalcedony. Furthermore, the solution 

composition was recalculated assuming that calcite is slightly supersaturated; CO2 was 

titrated back into solution to achieve a saturation index of 0.1 for calcite. Following this 

change, the saturation indices of dolomite, albite, and Na montmorillonite increased to 

0.98, -0.18, and 0.29 respectively. These values are typical of those for other waters 

listed in Table 7.  

 

Table 7 also indicates that the aqueous solution is essentially in equilibrium with respect 

to the montmorillonites of Na and Mg. These considerations lead to the choice of 

potential minerals within the core of albite, kaolinite, Na and Mg montmorillonite (to 

represent the illite identified by XRD), K-feldspar, pyrite, and each of the potential 

carbonate phases (siderite, dolomite, calcite, and rhodochrosite). Again, the phases 

annite, vivianite, apatite and ilmenite are also included as potential phases in order to 

host the measured phosphate and titanium.  These mineral constraints were applied to 

obtain the mineralogy for sample EN-8 in Table 12.  

Basal Belly River Formation: The core sample EN-9 and water sample # 6 are both 

recovered from the Basal Belly River Group. XRD results from EN-9 indicate that 

significant amounts of quartz, plagioclase (albite), kaolinite and an illite-type clay are 

present. LPNORM generated a mineral norm which is essentially consistent with these 
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XRD results, although the calculated K-feldspar content (11.3%) was great enough that 

it would be expected to be detected by XRD. As well, the LPNORM results indicate that 

there is some 8% of Na-Montmorillonite in the sample; this is assumed to be 

representive of the illite type mineral in the XRD trace. Finally, LPNORM apportioned a 

significant amount of iron into an iron oxide phase, represented in Table 12 as hematite. 

There is no other evidence that this phase is present, and as discussed later, the type of 

iron-rich minerals present in the rocks can play a major role in determining the 

interactions between the rock and CO2. 

This mineralogy is compatible with the inferred water composition (Table 2), although 

with several qualifications. First, at cristobalite saturation, the calculated saturation index 

of the montmorillonites and albite are highest for this water. This suggests that another 

phase is controlling the dissolved silica concentration in this water. A second column in 

Table 7 gives the saturation indices for the same set of minerals for the case when Na 

montmorillonite is assumed to be an equilibrium phase. Under this assumption, the 

saturation indices of the silicate phases for this water is more comparable to the waters; 

however, albite is considerably undersaturated. This albite undersaturation is 

incompatible with the above mineralogy. For future simulations albite is considered an 

equilibrium phase. Practically, this means that albite solubility will control the amount of 

silica in the water as long as albite is present in the rock.  

The second chemical anomaly with water sample 6 is the very high saturation indices of 

the many of the potassium bearing phases (c.f. illite, K-feldspar in Table 7). This is likely 

an indication of contamination of the produced water by a potassium rich drilling fluid. In 

subsequent calculations the amount of potassium is reduced to bring K-feldspar into 

equilibrium with the formation water; this requires a roughly 95% reduction the amount of 

K in the water. When these corrections are made to the water composition, the 

mineral/water stability relationships are similar to those associated with the other 

recovered waters discussed here.  

Upper Belly River Group: Core samples EN-33 and EN-34 and water sample # 7 were 

recovered from the Upper Belly River Group. LPNORM results for EN-33 are given in 

Table 12. Aside from the dolomite noted in sample EN-33, the XRD and XRF analyses 

of these rocks are very similar; only sample EN-33 will be discussed here. Many of the 

same factors that were noted with respect to the Basal Belly River also arose in treating 

these samples. Specifically, albite was noted in both cores while it was not stable in 

either of the solution compositions represented in Table 7 in that it is supersaturated in 

the column labelled 7 and undersaturated in the 7A column. Again this is treated by 

setting albite as an equilibrium phase which serves the purpose of controlling the 

aqueous SiO2 concentration.  When this is done, the saturations indices of K-feldspar 

and Na montmorillonite are 0.4 and 0.74 respectively. These values are greater for this 

sample than for the other samples; however, again there are a number of factors which 

can be invoked to explain discrepancies of this order. With this water composition the 

mineral illite is also close to stability (saturation index -0.23). Halite is reported in both 
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cores; this is inconsistent with the recovered waters. Halite can form in recovered cores 

as they dry; this mechanism likely accounts for its presence. 

4.2.3 Normative calculations of rock samples from aquitards  

The normative calculations to estimate the mineralogical composition of the aquitards 

(caprocks) are complex. Clay minerals are generally are prevalent in these rocks. It is 

not possible to unambiguously identify most clay minerals with standard XRD techniques 

as small clay particles tend to give broad peaks making them difficult to resolve and 

integrate. Additionally, the chemical compositions of clays are generally poorly defined; 

these varying compositions also add further complexity to the interpretation of XRD 

spectra. This compositional variation also affects the thermodynamic properties of clay 

minerals. Finally, the composition of the water within the aquitards is unknown; this 

removes the possibility of constraining the mineralogy using equilibrium assumptions as 

presented in the previous section regarding aquifer minerals. As such these normative 

estimates are necessarily less well constrained than those presented in the previous 

section; and any results presented here are necessarily uncertain.  The LPNORM 

derived mineral norms for the aquitard samples are given in Table 13. 

Table 13: Mineralogical composition (wgt %) of aquitard samples based on LPNORM analysis. 

Mineral Sample 
 EN-1  EN-2  EN-3 EN-5 EN-6 EN-32 

Albite      8.63 

Anhydrite 1.80  56.73    

Anatase    0.55 0.48 0.72 

Ankerite     2.48  

Annite 2.63 3.00     

K-Beidellite   0.48    

Calcite   2.27  17.20  

Clinochlore    1.30   

Dolomite 62.05 45.77 40.08 8.68 8.56 2.07 

Halite 0.24 0.34  0.41 0.39  

Ilmenite 0.53 0.78     

Kaolinite 7.76 12.28 0.14 24.86 8.60 14.14 

K-feldspar 8.33 16.06  15.27   

Muscovite     14.80 15.76 

Phlogopite 3.17 6.96  3.15  4.13 

Pyrite 0.69 0.47 0.14 0.17 1.09 0.51 

Quartz 12.80 13.72 0.45 26.88 42.70 38.97 

Rhodochrosite 0.03 0.05  0.21 0.13 0.18 

Siderite  0.64  15.34  11.47 

Vivianite 0.13 0.23  2.69 0.71 0.68 

 

Additionally, some features noted in the XRD spectra could not be replicated with 

LPNORM. For instance the whole rock composition could not be reproduced unless K-

feldspar was included in samples EN-1 and EN-5; however, there was no evidence of 
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this mineral in the XRD trace. This suggests that clay minerals in these rocks are more 

potassic than the stoichiometries used in the representation of clay minerals in 

LPNORM.  

4.2.4 Impact of choice of iron minerals 

The reactivity of the host rock can be greatly influenced by the reservoir mineralogy; this 

choice can be especially significant for the mineral hosts of divalent cations such as Ca, 

Mg, or Fe.  With the exception of pyrite, the XRD results (Table 9) show no direct 

evidence iron-bearing minerals in the in the aquifer or reservoir rocks despite the iron 

content of the aquifer samples typically being in excess of 2 weight percent (see Table 

10). Some indication of the difficulty in assigning iron-hosting minerals is found in the 

SEM-EDX results given in Bachu et al. (2012). For example a note accompanying the  

analysis of EN-9 presented by Bachu et al., (2012) states that “The main mineral is iron 

oxide or siderite ..”. Similarly, the description of sample EN-33 includes the statement 

“The mineral is high in Mg and Fe but was not identified.” Additionally, there are no iron 

analyses in the recovered solutions to test for potential mineral equilibria. Iron, if present 

in its reduced state in silicate minerals, will increase the potential to trap CO2 in the 

mineral siderite (e.g Gunter et al., 1996). A typical reaction between a ferrous-iron rich 

silicate, represented below by the iron rich mica annite, and CO2 can be represented by  

 KFe3AlSi3O10(OH)2 + 3CO2 → 3FeCO3 + KAlSi3O8 + H2O    (2) 

with the K-feldspar potentially able to react further with CO2 to produce kaolinite. The 

trapping reactions involving oxidized-iron bearing minerals are much less effective. 

Equally valid mineral norms can be obtained using the methodology described in the 

previous sections, but with some, or all of the iron partitioned into iron silicates (e.g. 

annite), iron oxides (e.g. hematite) or hydroxide (e.g. goethite). Such changes will 

potentially introduce slight differences in the amount of K-feldspar and/or clay phases in 

the norm, but would otherwise not significantly affect the calculated mineral norms. 

However, this partitioning may greatly affect the results of reactive simulations such as 

presented below.  The results presented in the following chapter will be conservative 

compared to those which would be obtained were ferrous silicates included in the rock 

mineralogy. Further, detailed mineralogical characterisation work could better resolve 

the mineral hosts and the oxidation state of iron in these rocks, which would clarify their 

reactivity and CO2 trapping potential. 

In all of the LPNORM runs, the iron was hosted in iron oxide, pyrite, vivianite and/or 

siderite. When siderite was present in the rock, the Fe2+ activity in solution was 

estimated based on the assumption of siderite equilibrium. (As an aside, since the rocks 

are also assumed in equilibrium with calcite, the estimated value of Fe2+ in solution is 

determined directly from the measured Ca value).  Similarly, the activity of Fe3+ is fixed 

by the in-situ pH, if equilibrium with a specified iron oxide or hydroxide is assumed. From 

these calculated of activities of Fe2+ and Fe3+ a redox potential can be directly 
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calculated; this redox potential can then be used to estimate the sulphide concentration 

in a solution with a known sulphate content. As these values are derived from unrelated 

measurements and assumed equilibria (i.e. the values are based solely on three direct 

measurements, pH, Ca and SO4, and several assumed equilibria) these values should 

be subjected to independent checks. Apps et al. (2010) estimated the oxidation state of 

groundwater systems using a similar set of similar equilibrium assumptions.  They used 

the simultaneous equilibrium of pyrite and the iron hydroxide, goethite, to estimate the 

redox state; this information was then used to calculate the saturation index of siderite in 

their solutions.   

The LPNORM analysis of EN-9 from the Basal Belly River Formation (Table 12) 

indicates that the three iron bearing minerals siderite, pyrite, and an iron oxide (or 

hydroxide) are all present in the rock, although there is no x-ray diffraction evidence of 

these specific minerals. Water composition calculations using pyrite and siderite as 

equilibrium mineral phases determined that, with these constraints, the iron hydroxide 

mineral, goethite was very slightly supersaturated in the resulting water; this result 

suggests that the mineralogical assignments are sound. However, the resulting waters 

were highly supersaturated with respect to the iron clay minerals in the nontronite family. 

A possible interpretation of this result is that the thermodynamic data for the nontronite 

minerals are incorrect; this will be assumed here. This assumption results in 

conservative estimated for the amount of CO2 fixed as mineral phases, as the tendency 

will be for the iron silicates to breakdown at elevated CO2 pressures, with much of the 

released iron subsequently re-precipitating as siderite (Gunter et al., 1996). 

To conclude, the results presented above represent an attempt to develop a consistent 

geochemical description of the reservoirs and aquifers within the Clive study area prior 

to the onset of CO2 injection. Such a description ensures that chemical changes 

predicted with the geochemical model are primarily driven by chemical changes 

associated with the CO2 injection, and not initial disequilibria between the host rock and 

the aquifer solution, which, if even if initially present, are not expected to be induced by 

the addition of CO2.   

Simulation results of the interactions between injected CO2, or aqueous solutions which 

are equilibrated at the elevated CO2 pressures associated with CO2 injection, with the 

minerals within the reservoirs and overlying aquifers are presented in the following 

chapter.  
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5. Interactions between CO2, Water and Rocks in Local 
Reservoirs and Deep Aquifers  

Geochemical reactions induced by CO2 injected into the subsurface and local water and 

rocks can be complex. These reactions may be associated with acidification by CO2 

within the injection zone, or induced by vertical leakage of CO2 away from the injection 

zone (Apps et al, 2010), and also with the cross-formational flow of water.   

Apps et al. (2010) explored issues associated with CO2 leakage into potable 

groundwater aquifers and determined that the greatest concern is in regard to the 

mobilization of the trace elements As and Pb (arsenic and lead) by aquifer acidification 

under reducing conditions. The restricted geochemical data set available for the work 

presented here precludes specific conclusions regarding the mobilization of trace 

elements; however, the conclusions drawn by Apps et al. (2010) will also be relevant 

here. Specifically, increased acidity can enhance both mineral dissolution, including 

those containing hazardous trace elements, and desorption of the same trace elements 

from adsorption sites on mineral surfaces (particularly clays, hydroxides, carbonates and 

detrital mineral coatings). This emphasis on pH changes associated with CO2 leakage 

indicates that the buffer capacity of the rock into which the CO2 may leak is a critical 

determinant on, at least, the potential to mobilize trace elements.    

Aside from buoyancy-driven mobility of a free CO2 phase, the increased pressure in the 

formations targeted for CO2 injection can initiate cross formational fluid flow (Birkholtzer 

and Zhou, 2009). This flow may involve reservoir water which is chemically affected by 

the injected CO2 (water saturated with CO2, and also containing elevated TDS resulting 

from geochemical reactions between injected CO2 and the reservoir). 

Fluids escaping (leaking) into the overlying aquifers may include free CO2, water, and 

hydrocarbons (oil). Depending on the proximity to the CO2 injection well, the composition 

of migrating water may vary from CO2-rich reactive water to the original reservoir water. 

Similarly, the oil may be impacted by CO2 or not depending on the location within the 

reservoir from which the oil is sourced. 

Oil is considered either to remain in the reservoir or to be produced; only the dense CO2-

rich phase (gaseous CO2) or CO2-saturated water will be considered as potentially 

leaking. Only one mobile phase will be considered in each simulation. These conditions 

are discussed in more detail in below. 

5.1 Representation of the thermodynamic properties of the CO2-rich 
phase 

Within the oil reservoir, many distinct chemical environments will develop surrounding 

CO2 injection wells. Initially, in-situ conditions are expected to be maintained so that CO2 

will be miscible in the oil phase within the reservoir (at/or above the minimum miscibility 

pressure). As such, the reservoir can be considered as being a two-phase system; an 

aqueous phase and a hydrocarbon phase which becomes progressively richer in CO2 
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with continued injection. The hydrocarbons (and the water) will be mobilized away from 

the injection zone, resulting in a zone which is sufficiently rich in CO2 that a third, CO2-

dominated, phase will be present locally. This zone will expand and become increasingly 

CO2-rich with time. Specifics of these processes may be modelled using compositional 

reservoir simulation tools; these have the potential to simulate the spread of CO2 

throughout the oil reservoir, both in terms of total concentration and its distribution 

between the existing phases.  

Lower and upper limits can be placed on the local fugacity of CO2 within the reservoir 

based on the CO2 content of the oil prior to CO2 flooding (lower limit), and the solubility 

limit of pure CO2 in water at in-situ conditions (upper limit). This latter limit is determined 

by pressure, temperature and water salinity. Since mineral equilibria are determined by 

water composition, the potential variability of CO2 fugacity (and hence total dissolved 

CO2 in the water phase) means that the potential for diversity in mineral equilibria within 

the reservoir is great. Here, only the most reactive water are considered. Specifically, 

these are aqueous solutions that are equilibrated with pure CO2 at local temperatures 

and pressures. This represents the hypothetical state that would exist following a 

complete local sweep of all hydrocarbons from the reservoir. The amount of water 

present will be limited by the residual water saturation.   

Two distinct mechanisms may transport CO2 into the overlying aquifers, in both cases 

the resulting state of CO2 must be defined. Water leaking from the reservoirs into 

aquifers at lower pressures will exsolve CO2 when the bubble point of CO2 in solution is 

less than the local pressure in the aquifer. Other hydrocarbon gases dissolved in the 

water will also exsolve, but, due to the comparatively high solubility of CO2 in water, the 

gas will be much richer in CO2 than in the much-less soluble hydrocarbon components 

(neglecting the potential presence of hydrogen sulfide in the oil phase). Thus, any 

hydrocarbon components in leaking reservoir water will be neglected and only CO2-rich 

reservoir water will be considered. Less well-defined is the case when a CO2 gas phase 

is escaping (leaking) upwards from the reservoir. In this case the gas composition 

cannot be assumed to be pure CO2 as other hydrocarbon components will be entrained 

in the gas; however, the maximum reactivity will be realized with pure CO2 and so this 

phase composition will be used in the calculations presented here.  Therefore, results 

obtained using the limit of a pure CO2 phase will represent an upper limit of the possible 

geochemical reactions in the case of CO2 leakage. 

This free-phase CO2 will interact with discrete mineral phases primarily by acidifying 

local waters; this acidification will induce a set of interactions within the aqueous and co-

existing mineral phases. These interactions, at least for the case of local equilibrium, can 

be described using the program PHREEQC.  

The PHREEQC database used in this study is constructed with a phase which 

represents a gaseous CO2 phase (represented here as CO2(g)) referenced to 1 bar 

pressure. If a user defines this phase as an equilibrium phase the program will maintain 
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the solution in equilibrium with a gas with a prescribed fugacity. For instance, the 

PHREEQC input file 

SOLUTION 1 

    temp      25;     pH        7;   pe        4 

EQUILIBRIUM_PHASES 1 

    CO2(g)      -1.0     8.0 

END  

will simulate an aqueous solution which is pure water with an imposed CO2 fugacity of 

0.1 bars (e.g. 10-1.0) by reacting up to 8.0 moles of CO2(g) with the solution.  

The program AQUAlibrium (Carroll, 1996) calculates the fugacity of CO2, (and density) of 

the CO2-rich phase for the two component water/CO2 system as a function of 

temperature and pressure. Table 14 presents the calculated fugacity of CO2 at in-situ 

temperatures and pressures, using the program AQUAlibrium, within each of the 

aquifers of interest in the Clive field. This represents the chemical activity of CO2 at the 

point when CO2 will freely evolve (exsolve) from solution within each aquifer. 

Alternatively, a bubble of CO2 at the local temperature and pressure will hold the activity 

of CO2 at this specific value (ignoring effects related to surface tension) as long as the 

bubble remains. From the application of Henry’s Law, the concentration of CO2 in the 

associated water can be determined. The value required for PHREEQC simulations can 

be obtained by taking the logarithm (base 10) of the calculated fugacity in Table 14 and 

subtracting 2 (conversion from kPa to bars) from the result.   

Table 14: Properties of CO2 at in-situ temperatures and pressures typical for the aquifers in the Clive area.  

No. Aquifer or 
Reservoir 

Pressure 
(kPa) 

Temperature 
(ºC) 

fCO2  
(kPa) 

CO2 Density  
(kg/m3) 

1 Leduc D3-A 17,250 65 8730 630 

2 Nisku D2 16,900 60 8279 663 

3 
Lower 

Mannville-1 
11,500 55 

6776 
461 

4 
Lower 

Mannville-2 
11,850 57 

6966 
461 

5 Viking 7,000 50 5058 180 

6 
Basal Belly 

River 
7,100 35 

4775 
242 

7 
Upper Belly 

River 
3,150 30 

2649 
67 

 

It is important to note here the variation in CO2 density as CO2 moves up through the 

sedimentary succession. In the Leduc D3-A and Nisku D2 reservoirs, and the Lower 
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Mannville aquifer, in-situ pressures and temperatures are above the critical point for CO2 

(Pc=7,380 kPa and Tc=31.1 ºC), hence CO2 will be a dense supercritical fluid, with 

density decreasing as pressure decreases (pressure having a stronger effect on density 

than temperature, which affects CO2 density in opposite direction). Because the Viking 

aquifer is severely underpressured, its pressure is below the critical pressure, similar to 

the Basal and Upper Belly River aquifers. However, because temperature is above the 

critical temperature for the Viking and Basal Belly River aquifers, and both temperature 

and pressure are below the critical point for the Upper Belly River aquifer, CO2 in these 

three aquifers will be in a compressed gaseous phase. Carbon dioxide density in the 

Viking aquifer will be less than that in the overlying and much shallower Basal Belly 

River aquifer because the temperature in the former is significantly higher than in the 

latter while pressures are very close (Table 14). This means that CO2 moving upwards 

along the sedimentary succession will undergo a complex thermodynamic path of 

cooling, decompression and recompression between the Viking and Basal Belly River 

aquifer, followed by decompression as it moves towards the surface. 

5.2 CO2-Induced reactions in reservoirs  
The mineralogy of the recovered reservoir samples is very simple (see Table 12, 

columns 2 and 3); the rocks are dominated by the mineral dolomite, although there are 

minor amount of silicate minerals, and other carbonates in both samples. As well, the 

sample from the Nisku D2 reservoir contains an appreciable amount of anhydrite.  

At first glance, the expected response to acidification by CO2 of a carbonate-rich 

formation will be dominated by the reaction 

CaMg(CO3)2 + 2 H2O + 2 CO2  = Ca2+ + Mg2+ + 2 HCO3
-,    (3) 

with the added consideration that there will also be a simultaneous equilibrium with 

calcite, and possibly anhydrite. The silicate minerals will also react with the injected CO2.  

5.2.1 Simulation results for Leduc D3-A oil reservoir 

Mineralogically, the EN-11 sample from the Leduc D3-A reservoir is the simplest 

considered here. As such the analysis of the model results are also the simplest; this 

presents an opportunity to give a more detailed analysis of model results; these are 

much more complicated for the other sites and simulation results will be more briefly 

presented in those cases.   

 

The PHREEQC input file used to generate results of CO2 geochemical reactions within 

this reservoir is given below. Specific text from this file is referred to below using the 

same font as in the input file (e.g. END). This run consists of four separate, sequential, 

calculations; each of these is terminated with an END statement. The water composition 

as presented in Table 2 is described in the input up to the first END statement under the 

heading “SOLUTION 1”. This segment of the input file will generate the data presented 

in Table 4. The second, four line section, simulates heating the water introduced 
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previously to the in-situ temperature of 65oC (results presented in Table 5). The results 

of this calculation are then saved as “solution 2”, for subsequent calculations. The 

subsequent input section is used to generate the results presented in Tables 6 and 7. 

Here, the solution generated by the previous calculation, and saved as solution 2, is 

manipulated by: adding up to 10 moles of CO2(g) to bring the value of the saturation 

index of Calcite to 0, adding the components in the phases kaolinite, and quartz, to the 

solution until it is in equilibrium with kaolinite and supersaturated with quartz (final SI = 

0.35), corresponding to chalcedony saturation – see Section 4.2.1, and adding KCl to 

bring the solution into equilibrium with K-Feldspar.   

 
PHREEQC input file used to calculate the equilibrium response of chemical interactions between the Leduc 
D3-A oil field mineralogy and injected CO2. 
 

SOLUTION 1 Leduc D3-A, water sample 1 in Table 2 

temp 23; pe 4 

density 1.145; units mg/l 

redox pe; pH 6.7 

Na 56522; Ca 20567; Mg 3071; Cl 131464; Br 996 

I 21; C 89.70; S 425 

SAVE solution 1; END  

 

USE  solution 1 

REACTION_TEMPERATURE 1  

 65 

SAVE solution 2; END  

 

USE solution 2 

EQUILIBRIUM_PHASES 1 

  Calcite   0 CO2(g)  10   

  Quartz 0.35   10 

  Kaolinite 0 10 

  K-Feldspar 0 KCl  10 

save solution 3; END 

 

use solution 3 

EQUILIBRIUM_PHASES 2 

CO2(g)    1.941014    10  

Dolomite 0.84 239.94;   Calcite  0   10.284 

Quartz 0.35 3.4779;   Kaolinite   0 1.01 

Pyrite 0 0.8212;   K-Feldspar  0 0.199 

Anhydrite -0.1 0.000 

END   

 

The final section of the input file simulates the changes brought about by bringing this 

solution into equilibrium with both the reservoir mineralogy and a free CO2 phase at in-

situ conditions. The calculation is similar to that in the previous step, although the 

number of equilibrium constraints is greater. These constrain the solution to be in 

equilibrium (SI = 0) with the equilibrium phases from the preceding calculation (calcite, 

K-feldspar, and kaolinite) with a further constraint on pyrite equilibrium added. The 

number of moles of these phases available for reaction is also listed; these values are 
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based on the mineralogical composition given in Table 12 following a calculation along 

the lines described below.  

 

PHREEQC calculations are based on an assumed initial one kg of water. This mass of 

water will very nearly fill one dm3 (0.001 m3) of pore space in a fully saturated rock. The 

assumed porosity (based on the field scale) of the Leduc D3-A reservoir is 5.9% (Table 

3); one dm3 of pore space corresponds to a total 16.9 dm3 of volume in the reservoir, or 

15.9 dm3 of rock. Based on the distribution of minerals in the rock, its density is 

calculated to be 2.77 kg/dm3; so that each kg of water, in a fully water saturated rock, will 

be in contact with 46.9 kg of rock. The number of moles of each mineral required for the 

PHREEQC input file can be calculated from this mass of rock, the weight percentages of 

each mineral as reported in Table 12, and the molar mass of each mineral. The total 

mass is immaterial for some minerals, such as quartz, which will remain present in the 

reservoir irrespective of the extent of the reaction; however, this is not the case for some 

of the more reactive minerals.  

Four other equilibrium constraints are also imposed. The first (CO2(g) 1.941 10) 

increases the amount of CO2 in the modelled system by 10 moles, with the requirement 

that the resulting solution will be in equilibrium with free CO2 at in-situ conditions (see 

Table 14 for the fugacity which defines this equilibrium).  The phase Dolomite is present 

in the reservoir, but rather than constraining the solution (water) to be in equilibrium with 

dolomite it will maintain a degree of supersaturation (SI = 0.84). This is the same value 

as was obtained from the previous calculation (see Table 7), and is equivalent to 

maintaining equilibrium between the water and a Ca-Mg carbonate which is somewhat 

less stable than dolomite (but more stable than disordered dolomite). Similar logic 

applies for the remaining two constraints (Quartz and Anhydrite), although, in the case 

of anhydrite it is not initially present in the reservoir. With this input file, anhydrite 

precipitation is allowed in waters that are apparently slightly undersaturated (SI = -0.1); 

this choice is equivalent to assuming that the recovered solution (water) was in 

equilibrium with anhydrite at the calculated SI = -0.13 (Table 7), and that, by some 

combination of analytical error and inaccuracy of the thermodynamic description of the 

system (e.g. the solution activity model), the calculated saturation index is too low by 

0.13 

 

The results from this simulation are presented below in two tables.  The predicted 

mineralogical changes, as well as the thermodynamic parameters defining their stability, 

are listed in Table 15.  Table 16 shows corresponding changes in water chemistry. 

  

                                                
3
  See also footnote on page 38 
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Table 15: Calculated equilibrium mineral changes within the Leduc D3-A reservoir. Mineral changes are 

presented as moles of mineral / kg water (SI, IAP and KT stand for saturation index, ion activity 

product, and equilibrium product, respectively).  

Phase SI log IAP log KT 
Moles in assemblage 

Initial Final Change 

Anhydrite -0.1 -4.9 -4.8 0 0.00 1.39×10
-4

 

Calcite 0 1.23 1.23 10.28 10.37 9.01×10
-2

 

CO2(g) 1.94 -6.15 -8.09 10 9.246 -7.54×10
-1

 

Dolomite 0.84 2.00 1.16 239.9 239.9 -4.75×10
-3

 

K-feldspar -0.27 -1.53 -1.25 0.199 0 -1.99×10
-1

 

Kaolinite 0 2.64 2.64 1.01 1.109 9.94×10
-2

 

Pyrite 0 -22.54 -22.54 0.82 0.82 -2.67×10
-6

 

Quartz 0.35 -2.96 -3.31 3.48 3.88 3.98×10
-1

 

 

Table 15 demonstrates that the dominant reaction is the breakdown of K-feldspar (0.199 

moles) primarily via the reaction 

2 KAlSi3O8 + 2 CO2 + 2 H2O → Al2Si2O5(OH)4 + 2 K+ + 2 HCO3
- + 4SiO2.   (4) 

The breakdown of 0.199 moles of K-feldspar via eq. (4) produces 0.0994, 0.398 and 

0.0914 moles of kaolinite, SiO2, and K+ respectively.  These amounts (and proportions) 

correspond well with the increases in the amount of kaolinite and quartz (column 6 in 

Table 15) as well as the increase in the amount of K in solution. This is the difference of 

0.249 and 0.0496 (row 9 of Table 16). However, the total amount of CO2 removed from 

the free CO2 phase (CO2(g)) is 0.7029 moles, which is more than 0.61 moles greater 

than the 0.199 moles expected to be ionically trapped as HCO3
- via eq. (4).  This 

discrepancy indicates that additional reactions affect the distribution of CO2 between the 

phases present. One of these is simply the dissolution of CO2 into the formation water; 

this amount is 0.638 moles, which is the difference of the amount of CO2(aq) prior to, 

and following, equilibration with the high-pressure CO2 (last row in Table 16). Smaller 

amounts of CO2 are transferred between the aqueous and mineral phases by reactions 

involving the minerals calcite and dolomite (Table 15). These amounts are small, and of 

opposite sign; dolomite dissolves and calcite precipitates. The net effect of these 

reactions is that the total amount of CO2 mineralized as carbonates will increase by 

0.081 moles/kg of water in those portions of the reservoir where the activity of CO2 is 

maintained at the in-situ solubility limit. Practically there is no volume change in the 

solids associated with these predicted geochemical reactions; the resulting porosity is 

practically 5.9%, the same as the initial porosity of 5.9%.   
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Table 16: Calculated changes to the water composition within the Leduc D3-A reservoir associated with 

bringing the solution and mineral assemblage into equilibrium with high pressure CO2 (fugacity = 

101.94 bars). Values below the bold line correspond to aqueous species, rather than the elemental 

concentrations. 

Element Molality 
Pre-CO2 Post-CO2 

Al 3.23×10-9 7.10×10-7 

C 2.71×10-2 7.03×10-1 

Ca 5.51×10-1 4.67×10-1 

Cl 4.03×100 4.05×100 

Fe  2.68×10-6 

K 4.96×10-2 2.49×10-1 

Mg 1.36×10-1 1.41×10-1 

Na 2.64×100 2.65×100 

S 4.75×10-3 4.63×10-3 

Si 5.90×10-4 5.93×10-4 

pH 4.728 3.967 

CO2(aq) 0.0189 0.657 

 
An exact mass balance calculation based on differences in solution (water) 

concentrations is difficult to achieve, since the initial 1 kg mass of water considered in 

the PHREEQC run may change via hydrolysis reactions. For example, the breakdown of 

one mole of K-feldspar via eq. (4) consumes one mole of water. Such reactions will 

change the concentration of components in solution, with the consequence that there is 

not an exact correspondence between the concentration as reported by PHREEQC, and 

the total number of moles of each component in solution.  

These numbers allow for an estimate on the total amount of CO2 which will be removed 

from the free CO2-rich phase by geochemical processes. The amounts are minor. The 

assumed rock volume of 16.9 dm3 will fix some 0.75 moles of CO2, which corresponds to 

31 g of CO2; equivalently this is about 1.9 kg of CO2/m
3 rock.    

The above calculations are based on three assumptions. The first is that the fugacity of 

CO2 locally is 101.94 bars; this implies that there is a free high-density CO2 phase which is 

uncontaminated by hydrocarbon components. The second is that the volume of water 

per unit rock is given by the /(1- ), where  is rock porosity. This value is based on the 

premise that the porosity is entirely water filled. This leaves no volume for a free CO2 

rich phase, which means that there will not be a phase capable of maintaining a constant 

CO2 fugacity in the system. Practically, some volume must be assigned to this phase; 

failing to do so, results again in an over-estimate of the capacity of the rock to react with 

the injected CO2. The third is that equilibrium is attained between all of the phases 

present in the system. Achievement of equilibrium may be hindered by a number of 

factors including: low rate of mineral reactions, preferential formation of meta-stable 
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minerals, and protection of mineral surfaces from contact with water by hydrocarbons or 

reaction products.   

There is an interesting aspect to the simulation results dealing with the mineral anhydrite 

(CaSO4). While initially absent from the rock (although the solution is assumed to be 

equilibrated with anhydrite), a small amount of anhydrite is predicted to form. This is not 

unremarkable; however, it is occurring under conditions where the calcium content of the 

water is decreasing. The Ca content drops by close to 10% following the equilibration 

with CO2 (Table 16). Despite the decrease in Ca (and SO4) content in the solution, the 

product of the activities of Ca2+ and SO4
2- must be increasing in order for anhydrite to 

precipitate. The increase is caused by the changes in the activity coefficient, brought 

about by, among other factors, the increased bicarbonate concentration following the 

injection of CO2. While this result is not implausible, it should be viewed with some 

degree of scepticism as the activity model is less well parameterized for CO2-rich 

systems.  

5.2.2 Simulation results for Nisku D2 oil reservoir 

The sample EN-10 recovered from the Nisku D2 reservoir, while primarily dolomite, is 

mineralogically more complex than sample EN-11. Although, both samples are relatively 

pure dolomite, sample EN-10 also contains significant quantities of anhydrite. The trace 

minerals in both samples are also similar, although siderite is present in sample EN-10 

but absent from sample EN-11.  

 

The structure of the PHREEQC input file used to calculate the equilibrium relationships 

arising from interactions between the reservoir water and the injected CO2 is the same 

as for previous case.  The calculated equilibrium-water compositions prior to, and post 

CO2 injection are given in Table 17. While the impact of CO2 injection is similar in both 

simulations, some differences are evident. The decrease in the pH of water is similar, 

though slightly greater, than that calculated for the Leduc oil reservoir. As well, the 

breakdown of the magnesium-bearing clay in the rock (see Table 18) provides a Mg 

source, which results in dolomite being formed as a reaction product. Calcium is also 

required for dolomite formation; its source is the dissolution of calcite. This result - 

dolomite formation and calcite dissolution - is the opposite of the case simulated for the 

Leduc reservoir.  

 

Results from an additional calculation are also included in Table 18. This calculation is 

identical to the previous one with a single exception: K-feldspar was omitted as a 

reactant. As noted in the discussion in the previous section, its breakdown is responsible 

for much of the ultimate chemically-trapping of CO2. However, it is a much more slowly 

reacting mineral than the more dominant carbonates. The results of this simulation may 

provide a closer approximation to the reservoir waters during the active CO2-EOR 

phase. Without neutralization by K-feldspar, the water within the reservoir will be more 

acidic than when K-feldspar is included as a reactant. The difference between the 
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equilibrium water composition in which K-feldspar is omitted as a reactant and that 

where it is included is minor. This is shown in Table 18 where the two compositions are 

reported. With the exception of the K concentration, the difference in concentration of 

each component is less than 15%.   

 
Table 17:  Calculated changes to the water composition within the Nisku D2 reservoir associated with bringing 

the solution and mineral assemblage into equilibrium with high pressure CO2 (fugacity = 101.92 bars). 
Values below the bold line correspond to aqueous species, rather than elemental concentrations. 

 

Element Molality 
Pre-CO2 Post-CO2 No K-feldspar 

Al 5.91×10
-9 7.20×10

-7 8.15×10
-7 

C 4.37×10
-2 7.69×10

-1 7.73×10
-1 

Ca 4.92×10
-1 4.20×10

-1 4.86×10
-1 

Cl 3.66×10
0 3.69×10

0 3.68×10
-0 

Fe 1.39×10
-2 1.64×10

-2 1.88×10
-2 

K 5.57×10
-2 2.36×10

-1 5.67×10
-2 

Mg 1.63×10
-1 1.68×10

-1 1.87×10
-1 

Na 2.29×10
0 2.31×10

0 2.30×10
0 

S 6.03×10
-3 5.30×10

-3 4.99×10
-3 

Si 5.40×10
-4 5.38×10

-4 5.40×10
-4 

pH 4.718 4.042 4.004 

CO2(aq) 0.031 0.713 0.716 

 
Table 18:  Calculated equilibrium mineral changes within the Nisku D2 reservoir. Mineral changes are 

presented as moles of mineral / kg water (SI, IAP and KT stand for saturation index, ion activity 

product, and equilibrium product, respectively). 

Phase SI log IAP log KT 
Moles in assemblage 

Initial Final Change 

Anhydrite -0.1 -4.83 -4.73 4.04×10
1
 4.04×10

1
 5.45×10

-4
 

Calcite 0 1.32 1.32 3.98×10
0
 3.93×10

0
 -4.64×10

-2
 

CO2(g) 1.92 -6.14 -8.06 1.00×10
1
 9.08×10

0
 -9.20×10

-1
 

Dolomite 0.96 2.27 1.31 2.61×10
2
 2.61×10

2
 1.31×10

-1
 

K-Feldspar 0 -1.14 -1.14 2.19×10
-1

 4.14×10
-2

 -1.78×10
-1

 

Kaolinite 0 3 3 2.75×10
-1

 5.88×10
-1

 3.13×10
-1

 

Montmo-Mg -0.71 -0.94 -0.23 2.69×10
-1

 0 -2.69×10
-1

 

Quartz 0.35 -3.01 -3.36 1.93×10
0
 2.91×10

0
 9.81×10

-1
 

Siderite 0 -0.84 -0.84 6.66×10
-1

 6.49×10
-1

 -1.63×10
-2

 

 

The volumetric changes associated with these mineral reactions are positive (i.e., 

increase in the solid volume, or net precipitation); although the magnitudes are minor. 

The calculated porosity following these reactions is 5.17%, slightly lower than the initial 

porosity of 5.2%. The difference is well within the measurement error in the laboratory 
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and the approximations inherent in the scaling up process, such that, for all practical 

purposes one may consider that there are no changes in porosity. 

5.2.3 Overview of geochemical reactions within the oil reservoirs  

The geochemical simulations indicate that the injection of CO2 in the Leduc D3-A and 

Nisku D2 oil reservoirs will have a negligible impact on reservoir porosity. This is even 

more the case since the simulations were performed for the extreme case when there is 

no oil in the pore space, having been completely displaced by CO2. The effects on 

reservoir permeability cannot be quantified and are less certain because these changes 

depend on where the dissolution or precipitation of mineral assemblages takes place, in 

the pores themselves or in the pore throats. However, it is expected that the effects on 

reservoir permeability, hence injectivity, will also be negligible-to-minor and will have no 

practical effect on the CO2-EOR operations, particularly when compared with the original 

reservoir heterogeneity. 

Other effects relate to the amount of CO2 that will be stored (sequestered) in the oil 

reservoirs. There are relatively small differences between the simulations presented 

above. In both cases, the calculated uptake is somewhat less than one mole (44 g) of 

CO2 per kg of water within the rocks. The actual values are 0.76 moles (Leduc D3-A) 

and 0.9 moles (Nisku D2). The dominant reaction controlling this uptake is simple CO2 

dissolution in the formation water (solubility trapping). These amounts are 0.64 moles/kg 

H2O for the Leduc D3-A reservoir and 0.68 moles/kg H2O for the Nisku D2 reservoir, 

respectively. These numbers are derived from the difference in the CO2(aq) 

concentrations listed in the second and third columns of Tables 16 and 17.   

The relatively greater uptake of CO2 within the Nisku D2 reservoir is due to an increased 

amount of ionic, or mineralogical trapping. This is due to the greater abundance of alkali, 

and alkali-earth bearing silicate minerals in this reservoir. On degradation, these 

minerals consume hydrogen ions, the source of which is dissolved CO2. The total 

amount of CO2 trapped within mineral structures, which is calculated as twice the 

change in the amount of dolomite plus the change in the amounts of calcite and siderite, 

is also greater within the Nisku D2 reservoir (0.2 moles) than within the Leduc D3-A 

reservoir (0.026 moles). This difference is primarily due to the assumed presence of the 

Mg-bearing clay mineral, Mg-montmorillonite within the reservoir.  

As demonstrated in Section 5.2.1, the amount of chemical trapping is small – on the 

order of 1.9 kg of CO2/m
3 of the reservoir Leduc D3-A reservoir. The amount of CO2 

chemically trapped in the Nisku D2 reservoir, while greater (2.1 kg of CO2/m
3), is 

comparable. In both cases, the predicted mineralogical transformations are minor; only 

minor amounts (on the order of parts per thousand) of the carbonate minerals present in 

the reservoirs are expected to react as a result of CO2 injection. Since these comprise 

over 90% of the rocks, the overall impact on the physical rock properties is expected to 

be minor. 
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Some of the injected CO2 will dissolve in and mix with oil. Assuming that the oil and 

contained CO2 are completely displaced through the enhanced oil recovery process, the 

proportion of injected CO2 which remains as a free phase within the reservoir (i.e., 

neither mineralized nor dissolved in water) can be estimated if the phase saturations are 

defined. Bennion and Bachu (2008; 2010) determined the residual brine and CO2 

saturations following CO2 displacement for various sedimentary rocks from the Alberta 

basin. For the Nisku Fm., the brine irreducible saturation is on average 0.4, meaning that 

the maximum CO2 saturation is 0.6. The average irreducible CO2 saturation determined 

by Bennion and Bachu (2008, 2010) is 0.212. This means that, for a porosity of 5.2% 

and CO2 density at in-situ conditions of 663 kg/m3 (Table 14), 7.3 kg CO2/m
3 will be 

residually trapped in the reservoir at irreducible saturation, which is greater by a factor of 

3 than the amount of chemically trapped CO2. However, up to 13.4 kg (=7.3·(0.60-0.212) 

/ 0.212) of CO2/m
3 can remain as a mobile phase within pore space, and this free CO2 

can leak upwards if a pathway is found, driven by buoyancy and pressure gradients.   

5.3 Reactions in aquifers overlying the Leduc-D3A and Nisku-D2 oil 
reservoirs  

Results of the equilibration of fluids migrating upwards from the reservoirs undergoing 

CO2-EOR with overlying aquifer materials are presented here. The fluids considered 

here are either a pure CO2 phase, or waters from the reservoir. Reactions induced in 

overlying aquifers by the leakage of pure CO2 are well described in Apps et al. (2010). 

Those due to the migration of other fluids, such as CO2-saturated reservoir water, from 

the pressured reservoir are less well studied. This leakage may be distal to the CO2 

injection well, hence the composition of the leaking fluid will be unaffected by chemical 

interactions with injected CO2. This case of potential leakage is not within the scope of 

this study. Alternatively, if the leakage is proximal to the CO2 injection wells, any 

migrating fluid will be acidified by contact with the injected CO2. Specifically, the 

composition of the leaking acidified-water is derived from the second case presented in 

section 5.2.2; that of a water which is in equilibrium with a free CO2 phase within the 

reservoir, as well as the clays and carbonate minerals within the reservoir. The 

equilibrium is determined for the replacement of 0, 1/3, 2/3, and all of the water in the 

aquifer. This is done to determine potential mineral reactions which may be induced by 

cross formational leakage. Although it is difficult to relate the closed system simulations 

presented here directly to specific physical situations, these varying proportions are 

meant to approximate scenarios of varying fluxes of intra-formational and inter-

formational flows. 

The extent to which the overlying aquifers will be impacted depends on both the rate of 

fluid flow from the reservoir and the kinetics of mineral reactions within the aquifer. 

Potential fluid flow rates from the reservoir may be estimated based on hydraulic head 

differentials between the hydrocarbon reservoir and overlying aquifers, and the 

permeability of probable leakage pathways although such analyses are outside the 

scope of this study. Additionally, there is a lack of data about the possible permeability of 

potential leakage pathways. Similarly, the extent to which leaked fluids will be diluted 
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within the aquifers depends on the rate at which local flow within the each aquifer 

sweeps reaction products away. Low rates of the potential reactions will also limit the 

extent to which the reaction described here may proceed. Compilations of mineral 

dissolution rates are available (i.e., Palandri and Kharaka, 2004); however, many of 

parameters required to transform these experimentally-derived rates into equivalent field 

properties (such as total available mineral surface area) are not known for the aquifers 

studied here. Finally, the rates of the mineral transformations (as opposed to 

dissolution), which play an important role in controlling the equilibrium response in some 

aquifers, are not well characterized in the geochemical literature.  

5.3.1 Simulation results for leakage of free phase CO2 into overlying aquifers  

The PHREEQC runs simulating the impact of leakage of pure CO2 into various aquifers 

are constructed following the same structure as the simulations in Section 5.2. Required 

inputs are the initial water composition and mineral abundances in the aquifer, as well as 

the fugacity of the CO2 at in-situ conditions. Results of the simulations consist of the 

changes to the equilibrium mineralogy and water chemistry. Select results will be 

presented for all aquifers; these include the equilibrium water composition for each 

aquifer both prior and after to the introduction of CO2 (Tables 19 and 20, respectively), 

as well qualitative indications about changes in mineral masses (Table 21). Table 19 is 

mostly a reiteration of the data previously presented in Tables 2 and 6; these are 

repeated here both for ease of comparison, as well as to standardize the reported 

concentration units.  Some of the compositions differ between Tables 6 and 19. This is 

due to the fact that a different mineral phase was assumed, in a few cases, to control the 

silica content (see Section 4.2.1). This was done to bring the saturation indices of a few 

clay minerals to more realistic values. 

Table 19: Original water compositions corrected for assumed equilibria. Concentrations are given in moles/kg 

of water. Values in the last two lines correspond to aqueous species, rather than elemental concentrations. 

Aquifer Lower 
Mannville Viking Basal Belly 

River 
Upper Belly 

River 

Na 1.47×10
0
 5.59×10

-1
 2.11×10

-1
 1.08×10

-1
 

K 1.30×10
-2

 2.47×10
-3

 2.45×10
-4

 3.07×10
-4

 

Mg 4.69×10
-2

 2.03×10
-3

 1.40×10
-3

 6.59×10
-4

 

Ca 1.42×10
-1

 6.54×10
-3

 3.01×10
-3

 1.40×10
-3

 

Fe 1.88×10
-3

   7.45×10
-5

 3.17×10
-5

 1.88×10
-5

 

Al 1.31×10
-10

 2.04×10
-11

 2.89×10
-10

 7.99×10
-10

 

TIC 1.82×10
-2

 9.90×10
-2

 4.36×10
-3

 5.38×10
-3

 

SiO2 9.28×10
-4

 1.03×10
-3

 4.82×10
-4

 4.08×10
-4

 

H2S  3.39×10
-9

 1.03×10
-8

 1.95×10
-9

 1.568×10
-9

 

Cl 1.83×10
0
 5.33×10

-1
 2.32×10

-1
 1.07×10

-1
 

SO4 4.01×10
-3

 1.57×10
-4

 2.09×10
-5

 2.085×10
-5

 

pH 5.46 5.91 7.335 7.525 

pCO2 -0.05 0.49 -2.01 -2.09 
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The concentration of the solutions following equilibration with a free CO2 phase at in-situ 

conditions is reported in Table 20. Clearly, introducing CO2 at high pressures into the 

system results in significant changes to the water compositions; the most significant 

changes are seen in the upper two aquifers (Basal and Upper Belly River). This is to be 

expected based on the initial (pre-CO2) low-salinity water composition. The equilibrium 

CO2 fugacity estimated in the previous chapter (Tables 6 and 19) is considerably lower 

for the shallower Basal and Upper Belly River formations than the deeper two formations 

(Viking and Lower Mannville) – with the initial equilibrium CO2 fugacity being the greatest 

in the Viking Fm. The pH shift following equilibration with a free CO2 phase is greater 

than 1.0 for the upper two aquifers, but less than 0.3 for the Viking aquifer.  

Table 20: The concentration of aquifer waters equilibrated with a free CO2 phase and the assumed local 
mineralogy of four aquifers overlying the Clive oil field. The concentrations are given in moles/kg of 
water, except for pH (last line) which is dimensionless. 

Aquifer Lower 
Mannville Viking Basal Belly 

River 
Upper Belly 

River 

Na 1.82×10
0
 9.48×10

-1
 2.91×10

0
 2.02×10

0
 

K 4.67×10
-2

 2.49×10
-3

 4.38×10
-3

 6.79×10
-3

 

Mg 1.40×10
-2

 1.02×10
-3

 4.69×10
-3

 3.26×10
-3

 

Ca 2.74×10
-2

 1.89×10
-3

 1.34×10
-4

 1.58×10
-4

 

Fe 7.004×10
-4

 5.51×10
-5

 3.66×10
-5

 3.30×10
-5

 

Al 1.11×10
-8

 3.18×10
-10

 1.29×10
-8

 2.89×10
-9

 

C 9.67×10
-1

 1.27×10
0
 2.92×10

0
 2.51×10

0
 

SiO2 9.81×10
-4

 1.10×10
-3

 7.07×10
-4

 5.42×10
-4

 

H2S 2.13×10
-8

 3.83×10
-8

 0 4.83×10
-8

 

Cl 1.85×10
0
 5.43×10

-1
 2.19×10

-1
 1.36×10

-1
 

SO4 4.04×10
-3

 1.60×10
-4

 2.69×10
-1

 2.65×10
-5

 

pH 4.82 5.62 6.14 6.25 

 

Figure 10 gives a representation of the relative reactivity of each formation. This is a plot 

of the ratio of the concentration of many of the components reported in Table 20 to the 

corresponding value in Table 19.  The Viking Formation, as discussed previously, is the 

least reactive of the four aquifers considered. This is clearly seen in Figure 10 as the 

ratio of the concentration of most components (with the exception of C) in these two 

waters (pre- and post-CO2 exposure) are close to 1.0. The spread in these ratios is 

somewhat greater for the Lower Mannville and considerably greater for the Basal and 

Upper Belly River Formations.  
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Table 21:  Predicted mineralogical changes to aquifers overlying the Clive oil field in the event of CO2 
migration into these aquifers. 

Aquifer cal
cite 

dolomite K-
spar 

albite kaolinite SiO2 clays Magnesite Pyrite FeOOH Siderite 

Upper 
Mannville   

+ + - - + + x x + x + 

Viking - + x + + + - x x x + 

Basal 
Belly 
River 

x + + - + + 0 + 0 
 

- + 

Upper 
Belly 
River 

x + + + + + 0 + - x - 

key +: reactions lead to an increase in the amount of mineral in formation 

 -: reactions lead to a decrease in the amount of mineral in formation 

 0: reactions lead to a exhaustion of the amount of mineral within formation  

 x: mineral absent in formation both initially and finally 

 

 

Figure 10: The ratio of the concentration of selected elements in solution following equilibration with a free 

CO2 phase at in-situ conditions to pre-CO2 contamination concentrations.  

The geochemical behaviour of the Basal Belly River Formation is particularly sensitive to 

the addition of CO2. This is seen in the behaviour of SO4, the concentration of which 

increases by more than four orders of magnitude following equilibration with the high 

pressure CO2 phase. The reason for this increase lies in the behaviour of the iron-

bearing phases within this formation. The LPNORM calculations suggest that both pyrite 

(FeS2) and an iron oxide or oxyhydroxide (e.g. goethite – FeOOH) are present. 

Acidification of the aquifer waters by the addition of CO2 leads to the dissolution of 

goethite via: 

FeOOH + H2O + CO2 = Fe3+ + HCO3
- + 2 OH-      (5) 

The Fe3+ produced through eq. (5) has the capacity to oxidize the bisulphide in pyrite; 

this reaction can be written as:   
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14 Fe3+ + FeS2 + 4 H2O = 15 Fe2+ + 2SO4
2- + 8 H+ .     (6) 

These two equations, combined together with the formation of siderite (FeCO3), give the 

net reaction: 

14 FeOOH + FeS2 + 15 CO2 = 15 FeCO3 + 2SO4
2- + 4 H+ + 5 H2O

    (7) 

This reaction produces H+, further acidifying the water, which then can dissolve more 

goethite. In the presence of excess CO2 this reaction, once initiated, will continue until 

the pyrite or goethite is exhausted. Trace metals present in either the goethite or pyrite 

will be mobilized by (7). While this is a concern, the pH of the evolved water remains 

essentially neutral (equilibrium pH = 6.14). This suggests that most of the metals 

mobilized will re-precipitate locally rather than be transported at levels significantly 

greater than the background.   

 
Changes in the volume of solids, hence porosity, within the aquifers associated with the 

reactions described above can be calculated given the molar volume of the minerals 

involved in the reactions. Again, these porosity changes are calculated based on the 

equilibrium mineralogy and, as such, are likely overestimates. Calculated changes in 

porosity, as well as the calculated amount of CO2 trapped within the aquifers, for each of 

the four aquifer systems considered are presented in Table 22. In three of the four 

aquifers the porosity decreases following equilibration with the high pressure CO2, with 

very slight decreases in the deeper Lower Mannville and Viking aquifers, and with a 

significant decrease in the Upper Belly River aquifer. In contrast, porosity in the Basal 

Belly River aquifer increases significantly. Although these volume changes result from a 

complex set of coupled reactions, the behaviour of the feldspars seems to be an 

important indicator of the volume changes on reaction. The largest volume gain (porosity 

loss) was associated with extensive feldspar production from pre-existing clays (reverse 

weathering). Conversely, extensive feldspar loss is predicted within the Basal Belly River 

aquifer; this is associated with a significant increase in porosity.  The geochemical 

simulations show that the changes in aquifer porosity as a result of leakage of CO2 from 

the oil reservoirs into overlying aquifers will be negligible-to-minor for the Lower 

Mannville, Viking and Basal Belly River aquifers. In regard to effects on aquifer 

permeability, these cannot be quantified and they will depend mainly where on the solid 

grains mineral precipitation or dissolution will take place, in the pores or in the pore 

throats. The reduction in porosity in the Upper Belly River aquifer is more significant (a 

decrease of 22%), which likely will lead to a local decrease in permeability, with 

corresponding effects on the flow of free-phase CO2. 
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Table 22: Calculated impact of leaked CO2 on aquifers overlying the Leduc D3-A and Nisku D2 oil reservoirs. 

Values reported in this table include the mass of CO2 which may be trapped in various forms within 

the aquifers (see text), as well as aquifer porosity prior to and following equilibration with CO2 at in-

situ conditions. 

Aquifer 
Trapping CO2 by Mechanism (kg CO2/m3 rock) Porosity (%) 

Mineral Solution Ionic 
Residual 

Gas 
Maximum Gas Initial Final 

Mannville 6.65 3.73 0.38 11.63 21.46 9.70 9.66 

Viking 1.93 3.64 1.76 7.35 8.26 10.20 10.00 

Basal Belly 
River 

15.10 2.99 10.09 10.39 11.68 12.20 13.77 

Upper 
Belly River 

21.48 3.38 10.46 2.18 4.02 12.50 10.12 

 
Note that, although porosity in these aquifers increases with decreasing depth (Table 3), 

the amount of CO2 in free phase per m3/rock in each aquifer, expressed in mass units 

(kg) in Table 22, decreases with decreasing depth (i.e., as aquifers become shallower) 

because of the decrease in CO2 density with decreasing depth (Table 14). This effect 

particularly stands out in the case of the Viking aquifer, where, because of severe 

underpressuring (i.e., very low pressure), CO2 density is much lower than in the case of 

the Basal Belly River Aquifer. 

Table 22 also reports the amounts of CO2, which are estimated to be fixed (trapped) in 

various phases during the evolution of the CO2 within each aquifer. There are two types 

of mechanisms responsible for trapping CO2; it may either be in a free phase at immobile 

residual gas saturation, or it can be chemically trapped within the water or mineral 

phases through dissolution and mineral precipitation. Free CO2 above the residual 

saturation is mobile and it will flow up-dip and upwards unless trapped in a stratigraphic 

or structural trap. Values reported in Table 22 require a brief explanation. During an 

active leakage of CO2, the gas will displace water in the aquifer (drainage cycle) up to 

the point that the brine saturation within the aquifer reaches the irreducible brine 

saturation (this is the maximum gas saturation in Table 22). On cessation of CO2 

leakage, the CO2 will migrate within the aquifer and the aquifer water will imbibe back 

(imbibition cycle), decreasing the local CO2 saturation until the CO2 saturation reaches 

the irreducible gas saturation (residual gas saturation in Table 22). Bennion and Bachu 

(2008) and Bachu (2012) have published irreducible brine and CO2 saturation values for 

rock samples from various sandstone strata in the Alberta basin, including five samples 

from the aquifers studied here (two from the Ellerslie Fm. of the Lower Mannville Group, 

and three from the Viking Fm.). Average values representative for these two aquifers 

were used to calculate the mass of CO2 which would be present in a cubic meter of rock 

at in-situ conditions at both residual brine saturation (maximum gas saturation) and 

residual gas saturation (minimum gas saturation). For the Basal and Upper Belly River 

aquifers, the values for the Viking Fm. and Ellerslie Fm., which are mineralogically and 

depositionally similar to these, were used, respectively. The variables required to 
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calculate the mass of CO2 at these saturation limits depend on both rock properties 

(porosity, irreducible brine and CO2 saturations) and in-situ CO2 phase density. 

Both during and subsequent to CO2 leakage, the CO2 will react with the local rocks and 

water. It can dissolve into the water (solution trapping), hydrolyze to bicarbonate (ionic 

trapping), or precipitate as a mineral phase (mineral trapping). These chemical trapping 

mechanisms operate essentially independently of the processes responsible for the 

emplacement and displacement of the free CO2 phase; however, at any given time the 

amount of CO2 available for reaction will be less than the amount reported in Table 22 as 

Maximum Gas, with the Residual Gas value being typical. In the presence of free CO2 

phase, an amount of CO2 will dissolve into the local water until it is saturated with this 

phase (on the order of 0.6-0.8 moles of CO2/kg water (kgw) for the aquifers and 

conditions considered here).  This concentration corresponds to some 26-35 g of 

CO2/kgw. This is normalized in terms of rock volume in Table 22; comparison of these 

values to the amounts physically trapped requires that this amount must be converted to 

rock volume units. A typical porosity of the aquifer rocks considered here is 10%. This 

means that the pore volume in a cubic meter of rock is on the order of 0.1 m3; if this pore 

space is fully water saturated, it will contain about 100 kg of water. If saturated with CO2 

at in-situ conditions, 100 kg of water will contain 2.6 to 3.5 kg of dissolved CO2. These 

values are reported in the third column of Table 22. Note, however, that the scenarios 

described above are predicated on having a free CO2 phase also within the pore space, 

so that the volume of water in the total pore space will be, loosely speaking, closer to 

one half of the total pore space.  

It is clear that the amount of gas dissolved into the aquifer water in the lower three 

aquifers (Lower Mannville, Viking and Basal Belly River) is much less than the amount 

which can be trapped as a free phase in the pore space. In the Upper Belly River 

aquifer, these amounts are comparable, meaning that there is capacity to trap most of 

the leaked CO2 through simple dissolution.  The other two columns (Mineral and Ionic 

trapping) represent the hypothetical maximum amount of CO2 that could react with the 

leaked CO2 in a relatively stagnant system (i.e. any flow transporting fresh reactive water 

is restricted, or is extremely slow, as is usually the case in deep saline aquifers).  

There are two components of ionic trapping; there is formation of bicarbonate by simple 

hydrolysis of dissolved CO2 (H2O + CO2 = HCO3
- + H+), and bicarbonate production 

which is coupled to the mineral reactions (e.g. CaCO3 + CO2 + H2O = Ca2+ + 2HCO3
-). 

The first of these operates on the same time scale as solution trapping, which is 

decades to centuries (IPCC, 2005). However, the amount due to this reaction is minor, 

usually a few percent of the amount trapped as dissolved CO2 (the amount reported as 

Solution Trapping).  The second reaction occurs on time scales similar to mineral 

trapping (centuries to millennia; IPCC, 2005), and its rate depends on the mineral 

reactions involved. As such, it is dependent on aquifer properties. For the Lower 

Mannville and Viking aquifers the total amount of CO2 trapped through chemical trapping 

processes (solubility, ionic and mineral) is comparable with the amount of CO2 that will 
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be trapped through residual gas saturation, indicating that any free CO2 phase within 

these aquifers will be persistent over long periods, and mobile CO2 (above the residual 

saturation) will still be able to migrate and/or leak.  In the case of the Basal and Upper 

Belly River aquifers, the amount of CO2 that will be trapped at irreducible saturation 

(residual gas) is much smaller than the amount of CO2 that may be trapped through 

solubility, ionic and mineral trapping.  Since the time-scales of these processes are 

vastly different this means that, although all the CO2 that will reach these aquifers may 

ultimately be trapped through chemical trapping processes, in the early times of CO2 

leakage, free-phase CO2 will still be able to migrate and possibly leak upwards if a 

leakage pathway, such as a defective or uncemented well, is encountered. As well, 

when considering the leakage of CO2 towards even shallower strata and the surface, the 

coal beds present in the Belly River Group and overlying strata (Figure 4) will adsorb 

free-phase CO2, reducing the flux of CO2, therefore lessening the risk of leakage into 

shallow potable groundwater and to the surface. 

5.3.2 Simulation results for leakage of CO2-rich water into overlying 
aquifers  

Carbon dioxide-charged waters leaking into an aquifer overlying the oil reservoirs will, in 

general, not be in equilibrium with the aquifer. PHREEQC simulations were set up to 

simulate the mixing of aquifer waters with CO2-charged water leaking from the oil 

reservoirs, whose composition is given in the rightmost column of Table 17.  This mixing 

process is undertaken while maintaining the resulting water composition in equilibrium 

with the aquifer mineralogy.  

A single simulation consists of a number of steps that are required to define the 

equilibrium water compositions and the mineralogical constraints within the aquifer and 

the reservoir that is the source of the leaking CO2-rich water; these are based on input 

files used in the previous sections run sequentially. A further three sets of commands 

are required to simulate the mixing of the reservoir and aquifer waters while maintaining 

equilibrium with the aquifer mineralogy. A complete PHREEQC input file required for a 

single simulation is reproduced in Appendix B. 

Some results generated by this type of simulation, undertaken for the Lower Mannville 

aquifer (the basic data used in this simulation is water sample #3 and rock sample EN-4) 

are shown in Figure 11.  
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Figure 11: Calculated concentration of several components and pH of evolved water obtained by mixing 

original water from the Lower Mannville aquifer and CO2-rich water from the Nisku reservoir while 

maintaining equilibrium with the aquifer mineralogy. The values of the pH and Na concentration are 

given on the right hand axis. The concentrations in the reservoir water are shown as isolated points 

on right-most side of the plot using the same symbols as for the respective connected lines.      

Figure 11 is a plot of the equilibrium water composition calculated when different 

mixtures of the equilibrated aquifer water and a CO2-enriched water derived from the 

Nisku reservoir are mixed. In this, and following figures, the relative proportion of the 

Nisku D2 CO2-rich water defines the x-axis, which is plotted as the mixing ratio between 

the water leaked from the Nisku D2 reservoir and the resident aquifer water. A mixing 

ratio of zero indicates that only aquifer water is present, and a mixing ratio of one 

indicates water derived from the Nisku D2 reservoir only.  

Several aspects of the mixing process are evident. Firstly, none of the components 

plotted conserve in this system; none falls directly on a straight mixing line (shown as 

dashed lines) from the initial concentration of that element in the Lower Mannville aquifer 

(the value at a mixing ratio of 0) to the points representing the assumed concentration of 

the upward-leaking reservoir water (mixing ratio of 1). Secondly, following equilibration of 

the reservoir-derived water with the aquifer rocks at a mixing ratio of 1, the resulting 

water is only marginally less acidic (pH = 4.2) than the CO2-charged water leaked from 

the Nisku D2 reservoir (pH = 4.0) but much more acidic than the original water in the 

Lower Mannville aquifer (pH = 5.4). Aside from this consumption of acid, mineral 

interactions within the aquifer are predicted to remove significant amounts of Ca from 

solution through precipitation; this is evident as the calculated Ca value at a mixing ratio 

of 1.0 (0.33 mols/kgw) is significantly less than the value corresponding to the water 

from the carbonate Nisku D2 reservoir (0.48 mols/kgw). The equilibrated water contains 

more than twice as much Ca as there was originally in the Lower Mannville waters.  
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Lesser amounts of Mg are also predicted to be fixed in mineral phases through 

precipitation as indicated by a resulting value of 0.12 mols/kgw compared with an initial 

value of 0.19 mols/kgw. The small slope of the line segment associated with the lowest 

mixing ratios indicates that that the reactions which fix these components are most 

effective for dilute mixtures of the reservoir water into the aquifer. The release 

(dissolution) of Na and K is also evident in Figure 11. A steady increase over the 

conservative mixing line (dashed orange-brown line) is seen in the K concentration; 

however, following an initially relatively steep increase, the Na concentration roughly 

parallels the conservative mixing trend (dashed yellow-brown line) indicating that there 

are no other reactions significantly affecting Na concentration.  At lower mixing ratios 

between Nisku D2 and Lower Mannville waters, these effects are also present, but less 

drastic. 

Figure 12 shows the changes in the amount of many of the phases present in the 

equilibrium assemblage in a manner similar to Figure 11. Calcite and dolomite are the 

phases responsible for removing Ca and Mg from the water mixtures through 

precipitation; the amounts of these phases are seen to increase with the proportion of 

CO2-enriched reservoir water in the mixed water. Other mineralogical aspects that are 

evident in Figure 12 are the relative instability of albite; a minor influx of CO2-charged 

water from the Nisku D2 reservoir has the capacity to strip all of the albite from the 

impacted volume of the Lower Mannville aquifer. The degradation of albite results in the 

production of kaolinite (Figure 12), as well as serving to reduce the acidity of the water, 

which leads to the precipitation of the carbonate minerals noted previously. While less 

reactive than albite, degradation of K-feldspar to kaolinite is also apparent in Figure 12.   

 

 

Figure 12: Calculated changes in the equilibrium mineralogy associated with the reactions induced by mixing 

CO2-charged waters from the Nisku D2 reservoir with minerals from the Lower Mannville aquifer.     
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Overall, the dominant reactions expected within the Lower Mannville aquifer are the 

formation of carbonates (calcite, siderite - not shown, and dolomite) and kaolinite. The 

source of the components incorporated into the carbonate minerals is primarily the water 

leaked from the carbonate Nisku reservoir, and the kaolinite being derived from the 

breakdown of feldspars. These reactions lead to a slight decrease in porosity, with the 

total volume of solids increasing by 0.07% which is equivalent to about 0.7% of the total 

initial porosity of 9.7%. This change is also within the laboratory measurement error and 

scaling up for porosity, such that, for all practical purposes porosity can be considered 

as remaining unchanged. Generally the weathering of feldspars to kaolinite and quartz 

results in a decrease in the volume of mineral solids; however, in the case considered 

here the weathering of feldspar also induces carbonate precipitation, leading to a net 

increase in the volume of solids.  

Similar calculations were performed for the Viking and the Basal and Upper Belly River 

aquifers. Results for the Viking aquifer are, in many ways, comparable to those 

presented for the Lower Mannville aquifer. However, within the Viking aquifer, the 

concentration of the feldspars in general, and albite in particular, is significantly greater 

than in the Lower Mannville aquifer (see Table 12). This difference means that the 

capacity to neutralize the incoming acidic reservoir water is greater in the Viking aquifer 

than in the Lower Mannville aquifer, and that albite will remain present even at a mixing 

ratio of one. Additionally, the presence of the complex clay, Na-montmorillonite 

(represented here as Na0.33Al1.67Mg0.33 Si4O10(OH)2) in the formation provides an 

additional source of Mg; its degradation will result in the stabilization of dolomite over 

calcite in the overall reaction between the formation and waters.  Similarly, the 

introduction of a silicate, which is more reactive than K-feldspar, stabilizes this phase, 

such that, at equilibrium, the overall effective impact of introducing CO2-charged water 

from the Nisku D2 reservoir into the Viking aquifer is to break down very nearly equal (on 

a molar basis) amounts of albite and Na-montmorillonite, while producing kaolinite and 

dolomite, with virtually no change in the amount of K-feldspar or calcite in the aquifer. 

These results are shown in Figure 13. Again, the net result of these reactions is to 

increase the volume of solids within the aquifer; the net effect being as great as 0.23% of 

the total sample volume, or slightly more than 2% of the total pore space. This change in 

porosity is negligible compared with all the measurement error and scaling-up 

approximations. Again, the net result of these reactions on the final pH of the equilibrium 

solution is minor, with the equilibrium pH being only 0.17 units greater than that of the 

original value calculated for the CO2-rich water derived from the Nisku D2 reservoir. 
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Figure 13: Calculated changes in the equilibrium mineralogy associated with the reactions induced by mixing 

CO2-charged waters from the Nisku D2 reservoir with minerals in the Viking aquifer.     

The calculated impact of leakage of CO2-charged water from the Nisku D2 reservoir on 

the rocks and less saline waters of the more recent Basal and Upper Belly River aquifers 

is more dramatic, as shown in Figures 14 and 15, respectively.  These demonstrate that 

reactions may occur in the clay fractions within these formations. As with the previous 

two cases, adding the saline, acidic water derived from the Nisku D2 reservoir is 

predicted, at least at low mixing ratios, to lead to the formation of kaolinite (and a silica 

polymorph which is not shown) from albite, with this reaction driving up the pH to allow 

dolomite to precipitate. However, with an increase in the mixing ratio, the net reaction 

changes noticeably. For the case of the Basal Belly River aquifer (Figure 14), illite and 

albite form at the expense of K-feldspar and kaolinite at the highest mixing ratio. The 

impact of these reactions on porosity is negligible; there is an increase of up to 2% of the 

total porosity at the lower mixing ratios, and porosity increase of less than 1% at the 

highest mixing ratio. In contrast, in the reactions in the Upper Belly River aquifer (Figure 

15), illite is consumed while K-feldspar is formed at higher mixing ratios. The trends in 

albite and kaolinite are similar in both formations. At low mixing ratios of waters in the 

Upper Belly River aquifer with CO2-rich water from the Nisku D2 reservoir, the complex 

clay K-montmorillonite degrades to illite, which subsequently degrades to kaolinite.  The 

calculated volume of minerals within the Upper Belly River aquifer increases with the 

mixing ratio, with total porosity decreasing from an initial value of 12.5% to about 11.9%.   
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Figure 14: Calculated changes in the equilibrium mineralogy associated with the reactions induced by mixing 

CO2-charged waters from the Nisku D2 reservoir with minerals from the Basal Belly River aquifer.  

Water in both aquifers is locally considerably more acidic following the leakage of water 

from the Nisku D2 reservoir. The equilibrium pH in Basal Belly River has a value of 6.0 

at a mixing ratio of 1; this value is down from an initial pH of 7.3. While more acidic than 

the initial water, it is considerably less acidic than the calculated pH of 4 that the Nisku 

D2 CO2-rich water would have been were there no mineral reactions in the aquifer. 

These values are quite similar to those calculated for the Upper Belly River (the pH of 

the equilibrated mixture is 5.9 compared to the initial pH of 7.6). 

As in the case of the oil reservoirs, the geochemical simulations show that the changes 

in aquifer porosity as a result of leakage of CO2-rich water from the Nisku D2 reservoir 

into overlying aquifers will be negligible-to-minor. In regard to effects on aquifer 

permeability, these cannot be quantified and they will depend mainly where on the solid 

grains mineral precipitation or dissolution will take place, in the pores or in the pore 

throats. However, one should take into account that these geochemical simulations 

represent extreme cases that assume that CO2-rich water will leak from the Nisku D2 

reservoir unaltered up to the respective aquifer (Lower Mannville, Viking, Basal Belly 

River or Upper Belly River), where then it will mix with aquifer water and react with 

aquifer solids. Such a scenario may happen only if the leakage occurs inside a well 

casing up to the respective aquifer, and then through a casing hole into the aquifer. 

Otherwise, if leakage would occur through an open hole or outside casing, the CO2-rich 

water originating from the Nisku D2 reservoir will be increasingly diluted by mixing with 

the water in the aquifers in the overlying sedimentary succession, with the net effect of 

lessening geochemical effects as this water moves upwards through the succession. 

This more realistic scenario allows for any number of possible permutations in mixing of 
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CO2-rich water originating from the Nisku D2 reservoir and the water in the four aquifers 

considered here; investigating these is beyond the scope and ability of this study. By 

studying the most extreme cases, even if unrealistic, the results indicate that the effects 

of leaking CO2-rich water on the porosity and permeability of the overlying aquifers will 

be local and minimal. 

 

Figure 15: Calculated changes in the equilibrium mineralogy associated with the reactions induced by mixing 

CO2-charged waters from the Nisku D2 reservoir with minerals from the Upper Belly River aquifer.  

Leakage of either CO2 or CO2-rich waters from the oil reservoirs will induce 

mineralogical transformations within the overlying aquifers through which these fluids will 

pass. In the case of CO2 gas leaking, the aquifers will become more acidic; this 

acidification will destabilize some minerals which will dissolve, releasing base cations 

from the mineral phases and transforming CO2 to bicarbonate ions. The case of flow of 

CO2-charged waters from the reservoir is more complex. This is because, as well as 

being an acidic water, it is also charged with high concentrations of base cations 

transported from the reservoir. These can stabilize a different suite of minerals, with 

some of the mineral forming reactions generating acid. For example, the precipitation of 

dolomite, which is predicted to form in all of the aquifers studied, produces acid via the 

reaction 

 Mg2+ + Ca2+ + 2 CO2 + 2 H2O = MgCa(CO3)2 + 4 H+  .   (8) 

In other words, in contrast to the case of free CO2 leakage in which all reactions will act 

to neutralize (albeit not always extensively) the acidic components transported into the 

aquifer, the influx of waters from the reservoir may initiate mineral precipitation reactions 

which act as a further acid source depending on the cation loading of the incoming 

waters.      
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This can be seen in Table 23, which presents the equilibrium pH calculated for the cases 

of free CO2 leakage and CO2-charged brine leakage into the four aquifers. In the case of 

the Lower Mannville aquifer, the equilibrium water in the case of a CO2 leak will be more 

acidic than that which would result from the leak of CO2-rich water; however, the 

opposite will happen in the other three overlying aquifers.  

Table 23: Calculated pH resulting from equilibration at in-situ conditions of aquifer formation water and 

minerals with free CO2 (second column) and with CO2-rich reservoir water leaking from the oil 

reservoirs.  

Aquifer CO2 CO2-charged water 
Lower Mannville 4.79 5.06 

Viking 5.62 4.88 

Upper Belly River 6.15 6.00 

Basal Belly River 6.25 6.05 

 
The resulting equilibrium pH has important implications for the mobility of trace 

elements, particularly heavy metals; the solubility of trace metals commonly increases 

exponentially with the hydrogen ion activity in slightly-to-moderately acidic solutions.  A 

more detailed discussion of trace metal mobilization is not given here for the following 

reasons.  As noted, trace element mobility is highly dependent on pH, but also on the 

oxidation state of within the aquifers, on the concentration of ligands which form stable 

aqueous complexes with the trace metals, and on the concentration of components 

which co-precipitate with the trace metals. Much of these data are lacking for the 

aquifers discussed here. With the exception a few analyses of Fe, there are no metal 

analyses for recovered formation waters; this limitation prevents the determination of 

potential mineralogical controls of the trace element concentrations. As well, even with 

measured concentrations, thermodynamic data for Pb (lead) and As (arsenic), the two 

elements of greatest interest as shown in the study by Apps et al. (2010) are absent 

from the PHREEQC thermodynamic data base incorporating the Pitzer activity model 

which was used in the geochemical simulations presented here. These limitations alone 

preclude analysis of the effects of aquifer acidification on trace metals. That said, the 

total As and Pb contents of the aquifer and caprocks given in Bachu et al. (2012) are 

fairly typical of sedimentary rocks (c.f. Hitchon et al., 1999). Evaluating the mobility of 

trace elements contained in the mineral assemblage, particularly Pb and As, would 

require collection of additional data, laboratory experiments and supplementary 

modelling. However, the available data suggest that the results of similar studies (e.g. 

Frio pilot study: Kharaka et al, 2006; Weyburn CO2-EOR monitoring project: Wilson and 

Monea, 2004) could be used as a first proxy for evaluating the mobilization of trace 

elements at this site.   

In regard to the effects of CO2 and/or CO2-rech water leaking from the oil reservoirs on 

the aquitards in the sedimentary succession: Wabamun, Upper Mannville, Joli Fou, 

Colorado and Lea Park, although some mineralogical samples were collected and 

analyzed (see Table 13), no evaluation of the geochemical effects of CO2 on these rocks 
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can be performed in the absence of information about the composition of the water filling 

the pore space in these aquitards. The high variability between waters in the oil 

reservoirs and overlying aquifers indicates that the water saturating the pore space in 

the aquitards will have a different composition than any of the waters analyzed and 

presented here, and no reasonable assumptions can be made about their composition. 

On the other hand, geochemical modelling of the effects of CO2 and/or CO2-rich water 

on aquitard rocks is not important in this case because, given the very low permeability 

of these aquitards and their significant combined thickness when more than one aquitard 

separates two aquifers (e.g., Wabamun, Upper Mannville and Joli Fou, and Colorado 

and Lea Park), CO2 will migrate into these aquitards only through diffusion, which is an 

extremely slow process that can be practically neglected. As mentioned previously, the 

only potential leakage pathways in the area are existing wells, with leakage being 

possible only in the aquifers in the sedimentary succession overlying the Leduc D3-A 

and Nisku D2 oil reservoirs. 
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6. Conclusions 
The objective of the Alberta Carbon Trunk Line project being implemented by Enhance 

Energy Inc. is to collect CO2 from large-scale industrial CO2 emitters in and around 

Alberta’s Industrial Heartland for use in CO2-assisted enhanced oil recovery in aging oil 

reservoirs in central Alberta. Specifically, CO2 injection into the Leduc D3-A and 

Nisku D2 oil reservoirs of the Clive oil field is targeted; however, other oil fields will be 

successively included as the project progresses.  Alberta Innovates – Technology 

Futures has performed several studies to assess the effects of injecting CO2 in the 

Leduc D3-A and Nisku D2 oil reservoirs in the Clive oil field.  The objective of the study 

reported here is to assess the likely geochemical interactions between the injected CO2 

and the rocks and water contained in these two oil reservoirs. In addition, given the 

possibility of leakage of CO2 and/or CO2-rich water from the oil reservoirs through 

defective wells, the geochemical effects of this hypothetical leakage on the overlying 

Lower Mannville, Viking, Basal Belly River and Upper Belly River aquifers were also 

examined. Only interactions with a phase containing pure CO2 (free CO2 or CO2-rich 

water) at in-situ conditions were considered; dilution of this phase with volatile 

hydrocarbons and other light gases dissolved in the reservoir oil will decrease the impact 

of CO2 reactions within the reservoir and overlying aquifers. Aspects of the interactions 

between caprocks (aquitards) with free CO2 and brines enriched with CO2 are also 

briefly discussed; however, a lack of analytical data precludes quantitative modelling of 

the effects of these fluids on the intervening aquitards.  Nevertheless, CO2 leakage into 

the aquitards, accompanied by associated geochemical reactions, is less of a concern 

because the only transport mechanism of CO2 in the aquitards is diffusion, which is an 

extremely slow process.  If leakage of CO2 or CO2-rich brine will occur through defective 

wells, it is the aquifers, not the aquitards, that will be affected.     

Interactions induced by fluids associated with CO2-EOR and rocks (reservoirs and 

aquifers) and formation water in aquifers were modelled using the geochemical code 

PHREEQC. The relatively high salinity of the waters within the oil reservoirs and the 

lower aquifers (lower Mannville and Viking) demands that an ion-interaction (Pitzer) 

model be used to describe the thermodynamic properties of waters modelled here. This 

model is less comprehensive than models available for dilute solutions, which limits the 

number of elements that can be modelled. PHREEQC can calculate the equilibrium 

conditions which arise when fluids mix, as well as the time evolution of compositions 

associated with reactions with known reaction rates. The results presented here are 

restricted to equilibrium calculations; these results represent upper limits on the extent of 

geochemical reactions. As a result, in general, the extent of chemical trapping and acid 

neutralization are overestimated in the results presented in this report.  

Results indicate that within the oil reservoirs, in both of which the host rock is relatively 

pure dolomite, the interaction between the injected CO2 and reservoir minerals will lead 

to the breakdown of feldspars, present in minor amounts, to form clays. There is also 

some transformation of the carbonate minerals within the reservoir, however, this will be 

minor. The extent of the carbonate reactions is limited by the relatively high partial 
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pressure of CO2 which apparently is currently present within the reservoirs; adding pure 

CO2 will drive up the already high partial pressure of CO2, but the impact is less dramatic 

than it would in environments with a lower inherent content of CO2. The current CO2 

partial pressure was estimated based on the recovered water composition and an 

assumed equilibrium with the mineral calcite. Overall, the predicted geochemical 

reactions will lead to a trivial decrease in porosity in the oil reservoirs; although the short 

term trend is likely to involve a modest increase in porosity first, followed by a decrease 

back to almost the initial state. In any event, there is no reason to believe that reservoir 

characteristics, particularly permeability, and hence oil recovery, will be adversely 

affected by geochemical reactions associated with CO2 flooding.  

Available geological, hydrogeological and mineralogical evidence indicates that the 

Leduc D3-A and Nisku D2 oil reservoirs in the Clive oil field are capped by a strong and 

thick primary seal (caprock), the Calmar-Wabamun Aquitard. This primary seal 

constitutes a barrier to upward migration and leakage of CO2 from the oil reservoirs 

targeted for CO2 enhanced oil recovery in the area. The greatest risk of leakage of fluids 

(CO2 or acidified brines) from the oil reservoirs will be associated well bores that 

penetrate these reservoirs.  Leaking fluids will interact with formation water and minerals 

in a succession of saline aquifers. This leakage will acidify the formation water, initiating 

reactions with the rock minerals and, potentially, the formation of new minerals. The 

analysis of the predicted reactions involved defining the equilibrium relationships which 

currently exist within each aquifer, based on recovered water compositions and core 

samples. Incomplete water analyses were supplemented by assuming equilibrium with 

minerals which are either identified within each specific aquifer (preferable) or commonly 

present in similar rocks. Mineral proportions within each formation were estimated 

refining X-ray diffraction data with whole rock analyses using the mineral norm software, 

LPNORM.   

Two types of fluid interactions were considered within the overlying aquifers: interactions 

with pure CO2 and with CO2-enriched brines derived from the Nisku D2 reservoir. The 

overlying aquifers, being of siliciclastic nature, are mineralogical more complex than the 

carbonate oil reservoirs; hence the resultant geochemical reactions will be accordingly 

more complex.  In the case of pure CO2 leakage into these aquifers, the general 

tendency will be for the pre-existing feldspars and complex clays to breakdown, forming 

the simpler, more acidic clay mineral kaolinite and a pure silica phase (modelled here as 

chalcedony). Significant quantities of the magnesium carbonate, magnesite, are 

predicted to form within the Basal and Upper Belly River aquifers. As with the oil 

reservoirs, the predicted changes in the porosity of the lower two aquifers (Lower 

Mannville and Viking) are inconsequential; however, this is not the case for the upper 

two aquifers; an increase in porosity is expected within the Basal Belly River aquifer, 

while a significant porosity reduction is expected within the Upper Belly River aquifer.  

Permeability changes are difficult to predict, and such a prediction was not attempted 

here because changes in permeability depend not only on the total amount of dissolved 

or precipitated solid phase, as in the case of porosity, but also on the place of dissolution 
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or precipitation: in the pore body or in the pore throats. However, permeability is not 

expected to change appreciably in the two lower aquifers (Lower Mannville and Viking), 

and maybe only locally in the two upper ones (Basal and Upper Belly River).  

The capacity of the aquifers overlying the oil reservoirs to trap CO2 either within mineral 

phases or as bicarbonate in the water is also greater in the upper two aquifers (Basal 

and Upper Belly River) than in the lower ones (Lower Mannville and Viking), one reason 

being their markedly lower salinity in the former than in the latter.  Calculations suggest 

that it is likely that a free-phase CO2 will exist within the Mannville and Viking aquifers 

following equilibration with the aquifer mineralogy, but that this is not the case in the 

Basal and Upper Belly River aquifers.  In addition to the reactions considered here, 

leakage through any of these aquifers will also result in some dispersion and dilution of 

any vertical flux of CO2 into each of these aquifers.    

As with the case of pure CO2, leakage of acidified brines into these aquifers will also 

induce a complex set of reactions. However, in contrast to the former case, where the 

rock acts to buffer pH changes associated with the acidification of aquifer water, the flow 

of cation-laden brines can induce acid forming reactions. As such, the pH of waters 

resulting from the mixing of CO2-enriched reservoir-derived water with that from the 

overlying aquifers will generally be lower (more acidic solution) than in the case of pure 

CO2 flow. This has implications when considering trace metal mobility within affected 

aquifers – generally the mobility of trace elements, such as lead and arsenic, increases 

as pH decreases.  

The results presented here represent the state towards which reservoir and aquifer 

mineralogy and water chemistry will ultimately tend when interacting with fluids in and 

leaking from the oil-reservoirs into which CO2 is injected. Limitations on quantification of 

important parameters, such as mineral reaction rates in brines, detailed understanding of 

small scale concentration profiles which develop around reacting mineral grains, and 

mineral surface areas exposed to the reactive fluids, preclude accurate assessments of 

the time required to reach equilibrium. Conservative, in the sense of maximizing risk 

assessments, short term simulations of flow within the oil reservoirs and leakage into 

protected aquifers containing potable water and to the surface may be performed 

neglecting these geochemical considerations; however, these geochemical calculations 

provide insights into mechanisms which may be responsible for reducing leakage rates 

and effects, and also provide an insight into potential compositional changes induced by 

leakage which may influence future monitoring approaches.    
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8. Appendix A 
Important mineral phases, and idealized formulae, which are used in the PHREEQC 

modelling presented herein. 

Mineral Formulae as cited in the YPF database1 
Albite NaAlSi3O8 

Alunite KAl3(SO4)2(OH)6 

Anatase TiO2 

Anhydrite CaSO4 

Annite (mica) KFe3(AlSi3)O10(OH) 2 

Apatite Ca5(PO4)3OH 

Calcite CaCO3 

Dolomite CaMg(CO3) 2 

Gibbsite Al(OH)3 

Goethite Fe(OH)3 

Gypsum CaSO4·2H2O 

Halite NaCl 

Illite K0.6Mg0.25Al1.8Al0.5Si3.5O10(OH)2 

Kaolinite Al2Si2O5(OH)4 

K-Feldspar KAlSi3O8 

K-mica KAl3Si3O10(OH)2 

Montmorillonite-X X0.33Mg0.33Al1.67Si4O10(OH)2 

Muscovite (mica) KAl3Si3O10(OH)2 

Nontronite-X X0.33Al0.33Fe2Si3.67O10(OH)2 

Pyrite FeS2 

Quartz SiO2 

Siderite FeCO3 

Vivianite Fe3(PO4)2•8(H2O) 

  
1 X in any of these above formulae can represent H, Na, K,  ½ Mg, or ½ Ca 
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9. Appendix B 
 
A sample PHREEQC input file used for Aquifer simulations of interactions between 
reservoir fluids (CO2 charged brines and pure CO2) and aquifers. 
 

SOLUTION 1 Mannville, Porosity = 9.7 

temp 23 

pe 4 

density 1.145 

units mg/l 

redox pe 

pH 6.4 

Na 50065; K ;  Ca  19139; Mg 3815;  

Ba ; Sr  ; B       ;  Cl 121400; Br ;  

C 143.607     ;  S    530;  

 

SELECTED_OUTPUT  

-file  Cases_1_2_and_3_Mannville_1_try2_more_output.sel 

-activities SiO2 HCO3-  

-si Gibbsite Kaolinite Illite K-feldspar CO2(g) Nontronite-Na 

Nontronite-K Nontronite-Mg Nontronite-Ca  

-si Albite Gypsum Anhydrite Halite Dolomite Talc Montmo-Mg Montmo-Na 

Montmo-K  Muscovite Quartz Goethite 

-tot Mg Ca Na K Al C Si S(-2) Cl S(6) 

-mol CO2 HCO3- Ca+2   

-temperature 

-equilibrium_phases   Calcite Dolomite Albite K-Feldspar Siderite 

Quartz  

-equilibrium_phases   Kaolinite CO2(g) Montmo-Mg Montmo-Na Montmo-K 

Muscovite Illite Goethite Cristobalite(alpha)  

-ionic_strength  

user_punch 

 -start 

10   punch "Mannville - Define Nisku water @ surface conditions" 

-end 

SAVE solution 1 

END  

  

USE  solution 1 

user_punch 

 -start 

20   punch "'Mannville - Define Nisku water @ 60 C" 

-end 

REACTION_TEMPERATURE 1  

60 

SAVE solution 2 

END  

 

USE solution 2 

user_punch 

EQUILIBRIUM_PHASES 1 

    Calcite   0 CO2(g)    10 
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    Cristobalite(alpha)    -0.138575315 10  

    Kaolinite 0 10 

    K-Feldspar 0 KCl  10 

    Pyrite 0 0.377584148 

 -start 

30   punch "Mannville - Define Nisku water @ 60 C, K-spar, calcite etc, 

equilibrium" 

-end  

save solution 3 

END 

 

EQUILIBRIUM_PHASES 1 

CO2(g)   1.9175 10 

Dolomite 0.96 261.1669564 

Anhydrite -0.1 40.41447571 

Calcite 0 3.978248403 

Quartz 0.35 1.927828185 

Siderite 0 0.665556422 

Kaolinite 0 0.274860834 

Montmo-Mg  -0.06 0.268749 

K-Feldspar 0 0.218975757 

Albite  0.0000      0.0000  

Goethite  0.0000      0.0000  

Halite  0.0000     0.0000  

Illite  0.0000      0.0000  

Montmo-K  0.0000      0.0000  

Montmo-Na  0.0000      0.0000  

Muscovite  0.0000      0.0000  

user_punch 

 -start 

35   punch "Mannville simulation - Define Nisku water @ 60 C, High pCO2 

equilibrium " 

-end 

END  

 

use solution 3 

EQUILIBRIUM_PHASES 1 

CO2(g)   1.9175 10 

Dolomite 0.96 261.1669564 

Anhydrite -0.1 40.41447571 

Calcite 0 3.978248403 

Quartz 0.35 1.927828185 

Siderite 0 0.665556422 

Kaolinite 0 0.274860834 

Montmo-Mg  -0.06 0.268749 

# K-Feldspar 0 0.218975757 

Albite  0.0000      0.0000  

Goethite  0.0000      0.0000  

Halite  0.0000     0.0000  

Illite  0.0000      0.0000  

Montmo-K  0.0000      0.0000  

Montmo-Na  0.0000      0.0000  

Muscovite  0.0000      0.0000  

user_punch 

 -start 

APPENDIX C



 

82 
 

40   punch "Mannville simulation - Define Nisku water @ 60 C, High pCO2 

equilibrium - K-spar not in equilibrium" 

-end 

save solution 4 

END 

 

#  next steps define local mineralogy and solubility limits (i.e. local 

SiO2 solubility limit, and dolomite 

#  stuff - should be in table 7)   

SOLUTION 6 Mannville-1  - Sample 3 in Table 2 

temp 23 

pe 4 

density 1.074 

units mg/l 

redox pe 

pH 6.5   

Na 32724   ; K 493 ; Ca 5542 

Mg 1107    ; Ba     ; Sr   

B  ; Cl 63000 ; Br  

C 96 ; S 374    

user_punch 

 -start 

50   punch "'Mannville 1 (sample 3) water at 23 as analyzed:    " 

-end 

 

REACTION_TEMPERATURE 1  

 55 

user_punch 

 -start 

60   punch "'Mannville 1 water as analyzed heated to 55:    " 

-end 

SAVE solution 6 

END  

 

USE solution 6 

EQUILIBRIUM_PHASES 1 

    Calcite   0 CO2(g)    10 

    Cristobalite(alpha)    0 10 

    Kaolinite 0 10 

user_punch 

 -start 

70   punch "'mannville 1 water at 55 C modified for equilibria: 

Cristobalite saturation    " 

-end 

Save solution 7 

END 

 

USE solution 7 

EQUILIBRIUM_PHASES 2                 # alright to here 

    Calcite   0 CO2(g)    10 

    Cristobalite(alpha)    0 10 

    Kaolinite 0 10 

    Pyrite   0   H2S 1 

    Siderite 0  FeCl2  1 

save solution 7 

user_punch 
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 -start 

80   punch "'Mannville (Conc) water at 55 modified for iron equilibria:    

" 

-end 

END 

 

Use solution 4    - Cool CO2 charged reservoir water to aquifer 

conditions 

#  define temperature in overlying aquifer 

Reaction_temperature 2        # temperature in Mannville 1 (see water 3 

rock en-4) 

55 

save solution 4 

user_punch 

 -start 

90   punch "'Reservoir water high CO2 no K-spar equilibrium cooled to 

55:    " 

-end 

End 

 

Use solution 3    -  Cool original reservoir water to aquifer 

conditions 

#  define temperature in overlying aquifer 

Reaction_temperature 2        # temperature in Mannville 1 (see water 3 

rock en-4) 

55 

save solution 5 

user_punch 

 -start 

100   punch "'Reservoir water, no added CO2 equilibrium water cooled to 

50:    " 

-end 

End 

 

Use solution 5    -  Cool original reservoir water to aquifer 

conditions 

#  define temperature in overlying aquifer 

Reaction_temperature 2        # temperature in Mannville 1 (see water 3 

rock en-4) 

55 

save solution 5 

user_punch 

 -start 

110   punch "should be identical to above:    " 

-end 

End 

 

USE solution 7 

EQUILIBRIUM_PHASES 3 

 

 Cristobalite(alpha) 0.0 3.77955E+02  

 Pyrite         0.0000 3.16880E+00  

 Kaolinite 0.0000 2.44478E+00  

 Calcite 0.0000 2.30851E+00  

 Dolomite 0.9300 1.85406E+00  

 K-Feldspar 0.2800 1.47627E+00  
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 Siderite 0.0000 7.97414E-01 

 Albite -0.1800 3.32865E-01  

 Montmo-Na 0.51 0.0000  

 Montmo-Mg 0.45 0.0000  

 Montmo-K 0.07 0.0000  

 Montmo-Ca 0.42 0.0000  

 CO2(g)  1.830589  0.0 # log (69.6) no CO2 present, will exsolve   

        #  if pCO2 gets too high 

user_punch 

 -start 

120   punch "'mannville (Conc) water, low CO2  " 

-end 

Save solution 7 

End 

 

use solution 7 

EQUILIBRIUM_PHASES 3 

 Cristobalite(alpha) 0.0 3.77955E+02  

 Pyrite         0.0000 3.16880E+00  

 Kaolinite 0.0000 2.44478E+00  

 Calcite 0.0000 2.30851E+00  

 Dolomite 0.9300 1.85406E+00  

 K-Feldspar 0.2800 1.47627E+00  

 Siderite 0.0000 7.97414E-01 

 Albite -0.1800 3.32865E-01  

 Montmo-Na 0.51 0.0000  

 Montmo-Mg 0.45 0.0000  

 Montmo-K 0.07 0.0000  

 Montmo-Ca 0.42 0.0000  

 CO2(g)  1.830589  0.0 # log (69.6)- will exsolve if pCO2 gets too high 

user_punch 

 -start 

130   punch "'Should be same as before - needed to define the 

equilibrium phases for further work:   " 

-end 

save equilibrium_phases 4 

End 

 

use equilibrium_phases 4 

Mix 1            # 0.33  CO2 reacted reservoir water  

   4   0.3333 

   7   0.6667 

user_punch 

 -start 

140   punch "'Mix of 1/3 CO2 reservoir water, 2/3 Mannville:    " 

-end 

end 

 

use equilibrium_phases 4 

Mix 1           # 0.67  CO2 reacted reservoir water  

   4   0.6667 

   7   0.3333 

user_punch 

 -start 

150   punch "'Mix of 2/3 CO2 reservoir water, 1/3 Mannville:    " 

-end 
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End 

 

 

 

use equilibrium_phases 4 

Mix 1           #   0.99  CO2 reacted reservoir water  

   4   0.9999 

   7   0.0001 

user_punch 

 -start 

160   punch "'Mix of 2.999/3 CO2 reservoir water, 0.001/3 Mannville:    

" 

-end 

End 

 

use equilibrium_phases 4 

Mix 1            # 0.33  original reservoir water  

   5   0.3333 

   7   0.6667 

user_punch 

 -start 

170   punch "'Mix of 1/3 pristine reservoir water, 2/3 Mannville::    " 

-end 

End 

 

use equilibrium_phases 4 

Mix 1           # 0.67  original reservoir water  

   5   0.6667 

   7   0.3333 

user_punch 

 -start 

180   punch "'Mix of 2/3 CO2 pristine water, 1/3 Mannville:    " 

-end 

End 

 

use equilibrium_phases 4 

Mix 1           #   0.99  original reservoir water  

   5   0.9999 

   7   0.0001 

user_punch 

 -start 

190   punch "'Mix of 2.999/3 pristine reservoir water, 0.001/3 

Mannville:    " 

-end 

End 

 

USE solution 7 

EQUILIBRIUM_PHASES 3 

 Cristobalite(alpha) 0.0 3.77955E+02  

 Pyrite         0.0000 3.16880E+00  

 Kaolinite 0.0000 2.44478E+00  

 Calcite 0.0000 2.30851E+00  

 Dolomite 0.9300 1.85406E+00  

 K-Feldspar 0.2800 1.47627E+00  

 Siderite 0.0000 7.97414E-01 

 Albite -0.1800 3.32865E-01  
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 Montmo-Na 0.51 0.0000  

 Montmo-Mg 0.45 0.0000  

 Montmo-K 0.07 0.0000  

 Montmo-Ca 0.42 0.0000  

      CO2(g) 1.830589  10.0 # log (69.6)- excess of free CO2 present 

user_punch 

 -start 

200   punch "'CO2 phase into the Mannville:    " 

-end 

End 
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1. This Report was prepared as an account of work conducted at the ALBERTA 
INNOVATES - TECHNOLOGY FUTURES ("AITF") on behalf of Enhance Energy Inc. 
All reasonable efforts were made to ensure that the work conforms to accepted 
scientific, engineering and environmental practices, but AITF makes no other 
representation and gives no other warranty with respect to the reliability, accuracy, 
validity or fitness of the information, analysis and conclusions contained in this 
Report.  Any and all implied or statutory warranties of merchantability or fitness for 
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Executive Summary 

In Phase 1 of this project, a two dimensional mechanical earth model (MEM) was 

developed for the sedimentary succession overlying the Leduc (D-3A) and Nisku (D-2) 

reservoirs in the Clive oil field in central Alberta. This model included geomechanical 

characterization of the geological units from the base of the Calmar Formation, which 

forms the caprock of the Nisku (D-2) reservoir, to the ground surface. In the current 

study, this MEM was extended by adding geological units below the Calmar Formation 

including the Nisku, Ireton, Leduc, and Cooking Lake formations. Then, based on this 

complete MEM, 3D numerical modelling was conducted to study the geomechanical 

response of the Leduc (D-3A) and Nisku (D-2) reservoirs to historical oil and gas 

production and future CO2 injection.  

The numerical modeling was performed using a commercial finite-difference analysis 

software, FLAC3D. The geometry of the model was constructed based on the geological 

model developed by AITF. For the case of historical production, the average reservoir 

pressure variation was estimated using public domain data. For the case of CO2 

injection, the expected increase in the average reservoir pressure was estimated 

through communications with Enhance Energy Inc. A simplistic single-well simulation 

was developed to predict temperature changes induced by the injection of cooler CO2 

into these reservoirs.  

To study the effects of pressure changes, a 3D geomechanical model was developed for 

the entire study area. The results of modeling suggested that the potential for fracturing 

and fault reactivation has been low during the historical producing life of the field. 

Therefore, it is less likely that the integrity of the caprock has been disturbed during this 

period. The results also showed low potential for fracturing or fault reactivation induced 

by future CO2 injection. The modeling predicted a maximum surface heave of 2.4 mm as 

a result of the pressure build-up caused by CO2 injection. 

Sensitivity analysis confirm that the variations in the mechanical rock properties do not 

lead to meaningful changes in the modelling results regarding the low potential for 

fracturing and fault reactivation induced by pressure changes. Also, the effects of these 

variations on the predicted reservoir deformation and surface heave are only in order of 

millimetres.  

To study the effects of temperature changes induced by the injection of CO2 at 

temperatures lower than reservoir temperature, a single-well geomechanical model with 

a higher resolution was developed because of the lack of thermal interaction between 

injection wells. The modeling was performed based on two scenarios of 15 and 30°C for 

the injected CO2 temperatures. The results of the modeling suggest that for the both 

cases tensile fractures are likely to occur within the reservoirs.  Due to the possibility of 

tensile fracturing, more detailed modeling is recommended to study the geomechanical 

response of the surrounding rock (caprock) to temperature changes within the 

reservoirs. It is suggested that thermal-fluid flow simulation coupled with geomechanical 
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studies should be conducted. These geomechanical studies must be capable of 

accounting for the effects of fracture initiation and propagation on the hydraulic integrity 

of surrounding rock. 
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1. Introduction 
 

Enhance Energy plans to inject CO2 in the Leduc (D-3A) and Nisku (D-2) reservoirs in the Clive 

Field in Alberta for enhanced oil recovery (CO2-EOR). Furthermore, it is also planned to use 

these reservoirs for CO2 storage at the end of the reservoirs’ producing life. The operations of 

injection and production of different fluids results in pressure and temperature changes within 

the reservoirs and their surrounding rock. These changes usually lead to ground deformation 

and perturbation of in-situ stresses. Geomechanical analyses are required to evaluate the effect 

of pressure and temperature changes on the geomechanical and hydraulic integrity of the 

reservoirs and surrounding caprock.  

In Phase 1 of this project conducted by the University of Saskatchewan (Oar et al., 2011) a 

Mechanical Earth Model (MEM) was developed. This model includes mechanical properties and 

in-situ stresses within the sedimentary succession from the base of the Calmar Formation, 

which overlies the Nisku (D-2) reservoir, to the ground surface. To perform geomechanical 

analyses it was necessary to complete this MEM by adding Devonian stratigraphic units in the 

study area including the reservoirs and the unit immediately underlying them.  

The objectives of the work presented in this report were: 

1. To complete the previously developed MEM by including the sedimentary succession 

covering the Cooking Lake, Leduc, Ireton and Nisku formations; and 

2. To study the geomechanical response of the Leduc (D-3A) and Nisku (D-2) reservoirs in 

the Clive oil field to oil and gas production and CO2 injection using a numerical model 

based on the full MEM. 
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2. Mechanical Earth Model (MEM)  
 

In the first part of this chapter, a short summary of the procedure for data collection and analysis 

followed in Phase 1 is presented. A very similar approach was taken in the current phase to 

estimate the geomechanical properties of the stratigraphic units of interest below the Calmar 

Formation. The combined results from these two phases were upscaled to construct a MEM to 

be used in geomechanical modelling. 

2.1 Review of Data Collection and Analysis in Phase 1 
In Phase 1 of this project the geomechanical properties of the sedimentary succession above 

the Nisku Formation were characterized by the University of Saskatchewan (Oar et al., 2011). 

The characterization was performed based on the well log data from 16 wells in the study area. 

These results were used to construct a 2-D mechanical earth model (MEM) for the project. The 

developed MEM includes rock mechanical properties and in-situ stresses for the stratigraphic 

units. All the log analyses and calculations in this phase of the project were performed in Petrel 

(Schlumberger, 2009). A review of the characterization procedure and results is presented 

below.   

Due to the lack of diploe shear (DSI) logs in the study area, DSI logs from other fields in the 

region (i.e, the Redwater, Willingdon, and Caroline fields) were used to determine dynamic 

Poisson’s ratios (νd) of the stratigraphic units. Compressive wave transient times (Δtc) and 

densities (ρb) were determined from sonic and density logs, respectively. These logs were used 

in the following equation to calculate dynamic Young’s modulus (Ed) logs.   

 
d

dd

c

b

d
t

E
1

121
2

       

  (2.1) 

where: 

νd = dynamic Poisson’s ratio 

Ed = dynamic Young’s modulus 

Δts = shear wave interval transit time (reciprocal of shear wave velocity) 

Δtc = compressional wave interval transit time (reciprocal of compressional wave velocity) 

ρb = bulk density 

The static values for Poisson’s ratio (νs) were assumed equal to the log-derived dynamic values 

and static Young’s moduli (Es) were estimated using a linear regression (i.e., Es=0.75Ed) based 

on literature review. As a conservative assumption, a zero value for tensile strength was 

recommended. Empirical relationships (Chang et al., 2006) were used to estimate rock strength 

properties (i.e., friction angle (ϕ) and unconfined compressive strength (UCS) for each 
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stratigraphic unit. Using a linear Mohr-Coulomb failure criterion, cohesion (c) values were 

calculated from UCS and friction angle (ϕ) as follows: 

 
cos2

sin1UCS
c

        

  (2.2) 

Formation pore pressures (Pfm) in the aquifers were determined based on the data provided by 

AITF and pore pressures for other units were estimated from using the pressures in the 

adjacent aquifers. Vertical in-situ stresses (Sv) were calculated using density logs and a 

poroelastic uniaxial deformation approach (Warpinksi, 1989) was used for preliminary 

estimation of maximum and minimum horizontal in-situ stresses (i.e., respectively, SHmax and 

Shmin) in the field according to: 
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 (2.4) 

where  εHmax is the tectonic strain parallel to the maximum horizontal stress azimuth and its 

value for this study interpreted to be 6×10-4 from a mini-frac test located close to the study area 

as reported by Woodland and Bell (1989). Biot’s coefficient (α) was assumed to be 1 for the 

rocks in this study. Previous work has shown that stress regime in the Alberta basin is of the 

strike-slip fault type, the maximum and minimum in-situ stresses in the Alberta basin are the 

maximum and minimum in-situ horizontal stresses, respectively, with the vertical stress having 

values between these two (Bell et al., 1994). Bachu et al. (2005) have shown that the gradient 

of minimum horizontal stress Shmin in the Alberta basin has an average value of 16.7 kPa/m. 

Gradients of the vertical stress calculated for the study area reach up to 23.9 kPa/m (see 

Section 2.2 below).  Thus, because SHmax>Sv>Shmin, to filter unrealistic results, the calculated in-

situ stresses from these equations were limited by a lower bound of 16 kPa/m for minimum 

horizontal in-situ stress gradient and an upper bound of 33.0 kPa/m for maximum horizontal in-

situ stress gradient. Finally, frictional equilibrium analyses were performed to ensure that the 

calculated in-situ stresses do not exceed the frictional strength of the potentially-existing faults 

in the study area.  

2.2 Completion of Data for the Lower Stratigraphic Units 
The developed MEM in Phase 1 was completed by extending the model to include the 

stratigraphic units of interest below the Calmar Formation, i.e., the Nisku, Ireton, Leduc, and 

Cooking Lake formations. A similar approach to Phase 1 was followed to characterize the 

mechanical properties of these formations.  

Sixteen wells in the study area and in its close vicinity were selected for this study (Figure 1). 

The criterion for selecting these wells was availability of the required well logs for 
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geomechanical characterization of the desired stratigraphic units. All the log data for these wells 

were acquired from geoSCOUT database (geoLOGIC Systems Ltd., 2011) and log analyses 

were performed using the Prizm module of GeoGraphix Discovery Suite (LMKR, 2011).  An 

example of the results of the calculations of Young’s modulus and in-situ stresses for a 

representative well (100/09-03-039-24W4/00) is shown in Figure 2. Appendix A includes the 

methodology and details of strength properties calculation for each stratigraphic unit. 

 

 

Figure 1: Location of wells with logs used for calculation of rock mechanical properties in Phase 2 
of the project.  

Study 
Area
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Figure 2: Performed log analyses to determine geomechanical properties for the Leduc, Ireton and Nisku formations in well 100/09-03-
039-24W4/00 using PRISM (LMKR, 2011) 
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2.3 Property Upscaling 
In the first level of upscaling (i.e., well upscaling), for each property profile in each well, 

an average value was taken for each stratigraphic unit to use as a representative value. 

Each of these values was assumed to represent the magnitude of each property for 

each stratigraphic unit in the immediate vicinity of each well. For all parameters except 

Young’s modulus, an arithmetic average was calculated. For Young’s modulus, the use 

of a geometric average was considered more appropriate (Oar et al., 2011). The detailed 

results of these calculations and their statistical interpretations are given in Appendix B 

of this report.  

In the second level of upscaling (i.e., formation upscaling), the property values at each of 

the well location for each stratigraphic units has been statistically analysed to determine 

the minimum, maximum, mean, and standard deviation for each property. The results of 

these analyses are shown in Tables 1 and 2, respectively. Based on these tables, the 

maximum relative standard deviation (~18%) for Young’s modulus occurs for the 

Exshaw Formation, with an average of 21.6 GPa and a standard deviation of 3.8 GPa. 

The values of relative standard deviation for Young’s modulus are considerably lower for 

many stratigraphic units in the study area. The maximum value of relative standard 

deviation for in-situ stresses is less than 6%.  

It was anticipated that such variations in mechanical properties would have a negligible 

impact on the results of geomechanical analyses; this has been confirmed by running a 

number of sensitivity analyses as will be seen later in this report. Therefore, it was 

decided to assign the single-value average for each property to each stratigraphic unit in 

the entire study area. Table 3 summarizes the calculated averaged values of each 

property for each stratigraphic unit. Upscaling to a 3-D MEM was undertaken by 

assigning the averaged values presented in Table 2 to the corresponding stratigraphic 

units in the geological model. 
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Table 1: Statistical summary of the MEM properties for the stratigraphic succession above the base of Calmar Formation (Oar et al., 
2011) 

Strat. Unit 

Static 
Poisson’
s Ratio  

Static Young’s Modules, Es 
(GPa) 

Vertical Stress (Sv) Gradient 
(kPa/m) 

Min. Horizontal Stress (Shmin) 
Gradient (kPa/m) 

Max. Horizontal Stress (SHmax) 
Gradient (kPa/m) 

UCS 
(MPa) 

ф (°) 

Mean Min Max Mean 
Std. 
Dev. 

Min Max Mean 
Std. 
Dev. 

Min Max Mean 
Std. 
Dev. 

Min Max Mean 
Std. 
Dev. 

Mean Mean 

Above 
Upper 

Belly River 
0.39 5.9 8.0 6.8 0.5 18.9 23.0 21.4 1.2 18.4 21.4 20.3 0.9 22.5 26.7 25.3 1.2 10 40 

Upper 
Belly River 

0.39 8.0 9.5 8.6 0.4 19.5 22.9 21.5 0.8 16.4 19.8 18.2 0.9 20.4 24.9 23.1 1.2 14 40 

Basal Belly 
River 

0.39 9.3 13.4 11.0 1.1 20.1 23.0 21.7 0.7 18.1 20.7 19.2 0.7 22.7 26.6 24.3 1.1 23 40 

Lea Park 0.41 7.4 8.9 8.1 0.4 20.2 23.1 21.8 0.7 18.7 21.4 20.0 0.7 22.7 26.6 24.5 1.0 14 32 

Milk River 0.40 7.7 9.7 8.7 0.6 20.3 23.1 21.7 0.7 18.2 20.2 19.2 0.6 22.1 24.4 23.3 0.7 16 32 

Colorado 0.38 10.3 12.2 11.4 0.5 20.8 23.2 21.9 0.7 17.4 18.9 18.3 0.5 21.5 23.6 22.5 0.7 17 33 

2nd White 
Speck 

0.36 10.2 12.0 11.4 0.5 21.2 23.4 22.2 0.6 16.4 17.6 17.1 0.4 20.0 21.6 20.9 0.5 46 41 

Viking 0.36 10.3 12.8 11.7 0.6 21.3 23.4 22.2 0.6 16.6 18.2 17.4 0.4 20.6 23.1 21.6 0.6 19 40 

Viking 
Sandstone 

0.36 15.5 17.3 16.2 0.5 21.3 23.5 22.3 0.6 16.2 18.0 17.0 0.5 19.3 22.5 20.7 0.8 32 40 

Joli Fou 0.40 5.0 7.4 6.5 0.7 21.3 23.5 22.3 0.6 17.4 19.9 18.8 0.7 19.4 23.9 21.9 1.4 10 29 

Mannville 0.32 19.0 22.1 20.7 0.9 21.4 23.5 22.3 0.6 16.0 17.4 16.4 0.4 19.5 24.6 21.1 1.3 13 40 

Glauconitic 0.31 18.9 29.1 22.0 2.5 21.5 23.5 22.4 0.6 16.2 18.4 17.3 0.5 21.8 26.7 24.4 1.3 38 40 

Ostracod 0.29 21.4 27.5 24.2 1.5 21.6 23.6 22.4 0.6 16.2 17.4 16.7 0.4 22.5 26.3 24.5 1.1 28 37 

Ellerslie 0.29 23.7 27.4 25.7 1.0 21.6 23.6 22.5 0.6 16.0 18.0 17.0 0.6 21.7 28.6 25.1 2.2 43 40 

Banff 0.29 19.1 20.8 20.1 0.9 22.0 22.5 22.2 0.3 16.0 16.1 16.0 0.1 20.8 22.4 21.6 0.8 20 35 

Exshaw 0.29 16.8 27.6 21.6 3.8 22.0 23.6 22.5 0.6 16.1 17.0 16.7 0.4 22.0 25.6 23.9 1.1 22 36 

Wabamun 0.27 34.3 58.3 50.1 5.2 21.7 23.7 22.6 0.5 16.9 18.6 17.8 0.5 27.2 32.0 29.4 1.4 138 32 

Stettler 0.24 63.5 68.4 65.5 1.7 22.0 23.4 22.8 0.5 16.7 18.9 17.7 0.6 28.8 33.0 31.8 1.4 138 32 

Calmar 0.24 46.1 57.7 52.6 3.9 22.2 23.7 23.0 0.5 17.6 19.0 18.5 0.5 30.6 33.0 32.4 0.8 65 43 
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Table 2: Statistical summary of the MEM properties for the stratigraphic succession of interest below the Calmar Formation 

Strat. Unit 

Static 
Poisson’
s Ratio  

Static Young’s Modules, Es 
(GPa) 

Vertical Stress (Sv) Gradient 
(kPa/m) 

Min. Horizontal Stress (Shmin) 
Gradient (kPa/m) 

Max. Horizontal Stress (SHmax) 
Gradient (kPa/m) 

UCS 
(MPa) 

ф (°) 

Mean Min Max Mean 
Std. 
Dev. 

Min Max Mean 
Std. 
Dev. 

Min Max Mean 
Std. 
Dev. 

Min Max Mean 
Std. 
Dev. 

Mean Mean 

Nisku 0.24 61.0 77.3 69.5 4.4 22.9 23.9 23.4 0.3 16.0 19.9 19.1 0.9 32.1 33.0 32.8 0.3 199 40 

Ireton 0.25 49.5 67.8 59.2 5.5 22.9 23.9 23.4 0.3 16.0 19.8 18.8 1.0 30.1 33.0 32.1 1.0 78 45 

Leduc 0.26 45.1 66.5 57.4 7.3 23.0 23.9 23.4 0.3 16.0 20.1 19.0 1.1 28.3 33.0 31.8 1.4 160 40 

Cooking 
Lake 

0.26 45.1 66.5 57.4 7.3 23.0 23.9 23.4 0.3 16.0 20.1 19.0 1.1 28.3 33.0 31.8 1.4 160 40 
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Table 2: Upscaled property values for different stratigraphic units in the Clive MEM 

Stratigraphic 
Unit 

Static 
Poisson’s 

ratio  

Static 
Young’s 
Moduls, 
Es (GPa) 

Vertical 
Stress (Sv) 
Gradient 
(kPa/m) 

Minimum 
Horizontal 

Stress (Shmin) 
Gradient 
(kPa/m) 

Maximum 
Horizontal 

Stress (SHmax) 
Gradient 
(kPa/m) 

UCS 
(MPa) 

Friction 
Angle, 

ϕ (°) 

Above Upper 
Belly River 

0.39 6.8 21.4 20.3 25.3 10 40 

Upper Belly 
River 

0.39 8.6 21.5 18.2 23.1 14 40 

Basal Belly 
River 

0.39 11.0 21.7 19.2 24.3 23 40 

Lea Park 0.41 8.1 21.8 20.0 24.5 14 32 

Milk River 0.40 8.7 21.7 19.2 23.3 16 32 

Colorado 0.38 11.4 21.9 18.3 22.5 17 33 

2nd White 
Speck 

0.36 11.4 22.2 17.1 20.9 46 41 

Viking 0.36 11.7 22.2 17.4 21.6 19 40 

Viking 
Sandstone 

0.36 16.2 22.3 17.0 20.7 32 40 

Joli Fou 0.40 6.5 22.3 18.8 21.9 10 29 

Mannville 0.32 20.7 22.3 16.4 21.1 13 40 

Glauconitic 0.31 22.0 22.4 17.3 24.4 38 40 

Ostracod 0.29 24.2 22.4 16.7 24.5 28 37 

Ellerslie 0.29 25.7 22.5 17.0 25.1 43 40 

Banff 0.29 20.1 22.2 16.0 21.6 20 35 

Exshaw 0.29 21.6 22.5 16.7 23.9 22 36 

Wabamun 0.27 50.1 22.6 17.8 29.4 138 32 

Stettler 0.24 65.5 22.8 17.7 31.8 138 32 

Calmar 0.24 52.6 23.0 18.5 32.4 65 43 

Nisku 0.24 69.5 23.4 19.1 32.8 199 40 

Ireton 0.25 59.2 23.4 18.8 32.1 78 45 

Leduc 0.26 57.4 23.4 19.0 31.8 160 40 

Cooking Lake 0.26 57.4 23.4 19.0 31.8 160 40 
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3. Data Collection and Processing for Geomechanical Analysis 
 

The data required for a geomechanical model of a reservoir and the rocks surrounding it 

may be categorized into three main groups: i) geological structure (i.e., model 

geometry); ii) rock mechanical properties; iii) pore pressure; and iv) temperature. The 

following sections describe the process of data collection for each data group for the 

geomechanical models developed in this project. 

3.1 Geological Structure 
The geological structure of this model is based on the initial geological model developed 

for the project by AITF. The developed geological model in Phase 1 of this project (AITF, 

2011) only included the sedimentary succession from the base of the Calmar Formation 

(top of Nisku Formation) to the ground surface. In this phase of the project, the 

geological model was extended to include the lower stratigraphic units including the 

Nisku, Ireton, Leduc, and Cooking Lake formations. The geographical limits of the 

project study area are limited to townships 38 to 45 and ranges 23 -25 west of the fourth 

meridian (Figure 1). The geological model comprises 26 horizons (surfaces) and 25 

associated isopachs.  

The target zones for CO2 injection are the Nisku (D-2) and Leduc (D-3A) reservoirs. The 

peripheral boundaries of the reservoirs and their water/oil contact elevations were 

provided by Enhance Energy Inc. Figure 3 shows the three-dimensional representation 

of the Leduc and Nisku units, their constituent reservoirs, and their immediate caprocks 

(i.e., the Ireton and Calmar formations, respectively,) as developed in FLAC3D (Itasca 

Consulting Group, 2009). For reasons discussed in the following section, the geometry 

used for geomechanical modeling was simplified by lumping together some of the 

geological stratigraphic units.  More specifically, the geological model and 3D MEM were 

used to produce a geomechanical model containing a total of 12 mechanical 

stratigraphic units (Figure 4). 
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Figure 3: Exploded view of the Nisku and Leduc units, their constituent reservoirs, and 
their immediate caprocks. The vertical scale has been exaggerated. 
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Figure 4: Three-dimensional perspective view of the mechanical stratigraphic units used 
in the 3D geomechanical model developed for the Clive Project using FLAC3D 
(Itasca Consulting Group, 2009). The vertical scale has been exaggerated. 
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3.2 Rock Mechanical Properties  
 

The main source for mechanical properties is the developed MEM as described in 

Chapter 2 of this report. This model includes Poisson’s ratio, Young’s modulus, in-situ 

stresses and rock strength properties (i.e., cohesion and friction angle) for each 

stratigraphic unit (Table 3).   

Because some of the mechanical stratigraphic units in MEM do not exist in the 

geological model and for practical reasons (i.e., limitations on model development time 

and computation time), and due to the limited sensitivity of the model to the properties of 

the overburden (e.g., Soltanzadeh and Hawkes, 2011), some stratigraphic units have 

been lumped together to define a coarser mechanical stratigraphy in the overburden 

(i.e., in the sequence overlying the caprock of the Nisku Formation). Material properties 

for these mechanical stratigraphic units have been calculated by weighted averaging by 

interval thickness of the mechanical properties of their constituent stratigraphic units. 

The mechanical properties for the entire underburden have been assumed to be same 

as for the Cooking Lake Formation.  

Table 4 presents the thickness-weighted average properties calculated for each 

mechanical unit in the model.  Arithmetic weighted averaging has been used for all of the 

properties except Young’s modulus, for which Soltanzadeh and Hawkes (2011) argued 

that a geometrical averaging procedure is more appropriate. As an example of 

mechanical properties in the developed 3D geomechanical model, Figure 5 shows the 

variation of Young’s modulus throughout the model domain. 

As recommended in the Phase 1 of this project (Oar et al., 2011), the maximum 

horizontal in-situ stress was estimated to be oriented 55 degrees clockwise from north. A 

linear expansion coefficient (λ) of 1×10-5 /°C was considered for the reservoir rocks in 

this model (Encyclopedia Britannica, 2012). 
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Table 3: Property values for mechanical stratigraphic units in the HARP geomechanical model 

Mechanical  
Unit 

Description 
 

Average 
Thickness 

(m) 

Static 
Poisson’
s Ratio 

Es 
(GPa) 

Sv 

Gradient 
(MPa) 

Shmin 
Gradient 

(MPa) 

SHmax 
Gradient 

(MPa) 
UCS 

(MPa) 

Friction 
Angle, ϕ 
(Degrees) 

Cohesion 
c (MPa) 

Cenozoic and 
Surficial 
Deposits 

Surficial units 
above the Belly 
River formation 

513 0.39 6.8 21.4 20.3 25.3 10 40 2.3 

Belly River 
Belly River and 

Belly River 
Sandstone units 

306 0.39 8.7 21.5 18.2 23.1 14 40 3.3 

Lea Park & 
Colorado 

Lea Park and 
upper Colorado 

shale units 
539 0.39 9.8 21.9 18.7 22.8 23 35 5.9 

Lower 
Colorado 

Lower Colorado 
units from the top 

of Viking 
62 0.37 10.8 22.3 17.6 21.2 23 37 5.5 

Mannville 
Group Mannville Group 227 0.31 22.3 22.4 16.7 23.0 26 39 6.1 

Wabamun 
Group Wabamun Group 181 0.24 63.9 22.8 17.7 31.6 138 32 38.3 

Calmar Calmar formation 3 0.24 52.6 23.0 18.5 32.4 65 43 14.1 

Nisku Nisku formation 40 0.24 69.5 23.4 19.1 32.8 199 40 46.4 

Ireton Ireton formation 13 0.25 59.2 23.4 18.8 32.1 78 45 16.2 

Leduc Leduc formation 235 0.26 57.4 23.4 19.0 31.8 160 40 37.3 

Cooking Lake Cooking Lake 
formation 

? 0.26 57.4 23.4 19.0 31.8 160 40 37.3 

Underburden Below Cooking 
Lake 

541 0.26 57.4 23.4 19.0 31.8 160 40 37.3 
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Figure 5: Distribution of Young’s Modulus (in Pascals) interpreted for the 3D 
geomechanical model. The vertical scale has been exaggerated. 
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3.3 Pore Pressure Changes  
The Clive oil and gas field has a long history of production and water flooding since 

1952. The field includes the Nisku (D-2) the Leduc (D-3A) reservoirs with the Ireton 

Formation located between them. It has been indicated that, due to the breach of the 

Ireton Formation at several locations, the two reservoirs are hydraulically connected 

(Hearn et al., 2011). The historical pressure data during the life time of the reservoirs are 

shown in Figure 6. This figure demonstrates that an average initial reservoir pressure of 

about 2400 psi (16.5 MPa) had been reduced to an average of almost 1800 psi 

(12.5 MPa) in 2006. It was assumed that at the start of CO2 injection the pressure will be 

around this value.  

In absence of fluid flow simulations for CO2 injection, as agreed with the Enhance 

Energy Inc., it was assumed that the reservoir pressure will uniformly increase by an 

average of 300 psi (2 MPa) as a result of CO2 injection.  

For the purpose of geomechanical modeling, uniform distributions of these average 

pressures were assumed within the regions of pressure variation. These regions were 

assumed to be: i) laterally confined to the reservoirs’ peripheral boundaries and ii) 

vertically limited to the entire Nisku and Leduc formations. 

 

Figure 6: Pressure history of the Nisku (D-2) and Leduc reservoirs (D-3A) in the Clive oil 
field. 
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3.4 Temperature Changes  
In absence of any thermal simulation to assess the effects of CO2 injection within the 

reservoirs, a simplistic homogeneous single-well radial numerical model was developed 

by AITF for the Nisku (D-2) and Leduc (D-3A) reservoirs.  A detailed description of this 

model is given in Appendix C. A representative initial temperature of 65°C for the 

reservoirs was assigned to the entire model. Figure 7 shows the temperature profiles 

predicted by this model after 30 years of CO2 injection with an injection rate of 

100,000 m3/day. These results were generated for both scenarios of injected CO2 

temperatures of 15°C and 30°C. This figure indicates that in both scenarios the zone 

thermally influenced by CO2 injection (i.e., the zone of temperature disturbance) is 

limited to an area with a radius of approximately 200 m around the injection well. This is 

much less than the distance between the wells considered for CO2 injection in the field 

(Figure 8). Therefore, it was concluded that the assumption of a single-well model for 

thermal and geomechanical modeling is reasonable.   

As will be shown later in this report, the results generated by these simulations have 

been used to assess the geomechanical response of the model to the thermal effects of 

CO2 injection. However, it must be emphasized that this simplistic model does not 

capture many of specific characters of the field and may not be an accurate 

representation of the thermal field and more detailed and realistic models are required to 

ensure the reliability of the results.  

 

Figure 7: Profile of temperature change for two scenarios of injected CO2 temperatures of 
15°C and 30°C.  A simplistic homogeneous single-well model was used to 
generate these results. 
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Figure 8: Plan view of the locations of planned CO2 injection and production wells for the 
Nisku (D-2) reservoir in the Clive field. Data provided by Enhance Energy Inc. 
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4. Geomechanical Modeling 
 

4.1 Model Characteristics  
The 3D geomechanical modeling presented in this report was performed using FLAC3D 

(Itasca Consulting Group, 2009). This software uses the finite difference method to solve 

the stationary form of the linear elastic equilibrium field equations for a solid material. A 

total of 335,872 brick (i.e., octahedron) solid zones were used in this model. A zero-

displacement boundary condition was set for the bottom surface of the model domain 

(elevation of -1800 m, more than 500 m below the Cooking Lake Formation), while the 

lateral boundaries were fixed in the horizontal direction and free in the vertical direction, 

and the top surface (i.e., ground surface) was a free surface. Sensitivity analyses were 

performed to ensure that boundary effects on modeling results are negligible. 

The Coulomb criterion was used as a criterion for rock failure in this work. In this report 

the Strength-Stress Ratio for Fracturing (SSRfracturing) was used to quantify the potential 

for intact rock failure as a result of pore pressure and/or temperature change. A value of 

1.0 or less for SSR means that, based on the Coulomb failure criterion, failure of intact 

rock is predicted. Higher values mean that the rock is still behaving elastically.  

Assuming a conservative value of zero for fault cohesion, the Coulomb failure criterion 

was also used to quantify the potential for fault reactivation. The fault friction angle was 

assumed to be 30 degrees in this work. The Strength-Stress Ratio for Fault Reactivation 

(SSRreactivation) was used to quantify the potential for fault reactivation. A value of 1.0 or 

less for SSRreactivation means that fault reactivation is likely for critically-oriented faults. 

Higher values indicate no likelihood for fault reactivation. This approach for quantification 

of fault reactivation is conservative, since it has been developed for faults that are 

critically oriented with respect to the in-situ stress regime. Such faults, whose existence 

has not been proven, would be most prone to reactivation. 

4.2 Geomechanical Analysis of Pore Pressure Changes  
As explained in Section 3.3, this analysis assumed that the pore pressure within the 

reservoirs uniformly decreased by 4 MPa (600 psi) during the production history of the 

field. It was also assumed that pressure in the reservoirs is expected to uniformly 

increase by 2 MPa (300 psi) as a result of CO2 injection.  Figures 9 through 11 show the 

distributions of predicted induced stress changes in the model domain after oil 

production and CO2 injection. These distributions were calculated by 3D geomechanical 

analysis, and are presented for the two cross-sections shown in Figure 3; one being 

oriented north-south and the other east-west.  
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Figure 12 shows the distribution of strength-stress ratio for fracturing (SSRfracturing) and 

fault reactivation (SSRreactivation) for the north-south and east-west cross-sections after 

4 MPa of reservoir pressure decrease during the production life of the reservoir. In this 

case, the minimum values of SSRfracturing and SSRreactivation are, respectively, 5.240 and 

2.507 for the entire model domain. These values show that that it is unlikely that 

pressure changes during production history had led to rock failure or fault reactivation.  

Similar analyses were performed for the case of CO2 injection. In this case, the 

maximum pressure change within the reservoir is roughly 2 MPa. Figure 13 shows the 

distribution of strength-stress ratio for fracturing (SSRfracturing) and fault reactivation 

(SSRreactivation) for the north-south and east-west cross-sections. In this case, the 

minimum values of SSRfracturing and SSRreactivation are, respectively, 5.240 and 2.528 for 

the entire model domain. These values indicate that, similarly to the production case, 

pressure changes caused by CO2 injection are not likely to induce rock fracturing or fault 

reactivation.   

More specifically, as shown in Appendix D, the values of strength-stress ratio in the 

caprocks (i.e., the Calmar and Ireton Formations) during both production and injection 

scenarios show no likelihood of rock fracturing or fault reactivation as results of pressure 

change.  

A review of the deformations predicted by the 3D geomechanical model shows that, at 

the end of the CO2 injection period, the reservoirs experience a maximum vertical 

expansion of about 7 mm and the maximum predicted magnitude of surface heave is 

about 2.5 mm occurring in the central part of the reservoir (Figure 14). The lower value 

of maximum surface heave in comparison to the maximum reservoir’s expansion 

demonstrates the significant effects of high overburden thickness and limited lateral 

extension of the reservoirs in the model. 
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Figure 9: Distribution of induced total stress change in x direction after (a) production 
and (b) injection for the W-E and N-S cross-sections shown in Figure 3. The 
vertical scale has been exaggerated. 
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Figure 10: Distribution of induced total stress change in y direction after (a) production 
and (b) injection for the N-S and W-E cross-sections shown in Figure 3. The 
vertical scale has been exaggerated. 
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Figure 11: Distribution of induced total stress change in the vertical (z) direction after (a) 
production and (b) injection for the N-S and W-E cross-sections shown in Figure 
3. The vertical scale has been exaggerated. 
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(a) 

 

(b) 

 

Figure 12: Distribution of strength-stress ratios (a) SSRfracturing (b) SSRreactivation after 
production for the N-S and W-E cross-sections shown in Figure 3. The vertical 
scale has been exaggerated. 
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(a) 

 

(b) 

 

Figure 13: Distribution of strength-stress ratios (a) SSRfracturing (b) SSRreactivation after CO2 
injection for the N-S and W-E cross-sections shown in Figure 3. The vertical 
scale has been exaggerated.  
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Figure 14: Distribution of vertical deformation (in meters) at the top surface of Nisku and 
ground surface.  
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4.3 Sensitivity Analysis  
Uncertainties in rock mechanical properties, including elastic and strength properties, 

can be a major challenge in geomechanical modeling.  In the following, the results of 

sensitivity analyses performed to evaluate the effects of variations in these properties on 

the geomechanical modeling are presented.  

Since a linear Coulomb criterion was used in this study, the strength-stress ratios 

(SSRs) have a linear relationship with rock strength properties (i.e., cohesion and 

internal friction coefficient, μ=tan ϕ). For instance, a 20% decrease in these values leads 

to the same percentage of decrease in SSRs. Given that the values of minimum SSRs 

from the model are significantly higher than one, there will be a reasonable margin of 

safety even if the rock strength parameters had been overestimated. 

Sensitivity studies for uncertainties in Poisson’s ratios show that for the scenario of CO2 

injection, variation of ±0.05 in the values in Poisson’s ratios of the geomechanical units 

results in no more than 15% variation in induced stress changes. This variation has a 

minor effect on strength-stress ratios considering that induced stress changes are 

relatively small in comparison with in-situ stresses.  Sensitivity studies for uncertainties 

in Young’s modulus show that the induced stress changes are not sensitive to the 

variations in this parameter. 

Figures 15(a) and 15(b) show the effects of variations in Poisson’s ratios and Young’s 

modulus on the maximum reservoir expansion and surface heave induced by CO2 

injection. As expected, these deformations are highest when both of these elastic 

parameters have their minimum values. From these results, for the lower values of these 

parameters, the maximum vertical expansion of the reservoir is less than 10 mm and the 

maximum surface heave is less than 5 mm.  
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Figure 15: Sensitivity of (a) maximum ground surface heave and (b) maximum 
deformation at the top of Nisku to variations in Poisson’s ratio and Young’s 
modulus. 
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4.4 Geomechanical Analysis of Temperature Changes  
As described in section 3.4, temperature changes induced by CO2 injection for this 

project were predicted by a simple homogeneous single-well thermal simulation.  The 

results of this simulation suggest that, due to the limited area affected by temperature 

change, a single-well model may also be used for geomechanical analysis. Therefore, a 

geomechanical model with a representative injection well (Figure 8) in the centre was 

constructed. This model covers an area of 4x4 km2 and has a grid resolution of 50 x 

50 m2 and includes 262,400 brick (i.e., octahedron) zones (Figure 16). Other properties 

of this model, such as stratigraphic units and their geomechanical properties are 

described in Chapter 3 and are similar to the full-scale model developed for pressure-

change analysis.  

 

Figure 16: Three dimensional perspective view of the single-well model developed for 
geomechanical analysis of temperature changes using FLAC3D (Itasca 
Consulting Group, 2009). The vertical scale has been exaggerated. 
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Figure 17 shows the distribution of predicted induced stress changes in the model 

domain for the north-south cross section shown in Figure 16 when the injected CO2 has 

a bottomhole temperature of 15°C. Figure 18 shows similar results for the scenario of 

injected CO2 temperature of 30°C. For both scenarios the induced horizontal stress 

changes within the reservoirs are higher than the pre-injection minimum effective 

stresses. This means that, as results of temperature change, vertical tensile fractures 

are likely to form within the reservoirs.  The stress changes in the caprocks show no 

tendency towards fracturing. However, it is important to note that this continuum-

mechanics model is not capable of capturing the rock behaviour after fracture initiation 

and propagation. In addition, potential temperature changes within the caprocks have 

not been considered in this model. Therefore, its prediction for stress changes within the 

caprocks may be unreliable. Considering the importance of caprock integrity for CO2 

sequestration projects, it is recommended that comprehensive studies of thermal effects 

of CO2 injection on the integrity of caprock are conducted in a future phase of the study. 

These studies must include: i) coupled fluid flow and thermal simulations of CO2 injection 

with realistic data for the Clive field; and ii) geomechanical modeling of fracture initiation 

and propagation and their effects on stress re-distribution in the caprocks. 
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Figure 17: Distribution of induced total stress change in the (a) x direction (b) y direction 
and (c) z direction after 30 years of CO2 injection with a bottomhole 
temperature of 15 °C for the N-S cross-section shown in Figure 16.  
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Figure 18: Distribution of induced total stress changes in the (a) x direction (b) y direction 
and (c) z direction after 30 years of CO2 injection with a bottomhole 
temperature of 30°C for the N-S cross-section shown in Figure 16.  
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5. Summary and Conclusion 
 

The developed MEM in Phase I of the project was completed by adding the stratigraphic 

units of interest below the Calmar Formation including the Nisku, Ireton, Leduc, and 

Cooking Lake formations. The geomechanical properties for these formations were 

calculated using log data from 16 wells within and in the vicinity of the study area.   

In the first level of upscaling, an average value of each property was calculated for each 

stratigraphic unit in each well.  Then, based on the statistical analysis of these values, it 

was decided that, for each property, single-value well-averages would be assigned to 

each stratigraphic unit in the entire study area. The reliability of this assumption was 

confirmed by using a series of sensitivity analyses. 

A three-dimensional numerical model was developed for geomechanical analysis of the 

Leduc (D-3A) and Nisku (D-2) reservoirs and relevant underlying and overlying strata. 

The geometry of this model was derived from the geological model developed at AITF. 

The mechanical data for this model were derived from the developed MEM. Historical 

data were used to calculate the average pressure change during the production life of 

these reservoirs. In regard to CO2 injection, in absence of fluid flow simulations it was 

assumed that the reservoir pressure will increase by 2 MPa as a result of CO2 injection. 

Simple single-well thermal simulations were performed to predict temperature changes 

induced by CO2 injection. A linear elastic constitutive model was used along with the 

Coulomb failure criterion to identify the potential for fracturing and fault reactivation. 

For the case of pressure changes, the results indicate no likelihood for induced 

fracturing and fault reactivation within the study area for both scenarios of historical 

production and CO2 injection. The results of modelling predict a maximum surface heave 

of 2.4 mm induced by CO2 injection at the end of 30 years of operations.  A series of 

sensitivity analyses show that, to a significant extent, variations in rock mechanical 

properties do not lead to induced fracturing or fault reactivation. The effect of these 

variations on the vertical reservoir expansion and ground surface heave is in order of 

millimetres.  

A single-well geomechanical model with higher resolution geometry was developed to 

study the geomechanical response to temperature changes as a result of injection of 

cooler CO2 into the reservoirs. The results of modelling suggest that tensile fractures are 

likely to occur within the reservoirs. Due to the occurrence of tensile fractures, more 

detailed modeling is required to study the geomechanical response of the caprock to 

temperature changes. It is recommended that coupled thermal-fluid flow simulations with 

realistic field data are conducted in a subsequent phase of the project. The results of 

these simulations must be used for comprehensive geomechanical studies capable of 

considering the effects of fracture initiation and propagation in the surrounding rock.  
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7. APPENDIX A – Calculation of Strength Properties 
 

Table A. 1: Strength properties for shale formations using average sonic, density, and density porosity data. 

 

 

Parameter 
Formula 

(with reference number, as 
assigned in Chang et al., 2006) 

Original 
Source 

Validity 
range 

Comments by Chang et 
al. (2006) Ireton 

Vp (m/s) Average value  5714 

tc ( s/m) Average value  175 

UCS 
93.2)/4.914(77.0 ct  (12) 

Horsrud 
(2001) 

Mostly high 
porosity 
Tertiary 
shales 

- These equations provide 
a lower bound of UCS for 
shales. 
- These equations 
calibrated for samples from 
the Noth Sea and Gulf of 
Mexico where high 
porosity, unconsolidated 
Tertiary or younger shales 
are dominant. 
- these equations are good 
for weak shales.  
* Equation (15) suggested 
for weak shales. 

98 

UCS 
2.3)/4.914(43.0 ct  (13) 

Chang et 
al. (2006) 

Pliocene and 
younger 

85 

UCS 
6.2)/4.914(35.1 ct (14) 

Chang et 
al. (2006) 

- 99 

UCS 
3)/4.914(5.0 ct      (15) 

Chang et 
al. (2006) 

- 71 

UCS )1/4.914(10 ct   (16) Lal (1999) 

Mostly high 
porosity 
Tertiary 
shales 

42 

UCS Range  42-99 

Suggested UCS  78 

 
Suggested 

 

)
1000

1000
(sin 1

p

p

V

V
   (30)  

Lal (1999) 
-  45 
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Table A. 2: Strength properties for carbonate formations using logs average sonic, density, and density porosity data. 

Parameter 

Formula         
(with reference 

number, as 
assigned in 
Chang et al., 

2006) 

Original 
Source Validity range Comments by Chang et al. 

(2006) Nisku Leduc 

tc ( s/m) Average value  162 170 

UCS 
145/)/23046( 82.1

ct

(22) 

Militizer and 

Stoll (1973) 
- 

- defines a clear lower 

bound 

*suggested when a 
conservative strength 
estimation is important 
such as for a wellbore 
stability problem 

57 52 

UCS 145/10
)/42.32744.2( ct

(23) 

Golubev 

and 

Rabinovish 

(1976) 

- 
- statistically it is more 

favourable than (22) 
199 160 

UCS Range  57-199 52-160 

Suggested UCS  199 160 
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8. APPENDIX B – Calculation of Elastic Properties 

 

Figure B. 1: The table includes average dynamic Young’s moduli (Ed) from well log 
analysis and their statistical analysis for each stratigraphic unit. The 
histograms show variations of these values.  
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Data

UWI Ed (MPa) for Nisku Ed (MPa) for Ireton Ed (MPa) for Leduc

100/03-20-040-25W4/00 103.0 72.5 60.2

100/06-14-038-24W4/00 89.7 82.7 63.4

100/09-03-039-24W4/00 90.1 71.6 79.8

100/10-22-039-23W4/02 95.2 79.7 86.4

100/11-19-040-24W4/00 96.5 65.9 82.9

100/14-05-041-24W4/00 95.5 73.8 63.4

100/14-11-038-24W4/00 84.2 88.7 67.8

100/14-34-038-24W4/00 93.2 83.7 88.6

100/15-15-038-24W4/00 87.2 90.4 78.8

100/16-08-041-24W4/00 101.2 70.5 87.9

100/16-11-038-24W4/00 91.9 87.6 74.0

100/16-15-038-24W4/00 81.4 77.7 73.8

102/10-02-039-23W4/00 93.0 79.3 86.8

103/01-27-038-24W4/00 94.3 81.4 77.9

Statistical Analysis

Number of Data 14 14 14

Minimum Value 81.4 65.9 60.2

Maximum Value 103.0 90.4 88.6

Average 92.6 79.0 76.6

Standard Deviation 5.9 7.4 9.8

Relative Std. Dev. (%) 6 9 13
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Figure B. 2: The table includes average gradientes of vertical in-situ stress (Sv) from well 
log analysis and their statistical analysis for each stratigraphic unit. The 
histograms show variations of these values. 

 

Data

UWI
Sv Gradient (kPa/m) for 

Nisku
Sv Gradient (kPa/m) 

for Ireton
Sv Gradient (kPa/m) 

for Leduc

100/03-20-040-25W4/00 23.6 23.7 23.8

100/06-14-038-24W4/00 23.7 23.8 23.8

100/07-03-038-24W4/00 23.6 23.6 23.7

100/09-03-039-24W4/00 23.1 23.1 23.2

100/10-22-039-23W4/02 22.9 23.0 23.0

100/11-19-040-24W4/00 23.6 23.7 23.7

100/14-05-038-23W4/00 23.9 23.9 _

100/14-05-041-24W4/00 23.1 23.2 23.2

100/14-11-038-24W4/00 23.3 23.3 23.3

100/14-34-038-24W4/00 22.9 22.9 23.0

100/15-15-038-24W4/00 23.6 23.6 23.6

100/15-29-041-23W4/00 23.3 23.3 23.4

100/16-08-041-24W4/00 23.7 23.8 23.8
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100/16-15-038-24W4/00 22.9 23.0 23.0

102/08-10-038-24W4/00 _ _ _

103/01-27-038-24W4/00 23.1 23.2 23.2

104/10-15-038-24W4/00 _ _ _

Statistical Analysis

Number of Data 16 16 15

Minimum Value 22.9 22.9 23.0

Maximum Value 23.9 23.9 23.9

Average 23.4 23.4 23.4

Standard Deviation 0.3 0.3 0.3

Relative Std. Dev. (%) 1 1 1
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Figure B.3: The table includes average gradientes of minimum horizontal in-situ stress 
(Shmin) from well log analysis and their statistical analysis for each 
stratigraphic unit. The histograms show variations of these values. 
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UWI Shmin Gradient 
(kPa/m) for Nisku

Shmin Gradient 
(kPa/m) for Ireton

Shmin Gradient 
(kPa/m) for Leduc

100/03-20-040-25W4/00 19.6 18.3 17.9

100/06-14-038-24W4/00 19.4 19.4 18.6

100/07-03-038-24W4/00 16.0 16.0 16.0

100/09-03-039-24W4/00 19.2 18.4 19.4

100/10-22-039-23W4/02 19.8 19.2 20.1

100/11-19-040-24W4/00 19.5 18.1 19.6

100/14-05-038-23W4/00 18.9 _ _

100/14-05-041-24W4/00 19.4 18.6 18.3

100/14-11-038-24W4/00 19.0 19.6 18.8

100/14-34-038-24W4/00 19.3 19.1 19.9

100/15-15-038-24W4/00 19.2 19.8 19.5

100/16-08-041-24W4/00 19.9 18.5 20.0

100/16-11-038-24W4/00 19.5 19.7 19.3

100/16-15-038-24W4/00 18.6 18.8 19.0

103/01-27-038-24W4/00 19.4 19.1 19.3

Statistical Analysis

Number of Data 15 14 14

Minimum Value 16.0 16.0 16.0

Maximum Value 19.9 19.8 20.1

Average 19.1 18.8 19.0

Standard Deviation 0.9 1.0 1.1

Relative Std. Dev. (%) 5 5 6
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Figure B-4. The table includes average gradientes of minimum horizontal in-situ stress 
(SHmax) from well log analysis and their statistical analysis for each 
stratigraphic unit. The histograms show variations of these values. 

Data

UWI
SHmax Gradient (kPa/m) for 

Nisku
SHmax Gradient (kPa/m) for 

Ireton
SHmax Gradient (kPa/m) 

for Leduc

100/03-20-040-25W4/00 33.0 30.6 28.3

100/06-14-038-24W4/00 32.8 32.6 30.5

100/07-03-038-24W4/00 32.1 32.3 32.1

100/09-03-039-24W4/00 32.8 32.1 32.8

100/10-22-039-23W4/02 33.0 33.0 33.0

100/11-19-040-24W4/00 33.0 30.1 32.5

100/14-05-038-23W4/00 32.9 _ _

100/14-05-041-24W4/00 32.8 31.3 29.9

100/14-11-038-24W4/00 32.1 33.0 30.7

100/14-34-038-24W4/00 32.9 32.9 32.8

100/15-15-038-24W4/00 32.8 33.0 32.8

100/16-08-041-24W4/00 33.0 31.0 32.7

100/16-11-038-24W4/00 33.0 33.0 32.7

100/16-15-038-24W4/00 32.3 32.4 32.2

103/01-27-038-24W4/00 33.0 32.6 32.2

Statistical Analysis

Number of Data 15 14 14

Minimum Value 32.1 30.1 28.3

Maximum Value 33.0 33.0 33.0

Average 32.8 32.1 31.8

Standard Deviation 0.3 1.0 1.4

Relative Std. Dev. (%) 1 3 4
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9. APPENDIX C – Thermal Simulation 
 

One of the important issues associated with CO2 injection is the temperature evolution in 

the target reservoir. The diffusion of the temperature perturbation triggered by the 

injection of cold CO2 into the reservoir is controlled by several parameters including the 

enthalpy of the CO2 (injection temperature), thermal properties (heat capacity and heat 

conductivity) of the rock (reservoir and surrounding formations) and fluids, coupled with 

the Joule-Thomson cooling effect (Kopp et al., 2006).  Therefore, a single well radial 

model was developed to assess the non-isothermal impact associated with CO2 injection 

into the Leduc (D-3A) and Nisku (D-2) reservoirs. The injection temperature is believed 

to be somewhere between 15°C to 30°C, compared to the reservoir temperature of 

about 65°C. The highest temperature difference will probably occur around the wellbore.  

For this study, the Computer Modelling Group’s (CMG) reservoir compositional simulator 

GEM® along with associated visualization programs BUILDER® and RESULTS® were 

used (CMG, 2010). Due to lack of any petro-physical and thermal properties data (such 

as porosity, permeability, fluid saturation, relative permeability, heat capacity and 

thermal conductivity of the native rock and fluid etc.) and fluid pressure-temperature-

volume properties (PVT) data, the modelling problem was simplified such that the model 

was initialized with 100% water saturation and constant permeability and porosity. The 

parameters used to populate the developed radial-angular cylindrical model (CMG, 

2010) are given in Table C.1: Parameters used to set up the reservoir simulation model.Table 

C.1.    

To properly set up the injection operation, a number of injection constraints such as 

wellhead injection pressure (WHIP), wellhead injection temperature (WHIT), bottomhole 

injection pressure (BHIP) and bottomhole injection temperature (BHIT) are required 

(E.ON UK plc). No wellbore hydraulic calculations were performed simply because it was 

beyond the scope of this study; however, as a range of injection temperatures (15°C to 

30°C) was the only parameter provided, therefore an injection pressure of 20 MPa was 

chosen based on the reservoir pressure of 15 MPa at the beginning of the CO2 injection 

operation. It was also decided to use 30°C as the injection temperature. A radial model 

with three layers in vertical direction and 100 rings in horizontal direction was developed. 

The radius of the model is 1000 m and a CO2 injector located at the center and 

completed at the third (deepest) layer (K=1 and 3 are the uppermost and lower most 

layers respectively). Also, an infinite outer boundary condition was defined to keep the 

pressure almost constant and avoid any boundary effects on the results (Figure C.1). 

The results of the simulation are shown in Figure C.2  

Figure C.2: as a set of temperature profiles over the entire injection period. As it can be 

seen, the radius of temperature influence can go as far as approximately 200 m away 

from the injector well during the 30 years injection period. Also the temperature fronts 
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seem to be converging to a maximum distance from the well.  Of course, all presented 

results are based on the simplified homogenous model with parameters given in Table 

C.1; thus, for detailed and more accurate results, a realistic geological model populated 

with representative parameters is required. 

After the cessation of CO2 injection, the temperature around the wellbore starts to 

buildup (increase) and stabilize to the reservoir temperature (Figure C.3).  

Table C.1: Parameters used to set up the reservoir simulation model. 

Porosity 10% 

Permeability (I, J, K) 20, 20, 2 mD 

Water saturation 100% 

Injection period 30 yrs 

Injection temperature 30°C 

Injection pressure 20 MPa 

Surface injection rate  100,000 m3/d 

Heat capacity of reservoir and  
surrounding formations 

1046.7 J/(kg.K) 

Thermal conductivity of reservoir and 
surrounding formations 

3.461 J/(m.s.K) 

Reservoir temperature 65°C 

Reservoir pressure 15 MPa 

Reservoir thickness 15 m 

Reservoir radius 1000 m 

 

Figure C.1: A 3-D view of the developed radial model with completely water saturation. 
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Figure C.2: The temperature profile of the simulated model. 
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Figure C.3: Temperature build-up (increase) around the wellbore after cessation of CO2 injection. 
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10. APPENDIX D – Strength-Stress Ratios for the caprocks 
(Ireton and Calmar) 
 

  

Figure D.1: Distribution of strength-stress ratio for rock fracturing (SSRfracturing)  for the 
Ireton and Calmar units after production.  
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Figure D.2: Distribution of strength-stress ratio for fault reactivation (SSRreactivation)  for the 
Ireton and Calmar units after production.  
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Figure D.3: Distribution of strength-stress ratio for rock fracturing (SSRfracturing)  for the 
Ireton and Calmar units after CO2 injection.  
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Figure D.4: Distribution of strength-stress ratio for fault reactivation (SSRreactivation)  for the 
Ireton and Calmar units  after CO2 injection.  
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Executive Summary 

The Leduc (3-DA) and Nisku (D-2) oil reservoirs in the Clive oil filed are the target for 

CO2 enhanced oil recovery using CO2 captured in the Redwater area and brought by 

pipeline to the Clive oil field. All 252 wells that penetrate the Leduc D-3A and Nisku D-2 

oil reservoirs were evaluated in terms of their potential to leak CO2 using information 

publicly available in various data bases and methodology developed previously for 

similar studies in the Pembina and Zama oil fields. The well data were compiled and a 

series of charts were created depicting the characteristics of these wells, including the 

current status of all wells, primary cement type and casing grade utilized, year of 

abandonment of all abandoned wells and current age of all cased well abandonments, 

and abandonment plug types utilized for all cased well abandonments.  

Following the electronic assignment of leakage potential scores, a manual process of 

validating and adjusting the scores was conducted with reference to GeoScout well data. 

A discussion of the rationale behind the assignment of shallow and deep leakage scores 

to the 252 wells that penetrate Leduc (3-DA) and Nisku (D-2) oil reservoirs in the Clive 

oil field is presented, followed by a listing of all wells classified as having high shallow, 

deep, and both shallow and deep leakage potential. Operating data from the ERCB 

relating to reported cases of surface casing vent flow (SCVF), gas migration (GM) and 

casing leaks or failures (CF) were incorporated into the overall assessment of leakage 

potential for all of these wells. While the leakage potential scores do not quantify 

absolute probability of leakage, they do suggest an ordinal ranking of wells that maybe 

more likely to be problematic based on experience with Alberta wells that have, in the 

past, demonstrated a higher likelihood of leaking. A series of maps illustrate the location 

of all the wells analyzed, of the wells assigned high leakage potential and of the wells 

with reported surface casing vent flow and casing failure. 

All the wells assessed as having high shallow, deep, and shallow and deep leakage 

potential scores, and, in particular, the following six wells with high leakage potential 

scores in combination with reported surface casing vent flow and/or casing failure: 

00/02-10-040-24W4, 00/04-08-041-24W4, 00/09-20-040-24W4, 00/10-02-040-24W4, 

00/11-21-040-24W4 and 00/14-03-040-24W4, should be investigated further for vertical 

hydraulic integrity before implementation of CO2-EOR in the Leduc (D-3A) and Nisku (D-

2) reservoirs in the Clive oil field, regardless if they will be used as CO2 injectors, oil 

producers or will just be abandoned. 
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1. Introduction 
 

1.1 Background 
A major challenge in mitigating climate change effects is the reduction of anthropogenic 

CO2 emissions through a broad portfolio of measures which includes increasing energy 

efficiency and conservation, switching from fossil-based energy production to other 

forms of energy such as nuclear, solar, wind and other renewables, and carbon capture, 

utilization and storage (CCUS) in geological media (IEA, 2010). The “utilization” in CCUS 

consists mainly in using CO2 captured from large stationary sources for CO2 enhanced 

oil recovery (CO2-EOR). Currently there are more than a hundred CO2-EOR operations 

in the world, the great majority of them being in the U.S. However, they predate CCUS 

and, with few exceptions, they are not considered as CO2 storage operations. Geological 

storage of CO2 is actively pursued at several locations around the globe, but all are 

storing CO2 captured at gas plants after the separation of CO2 from produced natural 

gas (e.g., Sleipner and Snohvit in Norway, and In Salah in Algeria).  

CCUS is strongly supported by the International Energy Agency (IEA, 2010). The 

potential of this technology has been recognized by the G8, which consequently 

recommended the implementation of a series of large-scale demonstration projects to 

prove its potential, and also by individual governments in Australia, Canada, the 

European Union and USA. Aware of the potential of CCUS to reduce anthropogenic CO2 

emissions, the federal, Alberta and Saskatchewan governments have provided 

significant financial support for the implementation of large-scale CCUS demonstration 

projects in western Canada. Among the projects that have been initiated in western 

Canada is Enhance Energy’s “Alberta Carbon Trunk Line” Project, known also as ACTL. 

Enhance Energy Inc. will construct and operate the Alberta Carbon Trunk Line, which is 

a 240 km pipeline that will collect CO2 from industrial emitters in and around Alberta’s 

Industrial Heartland and transport it to aging oil reservoirs in central Alberta, more 

specifically the Clive oil field first and beyond as the project progresses, for secure 

storage in CO2-EOR projects (Figure 1, reproduced from Enhance Energy Inc.’s fact 

sheet at http://www.enhanceenergy.com.). The Clive oil field is located east to northeast 

of Joffre and immediately north of the Red Deer River. At full capacity the ACTL route 

will provide access to oil reservoirs capable of producing an additional billion barrels of 

high-quality light-crude oil while storing 14.6 Mt CO2. 

All CCUS projects require the study of the fate and effects of the stored CO2, and the 

development of an active monitoring program to ensure that there is no CO2 leakage 

from the storage unit. In the case of CO2-EOR operations, CO2 is stored in the 

respective oil reservoir(s), and monitoring of the fate and effects of CO2 in the 

reservoir(s) is part of the engineering practice.  
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Figure 1: Location of the Alberta Carbon Trunk Line (ACTL).  

In the case of the Alberta Carbon Trunk Line project, Enhance Energy Inc. is taking care 

of studying, predicting and monitoring the effects of CO2 injection into the Leduc (D-3A) 

and Nisku (D-2) oil reservoirs in the Clive oil field, which are the oil reservoirs targeted 

for CO2-EOR in the initial phase of the ACTL project. In regard to studying the effects of 

injecting CO2 in the Leduc D-3A and Nisku D-2 reservoirs, Enhance Energy Inc. has 

retained Alberta Innovates – Technology Futures (AITF) to perform a series of studies in 

a staged approach that consists of several phases. In Phase 1 of the study, AITF in 

collaboration with University of Saskatchewan studied the geology, hydrogeology, rock 

mineralogy and geomechanical properties of the sedimentary succession from the top 

of the Leduc (D-3A) and Nisku (D-2) oil reservoirs to the ground surface (Bachu et al, 

2011). The study area is defined as illustrated in Figure 2, covering 171 sections of 

land. A total 1715 wells were drilled within the study area, of which 660 wells reach the 

top of the Nisku Formation; most of those are located within the D-2 pools. 
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Figure 2: Study area, delineated by the red line, for the assessment of the effects of CO2 injection in the Leduc 
(D -3A) and Nisku (D-2) oil reservoirs in the Clive oil field. 

In Phase 2 of the project, the following areas of study were identified: 

- Assessment of the potential for CO2 leakage through wells that penetrate the 
Leduc D-3A and Nisku D-2 oil reservoirs in the Clive oil field; 

- Evaluation of geomechanical effects of CO2 injection on the reservoirs and 
caprock; 

- Evaluation of geochemical effects of CO2 injection on reservoir rocks and 
caprock; 

- Evaluation of the effects of leaking CO2 on intervening deep saline aquifers; and 

- Preliminary evaluation of information available and/or required for the 

development of a monitoring program  

This report presents the results of the evaluation of leakage potential of the wells that 

penetrate the Leduc D-3A and Nisku D-2 oil reservoirs in the Clive oil field. 

A detailed survey of existing wells penetrating the Nisku D-2 and Leduc D-3A pools 

within the Clive oil field boundary was conducted in order to assess the potential for 

leakage of CO2 from the these reservoirs through cap rock via existing wellbores to 

overlying permeable zones, shallow aquifers or the surface. For a leak to occur three 

elements must exist (Watson, 2004, Watson and Bachu, 2009): a leak source (CO2 
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injected into the Leduc D3-A and Nisku D-2 reservoirs), a driving force (CO2 buoyancy 

and injection pressure) and a leakage pathway. As this study involves CO2 enhanced oil 

recovery, the first two conditions are met. The previous Phase 1 study has conclusively 

shown that no natural leakage pathways, such as faults and fractures, exist between 

these two oil reservoirs and the shallow potable groundwater, soils and atmosphere. . 

The only potentially weak geological barrier is the thin Ireton Fm. separating the Nisku 

D-2 and Leduc D-3A carbonate reservoirs (Hearn et al, 2010). Hearn et al. (2010) state 

that “Compared with off-reef Ireton aquitard, the Ireton Fm. over the reef complex has a 

much higher carbonate content, and significant secondary porosity. As a consequence, 

the off-reef Ireton Fm. is likely an effective seal to hydrocarbon migration, whereas the 

on-reef Ireton aquitard can potentially breach”. Also, given the relatively low thickness 

and high carbonate content of the Ireton aquitard and the multiple acid stimulations 

conducted on the Nisku D-2 and Leduc D-3A reservoirs, CO2 containment between the 

two carbonate reservoirs may be problematic. However, this issue identified by Hearn et 

al. (2010) relates to the communication between the two oil reservoirs, Leduc D-3A and 

Nisku D-2, and not to potential leakage in and/or through the overlying strata.  

Thus, the third condition for fluid leakage from the two reservoirs, the existence of a 

leakage pathway, may or may not exist depending on the condition of the existing 

wellbores that penetrate the Leduc D3-A and Nisku D-2 oil reservoirs. Common leak 

pathways in existing wellbores are often the result of poor primary cementing of the well 

casing/borehole annulus, casing leaks caused by corrosion, extensive operating history 

comprised of multiple pressure cycles from re-completions and stimulations, or improper 

design and execution of well abandonment programs. Data from 252 wells penetrating 

the Nisku D-2 and Leduc D3-A reservoirs in the Clive field study area were gathered 

from data warehouse vendors (GeoScout) and provincial government agencies for the 

purpose of assessing the potential for “shallow” and “deep” leakage. Deep leakage 

pertains to leakage from a higher pressure zone to adjacent permeable horizons above 

or below. Shallow leakage refers to compromised hydraulic well integrity higher up in the 

well closer to the surface where shallow gas may leak up the outside of the 

casing/wellbore annulus to shallow fresh water aquifers or through a casing leak and up 

the inside of the production casing to the surface. Surface leakage of methane gas out of 

the wellhead surface casing vent valve (always open) is referred to as “surface casing 

vent flow” (SCVF) and surface leakage of methane gas out of the ground around the 

wellhead is called “gas migration” (GM). Both SCVF and GM are obvious indications of 

high potential for leakage in the shallow portion of a well. In a worst case CO2 leakage 

scenario, the combination of shallow leakage and deep leakage could result in CO2 from 

a CO2 injection reservoir re-entering a nearby abandoned wellbore, bypassing the deep 

abandonment plug, travelling up the inside of the wellbore production casing and around 

or through a shallow abandonment plug (if any), or out through a casing leak and up the 

outside/inside of the surface casing, and entering a shallow fresh water aquifer or 

venting to atmosphere. Even in this very unlikely scenario, the CO2 leakage rate is highly 

unlikely to be large, given the long and low-permeability leakage pathway from deep in 

the well to surface  
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2. Characterization of the Wells within the Clive Study Area that 
Penetrate the Leduc D-3A and Nisku D-2 Oil Reservoirs  
 

All the wells penetrating any of the Nisku/Leduc oil pools within the boundary of the Clive 

field study area, including some wells on the edge of the Chigwell and Alix fields, were 

included in the scope of this assessment. The well data set of 436 separate well events, 

as recorded by the Energy Resources Conservation Board (ERCB), meeting the above 

criterion, correspond to a set of 252 unique wellbores for the study. Well configuration, 

base of groundwater protection and operating history data for these 252 wells were 

retrieved from Alberta Environment, the Energy Resources Conservation Board (ERCB) 

and data warehouse vendor GeoScout. In addition, well leakage prediction software (TL 

Watson & Associates Inc.) was utilized to process the well data and assign a semi-

quantitative leak potential score to each of the 252 wells in the Clive field study area that 

penetrate the Nisku and Leduc reservoirs. After electronic scores were assigned, a 

manual process of validating and adjusting the scores where necessary, was conducted 

with reference to the GeoScout well data set.  

 

2.1 Well Characteristics 
Shown in Figure 3 is the current status of all 252 distinct wellbores that penetrate the 

Clive oil field in the study area. In the “Drilled and abandoned” (D&A) category are wells 

that were unsuccessful at finding an original target reservoir and were subsequently 

abandoned before production casing was run into the well and cemented to total depth. 

Drilled and abandoned wells are generally less prone to leakage due to the absence of 

casing at the bottom of the well (Watson and Bachu, 2009). In a D&A well the absence 

of casing at the bottom permits cement abandonment plugs to be set directly against the 

irregular surface of the open hole, generally resulting in a better seal against the inside 

of the open borehole. The advantage of setting a plug in open-hole can be offset to a 

degree if the borehole is not circulated and conditioned properly to remove drilling mud 

filter cake adhering to the rock face before cementing the well. Also an issue is the fact 

that, historically, more stringent abandonment requirements existed for D&A wells 

relative to cased and abandoned wells. “Cased and abandoned” wells are abandoned 

after production casing has been run into the well and cemented to total depth. These 

wells are generally more prone to leakage as the presence of steel casing in the well 

precludes easy direct access to the casing/borehole annulus in the event that the 

operator has to fix a cement channel (void space resulting in poor annular cement seal). 

Proven methods exist to fix these annular cement channels, but they can be problematic 

and expensive. “Injectors” are wells that are injecting water for disposal or pressure 

maintenance. “Suspended” wells are producers or injectors that are temporarily inactive. 

They can usually be re-activated quickly and at low cost as needed. “Drilled and cased” 

wells are wells standing cased and cemented awaiting a completion decision. 
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“Producers” are wells currently producing oil or gas. “Abandoned zone” refers to wells 

where the original target zone is abandoned. Wells classified as “Abandoned and re-

entered” are wells previously abandoned that were re-entered for a new purpose, and 

“Abandoned whipstocked” refers to whipstocked wells where the whipstocked wellbore 

was abandoned. 

 

Figure 3: Status of the 252 wells that penetrate the Leduc (D-3A) and Nisku (D-2) oil reservoirs within the Clive 
oil field.

Figure 4 shows a breakdown of Clive D-2 and D-3 wells by primary cement type (a) and 

casing grade (b). Primary cement types consist of Class G Neat (no additives), Class A 

(no additives), Light Weight (gel additives to reduce density), POZ Mix (gel and fly ash) 

and GPSL/GPCEM/THX (gypsum & gel additives).   

 

 

a) 

 

b)  

Figure 4: Materials used in 214 cased wells that penetrate the Leduc (D-3A) and Nisku (D-2) reservoirs in the 
Clive oil field: a) cement type (data available for 90 wells); and b) casing grade (data available for 87 
wells).  
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Figure 5 shows the geographic location of all 252 Clive D-2 and D-3 wells by current 

status: active, drilled & abandoned and drilled, cased & abandoned. 

 

 

Figure 5: Location and current status of the 252 wells that penetrate the Leduc (D-3A) and Nisku (D-2) oil 
reservoirs in the Clive field.  

Many studies on CO2/cement interaction, reviewed in Zhang and Bachu (2010), have 

been performed with somewhat different conclusions. Some studies based on bench 

tests of cement exposed to CO2 and CO2-saturated brine under strong flow conditions, 

concluded that CO2 will react vigorously with cement, degrading its ability to maintain 
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vertical hydraulic isolation in a casing/wellbore annulus (e.g., Duguid et al, 2005). Other 

studies, suggest that cement exposed to CO2 or CO2-saturated brine under flow 

conditions encountered in the subsurface will form a carbonated impermeable residue 

composed of Na-Al-Si (e.g., Carey et al., 2007; Kutchko et al, 2007, 2008). This 

carbonate residue seems to form a barrier to invasion of the cement by the CO2, thus 

limiting cement degradation. The difference between these divergent conclusions may 

stem from fundamental differences in the flow and reaction conditions present during 

each of the studies. During the primary cementing process, cement is pumped down the 

casing and up the casing/wellbore annulus. This process imposes a substantial 

hydrostatic pressure on the formation at the bottom of the casing string. Excessively high 

bottom-hole pressure can detrimentally fracture the rock formation. To avoid fracturing 

the formation during primary cementing, the cement can be mixed with light weight 

additives to reduce the density and hydrostatic pressure of the cement column. 

It has also been suggested that the addition of some cement additives for purposes of 

density reduction, setting time extension, fluid loss reduction, and cost minimization may 

also result in an increase in cement porosity and water/cement ratio. High water/cement 

ratio, and thus cement porosity, has been linked to an increase the degradation rate of 

cement in CO2-brine solutions (Benge, 2009). For the purpose of this study it is assumed 

that the addition of additives causing higher water/cement ratio to cement placed at the 

bottom of a well, constitutes one of the deep leakage risk factors. 

Casing grades for Clive D-2 and D-3A wells, illustrated in Figure 4b, consist of standard 

API grades (Table 1) and five proprietary grades. Proprietary casing grades with 

minimum yield strength of 55,000 psi include OOJ55, SOO55, IK55 and proprietary 

grades with minimum yield strength of 80,000 psi consist of MN80 and OOL80.  

Table 1: API standard casing grades. 

Casing Grade Minimum Yield Strength (psi) Ultimate Tensile Strength (psi) 
J-55 55,000 75,000 

K-55 55,000 95,000 

L-80 80,000 95,000 

N-80 80,000 100,000 

P-110 110,000 125,000 

*API – American Petroleum Institute; 1 psi = 6.895 kPa 

In general, well casing steel composition is the same for all grades but differs by heat 

treatment. Casing grades J-55, K-55, L-80, N-80 and P-110 are standard API grades. 

Grades OOJ55 and SOO55 (equivalent to J-55) are proprietary steel casing grades 

manufactured by Evras (Calgary) and Algoma (Sault Ste. Marie) and are often used for 

sour oil wells. Grade MN-80 (equivalent to N-80) is also a proprietary casing grade and 

is used for high stress thermal wells. 
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Figure 6 shows the year of abandonment for the 61 abandoned Clive D-2 and D-3 wells. 

In general the older the abandonment year, the less stringent were the regulatory 

abandonment requirements at the time of abandonment. 

 

Figure 6: Year of abandonment of the 61 abandoned wells that penetrate the Leduc (D-3A) and Nisku (D-2) oil 
reservoirs in the Clive oil field. 

Shown in Figure 7 is a histogram of the duration, or time span, from initial drilling to 

abandonment for all 23 of the cased and abandoned wells in the Clive oil field that 

penetrate the Nisku D-2 and Leduc D-3A reservoirs. Also shown is the average duration 

of the cased and abandoned wells. 

 

Figure 7: Duration (age) to abandonment of the 23 cased and abandoned wells that penetrate the Leduc (D-3A) 
and Nisku (D-2) oil reservoirs in the Clive oil field. 
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Successful oil and gas wells are abandoned at the end of their productive life when the 

well production rate of oil and gas has declined to a level where revenue from the sale of 

oil or gas can no longer cover operating costs. If no well work-over option exists for 

restoring the well production rate to a profitable level, then abandonment is the logical 

next step for the well. Well abandonment procedures in Alberta are specified and 

enforced by the ERCB (ERCB Directive 020).  

Unsuccessful wells (D&A’s) with no casing in the hole are abandoned simply by placing 

cement plugs across all zones with significant porosity that may flow fluid or gas into the 

wellbore. The ERCB specifies which zones (in conjunction with porosity logs run by the 

operator) are to be isolated by placing a cement plug in the borehole adjacent to (and 

above) the subject zone. These plugs are generally very effective at sealing the well 

below the plug largely because the cement can come in close contact directly with the 

irregular surface of the rock face. These plugs are designed to completely shut off the 

porous zone adjacent to them. This prevents leakage to surface as well as down-hole 

cross flow from one higher pressure porous zone to another of lower pressure. 

Cased well abandonments are more problematic due to the fact that the casing in the 

well precludes direct easy access to the borehole rock face for cement plug placement. 

The casing was initially cemented in place (after drilling) by circulating cement down the 

casing and up the annular space between the casing and the rock face. However, for a 

number of reasons this process is not error proof and voids (occupied by drilling mud) in 

the cement placed behind the casing exist to varying degrees. Micro-annuli, casing de-

centralization, cement channels and gas or fluid influx during the cement setting period 

can also lead to cement sheath void spaces. These void spaces can provide fluid access 

to the casing where metal corrosion can occur, resulting in wellbore fluid leakage into the 

casing interior. In order to correct these “behind the casing” cement voids one must first 

find them. Even after void spaces are found, fixing them can be difficult to accomplish 

because the casing prevents direct easy access. In extreme cases the casing can be 

removed from the inside by milling out the casing and “under reaming” (drilling out with 

wide bit) the cement sheath and formation face thereby removing the suspect 

casing/cement void space, however this is expensive and generally not under-taken 

unless required by the ERCB Well Operations Group. A cement abandonment plug 

could then be placed at this depth in direct contact with the bare rock face sealing the 

well from below. 

In cased wells where casing leaks or cement integrity problems are not suspected, 

routine cased well abandonments (CWA’s) are performed. Three main types of CWA’s 

are executed in Alberta: balanced cement plug placement, setting a bridge plug (BP) 

capped with cement, and a cement squeeze into the formation through casing 

perforations. These three methods are each designed to seal off the inside of the casing 

at pre-determined depths.  

Balanced plug placement involves running production tubing to desired depth, circulating 

cement down the tubing with cement returns up the tubing/casing annulus. When 
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sufficient cement has been placed, the tubing is pulled slowly leaving behind a cement 

plug blocking the inside of the casing. This method is the cheapest of the three routine 

cased well abandonment methods. It is the quickest method and requires only cement 

pumping equipment and relatively short service rig time. Problems, in addition to spotting 

the plug at the wrong depth, arise from pulling the tubing out of the cement too quickly, 

compromising the geometry of the plug, not waiting long enough to allow the cement to 

set properly or waiting too long and cementing the tubing in the hole. 

The second routine abandonment method “BP w/cement cap” consist of running in the 

well with a bridge plug to the desired depth, setting the bridge plug thereby sealing the 

inside of the casing, followed by placement of cement on top of the set bridge plug. 

Problems with this method include not setting the BP properly or setting it in a bad 

section of casing, precluding establishment of an adequate seal, corrosion of the steel 

plug and degradation of the seal elastomers. 

The third routine cased well abandonment method involves forcing (squeezing) cement 

into a perforated interval for the purpose of permanently sealing off the casing 

perforations. This method is often used in combination with the other two. This process 

involves setting a cement retainer on tubing above the perforations. A cement retainer is 

a down-hole tool that sets and seals off the tubing/casing annulus similar to a packer but 

with a valve that when opened, allows cement to be pumped through and below the 

retainer. The annular pack-off prevents cement returns from going up the annulus, thus 

forcing it to flow into the open perforations. When the cement is pumped into the 

perforations, the cement dehydrates, bridges off and the pressure climbs to maximum, 

forcing the cessation of pumping. This process is repeated several times until the pump 

discharge pressure reaches some threshold level and holds for a sufficient period of time 

indicating a reasonable seal. Following a successful pressure test, the tubing with 

stinger is pulled out of the retainer (retainer valve closes) and out of the well. Problems 

with this method include not achieving a sufficient initial feed rate (before maximum 

pressure) of squeeze cement into the perforations, resulting in a questionable 

perforation seal. Cement is pumped through the retainer but does little more than fill the 

casing below the retainer adjacent to, or below the perforations. Normally in this situation 

the operator will disconnect (sting out) from the retainer, pull the tubing and stinger out of 

the hole, and run the tubing back in and spot additional cement on top of the closed 

retainer. When this happens, the ERCB will often allow substitution of the cement 

retainer for a bridge plug and approve the abandonment. After the cement sets, the plug 

is pressure tested and tagged with tubing (or wireline) to confirm the actual plug depth.  

Problems with this method arise when, during the squeeze attempt, the retainer valve is 

cycled (opened) but does not close and reseat completely when disconnecting the 

stinger, resulting in a questionable pressure seal. The end result is effectively a bridge 

plug with a hole in it capped by a cement plug. 

Over the history of the Alberta industry, abandonment methods have evolved largely as 

ERCB’s well-abandonment requirements developed. Initially, simple balanced cement 
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plugs were common. More recently routine abandonments require all completed 

(perforated) zones to be squeeze-cemented to prevent down-hole cross flow, followed 

by the setting of a bridge plug capped with cement. Additional plugs may be required in 

cases where shallow aquifers are not properly protected (older wells). Illustrated in 

Figure 8 is a breakdown of the plug types used to abandon the 23 cased wells in the 

Clive oil field.  

 

Figure 8: Method of abandonment for the 23 cased and abandoned wells that penetrate the Leduc (D-3A) and 
Nisku (D-2) oil reservoirs in the Clive oilfield (data available for 80 plugs set in 23 abandoned wells). 

Unsuccessful well abandonments (generally older wells) are the result of improper plug 

placement or leakage through or around an internal plug, into the casing from outside 

through a casing leak or up the outside of the casing through a channel and past the 

cement top. The leaking gas can then migrate up the mud filled casing/borehole annulus 

or inside the casing to the welded plate at surface and accumulate, resulting in the build-

up of pressure. At some point the gas will leak past the welded plate on top of the 

abandoned well casing and vent to atmosphere. In these cases where the leaking gas 

flow rate exceeds some threshold level, it is necessary to re-enter the abandoned wells, 

locate the leak, seal the zone (cement squeeze) and re-abandon the well. This process 

can be very difficult and expensive, especially if the well is located within a populated 

area (e.g., old Texaco wells in Calmar). 

Shown in Figure 9 is a histogram illustrating the current age of all 191 active or non-

abandoned wells in the Clive oil field. As with abandoned wells, in general the older the 

active well, the less stringent regulatory requirements were for drilling and primary 

cementing. In addition to age, some prior periods of very high drilling activity levels 

(induced by high oil prices during the period 1978-85) may have contributed to sub-

standard drilling, cementing and stimulation practises (Watson and Bachu, 2009). In 

addition to the above, the older the well is, the longer is the time for casing corrosion to 

progress.   
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Figure 9: Age of the 191 non-abandoned wells that penetrate the Leduc (D-3A) and Nisku (D-2) oil reservoirs in 
the Clive oil field. 

 

2.2 Assessment of the Leakage Potential through Wells 
All wells in the Clive oil field penetrating the Nisku D-2 and Leduc D-3A reservoirs were 

investigated to assess their leakage potential by compiling electronic data from various 

sources. A proprietary database of well data comprising information from the ERCB, 

Alberta Environment and a commercial well database vendor was obtained and utilized 

by AITF for this study. The electronic data were first screened using leakage prediction 

software developed by TLWatson & Associates and made available to Alberta Innovates 

– Technology Futures, for the purpose of assigning semi-quantitative leak potential 

scores. Wells with high leak potential were then validated individually using information 

retrieved from GeoScout. Following this electronic screening process, the entire set of 

252 wells penetrating the Nisku D-2 and Leduc D-3A reservoirs in the Clive oil field were 

surveyed manually with GeoScout to verify the leak potential scores and identify other 

relevant wellbore issues relevant to leakage potential. 

2.2.1 Deep Leakage Criteria 

Listed in Table 2 are five criteria that were used to assign leakage potential scores for 

deep leakage. Parameter values are multiplied together to arrive at the final score value. 

Deep leakage is defined as leakage (cross-flow) from a target production zone or CO2 

injection zone back into the wellbore (or outside the casing) up and into an adjacent 

permeable zone (productive zone or deep saline aquifer). “Fracture” and “acid” criteria 

refer to the number of fracture and acid stimulation treatments performed in the well. 

These treatments are executed at high pressure and are believed to contribute to 

degradation of local hydraulic isolation. The “Cement” criterion refers to primary cement 

type with additives. Some additives mixed with the base cement are believed to increase 

the cement porosity (higher water/cement ratio), resulting in a greater propensity to 
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degenerate in the presence of CO2. “Abandonment type” pertains to cased well 

abandonments utilizing steel bridge plugs which are prone to corrosion and seal failure 

in the presence of CO2. “Number of completions” is a measure of how many separate 

zones were perforated in addition to the initial completion interval. Perforating a zone 

creates a communication pathway from inside the casing, through the casing wall and 

primary cement sheath and into the target formation. This is accomplished by firing 

explosive shaped charges (or hydro-jetting) which blow holes in the steel casing and 

shatters the cement sheath likely compromising local hydraulic integrity.  

Table 2: Deep leakage criteria and values. 

Factor Criterion Parameter Value Default Value 
Fracture count = 1 1.5 1 
Fracture count > 1 2 1 
Acid count = 1 1.1 1 
Acid count = 2 1.2 1 
Acid count > 2 1.5 1 
Cement Known risk additive 3 1 
Abandonment type Bridge Plug 3 1 
Abandonment type Not abandoned 2 1 
Number of Completions count > 1 2 1 

 

2.2.2 Shallow Leakage Criteria 

Shallow leakage potential scores are a function of nine individual parameters as shown 

in Table 3. Shallow leakage is defined as the loss of hydraulic isolation in the upper part 

of the well. It is observed when gas from a shallow gas zone meanders up the outside of 

the casing through drilling mud occupying the annular space above a low cement top to 

the surface casing shoe. From there the gas will flow up inside the surface casing 

pressuring-up the surface casing annulus there-by inducing gas to flow out of the 

surface casing vent (surface casing vent flow, SCVF) at surface. It can also flow around 

the surface casing shoe (if the surface casing vent valve is closed) and up the outside of 

the surface casing and vent to atmosphere out of the ground at the surface (gas 

migration, GM).  

In Table 3, “Spud date” is the date that the drilling of the well began. In Alberta, the 1965 

to 1990 period tended to yield a disproportionately larger number of surface casing vent 

flows (SCVF) and gas migration (GM) cases possibly due to periods of historically higher 

drilling activity levels induced by high oil prices. “Abandonment date” refers to the date 

that the well was abandoned. Prior to 1995, abandonment regulatory requirements did 

not include testing for SCVF/GM or ground water protection. “Surface casing size” 

(large) has been observed to contribute to shallow leakage. “Well type” in this context, 

pertains to whether the well was cased or abandoned open-hole. Wells abandoned with 

casing in the hole to total depth have shown a significant increase in potential for 

leakage (Watson and Bachu, 2009). “Geographic location” refers to a region (Special 

Test Area) near Lloydminster where wells exhibit a greater frequency of SCVF/GM. 

Wells with a “Total Well Depth” greater than 2500 m tend to have a higher leak potential 
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(Watson and Bachu, 2008). “Well Deviation” appears to contribute to leakage probably 

due to poor primary cement sheath coverage as a result of decentralized casing at 

points of deviation (“dog-legs”). “Cement to Surface” is a measure of how high primary 

cement was circulated in the casing borehole annulus. Low cement tops are a major 

contributing factor to SCVF/GM. This is due to the fact that drilling mud occupies the 

casing borehole annulus above the cement top and serves as a poor barrier to gas 

leakage up the annulus. “Additional Plug” refers to the setting of an abandonment plug 

inside the well casing near surface to augment shallow well integrity. Since 1995 

additional cement plugs were required to isolate shallow fresh water aquifers as well as 

for repair of SCVF/GM when detected. Further yet, since 2003 all wells that do not have 

primary cement covering (cement top above) all porous zones were required to set an 

additional plug inside the casing to provide further protection against leakage from 

below. As with Deep Leakage scores, shallow leakage parameters are multiplied 

together to arrive at the composite Shallow Leakage score. High scores suggest high 

potential for leakage. 

Table 3: Shallow leakage criteria and values. 

Factor Criterion Parameter Value Default Value 
Spud Date 1965 – 1990 3 1 
Abandonment Date <1995 5 1 
Surface Casing Size >=244.5 1.5 1 
Well Type Cased 8 1 
Geographic Location Special Test Area 4 1 
Well Total Depth >2500 m 1.5 1 
Well Deviation 1.2 – 1.8 1.5 1 
Cement to Surface No  5 1 
Cement to Surface Unknown 3 1 
Additional Plug No 3 1 
Additional Plug Unknown 2 1 
SCVF or GM Yes 2 1 
Casing Failure (leak) Yes 2 1 

 

2.2.3 Discussion of Leakage Scores 

Figure 10 shows the number of wells that, based on the available data, have scored as 

having low and high leakage potential in the shallow and deep parts of the well. 

Table 4 identifies the wells and shows the individual leakage scores for wells determined 

to have high shallow and/or deep leakage potential, and Figure 11 shows their location. 

Shallow leakage scores ≥ 400 and deep leakage scores ≥ to 10 are deemed to have 

high leakage potential in the respective zone of the well (Watson and Bachu, 2008, 

2009).  
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a) 

 

b) 

 

Figure 10: Leakage potential of wells that penetrate the Leduc (D-3A) and Nisku (D-2) oil reservoirs in the Clive 
oil field: a) in the shallow part of the well; and b) in the deep part of the well.  

 

Table 4: Wells with high shallow and deep leakage potential that penetrate the Leduc (D-3A) and Nisku (D-2) oil 

reservoirs in the Clive oil field. 

Wells with High 
Shallow Leakage 

Potential 

Shallow 
Score 

Wells with High 
Deep Leakage 

Potential 

Deep 
Score 

Wells with High 
Shallow and Deep 
Leakage Potential  

Shallow 
Score 

Deep 
Score 

00/01-02-040-24W4 540 00/01-16-040-24W4 12 00/02-10-040-24W4 432 12 
00/01-10-039-24W4 540 00/01-21-040-24W4 12 00/06-02-040-24W4 540 12 
00/01-35-039-24W4 540 00/01-34-040-24W4 12 00/06-26-039-24W4 540 12 
00/02-22-039-24W4 540 00/02-02-040-24W4 12 00/06-35-039-24W4 540 12 
00/03-02-040-24W4 540 00/02-05-041-24W4 12 00/10-02-040-24W4 432 12 
00/03-26-039-24W4 540 00/02-11-040-24W4 12 00/11-21-040-24W4 720 12 
00/03-35-039-24W4 540 00/02-15-040-24W4 18 00/12-02-039-24W4 540 12 
00/04-02-039-24W4 540 00/02-21-040-24W4 12 00/12-26-039-24W4 540 18 
00/04-08-041-24W4 720 00/02-26-039-24W4 12 00/13-28-040-24W4 540 18 
00/04-10-040-24W4 540 00/02-28-040-24W4 12 00/14-03-040-24W4 720 13.2 
00/04-12-040-24W4 540 00/03-15-040-24W4 12 00/14-23-039-24W4 540 12 
00/05-14-039-24W4 540 00/03-21-040-24W4 12 00/14-35-039-24W4 540 12 
00/05-23-039-24W4 540 00/03-28-040-24W4 12 00/16-26-039-24W4 540 12 
00/05-26-039-24W4 540 00/04-01-040-24W4 12 02/16-29-040-24W4 720 18 
00/05-28-040-24W4 600 00/04-02-040-24W4 12    
00/05-33-040-24W4 540 00/04-11-039-24W4 12    
00/05-36-039-24W4 540 00/04-11-040-24W4 12    
00/06-23-039-24W4 540 00/04-14-040-24W4 12    
00/07-02-040-24W4 540 00/04-15-040-24W4 12    
00/07-26-039-24W4 540 00/04-21-040-24W4 12    
00/07-35-039-24W4 540 00/04-23-039-24W4 12    
00/08-02-040-24W4 540 00/04-25-039-24W4 12    
00/08-23-040-24W4 1800 00/04-26-039-24W4 12    
00/08-26-039-24W4 540 00/04-28-040-24W4 12    
00/08-32-040-24W4 540 00/04-33-040-24W4 12    
00/09-02-040-24W4 540 00/04-35-039-24W4 18    
00/09-20-040-24W4 540 00/04-36-039-24W4 12    
00/09-26-039-24W4 540 00/05-15-040-24W4 12    
00/09-35-039-24W4 540 00/06-21-040-24W4 12    
00/10-10-039-24W4 1080 00/06-28-040-24W4 12    
00/11-02-040-24W4 540 00/07-08-041-24W4 10.8    
00/11-10-040-24W4 540 00/07-16-040-24W4 12    

Low Risk
189

High Risk
63

Low Risk
161

High Risk
91
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00/11-23-039-24W4 540 00/07-21-040-24W4 18    
00/11-26-039-24W4 540 00/08-03-039-24W4 12    
00/11-35-039-24W4 540 00/08-03-040-24W4 12    
00/11-36-039-24W4 405 00/08-15-039-24W4 18    
00/13-23-039-24W4 540 00/08-16-040-24W4 12    
00/13-26-039-24W4 540 00/08-27-039-24W4 18    
00/14-02-040-24W4 540 00/08-34-039-24W4 12    
00/14-14-039-24W4 540 00/09-10-040-24W4 12    
00/14-24-040-25W4 2700 00/09-16-040-24W4 12    
00/14-26-039-24W4 540 00/10-11-040-24W4 12    
00/14-26-040-24W4 1080 00/10-21-040-24W4 12    
00/14-28-040-24W4 540 00/10-22-039-24W4 12    
00/15-26-039-24W4 540 00/10-23-039-24W4 12    
00/15-35-039-24W4 540 00/10-26-039-24W4 12    
00/16-02-040-24W4 540 00/10-35-039-24W4 12    
00/16-32-040-24W4 540 00/11-05-041-24W4 12    
00/16-35-039-24W4 540 00/12-01-040-24W4 12    
  00/12-02-040-24W4 12    
  00/12-11-040-24W4 12    
  00/12-14-039-24W4 12    
  00/12-15-040-24W4 12    
  00/12-21-040-24W4 12    
  00/12-23-039-24W4 12    
  00/12-25-039-24W4 12    
  00/12-28-040-24W4 12    
  00/12-33-040-24W4 12    
  00/12-35-039-24W4 12    
  00/12-36-039-24W4 12    
  00/13-10-040-24W4 12    
  00/13-16-040-24W4 14.4    
  00/13-21-040-24W4 12    
  00/13-34-038-24W4 12    
  00/14-21-040-24W4 12    
  00/15-16-040-24W4 12    
  00/15-21-040-24W4 12    
  00/16-03-039-24W4 12    
  00/16-03-040-24W4 12    
  00/16-09-040-24W4 12    
  00/16-16-040-24W4 12    
  00/16-20-040-24W4 12    
  00/16-23-039-24W4 18    
  00/16-27-039-24W4 12    
  00/16-34-039-24W4 12    
  02/02-35-039-24W4 12    
  02/12-08-041-24W4 27    
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Figure 11: Location of wells with high potential for leakage that penetrate the Leduc (D-3A) and Nisku (D-2) oil 
reservoirs in the Clive oilfield: in the shallow part of the well (green dot), in the deep part of the well 
(red dot), and in both the shallow and deep part of the well (black dot).  

Leakage potential scores, as described in the sub-section “Leakage Potential”, are semi-

quantitative numeric estimates of the likelihood of leakage based on research conducted 

by T.L. Watson and Associates Inc. (Watson and Bachu, 2008, 2009). The individual 

leakage potential factors were established based on field experience and in-depth study 

of correlations between well leakage and logical causes; though no direct causal linkage 

could be verified statistically. As the individual leak factor scores are multiplied together 

to arrive at composite shallow and deep leakage scores, any individual factor greater 

than one indicates a leakage issue that will impact the composite score. A composite 

APPENDIX E



 

19 
 

leakage score of 1.0 suggests that a well has none of the higher risk attributes identified 

by T.L. Watson and Associates Inc. 

After review of the wells that penetrate the Nisku D-2 and Leduc D3-A reservoirs in the 

Clive field study area with reference to the ERCB  database and GeoScout, it is clear 

that a relatively high proportion of the wells exhibit high leakage potential scores relative 

to a similar sized random selection of Alberta wells (Bachu and Watson, 2006). This is 

not surprising given that the subject wells are located within a mature light oilfield 

composed of multiple stacked hydrocarbon target reservoirs. The primary target zones, 

the Nisku D-2 and Leduc D-3A carbonate reservoirs, were perforated, tested, acid 

stimulated and squeeze cemented multiple times at different depth intervals to maximize 

production rates over their history. This is not uncommon in mature Alberta oilfields 

given the significant time period involved and the rapid evolution in reservoir evaluation 

technology. Common shallow leakage risk factors found to exist in many of the wells in 

the study area consisted of “spud date” during a relatively high activity period (1965 to 

1990), “large surface casing size” (>244.5 mm / 9 5/8 “), “production casing” in the hole 

and “low cement top”. Common deep leakage factors observed in the wells in the study 

area included “number of completions” due to multiple target zones including shallow 

gas, multiple “acid squeeze stimulations” and cement squeezes in the carbonate Nisku 

D-2 and Leduc D-3A reservoirs, and in a few cases “fracture stimulations” in the up-hole 

gas zones. This relatively active history resulting from numerous pressure and 

temperature cycling well work-overs can increase the risk of development of micro-

annuli at boundaries between the production casing, primary cement and formation face 

across the subject intervals. Micro-annuli can be difficult to mitigate given the small 

clearance and thus low permeability resulting in low squeeze cement feed rates. This 

could be an issue when CO2 injection is contemplated, given its low viscosity 

2.2.4 Surface Casing Vent Flows and Casing Failures 

In addition to assigning leakage potential scores to flag wells with high risk based on 

available data in electronic form, other relevant issues that may lead to containment 

issues in regard to the CO2 injected in the Nisku D-2 and/or Leduc D-3A reservoirs in the 

Clive study area were investigated. These issues relate to wells that have reported 

cases of surface casing vent flows or gas migration (SCVF/GM) and confirmed casing 

leaks or failures (CF). Wells with SCVF/GM constitute obvious shallow leakage risk as 

they have been observed directly to be leaking. These wells are often problematic to 

seal due to difficulty in precisely identifying the depth and mechanism of the low-rate 

leaking gas source. Even when the leak source depth is pin-pointed, sealing of the leak 

source zone by perforating the production casing and squeezing in cement can be 

difficult when the source gas zone is “tight” or has low permeability to gas, let alone 

cement. Cement squeeze work-over operations of this type historically have an average 

success rate of less than 50% and can cost several hundred thousand dollars. Casing 

leaks also constitute shallow (or deep) leakage risk as they allow uncontrolled hydraulic 

communication through the casing wall and inside the casing. This is an obvious 

breakdown in well integrity and is usually the result of external corrosion of the 
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production casing above the annular cement top where no cement is present to protect 

the steel casing. Table 5 lists the wells that penetrate the Nisku D-2 and Leduc D-3A 

reservoirs in the Clive oil field where cases of SCVF/GM or casing leak (failure) have 

been reported to the ERCB, and Figure 12  shows the location of these wells.  

Table 5: Wells that penetrate the Leduc (D-3A) and Nisku (D-2) oil reservoirs in the Clive oil field with reported 

Surface Casing Vent Flow (SCVF), Gas Migration (GM) or Casing Failure (CF). The columns of the 

right indicate the leakage potential assigned to these wells based on the analysis of other types of 

data (see Section 2.2.3 on wells leakage potential). 

Clive D-2/D-3A Well Leak Type Shallow Leakage 
Potential 

Deep Leakage 
Potential 

00/02-10-040-24W4 Casing Failure High High 
00/04-08-041-24W4 Casing Failure High Low 
00/04-21-040-24W4 Casing Failure Low High 
00/04-28-040-24W4 Casing Failure Low High 
00/06-28-040-24W4 Casing Failure Low High 
00/07-16-040-24W4 Casing Failure Low High 
00/09-10-039-24W4 Casing Failure & 

SCVF 
Low Low 

00/09-20-040-24W4 Casing Failure High Low 
00/10-02-040-24W4 Casing Failure High High 
00/10-10-040-24W4 SCVF Low Low 
00/10-11-040-24W4 Casing Failure Low Low 
00/10-16-040-24W4 Casing Failure Low Low 
00/11-16-040-24W4 Casing Failure Low Low 
00/11-21-040-24W4 Casing Failure High High 
00/12-28-040-24W4 Casing Failure Low High 
00/13-10-040-24W4 Casing Failure Low High 
00/14-03-040-24W4 Casing Failure High High 
00/15-16-040-24W4 Casing Failure & 

SCVF 
Low High 

00/15-21-040-24W4 Casing Failure Low High 

 

It should be noted that two wells, 15-16-040-24W4 and 09-10-039-24W4, that are 
designated in Figure 12 (below) as having low leakage potential - casing failure (green 
square) also have reported surface casing vent flow (black circle, masked by the green 
square). 

In addition, six wells indicated above in Table 5 with reported cases of casing failure also 
have been assessed as having high shallow leakage potential, with four of them also 
assessed as having deep leakage potential (Section 2.2.3). All of these six wells should 
be investigated further to confirm casing and cement integrity prior to the start of CO2-
EOR operations. The wells with high leak potential scores in combination with casing 
failure are: 00/02-10-040-24W4, 00/04-08-041-24W4, 00/09-20-040-24W4, 00/10-02-
040-24W4, 00/11-21-040-24W4 and 00/14-03-040-24W4. 
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Figure 12: Location of wells that penetrate the Leduc (D-3A) and Nisku (D-2) oil reservoirs in the Clive oil field 
that have recorded surface casing vent flow (SCVF) and/or gas migration (GM) (circle symbol), 
and/or casing failure (CF) (square symbol). The high risk designation (red square) relates to casing 
failure in combination with a high shallow leakage potential factor.  
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3. Summary 
 

The objective of this report was to evaluate all 252 wells within the Clive oil field 

boundary that penetrate the Leduc D-3A and Nisku D-2 oil reservoirs that are the target 

for CO2 enhanced oil recovery, for the potential of CO2 leakage into adjacent permeable 

reservoirs, shallow aquifers and to surface. Well data were compiled from data 

warehouse vendor GeoScout, the ERCB and Alberta Environment and used in the 

evaluation. Leakage potential software was also used to process the data and assign 

semi-quantitative leakage potential scores. Following the electronic assignment of 

leakage potential scores, a manual process of validating and adjusting the scores was 

conducted with reference to GeoScout well data. In addition, the data were compiled and 

a series of charts were created depicting the characteristics of wells in the Clive oil field 

that penetrate the two reservoirs of interest, including the current status of all wells, 

primary cement type and casing grade utilized, year of abandonment of all abandoned 

wells and current age of all cased well abandonments. Well abandonment practices 

common in Alberta were then discussed in conjunction with a chart showing 

abandonment plug types utilized for all cased well abandonments in the Clive oil field. In 

addition, a series of maps were prepared illustrating the location of all the wells 

analyzed, of the wells assigned high leakage potential and of the wells with reported 

surface casing vent flow and casing failure.  

A discussion of the rationale behind the assignment of shallow and deep leakage scores 

to the wells in the Clive field was presented, followed by a listing of all wells classified as 

having high shallow, deep, and both shallow and deep leakage potential. Operating data 

from the ERCB relating to reported cases of surface casing vent flow (SCVF), gas 

migration (GM) and casing leaks or failures (CF) were then retrieved and incorporated 

into the overall assessment of leakage potential for all of the Clive wells. While the 

leakage potential scores do not quantify absolute probability of leakage, they do suggest 

an ordinal ranking of wells that maybe more likely to be problematic based on 

experience with Alberta wells that have, in the past, demonstrated a higher likelihood of 

leaking.  

All wells assessed as having high shallow, deep, or shallow and deep leakage potential 

scores, and, in particular, wells with high leakage potential scores in combination with 

reported SCVF and/or CF should be investigated further for vertical hydraulic integrity 

before implementation of CO2-EOR in the Leduc (D-3A) and Nisku (D-2) reservoirs in the 

Clive oil field, regardless if they will be used as CO2 injectors, oil producers or will just be 

abandoned. The wells with high leak potential scores in combination with casing failure 

are: 00/02-10-040-24W4, 00/04-08-041-24W4, 00/09-20-040-24W4, 00/10-02-040-

24W4, 00/11-21-040-24W4 and 00/14-03-040-24W4. 
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5. APPENDIX – List of the Wells that Penetrate the Leduc D-3A 
and Nisku D-2 Oil Reservoirs in the Clive Oil Field 
 

The following list includes all 252 wells in the Clive oilfield that penetrate the Nisku D-2 

and Leduc D-3A carbonate reservoirs. The left column identifies the well by Unique Well 

Identifier (UWID). The middle column indicates the shallow leakage risk potential with 

scores over 400 (high risk) in red. The right column lists the deep leakage risk potential 

with scores equal to or greater than 10 (high risk) in blue. Wells with high deep and 

shallow risk potential are flagged with UWID high-lighted in red.  

UWID Shallow Deep 

00/01-02-040-24W4 540 6 

00/01-10-039-24W4 540 8.8 

00/01-12-040-24W4 30 2 

00/01-16-040-24W4 48 12 

00/01-21-040-24W4 240 12 

00/01-29-040-24W4 120 9.6 

00/01-32-040-24W4 72 4.8 

00/01-33-038-24W4 90 2 

00/01-34-040-24W4 360 12 

00/01-35-039-24W4 540 6 

00/02-01-040-24W4 337.5 2 

00/02-02-039-24W4 225 2 

00/02-02-040-24W4 144 12 

00/02-05-041-24W4 360 12 

00/02-08-041-24W4 180 2.4 

00/02-10-039-24W4 337.5 2 
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00/02-10-040-24W4 432 12 

00/02-11-039-24W4 135 2 

00/02-11-040-24W4 216 12 

00/02-14-039-24W4 135 2 

00/02-15-040-24W4 216 18 

00/02-21-040-24W4 72 12 

00/02-22-039-24W4 540 6 

00/02-23-039-24W4 216 8.8 

00/02-24-040-24W4 360 3 

00/02-26-039-24W4 216 12 

00/02-28-040-24W4 144 12 

00/02-33-040-24W4 90 2 

00/02-35-039-24W4 144 8.8 

00/03-02-040-24W4 540 6 

00/03-10-040-24W4 120 2 

00/03-15-040-24W4 144 12 

00/03-21-040-24W4 72 12 

00/03-24-040-24W4 48 2.4 

00/03-25-040-24W4 225 2 

00/03-26-039-24W4 540 9 

00/03-28-040-24W4 120 12 

00/03-35-039-24W4 540 6 

00/04-01-040-24W4 144 12 

00/04-02-039-24W4 540 9.6 

00/04-02-040-24W4 216 12 
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00/04-05-041-24W4 90 2 

00/04-08-041-24W4 720 9.6 

00/04-10-040-24W4 540 6 

00/04-11-039-24W4 144 12 

00/04-11-040-24W4 144 12 

00/04-12-040-24W4 540 6 

00/04-14-039-24W4 216 8.8 

00/04-14-040-24W4 144 12 

00/04-15-040-24W4 72 12 

00/04-21-040-24W4 144 12 

00/04-23-039-24W4 216 12 

00/04-24-040-24W4 360 4 

00/04-25-039-24W4 360 12 

00/04-26-039-24W4 216 12 

00/04-28-040-24W4 240 12 

00/04-32-040-24W4 240 6.6 

00/04-33-040-24W4 360 12 

00/04-35-039-24W4 144 18 

00/04-36-039-24W4 144 12 

00/05-01-040-24W4 72 2 

00/05-02-040-24W4 72 6 

00/05-14-039-24W4 540 6 

00/05-15-040-24W4 72 12 

00/05-21-040-24W4 72 9.6 

00/05-23-039-24W4 540 2.2 
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00/05-26-039-24W4 540 6 

00/05-28-040-24W4 600 9 

00/05-33-040-24W4 540 2.2 

00/05-36-039-24W4 540 4 

00/06-02-040-24W4 540 12 

00/06-05-041-24W4 360 4.4 

00/06-08-041-24W4 180 3 

00/06-15-039-24W4 360 6.6 

00/06-21-040-24W4 72 12 

00/06-23-039-24W4 540 6 

00/06-23-040-24W4 90 2 

00/06-24-040-24W4 144 9 

00/06-26-039-24W4 540 12 

00/06-26-040-24W4 225 2 

00/06-28-040-24W4 96 12 

00/06-31-038-24W4 225 1 

00/06-35-039-24W4 540 12 

00/07-02-040-24W4 540 4.8 

00/07-08-041-24W4 240 10.8 

00/07-10-040-24W4 180 9 

00/07-15-040-24W4 72 8.8 

00/07-16-040-24W4 240 12 

00/07-21-040-24W4 72 18 

00/07-23-040-24W4 225 2 

00/07-26-039-24W4 540 6 
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00/07-35-039-24W4 540 6 

00/08-02-040-24W4 540 6 

00/08-03-039-24W4 360 12 

00/08-03-040-24W4 360 12 

00/08-09-040-24W4 225 2 

00/08-10-040-24W4 324 9 

00/08-15-039-24W4 216 18 

00/08-16-040-24W4 72 12 

00/08-20-040-24W4 9 4 

00/08-23-040-24W4 1800 9.9 

00/08-24-040-24W4 225 1 

00/08-26-039-24W4 540 6 

00/08-27-039-24W4 360 18 

00/08-29-040-24W4 75 2 

00/08-32-040-24W4 540 9.6 

00/08-34-039-24W4 144 12 

00/08-35-039-24W4 67.5 3 

00/09-02-040-24W4 540 6 

00/09-03-039-24W4 72 2.4 

00/09-10-039-24W4 288 2.4 

00/09-10-040-24W4 48 12 

00/09-12-040-24W4 240 9 

00/09-16-040-24W4 72 12 

00/09-20-040-24W4 480 6.6 

00/09-23-040-24W4 48 6 
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00/09-26-039-24W4 540 6 

00/09-32-040-24W4 216 4.4 

00/09-35-039-24W4 540 6 

00/10-02-040-24W4 432 12 

00/10-04-041-24W4 180 4 

00/10-05-041-24W4 225 2 

00/10-08-041-24W4 180 2.4 

00/10-09-040-24W4 135 2 

00/10-10-039-24W4 1080 6 

00/10-10-040-24W4 324 2 

00/10-11-040-24W4 288 12 

00/10-12-040-25W4 30 2 

00/10-13-040-25W4 45 2 

00/10-14-039-24W4 216 7.2 

00/10-15-040-24W4 90 2 

00/10-16-040-24W4 240 7.2 

00/10-21-040-24W4 144 12 

00/10-22-039-24W4 216 12 

00/10-23-039-24W4 216 12 

00/10-26-039-24W4 216 12 

00/10-29-039-24W4 75 2 

00/10-32-040-24W4 144 6 

00/10-33-038-24W4 225 2 

00/10-34-039-24W4 90 2 

00/10-35-039-24W4 144 12 
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00/11-02-040-24W4 540 6 

00/11-04-040-24W4 337.5 1 

00/11-05-041-24W4 144 12 

00/11-08-041-24W4 6 4.5 

00/11-10-040-24W4 540 6 

00/11-16-040-24W4 144 7.2 

00/11-19-040-24W4 120 3 

00/11-21-040-24W4 720 12 

00/11-23-039-24W4 540 6 

00/11-26-039-24W4 540 6 

00/11-28-040-24W4 30 2 

00/11-35-039-24W4 540 6 

00/11-36-039-24W4 405 2 

00/12-01-040-24W4 144 12 

00/12-02-039-24W4 540 12 

00/12-02-040-24W4 216 12 

00/12-08-039-24W4 225 1 

00/12-08-041-24W4 240 2.2 

00/12-10-039-24W4 225 2 

00/12-11-039-24W4 144 8.8 

00/12-11-040-24W4 216 12 

00/12-11-040-25W4 337.5 2 

00/12-14-039-24W4 216 12 

00/12-15-040-24W4 72 12 

00/12-21-040-24W4 120 12 
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00/12-23-039-24W4 216 12 

00/12-24-040-24W4 45 2 

00/12-25-039-24W4 144 12 

00/12-26-039-24W4 540 18 

00/12-28-040-24W4 240 12 

00/12-30-039-24W4 225 2 

00/12-33-040-24W4 360 12 

00/12-34-038-24W4 135 2 

00/12-35-039-24W4 144 12 

00/12-36-039-24W4 144 12 

00/13-02-040-24W4 48 6.6 

00/13-05-041-24W4 162 2 

00/13-08-041-24W4 72 3 

00/13-10-040-24W4 288 12 

00/13-16-040-24W4 72 14.4 

00/13-21-040-24W4 72 12 

00/13-22-039-24W4 180 4.4 

00/13-23-039-24W4 540 2.4 

00/13-25-039-24W4 48 4.4 

00/13-26-039-24W4 540 3.6 

00/13-28-040-24W4 540 18 

00/13-31-039-24W4 6 1 

00/13-34-038-24W4 216 12 

00/14-02-040-24W4 540 6 

00/14-03-040-24W4 720 13.2 
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00/14-05-041-24W4 180 4.4 

00/14-10-040-24W4 72 8 

00/14-14-039-24W4 540 6 

00/14-16-040-24W4 360 7.2 

00/14-21-040-24W4 72 12 

00/14-23-039-24W4 540 12 

00/14-24-040-25W4 2700 3 

00/14-26-039-24W4 540 6 

00/14-26-040-24W4 1080 6 

00/14-28-040-24W4 540 3 

00/14-32-040-24W4 225 2 

00/14-34-038-24W4 72 8 

00/14-35-039-24W4 540 12 

00/15-02-040-24W4 72 4.8 

00/15-08-041-24W4 45 2 

00/15-16-040-24W4 288 12 

00/15-21-040-24W4 96 12 

00/15-23-040-24W4 48 2.2 

00/15-26-039-24W4 540 6 

00/15-35-039-24W4 540 6 

00/16-02-040-24W4 540 3 

00/16-03-039-24W4 360 12 

00/16-03-040-24W4 144 12 

00/16-08-041-24W4 120 3.3 

00/16-09-040-24W4 144 12 
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00/16-10-039-24W4 337.5 1 

00/16-14-040-24W4 225 2 

00/16-16-040-24W4 72 12 

00/16-17-040-24W4 72 6.6 

00/16-20-040-24W4 120 12 

00/16-23-039-24W4 120 18 

00/16-26-039-24W4 540 12 

00/16-27-039-24W4 360 12 

00/16-32-040-24W4 540 6 

00/16-33-038-24W4 216 8 

00/16-34-039-24W4 360 12 

00/16-35-039-24W4 540 6 

02/01-16-040-24W4 162 2.2 

02/01-32-040-24W4 324 2 

02/02-02-040-24W4 48 6 

02/02-35-039-24W4 216 12 

02/03-15-040-24W4 72 6 

02/03-26-039-24W4 216 4 

02/03-28-040-24W4 48 4.4 

02/05-14-039-24W4 216 2.2 

02/05-33-040-24W4 72 6 

02/06-15-039-24W4 72 6 

02/06-23-039-24W4 216 2 

02/06-24-040-24W4 360 2.2 

02/08-10-040-24W4 216 6 
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02/08-23-040-24W4 48 4.4 

02/09-03-039-24W4 216 4 

02/09-10-040-24W4 162 2 

02/09-12-040-24W4 360 6 

02/09-16-040-24W4 72 2 

02/10-10-040-24W4 72 6.6 

02/11-26-039-24W4 216 6 

02/12-08-041-24W4 48 27 

02/15-35-039-24W4 108 2 

02/16-29-040-24W4 720 18 

S0/03-26-039-24W4 216 2.2 
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1 INTRODUCTION 

VZFOX Canada Engineering (VZFOX) was retained by Enhance Energy Inc. (Enhance) to complete an 
Engineering Risk Assessment for their proposed carbon dioxide (CO2) Leduc gas injection scheme in the 
area of Clive, Alberta. Enhance intends to use CO2, which will be pipelined to the Clive area by way of 
their Alberta Carbon Trunk Line, for EOR purposes and for permanent CO2 storage. The gas will be injected 
by two new horizontal wells into the Leduc formation approximately 1900m below the surface.  

Enhance is committed to the safe completion and ongoing operation of this project and has therefore 
requested an Engineering Risk Assessment be performed on all of the existing wells in the area that could 
be affected by gas injection. The intent of the risk assessment is to assist in identifying the inherent risks 
of the project to the offsetting producers, mineral holders in the vicinity, and the public 
occupants.  Enhance has continued to demonstrate their committed support on ensuring the project is 
developed with the deepest consideration and respect of all parties surrounding the EOR scheme. 

 

2 SCOPE OF WORK 

The scope of work for the well reviews include: 

 Review injection scheme area proposed by Enhance 

 Review the abandonment criteria as per the regulations set forth by the Alberta Energy 
Regulator (AER).  

 Collect and tabulate the well drilling, completion, and abandonment details 

 Review the methodology of the abandonments to determine if there are any wells at risk 
from improperly abandoned wells.  

 Provide risk assessment of CO2 injection and confirming geological seal of CO2 into the 
Leduc unit 

 

3 SURROUNDING INFRASTRUCTURE 

The proposed injection scheme is located in the area of Clive, Alberta, approximately 45km northwest of 
Red Deer. Clive (10.5 km) and Alix (10.5 km) are the closest communities. The surroundings are primarily 
farm land with numerous residences located within Area of Notification.   

The figures below show the intended Scheme Area (red line) as well as the Area of Notification (dashed 
purple line). CO2 will be transported from Enhance’s oil processing and gas compression facility site 
located at 4-15-40-24W4 through new pipelines designed for EOR purposes to the injection wellheads 
located at 15-35-39-24W4. 
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Figure 1: Proposed Injection Scheme Area and Area of Notification 

 

 
Figure 2: Satellite View of Proposed Scheme 
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4 AREA REVIEW 

This area was primarily developed by Gulf Canada Ltd. in the 1960’s and 1980’s. Within the area of 
notification, there are approximately 130 wells, 69 of which were drilled into the Leduc (D-3) zone. The 
mass majority of wells are verticals with a scattering of horizontal and deviated wells. Currently, 
Tourmaline Oil Corp. is the licensee of 54 of the 69 wells that penetrate the Leduc. Although Tourmaline 
is the licensee, Enhance is the operator and is the majority working interest holder. In the below figures, 
the complete breakdown of well vintage, original operators, and current operators can be seen. 

 

 
Figure 3: Breakdown of Leduc wells by year drilled 

 

 
Figure 4: Breakdown of original operators of Leduc wells 
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Figure 5: Breakdown of current operators of Leduc wells 

 

5 POTENTIAL RISKS ASSOCIATED WITH GAS INJECTION 

The process of gas injection comes with inherent risks which are the responsibility of the operator to 
mitigate. Three of the primary risks include 

1. Injection gas being released at surface 
2. Injection gas permeating into porous zones uphole 
3. Injection gas penetrating into groundwater 

 

5.1 Surface Release 

Many of these wells were drilled during the early development of the Leduc zone when the reservoir 
pressures were at virgin conditions. Since then, reservoir pressures have declined and are presently 
supported by the natural aquifer system. After reviewing the tour reports associated with the study 
wells, it can be concluded that there was no indication of any surface releases at the original, higher 
reservoir pressure and that the wells maintained their wellbore integrity and should continue to do so. 

Every well that penetrates the zone where gas is being injected provides any opportunity for gas to 
reach surface by way of two routes: 

a. Inside production casing and out through a leak in the wellhead 
b. Outside production casing and through an open surface casing vent 

54

8

3
2 1 1

Current Licensee

Tourmaline Oil Corp

Enhance Enrg Inc

Ember Rsrcs Inc

ExxonMobil Cda Rsrcs Co

Gulf Cda Ltd

Freehold Ryltys Ltd



ENHANCE ENERGY INC. CO2 INJECTION RISK ASSESSMENT  

XEC4825C-R1-H-Enhance_Offset Well Review_Phase 1_Updated 5 

 

For any well that is not producing, it is recommended that a plug be set downhole to either suspend or 
abandon the wellbore to prevent unwanted gas from coming to surface. Wellhead pressure tests should 
also be done at scheduled intervals in order to confirm integrity.  

Production casing is cemented into place during the initial drilling of a well which is intended to prevent 
any formation fluids from reaching surface. Cement bond logs are often run to ensure a sufficient 
cement bond was obtained. Additionally, surface casing vent flow tests should be completed regularly to 
ensure no flow is reaching surface. 

 

5.2 Porous Zones Uphole 

It is also important to ensure that injected gas does not have an opportunity to penetrate into porous 
zones uphole. The production casing cement job isolates these zones to ensure that no crossflow exists. 
Above the Leduc, the following porous zones have been identified in some of, if not all wells and shown 
in the table below. 

Table 1: Porous Zones Above the Leduc 

Zone Approximate 
Depth (m TVD) 

Coal Bed Methane 300 
Belly River 575 

Viking 1375 
Mannville 1425 
Ellerslie 1565 

Wabamun 1675 
Nisku 1800 
Leduc 1875 

 

In every well reviewed, the Leduc is the deepest zone penetrated and the production casing is cemented 
from the Leduc. The cement bond logs that were reviewed indicate in every case the cement behind the 
casing is providing hydraulic isolation between the Leduc and all porous zones above. It is reasonable 
then to assume that this holds true for the wells without CBL’s. In the below figure, the Leduc Tops and 
the trend through the region can be seen. The tops range from depths of 1844m to 1926m. 
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Figure 6: Leduc Tops (mKB) 3D Surface Plot 

 

 

5.3 Base of Groundwater Protection 

The base of groundwater protection (BGWP) is the best estimate of the elevation of the base of the 
formation in which non-saline groundwater occurs at a given location. It is imperative that injected gas 
and formation fluids be completely isolated from the base of groundwater. This is done by ensuring that 
the surface and production casing strings are properly cemented in place. In all wells reviewed, the 
surface casing was cemented fully to surface. While production casing cement jobs vary in height, they 
provide complete hydraulic isolation between the Leduc and the BGWP. 

In the below figure, the BGWP trend in the area can be seen as it gets higher going from south to north 
through the region ranging from 275m above sea level (m asl) to 354m asl. 
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Figure 7: BGWP (m asl) 3D Surface Plot 

 

6 ABANDONMENT REQUIREMENTS 

The Alberta Energy Regulator published on March 15th, 2015 the minimum requirements for wellbore 
abandonments in Directive 20: Well Abandonments. The objective of a well abandonment is to cover all 
non-saline groundwater intervals and to isolate all porous zones.  Abandonments can be executed as 
routine without pre-approval or can be planned as non-routine if the abandonment operations vary from 
the requirements in Directive 20. 

The intent of the scheme at 15-35-039-24W5 is to inject carbon dioxide (CO2) into the Leduc formation. 
In the event the offsetting wells were not effectively abandoned, the injection scheme poses the risk of 
not sealing the injected volumes and potentially cross flowing to an offsetting well or to surface. 

 

6.1 Abandonment Requirements for Completed Well 

Th AER dictates that there are four options for zonal abandonment of a completed well which are 
summarized below. For complete details, refer to Directive 20. 

1. Setting a Permanent Bridge Plug 
• Bridge plug must be set within 15m above the perforations 
• Bridge plug must be pressure tested to 7,000 kPa for 10 minutes 
• Topped with 8 linear meters of Class G cement  

4-27-39-24W4 
(SW) 

5-10-40-24W4 (NW) 

6-7-40-23W4 
(NE) 
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2. Setting a Cement Retainer 

• Retainer must be set within 15m above the perforations 
• Retainer must be pressure tested to 7,000 kPa for 10 minutes 
• A cement squeeze must be conducted on the perforations 
• Topped with 8 linear meters of Class G cement 
• If the retainer is drilled out, the squeezed perforations must be pressure tested to 

7,000 kPa for 10 minutes 
 

3. Setting a Plug in a Permanent Packer 
• A plug must be set in the packer within 15m above the perforations 
• The plug and packer must be pressure tested to 7,000 kPa for 10 minutes 
• Topped with 8 linear meters of Class G cement  

 
4. Setting a Cement Plug / Squeezing Cement 

• Cement plug must be set across the perforations 
• Cement plug must extend a minimum of 15m below (or PBTD) and 15m above the 

perforations 
• Cement plug must be pressure tested to 7,000 kPa for 10 minutes 

 

7 OFFSETTING GAS INJECTION WELL REVIEWS 

A total of 69 wells were identified as being both within the Area of Notification and penetrating the 
Leduc formation. The complete list of wells can be seen in Table 2 below. 

 

Table 2: List of 69 Leduc wells within the Area of Notification 
100/12-25-039-24W4/00 100/08-27-039-24W4/00 100/15-35-039-24W4/00 100/08-02-040-24W4/00 
100/13-25-039-24W4/00 100/16-27-039-24W4/00 102/15-35-039-24W4/00 100/09-02-040-24W4/00 
100/02-26-039-24W4/00 100/08-34-039-24W4/00 100/16-35-039-24W4/00 100/10-02-040-24W4/00 
100/03-26-039-24W4/00 100/10-34-039-24W4/00 100/04-36-039-24W4/00 100/11-02-040-24W4/00 
100/14-23-039-24W4/00 100/16-34-039-24W4/00 100/05-36-039-24W4/00 100/12-02-040-24W4/00 
100/04-26-039-24W4/00 100/01-35-039-24W4/00 100/12-36-039-24W4/00 100/13-02-040-24W4/00 
100/05-26-039-24W4/00 100/02-35-039-24W4/00 100/02-01-040-24W4/00 100/14-02-040-24W4/00 
100/06-26-039-24W4/00 102/02-35-039-24W4/00 100/04-01-040-24W4/00 100/15-02-040-24W4/00 
100/07-26-039-24W4/00 100/03-35-039-24W4/00 100/05-01-040-24W4/00 100/16-02-040-24W4/00 
100/08-26-039-24W4/00 100/04-35-039-24W4/00 100/12-01-040-24W4/00 100/08-03-040-24W4/00 
100/09-26-039-24W4/00 100/06-35-039-24W4/00 100/01-02-040-24W4/00 100/16-03-040-24W4/00 
100/10-26-039-24W4/00 100/07-35-039-24W4/00 100/02-02-040-24W4/00 102/09-10-040-24W4/00 
100/11-26-039-24W4/00 100/08-35-039-24W4/00 102/02-02-040-24W4/00 100/02-11-040-24W4/00 
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100/14-26-039-24W4/00 100/09-35-039-24W4/00 100/03-02-040-24W4/00 100/04-11-040-24W4/00 
100/12-26-039-24W4/00 100/10-35-039-24W4/00 100/04-02-040-24W4/00 100/04-12-040-24W4/00 
100/13-26-039-24W4/00 100/11-35-039-24W4/00 100/05-02-040-24W4/00   
100/15-26-039-24W4/00 100/12-35-039-24W4/00 100/06-02-040-24W4/00   
100/16-26-039-24W4/00 100/14-35-039-24W4/00 100/07-02-040-24W4/00   

 

The details of the offsetting wells are provided in Attachment A – Offsetting Well Details. The well list 
consists of 69 total wells including 25 abandoned wells, 35 suspended wells, and 9 producing wells. Note 
that wells were marked as abandoned when all of the downhole zonal abandonment work was completed; 
this does not necessarily correlate with the well being cut and capped. 

A thorough well review was done for each of the 69 wells. In every case, the following details were 
collected and reviewed. 

• Drilling 
o Hole size 
o Surface & Production Casing data (size, weight, grade, depth, etc.) 
o Cementing data (volumes, returns to surface) 

• Completions 
o Cement Bond Logs 
o Zones completed 
o Completion methods (perforating, acidizing, fracturing) 
o Depths 
o Casing Inspection Logs 

• Suspensions & Abandonments 
o Bridge plugs 
o Packers 
o Cement squeezes (pressures, rates, volumes) 
o Cement plugs 

The following is a list of general conclusions and findings from the thorough review of the tour reports.  

• Surface casing was cemented to surface in every well. Multiple wells did not get returns on 
the original cement job and were then topped up from surface. 

• Production casing was cemented in one of two ways: Two-Stage or Lead/Tail. No wells had 
cement returns to surface. 

• In nearly every well, both the Leduc and Nisku zones were perforated and acidized with 15% 
HCl. 

• Well development commonly followed the below stages: 
o Complete one set of perforations in the Leduc and Nisku towards the bottom of the 

zone, produce. 
o Set a cement retainer above the Leduc perforations and cement squeeze the Leduc 

perforations, then balance a cement plug and squeeze the Nisku perforations. Shut off 
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pressures varied significantly throughout the wells – sometimes the Leduc was gravity 
fed cement, while others it was squeezed to a standing 7 MPa. 

o Drill out the cement plug to the top of the cement retainer. Pressure test the squeezed 
Nisku perforations. The cement retainer was typically left in place and not drilled out. 

o Recomplete with one or two sets of perforations in the Leduc and Nisku slightly uphole 
from the previous, produce. 

7.1 Cement Tops 

Typical drilling methods involved cementing the production casing in two stages. This results in two 
separate cement columns behind the casing rather than one continuous cement column to surface. In 
over half of the wells reviewed, Cement Bond Logs (CBL) were run in order to evaluate the quality of the 
cement behind the casing. Note that the results from the CBL’s discussed in this report are based on the 
field interpretations that were written in the tour reports. The logs were not reevaluated at this time. 

The below figure shows the results of the 38 bond logs that indicated a cement top. The average cement 
top was found to be 1256 mKB, while the average Leduc top was at 1875m indicating a cement column 
of 619m isolating the Leduc zone from zones uphole.  

 
Figure 8: Production Casing Cement Tops 
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8 RISK ASSESSMENT 

The tour reports for the above 69 wells were reviewed to compile the drilling, completion, workover, 
and abandonment history. A summary of the findings for each well can be seen in Appendix A – 
Offsetting Well Details. Each well was then assigned a probability level based on the likelihood of 
communication, outlined in Table 3 below. 

Table 3: Probability Level Categories 
1 Low-Low Probability Wells where the Leduc zone has been abandoned and there are no 

indications that the Leduc is not segregated from above zones 

2 Low Probability Wells where the Leduc zone has been suspended with a bridge plug 
and there are no indications that the Leduc is not segregated from 
above zones 

3 Medium Probability Wells where the Leduc zone is currently open and capable of 
production, or where there may be segregation issues between the 
Leduc and above zones 

4 High Probability 
 

Wells where the Leduc zone is currently open and capable of 
production and within 800m of the planned gas injection wells. 

 

 
Figure 9: Number of wells in each probability category 

 

It should be noted that due to the vintage of many of these wells, zonal abandonment work was not 
always completed to the same standards that are required today. A shut off pressure of 7 MPa was not 
always obtained when perforations were cement squeezed. In certain instances, a cement retainer was 
used to gravity feed cement into the perforations below but a squeeze was never attempted. For full 
abandonment details of every perforation in every zone, refer to the attached wellfiles. 

55

10

2 2

Probability Assessment Breakdown

1 - Low-Low

2 - Low

3 - Medium

4 - High
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8.1 Low-Low Probability 

Of the 69 wells reviewed, a total of 55 wells were assigned a level of Low-Low probability. In all of these 
wells, the Leduc zone has been abandoned and isolated from the rest of the wellbore. No further action 
is required in order to minimize the risk of gas breakthrough for these wells. 

 

8.2 Low Probability 

A total of 10 wells were categorized as Low probability due to the Leduc zone being suspended with a 
bridge plug. In order to mitigate risk for these wells, the bridge plugs should be pressure tested in 
accordance with the requirements laid out in Directive 13: Suspension Requirements for Wells.  

 

8.3 Medium Probability 

A total of 2 wells were assigned a probability of occurrence level of Medium due to having open Leduc 
perforations. Three of the wells are suspended but there are no records of bridge plugs being run or any 
other form of isolation existing. Two wells are still active and producing. These wells range in proximity 
to the injection wells from 1100m to 2150m.  

• 100/16-03-040-24W4 
o Proximity to injection wells: 2050m 
o Current status: Active 
o Cement top: Not available. Estimated at 1641m (264m column height) based on the 

CBL results from 12-02 offset and using 20% more cement. 
o The Leduc formation top is at 1879.4 mTVD 
o Completed zones: 

 Leduc: 3 sets of perforations have been cement squeezed, 1 set remains open 
and capable of production 

 Nisku: The only set of perforations has been cement squeezed 

• 100/04-11-040-24W4 
o Proximity to injection wells: 2150m 
o Current status: Active 
o Cement top: Not available. Estimated at 1400m (498m column height) based on the 

CBL results from 02-11 offset and using 80% of the cement. 
o The Leduc formation top is at 1889.2 mTVD 
o Completed zones: 

 Leduc: 1 set of perforations has been cement squeezed, 1 set remains open 
and capable of production 

 Nisku: All 3 sets of perforations have been cement squeezed 
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The above wells all have a higher probability of communicating with the injection wells due to the open 
perforations; however, this risk is somewhat minimized due to the greater proximity from the injection 
wells. It is recommended that for these wells casing pressures be monitored regularly. The wellheads 
should also be pressure tested. In the event that communication with the injection wells is seen, the 
Leduc zone should be suspended or abandoned with a bridge plug. 

 

8.4 High Probability 

A total of 2 wells were identified as having a higher probability of communication due to having open 
Leduc perforations and their close proximity (less than 800m) to the injection wells. 100/14-35-039-
24W4 is classified as high probability as it is a horizontally drilled Leduc well.  

• 100/10-35-039-24W4 
o Proximity to injection wells: 200m 
o Current status: Active 
o Cement top: Not available. Estimated at 1135m (762m column height) based on the 

CBL results from 12-35 offset and using an equivalent amount of cement. 
o The Leduc formation top is at 1848.6 mTVD 
o Completed zones: 

 Leduc: 3 sets of perforations have been cement squeezed, 2 sets have been 
suspended with a bridge plug, and 1 set remains open and capable of 
production 

 Nisku: All 4 sets of perforations have been cement squeezed 

• 100/14-35-039-24W4 
o Proximity to injection wells: 50m 
o Bridge plug was correctly set in place 
o Cement top: Not available. Liner was fully cemented in place. 
o The Leduc formation top is at 1855.6 mTVD 
o The well was drilled as a horizontal well in 1996 with minimal clearance between the 

open hole section and the liner. 
o Completed zones: 

 Leduc: A bridge plug was set in the liner directly above the open hole section 

The above wells have a high probability of communicating with the injection wells due to their open 
Leduc perforations and close proximity. It is recommended that for these wells casing pressures be 
monitored regularly. The wellheads should also be pressure tested. In the event that communication 
with the injection wells is seen, the Leduc zone should be suspended or abandoned with a bridge plug. 
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8.5 Cementing Issues 

Three wells were identified with significantly lower cement tops than the average. Two of the three 
wells identified were two stage cement jobs and having the second stage cement further up hole. 

• 100/09-35-039-24W4 
o Proximity to injection wells: 450m 
o Current status: Suspended 
o Cement top: 1735m (186m column height). Second stage cement top at 1005m. 
o The Leduc formation top is at 1870.8 mTVD 
o Completed zones: 

 Leduc: abandoned with a bridge plug and cement 
 Nisku: one set of perforations remain open but have been suspended with a 

bridge plug 

• 100/12-02-040-24W4 
o Proximity to injection wells: 1500m 
o Current status: Abandoned 
o Cement top: 1670m (220m column height) 
o The Leduc formation top is at 1876.3 mTVD 
o Completed zones: 

 Leduc: 3 sets of perforations were cement squeezed, 1 set was abandoned 
with a 175m cement plug 

 Nisku: all perforations have been cement squeezed 

• 100/15-02-040-24W4 
o Proximity to injection wells: 1350m 
o Current status: Abandoned 
o Cement top: 1700m (242m column height). Second stage cement top at 583m. 
o The Leduc formation top is at 1906.8 mTVD 
o Completed zones:  

 Leduc: 1 set of perforations was cement squeezed, 1 set was abandoned with 
a 269m cement plug 

 Nisku: all perforations were abandoned with a 269m cement plug 

For these wells it is recommended that regularly scheduled Surface Casing Vent Flow checks be 
performed to ensure that the cement is providing an adequate seal of the Leduc formation and no 
injection gas is reaching surface. 
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8.6 Casing Integrity 

Any wells with a casing leak provide increased opportunity for injection gas to migrate to other porous 
zones, into groundwater, or up to surface. From the well reviews, two instances of casing failure were 
found. The remaining wells showed no indications of casing integrity issues. The casings were routinely 
pressure tested when perforations were cement squeezed confirming the integrity of the wellbore. 
Additionally, one Pipe Analysis Logs (PAL) from 100/08-27-039-24W4 was provided for review and no 
indications of failed casing were noted.  

• 100/11-35-039-24W4 
o Proximity to injection wells: 50m 
o Current status: Abandoned 
o Cement top: 1204m (698m column height) 
o The Leduc formation top is at 1853.6 mTVD 
o Completed zones: 

 Leduc: 4 sets of perforations were cement squeezed with the retainers left in 
place. 1 set of perforations was abandoned with a bridge plug and cement 

 Nisku: All perforations have been abandoned with bridge plugs and cement 
o Comments: A casing leak was found at 72m and at 300m and identified as being from 

when the tubing was perforated while stripping out. Remedial cementing was 
attempted but a final shut off pressure could not be obtained. The wellbore below the 
leak was pressure tested satisfactorily.  

• 100/10-02-040-24W4 
o Proximity to injection wells: 1050m 
o Current status: Suspended 
o Cement top: Not available. Estimated at 1700m (220m column height) based on the 

CBL results from 12-02 offset and using an equivalent amount of cement. 
o The Leduc formation top is at 1897.1 mTVD 
o Completed zones: 

 Leduc: 2 sets of perforations were cement squeezed with the retainer left in 
place. 1 set of perforations was abandoned with a bridge plug and cement. 

 Nisku: 4 sets of perforations were abandoned with a bridge plug and cement. 
o Comments: A casing leak was found at 1235m. A patch was set but has since failed or 

been removed. During the zonal abandonment work, a feed rate of 110 L/min at 4 
MPa through the leak was obtained. A cement bond log run indicated a good cement 
bond over the Nisku but did not indicate the cement top. The wellbore below the leak 
was pressure tested satisfactorily. 

Based on the CBL results, and the plugs set downhole to abandon the Leduc and Nisku zones, the Leduc 
should be effectively isolated; however, it is recommended that casing pressures be monitored and 
Surface Casing Vent Flow checks be performed regularly to ensure no injection gas is reaching surface. 
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9 CONCLUSIONS 

VZFOX has reviewed a total of 69 wells offsetting the gas injection scheme planned by Enhance Energy in 
order to determine the risks associated with injecting CO2 into the Leduc formation. Four wells were 
identified as having open Leduc perforations, two of which were deemed to have a higher probability of 
communication due to their close proximity to the injection wells. It is recommended that these wellheads 
be pressure tested to ensure their integrity and that the wells be constantly monitored to ensure that no 
unwanted gas is reaching surface. In the event that this happens, a workover operation should be 
commenced immediately in order to downhole suspend or abandon the open perforations and fully 
isolate the Leduc zone. 

Five wells were identified with wellbore integrity concerns. Three of these wells have significantly lower 
production casing cement tops and are therefore at a higher risk of not providing an adequate seal of the 
Leduc formation. Two of the three wells were cemented in two stages and still have a second stage above 
to provide a barrier to the surface. It is recommended that regularly scheduled Surface Casing Vent Flow 
checks be performed in order to ensure no gas is reaching surface. Two wells were identified with casing 
leaks. In both cases, the Leduc has already been zonally abandoned. 

The remaining wells that were reviewed show no indications of not being able to maintain an active seal 
of the Leduc formation. Due to the vintage of these wells and the lower abandonment standards that 
some received, it is still recommended that casing pressures be monitored regularly where possible to 
ensure that the active seal of the Leduc formation is being achieved. 
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10 DISCLOSURE 

VZFOX Canada Engineering has prepared this report taking into account government regulations available 
at the time of the assessment. VZFOX has not made an independent verification of historical or analytical 
results provided by third parties and therefore makes no assurances regarding the accuracy of such 
information. It has assumed such information is correct. Where indicated or implied, the conclusions and 
recommendations are based on information made available at the time of the assessment. The 
conclusions do not apply to any areas or locations not identified in this report. 

This report is intended for the exclusive use of the company, organization, or individual to whom it is 
addressed and may not be relied upon by any third party without the express written permission of 
VZFOX. The investigation and reporting have been conducted with a reasonable level of attention and 
skill, in accordance with standards prevailing in the environmental consulting profession at the time of 
report date in the location in which the report was prepared. 

Any use which a third party makes of this report, or any reliance on or decisions to be made based on it, 
are the responsibility of such third parties. VZFOX accepts no responsibility for damages, if any, suffered 
by any third party as a result of the use of this report, or of any decisions made or actions taken based on 
this report. 
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APPENDIX A 
 

Offsetting Well Details 

  



1 = Low Low, 2 = Low, 3 = Medium, 4 = High

License Surface /0 /2 /3 /4 /0 /2 /3 /4 Well Status Current Operator Original Operator Spud Date Rig Release Date Abandonment Date Ground (m) KB (m) TVD (mKB) MD (m) BGWP (m asl) BGWP (mKB) Proximity to Injection Wells (m) Tops (m TVD) Completed Zones Completion Type Depths (mKB) Downhole Plugs (mKB) Comments Risk Category Hole Size (mm)

30827 12-25-039-24W4 100/12-25-039-24W4/00 100/12-25-039-24W4/02 Susp OIL ABD Zn OIL Abandoned Tourmaline Oil Corp British Amer Oil Co Ltd 8/16/1966 8/27/1966 838.2 841.9 1882.1 1882.1 320.6 521.3 1940.0 LEA PARK FM - 797.7

VIKING SANDSTONE - 1356.4

MANNVILLE GRP - 1404.5

ELLERSLIE MBR - 1552.7

WABAMUN GRP - 1645.9

NISKU FM - 1796.8

IRETON FM - 1839.5

LEDUC FM - 1849.5

Leduc

Nisku

Perf + Acid

Perf + Acid

1849.5-54.4 (cmt sq), 1858-60 (ABD), 1863.5-66 (ABD)

1820.3-23.3 (cmt sq)

BP @ 1852.3m

Cement retainer @ 1847.9m, 

topped with cement up to 1760m.

The bottom two sets of perfs are 

covered by a BP. The rest of the 

perfs have been cement squeezed 

and covered with an 87m cement 

plug.

1 311

289944 13-25-039-24W4 100/13-25-039-24W4/00 100/13-25-039-24W4/02 100/13-25-039-24W4/03 100/13-25-039-24W4/04 Cased Susp GAS Cased Cased Suspended Tourmaline Oil Corp Fairborne Enrg Ltd 7/29/2003 8/14/2003 838.2 842.6 1892.8 1925.0 320.9 521.7 1650.0 BASAL BELLY RIVER SD - 787.46

VIKING SANDSTONE - 1358.8

MANNVILLE GRP - 1407.84

GLAUCONITIC SS - 1517.77

ELLERSLIE MBR - 1552.72

WABAMUN GRP - 1659.4

NISKU FM - 1797.83

LEDUC FM - 1852.29

Wabanum

Basal Quartz

Ellerslie

Upper Manville

Perf + Acid

Perf

Perf

Perf + Acid

1680-82.5, 1688-91.5, 1693.5-95, 1696-97.5 (susp)

1659-60 (susp)

1578-81 (susp)

1417-19 (open)

BP @ 1686.5m

BP @ 1677.0m

Stuck Packer @ 1641.8m

WR + 5m sand @ 1634m

WR + 5m sand @ 1571m

This well was drilled and cased to 

the Leduc but the deepest perfs are 

the Wabanum, ~200m TVD above.

1 311

30741 02-26-039-24W4 100/02-26-039-24W4/00 100/02-26-039-24W4/02 ABD Zn OIL Susp OIL Suspended Tourmaline Oil Corp Pacific Wstrn Oil Comp 7/27/1966 8/8/1966 865.3 869.6 1909.6 1909.6 294.6 575.0 2000.0 BELLY RIVER GRP - 572.1

VIKING SANDSTONE - 1383.2

ELLERSLIE MBR - 1577

WABAMUN GRP - 1665.1

NISKU FM - 1822.7

IRETON FM - 1863.2

LEDUC FM - 1873

Leduc

Nisku

Perf + Acid

Perf + Acid

1879.7-86.1 (cmt sq), 1873-90.3 (ABD)

1845.6-54.7 (Susp)

BP + 8m cmt @ 1870.5m

BP @ 1840m

Leduc has been abandoned, Nisku is 

suspended with a BP

1 349

132336 03-26-039-24W4 100/03-26-039-24W4/00 100/03-26-039-24W4/02 100/03-26-039-24W4/03 ABD Zn OIL ABD Zn OIL Flow GAS Active Ember Rsrcs Inc Gulf Cda Corp 3/10/1988 3/26/1988 870.7 875.3 1925.0 1925.0 296.7 578.6 1750.0 BELLY RIVER GRP - 591

VIKING SANDSTONE - 1388.9

MANNVILLE GRP - 1436.4

GLAUCONITIC SS - 1547

ELLERSLIE MBR - 1580

WABAMUN GRP - 1675

NISKU FM - 1825

IRETON FM - 1866.4

LEDUC FM - 1876

Leduc

Nisku

Belly River

Perf + Acid

Perf + Acid

Perf + Frac

1876-79 (ABD), 1885.5-87 (cmt sq)

1842-56 (cmt sq), 1858-59 (cmt sq)

610.5-14.5 (open)

BP + 8m cmt @ 1872m

BP + 8m cmt @ 1844m

BP @ 700m

Leduc perfs from 1876-79 are 

covered by BP + cement, the other 

Nisku and Leduc perfs were all 

cement squeezed prior to running 

BP + cement. Belly River perfs 

remain open and on production

1 349

104574 14-23-039-24W4 100/14-23-039-24W4/00 100/14-23-039-24W4/02 102/03-26-039-24W4/03 1S0/03-26-039-24W4/04 ABD Zn OIL ABD Zn OIL ABD Zn OIL Susp OIL Suspended Tourmaline Oil Corp Gulf Cda Rsrcs Inc 12/8/1983 12/24/1983 874.2 878.4 1881.9 2077.0 294.9 583.5 2050.0 LEA PARK FM - 883

MANNVILLE GRP - 1437

WABAMUN GRP - 1666.5

CALMAR FM - 1825

NISKU FM - 1827.5

IRETON FM - 1866.5

LEDUC FM - 1876

Leduc

Nisku

Leduc

Perf + Acid

Perf + Acid

Open Hole

Original Hole (14-23)

1892.5-93.5 (cmt sq), 1888.5-89.5 (cmt sq), 1876.5-78.5 (ABD)

1857.5-58 (cmt sq), 1847-51 (cmt sq)

Whipstocked Hole (3-26)

1879 - 2077

Original Hole (14-23)

BP + 8m cmt @ 1871m

Whipstocked Hole (3-26)

BP @ 1887m

The Leduc and Nisku perfs in the 

original hole were cement squeezed 

and then abandoned with a BP and 

cement. The whipstocked Leduc 

open hole section is currently 

suspended with a BP.

2 349

32636 04-26-039-24W4 100/04-26-039-24W4/00 100/04-26-039-24W4/02 Susp OIL Susp OIL Suspended Tourmaline Oil Corp Pacific Wstrn Oil Comp 8/19/1967 8/31/1967 882.7 886.7 1922.1 1922.1 293.2 593.5 1600.0 LEA PARK FM - 841.2

VIKING SANDSTONE - 1403.3

MANNVILLE GRP - 1450.8

GLAUCONITIC SS - 1561

ELLERSLIE MBR - 1596.8

WABAMUN GRP - 1691.6

CALMAR FM - 1837.6

NISKU FM - 1840.4

IRETON FM - 1881.8

LEDUC FM - 1891.9

Leduc

Nisku

Perf + Acid

Perf + Acid

1902-04.7 (cmt sq), 1895.2-96.4 (open)

1865.7-66.9 (cmt sq), 1869-69.9 (cmt sq), 1859-60.8 (cmt sq), 1845.4-

47.5 (open), 1858.7-60.5 (open)

Cement Retainer @ 1900m

Packer @ 1879.9m

Leduc and Nisku perfs are 

suspended but still open and 

capable of production

3 349

141206 05-26-039-24W4 100/05-26-039-24W4/00 100/05-26-039-24W4/02 ABD Zn OIL ABD Zn OIL Abandoned Tourmaline Oil Corp Gulf Cda Corp 10/19/1989 11/5/1989 873.9 877.3 1931.0 1931.0 298.3 579.0 1250.0 BELLY RIVER GRP - 600

VIKING FM - 1393.5

MANNVILLE GRP - 1444.4

GLAUCONITIC SS - 1555

ELLERSLIE MBR - 1584.5

CALMAR FM - 1827

NISKU FM - 1831.3

IRETON FM - 1873

LEDUC FM - 1881.5

Leduc

Nisku

Perf + Acid

Perf + Acid

1886.3-87.8 (cmt sq), 1882-85 (ABD)

1852-53 (cmt sq), 1859-61 (ABD), 1848-51.5 (ABD)

BP + 8m cmt @ 1877m

BP @ 1857m

BP + 8m cmt @ 1843m

Leduc and Nisku perfs have all been 

properly abandoned.

1 349

104779 06-26-039-24W4 100/06-26-039-24W4/00 100/06-26-039-24W4/02 Susp OIL ABD Zn OIL Abandoned Tourmaline Oil Corp Gulf Cda Rsrcs Inc 12/29/1983 1/16/1984 874.2 878.4 1933.0 1933.0 308.1 570.3 1500.0 BELLY RIVER GRP - 587

VIKING FM - 1381.5

MANNVILLE GRP - 1445

GLAUCONITIC SS - 1552

LOWER MANNVILLE FM - 1575

WABAMUN GRP - 1682

NISKU FM - 1827

IRETON FM - 1870

LEDUC FM - 1878

Leduc

Nisku

Perf + Acid

Perf + Acid

1890.5-91.3 (cmt sq), 1879-86 (ABD)

1844-48 (ABD), 1855-57 (ABD)

Cement Retainer @ 1889m

BP @ 1879.6m

BP + 8m cmt @ 1875m

BP + 8m cmt @ 1836m

Leduc and Nisku perfs have all been 

properly abandoned.

1 349

132749 07-26-039-24W4 100/07-26-039-24W4/00 100/07-26-039-24W4/02 Susp OIL ABD Zn OIL Abandoned Tourmaline Oil Corp Gulf Cda Corp 3/4/1988 3/15/1988 869.5 874.1 1921.0 1921.0 303.6 570.5 1550.0 BELLY RIVER GRP - 588

VIKING SANDSTONE - 1389

MANNVILLE GRP - 1438

GLAUCONITIC SS - 1546.7

ELLERSLIE MBR - 1584

WABAMUN GRP - 1676.5

NISKU FM - 1825

IRETON FM - 1865.7

LEDUC FM - 1874.5

Leduc

Nisku

Perf + Acid

Perf + Acid

1886.5-87.5 (cmt sq), 1881.5-83.5 (ABD), 1876-78 (ABD)

1854-55.5 (cmt sq), 1846.5-49 (ABD)

Cement retainer @ 1885m

Cement plug from 1683-1885m

Leduc and Nisku perfs abandoned 

with 202m cement plug, did not 

squeeze into perfs.

1 349

107988 08-26-039-24W4 100/08-26-039-24W4/00 100/08-26-039-24W4/02 ABD Zn OIL Susp OIL Suspended Tourmaline Oil Corp Gulf Cda Rsrcs Inc 7/4/1984 7/17/1984 860.9 865.2 1920.0 1920.0 303.5 561.7 1950.0 BELLY RIVER GRP - 508

VIKING FM - 1363

MANNVILLE GRP - 1426.5

GLAUCONITIC SS - 1550

LOWER MANNVILLE FM - 1560.5

ELLERSLIE MBR - 1575

WABAMUN GRP - 1667.3

NISKU FM - 1819.3

IRETON FM - 1861.5

LEDUC FM - 1871.8

Leduc

Nisku

Perf + Acid

Perf + Acid

1882.6-83.1 (cmt sq), 1876.5-77.5 (ABD)

1851.9-52.3 (cmt sq), 1849.5-50 (cmt sq), 1841.5-42.5 (susp), 1844-45 

(susp)

Cement Retainer @ 1879m

Cement Retainer @ 1875m

BP + 8m cmt @ 1870m

BP @ 1837

Leduc perfs have been abandoned, 

Nisku perfs are suspended with a 

BP.

1 311

141553 09-26-039-24W4 100/09-26-039-24W4/00 100/09-26-039-24W4/02 ABD Zn OIL Susp OIL Suspended Tourmaline Oil Corp Gulf Cda Rsrcs Ltd 11/26/1989 12/10/1989 856.6 860.6 1915.0 1915.0 303.9 556.7 1750.0 BELLY RIVER GRP - 582

VIKING FM - 1371.8

MANNVILLE GRP - 1423.2

GLAUCONITIC SS - 1536.8

ELLERSLIE MBR - 1571

WABAMUN GRP - 1665.5

NISKU FM - 1815.8

IRETON FM - 1858

LEDUC FM - 1867.4

Leduc

Nisku

Perf + Acid

Perf + Acid

1879.3-79.8 (cmt sq), 1873.5-75 (cmt sq), 1868-72 (ABD)

1839-40 (susp)

Cement Retainer @ 1876.6m

Cement Retainer @ 1872.8m

BP @ 1869.6m

Fish top @ 1857m

BP + 8m cmt @ 1856m

BP @ 1835m

Leduc perfs have been abandoned, 

Nisku perfs are suspended with a 

BP.

1 349

30789 10-26-039-24W4 100/10-26-039-24W4/00 100/10-26-039-24W4/02 Susp OIL ABD Zn OIL Abandoned Tourmaline Oil Corp Pan Amer Petrl Corp 8/12/1966 8/30/1966 863.5 867.8 1907.7 1907.7 302.3 565.5 1400.0 LEA PARK FM - 819.9

VIKING SANDSTONE - 1382.3

MANNVILLE GRP - 1431

ELLERSLIE MBR - 1572.8

WABAMUN GRP - 1670.3

CALMAR FM - 1811.7

NISKU FM - 1814.2

IRETON FM - 1856.2

LEDUC FM - 1866

Leduc

Nisku

Perf + Acid

Perf + Acid

1876.3-78.2 (cmt sq), 1873.3-74.5 (cmt sq), 1868-71 (ABD)

1848.9-50.7 (cmt sq), 1843.5-46.5 (cmt sq), 1832.5-40 (cmt sq)

Cement Retainer @ 1875m

Cement Retainer @ 1872.8m

BP + 8m cmt @ 1860m

BP @ 1843m

Cement Retainer + 50.8m cmt @ 

1830.8m

Leduc perfs have been abandoned 

with BP and cement. Nisku perfs 

were cement squeezed and then 

topped with a 50.8m cement plug.

1 349

118454 11-26-039-24W4 100/11-26-039-24W4/00 100/11-26-039-24W4/02 Susp OIL ABD Zn OIL Suspended Tourmaline Oil Corp Gulf Cda Rsrcs Ltd 10/23/1985 11/10/1985 870.3 873.4 1935.0 1935.0 299.3 574.1 1150.0 BELLY RIVER GRP - 530

VIKING FM - 1380

MANNVILLE GRP - 1440

GLAUCONITIC SS - 1562.5

ELLERSLIE MBR - 1580

WABAMUN GRP - 1680

CALMAR FM - 1822.5

NISKU FM - 1825

IRETON FM - 1867

LEDUC FM - 1876

Leduc

Nisku

Perf + Acid

Perf + Acid

1886.5-87.5 (cmt sq), 1882-83.5 (susp)

1854-55 (cmt sq), 1844.5-46 (cmt sq)

Cement Retainer @ 1885.5m

BP @ 1872m

Nisku perfs have been cement 

squeezed. One set of Leduc perfs 

remains open but is suspended with 

a Tryton DB-5K BP.

2 349

108126 14-26-039-24W4 100/14-26-039-24W4/00 100/14-26-039-24W4/02 102/11-26-039-24W4/03 102/11-26-039-24W4/04 ABD Zn OIL ABD OIL ABD Zn OIL Susp OIL Suspended Tourmaline Oil Corp Gulf Cda Rsrcs Inc 7/25/1984 8/9/1984 860.7 864.8 1867.4 2120.0 299.3 565.5 900.0 BELLY RIVER GRP - 507.5

VIKING FM - 1369

MANNVILLE GRP - 1433.3

GLAUCONITIC SS - 1550

ELLERSLIE MBR - 1572

WABAMUN GRP - 1675

CALMAR FM - 1807

NISKU FM - 1811.5

IRETON FM - 1855.5

LEDUC FM - 1864

----------------------------------

CALMAR FM - 1809.3

NISKU FM - 1812

IRETON FM - 1852.5

LEDUC FM - 1863.2

Leduc

Nisku

Leduc

Camrose

Nisku

Perf + Acid

Perf + Acid

Open Hole

Perf + Acid

Perf + Acid

Original Hole (14-26)

1876-76.5 (cmt sq), 1871.2-72.2 (ABD)

1841-42 (cmt sq), 1832.5-34.5 (cmt sq), 1832.1-32.9 (ABD)

Whipstocked Hole (11-26)

1900 - 2120 (ABD)

1853-56 (susp)

1838-44 (susp)

Original Hole (14-26)

Cement Retainer @ 1875m

BP + 8m cmt @ 1869m

BP + 8m cmt @ 1830m

BP @ 1763m

Whipstock @ 1755m

Whipstocked Hole (11-26)

BP + 8m cmt @ 1881.3m

BP @ 1850m

BP @ 1832m

All zones in the original hole (14-26) 

have been completely abandoned.

The open hole section of 11-26 has 

been abandoned, the Nisku and 

Camrose perfs remain open but 

suspended by two BP's.

1 349

31395 12-26-039-24W4 100/12-26-039-24W4/00 100/12-26-039-24W4/02 ABD OIL ABD Zn OIL Abandoned Tourmaline Oil Corp Imperial Oil Entrpr Ltd 12/10/1966 12/25/1966 7/10/2001 868.7 872.9 1912.3 1912.3 299.0 573.9 900.0 BELLY RIVER GRP - 609.6

VIKING FM - 1379.2

MANNVILLE GRP - 1439.6

GLAUCONITIC SS - 1549.4

ELLERSLIE MBR - 1581.9

WABAMUN GRP - 1684.3

CALMAR FM - 1823.3

NISKU FM - 1825.8

IRETON FM - 1867.5

LEDUC FM - 1875.7

Leduc

Nisku

Remedial

Perf + Acid

Perf + Acid

Perf

1886.1-89.8 (cmt sq), 1882-83 (ABD), 1878-80.5 (cmt sq)

1852.3-55.3 (cmt sq), 1843.5-45.5 (cmt sq), 1840.5-43 (cmt sq)

609.6-10.6 (cmt sq), 253-54 (cmt sq)

Cement Retainer @ 1884.5m

BP @ 1881.6m

Cement Retainer + 63.4m cmt @ 

1868m

Cement plugs @ 511-610.6m, 192-

254m.

This well has been completely 

abandoned.

1 349

133185 13-26-039-24W4 100/13-26-039-24W4/00 ABD OIL Abandoned Tourmaline Oil Corp Gulf Cda Corp 3/29/1988 4/11/1988 7/8/2001 862.6 867.2 1920.0 1920.0 298.9 568.3 600.0 BELLY RIVER GRP - 560

VIKING SANDSTONE - 1383

MANNVILLE GRP - 1436.5

GLAUCONITIC SS - 1544

ELLERSLIE MBR - 1580

WABAMUN GRP - 1687

CALMAR FM - 1819.8

NISKU FM - 1824.5

IRETON FM - 1866.4

LEDUC FM - 1875

Leduc

Remedial

Perf + Acid

Perf

1875-79 (cmt sq)

560-61 (cmt sq), 249-50 (cmt sq)

Cement Retainer + 34.2m cmt @ 

1865m

Cement plugs @ 483-561m,  176-

250m

This well has been completely 

abandoned.

1 349
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/0

100/12-25-039-24W4/00

100/13-25-039-24W4/00

100/02-26-039-24W4/00

100/03-26-039-24W4/00

100/14-23-039-24W4/00

100/04-26-039-24W4/00

100/05-26-039-24W4/00

100/06-26-039-24W4/00

100/07-26-039-24W4/00

100/08-26-039-24W4/00

100/09-26-039-24W4/00

100/10-26-039-24W4/00

100/11-26-039-24W4/00

100/14-26-039-24W4/00

100/12-26-039-24W4/00

100/13-26-039-24W4/00

Associated UWI's

Size (mm) Weight (kg/m) Grade Coupling Landing Depth (mKB) Cement Details Hole Size 

(mm)

Size (mm) Weight 

(kg/m)

Grade Coupling Landing 

Depth (mKB)

Cement Details Hole Size (mm) Size (mm) Weight (kg/m) Grade Coupling Landing Depth (mKB) Cement Details CBL Log? Cement Top (mKB)

219.1 35.7 H-40 ST&C 189.6 390 sax with 2% CaCl2. No 

mention of cement returns.

200 139.7 20.8 J-55 LT&C 1878.8 300 sax Oilwell + 50 sax with 2% gel + 0.75% CFR-

2. No mention of cement returns.

N

219.1 35.7 J-55 8 rnd 323.0 18.6 m3 Class G + 3.0% 

CaCl2. 5 m3 returns to 

surface

200 139.7 20.8 K-55 LT&C 1922.6 Fill: 36.2 m3 BVF-1400NP with 0.6% FL-5 + 1.0% 

R-3 (est top at 215m)

Tail: 5.1 m3 NPS-1 with 0.4% FL-5 + 0.2% R-3 (est 

top at 1637m)

Y 349m (top section). 

Good cement over zone 

of interest

273.0 53.6 J-55 ST&C 195.4 500 sax construction 

cement with 2% CaCl2. No 

mention of cement returns.

222 177.8 34.2 J-55 LT&C 1909.6 Lead: 500 sax construction cement with 16% gel 

1:2 Admix

Tail: 145 sax Oilwell + 2% gel. No mention of 

cement returns.

N

244.5 48.1 H-40 ST&C 207.0 22t Class A cement +3% 

CaCl2. No mention of 

cement returns.

222 177.8 34.2 K-55 LT&C 1920.0 Stage 1: 13t (12.3 m3) 1:1:2 + 5.5t (4.1 m3) 0:1:0 

cement

Stage 2: 11t (10.3 m3) 1:1:2

Stage tool at 891.8m. No mention of cement 

returns.

Y 560m

Main pass showed poor 

cement quality

244.5 48.1 H-40 ST&C 194.0 21t 0:1:0 + 3% CaCl2. Got 

full returns to surface.

222 177.8 35.7 K-55 LT&C 1934.5 17.6t 1:1:2 + 2% gel, 0.5% T-10

No mention of cement returns

156 127.0 22.2 L-80 1719.9 - 1887.0m Lead: 0.44t Class G 0:1:0 + 0.9 % FLC-5, 0.2 % CR-

1, 0.1 % DEF-3

Tail: 2.75t Class G 0:1:0 + 0.9 % FLC-5, 0.2 % CR-

1, 0.1 % DEF-3.

Y Good cement behind 

liner from 1719-1887m. 

(1996)

244.5 53.6 J-55 ST&C 196.0 500 sax construction 

cement with 3% CaCl2. No 

mention of cement returns.

222 177.8 29.8 J-55 LT&C 1922.1 Lead: 110 sax Oilwell + 220 sax Diamix C + 20 sax 

gel (1:2:2) + 0.5% R-5

Tail: 65 sax Oilwell + 65 sax Diamix C (1:1:0)

No mention of cement returns.

N

244.5 53.6 J-55 LT&C 209.0 22t Class G cement +3% 

CaCl2. 5 m3 returns to 

surface

222 177.8 34.2 K-55 LT&C 1931.0 Lead: 14t (13.1 m3) 1:1:2 Class G with 0.5% FRC-

3, 1% defoamer, 20% excess, 1886 kg/m3

Tail: 4.9t (3.72 m3) 0:1:0 Class G with 0.5% FRC-

1, 0.1%FLC-2, 0.15% FLC-4, 1% defoamer, 20% 

excess, 1901 kg/m3.

No mention of cement returns.

Y 1229 (1989)

1225 (2012)

244.5 53.6 H-40 ST&C 194.0 20t 0:1:0 + 3% CaCl2 with 

full returns.

222 177.8 38.7 K-55 LT&C 1932.0 Lead: 16t 1:1:2 + 0.5% T10

Tail: 5.2t 0:1:0 + 0.5% T10

No mention of cement returns.

Y 1140m (1984)

1180m (2012)

244.5 48.1 H-40 ST&C 210.0 23t 0:1:0 Class A + 3% 

CaCl2, 5% excess. Lost 

returns at 4 m3 displaced. 

Pump 2t from top down 

15m.

222 177.8 34.2 K-55 LT&C 1921.0 Lead: 15.2 m3 1:1:2 Class G with 0.5% T10, 1683 

kg/m3

Tail: 4.35 m3 0:1:0 Class G with 0.7% NFL-1, 1901 

kg/m3

No mention of cement returns.

Y 1270m (1988)

244.5 48.1 J-55 ST&C 196.0 21t 0:1:0 Class A + 3% 

CaCl2. No returns. Pump 

2.5t from top down 16m.

222 177.8 38.7 K-55 LT&C 1922.6 Stage #1: Lead Slurry 14.6t 1:1 Pozmix + 2% gel, 

0.5% D‐31, Tail Slurry 5t Class ‘G’ + 0.5% D‐31.

Stage #2: 7.9t 1:1 Pozmix + 2% gel, 0.5% D‐31

No mention of cement returns.

N Stage 1: 1436m

Stage 2: 636m

(1984)

244.5 53.6 J-55 LT&C 208.0 27.3t (20.6 m3) 0:1:0 Class 

G + 3% CaCl2, 100% excess, 

1901 kg/m3. No returns. 

Cement down to 29m with 

3t, no returns. Cement 

down to 8.5m with 1t, 

good returns.

222 177.8 34.2 K-55 LT&C 1915.0 Lead: 14t (12.1 m3) 1:1:2 Class G + 0.5% FRC-3, 

0.1% defoamer, 20% excess, 1686 kg/m3

Tail: 5.1t (3.86 m3) 0:1:0 Class G +0.5% FRC-1, 

0.2% FRC-2, 0.15% FLC-4, 0.1% defoamer, 20% 

excess, 1901 kg/m3.

No mention of cement returns.

Y 1260m (1989)

244.5 53.6 J-55 ST&C 202.1 500 sax Oilwell + 2% CaCl2. 

No mention of cement 

returns.

222 177.8 29.7 J-55 LT&C 1907.7 300 sax 2:1 Pozmix + 8% gel, 0.5% CFR-2

150 sax 2:1 Pozmix + 8% gel

200 sax 1:1 Pozmix + 2% gel

No mention of cement returns.

N

244.5 48.1 H-40 ST&C 195.0 23t Class A + 3% CaCl2. No 

mention of cement returns.

222 177.8 38.7 K-55 LT&C 1933.0 Stage 1: 14.8t 1:1:2 + 5.8t 0:1:0 cement

Stage 2: 9.1t 1:1:2

Y Stage 1: 1400m

Stage 2: 600m

(1985)

244.5 38.7 H-40 ST&C 196.0 21.5t N.P. + 3% CaCl2. No 

mention of cement returns.

222 177.8 38.7 L-80 LT&C 1913 (14-26) Stage 1: 14.2t 1:1:2 + 0.5% slick 

tailed in with 6.2t Class G + 1% slick

Stage 2: 8.4t 1:1:2 + 0.5% slick 

No mention of cement returns.

156 114.3 17.3 K-55 LT&C 1717.5 - 1900 Stage 1: 0.5t (1.0 m3) 0:1:0 Class G with 0.9% FLC-

5, 0.2% CR-1, 3% Celloflake, 1300 kg/m3

Stage 2: 3.0t (2.3 m3) 0:1:0 Class G with 0.9% FLC-

5, 0.2% CR-1, 1896 kg/m3

No mention of cement returns.

Y 14-26

Stage 1: 1200m

Stage 2: 625m

(1984)

244.5 47.6 ST&C 193.5 450 sax + 2% CaCl2. No 

mention of cement returns.

222 177.8 34.2 J-55 LT&C 1912.3 400 sax bulk cement + 12% gel. No mention of 

cement returns.

Y

244.5 48.1 H-40 ST&C 209.0 22t 0:1:0 Class A + 2% 

CaCl2. 4 m3 cement 

returns to surface.

222 177.8 34.2 K-55 LT&C 1920.0 Lead: 13.6 t (12.9 m3) 1:1:2 Class G + 0.5% slick, 

1680 kg/m3

Tail: 5.4t (4.0 m3) 0:1:0 Class G + 0.75% slick, 

0.2% SF-2, 1900 kg/m3

No mention of cement returns.

Y

Surface Casing Production CasingIntermediate Casing
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1 = Low Low, 2 = Low, 3 = Medium, 4 = High

License Surface /0 /2 /3 /4 /0 /2 /3 /4 Well Status Current Operator Original Operator Spud Date Rig Release Date Abandonment Date Ground (m) KB (m) TVD (mKB) MD (m) BGWP (m asl) BGWP (mKB) Proximity to Injection Wells (m) Tops (m TVD) Completed Zones Completion Type Depths (mKB) Downhole Plugs (mKB) Comments Risk Category Hole Size (mm)

Surface CasingAssociated UWI's Event Status

145007 15-26-039-24W4 100/15-26-039-24W4/00 100/15-26-039-24W4/02 ABD Zn OIL Susp OIL Suspended Tourmaline Oil Corp Gulf Cda Rsrcs Ltd 9/2/1990 9/13/1990 855.3 859.3 1902.0 1902.0 310.6 548.7 1150.0 BELLY RIVER GRP - 581.5

VIKING FM - 1357.5

MANNVILLE GRP - 1421.5

GLAUCONITIC SS - 1531

ELLERSLIE MBR - 1571

WABAMUN GRP - 1668

CALMAR FM - 1799.5

NISKU FM - 1804

IRETON FM - 1846.5

LEDUC FM - 1855

Leduc

Nisku

Perf

Perf + Acid

1871.5-74.5 (cmt sq), 1869.5-70.2 (ABD), 1865.5-66.5 (cmt sq), 1861-63 

(cmt sq), 1856-59 (ABD)

1823-25 (cmt sq), 1820-21 (cmt sq), 1831-34 (susp)

Cement Retainer @ 1871m

BP @ 1868m

Cement Retainer @ 1864.5m

Cement Retainer @ 1860.5m

BP + 12m cmt @ 1852m

BP @ 1807m

All Leduc perfs have been 

abandoned, one set of Nisku perfs 

remains open but is suspended with 

a BP.

1 349

82643 16-26-039-24W4 100/16-26-039-24W4/00 100/16-26-039-24W4/02 100/16-26-039-24W4/03 ABD Zn OIL ABD Zn OIL Susp GAS Suspended Ember Rsrcs Inc Gulf Cda Rsrcs Inc 6/14/1980 6/28/1980 840.6 844.3 1878.7 1878.7 320.6 523.7 1400.0 LEA PARK FM - 803

VIKING SANDSTONE - 1362.6

MANNVILLE GRP - 1416

GLAUCONITIC SS - 1527

ELLERSLIE MBR - 1551

WABAMUN GRP - 1653

CALMAR FM - 1800

NISKU FM - 1803

IRETON FM - 1846

LEDUC FM - 1855

Leduc

Nisku

Colony

Perf + Acid

Perf + Acid

Perf

1857-59 (ABD)

1833-34.5 (cmt sq), 1824.5-27.5 (cmt sq), 1824.5-26.5 (ABD)

1414.5-17.5 (open)

BP + 8m cmt @ 1848.8m

BP + 8m cmt @ 1820m

Leduc and Nisku perfs have been 

abandoned before recompleting 

Colony at 1415m, 440m TVD above 

the Leduc. CBL run on completion 

showed good cement from TD up to 

1700m (did not log above that).

1 311

32255 08-27-039-24W4 100/08-27-039-24W4/00 100/08-27-039-24W4/02 100/08-27-039-24W4/03 ABD Zn OIL Susp WTR Disp ABD Zn OIL Suspended Tourmaline Oil Corp Cdn Superior Oil Ltd 6/15/1967 6/29/1967 865.3 869.3 1905.0 1905.0 293.7 575.6 1150.0 BELLY RIVER GRP - 594.1

VIKING FM - 1387.1

MANNVILLE GRP - 1438.7

GLAUCONITIC SS - 1555.1

OSTRACOD MEMBER - 1578.3

ELLERSLIE MBR - 1582.2

WABAMUN GRP - 1685.5

CALMAR FM - 1827.9

NISKU FM - 1830.3

IRETON FM - 1873.3

LEDUC FM - 1882.1

Leduc

Nisku

Glauconite

Perf + Acid

Perf + Acid

Perf + Frac

1886.7-87.3 (ABD)

1848.3-49.2, 1848.3-54.1 (open)

1572.8-74 (cmt sq)

Permanent Packer @ 1864.5m

BP + 3m cmt @ 1860m

Injection Packer @ 1826.5m

Leduc and Nisku perfs were 

originally abandoned with BP + 

cement. The Nisku BP was then 

drilled out entirely, the Leduc BP 

was drilled out at least partially 

(depths don't match). A new BP was 

set at 1860 and topped with 3m 

cement. The Nisku perfs from 1848-

54 are used for water injection.

2 311

32037 16-27-039-24W4 100/16-27-039-24W4/00 100/16-27-039-24W4/02 ABD Zn OIL Susp WTR Disp Suspended Tourmaline Oil Corp Cdn Superior Oil Ltd 5/20/1967 6/2/1967 861.7 865.6 1908.0 1908.0 293.1 572.5 400.0 BELLY RIVER GRP - 581.9

VIKING FM - 1372.5

MANNVILLE GRP - 1435.6

GLAUCONITIC SS - 1542.6

ELLERSLIE MBR - 1576.1

WABAMUN GRP - 1700.8

CALMAR FM - 1827.9

NISKU FM - 1830.6

IRETON FM - 1869.9

LEDUC FM - 1878.2

Leduc

Nisku

Perf + Acid

Perf + Acid

1880.9-82.1 (ABD)

1849.2-49.5, 1847.7-51.3 (open)

Permanent Packer c/w plug @ 

1863.9m topped with 3m sand and 

9.2m cmt, top at 1852.1m. Then 

drilled out to 1856.4m.

Injection Packer @ 1837.4m

Nonroutine abandonment of Leduc 

due to stuck packer. Packer is 17m 

above Leduc perfs. Part of cement 

plug drilled out leaving 4.5m cmt, 

3m sand on packer. Nisku perfs 

recompleted and used for water 

injection. CBL run on conversion 

showed "weak cement bond over 

area of interest", could not run 

pressure pass.

2 311

33288 08-34-039-24W4 100/08-34-039-24W4/00 100/08-34-039-24W4/02 ABD Zn WTR Inj ABD Zn OIL Abandoned Enhance Enrg Inc British Amer Oil Co Ltd 1/6/1968 1/22/1968 855 858.9 1935.4 1935.5 296.6 562.3 200.0 LEA PARK FM - 825.99

VIKING SANDSTONE - 1386.47

MANNVILLE GRP - 1433.18

GLAUCONITIC SS - 1547.48

OSTRACOD MEMBER - 1569.67

WABAMUN GRP - 1672.67

CALMAR FM - 1823.85

NISKU FM - 1826.94

IRETON FM - 1866.53

LEDUC FM - 1874.43

Leduc

Nisku

Perf + Acid

Open Hole

Perf + Acid

1875.7-77.3 (cmt sq)

1905-35.5 (cmt sq)

1838.2-41.6 (cmt sq)

Injection Packer with broken 

mandrel @ 1827.6m

Cement Retainer + 36m cmt @ 

1826m

Nonroutine abandonment of Leduc 

due to stuck packer. Cement 

Retainer set 1m above packer, 79m 

above open hole section. 1.65 m3 

cement squeezed into formation 

before pressuring up to 7 Mpa. 

Leduc and Nisku perfs were cement 

squeezed before drilling open hole 

section and converting to water 

injection.

1 311

31154 10-34-039-24W4 100/10-34-039-24W4/00 Drld & ABD Abandoned ExxonMobil Cda Rsrcs Co Cdn Superior Oil Ltd 10/24/1966 11/7/1966 11/7/1966 854.7 858.6 1902.0 1902.0 290.3 568.3 800.0 LEA PARK FM - 826

VIKING SANDSTONE - 1387.1

MANNVILLE GRP - 1435.6

ELLERSLIE MBR - 1576.1

WABAMUN GRP - 1671.2

CALMAR FM - 1826.4

NISKU FM - 1829.4

IRETON FM - 1871.5

LEDUC FM - 1879.4

Well was drilled and abandoned. 

Rec certificate received.

1 311

31469 16-34-039-24W4 100/16-34-039-24W4/00 100/16-34-039-24W4/02 100/16-34-039-24W4/03 ABD Zn WTR Disp Susp WTR Disp Flow GAS Active Ember Rsrcs Inc Cdn Superior Oil Ltd 12/30/1966 1/11/1967 845.5 849.5 1895.9 1895.9 289.3 560.2 800.0 BELLY RIVER GRP - 562.4

VIKING FM - 1371.9

MANNVILLE GRP - 1423.4

GLAUCONITIC SS - 1530

ELLERSLIE MBR - 1563.6

WABAMUN GRP - 1668.8

CALMAR FM - 1809.6

NISKU FM - 1811.7

IRETON FM - 1852.9

LEDUC FM - 1860.5

Leduc

Nisku

Colony

Perf + Acid

Perf + Acid

Perf

1866.6-67.5 (cmt sq), 1861.7-62.9 (cmt sq), 1872.5-79.5 (ABD)

1830.6-31.5 (cmt sq), 1837-37.9 (cmt sq), 1828.4-30.5 (cmt sq), 1827.2-

34.5 (susp)

1423-26 (open)

BP + 8m cmt @ 1855m

BP @ 1821m

Leduc and Nisku zones were both 

used for water injection. Leduc is 

now abandoned with BP and 

cement, Nisku is suspended with 

just a BP. Colony perfs are currently 

open.

1 311

145039 01-35-039-24W4 100/01-35-039-24W4/00 100/01-35-039-24W4/02 Susp OIL Susp OIL Suspended Tourmaline Oil Corp Gulf Cda Rsrcs Ltd 9/14/1990 9/24/1990 841.1 845.1 1900.0 1900.0 320.5 524.7 1150.0 BELLY RIVER GRP - 568

VIKING FM - 1348

MANNVILLE GRP - 1411.5

GLAUCONITIC SS - 1531

ELLERSLIE MBR - 1557

WABAMUN GRP - 1657

CALMAR FM - 1793.2

NISKU FM - 1796.8

IRETON FM - 1841

LEDUC FM - 1850

Leduc

Nisku

Perf + Acid

Perf + Acid

1856.5-58 (cmt sq), 1850.5-53.5 (open)

1818.5-23 (cmt sq)

Cement Retainer @ 1854.5m Nisku perfs have been cement 

squeezed. One set of Leduc perfs is 

open and capable of production. 

The other Leduc perfs were cement 

squeezed.

3 349

30297 02-35-039-24W4 100/02-35-039-24W4/00 100/02-35-039-24W4/02 ABD Zn OIL ABD OIL Abandoned ExxonMobil Cda Rsrcs Co Cdn Superior Oil Ltd 5/13/1966 5/26/1966 9/11/1970 840.3 844.6 1889.8 1889.8 319.0 525.6 800.0 LEA PARK FM - 800.1

VIKING SANDSTONE - 1360.6

MANNVILLE GRP - 1409.1

ELLERSLIE MBR - 1550.2

WABAMUN GRP - 1661.5

CALMAR FM - 1787.3

NISKU FM - 1793.1

IRETON FM - 1835.8

LEDUC FM - 1845.3

Leduc

Nisku

Perf + Acid

Perf + Acid

1857.1-60.5 (cmt sq)

1825.8-26.7 (cmt sq)

The Leduc and Nisku perfs were 

cement squeezed and then while 

drilling out the drill pipe got stuck 

and could not be fished. Well was 

cut and capped with drill pipe in 

hole and 48m cement plug above 

Nisku perfs.

1 311

73227 02-35-039-24W4 102/02-35-039-24W4/00 102/02-35-039-24W4/02 ABD Zn OIL Susp OIL Suspended Tourmaline Oil Corp Gulf Cda Rsrcs Inc 12/1/1978 12/12/1978 839.4 843.1 1884.0 1884.0 319.0 524.1 800.0 NISKU FM - 1793

IRETON FM - 1838

LEDUC FM - 1845.5

Leduc

Nisku

Perf + Acid

Perf + Acid

1858.5-60 (cmt sq), 1852-54 (ABD)

1827-28 (cmt sq), 1822-25 (susp), 1812-14 (susp)

Cement Retainer @ 1856.5m

BP + 8.5m cmt @ 1840m

BP @ 1807m

Leduc perfs are abandoned with a 

BP and cement. The two sets of 

Nisku perfs that remain open are 

suspended with a BP. It's suspected 

the liner top is leaking. The CBL 

showed 47m of good cement 

behind the liner, above the Leduc.

1 311

118499 03-35-039-24W4 100/03-35-039-24W4/00 100/03-35-039-24W4/02 Susp OIL Susp OIL Suspended Tourmaline Oil Corp Gulf Cda Ltd 10/23/1985 11/14/1985 856.4 859.8 1913.5 1925.0 302.3 557.5 600.0 BELLY RIVER GRP - 585

VIKING FM - 1366

JOLI FOU FM - 1402

MANNVILLE GRP - 1428

GLAUCONITIC SS - 1550

ELLERSLIE MBR - 1600

WABAMUN GRP - 1662

CALMAR FM - 1813.5

NISKU FM - 1817

IRETON FM - 1860

LEDUC FM - 1868

Leduc

Nisku

Perf + Acid

Perf + Acid

1879.5-80.5 (cmt sq), 1875-77 (cmt sq), 1869.5-1871.5 (susp)

1845.5-46.5 (cmt sq), 1835.5-38 (cmt sq)

Cement Retainer @ 1878.5m

Cement Retainer @ 1874m

5K BP @ 1866m

One set of Leduc perfs remain open 

and are currently suspended with a 

BP. The remaining Leduc and Nisku 

perfs have all been cement 

squeezed.

2 349

30548 04-35-039-24W4 100/04-35-039-24W4/00 100/04-35-039-24W4/02 ABD OIL ABD Zn OIL Abandoned Tourmaline Oil Corp Cdn Superior Oil Ltd 6/14/1966 6/25/1966 7/8/2001 856.5 861.4 1902.9 1902.9 288.9 572.5 300.0 BELLY RIVER GRP - 565.4

VIKING SANDSTONE - 1382.9

MANNVILLE GRP - 1429.5

ELLERSLIE MBR - 1571.2

WABAMUN GRP - 1659.9

CALMAR FM - 1809.9

NISKU FM - 1812.3

IRETON FM - 1855.3

LEDUC FM - 1863.5

Leduc

Nisku

Remedial

Perf + Acid

Perf + Acid

Perf

1873.3-74.2 (cmt sq), 1866.9-69.1 (cmt sq)

1841.6-42.5 (cmt sq), 1832-33 (cmt sq)

246-47 (cmt sq)

Cement Retainer @ 1870.5m

Cement Retainer + 171m cmt plug 

@ 1855m

89m cmt plug @ 247m (got cmt 

returns to surface)

Leduc and Nisku zones have both 

been cement squeezed and capped 

with a 171m cement plug. 

1 311

102010 06-35-039-24W4 100/06-35-039-24W4/00 100/06-35-039-24W4/02 100/06-35-039-24W4/03 Susp OIL Susp OIL Susp GAS Suspended Tourmaline Oil Corp Gulf Cda Rsrcs Inc 7/20/1983 8/9/1983 841.2 845.4 1902.0 1902.0 303.4 542.0 350.0 BELLY RIVER GRP - 552

VIKING FM - 1351.5

MANNVILLE GRP - 1414

ELLERSLIE MBR - 1558

WABAMUN GRP - 1665

STETTLER FM - 1690

CALMAR FM - 1791

NISKU FM - 1795.5

IRETON FM - 1835

LEDUC FM - 1844

Leduc

Nisku

Colony

Perf + Acid

Perf + Acid

Perf

1858.5-59.5 (cmt sq), 1854.5-55.5 (cmt sq), 1852-53.5 (cmt sq), 1845.5-

47.5 (cmt sq)

1826.5-28.5 (cmt sq), 1823.3-25.3, 1813-15.5 (cmt sq)

1413.5-1416 (open)

Cement Retainer @ 1849.5m

BP + 8m cmt @ 1840m

BP + 8m cmt @ 1805m

Leduc and Nisku perfs have both 

been abandoned by cement squeeze 

and BP's and 8m cement. Colony 

perfs are open, 430m TVD above 

the Leduc.

1 349

131921 07-35-039-24W4 100/07-35-039-24W4/00 100/07-35-039-24W4/02 Susp OIL ABD Zn OIL Abandoned Tourmaline Oil Corp Gulf Cda Corp 2/5/1988 2/19/1988 844.6 849.2 1900.0 1900.0 333.5 515.7 500.0 BELLY RIVER GRP - 576

VIKING SANDSTONE - 1368.6

MANNVILLE GRP - 1415.5

GLAUCONITIC SS - 1523

ELLERSLIE MBR - 1559

WABAMUN GRP - 1670

CALMAR FM - 1798.4

NISKU FM - 1802

IRETON FM - 1843.5

LEDUC FM - 1851

Leduc

Nisku

Perf + Acid

Perf + Acid

1857-58.5 (ABD)

1829-30.5 (cmt sq), 1818-23 (ABD)

Permanent Packer @ 1844m

Cement Retainer + 60m cmt plug @ 

1802m

Nonroutine abandonment due to 

tubing string being stuck in Leduc 

packer. Tubing was fished/milled 

down to 1827m. Cement retainer 

was set at 1802m and 1.4 m3 

cement was pumped below 

retainer, 1.2 m3 above.

1 349

CO2 Injection Risk Assessment - April 2018 Offsetting Well Details 3



/0

Associated UWI's

100/15-26-039-24W4/00

100/16-26-039-24W4/00

100/08-27-039-24W4/00

100/16-27-039-24W4/00

100/08-34-039-24W4/00

100/10-34-039-24W4/00

100/16-34-039-24W4/00

100/01-35-039-24W4/00

100/02-35-039-24W4/00

102/02-35-039-24W4/00

100/03-35-039-24W4/00

100/04-35-039-24W4/00

100/06-35-039-24W4/00

100/07-35-039-24W4/00

Size (mm) Weight (kg/m) Grade Coupling Landing Depth (mKB) Cement Details Hole Size 

(mm)

Size (mm) Weight 

(kg/m)

Grade Coupling Landing 

Depth (mKB)

Cement Details Hole Size (mm) Size (mm) Weight (kg/m) Grade Coupling Landing Depth (mKB) Cement Details CBL Log? Cement Top (mKB)

Surface Casing Production CasingIntermediate Casing

244.5 53.6 J-55 ST&C 206.0 24t 0:1:0 + 3% CaCl2. No 

mention of cement returns.

222 177.8 34.2 K-55 LT&C 1900.0 Lead: 9t B800 + 2% CaCl2, 0.3% D-65, 0.25% D-

59, 0.1% D-136

Tail: 8t RFC + 0.5% D-65, 0.3% D-59, 0.1% D-136

No mention of cement returns.

Y Good cement from 

1885m to 1750m 

(1990).

244.5 53.6 K-55 ST&C 191.0 14t Class A + 2% CaCl2. 3 

m3 cement returns to 

surface.

222 177.8 29.8 K-55 LT&C 1875.7 31t Class G + 0.5% D-65. No mention of cement 

returns.

Y Good cement from 

1865.5m to 1700m 

(1990).

219.1 35.7 J-55 ST&C 193.2 425 ft3 construction 

cement + 2.5% CaCl2. Good 

cement returns to surface.

200 139.7 20.8 J-55 ST&C 1905.0 Lead: 400 sax construction cement + 12% gel

Tail: 200 sax Oilwell neat 

No mention of cement returns.

Y 1275m (1996)

219.1 35.7 J-55 ST&C 196.6 425 sax construction 

cement + 2.5% CaCl2. Good 

cement returns to surface.

200 139.7 20.8 J-55 ST&C 1908.0 Lead: 220 sax Oilwell neat + 12% gel, 0.5% HR-7

Tail: 200 sax Oilwell neat + 0.5% CFR-2

No mention of cement returns.

Y Cement bond appeared 

weak over Nisku, top at 

1510m. Free pipe from 

225-175m (surface csg 

at 196.6m)

219.1 192.0 425 ft3 cement + 3% 

CaCl2. No mention of 

cement returns.

200 139.7 20.8 J-55 LT&C 1905.0 Lead: 260 sax Oilwell 1:2 Dimix + 30% gel, 0.5% D-

31

Tail: 200 sax Oilwell + 2% gel, 0.75% D-31

No mention of cement returns

N

219.1 35.7 J-55 ST&C 190.8 400 sax construction 

cement + 1.5% gel. Good 

cement returns to surface.

200 No production 

casing

Plug #1: 1902-1813m. 100 sax + 0.3% CFR-2

Plug #2: 1448-1372m. 270 sax + 0.3% CFR-2

N

219.1 35.7 J-55 ST&C 193.5 400 sax construction 

cement + 3% CaCl2. Good 

cement returns to surface.

200 139.7 20.8 J-55 LT&C 1895.9 Lead: 300 sax Oilwell + 12% gel, 0.8% HR7

Tail: 200 sax Oilwell + 0.5% CFR2

No mention of cement returns.

Y 1353m. Good cement 

over Leduc zone. (1997)

244.5 53.6 J-55 ST&C 209.0 24t 0:1:0 Class G + 3% 

CaCl2. 8 m3 good cement 

returns to surface.

222 177.8 34.2 K-55 LT&C 1899.0 Lead: 9t B800 + 0.3% D-65, 0.25% D-59, 0.1% D-

136

Tail: 9t RFC + 0.5% D-65, 0.3% D-59, 0.1% D-136

No mention of cement returns.

Y Really good cement 

bond from 1883.6m up 

to cement top at 

1100m. (1990)

219.1 29.7 J-55 ST&C 191.4 350 sax construction 

cement + 2.5% CaCl2. No 

mention of cement returns.

200 139.7 20.8 1889.8 Lead: 400 sax Oilwell + 12% gel

Tail: 200 sax Oilwell neat

No mention of cement returns.

N

244.5 53.6 K-55 ST&C 190.0 14t Class A + 2% CaCl2. 

Good cement returns to 

surface.

222 177.8 29.8 K-55 LT&C 1792.5 10.3t Class G + 0.5% D-31. No 

mention of cement returns.

146 114.3 17.3 J-55 LT&C 1711-1884 100 sax Oilwell Class G + 0.5% D-31 Y Good cement behind 

liner from 1860-1798m. 

Good cement beind 

intermediate casing up 

to probable cement top 

at 1460m. (1979)

244.5 48.1 H-40 ST&C 194.0 21.5t 0:1:0 NB + 3% CaCl2. 

Good cement returns to 

surface.

222 177.8 24.2 K-55 LT&C 1923.0 Stage 1: 13t 1:1:2 + 0.5% slick, 5.3t 0:1:0 + 0.75% 

slick

Stage 2: 10.5t 1:1:2 + 0.5% slick

Stage tool at 863m. No mention of cement 

returns.

Y Stage 1: 1250m

Stage 2: 475m

219.1 35.7 192.0 390 sax construction 

cement + 2.5% CaCl2. Good 

cement returns to surface.

200 139.7 20.8 J-55 ST&C 1902.9 Lead: 400 sax Oilwell + 12% gel

Tail: 200 sax Oilwell neat

No mention of cement returns.

Y

244.5 53.6 J-55 LT&C 192.0 21t Class A + 2% CaCl2. No 

mention of cement returns.

222 177.8 34.2 K-55 LT&C 1902.0 Lead: 19.8t 1:1:2 + 0.5% FRC

Tail: 5.7t Class G + 0.5% FRC, 0.2% CRL

No mention of cement returns.

Y Good bond from PBTD 

to 1440m (1983)

244.5 48.1 H-40 ST&C 205.0 23t 0:1:0 Class A + 3% 

CaCl2. No mention of 

cement returns.

222 177.8 34.2 K-55 LT&C 1900.0 Stage 1: 

Lead: 16.8t 1:1:2 Class G + 0.5% T-10

Tail: 5.4t 0:1:0 Class G + 0.7% NFL-1

Stage 2: 6.4t 1:1:2 Class G + 0.5% T-10

Stage tool at 881m. No mention of cement 

returns.

Y Stage 1: 1284m

Stage 2: 709m

(1988)
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1 = Low Low, 2 = Low, 3 = Medium, 4 = High

License Surface /0 /2 /3 /4 /0 /2 /3 /4 Well Status Current Operator Original Operator Spud Date Rig Release Date Abandonment Date Ground (m) KB (m) TVD (mKB) MD (m) BGWP (m asl) BGWP (mKB) Proximity to Injection Wells (m) Tops (m TVD) Completed Zones Completion Type Depths (mKB) Downhole Plugs (mKB) Comments Risk Category Hole Size (mm)

Surface CasingAssociated UWI's Event Status

107445 08-35-039-24W4 100/08-35-039-24W4/00 100/08-35-039-24W4/02 Susp OIL Susp OIL Suspended Tourmaline Oil Corp Gulf Cda Rsrcs Inc 7/2/1984 7/20/1984 856.8 860.2 1914.0 1914.0 320.4 539.8 800.0 BELLY RIVER GRP - 560

VIKING FM - 1366.6

MANNVILLE GRP - 1428

GLAUCONITIC SS - 1533

ELLERSLIE MBR - 1570

WABAMUN GRP - 1672

CALMAR FM - 1808

NISKU FM - 1812

IRETON FM - 1855

LEDUC FM - 1864

Leduc

Nisku

Perf + Acid

Perf + Acid

1876.5-77 (ABD), 1869-70 (cmt sq), 1866.5-68 (ABD), 1865-66 (cmt sq), 

1863-65 (ABD)

1833.5-36 (cmt sq), 1832-35 (susp)

Cement Retainer @ 1875m

Cement Retainer @ 1868.5m

BP @ 1866.3m

BP + 8.5m cmt @ 1855m

BP @ 1825m

The Leduc zone has three sets of 

perfs that remain open but have 

been covered and abandoned by a 

BP and cement. One set of Nisku 

perfs remains open and has been 

suspended with a BP.

1 349

120062 09-35-039-24W4 100/09-35-039-24W4/00 100/09-35-039-24W4/02 ABD Zn OIL Susp OIL Suspended Tourmaline Oil Corp Gulf Cda Ltd 1/17/1986 2/1/1986 865.2 868.3 1922.0 1922.0 332.6 535.7 450.0 BELLY RIVER GRP - 591

VIKING FM - 1376

MANNVILLE GRP - 1437.2

GLAUCONITIC SS - 1554

ELLERSLIE MBR - 1577

WABAMUN GRP - 1681.5

CALMAR FM - 1815

NISKU FM - 1819

IRETON FM - 1863

LEDUC FM - 1870.8

Leduc

Nisku

Perf + Acid

Perf + Acid

1881-82 (cmt sq), 1873-77.5 (ABD)

1847.5-48 (cmt sq), 1845.5-46.5 (cmt sq), 1836-41 (susp)

Cement Retainer @ 1880m

BP + 7m cmt @ 1870m

Cement Retainer @ 1844.5m

Bridge Plug @ 1829m

Leduc perfs have all been 

abandoned. One set of Nisku perfs 

remain open and are suspended 

with a BP (suspension report not in 

tours). Cement bond good but 

cement top is very low at 1735m.

1 349

30078 10-35-039-24W4 100/10-35-039-24W4/00 100/10-35-039-24W4/02 100/10-35-039-24W4/03 Pump OIL Susp OIL Cased Active Enhance Enrg Inc Cdn Superior Oil Ltd 3/6/1966 3/16/1966 851.9 855.9 1897.4 1897.4 315.1 540.8 200.0 LEA PARK FM - 813.8

VIKING SANDSTONE - 1373.7

MANNVILLE GRP - 1421.3

ELLERSLIE MBR - 1562.7

WABAMUN GRP - 1670.9

CALMAR FM - 1795.6

NISKU FM - 1799.5

IRETON FM - 1841.6

LEDUC FM - 1848.6

Leduc

Nisku

Perf + Acid

Perf + Acid

1873-73.9 (cmt sq), 1864-66.5 (cmt sq), 1860-62.5 (cmt sq), 1850-53 

(open), 1854.4-55.9 (susp), 1859.9-61.9 (susp)

1835.5-36.4 (cmt sq), 1830-32 (cmt sq), 1819-21 (cmt sq), 1825-29 (cmt 

sq)

Cement Retainer @ 1867m 

Cement Retainer @ 1862.6m

BP @ 1853.8m

Anchor @ 1842.5m

Nisku perfs have been cement 

squeezed. Three sets of Leduc perfs 

remain open - two suspended with 

a BP, one currently producing.

4 311

132410 11-35-039-24W4 100/11-35-039-24W4/00 100/11-35-039-24W4/02 ABD Zn OIL ABD Zn OIL Abandoned Tourmaline Oil Corp Gulf Cda Corp 2/23/1988 3/9/1988 850.5 855.1 1902.0 1902.0 310.7 544.4 50.0 BELLY RIVER GRP - 580

VIKING SANDSTONE - 1372

MANNVILLE GRP - 1419.4

GLAUCONITIC SS - 1528

ELLERSLIE MBR - 1562

WABAMUN GRP - 1667.2

CALMAR FM - 1800.5

NISKU FM - 1804

IRETON FM - 1845

LEDUC FM - 1853.6

Leduc

Nisku

Remedial

Perf + Acid

Perf + Acid

Perf

1867-69 (cmt sq), 1862-64 (cmt sq), 1863-64 (cmt sq), 1857.9-60.7 (cmt 

sq), 1852-56 (ABD)

1832.5-33.5 (ABD), 1828-31 (ABD), 1819-25 (ABD)

300-300.2 (cmt sq), 70-90.2 (cmt sq)

Cement Retainer @ 1865.5m

Cement Retainer @ 1861m

Cement Retainer @ 1857m

BP + 8m cmt @ 1847.5m**

BP @ 1832m

BP @ 1826.5m

BP + 8m cmt @ 1813.5m

BP at 1847.5m failed pressure test 

but cement was dumped anyways. 

Subsequent BP's set above pressure 

tested ok. Leduc and Nisku perfs 

abandoned. Casing leak at 303m.

1 349

30476 12-35-039-24W4 100/12-35-039-24W4/00 100/12-35-039-24W4/02 ABD Zn OIL Susp OIL Suspended Tourmaline Oil Corp Cdn Superior Oil Ltd 5/29/1966 6/10/1966 844 847.3 1889.8 1889.8 290.1 557.2 200.0 LEA PARK FM - 805.9

VIKING SANDSTONE - 1371.6

MANNVILLE GRP - 1418.5

ELLERSLIE MBR - 1557.5

WABAMUN GRP - 1671.5

CALMAR FM - 1800.5

NISKU FM - 1803.2

IRETON FM - 1845.3

LEDUC FM - 1852.9

Leduc

Nisku

Perf + Acid

Perf + Acid

1863.9-64.8 (cmt sq), 1857.5-58.7 (cmt sq), 1855.2-55.9 (ABD)

1829.4-30.3 (cmt sq), 1818.5-20.5 (susp)

Cement Retainer @ 1856.3m

Packer @ 1845m

BP + 8m cmt @ 1843m

BP @ 1815m

Leduc perfs have been abandoned. 

One set of Nisku perfs remain open 

and is suspended with a BP.

1 311

82633 14-35-039-24W4 100/14-35-039-24W4/00 100/14-35-039-24W4/02 100/14-35-039-24W4/03 ABD Zn OIL ABD OIL Susp OIL Suspended Tourmaline Oil Corp Gulf Cda Rsrcs Inc 5/21/1980 6/13/1980 855.5 859.2 1891.0 1891.0 291.7 567.5 50.0 LEA PARK FM - 842

VIKING FM - 1363.6

MANNVILLE GRP - 1424.3

WABAMUN GRP - 1672

STETTLER FM - 1701.6

CALMAR FM - 1804

NISKU FM - 1807

IRETON FM - 1848

LEDUC FM - 1855.6

Leduc

Nisku

Leduc

Perf + Acid

Perf + Acid

Open Hole

Original Hole (14-35 Vertical)

1866.5-69.5 (cmt sq), 1855-58 (ABD)

1837-43 (cmt sq), 1833-33.5 (cmt sq)

Whipstocked Hole (14-35 Horizontal)

1944.2 - 2133

Original Hole

Cement Retainer @ 1864.3m

BP + 8.5m cmt @ 1847m

BP + Whipstock @ 1730.9m

Whipstocked Hole

DB-5K BP @ 1937m (failed P test)

The original vertical hole has been 

completely abandoned. The 

whipstocked horizontal was 

suspended with a BP set in the liner 

right above the Leduc open hole 

section. The BP is not set properly 

and failed pressure tests.

4 311

132337 15-35-039-24W4 100/15-35-039-24W4/00 100/15-35-039-24W4/02 Susp OIL Susp OIL Suspended Tourmaline Oil Corp Gulf Cda Corp 2/19/1988 3/3/1988 856.5 861.1 1910.0 1910.0 314.6 546.5 0.0 BELLY RIVER GRP - 519.6

VIKING SANDSTONE - 1379.4

MANNVILLE GRP - 1425.3

GLAUCONITIC SS - 1532.7

ELLERSLIE MBR - 1570

WABAMUN GRP - 1677

CALMAR FM - 1801

NISKU FM - 1807

IRETON FM - 1851.4

LEDUC FM - 1858.6

Leduc

Nisku

Perf + Acid

Perf + Acid

1875.5-76.5 (cmt sq), 1869-71 (cmt sq), 1865-67 (susp)

1838-40 (cmt sq), 1823-26 (cmt sq), 1834-36.5 (cmt sq), 1838-40 (cmt 

sq), 1814-15 (susp), 1826-29.5 (susp)

Cement Retainer @ 1873m

Cement Retainer @ 1868m

BP @ 1864.5m

BP @ 1832.5m

BP @ 1820.5m

BP @ 1808m

One set of Leduc perfs remain open 

and are currently suspended with a 

BP. Two sets of Nisku perfs remain 

open and are currently suspended 

with multiple BP's.

2 349

174069 02-02-040-24W4 102/15-35-039-24W4/00 ABD OIL Abandoned Tourmaline Oil Corp Ulster Petrls Ltd 1/2/1995 1/23/1995 10/31/1997 870.3 875.6 1849.3 2271.0 301.1 574.5 150.0 Leduc Open Hole 1971-2271 (ABD) BP + 37m cement plug @ 1962m Leduc open hole abandoned with BP 

and cement plug.

1 311

107637 16-35-039-24W4 100/16-35-039-24W4/00 100/16-35-039-24W4/02 Susp OIL Susp OIL Suspended Tourmaline Oil Corp Gulf Cda Rsrcs Inc 6/18/1984 7/2/1984 879.6 883.9 1940.0 1940.0 326.1 557.8 150.0 BELLY RIVER GRP - 593

VIKING FM - 1392

MANNVILLE GRP - 1455

GLAUCONITIC SS - 1556

ELLERSLIE MBR - 1593

WABAMUN GRP - 1703

CALMAR FM - 1830

NISKU FM - 1835

IRETON FM - 1880

LEDUC FM - 1888

Leduc

Nisku

Perf + Acid

Perf + Acid

1906-07 (cmt sq), 1899.2-1900.2 (cmt sq), 1894.5-95.5 (cmt sq), 1888.5-

90.5 (susp)

1862.5-63 (cmt sq), 1855-56 (cmt sq), 1850-53.5 (susp)

Cement Retainer @ 1903m

Cement Retainer @ 1897m

Cement Retainer @ 1893m

BP @ 1886.5m

Cement Retainer @ 1854.5m

BP @ 1842m

One set of Leduc perfs remain open 

but are suspended with a BP; the 

Nisku perfs 35m above were cement 

squeezed with the retainer left in 

place. One set of Nisku perfs remain 

open and are suspended with a BP.

2 349

30553 04-36-039-24W4 100/04-36-039-24W4/00 100/04-36-039-24W4/02 ABD Zn OIL ABD OIL Abandoned Gulf Cda Ltd British Amer Oil Co Ltd 6/22/1966 7/11/1966 9/28/1990 852.8 856.5 1899.5 1899.5 328.6 527.9 1350.0 BELLY RIVER GRP - 563.9

VIKING SANDSTONE - 1375

MANNVILLE GRP - 1423.4

ELLERSLIE MBR - 1566.7

WABAMUN GRP - 1632.8

CALMAR FM - 1802.6

NISKU FM - 1806.5

IRETON FM - 1848.9

LEDUC FM - 1858.7

Leduc

Nisku

Remedial

Perf + Acid

Perf + Acid

Perf

1868.7-69.9 (ABD)

1836.7-37.9 (cmt sq)

824-25 (cmt sq), 523-24 (cmt sq)

Cement Retainer @ 1833m

BP @ 835.5m

Cement Retainer @ 815m (topped 

with 35m cmt plug)

BP @ 530m

Cement Retainer @ 514m (topped 

with 1.5m3 cmt)

Well is completely abandoned. 

Cement retainer was set above 

Nisku perfs and used to fill wellbore 

below, Leduc and Nisku perfs with 

cement.

1 311

132460 05-36-039-24W4 100/05-36-039-24W4/00 100/05-36-039-24W4/02 Susp OIL Susp OIL Suspended Tourmaline Oil Corp Gulf Cda Corp 2/24/1988 3/9/1988 856.4 861 1915.0 1915.0 326.7 534.3 1100.0 BELLY RIVER GRP - 583.5

VIKING SANDSTONE - 1380

MANNVILLE GRP - 1429

GLAUCONITIC SS - 1535

ELLERSLIE MBR - 1571

WABAMUN GRP - 1675

CALMAR FM - 1808

NISKU FM - 1813

IRETON FM - 1854.5

LEDUC FM - 1864.5

Leduc

Nisku

Perf + Acid

Perf + Acid

1874.5-75.5 (open)

1842-43.5 (open)

Production Packer @ 1860m Both Leduc and Nisku zones are 

open. No plugs have been run to 

suspend well.

3 349

30373 12-36-039-24W4 100/12-36-039-24W4/00 100/12-36-039-24W4/02 ABD Zn OIL Susp OIL Suspended Tourmaline Oil Corp British Amer Oil Co Ltd 5/29/1966 6/11/1966 864.1 868.1 1909.6 1909.6 340.4 527.7 500.0 BELLY RIVER GRP - 576.4

VIKING SANDSTONE - 1392.6

MANNVILLE GRP - 1441.7

ELLERSLIE MBR - 1582.5

WABAMUN GRP - 1679.1

CALMAR FM - 1819.4

NISKU FM - 1823

IRETON FM - 1869

LEDUC FM - 1877.6

Leduc

Nisku

Perf + Acid

Perf + Acid

1882.7-84 (cmt sq), 1879.5-81 (ABD)

1847.1-48.3 (susp)

Cement Retainer @ 1881.8m

BP + 8.2m cmt @ 1874.5m

BP @ 1832m

All Leduc perfs have been 

abandoned, one set of Nisku perfs 

remains open but is suspended with 

a BP.

1 311

101425 02-01-040-24W4 100/02-01-040-24W4/00 Drld & ABD Abandoned Freehold Ryltys Ltd Cougar Rsrcs Ltd 5/27/1983 6/9/1983 6/8/1983 915.4 920.1 1975.0 1975.0 334.4 585.7 600.0 BELLY RIVER GRP - 646

VIKING SANDSTONE - 1448

MANNVILLE GRP - 1497

WABAMUN GRP - 1746

CALMAR FM - 1829.5

NISKU FM - 1832.3

IRETON FM - 1879.5

LEDUC FM - 1894

Cement Plugs:

#1 - 9.14t - 1815-1975m

#2 - 2t - 1730-1787m

#3 - 10.76t - 1566-1730m

#4 - 7.09t - 1391-1475m

#5 - 3.6t - 170-220m

#6 - 5 sax in top of casing

Well was drilled and abandoned. 

Rec certificate received.

1 381

30688 04-01-040-24W4 100/04-01-040-24W4/00 100/04-01-040-24W4/02 ABD Zn OIL Susp OIL Suspended Tourmaline Oil Corp British Amer Oil Co Ltd 7/29/1966 8/9/1966 891.5 895.2 1949.5 1949.5 335.2 560.0 100.0 BELLY RIVER GRP - 585.8

VIKING SANDSTONE - 1419.8

MANNVILLE GRP - 1468.5

ELLERSLIE MBR - 1606.3

WABAMUN GRP - 1672.1

CALMAR FM - 1844

NISKU FM - 1847.7

IRETON FM - 1895.2

LEDUC FM - 1903.8

Leduc

Nisku

Perf + Acid

Perf + Acid

1906.5-07.7 (ABD), 1914.7-16 (ABD)

1875.1-76.3 (cmt sq), 1865.4-66.4 (susp), 1867.8-70 (susp), 1871-74 

(susp)

BP + 8m cmt @ 1900m

BP @ 1870.4m

BP @ 1862m

Leduc perfs have been abandoned 

with BP and cement. One set of 

Nisku perfs have been cement 

squeezed while the other three 

remain open but suspended with 

two BP's.

1 311

171287 04-01-040-24W4 100/05-01-040-24W4/00 Susp OIL Suspended Tourmaline Oil Corp Ulster Petrls Ltd 10/18/1994 11/2/1994 889.9 894.7 1868.2 2165.0 335.2 559.5 200.0 COLORADO GRP - 1010

MANNVILLE GRP - 1467

WABAMUN GRP - 1698

CALMAR FM - 1841

NISKU FM - 1844.8

Nisku Open Hole 1904-2165 (susp) BP @ 1850m Drilled to 2165m (1868m TVD), the 

well was completed as an open hole 

Nisku well. In 04-01 the Leduc top 

was at 1903.8m TVD. Leduc zone is 

35m TVD deeper than this well is 

completed and the Nisku open hole 

zone is currently suspended with a 

BP. There's a tubing fish in the hole 

below the BP.

1 311

30852 12-01-040-24W4 100/12-01-040-24W4/00 100/12-01-040-24W4/02 ABD Zn OIL Pump OIL Active Enhance Enrg Inc British Amer Oil Co Ltd 8/28/1966 9/17/1966 909.8 913.5 1950.7 1950.7 313.3 600.2 500.0 LEA PARK FM - 873.3

VIKING SANDSTONE - 1439.6

MANNVILLE GRP - 1486.2

ELLERSLIE MBR - 1631.6

WABAMUN GRP - 1722.1

CALMAR FM - 1867.8

NISKU FM - 1872.4

IRETON FM - 1916.6

LEDUC FM - 1924.5

Leduc

Nisku

Perf + Acid

Perf + Acid

1925.7-26.9 (cmt sq)

1893.4-94.6 (open)

Cement Retainer @ 1912m The only set of Leduc perfs has been 

cement squeezed. Nisku perfs 

remain open and on production

1 311
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Associated UWI's

100/08-35-039-24W4/00

100/09-35-039-24W4/00

100/10-35-039-24W4/00

100/11-35-039-24W4/00

100/12-35-039-24W4/00

100/14-35-039-24W4/00

100/15-35-039-24W4/00

102/15-35-039-24W4/00

100/16-35-039-24W4/00

100/04-36-039-24W4/00

100/05-36-039-24W4/00

100/12-36-039-24W4/00

100/02-01-040-24W4/00

100/04-01-040-24W4/00

100/05-01-040-24W4/00

100/12-01-040-24W4/00

Size (mm) Weight (kg/m) Grade Coupling Landing Depth (mKB) Cement Details Hole Size 

(mm)

Size (mm) Weight 

(kg/m)

Grade Coupling Landing 

Depth (mKB)

Cement Details Hole Size (mm) Size (mm) Weight (kg/m) Grade Coupling Landing Depth (mKB) Cement Details CBL Log? Cement Top (mKB)

Surface Casing Production CasingIntermediate Casing

244.5 48.1 H-40 ST&C 195.0 No cement details 222 177.8 38.7 K-55 LT&C 1914.0 Stage 1:

Lead: 12t 1:1:2 + 0.75% slick

Tail: 5t 0:1:0 + 0.75% slick

Stage 2: 14t 1:1:2 + 0.75% slick

Stage tool @ 1001m. No mention of cement 

returns.

Y Stage 1: 1390m

Stage 2: 660m

(1984)

244.5 48.1 H-40 ST&C 201.0 22.5t Class A + 3% CaCl2. 

No mention of cement 

returns.

222 177.8 38.7 K-55 LT&C 1921.0 Stage 1: 6.5t 0:1:0 Class G + 0.75% slick

Stage 2: 22.5t 1:1:2 Class G + 0.5% slick

No mention of cement returns

Y Stage 1: 1735m

Stage 2: 1005m

(1986)

219.1 35.7 J-55 ST&C 189.9 390 sax bulk construction 

cement + 2% CaCl2. Got 

cement returns to surface.

200 139.7 20.8 J-55 ST&C 1897.4 Stage 1: 350 sax construction cement + 12% gel, 

0.5% R5

Stage 2: 275 sax Oilwell + 0.5% D-30

No mention of cement returns

N

244.5 48.1 H-40 ST&C 209.0 28t 0:1:0 Class A + 3% 

CaCl2. 2 m3 good cement 

returns to surface.

222 177.8 34.2 K-55 LT&C 1902.0 Lead: 11.5t 1:1:2 Class G + 0.5% slick

Tail: 4.5t 0:1:0 Class G + 0.75% slick, 0.2% SF-2.

No mention of cement returns

Y 1204m (1988)

Logged from 400 mKB 

to 25 mKB. Log shows 

cement from 65 m to 

surface. No cement 

around surface csg 

shoe. Shows little 

cement around 300 m 

from previous squeeze 

attempt.

219.1 35.7 J-55 ST&C 195.1 390 sax construction 

cement + 2.5% CaCl2. No 

mention of cement returns.

200 139.7 20.8 J-55 LT&C 1889.8 Lead: 430 sax Oilwell + 12% gel, 0.8% HR7

Tail: 200 sax Oilwell neat + 0.5% CFR

No mention of cement returns

Y 1158m (1987)

244.5 53.6 K-55 LT&C 190.0 16.2t Class A + 2% CaCl2, 

12kg gel flakes. 7.4 m3 of 

good cement returns to 

surface.

222 177.8 34.2 K-55 LT&C 1891.0 No cementing details in tour 

reports

156 139.7 23.1 K-55 1678 - 1944.2 4t Class G 0:1:0  + 0.3% D-24, 0.5% T-10, 2.0% 

Microsel 10P. Tagged cement top at 1623m.

Y

244.5 48.1 H-40 ST&C 209.0 23t 0:1:0 Class A + 3% 

CaCl2. No mention of 

cement returns.

222 177.8 34.2 K-55 LT&C 1910.0 Stage 1:

Lead: 16t 1:1:2 Class G + 0.5% T-10

Tail: 5.5t 0:1:0 + 0.7% NFL-1

Stage 2: 5.5t 1:1:2 Class G + 0.5% T-10

No cement returns to surface.

Y Stage 1: 1323m

Stage 2: 740m

(1988)

244.5 53.6 J-55 LT&C 449.0 26t 0:1:0 Class G + 1% 

CaCl2. 4 m3 good cement 

returns to surface.

222 177.8 34.2 J-55 LT&C 1971.5 Lead: 20t 1:1:0 Class G + 0.5% T-10

Tail: 12t 0:1:0 + 0.7% NFL-2

No cement returns to surface

N

244.5 48.1 H-40 ST&C 196.0 21t Class A + 3% CaCl2. No 

mention of cement returns 

ro surface.

222 177.8 38.7 K-55 LT&C 1940.0 Stage 1: 

Lead: 11t 1:1:2 + 0.5% D-31

Tail: 5.6t Oilwell G + 0.5% D-31

Stage 2: 8.6t 1:1:2 + 0.5% D-31

No mention of cement returns to surface.

Y Stage 1: 1395m

Stage 2: 610m

219.1 191.1 400 sax bulk cement. Good 

cement returns to surface.

200 139.7 1898.0 No cementing details in tour reports N

244.5 48.1 H-40 ST&C 207.0 22t Class A cement + 3% 

CaCl2. 8 m3 cement 

returns to surface.

222 177.8 34.2 K-55 LT&C 1914.0 Lead: 13.2t (14 m3) 1:1:2 Class G + 0.5% slurry 

slick

Tail: 5.5t (7.2 m3) 0:1:0 Class G + 0.75% slurry 

slick, 0.2% FL2

No mention of cement returns.

Y 1302m (1988)

219.1 35.7 J-55 ST&C 191.7 370 sax construction 

cement + 3% CaCl2. No 

mention of cement returns.

200 139.7 20.8 J-55 ST&C 1907.4 Lead: 400 sax 2:1 pozmix + 16% gel, 0.5% D-31

Tail: 150 sax Oilwell + 2% gel, 0.75% D-31

No mention of cement returns

Y

273.0 60.2 J-55 203.0 22.4t construction cement 

+ 2% CaCl2. Got cement 

returns to surface.

222 D&A N

219.1 35.7 J-55 ST&C 198.4 200 139.7 20.8 J-55 LT&C 1949.2 Lead: 310 sax oilwell litepoz + 16% gel

Tail: 150 sax oilwell + 2% gel

No mention of cement returns

N

244.5 53.6 K-55 454.0 26t 0:1:0 Class G + 2% 

CaCl2. 4 m3 good cement 

returns to surface.

222 177.8 29.7 J-55 1904.0 Stage 1: 1.4t 1:1:2 Class G Scavenger, 22.6t 1:1:2 

Class G + 0.5% T-10

Stage 2: 6.0t 0:1:0 Class G + 0.75% NFL

No mention of cement returns

N

219.1 35.7 J-55 195.1 410 sax construction 

cement + 3% CaCl2. No 

mention of cement returns.

200 139.7 20.8 J-55 ST&C 1950.4 Lead: 390 sax Oilwell + 16% gel, 0.5% CFR-2

Tail: 150 sax Oilwell + 2% gel, 0.75% CFR-2

No mention of cement returns to surface

N
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1 = Low Low, 2 = Low, 3 = Medium, 4 = High

License Surface /0 /2 /3 /4 /0 /2 /3 /4 Well Status Current Operator Original Operator Spud Date Rig Release Date Abandonment Date Ground (m) KB (m) TVD (mKB) MD (m) BGWP (m asl) BGWP (mKB) Proximity to Injection Wells (m) Tops (m TVD) Completed Zones Completion Type Depths (mKB) Downhole Plugs (mKB) Comments Risk Category Hole Size (mm)

Surface CasingAssociated UWI's Event Status

119110 01-02-040-24W4 100/01-02-040-24W4/00 100/01-02-040-24W4/02 ABD Zn OIL Pump OIL Active Enhance Enrg Inc Gulf Cda Ltd 12/31/1985 1/17/1986 891.2 894.3 1949.0 1949.0 321.8 572.5 100.0 BELLY RIVER GRP - 550.4

VIKING FM - 1400

MANNVILLE GRP - 1461

WABAMUN GRP - 1702

CALMAR FM - 1837

NISKU FM - 1840

IRETON FM - 1885

LEDUC FM - 1892.5

Leduc

Nisku

Perf + Acid

Perf + Acid

1910.5-11 (ABD), 1904.2-05.2 (ABD)

1871.5-72 (cmt sq), 1861-61.5 (cmt sq), 1868-71, 1858-59, 1861-63

BP + 3m cmt @ 1909m

Packer @ 1891m

BP + 8m cmt @ 1891m

Packer stuck @ 1770m

Leduc perfs have been abandoned 

with BP and cement. Nisku perfs 

remain open and on production. 

Tubing is landed high due to a stuck 

packer in the hole at 1770m.

1 349

29446 02-02-040-24W4 100/02-02-040-24W4/00 100/02-02-040-24W4/02 ABD Zn OIL ABD OIL Abandoned Tourmaline Oil Corp British Amer Oil Co Ltd 12/15/1965 12/31/1965 10/31/1997 869.6 873.9 1906.5 1906.5 301.1 572.8 350.0 BELLY RIVER GRP - 579.1

VIKING SANDSTONE - 1393.5

MANNVILLE GRP - 1439.9

ELLERSLIE MBR - 1581

WABAMUN GRP - 1687.4

CALMAR FM - 1816.9

NISKU FM - 1820.3

LEDUC FM - 1869.9

Leduc

Nisku

Perf + Acid

Perf + Acid

1892.5-92.8 (cmt sq), 1887-87.5 (ABD)

1852.9-53.5 (cmt sq), 1846.2-47.2 (ABD)

Cement Reainer @ 1890m

Packer with plug @ 1865m

BP + 8m cmt @ 1865.7m

BP + 8m cmt @ 1841m

Wellbore has been completely 

abandoned.

1 311

174800 02-02-040-24W4 102/02-02-040-24W4/00 102/02-02-040-24W4/02 ABD Zn OIL Susp OIL Suspended Tourmaline Oil Corp Ulster Petrls Ltd 1/26/1995 2/16/1995 872.9 877.7 1907.0 1907.0 301.1 576.6 400.0 Leduc

Nisku

Perf + Acid

Perf + Acid

1883.5-85 (cmt sq), 1871.5-75 (ABD)

1839-41 (susp)

Cement Retainer @ 1881m

BP + 8m cmt @ 1868m

BP @ 1830m

One set of Leduc perfs was cement 

squeezed while the other was 

abandoned by BP and cement. The 

Nisku perfs remain open but are 

suspended by a BP. Poor cement 

bond over Leduc and Nisku zones.

2 311

131923 03-02-040-24W4 100/03-02-040-24W4/00 100/03-02-040-24W4/02 ABD Zn OIL Susp OIL Suspended Tourmaline Oil Corp Gulf Cda Corp 2/6/1988 2/23/1988 858.8 863.4 1910.0 1910.0 296.0 567.4 500.0 BELLY RIVER GRP - 590

VIKING SANDSTONE - 1381.5

MANNVILLE GRP - 1428.2

GLAUCONITIC SS - 1534

ELLERSLIE MBR - 1569.5

WABAMUN GRP - 1670

CALMAR FM - 1806

NISKU FM - 1809.3

IRETON FM - 1852

LEDUC FM - 1859

Leduc

Nisku

Remedial

Perf + Acid

Perf + Acid

Perf

1875-76 (cmt sq), 1869.5-71.5 (cmt sq), 1859-62 (cmt sq)

1840.5-42 (cmt sq), 1834-37.5 (susp), 1824-27.5 (open)

1410-10.5 (cmt sq)

Cement Retainer @ 1873.5m

Cement Retainer @ 1865m

Cement Retainer + 8m cmt @ 

1856m

BP @ 1832.5m

Leduc perfs have all been cement 

squeezed and then abandoned with 

8m of cement on top of the last 

retainer. Two sets of Nisku perfs 

remain open, one is suspended with 

a BP while the other is active.

1 349

30682 04-02-040-24W4 100/04-02-040-24W4/00 100/04-02-040-24W4/02 ABD Zn OIL ABD Zn OIL Abandoned Tourmaline Oil Corp Pan Amer Petrl Corp 7/11/1966 7/26/1966 855.9 859.2 1880.9 1880.9 290.3 568.9 900.0 BELLY RIVER GRP - 571.2

VIKING SANDSTONE - 1380.7

MANNVILLE GRP - 1428.6

ELLERSLIE MBR - 1565.8

WABAMUN GRP - 1671.8

CALMAR FM - 1809.9

NISKU FM - 1812.6

IRETON FM - 1855.6

LEDUC FM - 1862.6

Leduc

Nisku

Perf + Acid

Perf + Acid

1874.2-76 (cmt sq), 1868-70 (cmt sq), 1865-66.5 (ABD)

1840.7-42.5 (cmt sq), 1832.5-35.5 (cmt sq), 1829.4-31.4 (cmt sq)

Cement Retainer @ 1872.9m

Cement Retainer @ 1867.5m

BP + 8m cmt @ 1858m

BP + 8m cmt @ 1817m

Wellbore has been completely 

abandoned.

1 349

154267 05-02-040-24W4 100/05-02-040-24W4/00 100/05-02-040-24W4/02 ABD Zn OIL ABD Zn Abandoned Tourmaline Oil Corp Gulf Cda Corp 11/29/1992 12/10/1992 862.6 866.6 1900.0 1900.0 290.8 575.8 1150.0 LEA PARK FM - 834.73

VIKING FM - 1390

MANNVILLE GRP - 1436

GLAUCONITIC SS - 1577

ELLERSLIE MBR - 1628.5

WABAMUN GRP - 1690

CALMAR FM - 1823

NISKU FM - 1825.3

IRETON FM - 1866.5

LEDUC FM - 1873.5

Leduc

Nisku

Perf + Acid

Perf + Acid

1875.5-76.5 (ABD)

1842-44 (cmt sq), 1838-39.5 (cmt sq) 1834-37 (cmt sq), 1834-36 (cmt sq)

BP + 8m cmt @ 1870m Leduc perfs have been abandoned 

with BP and cement. All Nisku perfs 

have been cement squeezed. 

Wellbore is abandoned.

1 311

101467 06-02-040-24W4 100/06-02-040-24W4/00 100/06-02-040-24W4/02 100/06-02-040-24W4/03 ABD Zn OIL ABD Zn OIL Susp GAS Suspended Tourmaline Oil Corp Gulf Cda Rsrcs Inc 6/14/1983 7/8/1983 870.8 875 1924.0 1924.0 301.4 573.6 900.0 BELLY RIVER GRP - 605

CARDIUM FM - 1159

VIKING FM - 1392.5

MANNVILLE GRP - 1445

GLAUCONITIC SS - 1550

LOWER MANNVILLE FM - 1563

ELLERSLIE MBR - 1580

WABAMUN GRP - 1678

CALMAR FM - 1821

NISKU FM - 1825

IRETON FM - 1865.5

LEDUC FM - 1872

Leduc

Nisku

Colony

Perf + Acid

Perf + Acid

Perf

1888.3-89.3 (cmt sq), 1872.5-77 (ABD), 1881-81.3 (cmt sq)

1855-57.5 (cmt sq), 1838-41 (ABD)

1444-47 (open)

Cement Retainer @ 1884m

Cement Retainer @ 1880m

BP + 8m cmt @ 1866m

BP + 8m cmt @ 1835m

One set of Leduc perfs remains open 

but has been abandoned with BP 

and cement. The Nisku perfs have 

all been abandoned as well. One set 

of Colony perfs are open 425m TVD 

above the Leduc zone.

1 349

131922 07-02-040-24W4 100/07-02-040-24W4/00 100/07-02-040-24W4/02 Susp OIL Susp OIL Suspended Tourmaline Oil Corp Gulf Cda Corp 2/7/1988 2/22/1988 879.1 883.7 1935.0 1935.0 301.4 582.3 700.0 BELLY RIVER GRP - 611.5

VIKING SANDSTONE - 1403.5

MANNVILLE GRP - 1451

GLAUCONITIC SS - 1556.5

ELLERSLIE MBR - 1593

WABAMUN GRP - 1683.5

CALMAR FM - 1828

NISKU FM - 1831

IRETON FM - 1876

LEDUC FM - 1883

Leduc

Nisku

Perf + Acid

Perf + Acid

1897-98 (open)

1862-64 (open)

Packer @ 1876.9m Leduc and Nisku perfs are both still 

open and capable of production

4 349

107840 08-02-040-24W4 100/08-02-040-24W4/00 100/08-02-040-24W4/02 ABD Zn OIL Pump OIL Active Enhance Enrg Inc Gulf Cda Rsrcs Inc 8/3/1984 8/16/1984 905.9 910.2 1965.0 1965.0 301.6 608.6 450.0 BELLY RIVER GRP - 559

VIKING FM - 1417.5

MANNVILLE GRP - 1480

GLAUCONITIC SS - 1596

LOWER MANNVILLE FM - 1606.5

ELLERSLIE MBR - 1619

WABAMUN GRP - 1717.5

CALMAR FM - 1856.7

NISKU FM - 1859.5

IRETON FM - 1902

LEDUC FM - 1909.2

Leduc

Nisku

Perf + Acid

Perf + Acid

1925-28 (cmt sq), 1920.5-21.5 (cmt sq), 1914-19 (ABD)

1887-89 (cmt sq), 1875.5-77 (cmt sq), 1868.5-74.5 (open)

Cement Retainer @ 1924m

Cement Retainer @ 1920m

BP + 8m cmt @ 1910m

Packer @ 1857.8m

One set of Leduc perfs remain open 

but has been abandoned with a BP 

and cement. One set of Nisku perfs 

remains open and capable of 

production.

1 349

144970 09-02-040-24W4 100/09-02-040-24W4/00 100/09-02-040-24W4/02 100/09-02-040-24W4/03 Susp OIL ABD Zn OIL Susp OIL Suspended Tourmaline Oil Corp Gulf Cda Rsrcs Ltd 8/8/1990 8/18/1990 910.6 914.6 1949.0 1949.0 301.4 613.2 800.0 BELLY RIVER GRP - 625

VIKING FM - 1423

MANNVILLE GRP - 1482

GLAUCONITIC SS - 1585

ELLERSLIE MBR - 1620.5

WABAMUN GRP - 1716

CALMAR FM - 1856

NISKU FM - 1859.5

IRETON FM - 1904.2

LEDUC FM - 1910.5

Leduc

Nisku

Wabamun

Perf

Perf

Perf + Acid

1926-27.5 (cmt sq), 1922-24 (ABD)

1890-92 (cmt sq)

1724-28, 1732-36, 1738-40, 1743-47.5 (all open)

Cement Retainer @ 1925.5m

BP + 8m cmt @ 1915m

BP + 8m cmt @ 1885m

One set of Leduc perfs remain open 

but has been abandoned with a BP 

and cement. Nisku perfs have been 

cement squeezed. Wabamun perfs 

are open and capable of production 

163m TVD above the Leduc.

1 349

28192 10-02-040-24W4 100/10-02-040-24W4/00 100/10-02-040-24W4/02 ABD Zn OIL ABD Zn OIL Suspended Tourmaline Oil Corp Pan Amer Petrl Corp 5/23/1965 6/13/1965 897 901 1922.4 1922.4 302.0 599.0 1050.0 BELLY RIVER GRP - 600.5

LEA PARK FM - 859.2

COLORADO GRP - 1017.1

SECOND WHITE SPECKS - 1275

BASE FISH SCALES MARKER - 1378

VIKING SANDSTONE - 1420.4

MANNVILLE GRP - 1466.1

BASAL QUARTZ SD - 1607.2

WABAMUN GRP - 1703.8

CALMAR FM - 1845

NISKU FM - 1847.7

IRETON FM - 1890.1

LEDUC FM - 1897.1

Leduc

Nisku

Perf + Acid

Perf + Acid

1917.8-18.4 (cmt sq), 1908-09.5 (cmt sq), 1900-04 (ABD)

1878.8-80.3, 1876.3-78.1, 1865-70, 1882-84, 1860-62 (all ABD)

Cement Retainer @ 1906m

BP + 8m cmt @ 1895m

BP @ 1863.5m

BP + 8m cmt @ 1852m

One set of Leduc perfs remain open 

but have been abandoned with BP 

and cement. All Nisku perfs remain 

open but have been abandoned 

with BP and cement. Casing leak at 

1235m that remains open with feed 

rate of 110 L/min at 4 Mpa.

1 349

118954 11-02-040-24W4 100/11-02-040-24W4/00 100/11-02-040-24W4/02 ABD Zn OIL ABD Zn OIL Abandoned Tourmaline Oil Corp Gulf Cda Ltd 11/11/1985 12/1/1985 885.6 888.7 1950.0 1950.0 301.6 587.1 1250.0 BELLY RIVER GRP - 621

VIKING FM - 1396

MANNVILLE GRP - 1457.5

WABAMUN GRP - 1701

CALMAR FM - 1838.5

NISKU FM - 1841

IRETON FM - 1884

LEDUC FM - 1892

Leduc

Nisku

Perf + Acid

Perf + Acid

1902.5-03.5 (cmt sq), 1895-95.5 (ABD)

1866-66.5 (cmt sq), 1875-75.5 (cmt sq), 1860-63.5 (ABD), 1850.5-55.5 

(ABD)

Cement Retainer @ 1901m

BP + 8m cmt @ 1891m

BP @ 1859m

BP + 8m cmt @ 1848.5m

One set of Leduc perfs remain open 

but has been abandoned with a BP 

and cement. Nisku perfs have all 

been cement squeezed or 

abandoned with BP and cement. 

Wellbore is abandoned.

1 349

29027 12-02-040-24W4 100/12-02-040-24W4/00 100/12-02-040-24W4/02 Susp OIL ABD Zn OIL Abandoned Tourmaline Oil Corp Pan Amer Petrl Corp 10/2/1965 10/16/1965 864.4 868.7 1889.5 1889.5 300.5 568.2 1500.0 BELLY RIVER GRP - 566.9

VIKING SANDSTONE - 1394.5

MANNVILLE GRP - 1439.9

ELLERSLIE MBR - 1580.4

WABAMUN GRP - 1691.6

CALMAR FM - 1826.1

NISKU FM - 1828.8

IRETON FM - 1869

LEDUC FM - 1876.3

Leduc

Nisku

Perf + Acid

Perf + Acid

1885.5-86.1 (cmt sq), 1882.8-83.4 (cmt sq), 1877.5-78.5 (cmt sq), 1876.6-

79.6 (cmt plug)

1845.6-47.1 (cmt sq), 1844.3-44.8 (cmt sq), 1841.3-42.3  (cmt sq), 

1836.5-39 (cmt sq)

Cement Retainer @ 1884m

Cement Plug @ 1704.7 - 1880m

Only one set of Leduc perfs was not 

cement squeezed but it has been 

abandoned with a 175m cement 

plug. The wellbore is abandoned.

1 349

295527 13-02-040-24W4 100/13-02-040-24W4/00 ABD Zn OIL Abandoned Tourmaline Oil Corp Fairborne Enrg Ltd 11/25/2003 12/7/2003 869.2 872.1 1930.0 1930.0 280.1 592.0 1800.0 Leduc

Remedial

Perf

Perf

1885.5-87 (cmt sq), 1885-86.5 (cmt sq)

1888.5-88.8 (cmt sq)

Cement Retainer @ 1883.1m

Cement Plug @ 1650 - 1883m

The Leduc perfs have been cement 

squeezed and topped with a 223m 

cement plug. CBL after completion 

showed very poor cement around 

Leduc zone. Remedial cementing 

was done.

1 311

107841 14-02-040-24W4 100/14-02-040-24W4/00 100/14-02-040-24W4/02 Susp OIL ABD Zn OIL Suspended Tourmaline Oil Corp Gulf Cda Rsrcs Inc 8/10/1984 8/24/1984 899.4 904.5 1960.0 1960.0 296.7 607.8 1500.0 BELLY RIVER GRP - 510

VIKING FM - 1411.5

MANNVILLE GRP - 1472.5

GLAUCONITIC SS - 1592.5

LOWER MANNVILLE FM - 1600

ELLERSLIE MBR - 1612

WABAMUN GRP - 1722

CALMAR FM - 1855

NISKU FM - 1858

IRETON FM - 1905

LEDUC FM - 1914

Leduc

Nisku

Perf + Acid

Perf + Acid

1922-22.5 (cmt sq), 1915-17.5 (susp), 1909-11.5 (susp)

1881.7-83 (cmt sq), 1880.2-80.7 (cmt sq)

Cement Retainer @ 1919.5m

BP @ 1913.5m

BP @ 1905m

One set of Leduc perfs was cement 

squeezed while the other two 

remain open but suspended by two 

BP's. The Nisku perfs have been 

cement squeezed.

2 349

CO2 Injection Risk Assessment - April 2018 Offsetting Well Details 7



/0

Associated UWI's

100/01-02-040-24W4/00

100/02-02-040-24W4/00

102/02-02-040-24W4/00

100/03-02-040-24W4/00

100/04-02-040-24W4/00

100/05-02-040-24W4/00

100/06-02-040-24W4/00

100/07-02-040-24W4/00

100/08-02-040-24W4/00

100/09-02-040-24W4/00

100/10-02-040-24W4/00

100/11-02-040-24W4/00

100/12-02-040-24W4/00

100/13-02-040-24W4/00

100/14-02-040-24W4/00

Size (mm) Weight (kg/m) Grade Coupling Landing Depth (mKB) Cement Details Hole Size 

(mm)

Size (mm) Weight 

(kg/m)

Grade Coupling Landing 

Depth (mKB)

Cement Details Hole Size (mm) Size (mm) Weight (kg/m) Grade Coupling Landing Depth (mKB) Cement Details CBL Log? Cement Top (mKB)

Surface Casing Production CasingIntermediate Casing

244.5 48.1 H-40 194.0 No cement details 222 177.8 38.7 K-55 1949.0 Stage 1: 19t Class G + 0.5% slurry slick

Stage 2: 5.2t Class G + 0.75% slurry slick

No mention of cement returns

Y 1250m (1986)

219.1 35.7 J-55 ST&C 191.1 360 sax construction 

cement + 3% CaCl2. Got 

cement returns to surface.

200 139.7 20.8 J-55 1906.5 Lead: 800 ft3 Oilwell 2:1 pozmix + 16% gel, 0.5% 

CFR-2

Tail: 150 sax Oilwell + 2% gel, 0.75% CFR-2

No mention of cement returns

N

219.1 35.7 J-55 453.0 34.2t (25.99 m3) Oilwell 

Class G + 2% CaCl2. 7.5 m3 

of good cement returns.

200 139.7 20.8 J-55 ST&C 1907.0 Lead: 47.2t (44.1 m3) 1:1:2 + 0.5% T-10

Tail: 11.1t (8.7 m3) 0:1:0 + 0.5% D-24, 18% NaCl, 

0.5% T-10

No cement returns to surface

Y Poor cement bond from 

1889.5m up to 1830m. 

Cement top not 

indicated.

244.5 48.1 H-40 ST&C 202.0 22t (19.86 m3) 0:1:0 Class 

A + 3% CaCl2. Got cement 

returns to surface.

222 177.8 34.2 K-55 LT&C 1909.0 Lead: 11.6t 1:1:2 Class G + 0.5% SS

Tail: 4t 0:1:0 Class G + 0.75% SS, 0.2% SF-2

No cement returns to surface

Y 1455m (1988)

1195m after second 

production casing 

cement job.

244.5 53.7 J-55 199.3 500 sax Oilwell + 2% CaCl2. 

No mention of cement 

returns.

222 177.8 29.8 J-55 ST&C 1880.9 Lead: 300 sax 2:1 pozmix + 8% gel

Tail: 200 sax 1:1 pozmix + 2% gel, 0.7% D-31

No mention of cement returns

N

244.5 48.1 H-40 194.0 No cement details 216 177.8 34.2 K-55 LT&C 1899.5 Stage 1: 21t + 0.15% D-31

Stage 2: No details

No mention of cement returns

Y Stage 1: 1070m

Stage 2: 515m

(1992)

244.5 53.6 J-55 204.0 22t Class A. No mention of 

cement returns

222 177.8 34.2 1924.0 Lead: 18.8t 1:1:2 pozmix + 2% gel, 0.5% T-10

Tail: 5.1t Class G + 0.5% T-10, 0.2% R-35

No mention of cement returns

Y Good cement bond 

from PBTD to 1500m.

(1983)

244.5 48.1 H-40 ST&C 207.0 22t Class A + 3% CaCl2. No 

mention of cement returns

222 177.8 38.7 K-55 LT&C 1933.8 Lead: 11.8t Class G 1:1:2 + 0.5% slurry slick

Tail: 4.8t Class G 0:1:0 + 0.75% slick, 0.2% SF-2

No mention of cement returns

Y 1310m (1988)

244.5 48.1 J-55 203.0 21t Class A + 3% CaCl2. 4 

m3 good cement returns to 

surface.

222 177.8 38.7 K-55 LT&C 1966.5 Lead: 15t 1-1 pozmix + 2% gel, 0.5% D-31

Tail: 7.0t Class G + 0.5% D-31.

No mention of cement returns.

Y 1275m (1984)

244.5 53.6 J-55 206.0 23t Class A 0:1:0 + 3% 

CaCl2. 3.5 m3 good cement 

returns to surface.

222 177.8 34.2 K-55 1949.0 Lead: 23.7t B-800 + 0.3% D-65, 0.25% D-59, 0.1% 

D-136, 2% CaCl2

Tail: 4.6t RFC + 0.7% D-127, 0.1% D-65, 0.1% D-

74

No mention of cement returns

Y 640m (1990)

244.5 53.6 J-55 ST&C 199.9 500 sax + 2% CaCl2. No 

mention of cement returns

222 177.8 34.2 J-55 ST&C 1922.4 Lead: 300 sax 2:1 pozmix + 8% gel

Tail: 200 sax 1:1 pozmix + 2% gel

No mention of cement returns

Y Good cement bond over 

Nisku. Top not 

indicated. (2004)

244.5 48.1 H-40 203.0 No cement details 222 177.8 38.7 K-55 1950.0 Lead: 20.5t 1:1:2 + 0.5% slick

Tail: 5t 0:1:0 Class G + 0.75% slick

No mention of cement returns

Y 1175m (1986)

244.5 53.6 J-55 208.8 500 sax neat Oilwell 

cement + 2% CaCl2. Good 

cement returns to surface

222 177.8 29.8 J-55 LT&C 1889.5 Lead: 300 ft3 2:1 Pozmix + 8% gel

Tail: 200 ft3 1:1 Pozmix + 2% gel

No mention of cement returns

Y 1670m (2015)

219.1 35.7 J-55 ST&C 324.0 27.7t (21 m3) 0:1:0 Class G 

+ 3% CaCl2. 6-7 m3 good 

cement returns to surface

200 139.7 23.1 K-55 LT&C 1925.5 Lead: 25.5t (31.9 m3) Ramex L15

Tail: 4.97t (4.97 m3) Ranbond PM L100

No mention of cement returns

Y 820m. Very poor 

cement bond across 

zone of interest, poor 

cement / free pipe from 

1855 -1890mKB. (2002)

244.5 48.1 H-40 ST&C 195.0 21.5t Class A + 3% CaCl2. 

No mention of cement 

returns.

222 177.8 38.7 K-55 LT&C 1960.0 Lead: 12.5t 1:1:2 + 0.75% slick

Tail: 5t Class G + 0.75% slick

No mention of cement returns

N 1356m (1984)
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1 = Low Low, 2 = Low, 3 = Medium, 4 = High

License Surface /0 /2 /3 /4 /0 /2 /3 /4 Well Status Current Operator Original Operator Spud Date Rig Release Date Abandonment Date Ground (m) KB (m) TVD (mKB) MD (m) BGWP (m asl) BGWP (mKB) Proximity to Injection Wells (m) Tops (m TVD) Completed Zones Completion Type Depths (mKB) Downhole Plugs (mKB) Comments Risk Category Hole Size (mm)

Surface CasingAssociated UWI's Event Status

150966 15-02-040-24W4 100/15-02-040-24W4/00 100/15-02-040-24W4/02 ABD Zn OIL Susp OIL Abandoned Tourmaline Oil Corp Gulf Cda Rsrcs Ltd 12/14/1991 12/24/1991 905.5 909.6 1942.0 1942.0 301.7 607.9 1350.0 BASAL BELLY RIVER SD - 855.5

VIKING FM - 1425

MANNVILLE GRP - 1476

LOWER MANNVILLE FM - 1602

ELLERSLIE MBR - 1614

WABAMUN GRP - 1717.5

CALMAR FM - 1851.5

NISKU FM - 1854.7

IRETON FM - 1900

LEDUC FM - 1906.8

Leduc

Nisku

Perf + Acid

Perf + Acid

1920-21.5 (cmt sq), 1915.5-17 (cmt plug)

1884-86 (cmt plug)

Cement Retainer @ 1919.5m

Cement Plug @ 1652 - 1921m

One set of Leduc perfs was cement 

squeezed while the other Leduc and 

Nisku perfs were abandoned with a 

269m cement plug.

1 349

119108 16-02-040-24W4 100/16-02-040-24W4/00 Pump OIL Active Enhance Enrg Inc Gulf Cda Ltd 11/14/1985 12/6/1985 910.8 915 1970.0 1970.0 301.2 613.8 1150.0 BELLY RIVER GRP - 641

VIKING FM - 1424

MANNVILLE GRP - 1487

GLAUCONITIC SS - 1606

ELLERSLIE MBR - 1625

WABAMUN GRP - 1714

CALMAR FM - 1868

NISKU FM - 1872

IRETON FM - 1919

LEDUC FM - 1926

Leduc

Nisku

Perf + Acid

Perf + Acid

1929-31 (ABD)

1894-95 (cmt sq), 1891-91.5 (cmt sq), 1886.5-88.5 (open), 1881.5-84 

(open)

BP + 11.8m cmt @ 1924m

Cement Retainer @ 1890.3m

Leduc was perf'd on initial 

completion and then immediately 

abandoned with a BP and cement. 

Two sets of Nisku perfs have been 

cement squeezed and two remain 

open and on production.

1 311

31282 08-03-040-24W4 100/08-03-040-24W4/00 100/08-03-040-24W4/02 100/08-03-040-24W4/03 ABD Zn OIL ABD Zn WTR Disp Susp GAS Suspended Tourmaline Oil Corp Cdn Superior Oil Ltd 11/21/1966 12/9/1966 855 858.9 1902.0 1902.0 298.0 560.9 1450.0 BELLY RIVER GRP - 593.1

VIKING FM - 1371.9

MANNVILLE GRP - 1433.5

GLAUCONITIC SS - 1546.9

ELLERSLIE MBR - 1574.3

WABAMUN GRP - 1677

CALMAR FM - 1823.6

NISKU FM - 1827

IRETON FM - 1868.4

LEDUC FM - 1875.1

Leduc

Nisku

Colony

Perf + Acid

Perf + Acid

Perf

1878.2-79.1 (ABD)

1836.7-37.3 (cmt sq), 1844-50.1 (ABD)

1432.5-37 (open)

BP + 8m cmt @ 1868m

BP + 8m cmt @ 1838m

Leduc and Nisku perfs have both 

been abandoned by BP and cement. 

One set of Colony perfs remain open 

and capable of production.

1 311

30609 16-03-040-24W4 100/16-03-040-24W4/00 100/16-03-040-24W4/02 Susp OIL Pump OIL Active Enhance Enrg Inc Whitehall Cdn Oils Ltd 6/29/1966 7/12/1966 868.4 872.3 1905.6 1905.6 280.9 591.4 2050.0 LEA PARK FM - 835.2

VIKING SANDSTONE - 1393.5

MANNVILLE GRP - 1439.9

GLAUCONITIC SS - 1555.7

ELLERSLIE MBR - 1583.4

WABAMUN GRP - 1693.8

CALMAR FM - 1827.9

NISKU FM - 1830.9

IRETON FM - 1870.9

LEDUC FM - 1879.4

Leduc

Nisku

Perf + Acid

Perf + Acid

1887.3-87.6 (cmt sq), 1891-91.6 (cmt sq), 1890.7-91.3 (cmt sq), 1880-

84.3 (open)

1851.1-51.4 (cmt sq)

Permanent Packer @ 1888.2m

Tubing Anchor @ 1871m

One set of Leduc perfs remains open 

and capable of production. The 

remaining Leduc and Nisku perfs 

have all been cement squeezed.

3 311

169711 16-03-040-24W4 102/09-10-040-24W4/00 ABD Zn OIL Abandoned Tourmaline Oil Corp Ulster Petrls Ltd 8/22/1994 9/16/1994 868.2 873.4 1884.9 2863.0 280.9 592.5 2150.0 OSTRACOD MEMBER - 1558

ELLERSLIE MBR - 1578

CALMAR FM - 1829.1

NISKU FM - 1831.16

LEDUC FM - 1881

Leduc Open Hole 1944 - 2863 (ABD) Permanent Packer @ 1831.7m

BP + 8m cmt @ 1831m

Leduc horizontal open hole section 

has been abandoned with a BP and 

cement.

1 311

30244 02-11-040-24W4 100/02-11-040-24W4/00 100/02-11-040-24W4/02 ABD Zn OIL Susp WTR Disp Suspended Tourmaline Oil Corp Pan Amer Petrl Corp 5/13/1966 5/28/1966 906.2 910.1 1931.8 1931.8 287.8 622.3 1600.0 LEA PARK FM - 872.6

VIKING SANDSTONE - 1434.1

MANNVILLE GRP - 1481.3

ELLERSLIE MBR - 1620.3

WABAMUN GRP - 1723.9

CALMAR FM - 1868.1

NISKU FM - 1871.5

IRETON FM - 1916.3

LEDUC FM - 1923

Leduc

Nisku

Perf + Acid

Perf + Acid

1926.3-27.3 (cmt sq)

1888.8-90.4 (cmt sq), 1880-83 (cmt sq), 1888.5-96 (open)

Cement Retainer @ 1920m

Injection Packer @ 1862.8m

Leduc perfs have been cement 

squeezed and abandoned. One set 

of Nisku perfs remain open and 

capable of production (injection).

1 349

27600 04-11-040-24W4 100/04-11-040-24W4/00 100/04-11-040-24W4/02 Pump OIL ABD Zn OIL Active Enhance Enrg Inc Pennzoil Comp 1/28/1965 2/24/1965 875.1 879.3 1899.5 1899.5 285.8 593.5 2150.0 BELLY RIVER GRP - 579.1

VIKING SANDSTONE - 1402.1

MANNVILLE GRP - 1449

BASAL QUARTZ SD - 1591.1

WABAMUN GRP - 1693.5

CALMAR FM - 1834.9

NISKU FM - 1837.6

IRETON FM - 1880

LEDUC FM - 1889.2

Leduc

Nisku

Perf + Acid

Perf + Acid

1896.5-97.1 (cmt sq), 1890.3-92.7 (open)

1861.4-61.7 (cmt sq), 1863.2-64.2 (cmt sq), 1857.5-59.5 (cmt sq)

Cement Retainer @ 1895m One set of Leduc perfs remain open 

and capable of production. All Nisku 

perfs have been cement squeezed.

3 311

31747 04-12-040-24W4 100/04-12-040-24W4/00 ABD Zn OIL Abandoned Tourmaline Oil Corp Pan Amer Petrl Corp 2/12/1967 2/28/1967 905 908.9 1949.8 1949.8 301.8 607.1 1100.0 BELLY RIVER GRP - 627.9

VIKING FM - 1432.6

MANNVILLE GRP - 1484.4

GLAUCONITIC SS - 1584.5

ELLERSLIE MBR - 1633.7

WABAMUN GRP - 1737.1

CALMAR FM - 1874.5

NISKU FM - 1879.1

IRETON FM - 1914.4

LEDUC FM - 1923.3

Leduc

Nisku

Perf + Acid

Perf + Acid

1926.9-28.5 (cmt sq), 1927.6-28.5 (cmt sq)

1888.8-91 (cmt sq), 1889.2-90.4 (ABD), 1886.6-89.6 (ABD), 1879.4-84.4 

(ABD)

BP + 8m cmt @ 1870m Leduc perfs were cement squeezed 

upon initial completion. The Nisku 

perfs have all been abandoned with 

a BP and cement.

1 349
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/0

Associated UWI's

100/15-02-040-24W4/00

100/16-02-040-24W4/00

100/08-03-040-24W4/00

100/16-03-040-24W4/00

102/09-10-040-24W4/00

100/02-11-040-24W4/00

100/04-11-040-24W4/00

100/04-12-040-24W4/00

Size (mm) Weight (kg/m) Grade Coupling Landing Depth (mKB) Cement Details Hole Size 

(mm)

Size (mm) Weight 

(kg/m)

Grade Coupling Landing 

Depth (mKB)

Cement Details Hole Size (mm) Size (mm) Weight (kg/m) Grade Coupling Landing Depth (mKB) Cement Details CBL Log? Cement Top (mKB)

Surface Casing Production CasingIntermediate Casing

244.5 48.1 H-40 ST&C 205.0 0:1:0 Class G + 2% CaCl2 

(volume not given). 4 m3 

good cement returns to 

surface.

222 177.8 34.2 K-55 LT&C 1941.9 Stage 1: 

Lead: 7t 1:1:2 Class G + 0.5% D65, 0.2% D156, 

0.2% D46

Tail: 7.5t RFC + 0.5% D65, 0.4% D59, 0.1% D136, 

0.2% D46

Stage 2: 27.5t 1:1:2 Class G + 0.5% D65, 0.2% 

D156, 0.2% D46

Stage tool at 1300m. No mention of cement 

returns

Y Stage 1: 1700m

Stage 2: 583m

(1992)

244.5 48.1 H-40 ST&C 203.0 No cement details 222 177.8 38.7 K-55 LT&C 1970.0 Lead: 20.5t 1:1:2 + 0.5% slick

Tail: 4.4t 0:1:0 Class G + 0.75% slick

No mention of cement returns

Y 1383m (1986)

219.1 35.7 J-55 ST&C 192.0 400 sax construction 

cement + 2.5% CaCl2. Good 

cement returns to surface.

200 139.7 20.8 1902.0 Lead: 350 sax Oilwell + 12% gel

Tail: 200 sax Oilwell + 0.5% CFR-2

No mention of cement returns

Y 1200m (1998)

219.1 35.7 J-55 ST&C 199.9 350 sax construction 

cement + 2% gel. Good 

cement returns to surface.

200 139.7 23.1 1905.0 Lead: 400 sax + 12% gel

Tail: 200 sax + 2% gel

No mention of cement returns

N

244.5 48.1 H-40 ST&C 448.0 30t Class G 0:1:0 + 2% 

CaCl2. 5.0 m3 good cement 

returns to surface.

222 177.8 34.2 IK-55 LT&C 1944.0 Lead: 1.4t Class G 1:1:2 + 0.5% T-10

24.3t Class G 1:1:2 + 0.5% T-10

Tail: 6.0t Class G 0:1:0 + 0.2% NFL-2

No mention of cement returns

Y 990m (2012)

244.5 53.6 J-55 ST&C 191.7 400 sax Oilwell + 2% CaCl2. 

No mention of cement 

returns.

222 177.8 29.8 J-55 ST&C 1931.8 Lead: 400 sax 2:1 pozmix + 8% gel, 0.5% CFR-2

Tail: 200 sax 1:1 pozmix + 2% gel, 0.5% CFR-2

No mention of cement returns

Y 1310m (1998)

219.1 J-55 ST&C 192.9 350 sax construction 

cement + 2% CaCl2. No 

mention of cement returns.

200 139.7 20.8 J-55 ST&C 1899.5 Lead: 394 ft3 1:2 pozmix + 8% gel

Tail: 300 gal Latex

No mention of cement returns

N

244.5 53.6 J-55 ST&C 199.0 500 sax neat Oilwell 

cement + 2% CaCl2. Good 

cement returns to surface

222 177.8 34.2 N-80 LT&C 1948.9 Lead: 400 sax 2:1 pozmix + 8% gel

Tail: 200 sax 1:1 pozmix + 2% gel

No mention of cement returns

Y 1130m (2011)

CO2 Injection Risk Assessment - April 2018 Offsetting Well Details 10
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Consultant: Tel1: Tel2:(403) 350-1364Burke, Gary

Downhole Profile

UWI:

WELL:

DATE:100/04-26-039-24W4/02

Fairborne Clive 4-26-39-24W4/2

17-Aug-2007

AFE #: A070181

Surface Casing Bowl :

Bottom Connection: mm  x Kpa

TYPE : SERIAL No. :

x Ring gasket size :

Top Connection: mm  x Kpa x Ring gasket size :

Tubing Spool :

Bottom Connection: mm  x Kpa

TYPE : SERIAL No. :

x Ring gasket size :

Top Connection: mm  x Kpa x Ring gasket size :

Left casing valve:

Right casing valve:

Lower master valve:

65.08 14000

A 143614-C2

R-26 T-37

Upper master valve:

Wing valve:

MAKE : Cameron

MAKE : Cameron

CrownMake: Type : Serial No. :

Size: mm  x Kpa x Ring gasket size : Trim:

Make: Type : Serial No. :

Size: mm  x Kpa x Ring gasket size : Trim:

Make: Type : Serial No. :

Size: mm  x Kpa x Ring gasket size : Trim:

50.8 14000

BartonMake: Type : Serial No. :

Size: mm  x Kpa x Ring gasket size : Trim:

50.8 14000

BartonMake: Type : Serial No. :

Size: mm  x Kpa x Ring gasket size : Trim:

Special Equipment: Supply similar description as above, or Remarks:

Reporting To: Pat Kelly/Mike Rus

Operator: Fairborne Energy Ltd

Formation StatusDate# BaseTop
1

2

3

4

5

6

7

8

Qty Rod String Details Size (mm x m) Grade Length (m)

Total Rod String Length (m)Total Rod String Length (m)Total Rod String Length (m)Total Rod String Length (m)
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Description MD (mKB) All Depths in mKB STATUS: Suspended Oil well W.I.: Licence # 0082633

Kevin Meyer DATE: 

Elevations:

TD (mKB) 1,891.0 KB (m) 859.2 KB-SCF (m)

Surface Casing PBTD (mKB) GL (m) 855.6 KB-GL (m) 3.60
Size 244.5 mm

Weight 53.6 kg/m Casing/Tubing Size  (mm) Weight  (kg/m) Grade/Connection Depth  (mKB) Cement Returns (m
3
)

Depth 190.0 mKB Surface Casing 244.5 53.57 K-55 190.00
 Production Casing 177.8 34.23 K-55 1,891.00

177.8 29.80 K-55 1,203.00

177.8 34.23 K-55 37.50

Tubing

Prod. Casing TUBING STRING DETAILS:

Size 177.8 mm Jts DESCRIPTION LENGTH OD ID Top KB
Weight 34.2/29.8 kg/m (m) (mm) (mm) Depth
Depth 1891.0 mKB

 

BGWP 567.5 mKB

 

  

TOC 1210.0 Estimated String Weight = 0 Kgs           TOTAL: 0.00

CBL

ROD STRING DETAILS:

Jts DESCRIPTION LENGTH OD ID Top at

(m) (mm) (mm) (mKB)

String Weight = TOTAL: 0.00

WELLHEAD DATA: TYPE FLANGE MAKE RATING (kPa)

Whipstock 1729.0

 

Perforations: TOP (mKB) BOTTOM (mKB) LENGTH (m) Stimulation
PBP 1730.0  Leduc 1866.5 1869.5 3.0 Acid

Leduc 1855.0 1858.0 3.0 Acid
Nisku 1837.0 1843.0 6.0 Acid
Nisku 1833.0 1835.5 2.5 Acid

 

Nisku 1833.0

Perforations 1835.5

1837.0 Comments:

1843.0

Leduc

Perforations

PBP 1847.0

 

1855.0

1858.0

Retainer 1864.5 Reservoir Data

1866.5 Zone Leduc

1869.5 BH Pressure (kPa) 12,505

BH Temperature (°C) 64

 H2S Content 18.00%

CO2 Content

Gas Relative Density

Oil Gravity

Oil Density (kg/m
3
)

Water Relative Density

TD 1891.0

0.00

Enhance Energy

Well Name: Fairborn Clive 14-35-39-24 W4M

UWI: 100/14-35-039-24W4/2
WELLBORE DIAGRAM / DATA SHEET

PREPARED BY: 

none noted

April 13, 2017

Cement

Squeezed

capped with BP

Squeezed

Squeezed
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for any damages or liability arising from or caused by any use or reliance upon this documentation. 
Enhance is not responsible for any modifications, additions or deletions to the original version of this 
documentation provided by Enhance to the Province of Alberta, unless such modifications, additions, or 
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Leakage through geological 
fracture/fault

GP1

Migration through 
geological fault or 
fracture to saline 

aquifer, 
hydrosphere, 

biosphere and/or 
atmosphere

5 1 5
(1) Hydrocarbon containment within Leduc and Nisku pools evidences no history of fault activation or open fractures. (2) Extensive log data 
throughout the area with no evidence of geological faults. (3) No faults identified in publicly available literature and/or research. (4) No 
possibility of tectonic activity during project life. (5) Consequence to project assumes worst case scenario of containment loss into 
hydrosphere, biosphere and/or atmosphere with no feasible mitigation strategies.

Pressure and/or chemistry and/or production 
changes in Nisku
Chemistry changes in CBM production
Chemistry changes in domestic water well 
samples
Chemistry changes in soil gas
Mismatch in performance vs. predicted 
response.
H2S odour/detection in field

AER D65 Approval 6, l): the Operator must immediately suspend injection operations if the injection facilitates the movement of injected fluids into any zone 
above the base of groundwater protection or any zone other than the Leduc and Nisku zones, and immediately inform the Resource Compliance Group in the AER 
Environment & Operational Performance Branch, and the AER Red Deer Field Centre.
Rule out communication through wellbores.  If full understanding of leak is not satisfied by wellbore based investigation or other means of investigation, then 
seismic techniques will be considered to investigate zones above the Devonian for free CO2 gas.

Containment loss through Ireton 
into overlying Nisku D2 Pool

GP2
Thermal Stress 

fracture 1 2 2

(1) Thermal stress fracturing within water floods in Alberta has suggested as a possible cause for non‐uniform flood characteristics. (2)  The 
effects of injecting cold CO2 in horizontal wells was studied by Vilarrasa et al.,  (2014) concluding cooling does not significantly affect cap rock. 
(3) Thermal stress fracturing creating breach fully penetrating the Ireton unlikely. (4) In the event the Ireton seal were breached by thermal 
stress fracturing there is no possibility the fracturing would extend through the Nisku and the Nisku cap rock seal. CO2 would be contained 
within the Nisku with No Impact  to the storage project.

Pressure and/or chemistry and/or production 
changes in Nisku
Mismatch in performance vs. predicted 
response.

AER D65 Approval 6, n):  the Operator must immediately report any loss of containment, anomalies that indicate fracturing out of the Leduc and Nisku 
formations, or anomalous pressure changes occurring anywhere within the Clive D‐3 A Pool to ResourceCompliance@aer.ca.  
AER D65 Approval 7, f): the Operator must immediately inform the Resource Compliance Group in the AER Environment & Operational Performance Branch if the 
injection facilitates the movement of fluids into the Nisku zone, which is observed in any deep monitoring wells, while continuing to monitor the movement of 
fluids within the Nisku zone and taking direction from the AER to continue, suspend, or reverse the injection thereupon based of the monitoring results,
Rule out communication through wellbores
Adjust processing rate of affected pattern(s) to reduce cooling effect

As Above GP3

Leduc reservoir 
pressure increase 

sufficient to 
overcome capillary 
pressure in Ireton

1 1 1

(1) Evidence of hydrocarbons entering the Ireton at Clive due to the high buoyancy force in the geologic past has been described in the geologic 
technical literature (Hearn et al.,  2011).   This is likely to have occurred during the period of maximum oil emplacement, no less than 30 million 
years ago, which allowed a thick oil column to accumulate in the Leduc, far in excess of the 30m that was present on discovery. (2) While it is 
theoretically possible to create a similar pressure regime today by injecting at a cumulative voidage replacement ratio significantly above 1.0, 
the rate of flow would need to be far in excess of the proposed or possible EOR injection capabilities.   The reason such a scenario is extremely 
unlikely to occur is due to the evidence presented by historic production of fields of the Bashaw Platform that indicate the aquifer is isolated, 
but vast and exhibits excellent pressure communication.  Excessive injection at Clive would have to exceed the dissipation rate through highly 
permeable rock into an aquifer that is in excess of 30km3 of fluid volume, before pressures would be expected to increase.  (3) Pressure is 
continuously monitored through the production and injection control systems. (4) There is No Impact to the project if this scenario were to 
occur, because CO2 would be contained within the Nisku.

Pressure and/or chemistry and/or production 
changes in Nisku
Mismatch in performance vs. predicted 
response.

AER D65 Approval 6, n): the Operator must immediately report any loss of containment, anomalies that indicate fracturing out of the Leduc and Nisku formations, 
or anomalous pressure changes occurring anywhere within the Clive D‐3 A Pool to ResourceCompliance@aer.ca.  
AER D65 Approval 7, f): the Operator must immediately inform the Resource Compliance Group in the AER Environment & Operational Performance Branch if the 
injection facilitates the movement of fluids into the Nisku zone, which is observed in any deep monitoring wells, while continuing to monitor the movement of 
fluids within the Nisku zone and taking direction from the AER to continue, suspend, or reverse the injection thereupon based of the monitoring results.
Evaluate Leduc pressure in affected area and reduce BH injection pressure and VRR if overpressure is evident
Rule out communication through wellbores.

As Above GP4 Chemical dissolution 1 2 2
(1) As described within AITF report Geochemical Effects on the Deep Strata in Case of CO2 Leakage from the Clive Leduc and Clive Nisku Oil 
Reservoirs into the Clive Oil Field in Alberta, the  study concludes there could be some transformation of the carbonate minerals within the 
reservoir; however, this will be minor. (2) The possibility of sufficient chemical dissolution of the Ireton cap rock to create a breach to the 
overlying Nisku is unlikely. (3) There is No Impact to the project if this scenario were to occur because CO2 would be contained within the Nisku.

Pressure and/or chemistry and/or production 
changes in Nisku
Mismatch in performance vs. predicted 
response.

AER D65 Approval 6, n): the Operator must immediately report any loss of containment, anomalies that indicate fracturing out of the Leduc and Nisku formations, 
or anomalous pressure changes occurring anywhere within the Clive D‐3 A Pool to ResourceCompliance@aer.ca.  
AER D65 Approval 7, f): the Operator must immediately inform the Resource Compliance Group in the AER Environment & Operational Performance Branch if the 
injection facilitates the movement of fluids into the Nisku zone, which is observed in any deep monitoring wells, while continuing to monitor the movement of 
fluids within the Nisku zone and taking direction from the AER to continue, suspend, or reverse the injection thereupon based of the monitoring results.
Rule out communication through wellbores. Monitor Nisku and take direction for AER.

As Above GP5

Localized high 
reservoir pressure 

propagating 
fractures through 

Ireton

1 2 2

(1) As discussed within the AITF report Geomechanical Analysis of the Effects of CO2  Injection in the Clive Leduc and Clive Nisku Reservoirs in 
the Clive Field, Phase 2 Report,  the potential for fracturing and fault reactivation has been low during the historical producing life of the field, it 
is also unlikely the integrity of the cap rock has been disturbed during this period.  The study also showed low potential for fracturing during 
the CO2 injection period. (2) Utilizing horizontal injection wells decreases the chance of injection induced fracturing due to low bottom hole 
injection pressure. (3) High Leduc permeability will effectively mobilize injected fluid away from the injection wellbore, allowing pressure to 
equalize throughout the reservoir. (4) Inducing fractures is only possible if bottom hole injection rates exceed formation parting pressure, 
which would be far in excess of EOR injection capabilities. (5) There is No Impact to the project if this scenario were to occur, because CO2 
would be contained within the Nisku.

Pressure and/or chemistry and/or production 
changes in Nisku
Mismatch in performance vs. predicted 
response.

AER D65 Approval 6, n): the Operator must immediately report any loss of containment, anomalies that indicate fracturing out of the Leduc and Nisku formations, 
or anomalous pressure changes occurring anywhere within the Clive D‐3 A Pool to ResourceCompliance@aer.ca.  
AER D65 Approval 7, f): the Operator must immediately inform the Resource Compliance Group in the AER Environment & Operational Performance Branch if the 
injection facilitates the movement of fluids into the Nisku zone, which is observed in any deep monitoring wells, while continuing to monitor the movement of 
fluids within the Nisku zone and taking direction from the AER to continue, suspend, or reverse the injection thereupon based of the monitoring results.
Evaluate Leduc pressure in affected area and reduce BH injection pressure and VRR if overpressure is evident
Rule out communication through wellbores

Containment loss through 
Calmar/Wabamun

GP6
Migrates to Saline 

Aquifer 3 1 3
 (1) AITF Report Geological, Hydrogeological and Mineralogical Characterization of the Sedimentary Succession Overlying the Leduc (D3‐A) and 
Nisku (D‐2) Oil Reservoirs in the Clive Oil Field in Alberta  characterized and evaluated the sequence of secondary seals overlaying the Nisku 
formation, there is no possibility of CO2 migrating from the Nisku through these seals into the overlying saline aquifers. (2) If CO2 were to 
migrate into the overlying saline aquifers it would remain contained with the geosphere with no environmental impact.

Pressure and/or chemistry and/or production 
changes in Nisku.
Mismatch in performance vs. predicted 
response.

AER D65 Approval 6, l): the Operator must immediately suspend injection operations if the injection facilitates the movement of injected fluids into any zone 
above the base of groundwater protection or any zone other than the Leduc and Nisku zones, and immediately inform the Resource Compliance Group in the AER 
Environment & Operational Performance Branch, and the AER Red Deer Field Centre.
Rule out communication through wellbores. If full understanding of leak is not satisfied by wellbore based investigation or other means of investigation, then 
seismic techniques will be considered to investigate zones above the Devonian for free CO2 gas.

Geological leakage Pathways
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Clive EOR  Risk Assessment

Action and mitigation measures listed here are in addition to those listed in the AER D65 Approval (Appendix N), including the immediate notification of possible containment loss.

Trigger Event(s) Action(s)/Mitigation(s)Potential Leakage 
Pathway Ri

sk
 I.
D
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Details of Leakage 
Event Trigger Event(s) Action(s)/Mitigation(s)Potential Leakage 
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As Above GP7

Migrates to 
hydrosphere, 
biosphere, 
atmosphere

5 1 5

(1) AITF  Report Geological, Hydrogeological and Mineralogical Characterization of the Sedimentary Succession Overlying the Leduc (D3‐A) and 
Nisku (D‐2) Oil Reservoirs in the Clive Oil Field in Alberta characterized and evaluated the sequence of secondary seals overlaying the Nisku 
formation and the aquifers, there is no possibility of CO2 migrating from the Nisku through these seals into the hydrosphere, biosphere or 
atmosphere. (2) If CO2 were to migrate into hydrosphere, biosphere or atmosphere through geological pathways this would present an 
Unacceptable Environmental Impact with no Feasible Mitigation.

Chemistry changes in CBM production
Chemistry changes in domestic water well 
samples
Chemistry changes in soil gas
Mismatch in performance vs. predicted 
response.
H2S odour/detection in field

AER D65 Approval 6, l): the Operator must immediately suspend injection operations if the injection facilitates the movement of injected fluids into any zone 
above the base of groundwater protection or any zone other than the Leduc and Nisku zones, and immediately inform the Resource Compliance Group in the AER 
Environment & Operational Performance Branch, and the AER Red Deer Field Centre.
Rule out communication through wellbores
 If full understanding of leak is not satisfied by wellbore based investigation or other means of investigation, then seismic techniques will be considered to 
investigate zones above the Devonian for free CO2 gas.

CO2 migration below OWC GP8 Spill Point 3 2 6

(1) Spill point for the Clive Central area (project area) is 20m below the OWC and 2km to the east of the project area, simulation modelling 
confirms CO2 will not exceed 10m below OWC due to gravity segregation and Darcy induced flow towards pressure drawdown of production 
wells. (2) Possibility of CO2 migration against buoyancy effects and 2km out of pattern unlikely. (3) South spill point disconnected from Central 
Clive area (project area) by discontinuity within Clive reservoir proven by oil water contact change between South Clive and Central Clive. (4) If 
CO2 were to migrate past the spill points at Clive then it would remain stored within the geosphere with no environmental impact.

Mismatch in performance vs. predicted 
response.
CO2 increase in offset updip production if it 
migrates to a producing property.

Identify (seismic and/or tracers) patterns where CO2  and decrease VRR and/or implement water fence

As Above GP9 Cooking Lake 3 1 3

(1) The Cooking Lake Formation is approximately 200m below OWC.  As discussed above (GP8), there is no possibility of CO2 migration 200m 
down into Cooking Lake due to its buoyant state within the Leduc Aquifer.  (2) Under the Bashaw Platform, the Cooking Lake is a limestone, not 
dolostone as is the case under the Leduc  Rimbey‐Meadowbrook Trend.  For this reason, the Cooking Lake does not act as a regional aquifer 
due to the lower permeabilities of the native limestone.  Consequence reflects loss of containment but CO2 remains stored within the 
geosphere with no environmental impact.

Mismatch in performance vs. predicted 
response.
CO2 increase in offset updip production if it 
migrates to a producing property.

Identify (seismic and/or tracers) patterns where CO2 iand decrease VRR and/or implement water fence.

(1) Leduc and/or Nisku zones abandoned as per AER regulations with abandonment plugs and cement tops. (2) Any zones greater than 3% 
porosity above cement top cement squeezed. (3) Abandonment plug with cement cap in wellbore. (4) Wellhead removed, casing cut 
approximately 1.5m below surface, cap installed on wellbore. (5) BGW protected by surface casing and surface cement and/or cement squeeze 
at current BGW if surface casing set higher.

Micro Annulus AW1 Nisku 1 2 2
(1) Nisku in closest proximity to Leduc injection zone. (2) There has been no historical evidence of hydraulic communication between Leduc and 
Nisku. (3) All cement bond logs run in Clive prove hydraulic isolation between Leduc and Nisku. (4) Migration into Nisku is unlikely.  Most likely 
potential migration event is if Nisku and Leduc were perforated during production history. (5) In the event of migration into Nisku, CO2 would 
remain geologically stored with No Impact  to the storage project.

Pressure and/or chemistry and/or production 
changes in Nisku
Mismatch in performance vs. predicted 
response.

AER D65 Approval 7, f): the Operator must immediately inform the Resource Compliance Group in the AER Environment & Operational Performance Branch if the 
injection facilitates the movement of fluids into the Nisku zone, which is observed in any deep monitoring wells, while continuing to monitor the movement of 
fluids within the Nisku zone and taking direction from the AER to continue, suspend, or reverse the injection thereupon based of the monitoring results.
Rule out communication through accessible wellbores
Identify leaking well through process of elimination , re‐enter and remediate if deemed necessary.

Micro Annulus AW2 Saline Aquifer 3 1 3
(1) All cement bond logs run in Clive prove hydraulic isolation of casing cement. (2) No historical evidence of micro annular flow. (3) All porous 
zones greater than 3% cement squeezed prior to abandonment. (4) Extremely unlikely CO2 migration pathway past Nisku and above cement top 
and through cement isolation squeezes. (5) If CO2 were to migrate into the overlying saline aquifers it would remain contained with the 
geosphere with no environmental impact.

Mismatch in performance vs. predicted 
response.

AER D65 Approval 6, l): the Operator must immediately suspend injection operations if the injection facilitates the movement of injected fluids into any zone 
above the base of groundwater protection or any zone other than the Leduc and Nisku zones, and immediately inform the Resource Compliance Group in the AER 
Environment & Operational Performance Branch, and the AER Red Deer Field Centre.
Rule out communication through accessible wellbores
Identify leaking well through process of elimination or indirect sensing techniques (contingent geophysical methods), re‐enter and remediate. 

Micro Annulus AW3 Hydrosphere 4 1 4

(1) All cement bond logs run in Clive prove hydraulic isolation of casing cement. (2) No historical evidence of micro annular flow. (3) All porous 
zones greater than 3% cement squeezed prior to abandonment. (4) Surface casing cement or combination of surface casing cement and cement
squeeze at BGWP preventing flow into hydrosphere. (5) Extremely unlikely CO2 migration pathway thorough failure of multiple safeguards into 
hydrosphere. (6) If CO2 were to migrate into the hydrosphere an environmental concern may require shut‐in of pattern or project while source 
of leak is determined and mitigated.

Chemistry changes in CBM production
Chemistry changes in domestic water well 
samples
Mismatch in performance vs. predicted 
response.

AER D65 Approval 6, l): the Operator must immediately suspend injection operations if the injection facilitates the movement of injected fluids into any zone 
above the base of groundwater protection or any zone other than the Leduc and Nisku zones, and immediately inform the Resource Compliance Group in the AER 
Environment & Operational Performance Branch, and the AER Red Deer Field Centre.
Rule out communication through accessible wellbores
Identify leaking well through process of elimination, indirect sensing techniques (contingent geophysical methods) or additional hydrosphere monitoring (testing 
individual CBM wells, dedicated groundwater test wells)  re‐enter and remediate. 

Micro Annulus AW4 Biosphere 4 1 4

(1) All cement bond logs run in Clive prove hydraulic isolation of casing cement. (2) No historical evidence of micro annular flow. (3) All porous 
zones greater than 3% cement squeezed prior to abandonment. (4) Surface casing cement or combination of surface casing cement and cement
squeeze at BGWP preventing flow into biosphere. (5) Extremely unlikely CO2 migration pathway thorough failure of multiple safeguards into 
biosphere. (6) If CO2 were to migrate into the biosphere an environmental concern may require shut‐in of pattern or project while source of 
leak is determined and mitigated.

H2S odours
Chemistry changes in soil gas samples
Mismatch in performance vs. predicted 
response.

AER D65 Approval 6, l): the Operator must immediately suspend injection operations if the injection facilitates the movement of injected fluids into any zone 
above the base of groundwater protection or any zone other than the Leduc and Nisku zones, and immediately inform the Resource Compliance Group in the AER 
Environment & Operational Performance Branch, and the AER Red Deer Field Centre.
Identify leaking well through process of elimination, indirect sensing techniques,  re‐enter and remediate. 

Hole in Casing AW5 Nisku 1 2 2
(1) Cement and abandonment plugs protect against CO2 migration. (2) It is unlikely CO2 will migrate through Leduc abandonment plug into 
open Nisku perforations. (3) In the event of migration into Nisku, CO2 would be geologically stored within the Nisku with No Impact to the 
storage project.

Pressure and/or chemistry and/or production 
changes in Nisku
Mismatch in performance vs. predicted 
response.

AER D65 Approval 7, f): the Operator must immediately inform the Resource Compliance Group in the AER Environment & Operational Performance Branch if the 
injection facilitates the movement of fluids into the Nisku zone, which is observed in any deep monitoring wells, while continuing to monitor the movement of 
fluids within the Nisku zone and taking direction from the AER to continue, suspend, or reverse the injection thereupon based of the monitoring results.
Rule out communication through accessible wellbores
Identify leaking well through process of elimination, re‐enter and remediate if deemed necessary.

Hole in casing AW6 Saline Aquifer 3 1 3
(1) Zonal abandonment plugs and cement over Leduc prevent upwards migration through wellbore. (2) Porous intervals greater than 3% 
porosity above cement top cement squeezed. (3) Extremely unlikely for multiple failures within the wellbore abandonment plugs coinciding 
with failure of wellbore casing to enable CO2 migration into saline aquifer. (4) If CO2 were to migrate into the overlying saline aquifers it would 
remain contained with the geosphere with no environmental impact.

Mismatch in performance vs. predicted 
response.

AER D65 Approval 6, l): the Operator must immediately suspend injection operations if the injection facilitates the movement of injected fluids into any zone 
above the base of groundwater protection or any zone other than the Leduc and Nisku zones, and immediately inform the Resource Compliance Group in the AER 
Environment & Operational Performance Branch, and the AER Red Deer Field Centre.
Rule out communication through accessible wellbores.
Identify leaking well through process of elimination or indirect sensing techniques (contingent geophysical methods), re‐enter and remediate. 

CO2 migration through abandoned wellbore

Wellbore Leakage Pathways
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Details of Leakage 
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Hole in casing AW7 Hydrosphere 4 1 4
(1) Zonal abandonment plugs and cement over Leduc prevent upwards migration through wellbore. (2) Surface casing cement or combination 
of surface casing cement and cement squeeze at BGW preventing flow into hydrosphere. (3) Extremely unlikely for multiple failures within the 
wellbore abandonment plugs coinciding with failure of surface cement to enable CO2 migration into hydrosphere. (4) If CO2 were to migrate 
into the hydrosphere an environmental concern may require shut‐in of pattern or project while source of leak is determined and mitigated.

Chemistry changes in CBM production
Chemistry changes in domestic water well 
samples
Mismatch in performance vs. predicted 
response.

AER D65 Approval 6, l): the Operator must immediately suspend injection operations if the injection facilitates the movement of injected fluids into any zone 
above the base of groundwater protection or any zone other than the Leduc and Nisku zones, and immediately inform the Resource Compliance Group in the AER 
Environment & Operational Performance Branch, and the AER Red Deer Field Centre.
Rule out communication through accessible wellbores.
Identify leaking well through process of elimination, indirect sensing techniques (contingent geophysical methods) or additional hydrosphere monitoring (testing 
individual CBM wells, dedicated groundwater test wells)  re‐enter and remediate. 

Hole in casing AW8 Biosphere 4 1 4
(1) Zonal abandonment plugs and cement over Leduc prevent upwards migration through wellbore. (2) Surface casing and surface casing 
cement covering biosphere. (3) Extremely unlikely for multiple failures within the wellbore abandonment plugs coinciding with failure of 
surface cement to enable CO2 migration into biosphere. (4) If CO2 were to migrate into the biosphere an environmental concern may require 
shut‐in of pattern or project while source of leak is determined and mitigated.

H2S odours
Chemistry changes in soil gas samples
Mismatch in performance vs. predicted 
response.

AER D65 Approval 6, l): the Operator must immediately suspend injection operations if the injection facilitates the movement of injected fluids into any zone 
above the base of groundwater protection or any zone other than the Leduc and Nisku zones, and immediately inform the Resource Compliance Group in the AER 
Environment & Operational Performance Branch, and the AER Red Deer Field Centre.
 Identify leaking well through process of elimination or indirect sensing techniques (contingent geophysical methods), re‐enter and remediate. 

Through cap AW9 Biosphere 4 1 4
(1) Extremely unlikely for CO2 to migrate past zonal abandonment plug and cement and through wellbore abandonment plug and cement and 
through cap into biosphere. (2) If CO2 were to migrate into the biosphere an environmental concern may require shut‐in of pattern or project 
while source of leak is determined and mitigated.

H2S odours
Chemistry changes in soil gas samples
Mismatch in performance vs. predicted 
response.

AER D65 Approval 6, l): the Operator must immediately suspend injection operations if the injection facilitates the movement of injected fluids into any zone 
above the base of groundwater protection or any zone other than the Leduc and Nisku zones, and immediately inform the Resource Compliance Group in the AER 
Environment & Operational Performance Branch, and the AER Red Deer Field Centre.
 Identify leaking well through process of elimination or indirect sensing techniques (contingent geophysical methods), re‐enter and remediate. 

(1) Includes several different wellbore configuration, open producing/monitoring wells in Nisku or Leduc. (2) Leduc and Nisku zonally 
abandoned. (3) Leduc and Nisku suspended. (4) For each respective leakage pathway the worst case scenario wellbore type has been 
considered.

Micro Annulus EW1 Nisku 1 2 2
(1) Nisku in closest proximity to Leduc injection zone. (2) No historical evidence of hydraulic communication between Leduc and Nisku. (3) All 
cement bond logs run in Clive prove hydraulic isolation between Leduc and Nisku. (4) Migration into Nisku unlikely. (5) In the event of 
migration into Nisku CO2 would be geologically stored within the Nisku with No Impact to the storage project.

Pressure and/or chemistry and/or production 
changes in Nisku
Mismatch in performance vs. predicted 
response.

AER D65 Approval 7, f): the Operator must immediately inform the Resource Compliance Group in the AER Environment & Operational Performance Branch if the 
injection facilitates the movement of fluids into the Nisku zone, which is observed in any deep monitoring wells, while continuing to monitor the movement of 
fluids within the Nisku zone and taking direction from the AER to continue, suspend, or reverse the injection thereupon based of the monitoring results.
Identify leaking well through wellbore techniques (e.g. temperature and/or noise log) ), enter and remediate if necessary.

Micro Annulus EW2 Saline Aquifer 2 2 4
(1) All cement bond logs run in Clive prove hydraulic isolation of casing cement. (2) No historical evidence of micro annular flow. (3) Unlikely for 
CO2 migration pathway past Nisku and above cement top. (4) If CO2 were to migrate into the overlying saline aquifer it would also manifest very 
quickly as a SCVF to be identified and mitigated. 

Mismatch in performance vs. predicted 
response.

AER D65 Approval 6, l): the Operator must immediately suspend injection operations if the injection facilitates the movement of injected fluids into any zone 
above the base of groundwater protection or any zone other than the Leduc and Nisku zones, and immediately inform the Resource Compliance Group in the AER 
Environment & Operational Performance Branch, and the AER Red Deer Field Centre.
Identify leaking well through wellbore techniques (e.g. temperature and/or noise log) or indirect sensing techniques (contingent geophysical methods), enter and 
remediate.

Micro Annulus EW3 Hydrosphere 4 1 4

(1) All cement bond logs run in Clive prove hydraulic isolation of casing cement. (2) No historical evidence of micro annular flow. (3) There is no 
possibility of CO2 migrating to hydrosphere which is protected by surface casing and surface casing cement. (4) As these existing wells typically 
have a production casing cement top well below the surface casing shoe, leaking CO2 would enter the uncemented annulus and rise to surface 
by buoyancy where it would be detected as a SCVF. (5) CO2 migration into the hydrosphere presents an environmental concern and may 
require shut‐in of pattern or project while source of leak is determined and mitigated.

Chemistry changes in CBM production
Chemistry changes in domestic water well 
samples
Mismatch in performance vs. predicted 
response.

AER D65 Approval 6, l): the Operator must immediately suspend injection operations if the injection facilitates the movement of injected fluids into any zone 
above the base of groundwater protection or any zone other than the Leduc and Nisku zones, and immediately inform the Resource Compliance Group in the AER 
Environment & Operational Performance Branch, and the AER Red Deer Field Centre.
Identify leaking well through wellbore techniques (e.g. temperature and/or noise log) or indirect sensing techniques (contingent geophysical methods) or 
additional hydrosphere monitoring (testing individual CBM wells, dedicated groundwater test wells)  enter and remediate. 

Micro Annulus EW4 Biosphere 4 1 4

(1) All cement bond logs run in Clive prove hydraulic isolation of casing cement. (2) No historical evidence of micro annular flow. (3) There is no 
possibility of CO2 migrating to biosphere which is protected by surface casing and surface casing cement. (4) As these existing wells typically 
have a production casing cement top well below the surface casing shoe, leaking CO2 would enter the uncemented annulus and rise to surface 
by buoyancy where it would be detected as a SCVF. (5) CO2 migration into the biosphere presents an environmental concern and may require 
shut‐in of pattern or project while source of leak is determined and mitigated.

H2S odours
Chemistry changes in soil gas samples
Mismatch in performance vs. predicted 
response.

AER D65 Approval 6, l): the Operator must immediately suspend injection operations if the injection facilitates the movement of injected fluids into any zone 
above the base of groundwater protection or any zone other than the Leduc and Nisku zones, and immediately inform the Resource Compliance Group in the AER 
Environment & Operational Performance Branch, and the AER Red Deer Field Centre.
Identify leaking well through odour detection and/or soil gas surveys,  wellbore techniques (e.g. temperature and/or noise log) or indirect sensing techniques 
(contingent geophysical methods) ,  enter and remediate. 

Micro Annulus EW5 Atmosphere 2 2 4
(1) All cement bond logs run in Clive prove hydraulic isolation of casing cement. (2) No historical evidence of micro annular flow. (3) As these 
existing wells typically have a production casing cement top well below the surface casing shoe, leaking CO2 would enter the uncemented 
annulus and rise to surface by buoyancy where it would be detected as a SCVF to the atmosphere. (4) CO2 migration into the atmosphere 
presents an environmental concern and may require shut‐in of pattern or project while source of leak is determined and mitigated.

H2S odours
SCVF
Mismatch in performance vs. predicted 
response.

Identify leaking well through odour detection and/or soil gas surveys,  wellbore techniques (e.g. temperature and/or noise log) or indirect sensing techniques 
(contingent geophysical methods),  enter and remediate. 

Hole in casing EW6 Nisku 1 3 3
(1) There is a chance of CO2 migrating through Leduc zonal abandonment plug and through open Nisku perforations in a wellbore completed 
with Nisku suspension. (2) In the event of migration into Nisku CO2 would be geologically stored within the Nisku with No Impact to the storage 
project.

Pressure and/or chemistry and/or production 
changes in Nisku
Mismatch in performance vs. predicted 
response.

AER D65 Approval 7, f): the Operator must immediately inform the Resource Compliance Group in the AER Environment & Operational Performance Branch if the 
injection facilitates the movement of fluids into the Nisku zone, which is observed in any deep monitoring wells, while continuing to monitor the movement of 
fluids within the Nisku zone and taking direction from the AER to continue, suspend, or reverse the injection thereupon based of the monitoring results.
Identify leaking well through wellbore techniques (e.g. temperature and/or noise log) , enter and remediate if necessary.

CO2 migration through existing  wellbore
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Details of Leakage 
Event Trigger Event(s) Action(s)/Mitigation(s)Potential Leakage 

Pathway Ri
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 I.
D

Hole in casing EW7 Saline Aquifer 2 3 6
(1) There has been some limited failure history within Clive where a hole in the casing developed due to external corrosion of the casing above 
the cement top. (2) In every case the gas leaking through the hole in the casing manifested as a SCVF. (3) There is a chance of this type of failure 
event to take place, the leak would be identified as a surface casing vent flow and mitigated.

Mismatch in performance vs. predicted 
response.

AER D65 Approval 6, l): the Operator must immediately suspend injection operations if the injection facilitates the movement of injected fluids into any zone 
above the base of groundwater protection or any zone other than the Leduc and Nisku zones, and immediately inform the Resource Compliance Group in the AER 
Environment & Operational Performance Branch, and the AER Red Deer Field Centre.
Identify leaking well through wellbore techniques (e.g. temperature and/or noise log) or indirect sensing techniques (contingent geophysical methods), enter and 
remediate. 

Hole in casing EW8 Hydrosphere 4 1 4
(1) The hydrosphere is protected by surface casing and surface casing cement, there is no possibility of CO2 migrating through the production 
casing and into the hydrosphere. (2) CO2 migration into the hydrosphere presents an environmental concern and may require shut‐in of pattern
or project while source of leak is determined and mitigated.

Chemistry changes in CBM production
Chemistry changes in domestic water well 
samples
Mismatch in performance vs. predicted 
response.

AER D65 Approval 6, l):  the Operator must immediately suspend injection operations if the injection facilitates the movement of injected fluids into any zone 
above the base of groundwater protection or any zone other than the Leduc and Nisku zones, and immediately inform the Resource Compliance Group in the AER 
Environment & Operational Performance Branch, and the AER Red Deer Field Centre.
Identify leaking well through wellbore techniques (e.g. temperature and/or noise log) or indirect sensing techniques (contingent geophysical methods) or 
additional hydrosphere monitoring (testing individual CBM wells, dedicated groundwater test wells)  enter and remediate. 

Hole in casing EW9 Biosphere 4 1 4
(1) The biosphere is protected by surface casing and surface casing cement, there is no possibility of CO2 migrating through the production 
casing and into the biosphere. (2) CO2 migration into the biosphere presents an environmental concern that may require shut‐in of pattern or 
project while source of leak is determined and mitigated.

H2S odours
Chemistry changes in soil gas samples
Mismatch in performance vs. predicted 
response.

AER D65 Approval 6, l):  the Operator must immediately suspend injection operations if the injection facilitates the movement of injected fluids into any zone 
above the base of groundwater protection or any zone other than the Leduc and Nisku zones, and immediately inform the Resource Compliance Group in the AER 
Environment & Operational Performance Branch, and the AER Red Deer Field Centre.
Identify leaking well through odour detection and/or soil gas surveys, enter and remediate.

Hole in casing EW10 Atmosphere 2 3 6
(1) There has been some limited failure history within Clive where a hole in the casing developed due to external corrosion of the casing above 
the cement top. (2) In every case the gas leaking through the hole in the casing manifested as a SCVF. (3) There is a chance of this type of failure 
event to take place, the leak would be identified as a surface casing vent flow and mitigated.

H2S odours
SCVF
Mismatch in performance vs. predicted 
response.

Identify leaking well through odour detection and/or SCVF surveys, enter and remediate.

Leak at wellhead EW11 Atmosphere 2 3 6 (1) Chance of minor wellhead leak in Leduc producing or monitoring wells over life of project. (2) Leak at wellhead would be detected and 
mitigated.

H2S odours
Mismatch in performance vs. predicted 
response.

Identify leaking well through odour detection and/or gas detection instruments, enter and remediate.

(1) CO2 injection wells for the project will all be newly drilled designed to protect against CO2 migration. (2) Two joints of corrosion resistant 
casing will be set over the Ireton, new casing cemented to surface, injection packer, tubing string and wellhead designed for CO2 injection 
operation. (3) Surface casing below base of ground water protection will be cemented to surface. (4)  Injection wells will be equipped with 
tubing string and packer which will be pressure tested upon initial completion and annually. (5)  Hydraulic isolation logging utilizing noise and 
temp logs will be conducted upon initial completion to ensure behind casing isolation of the Leduc. (6) Hydraulic isolation logs will be 
conducted every five years as per AER guidelines. (7) Packer isolation tests will be conducted annually per AER guidelines. (8) The highest 
reservoir pressure during injection operations is most likely to occur at the injection wells. (9) As confirmed by simulation modelling the high 
Leduc permeability will enable pressure equalization across the reservoir reducing risk of localized high reservoir pressure at the injection wells.

Micro Annulus IW1 Nisku 1 1 1
(1) New cement circulated to surface. (2) Cement bond log confirming bond. (3) Hydraulic isolation log confirming no migration pathways. (4) 
CO2 migration to Nisku through casing cement extremely unlikely. (5) In the event of migration into Nisku CO2 would be geologically stored 
within the Nisku with No Impact to the storage project.

Pressure and/or chemistry and/or production 
changes in Nisku
Change in injection rate/pressure relationship
Mismatch in performance vs. predicted 
response.

AER D65 Approval 6, k): the Operator must continuously monitor the pressures of the tubing/casing annulus; conduct annual packer isolation tests for the 
injection well(s) referred to in clause 3,paragraph 1, subclause a, which must be submitted to the AER through the DDS system, and implement appropriate 
corrosion protection. If a leak, or potential leak, is detected in the tubing/casing annulus or packer in the injection well(s), the Operator must immediately inform 
the Resource Compliance Group in the AER Environment & Operational Performance Branch, and the AER Red Deer Field Centre.
AER D65 Approval 7, f): the Operator must immediately inform the Resource Compliance Group in the AER Environment & Operational Performance Branch if the 
injection facilitates the movement of fluids into the Nisku zone, which is observed in any deep monitoring wells, while continuing to monitor the movement of 
fluids within the Nisku zone and taking direction from the AER to continue, suspend, or reverse the injection thereupon based of the monitoring results.
Leaking well should be evident through tubing and annulus pressure monitoring; if not other techniques available.
Identify leaking well through wellbore techniques (e.g. noise and temperature  log) or tracer injection, enter and remediate.

Micro Annulus IW2 Saline Aquifer 3 1 3
(1) New cement circulated to surface. (2) Cement bond log confirming bond. (3) Hydraulic isolation log confirming no migration pathways. (4) 
CO2 migration to saline aquifer through casing cement extremely unlikely. (5) In the event of migration into saline aquifer, CO2 would be 
geologically stored with no environmental impact.

Change in injection rate/pressure relationship
Mismatch in performance vs. predicted 
response.

AER D65 Approval 6, l): the Operator must immediately suspend injection operations if the injection facilitates the movement of injected fluids into any zone 
above the base of groundwater protection or any zone other than the Leduc and Nisku zones, and immediately inform the Resource Compliance Group in the AER 
Environment & Operational Performance Branch, and the AER Red Deer Field Centre.
AER D65 Approval 6, k): the Operator must continuously monitor the pressures of the tubing/casing annulus; conduct annual packer isolation tests for the 
injection well(s) referred to in clause 3,paragraph 1, subclause a, which must be submitted to the AER through the DDS system, and implement appropriate 
corrosion protection. If a leak, or potential leak, is detected in the tubing/casing annulus or packer in the injection well(s), the Operator must immediately inform 
the Resource Compliance Group in the AER Environment & Operational Performance Branch, and the AER Red Deer Field Centre.
Leaking well should be evident through tubing and annulus pressure monitoring; if not other techniques available.
Identify leaking well through wellbore techniques (e.g. noise and temperature  log) or indirect sensing techniques (contingent geophysical methods), enter and 
remediate. 

CO2 migration through CO2 injection wellbore
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Details of Leakage 
Event Trigger Event(s) Action(s)/Mitigation(s)Potential Leakage 

Pathway Ri
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Micro Annulus IW3 Hydrosphere 4 1 4
(1) New cement circulated to surface. (2) Cement bond log confirming bond. (3) Hydraulic isolation log confirming no migration pathways. (4) 
Protected by surface casing and surface cement. (5) CO2 migration into the hydrosphere extremely unlikely, but presents an environmental 
concern and may require shut‐in of pattern or project while source of leak is determined and mitigated.

Chemistry changes in CBM production
Chemistry changes in domestic water well 
samples
Change in injection rate/pressure relationship
Mismatch in performance vs. predicted 
response.

AER D65 Approval 6, l): the Operator must immediately suspend injection operations if the injection facilitates the movement of injected fluids into any zone 
above the base of groundwater protection or any zone other than the Leduc and Nisku zones, and immediately inform the Resource Compliance Group in the AER 
Environment & Operational Performance Branch, and the AER Red Deer Field Centre.
AER D65 Approval 6, k): the Operator must continuously monitor the pressures of the tubing/casing annulus; conduct annual packer isolation tests for the 
injection well(s) referred to in clause 3,paragraph 1, subclause a, which must be submitted to the AER through the DDS system, and implement appropriate 
corrosion protection. If a leak, or potential leak, is detected in the tubing/casing annulus or packer in the injection well(s), the Operator must immediately inform 
the Resource Compliance Group in the AER Environment & Operational Performance Branch, and the AER Red Deer Field Centre.
Leaking well should be evident through tubing and annulus pressure monitoring; if not other techniques available.
Identify leaking well through wellbore techniques (e.g. noise and temperature  log) or indirect sensing techniques (contingent geophysical methods) or additional 
hydrosphere monitoring (testing individual CBM wells, dedicated groundwater test wells)  enter and remediate. 

Micro Annulus IW4 Biosphere 4 1 4
(1) New cement circulated to surface. (2) Cement bond log confirming bond. (3) Hydraulic isolation log confirming no migration pathways. (4) 
Protected by surface casing and surface cement. (5) CO2 migration into the biosphere presents an environmental concern and may require shut‐
in of pattern or project while source of leak is determined and mitigated.

H2S odours
Chemistry changes in soil gas samples
Mismatch in performance vs. predicted 
response.

AER D65 Approval 6, l): the Operator must immediately suspend injection operations if the injection facilitates the movement of injected fluids into any zone 
above the base of groundwater protection or any zone other than the Leduc and Nisku zones, and immediately inform the Resource Compliance Group in the AER 
Environment & Operational Performance Branch, and the AER Red Deer Field Centre.
AER D65 Approval 6, k): the Operator must continuously monitor the pressures of the tubing/casing annulus; conduct annual packer isolation tests for the 
injection well(s) referred to in clause 3,paragraph 1, subclause a, which must be submitted to the AER through the DDS system, and implement appropriate 
corrosion protection. If a leak, or potential leak, is detected in the tubing/casing annulus or packer in the injection well(s), the Operator must immediately inform 
the Resource Compliance Group in the AER Environment & Operational Performance Branch, and the AER Red Deer Field Centre.
Leaking well should be evident through tubing and annulus pressure monitoring; if not other techniques available.
Identify leaking well through wellbore techniques (e.g. noise and temperature  log),  enter and remediate. 

Micro Annulus IW5 Atmosphere 2 1 2
(1) New cement circulated to surface. (2) Cement bond log confirming bond. (3) Hydraulic isolation log confirming no migration pathways. (4) 
CO2 migration to atmosphere extremely unlikely, but in the event of migration to surface would be detected as a surface casing vent flow and 
mitigated.

H2S odours
SCVF
Mismatch in performance vs. predicted 
response.

AER D65 Approval 6, k): the Operator must continuously monitor the pressures of the tubing/casing annulus; conduct annual packer isolation tests for the 
injection well(s) referred to in clause 3,paragraph 1, subclause a, which must be submitted to the AER through the DDS system, and implement appropriate 
corrosion protection. If a leak, or potential leak, is detected in the tubing/casing annulus or packer in the injection well(s), the Operator must immediately inform 
the Resource Compliance Group in the AER Environment & Operational Performance Branch, and the AER Red Deer Field Centre.
Leaking well should be evident through tubing and annulus pressure monitoring; if not other techniques available.
Identify leaking well through wellbore techniques (e.g. noise and temperature  log) or indirect sensing techniques (contingent geophysical methods), enter and 
remediate. 

Hole in casing IW6 Nisku 1 1 1
(1) New casing cemented to surface. (2) Production packer pressure tested upon initial completion and annually, inhibited fluid above injection 
packer. (3) New injection tubing string. (4) Two joints of corrosion resistant casing across Ireton. (5) Extremely unlikely for a hole in the 
production casing to manifest but would be detected immediately by continuous annulus pressure monitoring. (6) In the event of migration 
into Nisku CO2 would be geologically stored within the Nisku with No Impact to the storage project.

Pressure and/or chemistry and/or production 
changes in Nisku
Change in annulus pressure
Change in injection rate/pressure relationship
Mismatch in performance vs. predicted 
response.

AER D65 Approval 6, k):  the Operator must continuously monitor the pressures of the tubing/casing annulus; conduct annual packer isolation tests for the 
injection well(s) referred to in clause 3,paragraph 1, subclause a, which must be submitted to the AER through the DDS system, and implement appropriate 
corrosion protection. If a leak, or potential leak, is detected in the tubing/casing annulus or packer in the injection well(s), the Operator must immediately inform 
the Resource Compliance Group in the AER Environment & Operational Performance Branch, and the AER Red Deer Field Centre.
AER D65 Approval 7, f): the Operator must immediately inform the Resource Compliance Group in the AER Environment & Operational Performance Branch if the 
injection facilitates the movement of fluids into the Nisku zone, which is observed in any deep monitoring wells, while continuing to monitor the movement of 
fluids within the Nisku zone and taking direction from the AER to continue, suspend, or reverse the injection thereupon based of the monitoring results.
Leaking well should be evident through tubing and annulus pressure monitoring; if not other techniques available.
Identify leaking well through wellbore techniques (e.g. noise and temperature  log) or tracer injection, enter and remediate.

Hole in casing IW7 Saline Aquifer 3 1 3
(1) New casing cemented to surface. (2) Production packer pressure tested upon initial completion and annually, inhibited fluid above injection 
packer. (3) New injection tubing string. (4) Two joints of corrosion resistant casing across Ireton. (5) Extremely unlikely for a hole in the 
production casing to manifest but would be detected immediately by continuous annulus pressure monitoring. (6) In the event of migration 
into saline aquifer CO2 would remain geologically stored.

Change in injection rate/pressure relationship
Mismatch in performance vs. predicted 
response.

AER D65 Approval 6, l): the Operator must immediately suspend injection operations if the injection facilitates the movement of injected fluids into any zone 
above the base of groundwater protection or any zone other than the Leduc and Nisku zones, and immediately inform the Resource Compliance Group in the AER 
Environment & Operational Performance Branch, and the AER Red Deer Field Centre.
AER D65 Approval 6, k): the Operator must continuously monitor the pressures of the tubing/casing annulus; conduct annual packer isolation tests for the 
injection well(s) referred to in clause 3,paragraph 1, subclause a, which must be submitted to the AER through the DDS system, and implement appropriate 
corrosion protection. If a leak, or potential leak, is detected in the tubing/casing annulus or packer in the injection well(s), the Operator must immediately inform 
the Resource Compliance Group in the AER Environment & Operational Performance Branch, and the AER Red Deer Field Centre.
Leaking well should be evident through tubing and annulus pressure monitoring; if not other techniques available.
Identify leaking well through wellbore techniques (e.g. noise and temperature  log) or indirect sensing techniques (contingent geophysical methods), enter and 
remediate. 

Hole in casing IW8 Hydrosphere 4 1 4

(1) New casing cemented to surface. (2) Production packer pressure tested upon initial completion and annually, inhibited fluid above injection 
packer. (3) New injection tubing string. (4) Two joints of corrosion resistant casing across Ireton. (5) New surface casing set below base of 
groundwater protection with cement to surface. (6) No possibility of CO2 migration to hydrosphere through a hole in casing but would be 
detected immediately by continuous annulus pressure monitoring. (7) CO2 migration into the hydrosphere presents an environmental concern 
and may require shut‐in of pattern or project while source of leak is determined and mitigated.

Chemistry changes in CBM production
Chemistry changes in domestic water well 
samples
Change in injection rate/pressure relationship
Mismatch in performance vs. predicted 
response.

AER D65 Approval 6, l):  the Operator must immediately suspend injection operations if the injection facilitates the movement of injected fluids into any zone 
above the base of groundwater protection or any zone other than the Leduc and Nisku zones, and immediately inform the Resource Compliance Group in the AER 
Environment & Operational Performance Branch, and the AER Red Deer Field Centre.
AER D65 Approval 6, k): the Operator must continuously monitor the pressures of the tubing/casing annulus; conduct annual packer isolation tests for the 
injection well(s) referred to in clause 3,paragraph 1, subclause a, which must be submitted to the AER through the DDS system, and implement appropriate 
corrosion protection. If a leak, or potential leak, is detected in the tubing/casing annulus or packer in the injection well(s), the Operator must immediately inform 
the Resource Compliance Group in the AER Environment & Operational Performance Branch, and the AER Red Deer Field Centre.
Leaking well should be evident through tubing and annulus pressure monitoring; if not other techniques available.
Identify leaking well through wellbore techniques (e.g. noise and temperature  log) or indirect sensing techniques (contingent geophysical methods) or additional 
hydrosphere monitoring (testing individual CBM wells, dedicated groundwater test wells)  enter and remediate. 
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Details of Leakage 
Event Trigger Event(s) Action(s)/Mitigation(s)Potential Leakage 

Pathway Ri
sk
 I.
D

Hole in casing IW9 Biosphere 4 1 4

(1) New casing cemented to surface. (2) Production packer pressure tested upon initial completion and annually, inhibited fluid above injection 
packer. (3) New injection tubing string. (4) Two joints of corrosion resistant casing across Ireton. (5) New surface casing set below base of 
groundwater protection with cement to surface. (6) No possibility of CO2 migration to biosphere through a hole in casing but would be 
detected immediately by continuous annulus pressure monitoring. (7) CO2 migration into the biosphere presents an environmental concern 
and may require shut‐in of pattern or project while source of leak is determined and mitigated.

H2S odours
Chemistry changes in soil gas samples
Mismatch in performance vs. predicted 
response.

AER D65 Approval 6, l): the Operator must immediately suspend injection operations if the injection facilitates the movement of injected fluids into any zone 
above the base of groundwater protection or any zone other than the Leduc and Nisku zones, and immediately inform the Resource Compliance Group in the AER 
Environment & Operational Performance Branch, and the AER Red Deer Field Centre.
AER D65 Approval 6, k): the Operator must continuously monitor the pressures of the tubing/casing annulus; conduct annual packer isolation tests for the 
injection well(s) referred to in clause 3,paragraph 1, subclause a, which must be submitted to the AER through the DDS system, and implement appropriate 
corrosion protection. If a leak, or potential leak, is detected in the tubing/casing annulus or packer in the injection well(s), the Operator must immediately inform 
the Resource Compliance Group in the AER Environment & Operational Performance Branch, and the AER Red Deer Field Centre.
Leaking well should be evident through tubing and annulus pressure monitoring; if not other techniques available.
Identify leaking well through wellbore techniques (e.g. noise and temperature  log) or indirect sensing techniques (contingent geophysical methods), enter and 
remediate. 

Wellhead IW10 Atmosphere 2 3 6 (1) Wellheads designed for injection operations. (2) Chance of minor wellhead leak in wellhead over life of project. (3) Leak at wellhead would 
be detected and mitigated.

H2S odours
SCVF
Mismatch in performance vs. predicted 
response.

AER D65 Approval 6, k): the Operator must continuously monitor the pressures of the tubing/casing annulus; conduct annual packer isolation tests for the 
injection well(s) referred to in clause 3,paragraph 1, subclause a, which must be submitted to the AER through the DDS system, and implement appropriate 
corrosion protection. If a leak, or potential leak, is detected in the tubing/casing annulus or packer in the injection well(s), the Operator must immediately inform 
the Resource Compliance Group in the AER Environment & Operational Performance Branch, and the AER Red Deer Field Centre.
Leaking well should be evident through tubing and annulus pressure monitoring or odours, venting "shimmer", etc.; if not other  wellbore techniques (e.g. noise 
and temperature  log) or indirect sensing techniques (contingent geophysical methods), odour detection and/or SCVF surveys, enter and remediate.

CO2 migration through EOR production wellbore

(1) CO2 production wells for the project will all be newly drilled designed to protect against CO2 migration. (2) New casing cemented to surface, 
production packer, production tubing string and wellhead designed for CO2 production operation. (3) Surface casing below base of ground 
water protection will be cemented to surface. (4)  Production wells will be equipped with tubing string and packer which will be pressure tested 
upon initial completion. (5) The lowest reservoir pressure during EOR operations is most likely to occur at the production wells. 

Micro Annulus PW1 Nisku 1 1 1 (1) New cement circulated to surface. (2) Cement bond log confirming bond. (3) CO2 migration to Nisku through casing cement extremely 
unlikely. (4) In the event of migration into Nisku CO2 would be geologically stored within the Nisku with No Impact to the storage project.

Pressure and/or chemistry and/or production 
changes in Nisku
Mismatch in performance vs. predicted 
response.

AER D65 Approval 7, f): the Operator must immediately inform the Resource Compliance Group in the AER Environment & Operational Performance Branch if the 
injection facilitates the movement of fluids into the Nisku zone, which is observed in any deep monitoring wells, while continuing to monitor the movement of 
fluids within the Nisku zone and taking direction from the AER to continue, suspend, or reverse the injection thereupon based of the monitoring results.
Identify leaking well through wellbore techniques (e.g. noise and temperature  log) or indirect sensing techniques, enter and remediate if necessary.

Micro Annulus PW2 Saline Aquifer 3 1 3 (1) New cement circulated to surface. (2) Cement bond log confirming bond. (3) CO2 migration to saline aquifer through casing cement 
extremely unlikely. (4) In the event of migration into saline aquifer, CO2 would be geologically stored with no environmental impact.

Mismatch in performance vs. predicted 
response.

AER D65 Approval 6, l): the Operator must immediately suspend injection operations if the injection facilitates the movement of injected fluids into any zone 
above the base of groundwater protection or any zone other than the Leduc and Nisku zones, and immediately inform the Resource Compliance Group in the AER 
Environment & Operational Performance Branch, and the AER Red Deer Field Centre.
Identify leaking well through wellbore techniques (e.g. noise and temperature  log) or indirect sensing techniques (contingent geophysical methods), enter and 
remediate. 

Micro Annulus PW3 Hydrosphere 4 1 4
(1) New cement circulated to surface. (2) Cement bond log confirming bond. (3) Protected by surface casing and surface cement. (4) CO2 
migration into the hydrosphere extremely unlikely, but presents an environmental concern and may require shut‐in of pattern or project while 
source of leak is determined and mitigated.

Chemistry changes in CBM production
Chemistry changes in domestic water well 
samples
Mismatch in performance vs. predicted 
response.

AER D65 Approval 6, l): the Operator must immediately suspend injection operations if the injection facilitates the movement of injected fluids into any zone 
above the base of groundwater protection or any zone other than the Leduc and Nisku zones, and immediately inform the Resource Compliance Group in the AER 
Environment & Operational Performance Branch, and the AER Red Deer Field Centre.
Identify leaking well through wellbore techniques (e.g. noise and temperature  log) or indirect sensing techniques (contingent geophysical methods) or additional 
hydrosphere monitoring (testing individual CBM wells, dedicated groundwater test wells)  enter and remediate. 

Micro Annulus PW4 Biosphere 4 1 4
(1) New cement circulated to surface. (2) Cement bond log confirming bond. (3) Protected by surface casing and surface cement. (4) CO2 
migration into the biosphere extremely unlikely, but presents an environmental concern and may require shut‐in of pattern or project while 
source of leak is determined and mitigated.

H2S odours
Chemistry changes in soil gas samples
Mismatch in performance vs. predicted 
response.

AER D65 Approval 6, l): the Operator must immediately suspend injection operations if the injection facilitates the movement of injected fluids into any zone 
above the base of groundwater protection or any zone other than the Leduc and Nisku zones, and immediately inform the Resource Compliance Group in the AER 
Environment & Operational Performance Branch, and the AER Red Deer Field Centre.
Identify leaking well through wellbore techniques (e.g. noise and temperature  log) or indirect sensing techniques (contingent geophysical methods), enter and 
remediate. 

Micro Annulus PW5 Atmosphere 2 1 2 (1) New cement circulated to surface. (2) Cement bond log confirming bond. (3) CO2 migration to atmosphere extremely unlikely, but in the 
event of migration to surface would be detected as a surface casing vent flow and mitigated.

H2S odours
SCVF
Mismatch in performance vs. predicted 
response.

Leaking well should be evident through tubing and annulus pressure monitoring or odours, venting "shimmer", etc.; if not other  wellbore techniques (e.g. noise 
and temperature  log) or indirect sensing techniques (contingent geophysical methods), odour detection and/or SCVF surveys, enter and remediate.

Hole in casing PW6 Nisku 1 1 1
(1) New casing cemented to surface. (2) Production packer pressure tested upon initial completion. (3) New production tubing string. (4) 
Extremely unlikely for a hole in the production casing to manifest. (5) In the event of migration into Nisku CO2 would be geologically stored 
within the Nisku with No Impact to the storage project.

Pressure and/or chemistry and/or production 
changes in Nisku
Mismatch in performance vs. predicted 
response.

AER D65 Approval 7, f): the Operator must immediately inform the Resource Compliance Group in the AER Environment & Operational Performance Branch if the 
injection facilitates the movement of fluids into the Nisku zone, which is observed in any deep monitoring wells, while continuing to monitor the movement of 
fluids within the Nisku zone and taking direction from the AER to continue, suspend, or reverse the injection thereupon based of the monitoring results.
Identify leaking well through wellbore techniques (e.g. noise and temperature  log) , enter and remediate if necessary.

Hole in casing PW7 Saline Aquifer 3 1 3
(1) New casing cemented to surface. (2) Production packer pressure tested upon initial completion. (3) New production tubing string. (4) 
Extremely unlikely for a hole in the production casing to manifest. (5) In the event of migration into saline aquifer CO2 would remain 
geologically stored.

Mismatch in performance vs. predicted 
response.

AER D65 Approval 6, l): the Operator must immediately suspend injection operations if the injection facilitates the movement of injected fluids into any zone 
above the base of groundwater protection or any zone other than the Leduc and Nisku zones, and immediately inform the Resource Compliance Group in the AER 
Environment & Operational Performance Branch, and the AER Red Deer Field Centre.
Identify leaking well through wellbore techniques (e.g. noise and temperature  log) or indirect sensing techniques (contingent geophysical methods), enter and 
remediate. 
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Details of Leakage 
Event Trigger Event(s) Action(s)/Mitigation(s)Potential Leakage 

Pathway Ri
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 I.
D

Hole in casing PW8 Hydrosphere 4 1 4
(1) New casing cemented to surface. (2) Production packer pressure tested upon initial completion. (3) New tubing string. (4)   New surface 
casing set below base of groundwater protection with cement to surface. (5) No possibility of CO2 migration to hydrosphere through a hole in 
casing. (6) CO2 migration into the hydrosphere presents an environmental concern and may require shut‐in of pattern or project while source 
of leak is determined and mitigated.

Chemistry changes in CBM production
Chemistry changes in domestic water well 
samples
Mismatch in performance vs. predicted 
response.

AER D65 Approval 6, l): the Operator must immediately suspend injection operations if the injection facilitates the movement of injected fluids into any zone 
above the base of groundwater protection or any zone other than the Leduc and Nisku zones, and immediately inform the Resource Compliance Group in the AER 
Environment & Operational Performance Branch, and the AER Red Deer Field Centre.
Identify leaking well through wellbore techniques (e.g. noise and temperature  log) or indirect sensing techniques (contingent geophysical methods) or additional 
hydrosphere monitoring (testing individual CBM wells, dedicated groundwater test wells)  enter and remediate. 

Hole in casing PW9 Biosphere 4 1 4
(1) New casing cemented to surface. (2) Production packer pressure tested upon initial completion. (3) New production  tubing string. (4)   New 
surface casing set below base of groundwater protection with cement to surface. (5) No possibility of CO2 migration to biosphere through a 
hole in casing. (6) CO2 migration into the biosphere presents an environmental concern and may require shut‐in of pattern or project while 
source of leak is determined and mitigated.

H2S odours
Chemistry changes in soil gas samples
Mismatch in performance vs. predicted 
response.

AER D65 Approval 6, l): the Operator must immediately suspend injection operations if the injection facilitates the movement of injected fluids into any zone 
above the base of groundwater protection or any zone other than the Leduc and Nisku zones, and immediately inform the Resource Compliance Group in the AER 
Environment & Operational Performance Branch, and the AER Red Deer Field Centre.
Identify leaking well through wellbore techniques (e.g. noise and temperature  log) or indirect sensing techniques,  enter and remediate. 

Wellhead PW10 Atmosphere 2 3 6 (1) Wellheads designed for EOR production operations. (2) Chance of minor wellhead leak in wellhead over life of project. (3) Leak at wellhead 
would be detected and mitigated.

H2S odours
SCVF
Mismatch in performance vs. predicted 
response.

Leaking well should be evident through tubing and annulus pressure monitoring or odours, venting "shimmer", etc.; if not other  wellbore techniques (e.g. noise 
and temperature  log) or indirect sensing techniques (contingent geophysical methods), odour detection and/or SCVF surveys, enter and remediate.

(1) Water disposal well will be set with new casing string 50m below WOC and cemented to surface. (2) Injection packer will be set within 15m 
of casing point. (3) Injection packer will be pressure tested upon initial completion and annually. (4) Injection zone isolation logs (temperature 
and pressure) will be run to confirm hydraulic isolation of injection zone. (5) New surface casing will be set to below base of groundwater 
protection and cemented to surface.

Micro Annulus DW1 Nisku 1 1 1
(1) New cement circulated to surface. (2) Cement bond log confirming bond. (3) Hydraulic isolation log confirming no migration pathways. (4) 
CO2 migration to Nisku through casing cement extremely unlikely. (5) In the event of migration into Nisku CO2 would be geologically stored 
within the Nisku with No Impact to the storage project.

Pressure and/or chemistry and/or production 
changes in Nisku
Mismatch in performance vs. predicted 
response.

AER D65 Approval 7, f): the Operator must immediately inform the Resource Compliance Group in the AER Environment & Operational Performance Branch if the 
injection facilitates the movement of fluids into the Nisku zone, which is observed in any deep monitoring wells, while continuing to monitor the movement of 
fluids within the Nisku zone and taking direction from the AER to continue, suspend, or reverse the injection thereupon based of the monitoring results.
Identify leaking well through wellbore techniques (e.g. noise and temperature  log) or indirect sensing techniques, enter and remediate if necessary.

Micro Annulus DW2 Saline Aquifer 3 1 3
(1) New cement circulated to surface. (2) Cement bond log confirming bond. (3) Hydraulic isolation log confirming no migration pathways. (4) 
CO2 migration to saline aquifer through casing cement extremely unlikely. (5) In the event of migration into saline aquifer, CO2 would be 
geologically stored with no environmental impact.

Mismatch in performance vs. predicted 
response.

AER D65 Approval 6, l): the Operator must immediately suspend injection operations if the injection facilitates the movement of injected fluids into any zone 
above the base of groundwater protection or any zone other than the Leduc and Nisku zones, and immediately inform the Resource Compliance Group in the AER 
Environment & Operational Performance Branch, and the AER Red Deer Field Centre.
Identify leaking well through wellbore techniques (e.g. noise and temperature  log) or indirect sensing techniques (contingent geophysical methods), enter and 
remediate. 

Micro Annulus DW3 Hydrosphere 4 1 4
(1) New cement circulated to surface. (2) Cement bond log confirming bond. (3) Hydraulic isolation log confirming no migration pathways. (4) 
Protected by surface casing and surface cement. (5) CO2 migration into the hydrosphere extremely unlikely, but presents an environmental 
concern and may require shut‐in of pattern or project while source of leak is determined and mitigated.

Chemistry changes in CBM production
Chemistry changes in domestic water well 
samples
Mismatch in performance vs. predicted 
response.

AER D65 Approval 6, l): the Operator must immediately suspend injection operations if the injection facilitates the movement of injected fluids into any zone 
above the base of groundwater protection or any zone other than the Leduc and Nisku zones, and immediately inform the Resource Compliance Group in the AER 
Environment & Operational Performance Branch, and the AER Red Deer Field Centre.
Identify leaking well through wellbore techniques (e.g. noise and temperature  log) or indirect sensing techniques (contingent geophysical methods) or additional 
hydrosphere monitoring (testing individual CBM wells, dedicated groundwater test wells)  enter and remediate. 

Micro Annulus DW4 Biosphere 4 1 4
(1) New cement circulated to surface. (2) Cement bond log confirming bond. (3) Hydraulic isolation log confirming no migration pathways. (4) 
Protected by surface casing and surface cement. (5) CO2 migration into the biosphere presents an environmental concern and may require shut‐
in of pattern or project while source of leak is determined and mitigated.

H2S odours
Chemistry changes in soil gas samples
Mismatch in performance vs. predicted 
response.

AER D65 Approval 6, l): the Operator must immediately suspend injection operations if the injection facilitates the movement of injected fluids into any zone 
above the base of groundwater protection or any zone other than the Leduc and Nisku zones, and immediately inform the Resource Compliance Group in the AER 
Environment & Operational Performance Branch, and the AER Red Deer Field Centre.
Identify leaking well through wellbore techniques (e.g. noise and temperature  log) or indirect sensing techniques (contingent geophysical methods),enter and 
remediate. 

Micro Annulus DW5 Atmosphere 2 1 2
(1) New cement circulated to surface. (2) Cement bond log confirming bond. (3) Hydraulic isolation log confirming no migration pathways. (4) 
CO2 migration to atmosphere extremely unlikely, but in the event of migration to surface would be detected as a surface casing vent flow and 
mitigated. 

H2S odours
SCVF
Mismatch in performance vs. predicted 
response.

Leaking well should be evident through tubing and annulus pressure monitoring or odours, venting "shimmer", etc.; if not other  wellbore techniques (e.g. noise 
and temperature  log) or indirect sensing techniques (contingent geophysical methods), odour detection and/or SCVF surveys, enter and remediate.

Hole in casing DW6 Nisku 1 1 1
(1) New casing cemented to surface. (2) Production packer pressure tested upon initial completion and annually, inhibited fluid above injection 
packer. (3) New injection tubing string. (4) Extremely unlikely for a hole in the production casing to manifest. (5) In the event of migration into 
Nisku CO2 would be geologically stored within the Nisku with No Impact to the storage project.

Pressure and/or chemistry and/or production 
changes in Nisku
Mismatch in performance vs. predicted 
response.

AER D65 Approval 7, f): the Operator must immediately inform the Resource Compliance Group in the AER Environment & Operational Performance Branch if the 
injection facilitates the movement of fluids into the Nisku zone, which is observed in any deep monitoring wells, while continuing to monitor the movement of 
fluids within the Nisku zone and taking direction from the AER to continue, suspend, or reverse the injection thereupon based of the monitoring results.
Identify leaking well through wellbore techniques (e.g. noise and temperature  log) or indirect sensing techniques, enter and remediate if necessary.

Hole in casing DW7 Saline Aquifer 3 1 3
(1) New casing cemented to surface. (2) Production packer pressure tested upon initial completion and annually, inhibited fluid above injection 
packer. (3) New injection tubing string. (4) Extremely unlikely for a hole in the production casing to manifest. (5) In the event of migration into 
saline aquifer CO2 would remain geologically stored.

Mismatch in performance vs. predicted 
response.

AER D65 Approval 6, l): the Operator must immediately suspend injection operations if the injection facilitates the movement of injected fluids into any zone 
above the base of groundwater protection or any zone other than the Leduc and Nisku zones, and immediately inform the Resource Compliance Group in the AER 
Environment & Operational Performance Branch, and the AER Red Deer Field Centre.
Identify leaking well through wellbore techniques (e.g. noise and temperature  log) or indirect sensing techniques (contingent geophysical methods), enter and 
remediate. 

Hole in casing DW8 Hydrosphere 4 1 4
(1) New casing cemented to surface. (2) Production packer pressure tested upon initial completion and annually, inhibited fluid above injection 
packer. (3) New injection tubing string. (4) New surface casing set below base of groundwater protection with cement to surface. (5) No 
possibility of CO2 migration to hydrosphere through a hole in casing. (6) CO2 migration into the hydrosphere presents an environmental 
concern and may require shut‐in of pattern or project while source of leak is determined and mitigated.

Chemistry changes in CBM production
Chemistry changes in domestic water well 
samples
Mismatch in performance vs. predicted 
response.

AER D65 Approval 6, l): the Operator must immediately suspend injection operations if the injection facilitates the movement of injected fluids into any zone 
above the base of groundwater protection or any zone other than the Leduc and Nisku zones, and immediately inform the Resource Compliance Group in the AER 
Environment & Operational Performance Branch, and the AER Red Deer Field Centre.
Identify leaking well through wellbore techniques (e.g. noise and temperature  log) or indirect sensing techniques (contingent geophysical methods) or additional 
hydrosphere monitoring (testing individual CBM wells, dedicated groundwater test wells)  enter and remediate. 

CO2 migration through new water disposal well
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Hole in casing DW9 Biosphere 4 1 4
(1) New casing cemented to surface. (2) Production packer pressure tested upon initial completion and annually, inhibited fluid above injection 
packer. (3) New injection tubing string. (4) New surface casing set below base of groundwater protection with cement to surface. (5) No 
possibility of CO2 migration to biosphere through a hole in casing. (6) CO2 migration into the biosphere presents an environmental concern and 
may require shut‐in of pattern or project while source of leak is determined and mitigated.

H2S odours
Chemistry changes in soil gas samples
Mismatch in performance vs. predicted 
response.

AER D65 Approval 6, l): the Operator must immediately suspend injection operations if the injection facilitates the movement of injected fluids into any zone 
above the base of groundwater protection or any zone other than the Leduc and Nisku zones, and immediately inform the Resource Compliance Group in the AER 
Environment & Operational Performance Branch, and the AER Red Deer Field Centre.
Identify leaking well through wellbore techniques (e.g. noise and temperature  log) or indirect sensing techniques (contingent geophysical methods), enter and 
remediate. 

Wellhead DW10 Atmosphere 2 1 2 (1) Wellheads designed for injection operations. (2) Chance of minor wellhead leak in wellhead over life of project. (3) No CO2 injection into 
water disposal well, extremely unlikely CO2 leak at wellhead. (4)  Wellhead leak would be identified and mitigated.

H2S odours
SCVF
Mismatch in performance vs. predicted 
response.

Leaking well should be evident through tubing and annulus pressure monitoring or odours, venting "shimmer", etc.; if not other  wellbore techniques (e.g. noise 
and temperature  log) or indirect sensing techniques (contingent geophysical methods) or additional hydrosphere monitoring (testing individual CBM wells, 
dedicated groundwater test wells), odour detection and/or SCVF surveys, enter and remediate.
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Monitoring technique screening

Technique Tools Pros Cons

Cost  Benefit

Screening 
Selected 
Y/N

Notes

ATMOSPHERE Benefit Select In?

CO2 detection Optical (natural or induced 
light), eddy covariance, 
tracers (perfluorocarbons)

Can cover large areas.
Some techniques relatively inexpensive.

Difficult to distinguish natural from leaking CO2. 
Natural variability of CO2 concentration due to natural 
processes.
Some techniques may require background levels to be 
established and/or require off‐site analysis of samples due to 
specialized equipment required (time delay).
Tracer may not be carried by CO2 along leakage pathway.

M L N 

Difficult to attribute.

H2S detection Sensors/SCADA, personal 
alarms, odour

H2S sensors will provide continuous electronic monitoring and 
alarms at injection pads.
Operator personal alarms provide continuous, mobile electronic 
monitoring and alarm as operator performs daily field rounds.
Odour can be detected by operators, contractors, public, etc. 
with no specialized equipment providing widest possible areal 
coverage.
Able to detect small leaks quickly, isolate and repair quickly.
Operators are trained and equipped to recognize and respond.  
Public have been informed and provided contact information to 
alert Enhance if they notice odour.

Areas outside detector range rely on human detection; potential 
short time lag.

L H Y

H2S detection done as safety measure.  No 
appreciable additional cost involved.

BIOSPHERE
Ecosystem stress 
monitoring

Satellite imagery, aerial 
photography, spectral 
imagery.

Can cover large areas.
Relatively inexpensive.
Interpretation can be automated.

Many other factors can cause ecosystem stress.
Significant leakage over long time would need to occur to cause 
changes.
Requires ground truthing to calibrate.
Vegetation response to CO2 depends on species and CO2 
concentration.
May miss leak occuring in a small area.

L L N

Soil gas monitoring Sampling and chemical 
analysis to detect natural or 
introduced tracers

Can provide definitive distinction between leakage and natural 
CO2 if done correctly.  
Good public assurance tool.

Expensive.
Cost limits areal and temporal coverage.
Requires specialized expertise to sample, analyze, interpret and 
attribute. H H Y

Assurance to landowners.  Baseline will 
provide some indications of variability should 
concerns arise in future.

Surface displacement 
monitoring

Satellite based radar 
(SAR/InSAR), tiltmeters 
(surface or downhole), GPS 
instruments

Potential application where there are pressure changes in 
reservoir sufficient to cause detectable volume changes.
Satellite systems can cover large areas with high degree of 
precision.
Tiltmeters are high precision instruments that have shown utility 
in hydraulic fracturing and steam/water injection monitoring.
GPS systems have been shown to be capable of detecting 
millimetre scale displacements.

Other factors (land use, drought/wet conditions, etc.) can 
complicate interpretation.
Clive will operate below pool discovery pressure; little chance of 
appreciable volume increase in reservoir so therefore no chance 
of surface displacement due to CO2 plume.  L L N

Clive project will operate below original 
discovery pressure and with minimal pressure 
increase from current conditions.  No 
significant surface heave would be expected.

HYDROSPHERE
Dedicated observation 
well

Well can be equipped with 
pressure, temperature, TDS 
and sampling capability.

Pressure, temperature and TDS sensors can provide continuous 
data feed.
Can be located based on geoscience input.
Sensors can potentially monitor a number of horizons.

Requires additional land disturbance.
Doesn't have continuous drawdown so will not tend to draw 
leakage towards it.
Enhance analysis suggests pressure change due to CO2 leakage 
into an aquifer would be undetectable for an observation well 
200 m away (Appendix I).
Expense.

H L N

Logging tools could be used diagnostically on 
existing wells if an issue is suspected.

Landowner well 
monitoring

Sampling and geochemical 
and isotopic analysis.

Provide assurance to landowners that their wells are not 
contaminated due to leaking CO2.

Requires specialized expertise to sample, analyze, interpret and 
attribute.
Subject to well condition and landowner permission. H H Y

Sampling water wells provides assurance to 
landowners, provides baseline against 
potential future concerns.  

Deeper 
sampling/monitoring 
points in CBM horizons.

Sampling and geochemical 
and isotopic analysis.

CBM wells monitor hydrosphere ~100m below deepest domestic 
wells.
Leaking CO2 would be drawn to wells by pressure draw‐down.
Wide areal coverage.

Requires cooperation from CBM operator to obtain samples.

M H Y
Although CBM production is generally above 
BGWP, it is well below the deepest domestic 
water wells so provides early warning of 
leakage prior to impacts on groundwater 
being used.

GEOSPHERE
Dedicated observation 
well

Well can be equipped with 
pressure, temperature, TDS 
and sampling capability and 
periodically logged with 
tools that could detect 
saturation changes.

Pressure, temperature and TDS sensors can provide continuous 
data feed.
Can be located based on geoscience input.
Sensors can potentially monitor a number of horizons.

Requires additional land disturbance.
Doesn't have continuous drawdown so will not tend to draw 
leakage towards it.
Enhance analysis suggests pressure change due to CO2 leakage 
into an aquifer would be undetectable for an observation well 
200 m away (Appendix I).
Expense.

H L N

Logging tools could be used diagnostically on 
existing wells if an issue is suspected.

Injection well monitoring Injection well monitoring as 
required by AER D‐51 (Class 
II and III)

D‐51 has proven largely effective in ensuring injection well 
integrity.
In addition to cement bond and hydraulic isolation logs, D‐51 
requires a casing pressure test on initial well completion.  
Enhance will add continuous annulus and wellhead pressure 
monitoring on the injectors to provide further safeguards against
wellbore failure.
Annual packer isolation testing and hydraulic isolation logging 
every five  years will provide ongoing assurance of well integrity.

Hydraulic isolation logging requires a workover on the well that 
adds cost and risks creating a leakage pathway.

L H Y

Regulatory requirement.

Monitor zonally abadoned 
legacy wells

Operator surveillance, 
surface casing vent flow 
(SCVF) testing, casing 
pressure monitoring.

Focuses monitoring effort at the only potential leak path.
Daily operator surveillance can detect leaks through: 
‐H2S odour or personal alarm
‐audible gas flow
‐visual shimmer from gas leak
‐ice fog from gas leak
SCVF test can detect extremely small leaks.
Casing pressure monitoring can detect leakage of abandonment 
plugs.

Risk of "false positive" due to CBM gas but lack of H2S and/or 
isotopic analysis should help distinguish source.

L H Y

Monitor producing Nisku 
wells .

Production response and 
fluid analysis.

Nisku wells are directly above the target Leduc (separated by the 
Ireton shale), are creating pressure drawdown and are routinely 
monitored and production tested. Along with ongoing fluid 
sampling and analysis, production data offers an ongoing check 
on the integrity of the Ireton shale.
They offer the deepest possible detection point for containment 
issues. 
Using existing wells minimizes further surface disturbance and 
does not create additional potential leak paths.

L H Y

Has a greater chance of detecting leakage 
pathway due to drawdown and availability of 
these wells offers the opportunity to add this 
monitoring at little additional cost or risk.

Monitor suspended Nisku 
wells.

Pressure surveys. Nisku wells are directly above the target Leduc (separated by the 
Ireton shale), are creating pressure drawdown and are routinely 
monitored and production tested. 
They offer the deepest possible detection point for containment 
issues. 
Using existing wells minimizes further surface disturbance and 
does not create additional potential leak paths.

Enhance has investigated the potential pressure response of 
leakage occuring into an aquifer and concluded that it would be 
extremely difficult to detect such 200m offset to the leakage 
pathway.

L L Y

No response expected unless leakage 
pathway occurs very close to well but the 
availability of these wells offers the 
opportunity to add this monitoring at little 
additional cost or risk.

Monitor producing Leduc 
wells.

Production response and 
fluid analysis.

Using existing wells minimizes further surface disturbance and 
does not create additional potential leak paths.
Production response on these wells will provide additional 
information regarding CO2 distribution in the Leduc.

L H Y



Monitor suspended Leduc 
wells.

Pressure surveys. Using existing wells minimizes further surface disturbance and 
does not create additional potential leak paths.
Pressure data from these wells will help to improve reservoir 
understanding.

L H Y
Wellbore based fluid 
monitoring on new 
production wells.

Production response and 
fluid analysis.

As practised in CO2 EOR, measurement and analysis of produced 
fluids provides indications of reservoir response and allows 
ongoing updates of simulation models.

Geochemistry results may be difficult to interpret due to 
inherent sampling limitations and complexity of the system.

L H Y

Enhance will employ one meter for every two 
production wells allowing continuous 
measurement of produced fluid volumes on a 
well 50% of the time.  This is well in excess of 
regulatory requirements of one 24 hr 
test/month.  Production wells in the EOR 
area will have a fluid analysis every 3 
months until CO2 breakthrough is seen, then 
minimum monthly thereafter.  Injection and 
recycle streams will be analyzed monthly at 
minimum.

Emerging wellbore tools Harmonic pulse testing Harmonic pulse testing uses analysis of pulsed CO2 injection and 
could provide insights on storage reservoir performance.

Unproven.
Analysis difficulties would be compounded by EOR operations.

L L N

This is a pressure transient technique, 
notionally similar to reservoir simulation and 
best suited to pure storage projects.  The 
tools and data available at Clive offer a much 
better chance of understanding reservoir 
performance through simulation.

Emerging wellbore tools Modular borehole tools A multi‐function tool that combines capabilities of fluid sampling,
pressure measurement, temperature and heat pulse decay 
measurement and geophones for seismic surveys.

Unproven and complex tool requiring a dedicated well.
Expense.
Fluid sampling requires perforating the casing which increases 
risk of leakage.
Requires additional land disturbance.
Doesn't have continuous drawdown so will not tend to draw 
leakage towards it.

H L N

Emerging wellbore tools Novel tracers Perflourocarbon tracers can be used to "dope" injected CO2, are 
generally not naturally occuring and can be detected at very low 
concentrations.

Expensive and in and of themselves can be a potent GHG agent 
(1000's to 10's of thousands higher than CO2). H L N

The presence of H2S in the Clive reservoir 
provides a natural "doping" agent for injected 
CO2 that is easily detected.

Reservoir simulation Geological model of 
reservoir coupled to history 
matched reservoir model.

Simulation is done as a means of optimising CO2 EOR response.  
A collateral benefit is that unexpected and unexplainable 
deviations from expected response could indicate containment 
or conformance issues triggering further investigation.
The production metering used at Clive will provide timely, high 
quality data to complement the strength of simulation as a 
monitoring tool.  

Indirect measurement.
Small losses may not be immediately detectable.

L H Y

Seismic geophysical 
methods

Employment of 3D Survey as 
a Baseline Seismic for 
contingent Cretaceous 
reservoir leakage mapping

Thid tool would extend the value of recently purchased  2004 3D 
survey beyond geological characterisation to serve as a baseline. 
In the event of a suspected leak into shallow (Cretceous) 
reservoirs, the baseline will serve to highlight fluid changes in 
the rocks due to possible CO2 movement.  A study conducted by 
Enhance showed that changes in post Devonian aquifers caused 
by the emplacement of CO2 (at which depth would be gaseous) 
would be detectable by comparison of the existing 3D and a new 
seismic survey, if the need arose.

The process of repeat shoots of seismic to reveal changes in 
reservoir conditions work best when shot over the same 
conditions with respect to equipment, spacing etc.  As repeat 
acquisition will be markedly different from baseline, the noise 
generated by these changes would mask more subtle fluid 
changes, particularly that of deeper reservoirs in which CO2 is in 
dense phase and porosity if low.  A study conducted by Enhance 
(Appendix J) showed that changes fluid in the Leduc and Nisku 
may not be resolvable, although, this is not the case for 
shallower zones.  

H H Y

Seismic geophysical 
methods

Time Lapse (4D) Seismic 
Monitoring of Devonian 
Reservoirs

Time lapse 3D has shown utility in tracking CO2 movement 
and/or loss of containment when surface and subsurface 
conditions are suitable.

The depth, low porosity and existing gas saturation at Clive make 
it a poor candidate for seismic tools as they rely on large changes
in seismic velocity due to substitution of less dense CO2 for 
more dense brine and oil.
Time lag; typically best done in winter for access and limit to 
crop damage meaning best case would be 1X/yr.
Expensive and potential for surface disturbance.

H L N

Enhance staff have experience from the IEA 
Weyburn project which suggests that seismic 
alone could not provide definitive CO2 plume 
tracking and was best combined with 
reservoir simulation to constrain the 
interpretation provided by both methods.  
The other techniques available at Clive negate 
the need for this method which is unlikely to 
provide definitive results.
Should loss of containment to a saline aquifer 
be suspected, 2D or 3D seismic could be shot; 
the density difference of CO2 vs. salt water in 
an aquifer should be easily detectable just as 
seismic is used in exploration to identify gas 
accumulations.

Seismic geophysical 
methods

Vertical seismic profile (VSP) Similar to 3D surface seismic but places geophones in a well with 
sources on surface.
Can provide better vertical resolution of saturation changes 
between wells in the vicinity of the geophone equipped well.

The depth, low porosity and existing gas saturation at Clive make 
it a poor candidate for seismic tools as they rely on large changes
in seismic velocity due to substitution of less dense CO2 for 
more dense brine and oil.
Time lag; typically best done in winter for access and limit to 
crop damage meaning best case would be 1X/yr.
Expensive and potential for surface disturbance.
Interpretation techniques not as well established as for 
conventional 3D. H L N

Enhance staff have experience from the IEA 
Weyburn project which suggests that seismic 
alone could not provide definitive CO2 plume 
tracking and was best combined with 
reservoir simulation to constrain the 
interpretation provided by both methods.  
The other techniques available at Clive negate 
the need for this method which is unlikely to 
provide definitive results.
Should loss of containment to a saline aquifer 
be suspected, 2D or 3D seismic could be shot; 
the density difference of CO2 vs. salt water in 
an aquifer should be easily detectable just as 
seismic is used in exploration to identify gas 
accumulations.

Seismic geophysical 
methods

Cross well seismic Similar to VSP, but places both geophones and sources in 
wellbores therefore avoiding surface access/disturbance issues.
Can provide better vertical resolution of saturation changes 
between wells in the vicinity of the geophone equipped well.

The depth, low porosity and existing gas saturation at Clive make 
it a poor candidate for seismic tools as they rely on large changes
in seismic velocity due to substitution of less dense CO2 for 
more dense brine and oil.
Expensive to deploy in existing wells or dedicated wells.
Placing source in wells limits signal strength to avoid well 
damage.
Interpretation techniques not as well established as for 
conventional 3D. H L N

Enhance staff have experience from the IEA 
Weyburn project which suggests that seismic 
alone could not provide definitive CO2 plume 
tracking and was best combined with 
reservoir simulation to constrain the 
interpretation provided by both methods.  
The other techniques available at Clive negate 
the need for this method which is unlikely to 
provide definitive results.
Should loss of containment to a saline aquifer 
be suspected, 2D or 3D seismic could be shot; 
the density difference of CO2 vs. salt water in 
an aquifer should be easily detectable just as 
seismic is used in exploration to identify gas 
accumulations.

Seismic geophysical 
methods

Passive seismic Uses surface or wellbore deployed geophones to "listen" for 
micro‐seismic activity induced by effective stress changes 
caused by pressure changes due to CO2 injection.
Potential low impact, continuous monitoring technique.

Requires coupled geomechanical‐reservoir models for 
interpretation which are not proven or widely available.
Typically requires signficant pressure increase due to injection to 
trigger micro‐seismic events.  As Clive will operate below 
discovery pressure this scenario is unlikely.

M L N

Enhance staff have experience from the IEA 
Weyburn project which suggests that seismic 
alone could not provide definitive CO2 plume 
tracking and was best combined with 
reservoir simulation to constrain the 
interpretation provided by both methods.  
The other techniques available at Clive negate 
the need for this method which is unlikely to 
provide definitive results.
Should loss of containment to a saline aquifer 
be suspected, 2D or 3D seismic could be shot; 
the density difference of CO2 vs. salt water in 
an aquifer should be easily detectable just as 
seismic is used in exploration to identify gas 
accumulations.

Gravity methods
‐direct field measurement
‐gradient measurement

Gravity field or gradient 
measurement tools.

Could provide direct CO2 mass measurement where there is a 
density contrast between the CO2 and the fluid that it is 
displacing.

Not yet proven.
Typically requires detectors to be very close to storage zone 
which would require deployment in deep wells over a large area. H L N



Electrical methods
‐resistance tomography
‐electromagnetic 
tomography
‐controlled source EM

Contrast between brine and CO2 conductivity could be used to 
map distribution in saline aquifer storage projects.

Oil and gas are also non‐conductive.  N/A for CO2 EOR projects.

H L N
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Geophysical Study of Cretaceous Porous Intervals at Clive in Response to CO2 Emplacement  

 

 

 

 

 

Summary 

A geophysical study was undertaken at Clive Alberta (Twp 40 Rge 24 W4M) to investigate the geophysical 
response of injecting miscible CO₂ into various stratigraphic intervals (Leduc reservoir, Manville, Viking, 
Belly River).  Fluid  replacement modelling was  used  to  determine  the  theoretical  response  of  adding 
varying concentrations of CO₂ as a function of total reservoir fluid at InSitu temperature and pressure. In 
the deeper reservoirs, as the effective pressure is such that the C0₂ remains in a liquid state, the slight 
change  in bulk modulus  (replacing a portion of one  liquid with a different  liquid with  similar physical 
properties) results in a very slight (but measurable) change in the acoustic impedance. In the shallower 
horizons (Cretaceous), as the effective pressure on the fluids in the reservoir lessens and causes the CO₂ 
to transition to a gaseous state, the bulk modulus of the reservoir is reduced significantly, resulting in a 
more pronounced seismic response. 

Introduction 

Seismic response is determined by the physical and elastic properties of rocks and their constituent fluids. 
If  the  reservoir  changes  from  a  static  to  dynamic  state,  changes  in  pressure,  temperature,  and  fluid 
content can cause measurable changes to the seismic response (Rabanni, Schmitt and Nycz, 2017). The 
magnitude and possibly even the causes of these changes can be measured through reservoir monitoring 
(well information, piezometers, thermocouples), or away from the wellbores by utilizing four dimensional 
seismic time lapse monitoring.  

If the goal is determination of whether the dynamic reservoir seismic response is expected to change  at 
all (as in the case of Clive), geophysical modelling can be a valuable tool. At Enhance Clive, an existing 3D 
survey  serves  as  the  baseline,  and  various  concentrations  of  CO₂  fluid  replacement modelling  was 
conducted to determine at what concentration, and in what zones, CO₂ emplacement or injection would 
result in a change in the seismic response.  

This study was undertaken to better understand under what conditions and in what zones CO₂ movement 
can be detected, and whether the existing Clive 3D survey could serve as a time lapse baseline. In the very 
unlikely event that during CO₂ injection fluid is transported through the geologic section, the goal of this 
exercise was to determine if seismic could detect CO₂ movement outside of the reservoir zone. 

Methodology 

Fluid  replacement modelling  was  carried  out  using  the  IHS  program  GeoSyn  and  seismic  synthetic 
modelling was undertaken in GeoSyn 2D. Gassman method of fluid replacement was utilized. 



For the Leduc reservoir interval, values for the compressibility (inverse of bulk modulus) and density were 
obtained directly  from  the  laboratory measured values  from  the CO₂  swelling  study  (2007).   miscible 
mixtures of concentrations of 10.3, 19.9, 28.1, 35.9, and 45.4% concentrations of CO₂ and reservoir oil, as 
a function of effective pressure were used to model the geophysical response 

For the shallower zones, the compressibility was calculated using the following formula: 

1
 

Where: 

Z= Compressibility factor 

Cg= Compressibility of the CO₂ Pressure= effective pressure on the CO₂, as determined from AITF study 
completed in 2012 (graph below)  



 

The above values are also dependent on temperature, which was determined from Thermocouple data 
for  each  zone,  and was  held  static.  CO₂  density was  taken  from measured  values  as  a  function  of 
temperature and pressure. 

All modelling was carried out using the well logs from 100/06‐24‐040‐24W4. Both sonic and density logs 
were used in the modelling 

Results 

In general, the calculated seismic response as a function of injected or emplaced CO₂ shows only a minor 
change as long as the injected CO₂ remains in a liquid state. Below is a graph showing the bulk modulus 
of the oil/CO₂ mixture in the Leduc from the Clive swelling study.  

 

 

 

Although there is a decrease in the incompressibility (bulk modulus) of the fluid, it is not enough to cause 
a  significant  change  in  the  acoustic  impedance of  the  interval  (density of  the mixture  increases only 
marginally from 760 kg/m3 with no CO₂ to 770 kg/m3 at 45.4% CO₂). Replacing the CO₂ miscible mixture 
in the all the pore spaces (20% prosody by volume), results in a very small change in acoustic impedance, 
and therefore seismic amplitude and character. 
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Geophysical model at reservoir level seismic frequency for the Leduc at Clive showing the response with no CO₂ (left most well) 
to reservoir fluid consisting of 45% CO₂. The difference in the maximum amplitude inside a 20ms window of the injector is only 
.02. 

 

In  the shallower horizons, as effective pressure  is decreased,  the bulk modulus decreases as does  the 
density. As  the CO₂  transitions  to a gaseous  state,  these physical properties  change more drastically. 
Below are geophysical models for porous zones in the Belly River, Viking and Manville porous intervals 
showing the zero offset geophysical P‐wave response for the fluids in the reservoir transitioning from 0% 
to 45% CO₂. 

 



 

The difference in the maximum amplitude in the Belly River sandstone resulting from injecting 45% CO₂ is .05.  

 

Because geophysical  response  is determined by  the  change  in acoustic properties of  rocks and  fluids 
relative to those surrounding it (at the scale of investigation, in this case frequency), the response of  each 
zone to CO₂ injection will depend on the material above and below the CO₂ emplacement zone. As such, 
the response to CO₂ emplacement is non unique. For example, in the belly River at the 6‐02‐40‐24 well, 
addition of CO₂ will result in a decrease on amplitude of the peak representing the Belly River sand. In the 
Viking,  the  addition  of  CO2  results  in  a  noticeable  character  and  amplitude  change, whereas  in  the 
Manville, the change exists within the Manville Peak. It is worthwhile to note that in the Cretaceous zones, 
the magnitude of change (in whatever form it takes, as observed in the horizon graphs below the models) 
is at least double that of the change observed in the Leduc. 

 

When analyzing time lapse seismic response, the changes are best quantified when comparing difference 
products  (stacks,  inversion  data)  between  the  baseline  and monitor  (Nycz,  Yang  and  Schmitt  2016). 
Because the exiting Clive 3D was acquired before the  injection of any CO₂,  it could serve as a suitable 
baseline  for  any  new  seismic monitoring.  Production  of  the  Clive  field  that  took  place  between  the 
acquisition of the survey  (2004) and the commencement of CO₂  injection would, due to the negligible 
difference in physical properties between the reservoir oil and water,  cause no detectable difference in 
the  seismic  response  in  the  Leduc,  and no other  zone would be  effected  as no other  zone has  ever 



produced, or been injected into. Therefore, any change in any new seismic compered to the baseline could 
be attributed to either CO₂ injection, or acquisition and processing differences between the baseline and 
monitor. By acquiring any new monitor with  the same parameters, and processing both baseline and 
monitor simultaneously would minimize any artifact differences between baseline and monitor.  

  

 

The reflectivity of the Viking is such that emplacement of CO₂ into the Viking sandstone to 45% concentration results in both a 
significant character and amplitude change (visualized by tracking the VKNG horizon in the model).  

Conclusions  

The modelling study shows the seismic response will be influenced by the injection or addition of CO₂ into 
various reservoirs. The degree of dependence is a function of temperature, pressure, porosity, and the % 
concentration  of  CO₂  in  the  reservoir,  along  with  the  acoustic  properties  of  the  rocks  and  fluids 
surrounding the zone affected by CO₂ 

Once the CO₂ transitions into a gaseous state, the seismic response of the CO₂ becomes more pronounced.  

In terms of dynamic monitoring, it might be possible to monitor the CO₂ front in the Leduc through the 
acquisition  of  time  lapse  (4D)  seismic,  if  this was  desired  information  or  deemed  cost  recoverable. 



However, given the very small change in physical properties with CO₂ injection into the Leduc, dynamic 
monitoring of this zone would be extremely problematic as the differences between baseline and monitor 
would  be  very  slight,  and  likely  of  lower magnitude  than  noise  in  the  data  and/or  acquisition  and 
processing differences between the baseline and monitor.   

If the CO₂ breached the top of the injection reservoir and migrated up section, acquiring new 3D seismic 
(4D monitor) would be an effective method to augment engineering (well) data to monitor the movement 
of the CO₂ in these zones. The efficacy of this would be a function of, and improve with CO₂ moving to 
shallower sections of bedrock. 
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Enhance is not responsible for any modifications, additions or deletions to the original version of this 
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Appendix a

Study on Effectiveness of Observation Wells in Detecting Loss of Containment 

Amir Ghaderi., PhD., Enhance Energy Inc. 

Physics of leakage problem 

The physical configuration and the variables used in the analysis are shown in Figure 1. Consider a reservoir and one 

aquifer above it: the target reservoir to be tested for appropriateness for storage/disposal (through injection of 

aqueous fluid), and the upper monitoring aquifer where pressure is to be monitored. A single-phase 1-D radial flow 

system is considered in two formations (reservoir and aquifer), which are separated by an impermeable aquitard. 

Figure 1:Schematic view of the reservoir-leak-aquifer system 

The leakage occurs in the vertical direction through a single leakage pathway of radius r l and permeability kl. The 

leakage pathway is at a distance R from the injection well and distance λ from the monitoring well. Knowing that the 

reservoir and aquifer are very large, the time to the end of the infinite-acting flow period is very long. However, if 

any of the formations are limited by a boundary (e.g., a sealing fault), one can use the image (superposition) method 

to account for the effect of such boundary on the leakage rate using an infinite-acting solution. The reservoir and the 

aquifer are also considered isotropic and homogeneous with known and constant properties (e.g., permeability, 

porosity, thickness, and compressibility). The injection fluid is injected at a constant rate q and considered to have 

identical properties as the reservoir and aquifer brine. Also, the aquifer is not in communication with a second 

aquifer. 



Analytical model 

To obtain the pressure variation and leakage rate, we decompose the system into four (components) and then 

combine the results. The starting point is the pressure variation in the monitoring aquifer in response to an unknown 

and time-dependent leakage rate (ql) which is the solution to the pressure diffusivity equation centered at the 

leakage pathway (component A). Based on Darcy’s equation, the leakage rate is a function of the pressure difference 

between the reservoir and the aquifer at the location of the leak (component C). To obtain the pressure at the 

location of the leak in the reservoir, the superposition principle can be used (component B, which is not replicated 

here for sake of brevity but may be found in the referenced Ph. D. Dissertation). The pressure response to injection 

can be obtained by solving the diffusivity equation centered at the injection well under a constant rate boundary 

condition (component B-1). Pressure response to leakage is obtained by solving the diffusivity equation considering 

the leakage path as the center (component B- 2). Superposition of the two solutions evaluated at the location of the 

monitoring well provides an equation for the pressure variation at the monitoring well location in the reservoir. 

Combination of such equation with pressure variation in the top aquifer gives an equation for the time-varying 

leakage rate. 

Here the differential equations governing the problem A and C, and also the final asymptotic solution (late time 

solution) for the combined problems are presented. Please refer to the cited reference for the details of the 

governing equations for each problem individually and also the related solutions. 

Definition of Dimensionless Parameters 

To present results in dimensionless form, the following dimensionless parameters are defined: 

𝑅𝐷 =
𝑅

𝑟𝑤
 𝜆𝐷 =

𝜆

𝑟𝑤
 𝐿𝐷 =

𝐿

𝑟𝑤
 𝑟𝑙𝐷 =

𝑟𝑙

𝑟𝑤

𝑇𝐷 =
𝑘𝑎ℎ𝑎

𝑘𝑟ℎ𝑟
 𝜂𝐷 =

𝜂𝑎

𝜂𝑟
 𝛼 =

𝑟𝑙
2

2𝑘𝑟ℎ𝑟ℎ𝑙
 𝑃𝐷 =

2𝜋𝑘𝑟ℎ𝑟

𝑞𝜇𝐵
(𝑃𝑖 − 𝑃) 

𝑡𝐷 =
𝜂𝑟𝑡

𝑟𝑤
2

 𝑞𝑙𝐷 =
𝑞𝑙

𝑞

Nomenclature section provides a complete list of variable names and definitions. 

Component A: Equation governing pressure change in the top aquifer 

The diffusivity equation for the aquifer is solved for the pressure (P) at the monitoring aquifer in response to the 

unknown leakage rate 

1

𝑟

𝜕

𝜕𝑟
(𝑟

𝜕𝑃𝑎

𝜕𝑟
) =

1

𝜂𝑎

𝜕𝑃𝑎

𝜕𝑡



Initial & boundary conditions: 

𝑃𝑎(𝑟, 𝑡) = 𝑃𝑎𝑖   @ 𝑡 = 0 

𝑃𝑎(𝑟, 𝑡) = 𝑃𝑎𝑖   @ 𝑟 → ∞ 

𝑞𝑙(𝑡) =
2𝜋𝑘𝑎ℎ𝑎

𝜇𝐵
𝑟

𝜕𝑃𝑎

𝜕𝑟
 @ 𝑟 = 𝑟𝑙 

where: 

𝜂𝑎 =
𝑘𝑎

𝜇𝜙𝑎𝑐𝑡

Component C: Rate of leakage 

Based on Darcy’s equation, the rate of leakage is given by: 

𝑞𝑙 =
𝑘𝑙𝐴𝑙

𝜇𝐵

𝑃𝑎(𝑟𝑙 , 𝑡) − 𝑃𝑟(𝑟𝑙 , 𝑡) + 𝜌𝑔ℎ

ℎ𝑙

Re-writing in dimensionless form based on dimensionless variables defined above gives: 

𝑞𝑙𝐷 = 𝛼 (𝑃𝑟𝐷 − 𝑃𝑎𝐷 +
2𝜋𝑘𝑟ℎ𝑟(𝜌𝑔ℎ − 𝑃𝑟𝑖 − 𝑃𝑎𝑖)

𝑞𝜇𝐵
) 

where: 

𝛼 =
𝑟𝑙

2𝑘𝑙

2𝜋𝑘𝑟ℎ𝑟ℎ𝑙

is called the leakage coefficient. 

Asymptotic solution 

A late-time asymptotic solution for pressure change at the monitoring well and corresponding leakage rate can be 

summarized as follow: 

 𝑷𝑫𝒓𝒆𝒔𝒆𝒓𝒗𝒐𝒊𝒓 =
−1

2
(𝛾 + 𝐿𝑛 (

𝐿𝐷
2

4𝑡𝐷
)) +

1

2 (1 +
1

𝑇𝐷
)

(𝛾 + 𝐿𝑛 (
𝑅𝐷

2

4𝑡𝐷
)) +

𝑞𝑙𝐷(𝑡𝐷)

2
(𝜅 + 𝐿𝑛(𝜆𝐷

2 )) 

 𝑷𝑫𝒂𝒒𝒖𝒊𝒇𝒆𝒓 =
−1.0

2(1 + 𝑇𝐷)
(𝛾 + 𝐿𝑛 (

𝑅𝐷
2

4𝑡𝐷
)) −

𝑞𝑙𝐷(𝑡𝐷)

2𝑇𝐷
(𝜅 + 𝐿𝑛 (

𝜆𝐷
2

𝜂𝐷
)) 

 𝒒𝒍𝑫 =
1.0

(1 +
1

𝑇𝐷
)

(1 − 𝐶(𝑡𝐷)(𝜅 + 𝐿𝑛(𝑅𝐷
2 ))) 

Where: 

𝑪(𝒕𝑫) =
1

κ − 2γ + Ln(4tD)
−

γ

(κ − 2γ + Ln(4tD))
2 +

γ2 −
π
6

2

(κ − 2γ + Ln(4tD))
3 −

γ3 −
π
2

2
γ + 2ξ(3)

(κ − 2γ + Ln(4tD))
4



where 

𝜿 =
2𝑇𝐷

𝛼(1 + 𝑇𝐷)
+ 𝐿𝑛 (

𝜂𝐷

1
1+𝑇𝐷

𝑟𝑙𝐷
2 ) 

After calculation of ql as a function of time, the radius of leakage penetration radius in the top aquifer can be 

calculated as follow: 

𝑷𝒆𝒏𝒆𝒕𝒓𝒂𝒕𝒊𝒐𝒏 𝑹𝒂𝒅𝒊𝒖𝒔 = √
𝑞𝑙

𝜋ℎ𝑎
+ 𝑟𝑙

It should be noted that time zero in the above formulations is the moment at which the pressure change in the 

monitoring well is greater than zero. In other words, time zero for the monitoring well corresponds to a time greater 

than zero for injection well. Therefore, for all the time before that specific moment, any value less than zero is 

defaulted to zero value for both pressure and leakage rate. 

Nomenclature: 

A cross sectional area, m2 

B formation volume factor, vol. @ Res. cond./ vol. @ St. cond. 

r radius 

R distance from injection well to leakage, m 

λ distance from monitoring well to leakage, m  

L distance from monitoring well to injection well, m 

k formation permeability, m2 

h formation thickness, m 

P pressure, Pa 

q Injection rate, m3/s 

t time, s 

η 
formation diffusivity coefficient = 

permeability / (porosity × fluid viscosity × total compressibility) , m2/s 

μ Fluid viscosity, Pa.s 

T formation transmissivity = permeability × thickness, m3 

γ Euler constant = 0.5772 

ξ(3) Riemann zeta function = 1.2020 

α leakage coefficient, dimensionless 

ϕ porosity, fraction 



ρ density, kg/m3 

g gravity acceleration = 9.8 m2/s 

Subscripts: 

D Dimensionless 

i initial 

l leakage

a aquifer

r reservoir

w well

t total

Plots in the body of this document were calculated using the following assumptions: 

Property Unit Value 

Leakage Properties 

Permeability md 50000 

Permeability m2 5.00E-11 

Radius m 0.1 

Leakage Interval m 24 

Aquifer 

Compressibility 1/Pa 1.00E-09 

Viscosity Pa.s 5.00E-04 

Porosity fraction 0.1 

Permeability md 1300 

Permeability m2 1.30E-12 

Thickness m 10 

Reservoir 



Compressibility 1/Pa 1.00E-09 

Viscosity Pa.s 5.00E-04 

Porosity fraction 0.1 

Permeability md 5000 

Permeability m2 5.00E-12 

Thickness m 30 

Distance 

Injection to Leak - R m 1 

Leak to Monitor - λ m 200 

Injection to Monitor - L m 201 

Injection Well 

Qinj m3/day 400 

Qinj m3/s 4.63E-03 

Well Radius m 0.1 

Constant Parameters 

Difiusivity of Monitoring Aquifer 1/s 26 

Difiusivity of Storage Aquifer 1/s 100 

Pressure Multiplier Pa 2.46E+03 

Dimensionless Parameters 

RD 10 

LambdaD 2000 

LD 2010 



rlD 1 

TD 0.086666667 

EthaD 0.26 

Alpha 6.94444E-05 

Kappa1 2296.932515 

Kappa2 0.2894889 

Kappa 2295.692877 

Constant Parameters 

Euler 0.577215665 

Riemann 1.202056903 

References: 

Zeidouni, M., Analytical and Inverse Models for Leakage Characterization of CO2 Storage. Diss. Ph. D. Dissertation, 

University of Calgary, Calgary, Canada, 2011. 
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MADE at the City of Calgary, in the 
Province of Alberta, on 

 

ALBERTA ENERGY REGULATOR 

Approval No. 12832 Page 1 of 8 

ENHANCED OIL RECOVERY 
Approval No. 12832 

The Alberta Energy Regulator (AER) pursuant to the Oil and Gas Conservation Act, chapter O-6 

of the Revised Statutes of Alberta, 2000, orders as follows: 

1) The scheme of Enhance Energy Inc. (hereinafter called “the Operator”) for enhanced

recovery of oil by miscible displacement using miscible fluid (CO2) and/or water injection in

that part of the Clive D-3 A Pool and containment of CO2 within the Clive D-3 A and D-2 A

Pools outlined in Appendix A of the approval (hereinafter called “the Approval Area”), as

described in

a) Application No. 1904282,

is approved, subject to the terms and conditions herein contained. 

2) For the purpose of this approval, “miscible fluid” means a mixture that contains:

a) no less than 0.95 mole fraction of carbon dioxide, with the remainder composed of

hydrocarbon components and hydrogen sulphide, at any time.

3) (1) The Operator may commence or continue the miscible fluid and/or water injection in the

wells listed in this clause 3, paragraph 1, subclause a, when the commitments of the 

Measurement, Monitoring, and Verification Plan for these wells are met, substantially in 

accordance with the scheme. 

a) No injection well(s) listed at this time:

Class II & III

The class of injection fluid is described in Directive 051.

(2) The undrilled well(s), referred to in clause 3, paragraph 2, subclause a, may be eligible

for approval to commence injection once an application that includes at a minimum the

Directive 065 requirements described in clause 4, and the Directive 051 requirements

have been submitted and approved:

a) Bottomhole location(s) of undrilled injection well(s):

01-34-039-24W4

06-01-040-24W4

4) The Directive 065 application for undrilled injection wells referred to in clause 3, paragraph

2, subclause a, must include, at a minimum, the following information, and should be

submitted within twelve months of the date of this approval:

6th day of December 2018.
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a) evidence that the Measurement, Monitoring, and Verification Plan (hereinafter called the 

MMV Plan) as detailed in Application No. 1904282 has been approved by the Minister of 

Energy, and adhered to, 

 

b) geological interpretations of the new well(s) within the Approval Area, which should 

include: 

 

i) updated the Leduc, Ireton, Nisku and Calmar gross thickness isopach mapping over 

the Approval Area, 

 

ii) updated the Calmar and Nisku anhydrite mapping over the Approval Area, 

 

iii) acceptable porosity, resistivity and lithology logs, as described in Section 4.3.3 of 

Directive 080: Well Logging for the entire length of all injection wellbores. The logs 

must be submitted to the AER in accordance with Section 7.2 of Directive 080, and 

 

iv) updated interpreted and annotated log cross-section showing: 

 

(1) stratigraphic interpretation of the zone(s) of interest, 

(2) completions/treatments to the wellbore(s), with dates, 

(3) the unique well identifier of the well(s), finished drilling date and Kelly bushing 

elevation and the scale of the log readings, directional survey, and 

(4) tabulation of the interpreted net reservoir thickness, permeability and porosity for 

the well(s). 

 

c) bottomhole injection pressure, maximum sandface pressure, fracture propagation pressure, 

and formation fracture pressure for each of the well(s) referred to in clause 3, paragraph 2, 

subclause a, 

 

d) evidence whether the Leduc and Nisku zones are in fluids/pressure communication, and 

 

e) evidence that the most suitable surface and downhole casings, tubulars and equipment are 

employed in new wells drilled for injection/production and/or retrofits injection wells as 

detailed in Application No. 1904282. 

 

5) The injection of the miscible fluid and/or water may commence in the well(s) referred to in 

clause 3, paragraph 1, subclause a, once the AER has confirmed in writing that Directive 051 

requirements have been met. 

 

6) The Operator must conduct the miscible fluid and/or water injection into the well(s) referred 

to in clause 3, paragraph 1, subclause a, in accordance with the following requirements: 

 

a) stabilized reservoir pressures of the Clive D-3 A and D-2 A Pools in the Approval Area 

must be obtained annually, respectively, in accordance with Directive 040 requirements, 

the test results must be submitted to the AER through the AER Digital Data Submission 

(DDS) System. Injection operations must be suspended in the well(s) referred to in clause 

3, paragraph 1, subclause a, if the reservoir pressure exceeds 17 500 kilopascals (gauge), 

 

b) no production may be taken from any wells within the Approval Area subject to active 

miscible fluid injection wherein the Leduc reservoir pressure is less than 13 000 

kilopascals (gauge) unless the AER, upon application, otherwise permits, 
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c) the injected gas stream shall contain no greater than 0.05 mole fraction of hydrogen 

sulphide at any time, 

 

d) a voidage replacement ratio must not exceed 1.0 on the basis of cumulative production 

and injection volumes following commencement of production, 

 

e) a minimum monthly voidage replacement ratio of 0.5 on a twelve month moving average 

basis must be maintained, 

 

f) the composition of the injectant (miscible fluid and/or re-injection gas stream) must be 

determined monthly, 

 

g) the Operator must monitor the Leduc producing well(s)’s producing gas-oil ratio in the 

Approval Area to determine when the miscible fluid breakthrough occurs, 

 

h) the Operator must obtain and analyze representative samples of the produced liquid and 

gas from production wells in the Approval Area to determine the breakthrough occurred,  

 

i) when breakthrough of the miscible fluid is indicated in any of the producing wells, the 

Operator must obtain and analyze representative samples from producers in the Approval 

Area every three months for the estimation of the breakthrough volume in the Approval 

Area, 

 

j) a hydraulic isolation log must be run on the injection well(s) referred to in clause 3, 

paragraph 1, subclause a, in accordance with Directive 051 every five years. The need for 

further hydraulic isolation logging over the life of the injection well(s) will be determined 

through the annual reporting and presentation process, 

 

k) the Operator must continuously monitor the pressures of the tubing/casing annulus; 

conduct annual packer isolation tests for the injection well(s) referred to in clause 3, 

paragraph 1, subclause a, which must be submitted to the AER through the DDS system, 

and implement appropriate corrosion protection. If a leak, or potential leak, is detected in 

the tubing/casing annulus or packer in the injection well(s), the Operator must 

immediately inform the Resource Compliance Group in the AER Environment & 

Operational Performance Branch, and the AER Red Deer Field Centre, 

 

l) the Operator must immediately suspend injection operations if the injection facilitates the 

movement of injected fluids into any zone above the base of groundwater protection or 

any zone other than the Leduc and Nisku zones, and immediately inform the Resource 

Compliance Group in the AER Environment & Operational Performance Branch, and the 

AER Red Deer Field Centre, 

 

m) the Operator must immediately suspend injection operations if any injection equipment, 

monitoring equipment, or safety devices fail that could compromise the safe operation of 

the scheme, 

 

n) the Operator must immediately report any loss of containment, anomalies that indicate 

fracturing out of the Leduc and Nisku formations, or anomalous pressure changes 

occurring anywhere within the Clive D-3 A Pool to ResourceCompliance@aer.ca, 
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o) the Operator must apply to remove the injection well(s) from the list in clause 3, 

paragraph 1, subclause a, before abandoning any injection well in the Approval Area, and 

 

p) the Operator must apply for and receive approval of its abandonment plan from the 

Closure & Liability (Oil & Gas) Group in the AER Closure and Liability Branch before 

abandoning any well within the Approval Area. 

 

7) The Operator must include the 00/10-35-039-24W4/0 and 00/14-35-039-24W4/3 wells 

completed in the Leduc zone, the 02/02-35-039-24W4/2, 00/16-02-040-24W4/0, 00/01-02-

040-24W4/2, and 00/12-01-040-24W4/2 wells completed in the Nisku zone as deep 

monitoring wells, and must implement monitoring programs in accordance with the 

following requirements:  

 

a) stabilized formation pressures in the 00/10-35-039-24W4/0 well and/or the 00/14-35-

039-24W4/3 well must be obtained annually in accordance with Directive 040 

requirements to monitor pressure development inside the Leduc formation, the test results 

must be submitted to the AER through the DDS System,  

 

b) stabilized formation pressures in the 00/16-02-040-24W4/0 and 02/02-35-039-24W4/2 

wells, and either the 00/01-02-040-24W4/2 well or the 00/12-01-040-24W4/2 well must 

be obtained annually in accordance with Directive 040 requirements to monitor pressure 

development inside the Nisku formation, the test results must be submitted to the AER 

through the DDS System,  

 

c) the Operator must complete annual isotope analysis (δ
13

C &
14

C) on the producing fluids 

from the Nisku formation. The frequency isotope analysis will be re-evaluated after two 

years of commencement of the miscible fluid injection into the Approval Area, 

 

d) the Operator must collect gas samples bi-annually, for chemical compositional analysis to 

detect CO2 levels in these deep monitoring wells. The frequency sampling collections and 

analysis will be re-evaluated after two years of commencement of the miscible fluid 

injection into the Approval Area,  

 

e) the Operator must update the reservoir simulations in the Approval Area annually. The 

frequency simulation update will be re-evaluated after two years of commencement of the 

miscible fluid injection into the Approval Area, 

 

f) the Operator must immediately inform the Resource Compliance Group in the AER 

Environment & Operational Performance Branch if the injection facilitates the movement 

of fluids into the Nisku zone, which is observed in any deep monitoring wells, while 

continuing to monitor the movement of fluids within the Nisku zone and taking direction 

from the AER to continue, suspend, or reverse the injection thereupon based of the 

monitoring results, and 

 

g) the Operator must fulfil the MMV Plan and/or subsequent amendments to the MMV Plan 

for the injection operations and deep monitoring wells, until the subject CO2 injection 

scheme is rescinded. 

 

8) Prior to commencement of the miscible fluid and/or water injection in the well(s) listed in 

clause 3, paragraph 1, subclause a, the Operator must provide a complete baseline data and 
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analysis report to ResourceCompliance@aer.ca by November 30, 2019, which includes the 

following: 

 

a) baseline data and analysis of carbon isotope signature (δ
13

C &
14

C) contained within 

different sources, such as source CO2, CO2 in producing gas from existing Leduc and 

Nisku formations, specifically from the deep monitoring wells listed in clause 7, and 

from coal bed methane (CBM) wells (as per the MMV Plan), CO2 in soil gas and in 

headspace gas from domestic water wells (as per the MMV Plan),  

 

b) baseline water chemistry data for produced water from the Leduc and Nisku formations, 

groundwater wells as per the MMV Plan, and existing baseline chemistry data from 

aquifers overlying the Leduc and Nisku formations, 

 

c) baseline seismic data to indicate that no faults transect the seals in the Approval Area, 

 

d) any baseline measurements to be taken during the pre-injection CO2 period,  

 

e) complete reservoir pressure analysis that includes initial and current Leduc and Nisku 

formation pressures, a discussion on how the pressures in the reservoirs are expected by 

the injection of CO2, and what the safe pressure levels are for the Leduc reservoir, 

 

f) history match for the Leduc oil reservoir in the Approval Area prior to the CO2 injection 

and CO2 enhanced oil recovery (EOR) performance prediction,  

 

g) the Operator must commit to perform, document, and submit to 

ResourceCompliance@aer.ca a risk assessment of all of the Leduc and/or Nisku wells, 

including abandoned, suspended or active, in the Approval Area to assess the possibility 

of leakage based on the vintage of the wells, diagnostic tools run and abandonment 

practice applied (including porous zone isolation). Wellbores found to have medium and 

high risks as detailed in the MMV Plan should be mitigated prior to the expected time of 

CO2 reaching the locations, and 

 

h) discussion of the need for changes to the MMV Plan. 

 

9) The Operator must submit annual progress reports and make presentations on the CO2 EOR 

scheme to the Resource Compliance Group in the AER Environment & Operational 

Performance Branch, with the first to occur after one year commencement of the miscible 

fluid injection. These reports and presentations shall include the following information in 

metric units: 

 

a) a summary of the scheme operations including:  

 

i) any new project wells drilled in the reporting period, 

 

ii) any workovers/treatments done on the injection and monitoring wells including the 

reasons for and results of the workovers/treatments, 

 

iii) changes in injection equipment and operations,  

 

iv) identification of problems, remedial action taken, and impacts on scheme 

performance, and 

mailto:ResourceCompliance@aer.ca
mailto:ResourceCompliance@aer.ca
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v) a table of analysis data including baseline values and testing results. The table must 

include the unique well indicators, sample dates, test dates and results for all soil, 

CBM, water and deep monitoring wells, and wells for vent flowing tests. 

 

b) a full discussion of the pressures of the Leduc and Nisku formations, including stabilized 

shut-in formation pressures and on how the pressure compares with the formation 

pressure expected for the cumulative volume of the CO2 injected, along with an updated 

estimate of what the actual cumulative injection volume will be at the maximum shut-in 

formation pressure specified in clause 6, subclause a, 

 

c) a discussion of the overall performance of the scheme, including the incremental oil 

recovery and the volume of incremental oil produced as a result of the miscible fluid 

injection, how the reservoir pressure is changing over time; updated geological maps; and 

updated CO2 plume extent and pressure distribution models, if needed. The updated 

geological maps should be based on all new data obtained since the commencement of 

the injection to the end of the reporting period,  

 

d) a discussion on how an increase pressure due to the miscible fluid injection could have an 

adverse effect on hydraulic fracturing of the target formation or caprock, and the 

displacement of brine upward out of the target formation via a conduit such as fracture or 

fault, and wellbores within the area of influence. In addition, a list of all wells that 

penetrated the injection target formation surrounding the injection well where the 

pressure increase could also have an adverse effect, 

 

e) results and evaluation of all monitoring done during the reporting period including but 

not limited to: pressure surveys, corrosion protection, fluid analyses, logs and any other 

data collected that would help in determining the success of the scheme, 

 

f) a table showing the following data for each month of the reporting period: 

 

i) a representative composition for the injected fluids, 

ii) a representative composition for the re-injection streams, 

iii) mole fraction of the CO2 and impurities in the injection stream, 

iv) standard volume of the CO2 injected, 

v) cumulative volume of the CO2 injected at standard conditions following the 

commencement of the scheme 

vi) CO2 stream formation volume factor,  

vii) volume of the CO2 injected at reservoir conditions, 

viii) cumulative volume of the CO2 injected at reservoir conditions following the 

commencement of the scheme, 

ix) hours on injection, 

x) the net amount of the CO2 injected in the reservoir, in reservoir cubic meters and in 

standard cubic meters, the difference between total CO2 injected into and that 

produced from the scheme, 

xi) maximum daily injection rate at standard conditions, 

xii) average daily injection rate at standard conditions, 

xiii) maximum wellhead injection pressure and corresponding wellhead injection 

temperature, 

xiv) average wellhead injection pressure and corresponding average wellhead injection 

temperature,  

xv) estimated or measured average reservoir pressure in the target formation, and 
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xvi) estimated average bottomhole injection pressure.* 

 

* Include a discussion in detail on how the hydrostatic head of the miscible fluid in the 

wellbore, friction losses in the tubing, and pressure losses in the reservoir are accounted 

for in the determination of the average reservoir pressure.  

 

g) a plot showing ongoing monthly injection volumes and the maximum wellhead injection 

pressure versus time. The plot must display the scheme on an ongoing basis and not just 

for the reporting period,  

 

h) a table showing the calculated net tonnes of the CO2 injected in reservoir and in standard 

conditions, which is a difference between the miscible fluid injected into and that 

produced from the scheme:  

 

i) on a monthly basis for the reporting period, and 

ii) on an annual basis since the commencement of injection. 

 

i) a table and plot of the calculated voidage replacement ratios both on a monthly and 

cumulative basis from the start of scheme operations, and 

 

j) verification that all conditions of this approval have been met during the reporting period. 

All non-compliance events should be summarized, and should be voluntarily self-

disclosed as soon as they occur to the Resource Compliance in the AER Environment & 

Operational Performance Branch.  

 

10) All non-abandoned wells that are completed in the Leduc and/or Nisku zones and within the 

Approval Area must be abandoned by a Level A method in accordance with Directive 020 

upon completion of the CO2 injection operations. The abandonment program must be 

submitted to the Closure & Liability (Oil & Gas) Group in the AER Closure and Liability 

Branch and approved by the AER. 

 

11) All suspended wells that are completed in the Leduc and/or Nisku zones and within the 

Approval Area must meet the High Risk Type 2 suspension requirements of Directive 013 

once commencement of the CO2 injection into the Approval Area. 

 

12) The Operator is required to submit the MMV Plan updates at critical milestones, such as 

commencement of the miscible fluid injection, two years after commencement of the 

miscible fluid injection, closure and post closure of the miscible fluid injection. Specifically, 

the Operator must submit a closure and a post closure MMV Plan. 

 

13) The AER may at any time vary these terms and conditions or may suspend or revoke this 

approval if, in its opinion, circumstances so warrant. 

 

END OF DOCUMENT 
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