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Abstract
This report presents the results of subsurface bedrock structure mapping in the Athabasca Oil Sands Area, 
Alberta, using well log data and geostatistical analysis. Two horizons, the sub-Cretaceous unconformity 
and the top of the Lower Cretaceous Wabiskaw Member (Clearwater Formation), were selected for 
mapping formation-top offsets. The sub-Cretaceous unconformity represents approximately 220 Ma of 
nondeposition, erosion, and karstification, which resulted in active and relict sinkholes, enlarged joints, 
and faults related to the dissolution of halite in the Devonian Prairie Evaporite Formation. The top of the 
Wabiskaw Member represents the maximum flooding surface for the Mannville Group in this area and 
can be considered to have been originally smooth and therefore ideal for structure mapping. Numerous 
local offset structures were recognized and highlighted using residual maps of both the sub-Cretaceous 
unconformity and the top of the Wabiskaw Member. A formation-top offset is herein defined as any 
vertical displacement of a formation top that can be detected using well log data and geostatistical 
analysis. The offset features identified on the two surfaces were compared to each other and to an isopach 
map of the McMurray Formation and Wabiskaw Member combined. This approach allows for tracking 
the structural features vertically and identification of the following types of offset features:

• features that offset the sub-Cretaceous unconformity surface only and became inactive prior to the 
initial deposition of the McMurray Formation,

• features that offset the sub-Cretaceous unconformity surface only but remained active during the 
deposition of the McMurray Formation or the Wabiskaw Member and became inactive after the 
deposition of the Wabiskaw Member,

• features that offset both the top surface of the Wabiskaw Member and the sub-Cretaceous 
unconformity surface and remained active during and after the deposition of the Wabiskaw Member, 
and

• features that are not evident on the sub-Cretaceous unconformity but offset the top surfaces of the 
McMurray Formation and the Wabiskaw Member at earliest after the deposition of the Wabiskaw 
Member.

The map of bedrock surface offsets generated in this report can be used for identifying potential faults or 
salt dissolution collapse features. The methodology for mapping formation-top offsets using well log data 
and geostatistical analysis is also presented.
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1 Introduction
The Alberta Geological Survey initiated a project to characterize geological units above and below 
the bitumen reservoir in the Athabasca Oil Sands Area (Haug et al., 2013). The project study area 
extends from Townships 87 to 99 and from Ranges 1 to 13, west of the Fourth Meridian (Figure 1). It 
encompasses the surface mineable area and the northeastern extent of the Wabiskaw-McMurray bitumen 
deposit and the Clearwater Formation, as well as a wide band within the zone of dissolution of Devonian 
salt. The project includes the mapping and geological characterization of selected units from top of the 
Precambrian basement to the base of the Quaternary.

The units we selected for geological characterization include the Clearwater Formation and its Wabiskaw 
Member and the Devonian Beaverhill Lake and Elk Point groups. Devonian-aged limestone and shale 
subcrop unconformably beneath the McMurray Formation; the unconformity between them is known as 
the sub-Cretaceous unconformity and represents approximately 220 Ma of missing time and a long history 
of erosion, nondeposition, and karstification. The Devonian strata underwent structural deformation and 
karstification related to the subsurface dissolution of Prairie Evaporite Formation halite , resulting in 
salt collapse or subsidence-related paleotopographic lows on the sub-Cretaceous unconformity prior to 
being filled by the lower McMurray Formation sediments (Martin and Jamin, 1963; Flach and Mossop, 
1985; Dufresne et al., 1994; Cotterill and Hamilton, 1995; Nikols, 1996; Wightman and Pemberton, 
1997; Grobe, 2000; Alberta Energy and Utilities Board, 2003; Hein et al., 2000, 2001; Hein and Cotterill, 
2006, 2007; Ranger and Gingras, 2010; Schneider et al., 2012; Broughton, 2013). Throughout the area, 
karst features have been identified both in the Devonian strata and on the sub-Cretaceous unconformity, 
primarily occurring as active and relict sinkholes, enlarged joints, and, to a lesser extent, caves (Schneider 
et al., 2012; Broughton, 2013; Fustic et al., 2014).

Structural discontinuities that cross through the Devonian and Cretaceous strata may create zones of 
weakness in the oil sands caprock and compromise its sealing properties. In addition, it is possible that the 
presence of collapse features may cause a stress reduction in the caprock due to draping into a sink feature 
(Collins et al., 2013). Although most in situ operations in Alberta encounter few significant problems, 
there have been documented occurrences of oil or steam releases because of compromised caprock seals 
(Energy Resources Conservation Board, 2010). Structural discontinuities that are currently limited to the 
sub-Cretaceous strata may still lead to future subsidence. It is possible that even uncollapsed areas may 
be unstable due to continuing subsurface dissolution of the Prairie Evaporite Formation salt (Bachu et al., 
1993).

This report is part of the effort to characterize and map formation-top offsets for the top of the Wabiskaw 
Member and the sub-Cretaceous unconformity, which respectively define the top and base of the oilsand-
bearing Wabiskaw-McMurray succession. A formation-top offset is herein defined as any vertical 
displacement of a formation top that can be detected using well log data and geostatistical analysis. 
Formation-top offsets can be used for identifying potential faults and salt dissolution collapse features. In 
this report, the methodology and results of mapping formation-top offsets are presented.

2 Geological Setting
The sedimentary rocks in the study area consist of two packages of rock with profoundly different 
depositional settings (Figures 2–4). The lower package was deposited on a passive continental margin 
and includes a succession of Devonian rocks that is dominated by marine carbonates and evaporites 
with some intervening deeper-water shales. The upper package was deposited with the development of 
a foreland basin from the Late Jurassic to Paleogene and is composed of Lower Cretaceous synorogenic 
clastic rocks. A major unconformity, known as the sub-Cretaceous unconformity, separates the foreland 
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Figure 1. Location of the project study area.
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Figure 2. Stratigraphic and hydrostratigraphic nomenclature for the study area. Hydrostratigraphy 
from Bachu et al. (1996).



AER/AGS Open File Report 2015-06 (June 2015) • 4

Figure 3. Bedrock geology map (from Prior et al., 2013). The red line indicates the location of the 
cross-section in Figure 4. Pelican Fm. on this map equates to Viking Fm. in Figure 2.
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Figure 4. Generalized geological cross-section of the study area. The location of the cross-section is indicated by the red line on the 
map of Figure 3. Note that the Prairie Evaporite Formation pinches out towards the northeast due to extensive salt dissolution.
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basin succession from the underlying Devonian strata, with the latter dipping at a greater angle than that 
of the overlying Cretaceous rocks (Figure 4).

During the Devonian, the study area experienced a general trend of marine transgression. A seaway 
started to spread from the northwest into the interior of the cratonic platform through a southeast-trending 
embayment (Kent, 1994, Figure 7.7), resulting in the deposition of basinal carbonates and evaporites 
of the Middle Devonian Elk Point Group in the study area. The seaway was flanked by the Peace River 
Arch and the West Alberta Ridge in the west and the Canadian Shield to the east. During the course of 
the Devonian, the west flank of the seaway was progressively submerged. First, the West Alberta Ridge 
was immersed during the deposition of basinal marine shales and carbonates of the Middle to Upper 
Devonian Beaverhill Lake Group in the study area (Kent, 1994, Figure 7.8). Later, the Peace River Arch 
was submerged during the deposition of open-marine shelf carbonates of the Upper Devonian Wabamun 
Group over the Peace River Arch (Halbertsma, 1994, Figure 13.1.)

During the latest Devonian and earliest Carboniferous, a trough known as the Prophet Trough developed 
along the western Canadian cratonic margin (Richards, 1989). A marine embayment also developed at the 
former site of the Peace River Arch in the northern part of the cratonic platform margin and subsequently 
became connected to the Prophet Trough. These developments resulted in a different sedimentary pattern 
in Carboniferous strata, with marine carbonates deposited in a narrow belt along the passive margin 
and facies changing from shelf to basin towards the west and northwest (Kent, 1994, Figure 7.10). By 
the time of deposition of the Lower Carboniferous Banff Formation, the study area was located in the 
shallower part of the shelf and sedimentation was marked by coastal sabkha in the southeast, grading 
into shallow-shelf carbonates and then shallow-shelf muds towards the northwest (Richards, 1989; Kent, 
1994, Figure 7.10). The Carboniferous is characterized by a general trend of regression, with an inferred 
coastline moving westward towards the basin (Kent, 1994, Figures 7.10 and 7.12), and by the time of 
deposition of the overlying Rundle Group, the study area was already located in the continental sabkha 
environment (Kent, 1994, Figure 7.12) or exposed. The uppermost Lower Carboniferous deposits of the 
Mattson assemblage, which is currently confined to the Peace River Embayment (Richards et al., 1994, 
Figure 14.35), record the culmination of the general regressive trend, and late Carboniferous marine 
sedimentation was further restricted to the passive margin (Richards et al., 1994).

The regressive trend continued in Permian time with a significant drop in relative sea-level, resulting 
in sedimentation confined mainly to the Peace River Embayment and the Prophet Trough (Kent, 1994, 
Figure 7.13). The low sea-level stand continued in Triassic time with some minor transgression (Kent, 
1994, Figure 7.13). The study area, located to the east of the Peace River Embayment, was probably 
continuously exposed from middle Early Carboniferous time until the deposition of the Lower Cretaceous 
McMurray Formation (Smith, 1994, Figure 17.3), suggesting that the Upper Devonian and Lower 
Carboniferous rocks in the study area underwent exposure and erosion for a period that lasted about 
220 Ma. In the study area, the Carboniferous and Devonian rocks above the Beaverhill Lake Group were 
completely eroded. This resulted in a major unconformity, referred to as the sub-Cretaceous unconformity, 
between the McMurray Formation and the underlying Beaverhill Lake and Elk Point groups (Figure 4). 
Progressively older Middle Devonian strata subcrop from southwest to northeast beneath the sub-
Cretaceous unconformity (Figure 4).

The Beaverhill Lake and Elk Point groups underwent structural deformation and collapse related to the 
dissolution of the Prairie Evaporite Formation halite and karstification of limestone in the Beaverhill Lake 
Group. Bayrock (1971) first mapped karst sinkholes in the Athabasca area. Throughout the study area, 
collapse of the strata overlying the Prairie Evaporite Formation caused by halite dissolution resulted in 
active and relict sinkholes, brecciation, and enlarged joints (Martin and Jamin, 1963; Flach and Mossop, 
1985; Dufresne et al., 1994; Cotterill and Hamilton, 1995; Nikols, 1996; Grobe, 2000; Hein et al., 2000, 
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2001; Alberta Energy and Utilities Board, 2003; Hein and Cotterill, 2006, 2007; Ranger and Gingras, 
2010; Schneider et al., 2012; Broughton, 2013; Haug et al., 2013).

In the study area, the sub-Cretaceous unconformity is overlain by a Lower Cretaceous Mannville Group 
succession assigned, in ascending order, to the McMurray, Clearwater, and Grand Rapids formations 
(Figure 2). The McMurray Formation and Wabiskaw Member of the Clearwater Formation represent a 
transgressive succession (Jardine, 1974; Flach, 1984; Wightman et al. 1997), characterized by fluvial 
sediments in the lower McMurray, mainly estuarine channel complexes in the Middle McMurray, 
estuarine and coastal plain complexes in the Upper McMurray, and valley fill and regional marine shale 
and sandstone of the Wabiskaw Member (Hein et al., 2007). The Clearwater Formation (excluding the 
Wabiskaw Member) and the Grand Rapids Formation represent a regressive sequence, characterized by 
the marine mudstone, siltstone, and subordinate sandstone of the Clearwater Formation and shoreline 
sandstones of the Grand Rapids Formation. Above the Grand Rapids Formation are erosional remnants of 
the marine Colorado Group (including the basal Joli Fou and overlying Pelican/Viking formations) and 
Lea Park Formation. These units are locally distributed in the northwest, southwest, and central east of the 
study area (Figure 3).

The Cretaceous rocks have undergone extensive erosion and are unconformably overlain by Quaternary 
deposits in the study area (Figure 3 and Figure 4). Andriashek and Atkinson (2007) completed an 
extensive study of the Quaternary buried channels and glacial-drift aquifers in the Fort McMurray region. 
They described the sedimentary succession unconformably overlying the Cretaceous succession in the 
study area as being composed of finer-grained sediments deposited during the advance and retreat of 
Quaternary ice sheets as well as a sequence of coarser fluvial sediments. Within this study area there is 
currently no indication of the presence of preglacial Neogene sand and gravel within the buried valleys.

The sub-Cretaceous unconformity and the top of the Wabiskaw Member were selected for mapping 
formation-top offsets. These two horizons are distinct on geophysical well logs and can be picked 
consistently. The sub-Cretaceous unconformity allows for capturing paleokarst, salt dissolution, and 
erosional features. The top of the Wabiskaw Member represents a maximum flooding surface (Wightman 
et al., 1997) and can be considered to have had little original topographic relief (relatively smooth). 
Therefore, any structural disturbances, such as postdepositional salt dissolution collapses and faulting, 
would be captured by the top surface of the Wabiskaw Member. Comparison of the structural features 
recognized on both the sub-Cretaceous unconformity and the top of the Wabiskaw Member would allow 
us to track the structural features vertically and identify active and inactive features.

3 Data and Sources of Error
The data used for structural and geometric modelling are picks of the tops of stratigraphic units. 
A stratigraphic top pick in a well is a point defined in three dimensions where the top surface of a 
stratigraphic unit intersects the wellbore. IHS’s PETRA software was used for analyzing geophysical 
well logs and for making picks of the sub-Cretaceous unconformity and other Paleozoic and Cretaceous 
stratigraphic unit tops. As with other well log software, when a surface is picked on the geophysical 
well log, the measured depth of the pick on the depth scale of the log is automatically recorded. The 
measured depth represents the distance along the wellbore path from the kelly bushing (KB) on the 
drilling platform. In a vertical well, the measured depth of the pick is the same as the vertical depth from 
the KB, and the x,y location of the pick is the same as the wellhead location. When a well is deviated, 
the measured depth along the wellbore is different from and greater in value than the vertical depth of 
the pick; the x,y location of the pick is also different from that of the wellhead. In making stratigraphic 
correlations and structural maps, it is the elevation of the pick that is used. The elevation of a pick in a 
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vertical well is calculated by taking the elevation of the KB and subtracting from it the measured depth 
of the pick. In a deviated well, the x,y location and vertical depth of the pick can be calculated if the 
deviation survey data are available. In this report, deviated wells without deviation survey data were not 
included.

The stratigraphic picks used for mapping formation-top offsets in this report were mainly made by C.L. 
Schneider, P. Greene, and other AER staff (Alberta Energy and Utilities Board, 2003; Hein et al., 2006, 
2007) using geophysical well logs. Additional infilling and refined picks were added by S. Mei during 
geostatistical analysis and geological modelling. For the Wabiskaw Member unit top, 10 452 picks were 
made. For the top of the sub-Cretaceous unconformity, 18 019 picks were made.

The first source of uncertainty in the elevation of picks is the potential error found in the elevation of the 
KB, from which the pick elevation is calculated. The error in KB could be caused by errors in surveying 
the ground elevation of the well site because the KB elevation is usually derived from adding the height 
of the drilling platform above the ground surface to the surveyed ground elevation.

The second source of error is the uncertainty in well location. In western Canada, wells are licensed 
based on the bottomhole location, and the coordinates that define the location are based on a survey grid 
that is tied to known markers. In Alberta, the grid currently used by the petroleum industry is the Alberta 
Township Survey version 4.1 (ATS 4.1), which can be downloaded from AltaLIS (http://www.altalis.
com/products/property/ats.html). The ATS grid has gone through several revisions, and each revision has 
resulted in corrections to previously derived grid points. The accuracy for the ATS 4.1 is ±3 metres. The 
surfacehole location is first defined as metes and bounds based on the ATS grid, which are the offsets 
relative to the southeast corner of the section in a township. Then, the bottomhole location is calculated 
based on the shifts from the directional survey and the surfacehole coordinates (Alberta Energy Regulator, 
2011). Some uncertainty in well location is inevitably introduced in these calculations and conversions 
and will translate into uncertainty in the elevation of formation-top picks.

The third source of error is of course human error: most commonly inconsistent or incorrect placement of 
the pick on the well logs. This can be partly caused by using inconsistent interpretation/correlation models 
(lithostratigraphic/layer-cake versus sequence stratigraphic; see Tinker, 1996, for example), limited 
availability and poor resolution of logs, and complexity in facies change.

Other potential sources of error include data entry mistakes and incorrect well log depth calibration. 
The errors associated with picks cannot be completely removed but can be reduced and managed to an 
acceptable level.

4 Methodology
After deposition, sedimentary units may undergo regional compaction, regional deformation, and local 
structural disturbances. In the Alberta Basin, local structural disturbances may be related to differential 
compaction over reefs, faulting, salt dissolution collapse, karst development, glaciotectonics, and impact 
craters, to name a few. Consequently, the present-day elevation of a stratigraphic unit top represents the 
result of the combined effects of both the regional and local processes.

In this study, the objective of subsurface bedrock structure mapping is to highlight and separate the offsets 
caused by local structural features from the combined effects of regional deposition, deformation, and 
compaction. The methodology used in this study was developed by Mei (2009) and allows recognition of 
metre-scale formation-top offsets that are below the detection or resolution limits of conventional seismic 
surveys. In the Alberta Basin, local structural features are represented by surficial undulations or surface 

http://www.altalis.com/products/property/ats.html
http://www.altalis.com/products/property/ats.html
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roughness on a bedrock surface; this is because the amount of displacement in the elevation of a bedrock 
surface caused by local features is much smaller than that caused by regional deformation. To highlight 
the local structures, a regional trend surface is first modelled to account for the combined effect of the 
regional processes. Then, the trend is removed from the data and simple kriging is applied to the residuals 
to account for the local variations using ArcGIS Geostatistical Analyst. The local structures are thus 
highlighted in the resultant residual map.

Marine bedrock surfaces are preferred for mapping formation-top offsets in this study because they are 
smooth (not necessarily flat) after deposition due to the energy of wave, tide, and currents responsible for 
shaping them, and they are regionally extensive and can be picked on well logs easily and consistently 
compared to nonmarine bedrock surfaces. Marine bedrock surfaces have remained smooth, with 
undulations, after regional compaction and deformation; they become disturbed only after they are offset 
by local structural features. As a result, local structures can be highlighted after removal of these regional 
effects.

An unconformity also has an advantage in structural mapping because local structural features will be 
evidenced by differential erosion/weathering in the weak zones caused by pre-existing structures. For 
the sub-Cretaceous unconformity in the study area, both regional erosion and more localized processes, 
including valley incision, differential erosion, and karstification that occurred during the long period of 
exposure, contributed to shaping the topography of the surface represented by the unconformity. The local 
features, including karstic sinkholes, salt dissolution collapse features, and incised river valleys, can be 
highlighted after removal of the regional effects.

4.1 Mapping Quality Control
In addition to the regional effects that may mask the local structures on bedrock surfaces, the errors 
associated with the formation-top picks also tend to blur the local structures. If the picks were error free, 
the interpolated bedrock surface would be smooth except where it is offset by local structures; thus, the 
local structures would be easily identifiable in such an ideal situation. However, this is never the case 
in reality because picks are never error free, as mentioned previously. Using the methodology described 
above, the variations captured in the residual map after removal of the regional trend are represented by 
undulations caused by both local structural features and errors that are propagated into the process of 
making picks and generating the bedrock surface. These errors need to be reduced and controlled so as to 
better highlight the local structures.

The first step in quality control of picks is identifying outliers. In this study, the method described by Mei 
(2009) for quality control was used, which includes the following steps:

1) A local trend surface was generated around each data point using the surrounding data points; then, 
the deviation of the data point from the local trend was calculated.

2) The histogram of deviations was examined and the data points with deviations larger than an initially 
determined threshold (e.g., two or three standard deviations away from the mean deviation) were 
identified as outliers.

3) The outliers were then visually examined against the structure map and grouped into two categories 
based on their distribution patterns. One category contained outliers that were clustered in a linear or 
circular pattern, potentially indicating local structural features. The other category contained outliers 
that were randomly distributed across the study area, likely representing erroneous picks.

4) The outliers were then examined against well logs to confirm the existence of local structures or to 
correct other errors. Data points identified with KB errors were corrected or refined with available 
digital elevation model (DEM) data (e.g., light detection and ranging or Shuttle Radar Topography 
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Mission DEM), or using offset well KBs in a flat area. The data points associated with picking errors 
were reassessed. Wells with errors that were undetermined or could not be corrected (e.g., lack of 
good quality logs for repicking) were removed from the analysis.

5) The above-mentioned steps were repeated until a minimized and acceptable degree of uncertainty was 
reached.

The data points remaining after quality control were subsequently used to generate a regional trend 
surface using the local polynomial interpolation technique in ArcGIS Geostatistical Analyst. Mei (2009) 
discusses in more detail how to generate a trend surface that best accounts for the combined effect of 
regional geological processes. The trend is subtracted from the data points, resulting in residual values 
that mainly account for variations caused by local processes. The residuals are interpolated using simple 
kriging to generate a residual map. Consequently, local structures are best highlighted in the residual map 
as long as the trend surface was modelled to reflect the regional geological trend.

4.2 Mapping Structural Features
To define a structural feature in three dimensions, the above-mentioned analysis needs to be applied to 
multiple bedrock surfaces. This also allows for different structural features to be differentiated from each 
other based on the following characteristics in Alberta Basin:

• Faults: showing linear pattern of offsets.
• Salt dissolution sinkholes and collapses: circular features variable in shape and size and containing 

offset/disturbance that may be traced through the entire Cretaceous succession down to the 
responsible Devonian evaporite beds if data are available.

• Glacial deformation: variable in shape (faults and thrusts) and with offset/disturbance limited to 
surficial deposits and the uppermost part of the underlying bedrock.

• Impact structures: circular features with offset/disturbance having the potential to effect considerable 
depths of strata and recognized by diminishing influence with increasing depth.

• Volcanism: circular offset/disturbance that can be traced throughout the entire sedimentary cover.

This study focuses on mapping formation-top offsets that are potentially caused by salt dissolution 
collapse. The sub-Cretaceous unconformity is generally easily recognizable by a sharp decrease in both 
neutron and density porosity and an increase in photoelectric factor. The top of the Wabiskaw Member is 
characterized by a widespread, consistent resistivity and gamma-ray log pattern that represents the base 
of the first regionally correlatable marine mudstone interval above the sub-Cretaceous unconformity. Both 
surfaces are distinct on well logs and can be picked consistently, resulting in reduced uncertainty in picks. 
Offset features were first mapped on each of these two surfaces, following the procedure discussed above, 
and mostly verified using well logs and cross-sections. The accuracy of the boundary delineations for the 
offset features is dependent on the well-log quality and spacing. The offset features recognized on the sub-
Cretaceous unconformity were then compared with those recognized on the top of the Wabiskaw Member 
to track the structural features vertically and discriminate between pre-, syn-, and postdepositional 
features relative to the Wabiskaw-McMurray succession.

5 Results and Interpretation
Figure 5 shows the sub-Cretaceous unconformity. A regional, linear depression trending north-northwest 
runs across the study area from the south-central to the northwest. This feature was previously referred 
to as the Prairie Salt Scarp and interpreted as reflecting regional dissolution of evaporites within the Elk 
Point Group (McPhee and Wightman, 1991; Bachu et al., 1993; Hein et al., 2000; Broughton, 2013). In 
the northwest of the study area, the Prairie Salt Scarp widens and deepens significantly into a polygonal 
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a) b)

Figure 5. Map of the sub-Cretaceous unconformity surface in the study area, with the red line outlining the Bitumount Basin: (a) includes control wells and (b) does not.
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depression, which was previously referred to as the Bitumount Basin (Hume, 1947; Kidd, 1951; Carrigy, 
1959; Martin and Jamin, 1963; Stewart, 1963; Flach, 1984; Cotterill and Hamilton, 1995; Hein et al., 
2000, 2001; Ranger and Gingras, 2010) or the Bitumount trough (Broughton, 2013), with its boundary 
not clearly and consistently defined by the previous authors. The bitumen-bearing McMurray Formation 
varies in thickness but becomes thickest and reaches over 130 m thick in the Bitumount basin (Hein et al., 
2001).

Broughton (2013) suggested that the Bitumount Basin includes a V-shaped Bitumount trough and a 
paleovalley; the western arm of the Bitumount trough is trending to the southeast and extends from Twp. 
96, Rge. 13, to Twp. 95, Rge. 9, W 4th Mer., and the eastern arm is trending to the northeast and extends 
from Twp. 95, Rge. 9, to Twp. 98, Rge. 7, W 4th Mer.; the paleovalley intersects the apex of the V-shaped 
Bitumount trough in Twp. 95, Rge. 9, W 4th Mer., and then trends north. Figure 5 shows the detailed 
internal relief of the Bitumount Basin, which is complex. The eastern arm of the V-shaped Bitumount 
trough as defined by Broughton (2013) cannot be clearly identified in Figure 5.

It has been widely accepted that salt dissolution in the Elk Point Group and collapse of the overlying 
carbonate units in the Waterways Formation caused the development of paleokarst features, including 
sinkholes, brecciation, small-scale folding, and faulting, along the sub-Cretaceous unconformity 
(Grobe, 2000; Hein et al., 2000; Schneider et al., 2012; Broughton, 2013). In addition to the Bitumount 
Basin, numerous offset structures, smaller in vertical displacement and varying in shape and size, are 
recognized (Figure 5). These local offsets are best highlighted on the residual map of the sub-Cretaceous 
unconformity surface in Figure 6. These features include depressions that are defined by fairly good well 
control and underlie approximately the following townships and localities:

• Twp. 94, Rge. 12, to Twp. 93, Rge. 11, to central-western Twp. 93, Rge. 10, W 4th Mer.
• Southeastern Twp. 94, Rge. 9; northeastern Twp. 93, Rge. 9; northwestern Twp. 93, Rge. 8; and 

southwestern Twp. 94 Rge. 8, W 4th Mer.
• Northern Twp. 91, Rge. 8, W 4th Mer.
• Twp. 91, Rge. 9, to northern part of Twp. 90, Rge. 9, W 4th Mer.
• Southeastern Twp. 90, Rge. 9, W 4th Mer.
• Underlying southern Fort McMurray
• From southwestern Twp. 88, Rge. 8, to northwestern and then southeastern Twp. 87, Rge. 8, 

W 4th Mer.
• Twp. 87, Rge. 7, W 4th Mer.
• Twp. 92 to 91, Rge. 7, W 4th Mer.
• Eastern Twp. 93, Rge. 4, W 4th Mer.
• Southeastern Twp. 96, Rge. 4; northeastern Twp. 95, Rge. 4; southwestern Twp. 95, Rge. 3; and 

northwestern Twp. 94, Rge. 3, W 4th Mer.
• Southeastern Twp. 97, Rge. 5; northeastern Twp. 96, Rge. 5; northwestern Twp. 96, Rge. 4; and 

southwestern Twp. 97, Rge. 4, W 4th Mer.
• Southeastern Twp. 98, Rge. 6, W 4th Mer.
• Northeastern Twp. 98, Rge. 7, W 4th Mer.
• Northern Twp. 99, Rge. 11, W 4th Mer.

Additional smaller depressions of various shapes are clustered in Twp. 92, Rge. 9–10; Twp. 91, Rge. 10; 
Twp. 95, Rge. 5–8; Twp. 94, Rge. 5–7; and Twp. 99, Rge. 5–6, all W 4th Mer.

The highly variable collapse subsidence structures and erosional relief on the sub-Cretaceous 
unconformity (Figure 5 and Figure 6) controlled the depositional pattern of the overlying McMurray 
Formation. Figure 7 shows the isopach map of the McMurray Formation and Wabiskaw Member 
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a) b)

Figure 6. Residual map of the sub-Cretaceous unconformity surface in the study area: (a) includes control wells and (b) does not. The red line outlines the Bitumount Basin and the white line marks the local depressions. The 
black dots and line indicate the location of the wells and cross-section shown in Figure 10.
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a) b)

Figure 7. Isopach map of the McMurray Formation and the Wabiskaw Member clipped to the limit of the uneroded portion of the Wabiskaw Member (Prior et al., 2013): (a) includes control wells and (b) does not. The red line 
outlines the Bitumount Basin and the black line indicates the offsets identified in Figure 6 from the sub-Cretaceous unconformity. The black dots and line indicate the location of the wells and cross-section shown in Figure 10.
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combined. The thicker areas correlate well with the negative structural elements identified from 
the residual map of the sub-Cretaceous unconformity (Figure 6). This may suggest infilling of the 
paleotopographic lows on the sub-Cretaceous unconformity by lower McMurray deposits, contributing to 
the additional thickness, or syndepositional subsidence during the deposition of the McMurray Formation 
or the Wabiskaw Member.

Figure 8 shows the top surface of the Wabiskaw Member. A regional depression, or relative low, runs 
across the study area from the northwest to south-central, coinciding with the location of the Prairie 
Salt Scarp as identified on the sub-Cretaceous unconformity (Figure 5). This suggests that the regional 
collapse subsidence, mainly caused by the dissolution of the Prairie Evaporite Formation halite, continued 
until after the deposition of the Wabiskaw Member or later. The regional depression deepens and widens 
towards the northwest (Figure 8), suggesting that the areal extent and amount of salt removal increased 
towards the northwest. McPhee and Wightman (1991) indicated that the bulk of post–Early Cretaceous 
salt removal occurred after the deposition of the Second White Specks Formation shale and that a total 
thickness of up to 75 m of salt intervals was removed along the Prairie Salt Scarp. Our observation in 
timing of the salt removal is in agreement with that of McPhee and Wightman.

In addition to and superimposed on the regional subsidence are local collapse subsidence features that are 
highlighted in the residual map of the top of the Wabiskaw Member in Figure 9. Among these features 
are the depressions that are defined by a good well control and underlie approximately the following 
localities:

• Twp. 99, Rge. 11, W 4th Mer.
• Twp. 96 Rge. 13, W 4th Mer.
• Area coinciding with central and southeastern portion of the Bitumount Basin.
• Twp. 94 Rge. 12 to Twp. 93 Rge. 11, W 4th Mer.
• Northeastern Twp. 92 Rge. 13, W 4th Mer.
• Twp. 92 Rge. 10, W 4th Mer.
• Twp. 90 Rge. 9 and southern Twp. 91 Rge. 9, W 4th Mer.
• Southwest of Fort McMurray.
• Twp. 87 Rge. 10, W 4th Mer.
• From southwestern Twp. 88 Rge. 8 to northwestern Twp. 87 Rge. 8, W 4th Mer.
• Southeastern Twp. 87 Rge. 8, W 4th Mer.
• Central-western Twp. 91 Rge. 7.
• Twp. 91 Rge. 6, northwestern Twp. 91 Rge. 7, southeastern Twp. 92 Rge. 7 and southwestern Twp. 92 

Rge. 6, W 4th Mer.
• Southwestern Twp. 93 Rge. 7.
• Twp. 93 Rge. 4 and central southern Twp. 94 Rge. 4, W 4th Mer.
• Central eastern Twp. 95 Rge. 4, W 4th Mer.
• Northeastern Twp. 94 Rge. 6 and southeastern Twp. 95 Rge. 6, W 4th Mer.
• Twp. 94 Rge. 9, W 4th Mer.

Additional depressions with smaller offsets, sizes and varying shapes are clustered in Twp. 92, Rge. 9–12; 
Twp. 91, Rge. 9–11; Twp. 95, Rge. 6–8; Twp. 94, Rge. 5–7; Twp. 96, Rge. 11–12; and Twp. 95, Rge. 
11–12, all, W 4th Mer.

Figure 10 shows a well log cross-section running from Twp. 90, Rge. 7, to Twp. 92, Rge. 6, W 4th Mer. 
The northeastern half of this cross-section cuts through a depression recognized from the top of the 
Wabiskaw Member (Figure 8 and Figure 9). It represents a vertical offset of up to 30 m and is intersected 
by wells AA/12-18-091-06W4/0, AA/04-19-091-06W4/0, AA/08-19-091-06W4/0, AA/03-29-091-
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a) b)

Figure 8. Map of the top surface of the Wabiskaw Member in the study area: (a) includes control wells and (b) does not. The red line outlines the Bitumount Basin and the black dots and line indicate the location of the wells and 
cross-section shown in Figure 10.
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a) b)

Figure 9. Residual map of the top of the Wabiskaw Member in the study area: (a) includes control wells and (b) does not. The thick red line outlines the Bitumount Basin and the white line marks the local depressions. The black 
dots and line indicate the location of the wells and well log cross-section shown in Figure 10. The red dots and line in Twp. 95, Rge. 5, indicate the location of the wells and cross-section shown in Figure 11.
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Figure 10. Well-log cross-section as shown in Figures 6–9 and Figure 12. Yellow shade on gamma-ray curve to left of 75 API cutoff. The numbers between well headers indicate distance between wells in kilometres.



AER/AGS Open File Report 2015-06 (June 2015) • 19

06W4/0, AA/09-29-091-06W4/0 and AA/02-33-091-06W4/0 (Figure 10). This offset is evident in both 
the sub-Cretaceous unconformity surface and the tops of the McMurray Formation and Wabiskaw 
Member.

The isopach of the McMurray Formation and the Wabiskaw Member remains virtually unchanged, or at 
least does not become thicker, over the depression when compared to the surrounding areas (compare 
Figure 7 and Figure 9). This suggests that the subsidence associated with this depression was not 
syndepositional relative to the Wabiskaw-McMurray succession. The fact that the isopach is slightly 
thinner over the depression than in the surrounding areas suggests that this location may have been 
an area with slightly positive (or at least flat) relief on the sub-Cretaceous unconformity prior to the 
deposition of the McMurray Formation. It may then have evolved into a depression on the sub-Cretaceous 
unconformity, probably due to salt dissolution and collapse occurring at earliest after the deposition of the 
Wabiskaw Member.

This above-mentioned depression, which occupies Twp. 91, Rge. 6; northwestern Twp. 91, Rge. 7; 
southeastern Twp. 92, Rge. 7; and southwestern Twp. 92, Rge. 6, all W 4th Mer. (see Figure 8 and 
Figure 9), is located to the east of the Prairie Salt Scarp as delineated by previous authors (e.g., Grobe, 
2000; Hein et al., 2000; Schneider and Grobe, 2013; Broughton, 2013). It slightly overlaps with another 
depression that is located to its west, occupying Twp. 91–92, Rge. 7, W 4th Mer., which is recognizable 
only on the sub-Cretaceous unconformity (see Figure 5 and Figure 6). It is possible that these two 
depressions represent two stages of collapse subsidence caused by salt dissolution. The subsidence of 
the sub-Cretaceous unconformity first occurred before the deposition of the Wabiskaw Member or even 
the McMurray Formation in Twp. 91–92, Rge. 7, W 4th Mer. (Figure 5) and then ceased in this area after 
the deposition of the Wabiskaw Member. Collapse subsidence resumed in an area to the east, occupying 
Twp. 91, Rge. 6; northwestern Twp. 91, Rge. 7; southeastern Twp. 92, Rge. 7; and southwestern Twp. 92, 
Rge. 6, all W 4th Mer. (Figure 8) at earliest after the deposition of the Wabiskaw Member, offsetting both 
the top of the Wabiskaw Member and the sub-Cretaceous unconformity. This observation is in agreement 
with McPhee and Wightman (1991) and Broughton (2013); both authors indicated two stages of salt 
dissolution in the study area.

The top of the Wabiskaw Member remains relatively flat around an elevation of 332 m over the 
southwestern part of the cross-section in Twp. 90-91, Rge. 7, W 4th Mer. (Figures 8–10); however, the 
sub-Cretaceous unconformity varies in elevation, with an offset magnitude of up to 47 m (Figure 10). 
The depressions on the sub-Cretaceous unconformity over the southwestern part of the cross-section 
(Figure 10) may largely represent the original relief of the sub-Cretaceous unconformity prior to the 
deposition of the McMurray Formation or syndepositional subsidence during the deposition of the 
McMurray Formation. More detailed subdivision and correlation of the McMurray Formation would help 
to identify their exact origin; however, this is beyond the scope of the present study. Well AA/08-03-091-
07-W4/0 on Figure 10 also records a 6–10 m offset for the tops of both the Wabiskaw Member and the 
McMurray Formation, caused by subsidence occurring after the deposition of the Wabiskaw Member.

Figure 11 shows a well-log cross-section running across a smaller offset structure located in Twp. 
95, Rge. 5, W 4th Mer. (Figure 9b). This structure offsets the tops of the McMurray Formation and 
Wabiskaw Member by up to 15 m. However, it is not consistently apparent on the sub-Cretaceous 
unconformity surface. The thickness of the Wabiskaw Member remains virtually unchanged and that of 
the McMurray Formation becomes slightly thinner over the depression when compared to the surrounding 
areas (Figure 11). This suggests that no syndepositional subsidence occurred during the deposition 
of either the McMurray Formation or the Wabiskaw Member, and the subsidence occurred at earliest 
after the deposition of the Wabiskaw Member. The fact that the thickness of the McMurray Formation 
over the depression is slightly thinner than in the surrounding areas may suggest that this location was 
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Figure 11. Well-log cross-section as shown in Figure 9b. Yellow shade on gamma-ray curve to left of 75 API cutoff. The numbers between well headers indicate distance between wells in kilometres.
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once represented by a positive relief on the sub-Cretaceous unconformity prior to the deposition of the 
McMurray Formation; the positive relief then subsided and evolved into a nearly flat topography on the 
sub-Cretaceous unconformity (see Figure 11) at earliest after the deposition of the Wabiskaw Member.

The examples shown in Figure 10 and Figure 11 indicate that the evolutionary history of each offset 
structure is unique and complex. Figure 12 shows the overlapping offset features recognized from both 
the top surface of the Wabiskaw Member and the sub-Cretaceous unconformity surface with a background 
image indicating the isopach of the McMurray Formation and Wabiskaw Member combined. Comparison 
of the features recognized from the two surfaces and the isopach allows us to better understand the history 
of subsidence and to distinguish the following four types of offset structures:

• Features that offset both the top surface of the Wabiskaw Member and the sub-Cretaceous 
unconformity surface and overlap with the thicker portion of the McMurray Formation and Wabiskaw 
Member combined. These features indicate that subsidence occurred after the deposition of the 
Wabiskaw Member together with one of the following three possibilities:
 - syndepositional subsidence during deposition of the McMurray Formation or the Wabiskaw 

Member,
 - depression features on the sub-Cretaceous unconformity prior to the deposition of the McMurray 

Formation and no syndepositional subsidence afterwards, or
 - both syndepositional subsidence prior to the end of the Wabiskaw deposition and depression 

features prior to the deposition of the McMurray Formation. 
 The structure intersected by well AA/08-03-091-07W4/0 (Figure 10) represents such an example.
• Features that offset both the top surface of the Wabiskaw Member and the sub-Cretaceous 

unconformity surface and overlap with the thin portion of the McMurray Formation and Wabiskaw 
Member combined. These features indicate that subsidence occurred at earliest after the deposition 
of the Wabiskaw Member and that relief on the sub-Cretaceous unconformity was low prior to the 
deposition of the McMurray Formation. The depressions on the sub-Cretaceous unconformity are 
likely to have formed as a result of subsidence following the deposition of the Wabiskaw Member. 
The structure intersected by wells AA/12-18-091-06W4/0, AA/04-19-091-06W4/0, AA/08-19-091-
06W4/0, AA/03-29-091-06W4/0, AA/09-29-091-06W4/0 and AA/02-33-091-06W4/0 (Figure 10) 
represents a typical example.

• Features that offset the top surface of the Wabiskaw Member but are not evident on the sub-
Cretaceous unconformity surface and overlap with the thin portion of the McMurray Formation 
and Wabiskaw Member combined. These features indicate subsidence after the deposition of the 
Wabiskaw Member, with relatively high relief on the sub-Cretaceous unconformity prior to the 
deposition of the McMurray Formation. The relief on the unconformity became more subdued or was 
cancelled out as a result of the later subsidence. Such an example is shown in Figure 11.

• Features that offset the sub-Cretaceous unconformity surface but do not offset the top surface 
of the Wabiskaw Member, and overlap with the thicker portion of the McMurray Formation and 
Wabiskaw Member combined. These features may indicate either depressions on the sub-Cretaceous 
unconformity surface prior to the deposition of the McMurray Formation that were not undergoing 
active subsidence while being filled by sediments of the McMurray Formation and Wabiskaw 
Member, or active syndepositional subsidence during the deposition of the McMurray Formation or 
the Wabiskaw Member that ceased before the end of Wabiskaw-McMurray deposition. The structure 
intersected by well AA/10-20-090-07W4/0 and AA/13-21-090-07W4/0 (Figure 10) represents such an 
example.
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Figure 12. Overlapping offset features recognized from the top of the Wabiskaw Member (red 
lines) and the sub-Cretaceous unconformity surface (white lines). The background image is the 
isopach map of the McMurray Formation and Wabiskaw Member combined. The blue line outlines 
the Bitumount Basin. The black dots and line indicate the location of the wells and cross-section 
shown in Figure 10.
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6 Conclusion
Our study has revealed numerous offset features from both the sub-Cretaceous unconformity surface 
(Figure 6b) and the top surface of the Wabiskaw Member (Figure 9b). Each of these features varies in 
size and shape and is associated with a unique, complex history of subsidence. Some of these features 
offset the sub-Cretaceous unconformity surface only and became inactive prior to the initial deposition 
of the McMurray Formation. Others offset the sub-Cretaceous unconformity surface only but remained 
active as syndepositional subsidence during the deposition of the McMurray Formation or the Wabiskaw 
Member; then, they became inactive after the deposition of the Wabiskaw Member. Yet others offset both 
the top surface of the Wabiskaw Member and the sub-Cretaceous unconformity surface and remained 
active during and after the deposition of the McMurray Formation and Wabiskaw Member. And finally, 
some of the features are not evident on the sub-Cretaceous unconformity but offset the top surfaces of 
the McMurray Formation and Wabiskaw Member after the deposition of the Wabiskaw Member. It is not 
feasible to demonstrate in this report the complex history of collapse subsidence for all the offset features 
identified in the study area. The goal of this study was to map and document the formation-top offsets 
based on applying geostatistical analysis to the formation-top picks. Nevertheless, the offset structure 
maps generated in this study could be used for identifying potential faults or salt dissolution collapse 
features in a further, more detailed local study.
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