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Abstract

A three-dimensional (3D) property model of sandiness/shaliness, porosity, and water saturation was
developed for the Upper Cretaceous Cardium Formation in west-central and southern Alberta. The
Cardium Formation is represented by a terrigenous, muddy, sandy, and conglomeratic siliciclastic wedge
that is encased in black mudstones deposited during the period of maximum inundation of the Mesozoic
North American foreland basin, forming one of the largest conventional light/medium oil deposits in
Canada. The shale volume in the Cardium Formation is inversely related to the sandstone abundance and
was calculated from gamma-ray logs from oil/gas wells. The porosity was calculated from bulk density
logs and the water saturation from a combination of the gamma-ray, bulk density, and deep resistivity
logs. The 3D property model covers an area of about 90 000 km?® and represents an eastward-thinning
wedge with a present-day maximum thickness of ~150 m in the foothills of the Canadian Rocky
Mountains and thinning out towards the Alberta Plains and grading into mudstone along its easternmost
terminus. Several trends emerge from the 3D modelling for the Cardium Formation in the subsurface of
west-central and southern Alberta, including:

» The sandstone abundance generally decreases from northwest to southeast.

* In contrast to the sandstone abundance, the total porosity generally increases from northwest to
southeast.

» The water saturation also generally increases from northwest to southeast.

» Sandstone and conglomerate are most abundant in the middle Cardium Formation. This interval
can be clearly recognized in the cross-sections of the 3D property model for shale volume,
density porosity, and water saturation.

The 3D property model was created in Schlumberger’s Petrel 2017 and is available on the website of the
Alberta Geological Survey (https://ags.aer.ca/data-maps-models/MOD_2020_01.html). It illustrates the
heterogeneity of shale volume, porosity, and water saturation in the Cardium Formation. It helps reveal
depositional environments, history, and stacking patterns and provides insight to vertical and lateral
connectivity of sandstone units. The resolution and accuracy of the 3D property model is constrained by
the uncertainty and quality of the input logs and the methods used in modelling; as a result, the model is
appropriate for regional-scale (1:100 000) assessments rather than site-specific investigations.
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1 Introduction

Oil pools found in the Upper Cretaceous Cardium Formation of the Western Canada Sedimentary Basin
have been producing oil since 1953 and represent one of the largest conventional light/medium oil
deposits in Canada (Nielsen and Porter, 1984; Krause et al., 1994; Hart and Plint, 2003). The Cardium
Formation's dominant rock types are mudstone and sandstone, with small but important conglomerate
fractions. The original oil production was predominantly through vertical wells drilled into a 1-3 m thick
interval, mainly in areas where there were extensive conglomerates, within the sandstone of the Cardium
Formation which allowed oil to drain to the producing wells (Peachey, 2014). These pools were
producing oil through primary production and extensive water flooding (Nielsen and Porter, 1984;
Krasey, 1985) and have been in a general production decline for decades. The introduction of horizontal,
multistage hydraulic fracturing technologies in 2009 has led to a major revival of activity by facilitating
the production of unconventional or tight oil resources found in lower quality portions of the Cardium
Formation or halos surrounding the main conventional pools (Viau and Nielsen, 2010; Clarkson and
Pedersen, 2011; Klein et al., 2012; Pedersen et al., 2013). These tight zones contain considerable amounts
of light oil but are not connected to the flow system leading to a producing vertical well and did not allow
for commercial rates of production. Since 2009, almost all wells drilled into the Cardium have been
horizontal wells combined with multi-stage hydraulic fracturing. The horizontal wells can increase the
area of contact with the oil reservoir by 100 000s of times and result in economic oil production rates in
relatively poor reservoir rock (Peachey, 2014).

The objective of this project is to evaluate the sandiness, porosity, and water saturation of the Cardium
Formation. A 3D model was created and the Cardium Formation is represented by the shale volume,
porosity, and water saturation determined from oil- and gas-well gamma-ray, bulk density, and deep
resistivity logs. The 3D model enhances the characterization of conventional and unconventional zones at
a scale appropriate for regional assessments rather than site-specific investigations. This report presents
the results and methodology used to model the properties of the Cardium Formation in the subsurface of
west-central and southwestern Alberta.

1.1 Study Area

The Cardium Formation is exposed in outcrop along the Rocky Mountain Foothills and present in the
subsurface of the Alberta Plains. In plan view the formation is arranged in an arcuate strip, approximately
1000 km long, that swings through a 90 degree arc from Waterton Lakes National Park and Canada-U.S.
border, past Grande Prairie, Alberta and beyond to Dawson Creek, British Columbia (Figure 1). We used
the extent of the Cardium Formation from version two of the 3D Provincial Geological Framework (3D
PGF v2) (Alberta Geological Survey, 2019) as the study area for the project (Figure 1). The study area
covers 90 000 km? and is located in west-central and southwestern Alberta. The southwestern boundary
of the study area is defined by the Cordilleran deformation belt.
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Figure 1. Location of the study area and bedrock geology map (modified from Alberta Geological
Survey, 2019). Cross-section lines 1 to 7 (labelled in red) are referenced in subsequent figures.
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2 Stratigraphic Framework

The term Cardium Formation was originally used to describe three thin sandstones between two thick
shale packages outcropping along the Bow River (Rutherford, 1927). It was deposited during the latest
Turonian to earliest Coniacian stages of the Late Cretaceous along the western margin of the Alberta
Foreland Basin (Figure 2; Hall et al., 1994; Ogg and Hinnov, 2012). The Cardium Formation forms a
terrigenous, muddy, sandy, and conglomeratic siliciclastic wedge which projects approximately 200 km
into the basin's interior from the British Columbia-Alberta boundary. The Cardium Formation is 150 m
thick in foothills exposures, thins in the subsurface of the plains to less than 50 m, and becomes indistinct
along its easternmost terminus, melding into the mudstones of Carlile Formation (Figure 2; Krause et al.,
1994).
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Figure 2. Partial Table of Formations (modified from Alberta Geological Survey, 2015). Cardium
Formation and equivalent units are highlighted with the red rectangle.

The Cardium Formation is of significant geological interest because it represents a complex stratotectonic
pulse during the period of maximum inundation of the Mesozoic North American foreland basin. It is
encased by black mudstones representing successions of the Wapiabi or Muskiki formations above and
the Blackstone or Kaskapau formations below (Figure 2; Krause et al., 1994). These formations form the
middle part of the Alberta Group in the southwest, the Smoky Group in the northwest and the Colorado
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Group towards the east (Figure 2). The Alberta, Smoky, and Colorado groups were deposited within the
Western Canada foreland basin during an approximately 25 to 30 million year period when global sea
level was high (Caldwell, 1984; Hagq et al., 1987). Sedimentation took place within an active foreland
basin, adjacent to a tectonically active hinterland. During the highstands, warm Tethyan water from the
Gulf of Mexico mixed with the cooler boreal water extending south from the Arctic to form a shallow
epeiric seaway. This major marine inundation was coincident with a regional tectonic downflexing of the
North American craton (Lambeck et al., 1987), and was separated by four major regressive pulses
represented by the Peace River-Viking-Bow Island, Dunvegan, Cardium-Bad Heart, and Milk River
formations in ascending order. The erosional and depositional events preserved within the
Alberta/Colorado/Smoky groups reflect this intermix of tectonic and eustatic controls.

The Cardium Formation contains multiple disconformities, paraconformities and diastems of variable
regional extent (Braunberger and Hall, 2001a, 2001b; Hall et al., 1994; Hart and Plint, 1993, 2003;
Krause et al., 1994; Krause et al., 1995; Krause and Braunberger, 2016; Walker et al., 2012; Walker et al.,
1995). Figure 3 shows four major stratigraphic classification schemes for the Cardium Formation that
have been developed for rocks in the subsurface and correlation to outcrop. The stratigraphic subdivisions
were mainly based on observations at outcrops and/or well-log cross-sections rather than regional
correlation and mapping of rock properties from large datasets in 3D modelling.

This report is concerned with the Cardium Formation in the subsurface only and the Cardium Formation
is not subdivided. The top of the Cardium Formation is defined as the Cardium Zone Marker, which is
characterized by a simple, distinct shoulder on the resistivity log in what is an otherwise continuous
mudstone interval of the overlying Wapiabi or Muskiki formations. The base of the Cardium Formation is
defined by the Russian Marker, which is characterized by a widespread double shoulder on the resistivity
log in what is an otherwise continuous mudstone interval of the underlying Blackstone or Kaskapau
formations (Krause et al., 1994).
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Figure 3. Previously described Cardium Formation stratigraphy (slightly modified from Wiseman,
2014).
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3 Data and Compilation

In total, data from 9075 petroleum wells (current to October 23, 2014) were included in the project using
LMKR GeoGraphix® PRIZM™ log analysis software. Well logs including gamma-ray, bulk density, and
deep resistivity logs were imported from IHS™ AccuMap®.

4262 wells in total were found with a gamma-ray, a bulk density, and/or a deep resistivity log that cover
the interval from Cardium Zone top to the Russian Marker; these wells were used for further analysis.
They include 4110 wells with a gamma-ray log, 3590 wells with a bulk density log and 3388 wells with a
deep resistivity log. Figure 4 is a cross-section showing an example of the well logs and the top and base
surfaces of the Cardium Formation used.
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Figure 4. Well-log cross-section showing the gamma-ray, bulk density and deep resistivity logs used. The location of the cross-section is along the black line 3 in Eigure 1.
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4 Methods and Workflow

This section outlines the workflow for 3D property modelling using petroleum geophysical logs. This
workflow includes steps from log analysis in LMKR GeoGraphix® PRIZM™ and populating properties in
Schlumberger's 2017 Petrel E&P software within a 3D geocellular grid after a geological model
construction is complete.

4.1 Log Analysis
4.1.1 Shale Volume Calculation

A linear estimation method for shale volume from the gamma-ray log was used and the equation is:
VSH = (GR - GR_sand)/(GR_shale — GR_sand)

where:
GR = gamma-ray log reading in zone of interest
GR_sand = gamma-ray log reading in 100% clean zone
GR_shale = gamma-ray log reading in 100% shale
VSH = shale volume from gamma-ray log

This method requires first determining the gamma-ray values associated with a zone of clean sandstone
having no shale (GR_sand) and a zone of 100% shale (GR_shale).

In this project, these two values were chosen based on the statistics of gamma-ray values of the logs for
the Cardium Formation. We chose 15 API as the gamma-ray value for GR_sand which is 45 API less than
the mean of the minimum gamma-ray values of the logs for the Cardium Formation. We chose 140 API
as the GR_shale which is 8 API higher than the mean of the maximum gamma-ray values of the logs.
This makes a 77.5 APl gamma-ray log value correspond to 50% shale.

4.1.2 Density Log Processing

The density correction log was used to exclude bulk density log values where the absolute density
correction is greater than 0.2 g/cm®.

4.1.3 Density Porosity Calculation

Total porosity was calculated from bulk density logs. The method is based on a linear bulk mixing law
and the equation is:

TPOR = (RHOMA — RHOB)/(RHOMA — RHOF)

Where:

RHOB = density log reading in zone of interest

RHOMA = density log reading in 100% matrix rock

RHOF = density log reading in 100% formation fluid

TPOR = total porosity from density log without shale correction

The method requires density values for both the matrix (RHOMA) and formation fluid (RHOF). The
sandstones of the Cardium Formation consist of framework grains including quartz, feldspar, siderite,
calcite, dolomite, rhodochrosite, muscovite, and pyrite (XRD results from AER data holdings). The XRD
core data confirms that the matrix is not pure quartz as a result the sandstone scale matrix density, 2.65
g/cm 3, cannot be used and a new matrix density needs to be calculated. Based on statistical analysis of
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XRD core data and calibration with core porosity a value of 2.68 g/cm *was assigned for RHOMA. The
fluid density was set as 1 g/cm®.

4.1.4 Water Saturation Calculation

Calculation of total water saturation in the Cardium Formation requires effective porosity (PHIE),
resistivity of shale (RSH) and formation water resistivity (Rw) in addition to shale volume (Vsh).

The bound water saturation (Swb) is needed to calculate the effective porosity (PHIE); it was estimated
using the empirical formula adopted from Bob Everett of Everett Petrophysics Inc. (personal
communication):

Swb = Vsh"2

Then, the PHIE is calculated as below:

PHIE = TPOR -Vwb

Vwb = TPOR*Swb

PHIE = TPOR*(1-Swb) = TPOR* (1- Vsh”"2)
Where:

Vwb = bound water volume

Swb = bound water saturation

TPOR = total porosity

Vsh = shale volume

PHIE = effective porosity (shale corrected porosity)

The RSH in the Cardium Formation varies from well to well with higher values in the shales than in the
sandstones. Based on the 77.5 API cutoff value of gamma ray, a RSH value of 2 ohmm was used in the
sandstones and 10 ohmm in the shales.

A total of 156 wells with formation water resistivity (Rw) data (ranging from 0.167-4.29 ohmm at 25
degree Celsius) were collected from the Water Resistivity Catalogue (Canadian Well Logging Society,
2002) and AGS water chemistry data holdings.

The Rw data was converted to RwFm (Rw at formation temperature) in the following steps.

The formation temperature (FmTemp) was first generated from depth using the following gradient from
Prizm:

FmTemp (Celsius) = 17.5 + 0.02 * Depth

Then again from Prizm, the resistivity temperature correction was done using the following equation:
R2 = R1*(T1 + 21.5)/(T2 + 21.5)

Where

R1 is the Rw at a given temperature (T1) in Celsius and R2 is RwFm and T2 is FmTemp in Celsius.

Finally, the RwFm was used in calculating the effective water saturation (SWE) using Crain’s modified
Simandoux Method (Crain, 1986):
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CurveC = (1-Vsh)*a*RwFm/((PHIE+0.0001) ~ m)

CurveD = CurveC*Vsh/(2*RSH)

SwE = ((CurveD » 2 + CurveC/ResD) ” 0.5 - CurveD) ~ (2/n)
Swt =1 - ((PHIE*(1-SWE)/TPOR)

Where:

a = 1.0 (tortuosity factor)

m = 1.85 (cementation exponent)

n = 1.85 (saturation exponent)

Vsh = shale volume

RwFm = formation water resistivity corrected for formation temperature
PHIE = effective porosity (shale corrected porosity)
RSH = resistivity of shale

ResD = deep resistivity

RwFm = water resistivity at formation temperature
SWE = effective water saturation

Swt = total water saturation

5 3D Modelling in Petrel

5.1 Input Source Data

The input source data for the 3D modelling includes the shale volume logs derived from gamma-ray logs,
porosity logs derived from bulk density logs, water saturation logs derived from shale volume, porosity,
and deep resistivity logs. Figure 5 is a cross-section showing an example of the derived well logs and
geological framework surfaces for the base and top of the Cardium Formation. The shale volume logs
were derived from 4110 oil and gas wells, the density porosity logs from 3590 wells, and water
saturation from 3388 wells. The geological framework surfaces are from the 3D PGF v2 (Alberta
Geological Survey, 2019) and include the surface for the Russian Marker defining the base of Cardium
Formation and the surface for the top of the Cardium Formation.
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Figure 5. Well-log cross-section showing the calculated shale volume, density porosity and water saturation logs. The location of the cross-section is along the black line 3 in Figure 1.
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5.2 Structural Framework

The base and top surfaces of the Cardium Formation from the 3D PGF v2 were used to define the top and
basal boundaries of the 3D property model. The extent of the 3D property model is defined by the extent
of the Cardium Formation as shown in Figure 1. The 3D model contains one zone with an average
thickness of 85 m. We set the horizontal grid increment to 500 m x 500 m and divided the structural
model vertically into layers to create a 3D geocellular model. The layers were created using the
proportional layering option, which divides the model vertically into 34 layers with average layer
thickness of about 2.5 m. At a horizontal grid of 500 m x 500 m and a vertical grid of nominally 2.5 m,
the 3D geocellular model has 1066 x 1482 x 34 cells for a total of 53 713 608 grid cells, 12 072 083 of
which have defined property values.

5.3 3D Property Modelling

The shale volume, density porosity and water saturation were modelled using geostatistical methods to
populate the 3D geocellular model. The 3D property modelling includes five steps:

« Upscale the well-log data to the scale of the 3D geocellular grid.

« Transform the upscaled data to a normal score distribution.

« Calculate the experimental variograms for each normal score transformed variable.
« Fit variogram models to the experimental variograms.

« Populate the 3D geocellular grid using a geostatistical algorithm.

5.3.1 Upscale Well-Log Data

The well-log data for the shale volume, density porosity, and water saturation were recorded at very fine
regular intervals (typically 6” or 15.2 cm). To model these properties in a 3D model where the cells are
500 x 500 x 2.5 m, the data were upscaled from the well logs to the geocellular model to facilitate the
property modelling. In the upscaling process, the averaging of a data set from a scale of 15.2 cmto 2.5 m
reduces the variance of the data distribution as the highest and lowest values are smoothed out.

5.3.2 Transform Upscaled Data

A normal score transformation was applied to the upscaled well-log data. This transformation makes the
upscaled data follow a standard normal (Gaussian) distribution with a mean of zero, a variance of one,
and a normal or bell-curve distribution. A back transformation restores the shape and units of the input
distribution from the upscaled data values after the modelling is completed.

5.3.3 Variogram Modelling

The geostatistical methods used for property modelling require the spatial structure of the modelled
variables to be quantified (Pyrcz and Deutsch, 2014). A variogram guantifies the relationship between
values at specified distances and this information is used to calculate the weights for data points used for
estimation. An experimental variogram is calculated from data and then a variogram model function is
fitted. For 3D property modelling, the variogram needs to be calculated and modelled in three directions:
the major and minor horizontal directions, and the vertical direction. Each direction is modelled
independently of the others, but with the same nested structures in the function.

A variogram model is needed for each variable in each zone or facies. Using shale volume variable as an
example, variograms were calculated and modelled using a combination of functions with the major
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direction of horizontal correlation at an azimuth of 158 degrees and the minor direction perpendicular to
that. Figure 6 shows the experimental and modelled variograms for the shale volume variable. The
vertical direction displays zonal anisotropy, meaning the variogram does not appear to reach the sill of 1.0
for a very long distance. A spherical structure with a very short horizontal range was used to account for
this. There is an apparent nugget effect in the horizontal directions that is higher than the apparent sill in
the vertical direction. An exponential structure was used to account for this. The major horizontal
direction shows zonal anisotropy; as a result, a Gaussian structure was used to capture the partial sill of
the zonal anisotropy of the major horizontal direction and another Gaussian structure for the rest of the
apparent sill. Table 1 shows the parameters for the shale volume variogram modelling. Figure 7 and Table
2 show the experimental and modelled variograms and parameters for the porosity variable. Figure 8 and
Table 3 show the experimental and modelled variograms and parameters for the water saturation variable.
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5.3.4 Populate 3D Geocellular Grid

The algorithm used in this study for property modelling is Gaussian Random Function Simulation
(GRFS) (Daly et al., 2010) in Petrel. This geostatistical method is based on kriging (Pyrcz and Deutsch,
2014) to estimate the values and then add an unconditionally simulated random value to the kriging
estimates to generate a realization that is conditional to the input data and correctly reproduces the
variability in the original data.

Figure 9 shows isometric views of two simulated realizations of the shale volume model, Figure 10 shows
isometric views of the arithmetic mean of 100 realizations and the kriged model. Each realization is
different but equally probable and honours all of the data. The simulated realizations typically look
“patchy” with a mixture of high and low values; however, the arithmetic mean of 100 realizations is
smooth and nearly identical to the kriged model, with cell values tending towards the centre of the
distribution.
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The 100 simulated realizations allow the 10" percentile (P10) and 90" percentile (P90) to be calculated
for each cell in the 3D model. Figure 11 shows isometric views of the P10 and P90 models. The P10
model is commonly used to highlight areas with high possibility of high values because 90 out of 100
models predicted that the shale volume values could exceed the value at any locations in the P10 model.
The P90 model is commonly used to highlight areas with high possibility of low values because 90 out of
100 models predicted that the shale volume values could be less than the value at any locations in the P90
model.

For example, the central-east and southeast areas of the model are represented as cyan to blue (relatively
high shale volume) in the P10 model, indicating that these areas are more certain to be shale-dominated
compared to other areas. The northwest area of the model is represented by cyan to green (relatively low
shale volume) in the P90 model, indicating that this area is more certain to be sandstone-dominated
compared to other areas.

Figure 12 shows the isometric view of the fence diagrams of the kriged model of the shale volume to
show how it varies regionally throughout the model area.
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cross-sections are indicated by lines 1to 7 in Figure 1. The surface at the base of the fences is the
base of Cardium Formation. Vertical exaggeration is 100 times.

Figures 13 and 14 show isometric views of two simulated realizations of the density porosity model, the
arithmetic mean of 100 realizations, and the kriged model. Each realization is different but equally
probable and honours all of the data. The simulated realizations typically look “patchy” with a mixture of
high and low values; however, the arithmetic mean of 100 realizations is smooth and nearly identical to a
kriged model, with cell values tending towards the centre of the distribution (Figure 14).
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Figure 14. Isometric view of the arithmetic mean of 100 realizations (top) and the kriging model
(bottom) for the density porosity model. It shows that the total porosity generally increases from
northwest to southeast. Vertical exaggeration is 50 times.
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Figure 15 shows isometric views of the 10" percentile (P10) and 90™ percentile (P90) models of the

density porosity and Figure 16 shows the fence diagram of the kriged model to show how it varies
regionally throughout the model area.
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Figure 15. Isometric view of the 10" (top) and Told (bottom) percentiles for the density porosity

model. It shows that the total porosity generally increases from northwest to southeast. Vertical
exaggeration is 50 times.
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Figure 16. Isometric view of the fence diagram for the density porosity model. It shows that the
total porosity generally increases from northwest to southeast. Locations of the cross-sections
are indicated by lines 1to 7 in Figure 1. The surface at the base of the fences is the base of
Cardium Formation. Vertical exaggeration is 100 times.

Figures 17 and 18 show isometric views of two simulated realizations of the water saturation model, the
arithmetic mean of 100 realizations, and the kriged model. Each realization is different but equally
probable and honours all of the data. The simulated realizations typically look “patchy” with a mixture of
high and low values; however, the arithmetic mean of 100 realizations is smooth and nearly identical to
the kriged model, with cell values tending towards the centre of the distribution. Figure 19 shows the
fence diagram of the kriged model to show how it varies regionally throughout the model area.
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Figure 18. Isometric view of the arithmetic mean of 100 realizations (top) and the kriging model

(bottom) for the water saturation model. It shows that the water saturation generally increases
from northwest to southeast. Vertical exaggeration is 50 times.
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Figure 19. Isometric views of the fence diagram of the kriged water saturation model. It shows that
the water saturation generally increases from northwest to southeast. Locations of the cross-
sections are indicated by lines 1 to 7 in Figure 1. The surface at the base of the fences is the base
of Cardium Formation. Vertical exaggeration is 100 times.

6 Model Quality

The uncertainty of the 3D model is dependent on the quality of the input data, methods used, and
decisions made during log analysis and 3D property modelling.
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No normalization was applied to the gamma-ray logs and a single gamma-ray cutoff value of 15 API for
the pure sandstone member and a single cutoff value of 140 API for the pure shale member were chosen
and used across the entire region of the Cardium Formation in calculating the shale volume. The variation
in the gamma-ray response to the pure sandstone and pure shale over such a large region will contribute to
reducing the trueness to reality for the calculated shale volume or sandiness.

In calculating the porosity, a single grain density value of 2.68 g/cm® and a single fluid density value of 1
g/cm® were used across the entire Cardium Formation. This reduces the trueness to geological complexity
and reality, although they were considered the most reasonable estimated values possible. A sensitivity
analysis, obtained by taking the partial derivative of the response equation of density porosity with respect
to matrix density and fluid density respectively, indicates that for a water-filled sandstone with a 30%
porosity, an error of 0.05 g/ cm® in the assumed matrix density will only alter the calculated porosity by
2% porosity, and a variation of more than 0.1 g/ cm® in the fluid density corresponds to a similar 2% error
in the calculated porosity. This is fortunate because a single estimated value for the matrix density and a
single estimated value for the fluid density can still be helpful in revealing the regional trend of porosity.

The base and top of the Cardium Formation were adopted from 3D PGF v2 (Alberta Geological Survey,
2019) and the uncertainty associated with these surfaces will propagate into the modelling process and
impact the quality of the 3D property model. In the construction of the model layers the Proportional
option was used for the Cardium Formation and in property modelling the data used for interpolation was
declustered by layer, meaning that neighbouring data points within the same layer as the point to be
estimated were preferentially used. Having highly accurate geological surfaces ensures that the data
points used for interpolation were from the rock deposited during the same time.

The uncertainty associated with the modelling was presented as the kriging standard deviation for each
cell in the model, which was calculated from the 100 realizations from simulation. Figure 20 shows the
uncertainty for the shale volume model, the density porosity model, and the water saturation model.
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Figure 20. Isometric view of the kriging standard deviation for the shale volume model (left), the density porosity model (middle) and the water saturation model (right). Vertical exaggeration is 50 times.
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Considering the uncertainties discussed above, the 3D property model developed for this study is
appropriate only for regional-scale use (1:100 000). This model is not intended to be used in place of site-
specific investigations because its accuracy is constrained by the data quality, quantity, distribution, and
geological complexity at a regional scale.

7 Observations

The 3D property model illustrates the variation in sandstone abundance, porosity, and water saturation of
the Cardium Formation in the subsurface of west-central and southwestern Alberta. Several regional
trends are apparent from the 3D property model:

» The sandstone abundance generally decreases from northwest to southeast (Figures 10 to 12).

» In contrast to the sandstone abundance, the total porosity generally increases from northwest to
southeast (Figures 14 to 16).

» The water saturation also generally increases from northwest to southeast (Figures 18 and 19).

The Cardium Formation is comprised of rocks ranging from mudstone to conglomerate. From the
foothills in southwest towards the plains in northeast, the depositional environments of the Cardium
Formation include coastal plain, estuarine, tidal, lagoonal, shoreface, and outer to inner shelf (Krause et
al., 1994). In the subsurface of central Alberta, the Cardium Formation is represented by marine
sediments and was subdivided into the Pembina River Member below and the Cardium Zone Member
above (Krause and Nelson, 1984; Krause et al., 1987). The Pembina River Member consists of one or
more coarsening-upward sequences that grade from shales to sandstones and then to variably thick
conglomerates. The Cardium Zone Member also comprises coarsening-upward sequences, but in contrast
to the Pembina River Member contains predominantly shales with lesser amounts of fine-grained
sandstone and conglomerate (Krause et al., 1994). The middle Cardium Formation includes the upper
Pembina River Member and its equivalent units; this interval contains significant estuarine, shoreface,
and inner shelf sandstones, and conglomerates that accumulated in response to the lowering of relative sea
level (Krause and Nelson, 1984; Keith, 1985, 1991; Krause et al., 1987; Joiner, 1991).

The sea level change trends are well revealed by the 3D property model. As mentioned previously, the
model consists of 34 layers and each layer represents a slice of averagely ~2.5 m in thickness with the
slice being numbered from bottom up. Figures 21 to 25 show the 7™, 11", 15™ 19" and 23" slices of the
shale volume model, with the paleogeographic maps of Krause et al. (1994) for the lower, middle and
upper Cardium Formation overlying on the 11", 15" 19" slices respectively. From the 7" slice to the 11"
slice to the 15" slice it can be seen that a sand barrier is gradually developed in the northwest and the
coastal line is moving from southwest to northeast, clearly indicating a lowering of relative sea level. In
contrast, from the 15" slice to the 19" slice to the 23" slice it can be seen that the coastal line is moving
back from northeast to southwest, clearly indicating a relative sea level rise. These maps also confirm that
the coastal plain has varied sandstone abundance, the shoreface and barriers have a relatively high
sandstone percentage, and the shallow shelf and offshore have a relatively high shale volume.
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Figure 21. The 7" slice of the kriged shale volume model. It shows that a sand barrier started to
emerge in the northwest.
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Figure 22. The 11" slice of the kriged shale volume model and the lower Cardium Formation
paleogeographic map shown as black-line polygons (simplified from Krause et al., 1994).
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Figure 23. The 15" slice of the kriged shale volume model and the middle Cardium Formation
paleogeographic map shown as black-line polygons (simplified from Krause et al., 1994).
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Figure 24. The 19" slice of the kriged shale volume model and the upper Cardium Formation
paleogeographic map shown as black-line polygons (simplified from Krause et al., 1994).
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Figure 25. Comparison of the 23" slice of the kriged shale volume model.
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The 3D property model also confirms the vertical lithological stacking pattern as mentioned previously,
and the middle Cardium interval can be clearly seen in the cross-section of the model. In the cross-
sections of the kriged shale volume model (Figures 26 and 27), the middle Cardium interval stands out
clearly as a band of relatively high sandstone abundance (or low shale volume inversely) compared to the
intervals above and below. In the cross-sections of the kriged density porosity model (Figure 28), the
middle Cardium interval stands out as a band of relatively high porosity compared to the intervals above
or below; however, this zone is not as clear as in the kriged shale volume model due to a greater
variability in porosity. In the cross-sections of the kriged water saturation model (Figures 30 and 31), the
middle Cardium interval stands out clearly as a band of relatively low water saturation compared to the
intervals above and below. These observations explain why the middle Cardium Formation resulted in
sandstone and conglomerate reservoirs in the supergiant Pembina Field, and the Willesden Green, Ferrier,
Ricinus, Carrot Creek, and other smaller oil and gas fields.

The cross-sections of the 3D property model also reveal that the middle Cardium Formation is
progradational from southwest to northeast (Figure 26, lower; Figure 30, lower). The cross-sections of the
kriged density porosity model also reveal some details of the coarsening-upward parasequences for the
Cardium Formation (Figures 28 and 29).

It is noteworthy that the shale volume variable and the density porosity variable do not appear to correlate
well in some intervals and area (compare Figure 26 with Figure 28, and Figure 27 with Figure 29).
Qualitative thin-section analyses for the Paleogene Paskapoo sandstones by Hughes et al. (2017) indicated
that for sandstone units with similar grain size, a wide range in porosity values can arise owing to the
amount of cementation and other pore-filling processes. Hughes et al. (2017) interpreted the disparity
between hydraulic properties of the sandstone units of the Paskapoo Formation by hypothesizing that the
porosity of the sandstones is governed by cementation rather than grain size. Although the findings of
Hughes et al. (2017) are concerned with the Paleogene Paskapoo Formation, they may help to explain the
low correlation between the shale volume variable and the density porosity variable in some parts of the
Cardium Formation. However, further detailed study is needed to understand the complex relationships
among the lithology, diagenesis, and porosity in the Cardium Formation.
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Figure 26. Cross-sections of the kriged shale volume model. The middle Cardium interval stands
out as a band of relatively high sandstone abundance in red and yellow. Location of the cross-
section is indicated by line 6 (upper) and line 2 (lower) in Figure 1. Vertical exaggeration is 100
times.
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Figure 27. Cross-sections of the kriged shale volume model. The middle Cardium interval stands
out as a band of relatively high sandstone abundance in yellow, green and cyan. Location of the
cross-section is indicated by line 7 (upper) and line 3 (lower) in Figure 1. Vertical exaggeration is
100 times.
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Figure 28. Cross-sections of the kriged density porosity model. The middle Cardium interval
stands out as a band of relatively high porosity in yellow in the west. Location of the cross-
section is indicated by line 6 (upper) and line 2 (lower) in Figure 1. Vertical exaggeration is 100
times.
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Figure 29. Cross-sections of the kriged density porosity model. Location of the cross-section is
indicated by line 7 (upper) and line 3 (lower) in Figure 1. Vertical exaggeration is 100 times.
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Figure 30. Cross-sections of the kriged water saturation model. The middle Cardium interval
stands out as a band of relatively low water saturation in yellow, green and cyan. Location of the
cross-section is indicated by line 6 (upper) and line 2 (lower) in Figure 1. Vertical exaggeration is
100 times.
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Figure 31. Cross-sections of the kriged water saturation model. The middle Cardium interval
stands out as a band of relatively low water saturation in cyan. Location of the cross-section is
indicated by line 7 (upper) and line 3 (lower) in Figure 1. Vertical exaggeration is 100 times.
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8 Model Outputs

There are digital data model outputs deconstructed from the Cardium 3D property model available in
standard formats on the website of the Alberta Geological Survey (https://ags.aer.ca/data-maps-models/
MOD 2020 01.html; Mei and Berhane, 2020):

Model extents: zone model extents published as GIS data polygon features.

Model horizons: horizons published as gridded data in ASCII format.

Model properties: populated model property of shale volume, porosity, and water saturation (mean of
100 realizations and standard deviation) as point data in ASCII format and Petrel format.

9 Summary Remarks

The 3D property model developed for this study illustrates the degree of heterogeneity of shale volume,
porosity, and water saturation in the Cardium Formation at a higher resolution compared to previous
studies. It helps reveal depositional environments, history, and stacking patterns and provides insight to
vertical and lateral connectivity of sandstone units and the degree of confinement (or
compartmentalization) of the surrounding mudstone. Knowledge of sandstone unit geometry is useful for
identifying localized reservoirs assuming that the sandiness value, in terms of shale volume inversely, is a
proxy for permeability. However, given the uncertainty in the data used and the large area of the study,
the 3D property model is appropriate only for regional-scale use (1:100 000) and not intended for use in
place of site-specific investigations.
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