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Introduction

Research has shown that bioturbation can significantly alter the permeability and porosity distributions
within a reservoir (e.g. Dawson, 1978; Morrow, 1978; Gingras et al., 1999, 2002, 2004, 2007;
Pemberton and Gingras, 2005; Spila et al., 2007; Gordon et al., 2010; Tonkin et al., 2010; Baniak et al.,
2011; Lemiski et al., 2011). Within calcareous sediment, chemical and physical alteration of the
substrate by burrowing organisms can result in fabric-selective dolomitization. In many examples, these
dolomitized burrows have been identified as having significantly higher permeabilities relative to the
surrounding lime mud matrix (e.g. Ordovician Yeoman/Red Rivers Formations, Williston Basin, Gingras
et al. (2004); Mississippian Debolt Formation, northwestern Alberta, Baniak et al. (in review)). The
Wabamun Group in the subsurface of west-central Alberta is another example of burrow-associated
dolomitization and is the focus of this study. Within this study, a primary focus was on the facies
architecture of the carbonate units. From this, a clearer understanding of the controls bioturbation
exerts on reservoir quality can be established.

Study Area

Our study area is the Pine Creek gas field (Township 56-58; Range 19-20W5M) in west-central Alberta
(Fig. 1). Producing at depths greater than 3100m, natural gas production in the Pine Creek Field has
exceeded 500 BCF. Occurring throughout the Western Canadian Sedimentary Basin, the Wabamun
Group is stratigraphically equivalent to the outcropping Palliser Formation in Alberta and British
Columbia and subsurface Three Forks Group in Saskatchewan and Manitoba.

Facies Analysis

In this study, eleven cored wells from the Pine Creek Field were examined (Fig. 1). Sedimentological
characterization included identification of carbonate grains, fossils, primary and secondary physical
structures, and mineralogical accessories. Ichnological data collected included identification of
ichnogenera and characterization of bioturbation intensity. Bioturbation intensity (hereafter denoted Bl)
involved the allocation of a grade of bioturbation and varies from absent (Bl of 0 or 0% intensity) to
complete (Bl of 6 or 100% intensity). Measurement of the Bl was adapted from Bann et al. (2004), with
concepts from Taylor and Goldring (1993) and Reineck (1963). Within the studied cores, eight different
facies were encountered (listed below) and were interpreted to represent a series of shallow water
carbonate platform deposits.

Facies 1 Stromatoporoid boundstones (Fig. 2A): Wavy to tabular stromatoporoids forming centimeter to
decimeter scale successions characterizes Facies 1. Commonly interbedded with fine-matrix
mudstones, intraclastic wackestones, and fragmental packstones-grainstones. Recognized as major
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indicators of warm, tropical to subtropical climates during the Devonian (Heckel & Witzke 1979).
Interpreted to represent the development of small patch reefs throughout the inner platform.

Facies 2 Biolaminated mudstones (Fig. 2B): These laminations within the boundstones are typically
either planar or wavy and form centimeter to decimeter intervals. Skeletal fragments, allochems, and
sediment reworking is generally rare in this facies. Interpreted to represent an upper intertidal to
supratidal environment (Pratt, 2010).

Facies 3 Highly Bioturbated Mudstones-Wackestones (Fig. 2C): The bioturbated areas show a range of
intensity (Bl 4 to 6). They transition from well-defined tubular burrows several millimeters in diameter to
an interconnected, chaotic meshwork of burrows. In rare examples, undolomitized lime peloids and
other allochems fill the burrows. These represent burrow-fillings in an intermediate stage between non-
dolomitized and completely dolomitized burrow-fillings. Owing to their more porous and permeable
composition, the mottles likely acted as conduits for sediment- or rock-penetrating solutions resulting in
burrow-selective dolomitization. This facies is characteristic of sedimentation occurring within the
platform margin (Tucker and Wright, 1990).

Facies 4 Bioturbated, Fossiliferous Wackestone-Packstone: Facies 4 is rich in complete and
fragmented macrofossils (especially ostracods, bivalves, brachiopods, gastropods, and echinoderms),
peloids and other intraclastic material. Echinoderm fragments, especially crinoid columnals and plates,
along with ostracods, are the most common skeletal grains. Low to moderately bioturbated (Bl 0 to 4)
and typically non-laminated. Appreciable amounts of carbonate mud, combined with an abundance of
bioclasts, suggest low to moderate energy and deposition in a subtidal, open marine setting.

Facies 5 Bioturbated, Fossiliferous Wackestone-Mudstone: This facies is a massively bedded, fine to
coarsely fragmental mudstone to wackestone that includes dark-grey irregular shale partings and
scattered fossil fragments. Echinoderms, brachiopods, crinoid ossicles, ostracods, and calcispheres are
the most common allochems. Bioturbation ranges from low to moderate (Bl 1 to 3), with interbedded
intervals of higher intensity (Bl 4 to 5). Interpreted to represent subtidal sedimentation in a quiet, open
marine environment, such as a platform margin-deep basin.

Facies 6 Peloidal Packstones (Fig. 2D): Peloids are the most abundant type of allochem in the Pine
Creek gas field. They vary from completely micritic to containing some traces of original skeletal
material (echinoderm fragments, bivalves, ostracodes). This facies includes grains of different sizes
and shapes (range from 25 to 500 um, and exceptionally up to 1000 um). The different shapes,
combined with extensive micritization, indicate that these components were micritized in situ or shortly
after deposition (Al-Saad and Sadooni, 2001). The presence of large peloids suggest that peloidal
packstone was deposited in a shallow water, quiet, lagoonal setting, such as a low-relief subtidal bank
(Qing and Nimegeers, 2008).

Facies 7 Fossiliferous, Peloidal Packstone-Grainstone (Fig. 2E): The most abundant allochems in this
facies are ostracods, calcareous algae (calcispheres), echinoderms, and peloids. Bioturbation is low to
moderate (Bl 0 to 3). The grainy texture and low diversity fauna of this facies are consistent with
restricted shallow-water settings of moderate energy where microbial flats and low-relief biodetrital
mounds develop (Tucker and Wright, 1990). The presence of calcispheres during the Devonian
suggests deposition in a shallow-water, restricted marine environment, such as a lagoon (Fliigel, 2010).

Facies 8 Peloidal Grainstone (Fig. 2F): Pellets in this facies are rounded to sub-rounded, smaller than
100um, and display moderate to high sphericity. The characteristic roundness and lack of internal
structure suggests a possible fecal origin (Fligel, 2010). Shallow-water, low-energy, semi- to fully-
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restricted marine environments (such as the subtidal to intertidal zones of a inner platform) may help
lead to rapid lithification and preservation (Fligel, 2010).

Reservoir Characterization

Historically, many of the Wabamun limestone’s throughout Alberta have been considered very poor
reservoir rocks due to porosities and permeabilities generally ranging below than 1% and 1mbD,
respectively (Saller and Yaremko, 1994). In turn, the limestone often encompasses chaotically
distributed, fabric-selective dolomite that has an effective porosity as high as 5 to 6% and permeabilities
up to 500 mD (Gingras et al., 2002, 2004). Within the Pine Creek gas field, there are two primary
reservoir facies: (i) Laminated to cross-laminated peloidal grainstones-packstones (Facies 6, 7, and 8);
and (ii) Burrow-mottled wackestones-mudstones with preferentially dolomitized burrows (Facies 3).

Analysis of the bioturbated facies occurred though using Micro-CT (Fig. 3) and spot-permeametry (Fig.
4). When a comparison of burrow intensity with permeability was conducted, it was found that the
arithmetic mean (sensu Freeze and Cheery, 1979) best estimates bulk horizontal permeability (i.e. the
burrows) within the reservoir units. This arithmetic relationship suggests that connectivity between the
burrows is significant. Due to high burrow connectivity, a continuous flow network between the burrow
systems is likely. Micro CT scans showed intricate three-dimensional (3-D) burrow fabrics, where well-
defined burrow fabrics can be distinguished from the matrix. This, coupled with high-resolution two-
dimensional cross-section slices through imaged samples, provided an excellent opportunity at tracing
the fluid behavior throughout the rock fabric.

Due to the large contrasts in permeabilities between the burrows and matrix (Fig. 4), movement of
natural gas is anticipated to preferentially migrate through the tortuous burrow fabrics. Significant
reserves of natural gas remain trapped within the low-permeability matrix as a result. Matrix interaction
with the burrows occurs via diffusion and natural gas may only be produced from the matrix via
localized permeability streaks provided by the burrows. The burrows therefore act as biogenic fracture
systems. Unlike natural fracture systems, however, interconnected burrow networks have considerably
higher surface areas and therefore greater amounts of flow conduits within the lower permeability
matrix. Consequently, natural gas movement becomes concentrated within the burrow networks during
the production phase of the reservoir. As a result, special care must be taken during production to
ensure the lower-permeability matrix does not become isolated and cut-off (as diffusion of natural gas
from the matrix into the burrows is very slow).

Conclusions

Sedimentological and ichnological analysis of core samples revealed a shallow marine, low-gradient
carbonate platform within the Pine Creek Field. Recognition of two main reservoir facies (i.e. peloidal
packstone-grainstone and bioturbated mudstone-wackestone) were identified at different levels within
the platform succession. Graphs comparing burrow intensity with permeability show that the arithmetic
mean best represents fluid flow through the burrow systems. Micro-CT analysis demonstrated the
complex 3-D nature of the burrow fabrics.
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Figure 1: Location map of Canada (left) demarcating the Pine Creek gas field study area in west-central Alberta.
The map on the right outlines the 11 cores (in blue) used in this study.
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Figure
Core

photographs. All scale bars are 3cm unless noted otherwise. A) Wavy stromatoporoid boundstones demarcated
by stylolitization. 9-11-56-20W5M, 3466.00m. B) Wavy to planar biolaminated mudstones. 11-26-57-19W5M,
3002.94m C) Highly bioturbated mudstone. The dolomitized burrows are surrounded by non-dolomitized lime mud
matrix. 9-11-56-20W5M, 3450.30m. D) Thin-section photomicrograph of a peloidal packstone with a wide-ranging
grain size. 10-17-57-19W5M, 3223.96m. E) A photomicrograph of a highly fossiliferous, peloidal grainstone.
Fossils include ostracods, calcareous algae (calcispheres), echinoderms, and peloids. 10-17-57-19W5M,
3215.70m. F) A photomicrograph of a well-rounded peloidal grainstone. 10-17-57-19W5M, 3195.40m.

Figure 3: Micro-CT scans at 34 ym resolution from well 10-10-57-19W5M (3180.32m depth). The images at the
top represent 3-D visualization of mineral phases through different cross-sections of the samples (A through E).
The burrows are dark blue, matrix is grey, and porosity is the unfilled holes. The images at the bottom are the
two-dimensional (2-D) cross-sections (burrows are light grey, matrix is dark grey, and porosity is the black space).
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Figure 4: Spot-permeametry of bioturbated fabrics. Within the above sample, the red line is the arithmetic mean,
black line is the geometric mean, and the blue line is the harmonic mean. In this example, bioturbation intensity is
~40% (Bl = 2.5) in the core sample. From the contour map, it is apparent that the higher permeabilities are
localized within the burrows. At 40% bioturbation, the reservoir permeability averaged by the arithmetic mean is
~100 mD (green star). This is within one order of magnitude to the 44.20 mD predicted by the Kyimnmeic for the
reservoir (purple star). The difference is likely due to unconnected burrow networks that act as dead end conduits

and effectively decrease the true permeability of the reservoir. The red star (310mD) represents the permeability
value for the interval calculated by core laboratories.
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