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ABSTRACT
The Upper Cretaceous Alderson Member is a prolific gas (biogenic) producer in
western Canada. In the Hatton Gas Pool area (southwest Saskatchewan), Alderson
Member strata from ten drill-cores have been examined and classified based on
sedimentological and ichnological character. Core analysis has determined that
Alderson Member deposits comprise thick intervals of pervasively bioturbated
strata. Using spot-minipermeametry and high-pressure mercury injection
porosimetry methods, the influence of pervasively bioturbated intervals on the
overall resource potential of Alderson Member strata is evaluated. Results from
permeability and porosity testing demonstrate that pervasively bioturbated rock
fabrics appear to locally enhance the overall storage and vertical transmission of

gas from Alderson Member reservoirs.
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This thesis follows a paper format. Arranging the document in this manner has
resulted in the repetition of large portions of text within several chapters. To

facilitate ease of reading, a short summary of each chapter is provided below.

CHAPTER 1 — Provides an intoduction to the thesis and includes a general
summary of fine-grained, low-permeability unconventional gas systems, their

lithological characteristics, and production history.

CHAPTER 2 — Presents a facies classification scheme for Alderson Member
strata in the Hatton Gas Pool area and evaluates the reservoir potential of certain

facies using results from spot-minipermeametry testing.

CHAPTER 3 — The influence of pervasively bioturbated rock fabrics on the
overall resource potential of the Alderson Member is evaluated using spot-

minipermeametry and high-pressure mercury injection porosimetry methods.

CHAPTER 4 — Provides a detailed summary of the major findings discussed in

Chapters 2 and 3.



CHAPTER I - INTRODUCTION

Over the coming decade, global growth in natural gas demand is expected to
average 3.2% (Odedra et al., 2005). By the year 2025, worldwide consumption of
gas will approach 162 TCF; nearly double the 1999 value of 84 TCF (DOE/EIA,
2002; Law and Curtis, 2002; EIA 2003). In conjunction with the liberalization
of gas markets, demand increases shall generate immense opportunities for

gas producers. In order to meet the rising energy needs of developing and
industrialized nations, exploration geologists and reservoir engineers will be
challenged to locate and produce higher and higher volumes of gas on an annual
basis. Although conventional gas reserves appear to be sufficient for around 60
years supply at current global gas production rates (Odedra et al., 2005), the
development of enormous resources contained within unconventional petroleum
systems will become more important as the production from conventional gas
reservoirs begins to peak.

Differentiating between conventional and unconventional gas systems
varies by region. In North America, initial distinctions were based primarily on
economics. In the early 1970’s, most exploration geologists considered marginally
economic resources such as coalbed methane, shale gas, and low-permeability
sandstones unconventional (Law and Curtis, 2002). However, beginning in
the late 1970’s, rising commodity prices combined with federally funded

research stimulated substantial development within these play types. It was



soon demonstrated that unconventional gas accumulations, like those mentioned
previously, were in fact economically viable resources. Consequently, many
exploration companies no longer refer to gas systems like these as unconventional
(Law and Curtis, 2002).

Conventional natural gas reservoirs are well understood with recognized
worldwide reserves in excess of 5.5 x 10" SCF (EIA, 2003; Odedra et al., 2005).
Together, North America and Europe have produced more than 50% of their
total estimated conventional natural gas reserves (Odedra et al., 2005). In these
areas, the discovery of additional reserves (conventional gas) will only occur if
exploration extends deeper into sedimentary basins, into deeper waters, and into
new plays (Odedra et al., 2005). In the future, unconventional gas systems will
be used increasingly to supplement high volume demand in developed markets,
as well as a major long-term source of energy. This trend is already evident in
the United States, as more than a quarter of the nations daily gas production is
currently derived from resources contained in coal beds, fractured shales, and
low-permeability sandstone reservoirs (Law and Curtis, 2002). Furthermore,
enormous gas reserves exist in regionally extensive, fine-grained (clays, silts,
and very fine-grained sands), low-permeability intervals in various basins across
Canada and the United States (e.g., Cretaceous Alderson Member / Milk River
Formation, Western Canada Sedimentary Basin [Canada/U.S.A.]; Devonian
Antrim Shale, Michigan Basin [U.S.A.]; Devonian-Mississippian Woodford

Shale, Arkoma Basin [U.S.A.]; Mississippian Barnett Shale, Forth Worth Basin



[U.S.A.]) (Figure 1.1). Moreover, in some locales, methanogenic bacteria generate
immense volumes of natural gas during early burial (Odedra et al., 2005). Gas
reserves of this character are located in shallow Cretaceous reservoirs in southeast
Alberta, southwest Saskatchewan, and in central and eastern Montana (Shurr

and Ridgley, 2002). In these areas, reservoir units are distributed as a continuous
blanket over the entire northern Great Plains; however, main hydrocarbon
production is limited to the margins of structural basins: the southeastern margin
of the Western Canada Sedimentary Basin, the northwestern and southwestern
margins of the Williston basin, and the northern margin of the Powder River
basin (Figure 1.1) (Shurr and Ridgley, 2002). The Alderson Member / Milk
River Formation reservoirs in southeast Alberta and southwest Saskatchewan
(Western Canada Sedimentary Basin; Figure 1.1) have been estimated to contain
approximately 10 — 21 TCF of gas (O’Connell, 2003; Pemberton, personal
communication, 2009); however, resource volumes such as these are commonly
undervalued. Unfortunately, the stigma of high risk and low recovery associated
with shallow biogenic gas wells persists. In many cases, these enormous volumes
are neglected as possible solutions for increased natural gas demands (Shurr

and Ridgley, 2002). Compared to deep and basin-centered gas systems, shallow
biogenic gas systems have received very little scientific investigation (Shurr

and Ridgley, 2002). With the emergence of unconventional gas systems as

viable energy resources, exploration geologists must continually modify their

understanding of low-permeability, gas-charged intervals. Failure to correctly



identify the resource properties of unconventional gas systems will result in the
use of inappropriate assessment methodology and the derivation of invalid reserve

estimates.

Williston Basin

Michigan Basin

kilometres

2

FIGURE 1.1: Enormous gas reserves exist in regionally extensive, fine-grained, low-permeability
intervals that blanket various basins in Canada and the United States of America. Shallow
biogenic gas resources occur along the margins of the Michigan and Williston basins, and in
southeast Alberta and southwest Saskatchewan, Canada. This study focuses on the Alderson
Member (Lea Park Formation) of southeast Alberta and southwest Saskatchewan (Western
Canada Sedimentary Basin - highlighted in orange).

Shallow, low-permeability, gas-charged formations commonly contain
thick intervals of pervasively bioturbated rock fabrics. The highly prolific nature

of these units has led to the suggestion that bioturbation may contribute to the



storativity and deliverability of gas. Be that as it may, bioturbation is generally
considered detrimental to the permeability of reservoir rocks. This view stems
from poorly sorted texture induced by the biogenic churning of laminated
sediments. As a result, a reduction in overall permeability is thought to occur
(Pemberton and Gingras, 2005). However, not all bioturbation is destructive and
several examples of bioturbation-enhanced bulk permeability have been reported
in the geological literature (e.g., Dawson, 1978; Gunatilaka et al., 1987; Zenger,
1992; Gingras et al., 1999; 2004a, b; Mehrthens and Selleck, 2002; McKinley

et al., 2004; Sutton et al., 2004; Pemberton and Gingras, 2005; Gingras et al.,
2007; Cunningham et al., 2009). Although these positive cases are known, the
understanding of permeability enhancement facilitated by biogenic processes is
still quite primitive.

This study focuses on the Upper Cretaceous Alderson Member of
southeast Alberta and southwest Saskatchewan (Canada), and is distinguished
from earlier studies by incorporating ichnological, permeability, and porosity
data. The Alderson Member is an example of a giant gas-play centered on low-
permeability, gas-prone, non-associated reservoirs (Hovikoski et al., 2008).

The fields contained within this play produce from continuous and laterally
extensive intervals that occur at depths of less than 600 m (~ 2000 ft) (Hovikoski
et al., 2008). The vast majority of Alderson Member strata are pervasively
bioturbated. To assess whether or not bioturbated rock fabrics contribute to

the overall resource potential of this highly prolific gas producer, core analysis



was conducted on ten drill-cores from the Hatton Gas Pool of southwest
Saskatchewan. Sedimentological and ichnological characteristics were used to
subdivide Alderson Member strata into five facies, and five subfacies. The results
improve understanding with regard to the ichnological and sedimentological
characteristic of shallow-marine mudrocks, and are potentially useful for the
recognition of similar deposits elsewhere. Permeability and porosity testing

of each Alderson Member facies was conducted using spot-minipermeametry
and high-pressure mercury injection porosimetry methods. Analyses attempted
to illustrate: 1) the storativity and deliverability potential of each facies; 2)
subsurface distribution of permeability fields; and, 3) the effects pervasively
bioturbated rock fabrics have on the resource potential of Alderson Member
strata. The reservoir development strategies proposed herein are of particular
significance, as pervasively bioturbated rock fabrics appear to be common in other

low-permeability, gas-charged rock intervals.
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CHAPTER II - SEDIMENTOLOGY, ICHNOLOGY,
AND RESOURCE CHARACTERISTICS OF THE LOW-
PERMEABILITY, GAS-CHARGED ALDERSON MEMBER,
HATTON GAS POOL, SOUTHWEST SASKATCHEWAN,
CANADA

INTRODUCTION
Interdeltaic muddy shorefaces, tidal flats, and down-drift deltaic environments
are typical forms of mud-dominated, open-coast shorelines. Within these
environments, wave- and/or tide-agitated, hyperpycnal and hypopycnal mud
plumes are common sediment dispersal mechanisms (Bhattacharya and
MacEachern, 2009). Compared to their sand-dominated counterparts, mud-
dominated coastlines remain understudied. Despite the growing number of
modern-day examples (e.g., Brazil — Guiana, Louisiana [U.S.A.], Kerala [India],
Carpentaria [Australia]), documented examples of muddy coastline deposits in
the geological record remain quite rare (Rhodes, 1982; Rine and Ginsburg, 1985;
Mallik et al., 1988; Neill and Allison, 2005). Recently, it has been suggested that
only a small portion of mud supply actually escapes to deeper-water environments
in low-gradient, low-energy settings, and instead, the locale of mud accumulation
is more typically the coastal zone. This idea is based on the observation that
few sedimentary processes and a comparatively low sediment flux account for
the transportation of fine-grained sediment to distal offshore settings (below
storm-weather wave base) (Nittrouer and Wright, 1994). This shift in thought is

supported by the fact that nearshore locales are prone to the formation of fluid
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muds via various transport processes (e.g., wave and tide agitation, estuarine flow
convergence, salinity flocculation). Therefore, these environments should account
for significant deposition of fine-grained sediments (e.g., Nittrouer and Wright,
1994; Wright and Nittrouer, 1995; Geyer at al., 2004; Khan et al., 2005). For these
reasons, the formation of thick basinal shale units has been thought to require
considerable shifts of shoreline position (Dalrymple and Cummings, 2005).
However, the rarity of recognized coastal mudstone units in the geological record
makes the concept of mud deposition in nearshore locales quite suspicious.

The main problems regarding the recognition of ancient shallow-marine
mudrocks may relate to inferring the initial water depths and the depositional
energy levels of mud-dominated strata. The presence of large quantities of
mud, coupled with a low-gradient, dissipative shoreline, effectively dampens
incoming wave energy, even in unbarred coastal settings (Wells and Coleman,
1981; Rine and Ginsburg, 1985; Mallik et al., 1988; Huh et al., 2001; Hovikoski
et al., 2008). Commonly, lithological make-up of source area material leads to
suspension plumes or fluid muds rich in swelling clays (e.g., Surinam Coast,
northwest corner of South America). Detailed study of analogous unlithified strata
is quite challenging due to logistical issues encountered in the highly turbid,
fluid-bottomed settings. Additionally, shale-on-shale erosional contacts, like
those produced during storms, can be subtle and potentially difficult to recognize,

especially in drill-core (Schieber 1998b, 2003).
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The purpose of this study is to describe the ichnological and
sedimentological characteristics of a gas-charged muddy unit interpreted to
represent offshore and mud-dominated, deltaic coastline deposits. This study
focuses on the Upper Cretaceous Alderson Member (Lea Park Formation) of
western Canada; in particular, the strata encountered within the highly prolific
Hatton Gas Pool of southwest Saskatchewan. The Alderson Member comprises
up to 200 metres (~ 600 ft) of bentonitic sandy mudstones that have previously
been regarded as a shelfal unit deposited hundreds of kilometres seaward from
the coeval shoreline (e.g., Meijer Drees and Mhyr, 1981). Recently, the Alderson
has been reinterpreted as deltaically influenced (O’Connell, 2003; Pedersen,
2003; Hovikoski et al., 2008). This study discusses the influence of waves and
onshore tidal processes, and reports the presence of root bearing horizons within
the studied successions. The results improve understanding of the ichnological
and sedimentological characteristics of shallow-marine mud units, and are
potentially useful for the recognition of similar deposits elsewhere. Additionally,
this study presents a facies classification scheme developed for Alderson
Member strata within the Hatton Gas Pool of southwest Saskatchewan. Using
Core Laboratories Pressure Decay Profiler Permeameter (PDPK — 400), each
facies was characterized in terms of its permeability to air (K ). The resulting
values have provided insight into possible gas storage mechanisms within this
prolific gas pool—a characteristic that to date lacks a proper explanation. These

data demonstrate that particular facies within the Alderson Member favor gas
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deliverability; therefore, exploration on intervals of this nature should maximize
production. The resulting reservoir development strategies discussed here may
prove to be beneficial to those producing from similar pervasively bitoturbated,

low-permeability gas bearing intervals.

Description of the study area
The Campanian age Alderson Member is an example of a giant gas-play revolving
around low-permeability, gas-prone, non-associated reservoirs. The Alderson
Member is a clastic unit comprising pervasively bioturbated marine shales,
mudstones, siltstones, and fine-grained sandstones located within the subsurface
of southeast Alberta and southwest Saskatchewan, Canada. The fields contained
within this play produce from continuous and laterally extensive, thin bedded,
fine-grained sand within muddy units that occur at depths less than 600 m (~
2000 ft) (Hovikoski et al., 2008). Within these strata, methanogenic bacteria have
generated immense volumes of gas during early burial (Shurr and Ridgley, 2002;
Pedersen, 2003). In many cases, the productive zones are interbedded with, or are,
the source rock (Hovikoski et al., 2008). The commingling of Alderson Member,
Medicine Hat Member (Niobrara Formation) and Second White Specks intervals,
all of which dominated by low-permeability muddy lithologies, constitutes
the largest gas reservoir ever discovered in the Western Canada Sedimentary
Basin (Figure 2.1) (O’Connell, 2001; O’Connell, 2003). Conservative estimates

place Alderson Member / Milk River Formation gas reserves withina 10 — 21
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TCF range (O’Connell, 2003; Pemberton 2009, personal communication). It is
these large quantities of gas that have made the Alderson Member an extremely
lucrative target for petroleum producers.
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FIGURE 2.1: Upper Cretaceous gas bearing intervals of southeast Alberta and southwest
Saskatchewan. The commingling of gas reserves hosted by Medicine Hat Member (Niobrara
Formation), Milk River Formation / Alderson Member (Lea Park Formation), and Second White
Specks strata constitutes the largest gas accumulation ever discovered in the Western Canada
Sedimentary Basin. The Milk River Formation is exposed at Writing-On-Stone Provincial Park in
southeast Alberta. Modified from O’Connell (2003).

In the subsurface, Alderson Member strata are present to the northeast
of the depositional limit of the Virgelle sandstone (Milk River Formation)
(Meijer Drees and Mhyr, 1981). The thickness of these deposits varies from
approximately 110 m (~ 360 ft) in the west, to approximately 200 m (~ 660 ft) in

the east (Meijer Drees and Mhyr, 1981). The northeastern limit of the Alderson is

defined by the last occurrence of an extensive chert pebble horizon observed at its
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top. This horizon has been dubbed the “Milk River Shoulder” (Meijer Drees and
Mhyr, 1981; O’Connell, 2001; Payenberg, 2002a, 2002b; Pedersen, 2003), and
has been interpreted as a transgressive lag, indicating a wave ravinement surface,
and separates the overall regressive Milk River Formation from the transgressive
Pakowki Formation (Tovell, 1956; Gill and Cobban, 1973; Meijer Drees and
Mhyr, 1981). In a basinward direction (towards the northeast), this pebble bed
marker disappears as it grades into a laminated shale facies (Meijer Drees and
Mhyr, 1981).

In casual usage, the Alderson Member is typically referred to as a
portion of the Milk River Formation, or the “Milk River Equivalent” (Furnival,
1946; Meijer Drees and Mhyr, 1981; Gatenby and Staniland, 2004). Although
this informal terminology is commonly used, recent studies incorporating
palynological, sedimentological, and radiometric data have suggested that the
Alderson is, for the most part, several million years younger than the shallow
marine — continental Milk River Formation deposits exposed at Writing-On-
Stone Provincial Park in southern Alberta (Figure 2.1) (e.g., Payenberg, 2002;
Pedersen, 2003). Several studies have also established Alderson Member age
equivalence with the Lea Park Formation (O’Connell, 2001; Payenberg et al.,
2002; Shurr and Ridgley, 2002; O’Connell, 2003; Pedersen, 2003); however, the
stratigraphic age of its lower limit has yet to be defined. For example, the base
may correlate with the uppermost continental Deadhorse Coulee Member, or the

top of the Milk River Formation (Shurr and Ridgley, 2002). In 2002, Payenberg
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et al. demonstrated age equivalence between the Alderson Member and the
deltaic Upper Eagle Formation of Montana (U.S.A.). That study also estimated
Alderson Member deposits to represent approximately 2 millions years of
deposition. Needless to say, the current understanding of Santonian — Campanian
age stratigraphic relationships within the subsurface of southeast Alberta and
southwest Saskatchewan remain perplexing. A generalized depiction of these
relationships is presented in Figure 2.2; however, more work is required for the

generation of a more rigorous stratigraphic framework.
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FIGURE 2.2: Santonian — Campanian stratigraphic relationships in southeast Alberta, southwest
Saskatchewan, and north-central Montana. Several studies have demonstrated Alderson Member
age equivalence with the Lea Park Formation (Alberta / Saskatchewan, Canada), and the Upper
Eagle Formation (Montana, U.S.A.). The exact age of the base of the Alderson Member has yet to
be defined. Correlative surfaces of unknown origins are annotated with question marks (Payenberg
et al., 2002; Shurr and Ridgley, 2002; Hovikoski et al., 2008). Modified from Payenberg et al.
(2002).
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Past interpretations of the Alderson Member include deposition within a
shallow, semi-restricted, epicontinental sea (Meijer Drees and Mhyr, 1981), and
a shallow subtidal shelf (Goldring and Bridges, 1973). More recently, Alderson
Member strata have been interpreted to represent a distal, storm-influenced shelf
(Gatenby and Staniland, 2004), and a prodeltaic unit (O’Connell, 2003; Pedersen,
2003).

Despite the tremendous economic potential of the Alderson Member,
surprisingly little has been published on its sedimentological, stratigraphical, and
ichnological characteristics. Reasons for this deficit include:

1) When examining drill-core, the muddy nature of the Alderson Member makes
subtle geological variations extremely difficult to observe. Repetitive work using
many wells is required in order to provide significant insight (O’Connell, 2003).
2) Gas accumulations typically occur in broad, sheet-like sand bodies allowing
for development via step-out or in-fill drilling with little requirement for detailed
stratigraphical analysis. As a result, stratigraphic analyses are often disregarded as
a factor in exploration success (O’Connell, 2003).

3) The characteristic thinly bedded reservoirs of Alderson Member strata are
extremely difficult to detect on conventional wire-line logs (Meijer Drees and
Mhyr, 1981).

4) Alderson Member strata demonstrate substantial variability in carbonate

content, clay composition, TOC, and facies distribution (both laterally and
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vertically). Therefore, intervals must be evaluated locally (O’Connell, 2003;
Hovikoski et al., 2008).

5) Due to low rates of recovery and historically low commodity prices, gas fields
of this nature have been deemed economically marginal throughout much of their
history (O’Connell, 2003).

The mechanisms responsible for gas storage within the Alderson
Member—Iike those pertaining to the highly prolific Hatton Gas Pool of
southwest Saskatchewan, Canada—are poorly understood. Early facies
classifications have led to the assumption that the majority of gas accumulations
reside within heterolithically bedded intervals comprising thin sandstone beds
and disconnected sand lenses (Meijer Drees and Mhyr, 1981; O’Connell, 2003;
Pedersen, 2003). Several sequence stratigraphic and facies frameworks have
been proposed for Alderson Member strata in various government reports and
conference abstracts; however, to date, Hovikoski et al. (2008) have published the
only extensive facies classification scheme.

This paper encompasses a comprehensive examination of Alderson
Member strata using ten cores acquired from the Hatton Gas Pool area of
southwest Saskatchewan, Canada. The Hatton Gas Pool covers approximately
6434 km? (~ 4000 mi?), from Townships 11 to 22, and from Ranges 22 to 30 west
of the third meridian. Subsurface cores from Hatton are sparse. At the time of
study, only 23 cores penetrated portions of the Alderson. The study area along

with the locations of examined core is presented in Figure 2.3.
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FIGURE 2.3: Study area. Top right corner shows the areal extent of the Hatton Gas Pool area in
relation to the Western Canada Sedimentary Basin. The more detailed map outlines the boundaries
of the Hatton Gas Pool of southwest Saskatchewan, Canada (study area). Pool boundaries are
defined as of January 2003. Within the Hatton Gas Pool, nine Alderson Member drill-cores were
studied. Core 10 occurs just beyond the pool limits. The locations of studied core include: 1) 16-
34-13-28W3; 2) 14-29-14-29W3; 3) 13-04-15-29W3; 4) 08-25-15-27W3; 5) 10-27-15-22W3; 6)
08-15-16-28W3; 7) 06-22-17-28W3; 8) 06-32-17-27W3; 9) 11-08-18-29W3; 10) 16-24-22-26W3.
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METHODS

Core analysis
This paper is based on the sedimentological and ichnological descriptions of
10 cores from the Hatton Gas Pool area of southwest Saskatchewan (Figure
2.3). Petrophysical logs along with conventional drill-core were used to collect
sedimentary, stratigraphic, and ichnological data from the Alderson Member. Core
analysis focused on the documentation of grain-size (visual estimation), lithology,
texture, primary and secondary sedimentary structures, bedding contacts,
character of bedding, soft-sediment deformation structures, the identification
of important stratigraphic surfaces, and mineralogical accessories (e.g., pyrite,
glauconite, etc.). Ichnological data comprises description of ichnogenera and/
or ichnospecies, trace fossil assemblage, and bioturbation index (BI of Reineck
(1963). Later modified by Droser & Bottjer (1986), and again by Taylor &
Goldring (1993)). Due to the high proportions of swelling clays present within
Alderson Member facies, detailed estimations of bioturbation intensity and the
ichnogenera present were not always possible. This was especially troublesome
in poorly preserved facies (e.g., Facies 4). Additionally, changes in grain-size
are commonly subtle and not easily inferable from gamma-ray well-log data.
A detailed summary of the sedimentological, ichnological, and stratigraphical
observations acquired during core analysis is presented by a series of strip-logs

located in the Appendix (cores 1 through 10; Figure 2.3).
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Spot-minipermeametry Testing
Thirty-two core samples (10 centimetre diameter and one-third-slab) from
Alderson Member drill-cores were obtained from Saskatchewan Industry and
Resources Core Facility in Regina, Saskatchewan. Samples were selected in order
to assess intra-facies heterogeneity. This helped to ensure a wide-ranging data set
for permeability testing.

Spot-permeability analysis required a flat surface for measurements.

To facilitate this, full diameter core samples were slabbed at the University of
Alberta. After each cut, compressed air was blown across the sample’s test surface
in order to remove sediment build up. Subsequently, spot-minipermeametry
testing was conducted on Facies 1A, 2A, 2B, 3, 4, and 5 using Core Laboratories
PDPK — 400 Pressure-Decay Profile Permeameter (Figure 2.4). Measurements
were performed in two manners: 1) using a 5 or 10 mm spaced grid pattern, and
2) on a fabric-selective basis.

The PDPK — 400 is a pressure decay system that measures gas
permeabilities from 0.001 millidarcy to greater than 30 Darcy (Core Laboratories
Instruments, 1996). A schematic diagram of the PDPK — 400 is presented in
Figure 2.4. Main components of this instrument include the probe assembly or
travelling case (discussed below), an air tank (supplies nitrogen to the probe
assembly), the core rack (holds sample), a monitor (displays measurement
results), and a computer (data storage). The probe assembly comprises four

accurately calibrated volumes that are initially charged with nitrogen. These
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volumes are referred to as the “tank supply”. Permeability measurement control
devices are located on the front panel of the probe assembly. These controls
consist of a probe regulator and tank supply, their respective gauges, and a firing
button (initiates a permeability measurement).

Spot-minipermeametry testing was conducted by positioning the
probe assembly and core rack at a desired location. To perform a permeability
measurement, the probe’s rubber tip (0.46 cm diameter O-ring) was then sealed
against the sample using a pneumatic cylinder. Subsequently, a computer-
controlled probe valve was opened and the pressure in the tank and probe
assembly was recorded as a function of time. The maximum run time of a
permeability measurement is normally set at 24 seconds; however, extreme
accuracy and repeatability is required for low-permeability samples (less than
0.01 md) (Core Laboratories Instruments, 1996). For that reason, a maximum run
time of 30 seconds was used during spot-minipermeametry testing of Alderson
Member strata.

Five measurements were obtained from each test location. Permeability
values were calculated as the average of the three closest measurement values.
Anomalously high measurements acquired from locations where a poor
probe tip seal (e.g., caused by unlevel testing surfaces, edge effects, etc.) or
microfracturing was apparent were eliminated from the data set. Contour maps
were then generated using the Surfer 9 gridding and contouring software package

(Rockware ®, Inc., 2009).
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The PDPK — 400 proved to be excellent at providing precise permeability
measurements, however, due to the relatively large area tested by the probe
(approximately 0.46 cm diameter), the permeability of small textural domains

(e.g., diminutive trace fossils) was extremely difficult to assess.

ALDERSON MEMBER FACIES - HATTON GAS POOL
In 2008, Hovikoski et al. conducted a regional subsurface study of Alderson
Member strata using cores from southwest Saskatchewan and southeast Alberta.
Based on sedimentological and ichnological characteristics, Alderson Member
deposits were subdivided into seven recurring facies, and seven subfacies.
Core analysis conducted for the purposes of this paper incorporated the facies
classification developed by Hovikoski et al. (2008) as similar lithologies were
encountered within the Hatton Gas Pool area.

Within the study area, five facies were identified from the suite of cores
studied (F1 through F5; Table 2.1). These facies were further subdivided where
distinct sedimentological or ichnological characteristics allowed. The following
is a discourse on the facies classification developed for Alderson Member strata
within the Hatton Gas Pool area. A summary of the facies scheme is presented in

Table 2.1.
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Facies 1 (F1): Bioturbated sandy mudstone
Facies 1 is common throughout the studied intervals and comprises light to dark
grey, bioturbated sandy mudstone. Bentonite and organic detritus are present in
the matrix in varying amounts. The stratigraphic occurrence of this facies depends
on the sub-facies (see below).

Facies 1 can be subdivided into three subfacies based on ichnological
criteria: Facies 1A (F1A) is Phycosiphon-dominated; Facies 1B (F1B) comprises
a mixed-ethology trace fossil assemblage; and Facies 1C (F1C) is characterized
by small-scale burrow mottling (Figure 2.5). Subfacies 1B and 1C typically

display higher interstitial sand content when compared to F1A.

Facies 14 (F1A): Phycosiphon-dominated sandy mudstone

Description

Facies 1A is common throughout the Alderson Member and generally
occurs in the basal portions of extremely subtle, upward-coarsening successions.
Facies 1A comprises Phycosiphon-burrowed, light grey, sandy mudstone (Figure
2.5A —2.5C), and forms decimetre- to metre-scale successions. Facies 1A is
gradationally interbedded with Facies 1B and 2, and locally contains sporadically
distributed, sharp-based, very fine- to fine-grained sand lenses that are commonly
bioturbated (Figure 2.5A). This subfacies typically contains low proportions
of organic matter and interstitial sand. Other ichnogenera present include

Helminthopsis, rare and diminutive Schaubcylindrichnus freyi, Zoophycos,
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FIGURE 2.5: A) Sandy mudstone pervasively
bioturbated by Phycosiphon (F1A). Black
arrows indicate longitudinal sections through
Phycosiphon. White arrow demonstrates a
bioturbated sand lenticle. Smaller scale image
is derived from the area contained within

the dashed white box. Core 3, 450.24 m. B)
Phycosiphon-dominated sandy mudstone
(F1A). Paired dark fecal cores within silty
mantles are characteristic of Phycosiphon
(white arrows). Core 5, 481.11 m. C) Example
of pervasively bioturbated Phycosiphon-
dominated sandy mudstone (F1A). Core 10,
430.06 m. D) Moderately diverse ichnological
suite comprising Chondrites (Ch),
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FIGURE 2.5 (continued): Palaeophycus (Pa), Planolites (P1), Phycosiphon (Ph), possibly
Skolithos (Sk) and escape structures (fu), within a sandy mudstone lithology (F1B). Black
arrow highlights a sharp-based, planar laminated sandstone interbed/lenticle. Core 9, 457.02
m. E) Burrow-mottled sandy mudstone (F1C). Core 8, 471.39 m. F) Moderately diverse trace
fossil assemblage within sandy mudstone (F1B). White arrows highlight Asterosoma (As) and
Schaubcylindrichnus (Sch). Less distinct ichnofossils include Planolites, Schaubcylindrichnus
freyi, and Phycosiphon. Core 1, 445.30 m.

Chondprites, and Planolites. The bioturbation index ranges from localized and
limited, to pervasive and intense (BI 2 — 6); however, the vast majority of F1A

occurrences display extremely high bioturbation levels (BI 4 — 6).

Interpretation

Facies 1A is dominated by a grazing behavior trace-fossil suite, and
represents a distal expression of the Cruziana Ichnofacies (MacEachern et al.
2007a, MacEachern et al. 2007b). The range in bioturbation index (BI 2 — 6)
is consistent with fluctuating temperatures, salinities, and food resources in a
moderate- to low-energy environment (Pemberton, 2001). As a result, burrows
are predominantly constructed horizontally (e.g., Helminthopsis, Planolites,
Phycosiphon) (Pemberton et al., 2001). The extremely fine-grained nature of this
facies along with the local presence of sharp-based, very fine- to fine-grained
sand lenses indicates deposition near storm-weather wave base, likely within a

proximal offshore to lower shoreface (above storm-weather wave base) setting.

29



Facies IB (FIB): Sandy mudstone bearing a mixed-ethology trace fossil
assemblage

Description

Facies 1B is moderately common within the Alderson Member.
Stratigraphically, Facies 1B gradationally overlies Facies 1A and commonly
occurs below Facies 1C, 2B (gradational contacts), or 3 (sharp or gradational
contact). This facies consists of bioturbated, light to dark grey, very fine- to fine-
grained sandy mudstone. Commonly, Facies 1B contains thin, sharp-based, planar
laminated or cross-laminated, fine-grained sandstone interbeds and/or lenses
(Figure 2.5D and 2.5F). Facies 1B is moderately to intensively burrowed (BI 2
— 6), has a high interstitial sand content, and exhibits a moderately diverse trace
fossil assemblage comprising medium-sized Asterosoma, Schaubcylindrichnus
freyi, Scolicia (Laminites), Arenicolites, Thalassinoides, Planolites, Chondrites,
Zoophycos, Phycosiphon, Helminthopsis and fugichnia. Typically, several size-

classes of each ichnogenera are present.

Interpretation

The highest diversity examples of Facies 1B bear similarities with the
archetypal Cruziana Ichnofacies (Pemberton et al., 2001; MacEachern et al.
2007a, MacEachern et al. 2007b). These occurrences display a mixed-ethology
assemblage that consists of several suites (event, post-event, fair-weather),

dominated by deposit feeding and grazing behaviors, with subordinate escape and
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suspension feeding behaviors. Suites such as these tend to occur within proximal
offshore to distal lower-shoreface environments (Pemberton et al., 2001).
However, Facies 1B commonly displays lower trace-fossil diversity and contains
higher mud proportions. As a result, the ichnological suite appears more stressed
than that characteristic of the archetypal Cruziana Ichnofacies.

Facies 1B forms part of a progradational offshore-coastline succession.
In a landward direction, F1B grades through a burrow-mottled sandy mudstone
facies (F1C) into a root-bearing shale facies (F4). Unlike that of a normal wave-
dominated offshore-foreshore succession, this suggests that wave energy becomes
less prominent towards the foreshore environment. This implies that occurrences
of Facies 1B likely extend to shallow-water environments in the Alderson

Member such as muddy lower shorefaces and/or muddy shorefaces.

Facies 1C (FI1C): Burrow-mottled sandy mudstone

Description

Facies 1C comprises decimetre-scale successions of light to dark
grey, fine-grained sandy mudstone that are typically rich in organic matter.
Stratigraphically, Facies 1C gradationally overlies Facies 1B, 2, or 3. Upward, it
grades into Facies 4 (F4; root-bearing shale), or is erosionally overlain by Facies 5
(F5; conglomerates).

Facies 1C exhibits a low diversity trace fossil suite consisting mainly of

indistinct burrow mottling (Figure 2.5E). The recognized trace fossils include
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pervasively distributed, diminutive Planolites. Subordinate traces include
Palaeophycus, Teichichnus, subvertical Diplocraterion, and muddy mantle-
bearing Thalassinoides. Grazing structures are locally present. Bioturbation
intensities within Facies 1C are extremely high (BI 5 — 6); as a result, no primary

sedimentary structures are preserved within this facies.

Interpretation

The very low diversity trace fossil suite, diminutive nature of the
ichnofossils, predominance of morphologically simple deposit feeding structures
such as Planolites, and the lack of more specialized feeding traces are all typical
features of a stressed environmental setting (e.g., Pemberton and Wightman,
1992; MacEachern et al., 2007a).

Stratigraphically, Facies 1C occurs below a root-bearing horizon
(Facies 4). The transition from Facies 1C to Facies 4 represents a change from
subaqueous deposition to a subaerially exposed setting. The high-bioturbation
intensities along with the lack of typical wave-generated sedimentary structures
are consistent with low-energy sediment accumulation in a sheltered locale.

The presence of Diplocraterion and equilibrium structures such at Teichichnus
indicates that events of high-energy sediment accumulation have also occurred
(organisms attempting to keep pace with sedimentation) (Pemberton et al., 2001).
Additionally, the presence of muddy-mantle bearing burrows indicates low

substrate consistency. The sedimentary features and stratigraphic occurrence of
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Facies 1C allows for the interpretation of episodic mud and very fine-grained sand

accumulation on a low-gradient, dissipative shoreline.

Facies 2 (F2): Heterolithic bedding
Facies 2 is a volumetrically dominant facies type and is typically present in 4 to
8 metre thick successions. In the subsurface, packages comprising Facies 2 are
laterally extensive and can be followed for up to tens of kilometres. Lithological
and ichnological characteristics allow Facies 2 to be divided into two subfacies:
Facies 2A (F2A) is mud-dominated and bears unburrowed, massive mudstone

laminae; while Facies 2B (F2B) is sandy, and typically bioturbated.

Facies 24 (F2A): Interlaminated fine-grained sands, silts, and muds
Description

Facies 2A consists of mud-dominated heterolithic bedding that is
principally characterized as interlaminated fine-grained sands and muds
(Figure 2.6D and 2.6F). Facies 2A commonly displays penecontemporaneous
soft-sedimentary deformation (Figure 2.6D and 2.6G), forms successions of
metre-scale thickness that occur in the core of upward coarsening successions,
and contains high proportions of continentally derived organic matter.
Stratigraphically, Facies 2A gradationally overlies Facies 1. Upward, it grades into
Facies 1C, 2B, or 3. In rare instances, the top Facies 2A is gradational with Facies

4. The undulating, massive, dark grey mud laminae are commonly 1 to 10 mm
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FIGURE 2.6: A) Heterolithic planar lamination (F2A). White arrows denote the presence of
paired mud drapes. Core 7, 419.36 m. B) F2B — White bar highlights a laminated-to-burrowed
(“lamscram”) interval. Core 2, 442.49 m. C) Bioturbated heterolithic bedding (F2B). Dashed
white line outlines a deeply penetrating, muddy mantle-bearing Arenicolites. White arrow points
to a sand filled Thalassinoides (Th). Core 4, 438.78 m. D) Interlaminated sand and mud fabric
of F2A. Arrow 1 points to a deformed interlamination; arrow 2 demonstrates massive-appearing
mud laminae/bed; arrow 3 highlights an unidentifiable deformed burrow. Core 5, 473.34 m. E)
Deformed Planolites (F2A). Core 8, 462.08 m. F) Close-up of the interlaminated mud and sand
fabric of F2A. White arrows highlight unburrowed mud laminae. Core 8, 468.97 m. G) Loading
structure present within F2A (white arrow). Core 8, 470.87 m.
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thick. Fine-grained sandy intervals occur as muddy planar-parallel laminations,
and as mud-draped combined flow ripples (Figure 2.6A). Unlike Facies 2B, the
tops of these particular units are normally unburrowed.

Mud-rich examples of Facies 2A commonly display deformed burrows
and exhibit a very low-diversity suite of sand-filled Planolites (Figure 2.6D
and 2.6E). Locally, diminutive Chondrites, Teichichnus, and Phycosiphon/
Helminthopsis are present. Bioturbation intensity is variable but typically low
(BI 2 — 3). Sandier examples of Facies 2A contain a low- to moderate-diversity
ichnofossil assemblage, including diminutive Phycosiphon, Schaubcylindrichnus
freyi, Zoophycos, Thalassinoides, Arenicolites, and Helminthopsis. Thalassinoides

are sand-filled (fine-grained sand) and occasionally display a muddy mantle.

Interpretation

The unbioturbated, massive mud-laminae that are associated with
soft-sediment deformation are best explained as the result of periods of rapid
deposition. The abundance of Planolites-dominated suites combined with the
lack of more specialized feeding traces (e.g., structures attributed to suspension-
feeding organisms) may point to low and/or fluctuating salinities and high
turbidity stresses (MacEachern et al., 2005; MacEachern et al., 2007a). The
deformed, mantled burrows and loading structures point to high water content
within the sediment, further suggesting rapid deposition (e.g., Lobza and

Schieber, 1999). Rapid episodic deposition, salinity fluctuations, high turbidity,

35



and high water content in muddy sediments are consistent with deltaic sediment-
gravity flows (Bhattacharya and MacEachern, 2009). This interpretation is further
supported by high contents of terrestrially derived organic matter, which was
likely delivered to the sedimentary system from a point source (untraceable in the
study area).

Fluid mud deposits are typical in river-dominated and tidally influenced
deltaic settings (Bhattacharya and MacEachern, 2009). In environments such as
these, the intermingling of fluvial-derived clay with marine waters and/or mixing
of the river effluent through tidal action (tidal influence is evidenced by mud
draped combined-flow ripples) causes increased turbidity due to flocculation. As a
result, concentration of fine-grained sediment occurs.

The sedimentological and ichnological characteristics of Facies 2A allow

for an interpretation of deposition within a distal prodeltaic environment.

Facies 2B (F2B): Bioturbated heterolithic bedding
Description
Facies 2B is common within the Alderson Member and comprises
bioturbated heterolithic bedding that occurs near the top of upward-coarsening
successions in the Hatton Gas Pool area (Figure 2.6B and 2.6C). Stratigraphically,
Facies 2B gradationally overlies Facies 2A. Typically, the sand-rich fraction of
F2B consists of 1 to 5 cm thick, normally graded fine-grained lenses or beds.

The lower contact of the sand lithosome is sharp, whereas the upper margin is
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gradational and populated with robust He/minthopsis, leading to a laminated-to-
burrowed fabric commonly referred to as “lamscram” (Figure 2.6B). Sandstone
intervals exhibit scour-and-fill structures, symmetric ripples, and locally occurring
thin intervals of low-angle cross-stratification or heterolithic planar laminations.
The interbedded mud lithosome typically consists of alternating micro-laminated
to unburrowed massive sandy mudstone (Figure 2.7B) and bioturbated mud.

In places, burrowed, shale-on-shale erosional contacts occur (Figure 2.7A).
Bioturbated intervals resemble Facies 1A or 1B (BI 2 — 6). Due to the abundance
of swelling clays present within the examined cores, an arbitrary limit was chosen

to distinguish Facies 1A and 1B from 2B. Where the vertical distance between

two sand lenses was less than 20 cm, the facies was designated Facies 2B.

e M L 5 3 &Y #N

FIGURE 2.7: A) Thin section image of facies F2B. Dashed white line denotes a shale-on-shale
erosional contact. This undulatory surface truncates several sub-vertical burrow structures. Core
10, 434.27 m. B) F2B — Thin section photo highlighting a massive sandy mudstone interval
(indicated by white bar). Core 10, 434.32 m.

37



Interpretation

Isolated, erosionally based, low-angle cross-stratified fine-grained sand
lenses are best interpreted to record periods of increased wave activity. Normal
grading in these sandstone intervals, along with periodic occurrence of a “lam-
scram” texture is consistent with this interpretation. Within the depositional
system, a limited availability of sand is demonstrated by the presence of massive
and micro-laminated muds (laminae or bed scale). Micro-laminae, intervals
of unburrowed massive sandy mud, and shale-on-shale erosional contacts
demonstrate active deposition under variable processes. Therefore, Facies 2B is
best interpreted as a result of deposition during increased periods of wave energy

(possibly tempestite deposits).

Facies 3 (F3): Low-angle cross-stratified sandstone

Description

Facies 3 occurs at the tops of major upward-coarsening successions
in the Hatton Gas Pool area. Facies 3 consists of low-angle, cross-stratified,
fine- to medium-grained sandstone (Figure 2.8 A and 2.8B). Vertically, Facies 3
grades into Facies 4, and in rare instances Facies 1. The basal contact of Facies
3 was observed to be sharp or gradational with Facies 2B. Typically, Facies 3 is
observed in 10 to 20 cm thick successions that are locally cemented by siderite.

Intervals consisting of Facies 3 are unburrowed (BI 0 — 1).
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FIGURE 2.8: A, B) F3 — Examples of low-angle cross-stratified sandstone. Core 1 (444.57 m) and
core 7 (427.75 m) respectively. C) F4 — Close-up of a pyritized bifurcating subvertical rhizolith.
Core 5, 453.65 m. D) White arrow highlights a vertical root preserved within rubbly, organic rich
shale (F4). Note the oxidized halo around the root. Core 5, 458.12 m. E) F5 — Conglomerate. Core
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FIGURE 2.8 (continued): 7, 462.28 m. F) F4 — Bedding plane orientated organic detritus. Core
3, 449.12 m. G) F4 — Example of pedogenic slickensides. Core 7, 436.50 m. H) F5 — Massive
coarse-grained sandstone bearing a glauconitic matrix (bedding plane view). Core 4, 437.53 m. I)
F5 — Coarse-grained sandstone containing a matrix consisting of glauconite (cemented by siderite).
Core 1,474.03 m.

Interpretation

As with Facies 2B, the presence of low-angle cross-stratified sandstone
is interpreted to represent exposure to increased wave activity. Siderite cement
is consistent with a paucity of ocean-derived sulphate, and can be associated
with the post-depositional influx of groundwater (fresh water). Stratigraphically,
Facies 3 occurs at the top of very subtle upward-coarsening successions;
therefore, this facies is likely associated with the late phase of progradation. The
sedimentological characteristics and stratigraphic occurrence of Facies 3 allows
for an interpretation of deposition within a nearshore locale under moderate to

high energy levels.

Facies 4 (F4): Root-bearing fine-grained sandy shale
Description
Facies 4 consists of decimetre- to metre-thick successions of grey, root
bearing, massive appearing, bioturbated (BI 5 — 6) or heterolithically laminated
to bedded (BI 1 — 3), rubbly, fine-grained sandy-shale (Figures 2.8C, 2.8D, and
2.8G). Typically, Facies 4 gradationally overlies Facies 1C or 2A, while its top

is marked by a gradation to Facies 1. Locally, the upper contact of Facies 4
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is erosional with Facies 5 (sharp contact). In general, bioturbation consists of
indistinct burrow mottling. In the Hatton Gas Pool area, root-bearing intervals
occur sporadically and are interbedded with bioturbated mud or heterolithic
bedding. Fine-grained sandy interlaminae, partially dissolved shell-hash, abundant
terrestrial organic matter (Figure 2.8F) and coal fragments are also present in

this facies. Pedogenic slickensides occur locally in thin intervals (Figure 2.8G).
Facies 4 is commonly poorly preserved. As a result, detailed ichnological and

sedimentological observations are extremely difficult to acquire.

Interpretation

Roots and sporadic slickensides are indicative of subaerial exposure and
local pedogenic alteration. Pedogenic features are interbedded with bioturbated
mud and heterolitihic intervals, suggesting alternating periods of subaerial
exposure and subaqueous deposition. Stratigraphically, Facies 4 occurs near
the top of interpreted progradational coastal successions and commonly occurs
within bioturbated mudstones (F1) and heterolithically bedded intervals (F2).

The sedimentological, ichnological, and stratigraphic occurrence of Facies 4
demonstrates that the shoreline was likely mud-dominated. Facies 4 is interpreted
to have been deposited downdrift from a shoreline sediment input within a coastal

plain environment.
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Facies 5 (F5): Conglomerate / Massive medium- to coarse-grained sandstone

Description
Facies 5 occurs as discrete, sharp-based conglomerate or coarse-grained

sand layers within the Alderson Member. Facies 5 is present as centimetre-
thick, clast- or matrix-supported conglomeratic layers of undefined composition
(Figures 2.8E). Framework clasts are moderately rounded to subangular, and are
up to 10 mm in diameter. The fine- to medium-grained, sandy matrix of Facies 5
is commonly sideritic, with medium-grained glauconite present locally (Figures
2.8H and 2.81). Facies 5 erosionally overlies Facies 2, 3, or 4, while its upper
contact is gradational with Facies 1. No biogenic structures were observed in this

facies (BI 0).

Interpretation

Facies 5 punctuates or terminates progradational successions by recording
erosional truncation of root-bearing shale or deltaic deposits. The presence
of glauconitic sand coupled with the apparent deepening across the surface is
indicative of transgressive reworking. Siderite cement is consistent with a paucity
of ocean-derived sulphate, and can be associated with the post-depositional influx
of groundwater (fresh water). Occurrences of Facies 5 are interpreted to overlie
a transgressive surface of erosion (TSE), likely generated by wave or tidal-scour

ravinement.
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SPOT-MINIPERMEAMETRY RESULTS
Spot-minipermeametry test results demonstrate that facies within the Alderson
Member can be characterized by one of three permeability classification types,

these include:

Permeability Classification 1 (PC 1): Extremely low permeability measurements
generally ranging from 1 x 107 to 1 x 10" md. These values are typically

associated with Facies 3, 4, and 5.

Permeability Classification 2 (PC 2): Slightly contrasting permeability fields,
where matrix permeability is within two orders of magnitude relative to burrow-
associated permeability. Permeability fields of this character are typically
observed in Facies 1A. Within Facies 1A, matrix permeability ranges from 2 x
10 to 2 x 10" md, while burrow-associated permeabilities range from 2 x 10! to

greater than 1 md.

Permeability Classification 3 (PC 3): Well defined, highly contrasting
permeability fields, where matrix permeability differs by more then two orders of
magnitude from that of higher permeability domains. Permeability fields of this
character are typically associated with Facies 2A and 2B (e.g., Facies 2A — matrix
permeability ranging from 2 x 102 to 4 x 10"! md, while the permeability of

interbedded sand laminae ranges from 1 x 10! to 8 x 10! md).
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The results of spot-minipermeametry testing are presented in Table 2.2.
This table contains details regarding the testing method used (either a 5 or 10
mm spaced grid arrangement, or a fabric selected test format), permeability
characteristics, and a remarks column, which provides a summary of reservoir
properties (if any), and the corresponding permeability classification of each
Alderson Member facies. Figure 2.9 presents photos of tested core samples.
The photos are annotated with spot-minipermeametry test locations and the
corresponding permeability measurements in millidarcy (left). Core photos of
facies comprising higher permeability measurements have been contoured to
illustrate permeability field distribution within their respective fabrics. Facies
exhibiting extremely low permeability measurements are not contoured due to the
absence of contrasting permeability fields.

The results of spot-minipermeametry testing of Alderson Member facies
and a description of the permeability fields contained within each facies, if

present, are discussed below.

Facies 14 (F1A4): Phycosiphon-dominated sandy mudstone (PC 2)
Although the diminutive nature of Phycosiphon does not permit the assessment of
individual burrow permeabilities, unburrowed matrix can be compared to adjacent
burrowed media. Muddy matrix fabrics exhibit permeabilities ranging from 2 x
102 to 2 x 10! md, whereas the Phycosiphon-dominated fabric generally display
permeability measurements of approximately 2 x 10! to greater than 1 md (Figure

2.9A and 2.9B).
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The resulting distribution of permeability fields varies from irregular,

decimetre scale units, to crudely planiform, laterally discontinuous, centimetre

scale “beds”.

Interlaminated fine-
grained sands,
silts, and muds

Facies 2B
Bioturbated heterolithic
bedding

* 5 mm grid
spacing
* fabric selective

* 5 mm grid
spacing
* fabric selective

.

unburrowed mud laminae: 2 x 107 —

3x10" md

interbedded sand laminae: 1 x 10' — 8 x 10" md}
in general, the distribution of permeability
fields follows a 1 to 20 mm thick horizontal
planiform arrangement

permeabilities are variable, largely depending
on the degree of bioturbation

bioturbated sand lenses: 2 — > 5 md, whereas
less bioturbated sand lenses can reach K-value
approaching 7 x 10" md

interbedded muddy intervals: 6 x 10" —

8x 10" md

permeability fields occur as planiform,
vertically stacked, decimeter-scale zones

Facies Testing Method Permeability Characteristics Remarks
Facies 1A
Phycosiphon- * Smmand 1 cm | ¢ diminutive biogenic sedimentary structures do | ®* may connect discontinuous
dominated sandy grid spacing not allow permeability assessment for sand lenticles of F2B
mudstone * fabric selective individual burrows ¢ possible gas reservoir /
* muddy matrix: 2 x 102 -2 x 10" md flow conduit
* Phycosiphon-dominated fabric: 2 x 107" — ¢ K classification: 2
> 1 md
* burrow permeability slightly elevated when
compared to background muddy matrix
Facies 2A

* sand lithosome is an
example of a permeability
streak (flow conduit)

* K classification: 3

* gas reservoir / flow
conduit
* K classification: 3

Facies 3
Low-angle cross-
stratified sandstone

¢ fabric selective

cemented (siderite) intervals: 6 x 10™ —
5x 10" md
uncemented intervals: > 1 x 10° md

¢ K classification: 1

¢ K classification: 3

Facies 4
Root-bearing
fine-grained
sandy shale

* fabric selective

low permeability values ranging from 2 x 10
— 5x 10", Values greater than 1 md do occur;
however, these are rare.

—_

* K classification:

Facies 5
Conglomerate / massive
medium- to coarse-
grained sandstone

* fabric selective

low permeability values ranging from 5 x 107
—1x 10" md. Values greater than 1 md do
occur; however, these are rare.

—_

* K classification:

TABLE 2.2: Permeability to air (K,) characteristics derived from spot-minipermeability testing
of Alderson Member facies (Hatton Gas Pool, southwest Saskatchewan). Spot-minipermeametry
was conducted using a 5 mm or 1 cm spaced grid pattern, or on a fabric selective basis.
Permeability properties are characterized in three different manners. K-classification 1: extremely
low permeabilities; K-classification 2: slightly contrasting permeability fields where matrix
permeability is within two orders of magnitude relative to burrow-associated permeability; and,
K-Classification 3: well defined, highly contrasting permeability fields where matrix permeability
differs by more than two orders of magnitude relative to that of higher permeability domains.
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FIGURE 2.9: Permeability to air (K,) characteristics of Alderson Member facies. Core photos
have been annotated with spot-minipermeametry test locations and the corresponding permeability
values in millidarcy. Core photos of facies comprising higher permeability values have been
contoured using a combination of computer generated contours and manual contour editing.
Higher permeability fields are indicated by dark pink to red colors, while light pink to white colors
indicate extremely low permeability fields. A, B) Phycosiphon-dominated sandy mudstone (F1A).
Slight permeability enhancement is associated with the pervasively bioturbated lithosome. Core
4,451.45 and 452.24 m respectively. C) F2A - High permeability measurements are associated
with unbioturbated sandy lithosomes (potential flow conduits). Massive mud lithosomes

display negligible permeability. Core 5, 474.0 m. D) The highest K _measurements recorded

from spot-minipermeameter testing of Alderson Member facies are associated with bioturbated
heterolithically bedded intervals (F2B). Core 2, 442.49 m. E) Low-angle cross-stratified sandstone
(F3) displaying extremely low permeability measurements. Core 4, 428.98 m. F) Extremely low
permeabilities are associated with root-bearing sandy shales (F4). Core 4, 431.00 m. G) F5 —
Massive medium-grained sandstone exhibiting extremely low K _measurements. Core 5, 447.82
m. H) Conglomerate exhibiting extremely low K _measurements (cemented by siderite). Core 4,
437.20 m.

Facies 24 (F2A): Interlaminated fine-grained sands, silts, and muds (PC 3)
Within Facies 2A, unburrowed mud laminae exhibit permeabilities ranging from
2 x 102 to 3 x 10! md, while interbedded sand laminae display permeabilities
that range from 1 x 10" to 8 x 10" md (e.g., Figure 2.9C). Locally, vertical to
subvertical orientated sand-filled burrows are present and commonly exhibit
permeability measurements of approximately 3 x 10! md.

In general, the distribution of permeability fields follows a 1 to 15
mm thick horizontal planiform arrangement. Additionally, local soft-sediment
deformation and vertical biogenic structures serve to connect zones of higher

permeability.

Facies 2B (F2B): Bioturbated heterolithic bedding (PC 3)
Due to varying degrees of bioturbation, permeabilities within Facies 2B are
variable. For example, bioturbated sand lenses exhibit permeabilities ranging from

2 to greater than 5 md, whereas less bioturbated examples display permeabilities
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that approach 7 x 10! md (e.g., Figure 2.9D). Interbedded bioturbated mud
intervals exhibit permeabilities ranging from 6 x 107! to 8 x 10! md.

Permeability fields generally occur as planiform, vertically stacked,
decimetre-scale zones. Higher permeability zones are laterally compartmentalized

owing to the lensoidal shape of the sandy bedforms.

Facies 3 (F3): Low-angle cross-stratified sandstone (PC 1)
Cemented examples of Facies 3 exhibit extremely low permeability measurements
ranging from 6 x 103 to 5 x 10! md (e.g., Figure 2.9E). In rare instances, thin,
non-cemented, low-angle cross-stratified sandstone intervals occur. These fabrics

generally exhibit permeabilities on the order of 1 x 10> md.

Facies 4 (F4): Root-bearing fine-grained sandy shale (PC 1)
In general, root-bearing fine-grained sandy shales exhibit low permeability
measurements ranging from 2 x 102 to 5 x 10" md (Figures 2.9F). Locally,

permeabilities greater than 1 md occur; however, these are rare.

Facies 5 (F5): Conglomerate / Massive medium- to coarse-grained sandstone

(PC 1)
As with Facies 4, Facies 5 exhibits low permeability measurements ranging from
5x10°to 1 x 10" md (Figures 2.9G and 2.9H). Locally, permeabilities greater
than 1 md occur; however, these are likely the result of a poor probe tip seal
during spot-permeametry testing.
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DISCUSSION
Current depositional models suggest that prograding open-coastal, distal (sea) —
proximal (shore/land) successions lead to upward-coarsening grain size trends,
and that facies associated with shoreline environments are commonly represented
by prominent sand bodies. However, significant deviations from this model
can arise, especially in locales where the availability of sand-sized sediment is
limited (e.g., riverine environments where sediment load is primarily dominated
by suspended silt and clay particles). As a result of grain-size segregation,
and dissipative, low-gradient shoreline processes, mud-dominated open-coast
coastlines can result. Modern examples include the Louisiana and Brazil —
Guiana coasts (e.g., Wells and Coleman, 1981; Rine and Ginsburg, 1985; Neill
and Allison, 2005). Furthermore, mud-dominated shallow marine depositional
systems commonly develop in coastal embayments and shallow epicontinental
seas, like that of the Gulf of Carpentaria (Australia) and the Adriatic Sea (Europe)
(Rhodes, 1982; Cattaneo et al., 2003).

Discriminating between shallow-water and deeper-water mud deposits
can be quite troublesome. This stems from difficulties in interpreting depositional
energy levels within sand-deprived sedimentary systems (Schieber 1998a;
Schieber et al., 2007). Underestimating the impact limited grain-size variability
has on a depositional system can result in shallow marine mud deposits becoming
misinterpreted as quiescent deeper-marine sediments. Recently it has been

demonstrated that many fine-grained intervals contain significant volumes of
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natural gas (e.g., Alderson Member, southwest Saskatchewan, Canada; Barnett
Shale, Fort Worth Basin, Texas, U.S.A.). Paleoenvironmental misidentification
in these economically important strata is particularly hazardous, as it can lead to
flawed facies interpretations, incorrect facies correlations, poor estimations on
facies geometry and architecture, mapping errors, and inaccurate hydrocarbon
reserve calculations. This can ultimately result in mismanaged reservoir
development.

Modern mud-dominated coastal sedimentary systems commonly feature
inland riverine environments that transport fine-grained sediment towards
the coast. As sediment enters the marine realm, along-coast dispersal ensues.

A requirement for long-distance, along-shore transportation of sediment is

the presence of turbulant coastal waters. Energy of this type prevents seabed
consolidation while maintaining clay and silt-size particulates in a resuspended
state. This can be facilitated by wave and tide agitation, and can be further
enhanced by coastal winds or storms (Geyer et al., 2004).

The aforementioned sedimentary processes result in ichnological and
sedimentological properties that are characteristic to mud-dominated coastlines.
These include:

1) High contents of continentally derived organic matter.
2) Low and/or fluctuating bioturbation intensities resulting from high and/or
variable depositional rates (e.g., Rine and Ginsburg, 1985; Neill and Allison,

2005).
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3) Soft-sediment deformation and fluid mud intervals due to high interstitial water
contents and soft substrate consistencies.
4) Reduced or variable trace-fossil diversity owing to turbid sedimentation. Event
and post-event trace-fossil suites are impoverished as a result of heightened water
turbidities and the development of soupy substrates. This causes a reduction in the
proportions of trace fossils attributed to suspension-feeding and/or filter feeding-
habits (Moslow and Pemberton, 1988; MacEachern et al., 2005).
5) Sedimentary structures restricted to various types of heterolithic bedding.
The combination of limited grain-size variation and active wave and/or tide
agitation results in shale-on-shale erosional contacts, micro-laminated and weakly
nonparallel-laminated shale/mud intervals that are unbioturbated (Rine and
Ginsburg, 1985; Neill and Allison, 2005; Schieber et al., 2007).
6) Intervals enriched with shelly material (e.g., shell hash).

Therefore, sediment accumulation in deeper-water environments can
be distinguished from coastal fluid muds due to their: 1) lack of onshore tidal
signatures; 2) more episodic nature of sedimentation; and, 3) lack of wave-

generated structures due to deposition below storm-weather wave base.

Sedimentological and Ichnological Characteristics of Coastal Mud
Accumulation Within The Alderson Member (Hatton Gas Pool)

Within Alderson Member strata, unburrowed massive muds (laminae or bed

scale) displaying low substrate consistencies and high depositional rates (e.g.,
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loading and fluid-escape structures [Figure 2.6G]) are commonly observed.
These sedimentary characteristics are consistent with hyperpycnal fluid mud
accumulation (Bhattacharya and MacEachern, 2009). Characteristic ichnologic
properties within these depositional affinities include reduced and/or fluctuating
bioturbation intensities, and reductions in trace-fossil sizes. Another very
distinctive feature within intervals such as these is the common occurrence of
deformed mantled burrows (Figure 2.6E). The preservation of structures such as
these reflects high interstitial water contents at the time of deposition.

In addition to hyperpycnal mud accumulation, buoyant hypopycnal
sedimentation appears to have been prevalent during Alderson Member
deposition. During hypopycnal fluid mud accumulation, substantial portions of
the depositional system are subjected to an abundance of terrestrially derived
organic matter and fine-grained particulates as the system becomes more prone to
turbidity-induced stresses. These stresses produce a characteristic inchnofaunal
assemblage comprising predominantly deposit feeding and grazing structures such
as Phycosiphon, Helminthopsis, and Chrondrites (Bhattacharya and MacEachern,
2009). Moreover, complex feeding structures such as Zoophycos are locally
observed in facies characteristic of shallower water depths. This is likely a
result of the bountiful food resources available in these settings. Consequently,
ichnofossil assemblages attributable to distal expressions of the Cruziana

Ichnofacies may occur in shallower water than normally be expected.
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The presence of wave and onshore tidal indicators suggests a coastal
affinity for portions of the Alderson Member. Wave influence is indicated by the
presence of parallel-laminated scour-and-fill structures, combined flow ripples,
and thin intervals of low-angle cross-stratification (Figure 2.8A and 2.8B).
Furthermore, thin-section analysis reveals that mud-dominated intervals comprise
micro-laminae exhibiting shale-on-shale erosional contacts, suggesting active
mud deposition under wave and current influence (Figure 2.7) (Hovikoski et
al., 2008). The distribution of wave-generated structures indicates that Alderson
Member strata were deposited above storm-weather wave base. This data also
suggests limited availability of sand within the depositional system. Finally, tidal
influence in these strata is indicated by the presence of mud-draped ripple foresets

and paired mud-drapes (Figure 2.6A).

Environment of Deposition — Offshore and Mud-dominated Deltaic Coast
Within the Hatton Gas Pool area, Alderson Member facies are interpreted
to represent deposition within: 1) “subaqueous deltas”; and 2) successions
comprising offshore, muddy shoreface or tidal flat, and muddy coastal plain

deposits. These interpretations are expanded upon below.

“Subaqgueous Deltaic” Successions

The term “subaqueous delta” is applied here to laterally extensive, upward

coarsening, prodelta like successions in which a fluvial point source cannot be
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traced. Within the Hatton Gas Pool area, successions such as these are widespread
and can be traced for several kilometres (see Chapter 3, Figure 3.8, this volume).
These successions also contain ample evidence of wave and tide reworking (e.g.,
parallel-laminated scour-and-fill structures, combined flow ripples, intervals of
low-angle cross-stratified sandstones, mud-draped ripple foresets and double mud-
drapes) and locally pass upward into root-bearing muds. This data suggests that
Alderson Member deposits likely represent alongshore redistributed mud wedges
rather than direct, seaward prograding river deltas (Hovikoski et al., 2008).

The lateral extent of the mud belt suggests that across-shelf oriented sediment
transport also occurred, likely resulting from sediment remobilization during
storms (Hovikoski et al., 2008).

An example of a typical “subaqueous deltaic” succession occurs within
well 08-25-15-27W3 (Figure 2.3), from approximately 469.00 — 441.00 m (see
strip log of Core 4 in the Appendix). Succession of this type commonly consist of
the following components:

1) The basal portion of “subaqueous deltaic” successions consists of lithologies

dominated by grazing-behavior trace-fossil suites (e.g., Phycosiphon-dominated
sandy mudstones [F1A]). Moving vertically, the early stages of progradation are
marked by an increase in organic matter content and depositional rates.

2) Moving up-succession, bioturbation intensity progressively fluctuates

as grazing-behavior dominated trace-fossil suites grade into unburrowed

interlaminated muds and sands (Facies 2A). The transition into Facies 2A is
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reflected by elevated concentrations of fine-grained sand and the presence of
muddy parallel-laminae (attributed to wave- and tide-agitated fluid-mud flows).
3) Thin intervals of low-angle, cross-stratified fine-grained sandstones, and
the presence of scour-and-fill structures become more common moving up the
succession (e.g., Facies 3 and 2B respectively). The presence of sedimentary
structures such as these reflect the influence of wave activity (wave activity
becoming more apparent in a vertical direction). These strata exhibit a subdued
ichnological signal and high mud contents in the fair-weather deposits. Within
these intervals, tide influence is also apparent as demonstrated by local double
mud-drape bearing combined flow-ripples. The upper limit of subaqueous deltaic
successions is defined by the last occurrence of bioturbated heterolithically
bedded intervals of Facies 2B.

The bioturbated mud — interlaminated sand and mud — interbedded sand
and mud succession is remarkably similar to deltaic successions on the Louisiana

coast (Neill and Allison, 2005).

Shore Margin and Coastal Plain Successions

Within the Alderson Member, shore margin deposits comprise successions that,
in ascending order, consist of organic-rich, bioturbated mud intervals (F1A —
muddy offshore to offshore transition), heterolithic bedding (F2 and F3 — muddy
shoreface), and root-bearing sandy mudstone (F4 — muddy coastal plain). An

example of a typical shore margin succession occurs in well 10-27-15-22W3
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(Figure 2.3), from approximately 484.00 — 448.00 m (see strip log of core 5 in the
Appendix). In general, shoreface successions demonstrate considerable variability
with regard to ichnological signature and bioturbation intensity, the degree of
wave influence, and sand to mud ratios. Successions dominated by mud exhibit
decreasing wave energy toward the top, suggesting a low-gradient, dissipative
shoreline. On the other hand, sandier examples form upward coarsening offshore
to foreshore successions. The highest trace-fossil diversities, and the largest
variability in ethology are associated with these sandier successions. Trace fossils
such as Schaubcylindrichnus, Scolicia (Laminites), and Asterosoma are typically
only present in these sand-rich successions. This data seems to agree well with
observations made in modern mud-dominated coastlines, where wave dissipation
is strongly influenced by the presence of fluid mud (e.g., Augustinus, 1980; Wells
and Coleman, 1981; Rine and Ginsburg, 1985; Huh et al., 2001). In coastal locals
where fluid muds are not present, coarser-grained shoreline facies develop as a
result of increased wave energy reaching the shore (e.g., Dolique and Anthony,
2005).

Muddy coastal plain successions approximately 7 — 10 metres in thickness
also occur within the Alderson Member (e.g., ~436.00 — 429.50 m, Core 4,
Appendix). These successions comprise heterolithically bedded intervals (F2)
that grade upward into root-bearing shales (F4). Within these successions, local
intervals of thin shell beds displaying partially dissolved shell-hash or shell-hash-

bearing sandy mudstone are also present. In some locales coal fragments occur.
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These intervals are also characteristically rich in bedding-plane-orientated organic

detritus and locally contain pedogenic slickensides.

Permeability Characteristics Of Alderson Member Facies (Hatton Gas Pool):
Implications On Reservoir Development

As the petroleum industry struggles to deliver energy to a planet with an ever-
growing demand, declining conventional hydrocarbon reserves has presented a
notable challenge. Reserves once considered unconventional (e.g., gas shales),
have recently become economically viable options to petroleum producers (Law
and Curtis, 2002). Research conducted on fine-grained, low-permeability intervals
has demonstrated that strata of this nature may contain significant volumes of
hydrocarbons (e.g., O’Connell, 2001; Law and Curtis, 2002; Shurr and Ridgley,
2002; O’Connell, 2003; Pedersen, 2003; Odedra et al., 2005; Hovikoski et al.,
2008). For example, it has been estimated that gas reserves held within Alderson
Member / Milk River Formation reservoirs in southeast Alberta and southwest
Saskatchewan range from 10 — 21 TCF (O’Connell, 2003; Pemberton 2009,
personal communication). It is reserve volumes such as these that have prompted
petroleum producers to direct some of their attention toward fine-grained, low-
permeability units. Be that as it may, the reservoir characteristics of intervals such
as these remain poorly understood and present a multitude of challenges with
respect to reservoir development.

Spot-minipermeametry testing of Alderson Member strata has provided

insight on potential gas storage and transmission mechanisms. The results
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demonstrate that non-reservoir rock fabrics consist of Facies 3, 4, and 5, as each
of these facies exhibits extremely low permeabilities. The highest permeability
values measured are associated with Facies 2, while slight permeability
enhancement was observed in Facies 1A (see Table 2.2). This data indicates
that interlaminated sand, silt, and mud, and bioturbated heterolithically

bedded intervals are capable of significant contributions to the storativity and
deliverability of gas. This confirms hypotheses proposed by several authors who
have considered these heterolithic bedded intervals as the main gas reservoirs
within the Alderson Member (Shurr and Ridgley, 2002; O’Connell, 2003;
Pedersen, 2003; Payenberg, 2003; Gatenby, 2004). However, significantly more
gas reserves may be present within the Alderson Member, especially if the
volumes present within pervasively bioturbated rock fabrics are considered.

In general, bioturbation is considered to be detrimental to the permeability
of reservoir rocks. This view stems from poorly sorted texture induced by the
biogenic churning of laminated sediments, resulting in the reduction of overall
permeability (Pemberton and Gingras, 2005). However, not all bioturbation is
detrimental. Several examples of bioturbation-enhanced bulk permeability have
been reported in the geological literature (e.g., Dawson, 1978; Gunatilaka et al.,
1987; Zenger, 1992; Gingras et al., 1999; 2004a, b; Mehrthens and Selleck, 2002;
McKinley et al., 2004; Sutton et al., 2004; Pemberton and Gingras, 2005; Gingras
et al., 2007). Although these positive cases are known, the understanding of

permeability enhancement facilitated by biogenic processes is still quite primitive.
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Spot-minipermeability testing of pervasively bioturbated Phycosiphon-
dominated sandy mudstones (F1A) has demonstrated that fabrics of this nature
exhibit slightly elevated permeability when compared to the surrounding
muddy matrix. In effect, bioturbated media appear to enhance the vertical
transmissivity of an otherwise extremely low permeability Alderson Member
matrix. Consequently, pervasively bioturbated rock fabrics can be considered
secondary fluid flow conduits. This has significant implications with respect
to reservoir management strategies. Neglecting heavily bioturbated intervals
will result in lower than actual reserve estimations, which may lead to potential
economic targets being overlooked. In order to maximize hydrocarbon production
from the Alderson Member, its bioturbated rock fabrics must be considered.
Commingled production of main reservoir (Facies 2) and heavily bioturbated
facies is suggested, as this shall allow for more efficient reservoir development.
This reservoir development strategy is suggested when attempting production
from pervasively bioturbated, low-permeability, gas-charged formations such as
the Alderson Member.

For a more detailed discussion on Phycosiphon-dominated sandy
mudstones (F1A), and their implications on the resource potential of Alderson

Member gas wells, see chapter 3 (this volume).
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SUMMARY AND CONCLUSIONS
The Alderson Member is a 110 to 200 metre-thick clastic unit located in the
subsurface of southeast Alberta and southwest Saskatchewan, Canada. Alderson
Member lithologies include pervasively bioturbated marine shales, mudstones,
siltstones, and fine-grained sandstones. Enormous volumes of biogenic
gas reside within Alderson Member deposits. Conservative estimates place
Alderson Member / Milk River Formation gas reserves within a 10 —21 TCF
range (O’Connell, 2003; Pemberton 2009, personal communication); however,
explanations for these substantial gas accumulations, like those residing within
the highly prolific Hatton Gas Pool of southwest Saskatchewan, remain poorly
understood.

In order to gain a better understanding of the mechanisms responsible
for gas storage and transmission within Alderson Member strata, ten cores were
analyzed from the Hatton Gas Pool area (Figure 2.3). Based on sedimentological
and ichnological characteristics, Alderson Member strata were subdivided into
five recurring facies, and five subfacies (Facies 1 — 5; Table 2.1).

Wave and onshore tidal indicators suggests a coastal affinity for Alderson
Member strata in the Hatton Gas Pool area. Within Alderson Member facies,
wave influence is indicated by the presence of parallel-laminated scour-and-fill
structures, thin intervals of low-angle cross-stratification, and combined flow
ripples. Additionally, shale-on-shale erosional contacts present in mud-dominated

intervals further suggest active mud deposition under wave and current influence.
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Overall, the distribution of wave-generated structures within Alderson Member
facies indicates deposition above storm-weather wave base and a limited
availability of sand within the depositional system. Finally, tidal influence is
indicated by the presence of mud-draped ripple foresets.

Alderson Member strata are interpreted to represent deposition within
“subaqueous deltas”, and offshore, muddy shoreface or tidal flat, and muddy
coastal plain environments (shore margin successions). “Subaqueous deltaic”
successions are aerially extensive, contain ample evidence of wave and tide
reworking, and grade locally into root bearing mud intervals. This suggests
that successions of this type likely represent alongshore-redistributed mud-
wedges rather than direct seaward progradation. Shore margin deposits consist
of organic-rich, bioturbated mud intervals (F1A — muddy offshore to offshore
transition), heterolithic bedding (F2 and F3 — muddy shoreface or mud flat), and
root-bearing sandy shale (F4 — muddy coastal plain). Within these successions,
mud lithosomes demonstrate decreasing wave energy toward the foreshore,
suggesting a low-gradient, dissipative shoreline. This data appears to agree
well with observations from modern mud-dominated coastlines, where wave
dissipation is strongly controlled by the presence of fluid mud (e.g., Augustinus,
1980). On the other hand, sandier shore margin intervals form upward coarsening,
offshore to foreshore successions that contain high trace-fossil diversities and the
largest variability in ethological activities. These observations demonstrate that

several ichnological and sedimentological properties are characteristic of mud-
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dominated coastlines, these include: 1) high contents of continentally derived
organic matter; 2) low and/or fluctuating bioturbation intensities; 3) soft-sediment
deformation and the presence of fluid mud intervals; 4) reduced or variable
trace-fossil diversities displaying impoverished event and post-event suites; 5)
sedimentary structures restricted to various types of heterolithic bedding; and,
6) intervals enriched with shelly material. These results improve understanding
of the ichnological and sedimentological characteristics of shallow-marine mud-
dominated intervals. Their use is far reaching as they may aid in the recognition of
similar deposits elsewhere.

Spot-minipermeametry was conducted on Facies 1A, 2A, 2B, 3, 4, and
5 using Core Laboratories PDPK-400 Pressure-Decay Profile Permeameter.
Permeability testing indicates that non-reservoir rock fabrics consist of Facies
3,4, and 5, while reservoir quality intervals comprise Facies 2, and to a lesser
degree, Facies 1A (Table 2.2). Of the reservoir rock fabrics, bioturbated
heterolithically bedded intervals (Facies 2B) appear to make the most significant
contribution to the overall storativity and deliverability of gas from the Alderson
Member. Within these intervals, matrix permeability differs by more then two
orders of magnitude when compared to the higher permeability field (Table
2.2). Slight permeability enhancement was observed within Phycosiphon-
dominated sandy mudstones (Facies 1A). In these intervals, matrix permeability
is within two orders of magnitude relative to the burrow permeability (Table

2.2). Effectively, bioturbated media appear to enhance the vertical transmissivity
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of an otherwise impermeable Alderson Member matrix. In order to maximize
hydrocarbon production from the Alderson Member commingled production of
main reservoir and heavily bioturbated facies is suggested. This strategy should
result in substantial increases in the cumulative amount of derived hydrocarbons
when producing from pervasively bioturbated, low-permeability, gas-charged

formations.
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CHAPTER III - THE INFLUENCE OF PERVASIVELY
BIOTURBATED INTERVALS ON THE RESOURCE
POTENTIAL OF ALDERSON MEMBER STRATA (HATTON
GAS POOL, SOUTHWEST SASKATCHEWAN, CANADA)

INTRODUCTION

Low-permeability gas-charged intervals commonly contain thick pervasively
bioturbated rock packages. The highly prolific nature of these strata has led to the
suggestion that pervasively bioturbated rock fabrics may contribute to the overall
storativity and deliverability of hydrocarbons. In the past, heavily bioturbated
intervals have been regarded as troublesome and enigmatic with respect to
reservoir development; however, recent advances in permeability testing and
burrow modeling have begun to shed light on the ways in which bioturbated rock
fabrics may impact the resource potential of low-permeability gas-charged strata
(e.g., Gingras et al., 2002; Gingras et al., 2004a, b; Pemberton and Gingras 2005).

Bioturbation is generally considered to be detrimental to the permeability
of reservoir rocks. This view stems from the development of poorly sorted
texture due to biogenic churning of laminated sediments, which results in the
reduction of overall permeability (Pemberton and Gingras, 2005). However, not
all bioturbation destroys permeability, and several examples of bioturbation-
enhanced bulk permeability have been reported in the geological literature (e.g.,
Dawson, 1978; Gunatilaka et al., 1987; Zenger, 1992; Gingras et al., 1999; 2004a,

b; Mehrthens and Selleck, 2002; McKinley et al., 2004; Sutton et al., 2004;
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Pemberton and Gingras, 2005; Gingras et al., 2007; Cunningham et al., 2009).
These range from biogenic modifications of the primary depositional fabric
(burrow-mediated) to diagenetic alterations (typically recrystallization) of the
sedimentary matrix (Pemberton and Gingras, 2005). Although positive cases are
known, the understanding of permeability enhancement facilitated by biogenic
processes is still poorly explored.

The benefit of trace fossils is not limited to palacoenvironmental
interpretation. Recent research has shown that ichnology has significant
application to production geology. For example, in modern sediments, the
creation of macropores by bioturbaters such as earthworms, decapod crustaceans,
amphipods, and polychaetes, has long been known to enhance permeability
and porosity characteristics (e.g., Meadows and Tait, 1989; Lavoie et al., 2000;
Schmidt et al., 2002; Bastardie et al., 2003; Katrak and Bird, 2003). In the
past, trace fossil research within petroliferous strata was usually limited to the
exploration phase. However, the development of improved techniques using
ichnology to aid with reservoir evaluation and production has been the focus
of many contemporary academic studies. Recent studies have demonstrated
that biogenic aspects of rock character can influence the bulk permeability of
sedimentary rocks and thus their reservoir quality (Gingras et al., 1999; Gingras et
al., 2004a, b; Pemberton and Gingras, 2005; Gingras et al., 2007). As a result, the

incorporation of ichnological description during reservoir evaluation has quickly
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become a widely recognized and valuable aspect when assessing the resource
potential of pervasively bioturbated hydrocarbon-bearing strata.

Overlooking the effects of ichnology in heavily bioturbated reservoirs
can potentially lead to erroneous reserve calculations. Pemberton and Gingras
(2005) defined, classified, and characterized biogenically enhanced permeability.
Biogenic flow networks in which matrix permeability is within two orders of
magnitude relative to burrow-associated permeability are classified as dual-
porosity systems. Dual-porosity systems occur where matrix- and burrow-
permeabilites are similar. On the other hand, well defined, highly contrasting
permeability fields, where matrix- and burrow-associated permeabilites differ
by more then two orders of magnitude are defined as dual-permeability flow
networks. The presence of a dual-porosity versus a dual-permeability network,
along with the stratigraphic configuration of biogenically enhanced permeability
are the primary considerations when classifying the type of biogenic flow media
encountered. According to Pemberton and Gingras (2005), there are five flow-
media types: 1) surface-constrained discrete textural heterogeneities; 2) non-
surface-constrained discrete textural heterogeneities; 3) weakly defined textural
heterogeneities; 4) diagenetic textural heterogeneities, and, 5) cryptic biogenic
heterogeneities.

Several methods were used to demonstrate the dual nature of porosity and
permeability networks within bioturbated media samples, these methods included

the use of: 1) a profile permeameter, which assessed spot-permeabilites; 2) bulk-
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flow tests and Darcy experiments, which aided in determining bulk permeabilities;
3) flow-through tracer tests, which assessed relative dispersivities and tortuosities
of flow conduits; and, 4) MRI imaging, CT scans, and X-radiography, which
characterized heterogeneities related to porosity. Pemberton and Gingras (2005)
also demonstrated that substrate-controlled ichnofossil assemblages could
enhance the permeability and vertical transmission of an otherwise relatively
impermeable matrix. This permeability enhancement can originate when burrows
excavated into a low-permeability firmground substrate are subsequently filled
with texturally contrasting permeable sediment subtending from the overlying
strata. In this case, an anisotropic porosity and permeability network exists and
can dramatically impact reserve calculations. If the resulting burrow fills have
reduced permeability, reserve calculations may be too high. Correspondingly, if
the burrow fills have enhanced permeability, reserve calculations will be too low
(Pemberton and Gingras, 2005).

The Upper Cretaceous Alderson Member of southwest Saskatchewan,
Canada, is an example of a giant gas-play centered on low-permeability, gas-
prone, non-associated reservoirs (Payenberg, 2002b; O’Connell, 2003; Pedersen,
2003; Hovikoski et al., 2008). The fields contained within this play produce
from laterally extensive, thinly bedded, fine-grained sand interbedded with mud-
dominated units that occur at depths of less than 600 m (~ 2000 ft) (Hovikoski et
al., 2008). In many cases the productive zones are interbedded with, or are, the

source rock (Hovikoski et al., 2008).
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Within Alderson Member strata, characteristic silty halos associated
with three-dimensionally interconnected Phycosiphon (a trace fossil) have been
hypothesized as a storage mechanism for gas. The segregation of clean silt-
sized sediment into an otherwise low-permeability muddy matrix has led to the
assertion that rock fabrics of this type could enhance the vertical transmission of
fluids from the subsurface. Thus, discounting the effects this facies may have on
production potential could result in erroneous hydrocarbon reserve estimates.

This paper presents an ichnological study that highlights the effects of
trace fossils on the production potential of Alderson Member strata from the
Hatton Gas Pool area (southwest Saskatchewan, Canada). This analysis is relevant
to calculated reserve volumes, deliverability of gas, and reservoir management
strategy. Results from this work can be used to improve gas-exploration
techniques applied to the Alderson Member as well as pervasively bioturbated
intervals occurring within other prolific low-permeability gas producing

provinces.

Alderson Member (Lea Park Formation)
The Alderson Member (Lea Park Formation) of southwest Saskatchewan and
southeast Alberta, Canada, is a clastic unit that comprises pervasively bioturbated
marine shales, mudstones, siltstones, and fine-grained sandstones of Campanian
age (Meijer Drees and Mhyr, 1981; O’Connell et al., 1999; Ridgley, 2000;

Payenberg, 2002a, b; O’Connell, 2003; Pedersen, 2003; Gatenby and Staniland,
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2004; Hovikoski et al., 2007; Hovikoski et al., 2008). The Alderson Member
hosts large quantities of biogenic gas (Fuex, 1977) within shallow sandstone
reservoirs situated within predominantly fine-grained media (Payenberg, 2002;
Shurr and Ridgley, 2002; Pedersen, 2003; Gatenby, 2004). Conservative gas-in-
place estimates place Milk River Formation / Alderson Member reserves within
a 10 — 21 TCF (28-60 Mm?®) range (O’Connell, 2003; Pemberton 2009, personal
communication). Together with the commingling of Medicine Hat Member
(Niobrara Formation) and Second White Specks strata, these rock bodies host
the largest gas reservoir in the Western Canada Sedimentary Basin (Figure 3.1)
(O’Connell, 2003). It is these large quantities of gas that have made the Alderson

Member a lucrative target for petroleum producers.
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FIGURE 3.1: Areal extent of major gas fields in southeast Alberta and southwest Saskatchewan,
Canada. The commingling of gas reserves hosted within the Medicine Hat Member (Niobrara
Formation), Milk River Formation / Alderson Member (Lea Park Formation), and Second White
Specks intervals constitutes the largest gas reservoir ever discovered in the Western Canada
Sedimentary Basin. Modified from O’Connell (2003).
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In casual usage, the Alderson Member is regarded as a portion of the Milk
River Formation, or the “Milk River Equivalent” (Furnival, 1946). Although this
informal terminology is commonly used, it should be noted that the Milk River
Formation is not equivalent to the Alderson Member, and is in fact separated
from it by a significant time gap (Figure 3.2) (Ridgley, 2000; O’Connell, 2001;
Shurr and Ridgley, 2002; Payenberg, 2002a, 2002b; Pedersen, 2003). The
Alderson Member is present beyond the northeast depositional limit of the
Virgelle sandstone of the Milk River Formation, and its thickness varies from
approximately 110 m (~ 360 ft) in Alberta, to approximately 200 m (~ 660 ft)
in Saskatchewan (Meijer-Drees and Mhyr, 1981). The northeastern limit of the
Alderson Member is defined by the last occurrence of an extensive chert pebble
horizon observed at its top (Meijer Drees and Mhyr, 1981). This pebble bed
has been interpreted as a transgressive wave ravinement surface, and separates
the overall regressive Milk River Formation from the transgressive Pakowki
Formation (Tovell, 1956; Gill and Cobban, 1973; Meijer-Drees and Mhyr, 1981).
This horizon is referred to as the “Milk River Shoulder” (Meijer-Drees and Mhyr,
1981; O’Connell, 2001; Payenberg, 2002a, 2002b; Pedersen, 2003).

Despite the enormous economic significance of the Alderson Member,
surprisingly little has been published on its sedimentological, stratigraphical,
and ichnological characteristics. Of those publically available, few studies have
considered bioturbate textures and their effects on resource potential. Several

reasons for the deficit of Alderson Member studies in scientific literature include:
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FIGURE 3.2: Subsurface architecture of early Campanian — late Santonian strata
in southeast Alberta and southwest Saskatchewan. The Alderson Member represents
approximately 2 million years of deposition (Payenberg, 2002); however, the exact
age of its lower contact has yet to be defined (Payenberg et al., 2002; Shurr and
Ridgley, 2002; Hovikoski et al., 2008). Modified from Payenberg et al. (2002).

1) the muddy nature of the Alderson Member makes subtle geological variations
extremely difficult to observe, requiring repetitive work using many wells to
provide significant insight; 2) in the Alderson Member, gas accumulations
typically occur in broad, sheet-like sand bodies. This geometry allows for
development via step-out or in-fill drilling with little requirement for detailed
stratigraphical analysis. As a result, stratigraphic analysis has been deemed
unimportant to exploration success; and, 3) low rates of recovery have made these
fields economically marginal throughout much of their history, thus attracting

little past attention (O’Connell, 2001; Law and Curtis, 2002; O’Connell, 2003).
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The mechanisms responsible for gas storage within the Alderson Member
are poorly understood. Early facies classifications have led to the assumption that
the majority of gas accumulation resides within heterolithically bedded intervals
comprising thin sandstone beds and disconnected sand lenses (Meijer-Drees and
Mhyr, 1981; O’Connell et al., 1999; O’Connell, 2003; Pedersen, 2003). In a more
recent regional subsurface study, seven Alderson Member facies were defined and
described (Hovikoski et al., 2007; Hovikoski et al., 2008).

Core analysis of Alderson Member strata (Hatton Gas Pool area,
southwest Saskatchewan) has determined that one of the most voluminous
facies (approximately 20 — 25%) consists of a Phycosiphon-dominated sandy
mudstone of offshore affinity. Phycosiphon is an irregularly meandering trace
comprising a black fecal core surrounded by a pale halo of coarser silt. In drill-
core, Phycosiphon typically appears as tiny, dark, pin-head sized spots (transverse
section), or dark lines (longitudinal section) which may be discontinuous and
surrounded by a pale silt halo (Figure 3.3) (Wetzel, 1984; Bromley, 1990;
Goldring et al., 1991; Pemberton, 2001). The characteristic silty halo reflects
the segregation of coarser grained sediment within the substrate by a worm-like
organism. Phycosiphon-dominated sandy mudstones are dominated by a grazing
behaviour trace-fossil suite and represent a distal expression of the Cruziana
Ichnofacies—a common and widespread fabric in the rock record (MacEachern
et al., 2007a; MacEachern et al., 2007b). Due to its extremely fine grained and

pervasively bioturbated nature, a facies of this variety is generally not thought
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FIGURE 3.3: Core photos of samples comprising Phycosiphon-dominated sandy mudstones
(Facies 1A). Phycosiphon is small and consists of a dark colored fecal core (mud) surrounded by a
pale colored halo of silt. A) White arrows highlight longitudinal sections through Phycosiphon (3
cm scale card). B) Transverse sections through Phycosiphon (indicated by white arrows).

of as a potential gas reservoir; however, based on its volumetric abundance, and
the highly productive nature of Alderson Member strata, it is believed this facies
could provide a considerable contribution to resource potential of Hatton Gas Pool
wells.

This paper consists of a comprehensive examination of Alderson Member
strata using ten cores retrieved from the Hatton Gas Pool area of southwest
Saskatchewan, Canada. The Hatton Gas Pool covers approximately 6434 km? (~

4000 mi?), spanning Townships 11 to 22, and Ranges 22W3 to R30W3 (Figure
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3.4). For the purposes of this study, numerous hydrocarbon leases in this area
have been coalesced. Subsurface cores from Hatton are sparse; at the time of
study, only 23 cores penetrated portions of the Alderson Member, the majority
of which displayed extensive intervals of poorly recovered strata. The study area
along with the locations of examined core is shown in Figure 3.4. The purpose
of this paper is to investigate whether or not highly prevalent Phycosiphon-
dominated sandy mudstones contribute to the resource potential of Alderson
Member deposits. Spot-minipermeametry conducted on eleven one-third-slab
samples, along with data collected from six samples run under high-pressure
mercury injection porosimetry have allowed for a better understanding of the
porosity and permeability characteristics of this facies. These results have been
compared with tests conducted on other Alderson Member facies. These data
have shed light on the potential implications Phycosiphon-dominated sandy
mudstones have on the overall resource potential of the Hatton Gas Pool. There
may be further implications of this work elsewhere as pervasively bioturbated
intervals appear to be common within other highly prolific, low-permeability gas-

producing provinces.
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FIGURE 3.4: Study area. Large-scale map (top right corner) shows the areal extent of the
Hatton Gas Pool area with respect to the Western Canada Sedimentary Basin. The more detailed
map outlines the boundaries of the Hatton Gas Pool (pool boundaries are defined as of January
2003). In this study, Alderson Member strata were analyzed using 10 drill-cores derived from the
Hatton Gas Pool and surrounding area. A line-of-section (LOS) highlights the wells used in the
construction of a west — east subsurface cross-section. This transect is presented in Figure 3.8.

METHODS
Ten conventional drill cores along with accompanying petrophysical logs from
the Hatton Gas Pool area were used to collect sedimentary, stratigraphic, and
ichnological data from the Alderson Member (Figure 3.4). Core analysis focused

on descriptions of lithology, grain size (visual estimation), texture, primary and
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secondary sedimentary structures, bedding contacts and character of bedding,
soft-sediment deformation structures, mineralogical accessories (e.g., glauconite,
pyrite, etc.), and the identification of important stratigraphic surfaces. Ichnological
data comprises description of ichnogenera and/or ichnospecies, trace-fossil
assemblage, and bioturbation index (BI of Reineck (1963). Later modified by

Droser & Bottjer (1986), and again by Taylor & Goldring (1993)).

Alderson Member Facies

Hovikoski et al. (2008) conducted a regional subsurface study of the Alderson
Member using cores from southwest Saskatchewan and southeast Alberta. Based
on sedimentological and ichnological characteristics, seven facies, and seven
subfacies were described. Core analysis conducted for the purposes of this study
incorporated the facies classification developed by Hovikoski (2008) as similar
lithologies were encountered in the Hatton Gas Pool area.

Within Hatton, five facies were identified from the suite of cores studied
(F1 through F5; Table 3.1). These facies were further subdivided where distinct
sedimentological or ichnological characteristics allowed. Facies descriptions are

summarized in Table 3.1.

82



'€ A'TdVL

Q0UAN[JUT JUSLIND 10/PUB JABM IOPUN UONISOdIP SATIOE o
sonnsaduwo) o

doudn[jul [EpN o
SunjI0maI-aAeM puE SMO[J A)ABIS-JUSWIPIS
S1eI[op JO 1NSA1 oY) [ ‘sassans Ayipiqin) ySiy
pue sonIuI[es Sunenjon]j 10/pue MO ‘SJudIU0d 12)eM
JuawIpas Y3y ‘uonisodap s1posids pider Jo spouad o

©

— 2 19) 914 10 V14 194119 JO ISISU0D S[BAIdIUI PAJBGINIOI] e
oLIQR]  WRI0S

-Wel,, 0 “WH ISNQOI [IIM PIJBGINIOLq SWOSOYII| PUES o

dpuew
Appnw e Ae[dsIp AJ[RUOISBIO0 ‘PI[[1j-PUBS SMOLING Y[, o

0 ‘WY IOy XYL

‘07 W ‘(I)Yos o ‘Y dAnnuIwIp ‘Furpnjour ‘ofejquiosse
[1SSOJOUYDI AJSIOAIP-MO] 0] -01RIOPOW B UIBIUOD o
:sojdwexs 1orpues

juasaxd are 1 ‘WH/YJ 19 1 ‘YD dAnnuiwIp ‘A[[eoo] «
(€ — 7 19) Mo AJeord£) ‘ojqerrea AJISuaul UOIEQINIOI] o
9 ‘Id PA[[1J PUES JO )INS AJISIOAIP-MO] o

:sojdwrexa you pnj

(V1) 9[eys pareqinjolq pue s[eys Apues

QAISSBW ‘POMOLINQUN ‘PIJBUTUIR[-0IDTW JUrjeuId)|e
J0 1515000 A[[201dA) SWOSOYI] PNUT POPPIIIUT o

uoneuIwe|

Teueld o1y)I[01919Y IO UONBOLIRNS-SSOIO J[TUe

-MO] JO s[eAsoqur uryy A[jesof pue ‘sajddur ornouruAs
‘S9IMONS [[1J-pue-1n0os ds1Idwo S[RAIIUT PUES o

Spaq 10 SoSud| popeId
A[[ewwiou {21y} WO G 0] [ JO SISISUOD SWOSOYI| PUES o
Burppaq o101y PaIRqINIOlq] o

19)7BW OIURSI0 PIALISP A[[BLISILID) JO SJUNOWE Y31y o
sa1ddur paderp-pnuw se pue suorjeurwe|

9[ered-reuerd pue Appnu Se N9 S[EAIUI QUOISPUES o
o1y ww O] 0) | A[uowod

Jeurwe] 9[eys K213 JIep dAISSeW ‘Funenpun «

SUOISSOONS O[BOS-O1}OW SULIOJ o

UOIRULIOJOp AITBJUSWIPIS-1JOS o
Surppaq
Ie[NONUS] PUL ‘SI[BYS PUL SPUBS PIAJRUIURLIAUI

£q poziioeeyd SuIppaq SIYNI[o0I)AY PAJeUIiop-pnill

INJ00 $19BIU0D
[BUOISOId J[BYS-UO-J[eYS pamorng ‘saoefd ur o
V4 se1[10A0 A[[euonepeis «
SUOISSA00NS FUIUASILOD
-piemdn jo doy oy JeoU UOWIWIOD o

€410 ‘gz, D14 ol A[[eo1IoA SopeIS o
14 se112A0 Ajjeuonepeis o

I0QUIDJA] UOSIOP[Y

I0MO] ) UIYIIM SUOISSEIINS FUIUISIEOO
-piemdn jo uoniod S[ppIw Ay} Ul UOWWOD o

Suppaq s1ynosalay
pajeqimorg
a4

spnw
pue ‘sy[Is ‘spues paureid
-oU1J POJRUTIE[ISNU]
vl
(zd) T soweg

9[00] Pa1alays
© Ul UOIIB[NIUNIOE JUSWIPAs d1posida 10 A310us-mo] o
Sumoes pasodxoa AJerroeqns e 03 uonisodop snoanbeqns
woly d3ueyd © $juasaidal 4 0) D4 Woly uonepeIs «
Bumas (;Aruijes-mo|) passans «

SIUSWIUOIIAUD UONISURT) I0YSJJO — 2I0ysjjo 1oddn o

w1110 ore)jop-uou 10

ouanyur o1e)[op yeam e oy sputod Japew oruesIo Jo yoe| «
s3uyes a1o0ysyjo

ur uonisodop YIIM JuSISISUOD ‘SIAIORJOUYD] DUDIZNLY)

149 dg
ST 1B O I [TBWIS {OPN]IUI S[ISSOJ 901} PIZIUT00I o
Surpow mornq
JouUnsIpul Jo SuNSISUOD A)INS [ISSOJ 9.1} AJISIOAIP MO] o
(9 — ¢ 19) pareqiorq Ajoaisearad o

Juasaxd
aIe eIOUASOUYDT YIRS JO SISSED OZIS [BI0ADS ‘A[[eo1dA) o

0 ‘nJ ‘e ‘Wl

8 ‘Y 107 0 YD 9 “Id ‘W YT TV T ‘098 ‘w (IJ)yos
w Yog ‘I sy <Surpnjour ‘AJISIOAIp [ISSOJ 99BI) 9JeIOPOU o
o3ejquuosse AZojope-poxru & sKe[dsip o
(9 — 7 19) pamoiing A[oAIsud)ul 0) A[2)e1opoul o

‘oz
1wy w YD ‘e ‘yq Surpnjour ‘K)ISISAIP [I1SSOJ d0BI} MO o

oFejquiosse
[1ssojoutor oy} Sunynossord Judsaid SyIjozZIyl «
quojspnuu Apues £o13 JIep 03 1YS31] «

sjuojuod pues ySIy A[eo0] «
quojspnuu Apues £o13 JIep 03 1YS31 «

JUSJUOD Io)eW JIUESTIO MO o
AJ[200] 1N220 SASUD] puks pajeqinjoiq ‘paseq dieys o

.1 £q ure[I9A0
AJ1BUOISOID ST 10 44 oyul premdn sopeis «
€10 ‘74 ‘g1 SI1I9A0 AJ[euonepels o
IOqUIDIA
UOSIOPY Ay} Jo do} oY 1edU UOWIOD o

(syorjuoo
[euonepeis) ¢4 10 ‘gzd ‘D14 MO[q SINII0 o
V[ S31119A0 A[euonepels ¢

JOQUIdJA UOSIPTY ay Jo suonzod 1oddn
pUE O[PPIUI UIY}IM UOWITIOD A[9JEIOPOU o

oouonbos e urgim - Surpooyy
wnwirxew Jo auoz ay) sjudsaidar Aeord£) o
T Pue g4 Yim pappagqIaur Ajjeuonepeis «
Su0ISSa20Ns Furussieoo-premdn

Quojspnur \A—uﬁmm
paouwr-morng

o)k

o3ejquiosse
K3ojoye-paxiw e
Surreaq suoispnui Apues
qa1d

quojspnw Apues
pajeurwiop-uoydisoddy g

o1} JO u0IssaIdXa [ISIP B SJuasaIdor 93Ins [ISSO 90eI) o (9 — ¥ 19) pareqyorq Kjoaisearad o quojspnur Apues £213 1431] o Jo uoniod [eseq Ay} Ul SIS0 A[UOWIWIOD o vid
(14) | sa08g
uoneyaadiduy SdNsLId)IRIRY) [BIIF0o[ouyd] SINSLIdJIRIRY)) [BIIF0[0)UIWIPIS $398)U0)) / AUALINIIQ suondrLsaq

83



‘1 193dey)) 03 Jo11d UOT}O9S SUONBIADIQE puB ASO[OUTULIY}
B Ul POZLIBWIWINS QI8 9[qe} SIY) UI PAsn SUOIBIAdIqQe pue ASo[ourua], x93 oy} Jo Apoq urew ay) ur uodn papuedxs are suoneiardioju] (uemaydlesses ISoMYINos
‘BaIB [004 SED) UOYBH) BIens IOQUIdJAl UOSIOP[Y JO SuI330[ [BI130[0UYDI PUE [BIISO[OJUAWIPAS U} WOIJ PIALIOP suondLIdsop soroe] :(panupuod) 1°¢ A 1dV.L

01019 JO ooeyns reue]d-0d o
(o9e1Ins
BUIPOO]J) UOISOId JO IJBJINS JAISSIITSURI) B SAJOUIP o

QLIOPIS AQ PAJUIUIAD A[[BIO] o

XLew Apues urgyim A[[eoo] paAIasqo 1uoone|s «
J9)awerp ur wiw (o] 03 dn

QIe pue ‘IB[NSue-qns 0} POPUNOIQNS SISE[D YIOMIWEI] o
spaq

91RIdWO[FU00 paptoddns-XLIeW 10 -JSB[O YOIl o

14 yym Jeuonepels joeiuo0d 1addn o
D14 uarxd
19SS9] © 0) PUE “p] ‘€] SII[IOA0 AJ[BUOISOIO o
IoqUIdJ UOSIOPTY o} Jo suontod 1oddn pue
I0MO] A UT Se0eJINS Paseq-dIeys @)oI0sIp o

suolspues paureid
-WINIPaW 0} -9S180d
QAISSEW / dJRIOWO[TU0))

(SA) € sareq

uonerd)e oruagopad juardiour pue ainsodxo [eroeqns o
ureyd [e1505 Appnui «

€-119) S[eAIOIUI J[eYS ApUES pauleld
-oury ‘A[qqnI ‘peppaq 0 pajeuture] A[[EOTYI[0I)0Y
ILM PIIRIOOSSE IR SINISUIUI UONRGINIOI] 10MO] o
(9= ¢ 1) senisudul uonEqINOIq YSIY
Kedsip syeaajur pappaq A[[eory)ijo1aioy ‘pajeqiniorq «
Surpow
M01INQ 10UNSIPUI JO $)SISU0O A[[eo1d4) uorneqiniolq «

S[BAIOJUI UIY) UT A[[BOO] IND00 SAPISUADI[s oruaSopad e
SUOISSIOONS YOI} S1JOW [BIDASS 0} WD ()] o
([209) PAAIASQO JoYIBW JIULSIO [BLISILIO)
juepunqge pue ‘ysey-[[oys ‘QeUIUE[INUI APULSs UIY) o
oreys A[qqnI ‘pappaq 0) pajeutue] A[[EOTYI0I)0Y
10 pajeqrmolq ‘Surreadde oAIssew ‘Furreaq 1001 ‘K213 o

G M [BUOISOID ST JoBju0d Joddn ‘A[[eo0T «

14 Aq ure1aA0 A[jeuonepeis «

V2 10 D1 sa1j10A0 Ajjeuonepeis «
JOQUISJA] UOSIIP]Y Y3

Jo suontod 1addn pue oypprwr oy ur Juasaid «

9reys Apues paureid
-ouj SuLIeaq-100y
(bd) ¥ soLEL

LST UM PLIDOSSE SA[BOO] AIOYSUL o
XN[JUI 10JeMPUNOIS 10 I9)eMYSII]
30 oouasaxd oy 03 paynque oq ued YIIYM djeydins

PAALIDP-UB20 Jo Ajroned & yiim JUQISISU0D A)LIPIS o
syydop 19jem 1omoj[eys pue

AJIAT)OR 9ABM 0) 2INSOdXd PASLAIOUT JO S[BAIIUT SPIOOAI o

QJLISPIS 10 3)19[8d Aq PAJUSWIAD A[[8IO] o

SUOISSAIINS DI} WD ()7 03 (O] UI PAAISqO AJ[eo1d4) o
Juolspues

poureIS-WNIpat 0} -oulj ‘PAIFTIBIS-SSOId J[FUL-MO] o

(a1e1) 1 10 4] 0JuT A[[EOTIIOA SOPRIS o

gz4 ynm [euonepess 1o dreys 10eIu0d [eseq o
SUO0ISSa20NSs FuruasIeod-premdn Jofewr

J0 sdoy oy} Jeau S[OAJ[ JOUNSIP Ul PUNoOJ o

QuoIspues
PalJIeNS-sS0Id
9[Sue-mo]

(€4) € sarvey

84



Spot-Minipermeametry
Thirty-two core samples (10 centimetre diameter and one-third-slab) from
Alderson Member cores were obtained from Saskatchewan Industry and
Resources Core Facility in Regina, Saskatchewan. Samples we selected in order
to assess the intra-facies heterogeneity present within each facies. This helped to
ensure a wide-ranging data set for permeability testing. Of the samples collected,
eleven comprised Phycosiphon-dominated sandy mudstone (F1A — Table 3.1).

Spot-permeability analysis required a flat surface for measurements.

To facilitate this, full diameter core samples were slabbed at the University of
Alberta. After each cut, compressed air was blown across the sample’s test surface
in order to remove sediment build up. Spot-minipermeametry was then conducted
using Core Laboratories PDPK — 400 Pressure-Decay Profile Permeameter
(PDPK —400; Figure 3.5). Measurements were performed in two manners: 1)
using a 5 mm or 1 cm grid pattern; and, 2) on a fabric-selective basis, allowing the
assessment of the permeability of individual trace fossils.

The PDPK — 400 is a pressure decay system that measures gas
permeabilities from 0.001 millidarcy to greater than 30 Darcy (Core Laboratories
Instruments, 1996). A schematic diagram of the PDPK — 400 is presented in
Figure 3.5. Main components of this instrument include the probe assembly or
travelling case (discussed below), an air tank (supplies nitrogen to the probe
assembly), the core rack (holds sample), a monitor (displays measurement

results), and a computer (data storage). The probe assembly comprises four
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accurately calibrated volumes that are initially charged with nitrogen. These
volumes are referred to as the “tank supply”. Permeability measurement control
devices are located on the front panel of the probe assembly. These controls
consist of the tank supply and probe regulators, their respective gauges, and a
firing button (initiates a permeability measurement).

Spot-minipermeametry testing was conducted by positioning the
probe assembly and core rack at a desired location. To perform a permeability
measurement, the probe’s rubber tip (0.46 cm diameter O-ring) was then sealed
against the sample using a pneumatic cylinder. Subsequently, a computer-
controlled probe valve was opened and the pressure in the tank and probe
assembly was recorded as a function of time. The maximum run time of a
permeability measurement is normally set at 24 seconds; however, extreme
accuracy and repeatability is required for low-permeability samples (less than
0.01 md) (Core Laboratories Instruments, 1996). For that reason, a maximum run
time of 30 seconds was used during spot-minipermeametry testing of Alderson
Member strata.

This testing method was performed in order to determine average
permeability to air values (K ) for sedimentary fills associated with biogenically
produced structures, and values for the surrounding matrix. Due to the highly
sensitive nature of this method, samples must be prepared in a consistent fashion
prior to analysis. Because of this, direct comparison of permeability values with

those derived from other studies is not possible as it is impossible to establish
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consistency of sample preparation outside this study. All samples were handled
and prepared by the senior author. This ensured a consistent test surface for all
samples subjected to spot-permeability analysis.

Five measurements were obtained from each test location. Permeability
values were calculated as the average of the three closest measurements.
Anomalously high measurements acquired from locations where a poor probe
tip seal (e.g., unlevel testing surface, edge effects, etc.) or microfracturing was
apparent were eliminated from the data set. Contour maps of permeability were
then generated using the Surfer 9 gridding and contouring software package
(Rockware ®, Inc., 2009). Minor contour editing was performed in order to
highlight the lithologically constrained nature of the permeability domains.

Spot-minipermeametry proved to be excellent at providing precise
permeability measurements, however, due to the relatively large area tested by the
probe (~0.46 centimetre diameter), the permeability of diminutive trace fossils

was extremely difficult to assess.

High-pressure Mercury Injection Porosimetry Testing
In order to characterize pore-throat size distribution, pore geometry, and to
reconcile subtle porosity and permeability heterogeneities—such as those present
within Alderson Member Phycosiphon-dominated sandy mudstones—high-
pressure mercury injection porosimetry was performed on six samples. Samples

were obtained from both the pervasively burrowed and the non-burrowed (muddy
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matrix) fabrics of the Phycosiphon-dominated sandy mudstone facies. Each
sample was cut into a cube approximately 1 cm to a side using a variable speed
handheld rotary tool and subsequently blown with compressed air. Mercury
injection testing was then conducted using a Micromeritics Autopore IV machine
(Experimental Geophysics Group, University of Alberta).

Details of this testing method can be found in Jennings, 1987; Vavra et al.,
1992; Webb, 2001; and the American Society for Testing and Materials (ASTM
International). High-pressure mercury porosimetry tests involved placing a
sample into a vacuum chamber and subsequently evacuating it in order to remove
contaminant vapors (usually water). Upon the removal of contaminants, mercury
is added to the chamber. Through this process, an environment comprising a solid
(the sample), a non-wetting liquid (mercury), and mercury vapor was established.
The pressure within the chamber was then increased toward ambient and the total
volume of mercury entering the largest voids within the sample was monitored.
When pressure has reached equilibrium, pores approaching approximately 12 mm
in diameter will have been invaded (Webb, 2001). At this time, the chamber was
placed inside a pressure vessel for the remainder of the test. A maximum pressure
of approximately 414 MPa (60 000 psi) was possible using the Micromeritics
Autopore I'V. At maximum pressure, mercury penetrates apertures as small as
0.003 micrometres in diameter. This is necessary when attempting to obtain
permeability and porosity data from extremely fine-grained sediments (Webb,

2001).
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To obtain accurate, high resolution data, the intrusion process must be
allowed to equilibrate before increasing pressure as any slight change to the
pressure inside the vessel shall induce imbibition of the next smaller-sized pore
class. In other words, high-resolution data, particularly in smaller pore-throat
ranges, requires mercury porosimetry to be conducted by way of a series of
pressure steps. Here, pressure is raised, and subsequently held until mercury flow
into the sample ceases. Once mercury intrusion has stopped, pressure is increased
for the next incremental reading (Webb, 2001).

The pressure required to inject additional mercury into the pore volume of
a sample is a function of pore-throat size distribution. With increasing pressure,
imbibition of mercury occurs through smaller and smaller pore apertures. Since
mercury is a non-wetting fluid with a contact angle 6 of approximately 141.3°, the

penetration of mercury can be expressed as:

D=—F{4ycos6, (3.1
where D is the pore throat diameter, y is the surface tension of mercury (480 mN/
m?), 0 is the contact angle (wetting angle), and P is the pressure. This relationship
is commonly known as the Washburn equation (Washburn, 1921) and is based
on the assumption that pore-throats are cylindrical in morphology. The Washburn
equation was used to calculate pore-throat size distribution within Alderson

Member rock fabrics; however, it should be noted that in almost any porous media

cylindrically shaped pore-throats do not exist.
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High-pressure mercury intrusion curves (HPMIC) were produced using
the information gathered during porosimetry testing. HPMIC curves were
created for the burrowed and non-burrowed fabrics of the Alderson Member
Phycosiphon-dominated sandy mudstone facies. These plots were then compared
with HPMIC curves produced for other Alderson Member facies. The HPMIC
curves provided a basis for comparison of fluid-hosting properties between facies
within the Alderson Member and the effects bioturbation has within a particular

facies.

Spot-Minipermeametry Test Results

Figure 3.6 displays core photos annotated with spot-permeability test locations
and corresponding permeability measurements (in millidarcy). On the right,
permeability measurements are contoured to illustrate permeability distribution
within the respective samples. The samples presented in Figure 3.6 exhibit
permeability characteristics and distribution of permeability fields within
pervasively bioturbated rock fabrics (Facies 1A) and heterolithic bedded strata
(Facies 2B). These properties are used to compare and contrast the fluid hosting
potential of these rock types (see discussion).

In general, spot-minipermeametry testing of Alderson Member facies
has demonstrated that permeability in pervasively burrowed intervals appears
to be slightly enhanced when compared to the accompanying muddy matrix.

Tests conducted on Phycosiphon burrowed sandy mudstones typically display

91



LEGEND

[ Jo-imd [ J1-5md []5-20md [l >20 md

92



FIGURE 3.6 (previous page): Results of spot-minipermeametry tests conducted on

Alderson Member facies. On the left hand side, core photos have been annotated with spot-
minipermeametry test locations and the corresponding permeability to air (K ) measurements in
millidarcy. On the right, permeability measurements have been contoured using a combination of
computer generated contours and manual contour editing. Higher permeability fields are indicated
by dark pink to red coloured contours, while light pink to white colours indicates low permeability
fields. A) Phycosiphon-dominated sandy mudstone facies (Facies 1A) tested using a 1 cm grid
pattern. In general, burrow-associated permeability appears to be slightly enhanced relative to

the background muddy matrix (right). 08-25-15-27W3 (~ 439.52 m). B) Phycosiphon-dominated
sandy mudstone facies (Facies 1A) tested using 5 mm grid spacing in the x-direction, and 1 cm
spacing in the y-direction. As with figure A, the bioturbated fabric of this sample displays elevated
permeability measurements when compared to the muddy matrix (right). Anomalously high
permeability measurements may be the result of a poor probe tip seal. 10-27-15-22W3 (~ 478.10
m). C) Bioturbated heterolithically bedded facies (Facies 2B) tested using a 5 mm grid pattern.
Within this facies, the highest permeabilities are associated with discontinuous sand lenticles.

The permeability characteristics of these sand lenses allow for the preferential migration of gas
(“permeability streaks”). The highest permeability measurements recorded from Alderson Member
strata are associated with Facies 2B. 10-27-15-22W3 (~ 475.70 m).

spot-permeabilities ranging from 3 x 10" to over 1 md, while fabrics comprising
muddy matrix exhibit a permeability range of 1 x 10" — 5 x 10" md. Because
matrix permeability is within two orders of magnitude relative to burrow-
associated permeability, Alderson Member Phycosiphon-dominated sandy
mudstones can be considered a dual-porosity flow network system.
Spot-minipermeability test results also demonstrate that the highest
permeability values within the Alderson Member are associated with heterolithic
bedded, sand lenticle bearing units (F2B — Table 3.1), with permeability
measurements as high as 4 x 10> md. Interlaminated sand, silt, and mud intervals

F2A — Table 3.1) typically exhibit permeabilities on the order of 2 x 10! — 1 md.
( ypically p

High-pressure Mercury Injection Porosimetry Test Results
Mercury porosimetry test results from Phycosiphon-dominated sandy mudstone,
interlaminated sand, silt, and mud, and muddy matrix samples are presented

in Figure 3.7. The x-axis of the HPMIC curves provides information on the
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FIGURE 3.7: High-pressure mercury injection porosimetry test results from Alderson Member
rock fabrics comprising Phycosiphon-dominated sandy mudstone (A & B), interlaminated sand,

silt, and mud (C), and muddy matrix (D). Red box in A highlights the transition between pore-
throat families I and II (i.e., “step”).
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cumulative amount of mercury intruded into each sample, while the y-axis
exhibits the pressure applied (right side), and the approximate size of the pore-
throats through which mercury has penetrated (left side; calculated using equation
3.1).

Parameters such as pore-throat sorting (PTS), reservoir grade, and oil
columns for 50% and 75% oil saturations can be extracted from mercury injection
porosimetry data (Jennings, 1987). PTS, as the name implies, is a measure of
the sorting of pore-throat sizes contained within a rock sample (Jennings, 1987).
This is done by applying a numerical value to the slope of the plateau found
on a semi-log plot of mercury porosimetry data. For illustrative purposes, a
plateau has been annotated in Figure 3.7D. PTS values can be obtained using an
equation developed by Trask (1932); however, for the purposes of this analysis,
PTS is described qualitatively as opposed to providing numerical values for
plateau slope. For example, well-sorted samples tend to display characteristically
horizontal plateau morphologies (slope approaching zero), with pore-throat
sorting becoming poorer as the plateau steepens (Jennings, 1987).

In most cases, Phycosiphon burrowed sandy mudstone samples display
a subtle step like that shown in Figure 3.7A (~ 0.04 — 0.2 MPa; see red box).
Phycosiphon burrowed sandy mudstones appear to exhibit porosity and
permeability characteristics similar to those contained within interlaminated
sands, silts, and muds, as samples comprising this rock fabric also contain a step

in their HPMIC curves (Figure 3.7C). Within these samples, HPMIC data reveals
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the presence of two pore-throat families (pore-throat families I & II). Pore-throat
family I occurs below the step contained within the intrusion plot of Figure 3.7A
(~0.04 — 0.2 MPa). This data displays a narrow standard deviation, indicative of a
small range in larger pore-throat diameters. Within Phycosiphon burrowed sandy
mudstone samples, larger pore-throat diameters typically comprise 9 to 12 per
cent of the total pore-throat volume. In samples consisting of interlaminated sand,
silt, and mud, 11 to 15 per cent of the total pore-throat volume is dominated by
larger pore-throat sizes. This suggests the presence of larger (sand sized; ~ 0.1667
—0.0625 mm) pore spaces within these samples.

Pore-throat family II occurs above the steps contained within the HPMIC
plots of Figure 3.7A and 3.7C. This pore-throat family dominates both the
Phycosiphon burrowed sandy mudstone and interlaminated sand, silt, and
mud samples. Pore-throat family two exhibits a large standard deviation and is
indicative of a broad continuum of smaller pore throat diameters. This is likely the
result of grain or particle sizes dominated by silts and clays. By in large, samples
comprising Phycosiphon-dominated sandy mudstones and interlaminated sands,
slits, and muds, are moderately sorted. This is indicated by inclined plateau shape
morphology.

In rare instances, Phycosiphon burrowed sandy mudstone samples exhibit
smooth HPMIC curves (Figure 3.7B) that are analogous to the HPMIC curves
derived from muddy matrix samples (Figure 3.7D). The smooth nature of these

curves indicates the presence of extremely small pore spaces and grain sizes
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dominated by silt and clay. The plateau shape within these plots is relatively

horizontal indicating nearly uniform pore-throat size distribution.

DISCUSSION
Until recently, the effect of bioturbation on the resource potential of highly
prolific Alderson Member strata was poorly understood. Spot-minipermeametry
and high-pressure mercury injection porosimetry of Alderson Member samples
has shown that the most permeable fabrics are associated with sand dominated,
heterolithically bedded intervals (F2B — Table 3.1). Results demonstrate that
sand bodies of this nature can store large quantities of gas and also provide
preferential migration pathways. The characteristics of these sand bodies allow
much more effective fluid transmission than that of the interstratified muds. It
is these properties that have allowed rock fabrics of this type to be classified
as “permeability streaks,” or dual-permeability flow network systems. Data
shown here support previous authors who have proposed sand dominated,
heterolithically bedded intervals as the main gas reservoir within the Alderson
Member (Shurr and Ridgley, 2002; O’Connell, 2003; Pedersen, 2003; Payenberg,
2003; Gatenby, 2004). Within the heterolithic units, interbedded mud lithosomes
consist of unburrowed, micro-laminated mudstones, and Phycosiphon-dominated
sandy mudstones (F1A — Table 3.1). In situations where heterolithic units are

interbedded with burrowed sandy mudstones, biogenically enhanced permeability
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appears to be important in providing fluid communication between discontinuous

sand interbeds and lenticles (see Figure 3.8).

aiiaaas I BAMMRAAL|

LEGEND

[ Jo-tmd [ J1-5md  []5-20md [l >20 md

FIGURE 3.8: Core sample comprising interbedded Phycosiphon-dominated sandy mudstone
(Facies 1A) and bioturbated heterolithic intervals (Facies 2B). Spot-minipermeametry testing

was conducted using 5 mm grid spacing in the x-direction, and 1 cm spacing in the y-direction.
Permeability test locations and the corresponding test results (in millidarcy) are annotated on the
left hand side. On the right, permeability measurements are contoured using a combination of
computer generated contours and manual contour editing. Higher permeability fields are indicated
by dark pink to red colored contours, while light pink to white colors indicates low permeability
fields. In this sample, elevated permeability characteristics (light pink permeability field, 1 — 5 md
values) associated with interbedded Phycosiphon-dominated sandy mudstones (Facies 1A) appear
to establish fluid communication between otherwise discontinuous sand lenticles (Facies 2B). 10-
27-15-22W3 (~ 493.78 m).

Spot-minipermeametry experiments demonstrate that pervasively
bioturbated intervals enhance the overall bulk permeability of the Alderson
Member compared to muddy unburrowed beds. Results from high-pressure
mercury injection porosimetry testing (Figure 3.7) have shown that pore-throat
size distribution within bioturbated media is similar to the bulk distribution of

pore-throat sizes contained in interlaminated sands, silts, and muds. The elevated

permeability values of Phycosiphon-dominated sandy mudstones likely result
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from: 1) the admixing of sand and silt sized clasts into an otherwise extremely
fine-grained, low-permeability matrix; or, 2) textural segregation such that

larger pore-throat sizes occur within more continuous domains (burrows) that

are distinct from domains concentrated with small pore-throat sizes (matrix). In
other words, biogenic processes appear to enhance the resource characteristics of
otherwise extremely low-permeability Alderson Member strata.

The complex storage characteristics of pervasively bioturbated
Phycosiphon flow networks provide tortuous pathways for fluid interaction and
transmission; however, the nature of these tortuous networks suggests that higher
permeability zones may be common. Tortuous, heterogeneous media present a
notable complication for reservoir development. Unlike fractured rock, which
can be viewed as a dual-permeability system with distinctly mobile and immobile
zones, burrow-mottled media provide a heterogeneous dual-porosity system
where zones exhibit a limited but significant range of mobility (Gingras et al.,
1999; Gingras et al., 2004a). Tortuous pathways can have dramatically different
effects on fluid migration. Depending on the type of fluids present, the production
of hydrocarbons from reservoirs comprising complex migration pathways can
be quite variable. In pervasively bioturbated reservoirs saturated by more than
one phase, dead-end zones created by the biogenic churning of sediment tend to
isolate higher viscosity fluids and inhibit their drainage. On the other hand, in
pervasively bioturbated gas-bearing intervals, tortuous flow conduits tend to slow

rather than inhibit the production of gas as it must migrate through a complex
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pore network (Gingras et al., 2004a). Phycosiphon provide flow conduits that
interact extensively with the surrounding matrix. These factors may account
for the steady and long-lived production lives of wells targeting fine-grained,
pervasively bioturbated intervals.

The permeability and porosity characteristics of pervasively burrowed
Alderson Member media suggest that subtle dual-porosity is associated with
Phycosiphon-dominated sandy mudstones. This dual-porosity nature suggests that
Phycosiphon-dominated sandy mudstones likely make a significant contribution
to the storativity and deliverability of gas from the Hatton Gas Pool. In fact, the
reservoir character of the burrowed media may be surprisingly similar to the flow
behavior predicted in interlaminated sand, silt, and mud intervals. Contrary to
dual-permeability flow networks, where production is solely derived from the
higher permeability textural component—where production by-passes the lower
permeability component of the reservoir volume—dual-porosity flow network
systems (e.g., Alderson Member Phycosiphon-dominated sandy mudstones) allow
production of hydrocarbons from both pervasively bioturbated and background
matrix fabrics albeit with complexity not seen in homogeneous reservoir
materials.

Attempting to assess the distribution of permeable fabrics within the
Hatton Gas Pool and their potential affects on production potential is challenging.
Alderson Member successions consist of stacked metre-thick parasequences of

extremely subtle, upward-coarsening units (Pedersen, 2003; Hovikoski et al.,
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2008). A west — east transect through the Hatton Gas Pool reveals that in a lateral
sense, facies distribution—and thus the distribution of permeable rock fabrics—
within the Alderson appears to be highly variable. Subsurface observations

have been tied to gamma-gamma-plots (i.e., gamma-ray butterfly curves) and
correlations from the Hatton Gas Pool based on these are presented in Figure

3.9. Gamma-gamma-plots consist of two components: 1) the original gamma-
ray curve obtained from petrophysical measurement of a particular wellbore (left
limit of gamma-gamma-plot; see Figure 3.9); and, 2) the mirrored image of the
original gamma-ray curve (right limit of gamma-gamma-plot). The two curves,
once joined, comprise the gamma-gamma-plot for a particular well. These plots
allow for the estimation of the overall shaliness of a rock body based on the
shape of the corresponding gamma-ray butterfly curve. For example, elevated
proportions of uranium, thorium and potassium are usually associated with shaley
lithologies. As a result, higher API values are measured using a conventional
gamma-ray tool (gamma-ray [GR] responds with a kick to the right on a standard
GR plot). Mirroring such a response shall produce a characteristic “narrowing”
of a gamma-ray butterfly curve. On the other hand, sandier lithologies are

much less radioactive (less amounts of uranium, thorium and potassium) when
compared to their shaley counterpart. Consequently, a characteristic “widening”
of a gamma-ray butterfly curve results. Unlike a conventional gamma-ray curve,
gamma-gamma-plots provide observable variability when dealing with relatively

homogeneous lithologies. Therefore, gamma-ray butterfly curves are extremely
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FIGURE 3.9 (previous page): West — east stratigraphic transect through the Hatton Gas Pool.
Locations of the wells used in the construction of this cross-section are presented in Figure 3.4
(see line of section). Crude facies correlations were derived using subsurface observations and
gamma-gamma-plots (gamma-ray butterfly curves). Facies distribution within the Alderson
appears to be extremely variable in both lateral and vertical directions. In some instances,
perforations coincide with Facies 1A. The Milk River Shoulder was chosen as the datum for this
section. This surface corresponds to the transition from the overall regressive Milk River / Lea
Park Formations to the transgressive Pakowki formation.

useful when attempting to interpret GR logs obtained from fine-grained, relatively
homogeneous strata like that of the Alderson Member.

Detailed sedimentological, stratigraphical, and ichnological observations
from cores used in the construction of Figure 3.9 are summarized in Figure 3.10.
This data demonstrates that perforated intervals were likely selected based on
clean gamma-ray responses and an increase in resistivity (resistivity log not
displayed on cross section). In many cases, this led to the perforation of the
Phycosiphon-dominated sandy mudstone facies, or portions thereof.

Like most low-permeability shallow-gas wells, production from the
Alderson Member typically displays high initial gas flow rates followed by a
steady decline in production. Over a short period of time, production levels
tend to equilibrate and gas production remains fairly consistent—the typical
life of unconventional, low-permeability gas wells is between 20 and 40 years,
occasionally more (O’Connell, 2007). High initial flow rates likely result from
delivery of gas hosted within rock fabrics exhibiting higher permeability. As
production continues, interactions with lower permeability dual-porosity fabrics
become more prevalent (e.g., Phycosiphon-dominated sandy mudstones).
However, high clay content within Alderson Member strata decreases resistivity,
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increases ineffective porosity, and retains large volumes of bound water
(O’Connell, 2003). As a result, conventional log calculations (i.e., Archie’s
equitation) conducted on pay zone intervals demonstrate that the Alderson
Member is ‘water wet’ (O’Connell, 2007). This presents a problem, as it is
extremely difficult to predict gas and water production from target reservoirs.
To avoid complications, reservoir development must be meticulous. Once
flooded (i.e., during secondary recovery), rock fabrics such as Phycosiphon-
dominated sandy mudstones will isolate the gas-bearing matrix and cease the
production of hydrocarbons (Gingras et al., 2004a). An understanding of the
flow dynamics from the resulting anisotropic permeability allows for improved
production techniques applied to the management of pervasively bioturbated
low-permeability gas reservoirs, and thus, provides a potentially powerful

developmental tool.

SUMMARY AND CONCLUSIONS
Low-permeability, gas-charged reservoirs have unique ichnological, lithological,
petrophysical, porosity, and permeability properties. Previously, failure to fully
understand these attributes has led to a misunderstanding of fluid distributions in
the subsurface. Recent work has shown that certain bioturbated rock fabrics can
enhance the vertical and lateral transmission of hydrocarbons within bioturbated
intervals (e.g., Meadows and Tait, 1989; Lavoie et al., 2000; Schmidt et al., 2002;

Bastardie et al., 2003; Katrak and Bird, 2003; Pemberton and Gingras, 2005;
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Gingras et al., 2007; Cunningham et al., 2009). A detailed understanding of the
specific trace fossil genera and species, their diversity and morphology, and
their relationship with other physical and biological fabrics can lead to a much
improved evaluation of reservoir and fluid flow architecture.

This paper presents a comprehensive examination of Alderson Member
strata (Lea Park Formation) conducted on ten cores from the Hatton Gas Pool area
of southwest Saskatchewan, Canada. Shallow biogenic gas produced from this
prolific play is derived from pervasively bioturbated marine shales, mudstones,
siltstones, and fine-grained sandstones. Conservative gas-in-place estimates of
Milk River Formation / Alderson Member reserves range from 10 to 21 TCF
(28-60 Mm?*) (O’Connell, 2003; Pemberton 2009, personal communication).
Core analysis has determined that one of the most volumetrically abundant facies
within the Alderson Member (approximately 20-25%) consists of a Phycosiphon-
dominated sandy mudstone of offshore affinity (Facies 1A — Table 3.1). The
regular occurrence of this facies combined with the highly productive nature
of the Alderson Member has led to the suggestion that Phycosiphon-dominated
sandy mudstones could contribute to the overall storage of gas within this unit.

The mechanisms responsible for the enormous gas reserves contained
within the Alderson Member have, until recently, remained poorly understood.

In order to better understand the reasons responsible for these substantial gas
reserves, Hovikoski et al. (2008) conducted a regional subsurface study of

Alderson Member cores. Based on sedimentological and ichnological criteria,
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Alderson Member strata were subdivided into seven facies, and seven subfacies
(Hovikoski et al., 2008). Five of the facies described by Hovikoski (2008) are

present within the Hatton Gas Pool area.

Phycosiphon-dominated sandy mudstones contribute to the resource
potential of Alderson Member deposits. Using spot-minipermeametry and high-
pressure mercury injection porosimetry, the complex porosity and permeability
characteristics of pervasively bioturbated rock fabrics contained within the
Alderson were assessed. Spot-minipermeametry was conducted on eleven one-
third-slab samples, while mercury porosimetry data was obtained using six
cube samples measuring approximately 1 cm to a side. Test results demonstrate
that sand dominated, heterolithically bedded intervals (Facies 2B — Table
3.1) are likely the main gas storage mechanism within the Alderson Member.
However, permeability experiments conducted on Phycosiphon-dominated
sandy mudstones have shown that bioturbated fabrics can locally act to enhance
reservoir properties. The data demonstrates that Phycosiphon-dominated sandy
mudstones tend to exhibit slightly enhanced permeability characteristics relative
to an otherwise extremely low-permeability matrix, thus representing a dual-
porosity flow network system. This facies also seems to be important in linking
discontinuous or improving communication between sand interbeds and lenticles

present within the sand dominated, heterolithically bedded intervals of Facies 2B.
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The production of gas from Alderson Member reservoirs is complicated
by many factors. The complex storage characteristics of pervasively bioturbated
Phycosiphon-dominated sandy mudstone units create tortuous fluid migration
pathways. Furthermore, high clay contents within Alderson Member strata
result in the presence of large volumes of bound water (O’Connell, 2007). Water
saturation calculations conducted on Alderson Member strata suggest that the
reservoir exists in a water-wet state (O’Connell, 2007). This presents a significant
problem, as it is extremely difficult to predict gas and water behavior within its
complex pore system. If development is mismanaged, flooding of the reservoir
during secondary recovery could isolate the gas-bearing matrix resulting in the
cessation of hydrocarbon production (Gingras et al., 2004a). These factors should
be taken into consideration if successful production from pervasively bioturbated,
low-permeability, gas-charged reservoirs like those present within the Alderson

Member is to occur.
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CHAPTER IV — CONCLUSIONS

In the Hatton Gas Pool area, core analysis of Alderson Member strata was
conducted using ten-drill cores. Based on sedimentological and ichnological
criteria, a facies classification scheme consisting of five facies, and five subfacies,
was developed.

Alderson Member strata have been interpreted to represent deposition
from hyperpycnal and hypopycnal fluid mud accumulation. Low substrate
consistencies and high depositional rates are commonly associated with
hyperpycnal fluid muds. In Alderson Member facies, these conditions are
reflected through the preservation of unburrowed massive or micro-stratified mud
intervals (laminae or bed scale), fluid escape structures, and sediment loading
structures (Bhattacharya and MacEachern, 2009). Characteristic ichnological
features of these depositional affinities include reduced and/or fluctuating
bioturbation intensities, reductions in trace-fossil size, deformed mantled
burrows, and the presence of locally monospecific, Planolites-dominated trace-
fossil suites (MacEachern et al., 2005; MacEachern et al., 2007a). Moreover, the
interpretation of buoyant hypopycnal fluid mud accumulation (sediment plumes)
within Alderson Member strata is reflected by the presence of a characteristic
ichnofaunal assemblage comprising predominantly deposit-feeding and grazing
structures (e.g., Phycosiphon, Helminthopsis, and Chondrites). The lack of more

specialized structures (e.g., vertical filter-feeding burrows) suggests high turbidity
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levels within hypopycnal intervals. Additionally, complex feeding structures such
as Zoophycos are locally observed in facies characteristic of shallower water
depths, likely owing to the bountiful food resources available in these settings. As
a result, ichnofossil assemblages attributable to distal expressions of the Cruziana
Ichnofacies occur in shallower water than normally expected.

Abundant wave and onshore tidal indicators suggest a coastal affinity for
Alderson Member strata in the Hatton Gas Pool area. Tidal influence is reflected
by the presence of mud-draped ripple foresets and paired mud-drapes, while
wave activity is commonly demonstrated by the presence of parallel-laminated
scour-and fill structures, combined flow ripples, and thin intervals of low-angle
cross-stratified sandstone. Furthermore, mud-dominated intervals are typically
micro-laminated and contain shale-on-shale erosional contacts, further suggesting
active deposition under wave and current influence. By in large, the distribution of
wave-generated structures suggests: 1) a limited supply of sand sized clasts within
the depositional system; and, 2) deposition above storm-weather wave base along
a low-gradient, dissipative shoreline.

Based on the stratigraphic arrangement of Alderson Member facies, two
types of successions have been interpreted in the Hatton Gas Pool area, these
include: 1) “subaqueous deltas™; and, 2) shore margin settings consisting of
offshore, muddy shorface (or tidal flat), and muddy coastal plain environments.
Subaqueous deltaic successions are reflected by stacked parasequences of subtle,

upward-coarsening units in which a fluvial point source cannot be traced. These
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successions are laterally extensive (traceable for tens of kilometres), contain
ample evidence of wave and tide reworking, and locally pass upwards into
root-bearing muds (Facies 4). These characteristics suggests the alongshore
redistribution of mud wedges rather than direct seaward prograding river deltas.
On the other hand, shore margin successions comprise (in ascending order)
bioturbated mud intervals (Facies 1 A — muddy offshore to offshore transition),
heterolithic bedding (Facies 2 — muddy shoreface), and root-bearing sandy
shales (Facies 4 — muddy coastal plain). Shore margin successions demonstrate
considerable variability in ichnofossil content, intensity of bioturbation, degree
of wave influence, and sand to mud ratios. Furthermore, mud dominated shore
margin successions exhibit decreasing wave energy in a landward direction,
suggesting a low-gradient, dissipative shoreline.

Using spot-minipermeametry and high-pressure mercury injection
porosimetry, the complex porosity and permeability characteristics of Alderson
Member strata were assessed. Test results demonstrate that sand dominated
heterolithic bedded intervals (Facies 2B — Table 2.1) are the main gas storage
mechanism within the Alderson Member. Bioturbated heterolithically bedded
intervals exhibit well defined, highly contrasting permeability fields, where
matrix- and burrow-associated permeabilites differ by more then two orders of
magnitude (Table 2.2). Permeability characteristics of this type are defined as
dual-permeability flow networks (Gingras et al., 2007). Within flow networks

such as these, the higher permeability portions of the rock provide the only
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transmissive fluid conduits. However, permeability experiments conducted on
Phycosiphon-dominated sandy mudstones (Facies 1A — Table 2.1) have shown
that bioturbated fabrics can locally act to enhance reservoir properties within the
Alderson Member. Permeability data demonstrates that Phycosiphon-dominated
sandy mudstones tend to exhibit slightly enhanced permeability relative to an
otherwise extremely low-permeability matrix. Biogenic flow networks, wherein
matrix permeability is within two orders of magnitude relative to burrow-
associated permeability represent dual-porosity flow network systems (Gingras
et al., 2007). In dual-porosity flow media, much of the rock volume is used to
conduct fluids. Flow is focused through the higher permeability zones, but flow
interactions between burrows and the matrix are extensive (Gingras et al., 2007).
In situations where heterolithic units are interbedded with heavily burrowed
sandy mudstones, biogenically enhanced permeability appears to be important
in providing fluid communication between discontinuous sand interbeds and
lenticles within the Alderson Member.

High clay content within Alderson Member strata decreases resistivity,
increases ineffective porosity, and retains large volumes of bound water
(O’Connell, 2003). As a result, conventional log calculations (i.e., Archie’s
equitation) conducted on pay zone intervals demonstrate that the Alderson
Member is ‘water wet’ (O’Connell, 2007). This presents a problem, as it is
extremely difficult to predict gas and water production. To avoid complications,

reservoir development must be meticulous. Once flooded (during secondary
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recovery processes), rock fabrics such as Phycosiphon-dominated sandy
mudstones will isolate the gas-bearing matrix and cease the production of
hydrocarbons (Gingras et al., 2004a). An understanding of the flow dynamics
from the resulting anisotropic permeability allows for improved production
techniques applied to the management of pervasively bioturbated, low-

permeability gas reservoirs.
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