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Introduction

The Lower to Middle Triassic Doig Formation of the West-
ern Canada Sedimentary Basin (WCSB) extends continu-
ously across northeastern British Columbia (BC) and west-
central Alberta. Historically, the Doig and the underlying
Montney formations were viewed as source rocks for other
conventional reservoirs in the basin, mainly in other Trias-
sic, and Cretaceous strata (Du Rouchet, 1985; Creaney and
Allan, 1990; Riediger et al., 1990; Edwards et al., 1994).
There has also been some limited hydrocarbon production
from the conventional sandstone bodies in the Doig (Mar-
shall et al., 1987; Walsh et al., 2006; Chopra et al., 2014).
With the industry shifting the focus of development to un-
conventional reservoirs, the Doig Formation has been rec-
ognized as an important resource of gas and natural-gas liq-
uids (NGL). The Gas Technology Institute (Faraj et al.,
2002) estimated the Doig total gas-in-place at 4 trillion m’
(140 tcf), while Walsh et al. (2006) estimated it as ranging
from 1.1 to 5.7 trillion m? (40-200 tcf). A more recent study
by the United States Energy Information Administration
(2013) estimated 2.8 trillion m® (100 tcf) of gas-in-place for
the Doig Phosphate Zone alone. The unconventional por-
tion of the Doig is a relatively new play and thus, the distri-
bution of its properties has not been extensively studied nor
is it well understood. Basin-scale studies that focus on the
entire Doig succession and the variation in its properties are
notably absent in the literature. The present study aims to
characterize the range and variability of the matrix perme-
ability of the Doig Formation, as well as explain the geolog-
ical factors that control this variability in terms of lithology,
mineralogy, organic matter, porosity and pore-size distri-
bution.

Geological Framework

The sedimentation in the Triassic of the WCSB is marked
by a transition from carbonate-dominated intra-cratonic
and passive-margin conditions, predominant during the Pa-
leozoic, to a siliciclastic-dominated relatively active em-
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bryonic foreland basin. The general paleogeographic con-
figuration of the Triassic in the WCSB was that of a west-
ward-deepening continental shelf margin. This westward
facing margin under the influence of trade winds, seasonal
climatic aridity and coastal cold-water oceanic upwelling,
was characterized by low fluvial input, dominantly fine-
grained siliciclastic sedimentation in marine shelves and
ramps, with extensive associated eolian and evaporitic en-
vironments (Marshall et al., 1987; Henderson, 1989;
Davies, 1997).

The Middle Triassic Doig Formation is part of the Diaber
Group along with the underlying Montney Formation (Fig-
ure 1). This group was defined by Armitage (1962), who re-
defined the original Toad—Grayling Formation equivalents
in the subsurface as the Doig and Montney formations. The
lower boundary of the Doig corresponds to the base of a
phosphatic zone, which was later informally named Doig
Phosphate Zone (DPZ) by Creaney and Allan (1990). The
Triassic succession was deposited in a series of three major
third- or fourth-order transgressive-regressive cycles (Gib-
son and Barclay, 1989; Edwards et al., 1994). The interval
from the Doig through the Halfway and Charlie Lake for-
mations corresponds to the second cycle and the DPZ rep-
resents a condensed section formed during the initial trans-
gression of the second cycle (Gibson and Barclay, 1989).

The main structural elements that influenced the distribu-
tion of the WCSB Triassic interval were the underlying De-
vonian Leduc and Swan Hills reefs, and the Mesozoic reac-
tivation of the Mississippian Dawson Creek graben
complex (DCGC), which includes the Fort St. John graben
(FSJG) and the Hines Creek graben. The DCGC formed in
response to localized subsidence in the Peace River Em-
bayment. The DCGC faults continued to be active during
the Triassic, imposing significant controls on the distribu-
tion of sediments (Marshall et al., 1987; Barclay et al.,
1990; Davies, 1997; Eaton et al., 1999). The Devonian
reefs exerted a topographic influence on Triassic sedimen-
tation by controlling facies change (Davies, 1997), and may
also have influenced subsidence rates and, hence, thickness
variation.
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The Doig Formation consists of
mudstone, siltstone and subordi-
nate sandstone, bioclastic pack-
stone and grainstone, deposited
under marine conditions in envi-
ronments ranging from shoreface
through offshore (Evoy and
Moslow, 1995). The Doig Forma-
tion can be informally subdivided
into three units, as proposed by
Chalmers and Bustin (2012): the
basal unit, Doig A, also widely re-

ferred to as the DPZ, is composed
of organic-rich radioactive dark
mudstone with common phosphate
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Figure 1. Stratigraphic chart of the Triassic, correlating the surface and subsurface relation-
ships of British Columbia and the surface relationships of Alberta (after Gibson and Barclay,

1989; Golding et al., 2015). Eustatic level based on Hardenbol et al. (1998). Abbreviations:

Fm., Formation; Gp., Group.
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Figure 2. Location of wells from which core samples were analyzed for this study of
the Doig Formation, northeastern British Columbia, against a backdrop of the Doig
subcrop and main structural elements that influenced the Triassic deposition (struc-
tural elements after Davies, 1997). Abbreviations: DCGC, Dawson Creek graben
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ally easily distinguished in well
logs by its high gamma-ray signa-
ture; the intermediate Doig B, pri-
marily composed of medium to
dark grey argillaceous siltstone and
mudstone intercalated with local-
ized sandstone beds; and the upper
Doig C, composed of relatively organic-lean
(less than 2%) siltstone and argillaceous
fine-grained sandstone.

Material and Methods

Permeability measurements were performed
on atotal of 60 core plugs 30 mm in diameter
and between 20 and 60 mm in length. The
plugs were cut from full diameter core, both
parallel and perpendicular to bedding, from
14 wells located across the entire extent of
the Doig subcrop area in northeastern BC
(Figure 2). The samples were taken from a
wide range of lithofacies stratigraphically
distributed through all Doig informal sub-
zones defined in Chalmers and Bustin
(2012).

The plug samples were cleaned of soluble
hydrocarbons and any residual connate
brine through distillation extraction with
Dean—Stark-type apparatuses, using toluene
as a solvent. Each sample was cleaned for
approximately one week and oven-dried at
110°C for another week. The sample mass
was measured before and after solvent ex-
traction, with an observed mass loss of 0.1 to
0.5% of the initial mass. The ends of all
plugs were trimmed to minimize mud-fil-
trate invasion effects. Plug-end surfaces
were then milled in a surface grinder to cre-
ate smooth, parallel faces on both ends.
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Approximately 10 g of rock from a companion sample to
the plugs, was crushed to a particle size of 4.8 to 2.4 mm (4—
8 mesh) for mercury intrusion porosimetry. The choice of
particle size is a compromise between the more limited pore
accessibility of whole plugs and the larger compressibility
and closure effects on more finely crushed rock (Comisky
et al., 2007; Munson, 2015). These samples were also
cleaned for seven days using the Dean—Stark method of dis-
tillation extraction with toluene and then oven dried for
3 days. Approximately 30 g of 500—841 um (20 to 35 mesh)
particle-size, oven-dried crushed rock was used for helium
pycnometry, and another sample measuring between 30
and 50 g was used to measure bulk density by immersion in
mercury. Companion samples from the remaining whole
core were also collected and powdered for mineralogy and

pyrolysis.

Thin sections of select samples were studied to visualize
the pore structure and resolve the relationship of texture on
permeability and pore-size distribution. Thin sections were
impregnated with a blue-dye epoxy to highlight porosity
and a dual staining technique was used to identify carbon-
ate minerals (Huegi, 1945; Warne, 1962; Evamy, 1963;
Dickson, 1965) and feldspars (Bailey and Stevens, 1960).

Pulse-Decay Permeability

Gas permeability was obtained through a pulse-decay per-
meameter, using helium as the probe fluid. The solvent-
extracted plugs were oven-dried at 60°C for at least three
days immediately before the analysis and confined in a hy-
drostatic Hoek-type core-cell holder, where they were ini-
tially subjected to approximately 17 MPa (2500 psi) con-
fining pressure and 7 MPa (1000 psi) pore pressure to
reproduce the lowest possible range of in situ net confining
stress (NCS). A differential pressure Ap of approximately
1 MPa (150 psi) was established between the upstream and
downstream ends of the core-cell holder, and the perme-
ability was calculated based on the Ap decay with time, ac-
cording to methods outlined in Cui et al. (2009). The con-
fining pressure was then increased, in increments of
approximately 7 MPa (1000 psi), to 45 MPa (6500 psi),
while keeping the pore pressure constant, and the measure-
ment was repeated to capture the upper in situ NCS limit. At
least three measurements were made at different net confin-
ing pressure values. A linear fit through the permeability as
a function of NCS allowed the calculation of permeability
atthe in situ NCS for each sample and the estimation of per-
meability reduction with increasing stress. The NCS was
determined for every sample, by assuming a mean total
stress of 93% of the overburden, which is based on estima-
tions of horizontal stresses for the WCSB (Bell et al.,
1994), and subtracting the pore pressure from the mean.
The overburden pressure was calculated as the integration
with depth of the bulk density well log, filling the gaps in
log coverage with a linear regression of bulk density as a
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function of vertical depth extrapolated to the surface. The
pore pressure is a simple integration of the hydrostatic gra-
dient with depth.

Mercury-Intrusion Porosimetry

Mercury-intrusion data was collected from the companion
sample of every plug, using a Micromeritics® Autopore [V
9500 Series, to a maximum pressure of 414 MPa
(60 000 psi). Mercury intrusion provides a pore-throat—size
distribution curve with a lower limit of 3 nm, as well as a to-
tal porosity value. The intrusion and extrusion volumes
were corrected for closure and compressibility effects.
Pore-throat diameter was then calculated from the cor-
rected data for each pressure step through the modified
Young-Laplace equation proposed by Washburn (1921),
assuming cylindrical pore geometry, a surface-tension
value of 0.485 N/m after Adam (1941) and an advancing
contact angle of 130°, established by Ellison et al. (1967)
for a mercury—air—quartz system. The pore-size classifica-
tion terminology used here follows the scheme defined by
the International Union of Pure and Applied Chemistry, ac-
cording to which micropores are defined as smaller than
2 nm, mesopores range between 2 and 50 nm and macro-
pores are larger than 50 nm (Rouquerol et al., 1994).

Unstressed Porosity

Unstressed porosity was determined on the companion
sample to the core plugs by a combination of dual chamber
helium pycnometry grain volume and mercury buoyancy—
mercury immersion bulk volume measurements, in accor-
dance with the American Petroleum Institute (1998) stan-
dard. Pycnometry values were averaged over four repeated
measurements for each sample. The unstressed porosity
values were used as a reference to calculate stressed poros-
ity from mercury intrusion porosimetry tests.

X-Ray—Diffraction Mineralogy

Mineralogy was obtained by X-ray diffraction using pow-
dered samples smear mounted on glass slides, prepared ac-
cording to the method outlined by Munson et al. (2016).
This method was demonstrated by the authors to be a viable
alternative to methods requiring much longer processing
times for obtaining quantitative bulk mineralogy. However,
this method does not allow to distinguish between the peaks
of illite and those of muscovite. The analysis was per-
formed using normal-focus CoKa radiation on a Bruker®
D8 Focus with diffraction patterns obtained over a 26 range
of 3—70° with a step size of 0.03° and a step time of 0.8 s.
Analysis of the mineral phases was quantified using the
Rietveld full-pattern fitting method (Rietveld, 1967) on the
Bruker® AXS TOPAS v3.0 software.
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Rock-Eval Pyrolysis

Samples for whole-rock pyrolysis were analyzed using a
HAWK™ instrument from Wildcat Technologies, with the
standard Rock-Eval pyrolysis method after Espitalié¢ et al.
(1977). Approximately 70 mg of powdered sample was
pyrolyzed at a temperature rate of 25°C per minute to a peak
temperature of 650°C, followed by a temperature decrease
and oxidation stage at 730°C.

Results and Discussion

The Doig Formation is very heterogeneous in terms of
lithofacies, mineralogy, porosity and pore size distribu-
tions. Although it is subdivided into the basal phosphatic
Doig A, the intermediate mudstone Doig B and the coarser-
grained siltstone Doig C, significant variability within each
zone causes the matrix permeability to vary by multiple or-
ders of magnitude in less than 20 cm. The permeability of
the Doig is controlled by a complex interplay between total
porosity, pore-size distribution and clay content. The phos-
phatic oolitic packstone and grainstone of the Doig A and
the quartz-rich siltstone of Doig C tend to have the highest
porosity and more favourable balance of macro- to meso-
pores, which make these lithofacies the best reservoirs in
terms of flow capacity.

There is a large spread in matrix permeability, spanning
four orders of magnitude from 107 to 10™" millidarcies
(mD), for a porosity range of less than 1% to nearly 15%
(Figure 3). Based on this crossplot, the rocks can be divided
into two groups: rocks with porosity larger than 5% have
permeabilities of 10~ to 10" mD, and are essentially com-
posed of quartz-rich siltstone to very fine sandstone (illus-
trated by samples TG19 and TB1) and phosphatic oolitic
packstone to grainstone (illustrated by samples CD15 and
MH?7): the rocks of the second group have porosities rang-
ing from just under 1 to 5% and a larger spread in perme-
ability, ranging from 107 to 10" mD. This spread is attrib-
uted to enhanced permeability due to microfractures and
degrades the correlation between porosity and permeabil-
ity, which has an R* value of 0.27 for the linearized perme-
ability using its logarithm. However, there is a clear trend of
increasing permeability with porosity and, for all the prop-
erties measured, porosity is still the best single predictor for
permeability. Pore-size distribution and, more subordi-
nately, clay content comprise a second order control on per-
meability. Clay mineralogy is predominantly composed of
illite, followed in importance by chlorite in the Doig C
interval.

The range of permeabilities found in this study is higher
than previously reported ranges of 107 to 10~ mD (Chal-
mers and Bustin, 2012; Chalmers et al., 2012) using meth-
ane. The higher permeabilities of this study may be due to
the solvent extraction process, which clears additional
pathways for gas flow and/or to the smaller kinetic diame-
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ter of helium compared to methane. This study confirms the
observation by Chalmers and Bustin (2012) that there is no
obvious relationship between mineralogy and permeabil-
ity, with the exception of clay content (Figure 4). The high-
est porosities and permeabilities (10~ to 10™ mD) are asso-
ciated with the siltstone to very fine sandstone of Doig C in
the Groundbirch and Beavertail areas, and the phosphatic
oolitic packstone to grainstone of Doig A in the Drake and
Regional Heritage fields. The relationship between perme-
ability and mineralogy is further obscured by the occur-
rence of clay and extensive carbonate replacement associ-
ated with the phosphatic oolitic packstone and grainstone,
which may also be associated with relatively high total or-
ganic carbon (TOC). Hence, there is no relationship be-
tween TOC and permeability. Furthermore, the quartz-rich
siltstone and very fine sandstone contain a significant
amount of carbonate cement. Thus, high permeabilities oc-
cur in carbonate-rich, quartz-rich and even in relatively
clay-rich samples, with up to 20 wt. % clay content.

In the Groundbirch sample (TG19), porosity is mainly pri-
mary intergranular, whereas in the Beavertail sample
(TB1), porosity is intergranular but mainly secondary due
to dissolution of feldspar. The Groundbirch field is located
at a deeper part of the basin than the Beavertail. At a burial
depth of 2540 m, the porosity of sample TG19 is less than
half'that of sample TB1, which was retrieved from 1310 m.
This helps explain the difference in permeability of one or-
der of magnitude for these lithologically similar samples.
Another factor influencing the higher permeability of TB1
is the higher proportion of macropores as opposed to
mesopores (Figure 5). Both high permeability samples
have over 80% of their total pore volume accessible by pore
throats larger than the macropore—mesopore boundary of
50 nm. The phosphatic oolitic packstone and grainstone
have pore-size distributions shifted toward the mesoporous
region. However, the distributions are either broader
(MH?7) or weakly bimodal (CD15), which enhances perme-
ability, likely due to the interconnectedness of macropores
through mesopores. This bimodality is a result of the pres-
ence of macropores produced by partial grain dissolution of
ooids and mesoporous intergranular porosity. The low per-
meability rocks (<10 mD) have 50% or more of their total
pore volume accessible through the mesoporous region or
finer and are composed mostly of finer grained siltstone
with highly variable proportions of clay, carbonate in the
form of cement and bioclasts, and organic matter. Although
mercury porosimetry is limited to pore-throat diameters
larger than 3 nm, the HM 1 and PA7 samples may have a sig-
nificant contribution to their pore volume from micropores,
as suggested by the asymptotic character of their cumula-
tive pore-size distribution curve at the micropore—
mesopore boundary.

Geoscience BC Summary of Activities 2018: Energy and Water
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Figure 4. Ternary diagram of whole-rock mineralogy normalized to clay, carbonate and quartz-feldspar-
plagioclase (QF; after Gamero-Diaz et al., 2012) of samples analyzed for this study of the Doig Formation, north-
eastern British Columbia. Total organic carbon (TOC) is represented by the size of the circles and the logarithm
of gas permeability is represented as a colour gradient. Samples highlighted in Figures 3 and 5 are labelled.
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Ongoing Work

This study is part of a larger research project aimed at char-
acterizing the Doig Formation through a petroleum system
analysis approach and evaluating its potential (Silva,
2017). The project includes an assessment of the source-
rock organic geochemical properties, storage and flow
properties, geomechanical behaviour, and basin modelling
focused on the reconstruction of the thermal history and
timing of hydrocarbon generation. Besides the other com-
ponents of the project, the next steps in characterizing the
permeability are:

e inspecting for fractures under the microscope and
through acetone imbibition, on the anomalously high
permeabilities exhibited by dominantly clay-rich meso-
porous samples that plot off trend;

¢ understanding the impact of the solvent-extraction pro-
cess on the gas-permeability measurements, which may
help explain the discrepancy between the range of
permeabilities found in this study and the ones from pre-
vious studies, besides providing important information
on sample-preparation procedures for mudrock, which
currently lack consensus and data;

e characterizing the microporous portion of pore-size dis-
tributions of lower permeability (10~ to 10 mD) sam-
ples, which is below the resolution of mercury porosim-
etry, through low-pressure isotherms; and

e carrying out additional matrix-permeability measure-
ments on samples from different lithofacies, which will
assist in better understanding the impact on permeabil-
ity of the interplay between porosity, pore-size distribu-
tion, mineralogy and lithology, and which may help in
defining distinct porosity—permeability functions for
difference lithofacies.
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