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Introduction

Exploration and development of the hybrid shale-

gas–tight-gas play of the Lower Triassic Montney

Formation in northeastern British Columbia in recent

years has led to attention being focused on the overly-

ing Doig Formation, with the objective to coproduce

the Doig and Montney plays. The Doig Formation

has proven production from the Doig sandstone

tight-gas play within the Groundbirch-field area

(Walsh et al., 2006) and, currently, positive tests are

reported from the Doig phosphate zone shale-gas

play (Proust, 2010). The majority of production is as-

sociated with the middle Doig Formation and, to a

lesser extent, with the upper Doig Formation within

the Groundbirch area (D. Ross, personal communi-

cation). As very large gas-in-place estimates are

common for shale-gas plays (i.e., 250 tcf for the

Montney Formation; Adams, 2010), a better under-

standing of the geological controls on matrix perme-

ability is needed. Fluid flow and the production rates

of a shale-gas play are influenced by the matrix per-

meability of the reservoir and the length of the flow path,

and hence, by the size of matrix blocks. Sedimentology has

a large impact on the mineralogy, total organic carbon

(TOC) content, fabric and texture of shale. The combina-

tion of these characteristics governs the pore-size distribu-

tion and the matrix permeability of the reservoir, which

directly affects the productivity of the shale-gas play and

development strategies.

As part of this study to quantify and interpret the reservoir

characteristics of gas-shale units in northeastern BC, a de-

tailed study of the Montney–Doig interval in the productive

Groundbirch area, south of Fort St. John, will be con-

ducted. This preliminary report describes the results of

high-resolution stratigraphic analyses of the mineralogy

and pore system of strata in the 11-7-78-20W6 well (Fig-

ure 1). The objectives of this study are to

� determine the influence sedimentology has on the TOC-

content distribution, the mineralogy, the porosity and

the pore-size distribution;

� resolve the influence mineralogy has on the porosity and

the pore-size distribution; and

� identify the controls on matrix permeability.

Geological Background

The Daiber Group within the Peace River plains area of

northeastern BC consists of the Lower Triassic Montney

and the Middle Triassic Doig formations (Figure 2). The

Montney and Doig formations were deposited along a pas-

sive continental margin and consist of a westward-thicken-

ing, siliciclastic, prograding wedge (Edwards et al., 1994;

Davies, 1997; Walsh et al., 2006; Dixon, 2009a, b); they

represent the first and second of three transgressive-regres-
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Figure 1. Index map showing the location of the 11-7-78-20W6 well sam-
pled for this project (yellow diamond) and area cities and towns (red cir-
cles).



sive (T-R) cycles, respectively, that deposited the Triassic

strata in northeastern BC (Edwards et al., 1994). The

depositional setting for the Montney and Doig formations

is described as an open-shelf marine environment (Ed-

wards et al., 1994). Paleogeographic reconstruction for Tri-

assic sedimentation interprets a paleoshoreline that pro-

graded during sea-level regressions to just east of Fort St.

John and the BC-Alberta border (Kent, 1994). Throughout

that period, shallow shelf mud covered the study area and

deeper marine mud was deposited to the west of the study

area.

In this study, the Montney and Doig formations are subdi-

vided into units A to D (Figure 2) to simplify descriptions

and comparison. The Montney Formation consists of vari-

able amounts of interbedded shale, siltstone and sandstone.

Dixon (2000) subdivided the Montney Formation within

BC into the lower siltstone-sandstone and the upper shale

members based on lithostratigraphy. The two members are

separated by a basin-wide unconformity resulting from tec-

tonic uplift of the basin margin (Dixon, 2009b) and are in-

terpreted as the result of two higher-order T-R couplets

(Uttings et al., 2005). The upper shale member of the

Montney Formation (unit A in this study) is absent within

Alberta and progressively becomes thicker (up to 159 m) to

the west, towards the foothills of BC (Dixon, 2000).

Overlying the Montney Formation is the second T-R cycle,

which deposited the Doig (units B to D of this study), Half-

way (unit E) and Charlie Lake formations (Figure 2). The

Doig Formation is informally subdivided by Davies (1997)

into three distinct lithological units: the lowermost phos-

phate zone (unit B); middle siltstone (unit C); and the upper

regressive, coarsening-upward sequence (unit D). Thick-

ness of the Doig Formation varies from 790 m, southwest of

Fort St. John, to 80 m, toward the northeast, at the BC-Al-

berta border. Unit B is a highly radioactive unit, which con-

sists of phosphatic nodules and granules within argilla-

ceous siltstone, interbedded with calcareous siltstone and

dark-grey shale (Riediger et al., 1990). The Doig Forma-

tion was deposited in a distal- to mid-shelf setting during a

marine transgression. The middle Doig (unit C) is a me-

dium to dark-grey argillaceous siltstone and shale unit de-

posited in a distal-shelf setting, which locally contains a

shoreface sandstone up to 25 m thick (Evoy, 1998). This

sandstone unit, interpreted as deltaic to shoreface sand-

stone, is part of the highstand-systems tract that deposited

unit C (Harris and Bustin, 2000); highstand-systems tracts

contain aggradational to progradational parasequence sets,

which are bounded by a downlap surface and a sequence

boundary. Unit D contains siltstone and fine sandstone, and

the boundary with the overlying unit E lies between a mud-

dier Doig sandstone and an overlying cleaner Halfway

sandstone (Figure 2; Evoy, 1998). Unit D is interpreted as

having been deposited in a proximal-shelf to lower-

shoreface environment. The Doig Formation is overlain by

the prograding beach-barrier sandstone of unit E (Fig-

ure 2).

Methods

To evaluate the reservoir characteristics of the Montney

and Doig formations, sidewall cores and core plugs were

collected from the 11-7-78-20W6 well. Samples were ana-

lyzed to determine the TOC content, Tmax, organic geo-

chemistry, mineralogy, porosity, pore-size distribution

(PSD) and permeability. The TOC content, organic geo-

chemistry and Tmax values were collected using a Rock

Eval™ II apparatus with a TOC module.

A normal-focus cobalt X-ray tube was used on a Siemens

D5000 diffractometer generated at 40 kV and 40 mA for X-

ray diffraction analysis. Crushed samples (<250 µm) were

mixed with ethanol, hand-ground in a mortar and pestle and

smear-mounted on glass slides. The mineral composition

was quantified by Rietveld analysis (Rietveld, 1967) using

Bruker AXS TOPAS V3.0 software.

Porosity was calculated from the bulk density and the skel-

etal density. Mercury immersion determined the bulk den-

sity of a sample. Skeletal density was obtained by helium

pycnometry on oven-dried samples (i.e., Sw = 0) with a

grain size between 0.841 mm (sieve size of 20 mesh) and

0.595 mm (sieve size of 30 mesh). Pore-size distribution,

pore area and porosity were measured by a Micromeritics

AutoPore porosimeter on crushed samples (sieve size of
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Figure 2. Stratigraphic columns for the Triassic
strata within the Peace River plains area of north-
eastern British Columbia and the five units referred
to within this study (modified from Davies, 1997).
Abbreviations: Fm., Formation; Gp., Group.



20–30 mesh). To measure the pore-size distribution, cylin-

drical pore geometry is assumed and the pore radius is cal-

culated from the applied pressure using the Washburn

equation (Washburn, 1921). The porosimetry-derived po-

rosity is the ratio between the total intrusion volume of the

sample and the bulk volume of the sample. As a require-

ment of the analytical procedure of degassing and evacuat-

ing samples prior to analysis, the latter were oven dried at

110°C, which results in the water saturation being zero (Sw

= 0). The pore-size detection limit of this analysis is 3 nm

(approximate boundary between mesopore and micro-

pore1), with the pore size being calculated from the Wash-

burn equation. Therefore the porosimetry-derived porosity

resu l ts do not cons ider water sa tura t ion or the

microporosity of the sample.

Permeability was determined by a pulse-decay permeam-

eter using helium on core plugs and sidewall cores 2.5 cm in

diameter and length. Permeability was measured with an

effective stress of 22.8 MPa (3300 psi, in situ reservoir

pressure).

Results

Mineralogy

The Doig and Montney formations are dominated by car-

bonate (calcite and dolomite), quartz and feldspar (albite

and microcline) with minor quantities of illite, pyrite and

apatite (Figure 3; Bustin et al., 2011, Figure 6), although

illite content can be locally important. In the case of well

11-7-78-20W6, the quartz content ranges between 13 and

74%, with an average of 31%, and increases from unit B to

the base of unit E (Figure 3). Carbonate content averages

23% and ranges between 2 and 51%, whereas that of dolo-

Geoscience BC Report 2012-1 89

1 Micropores (<2 nm), mesopores (2–50 nm) and macropores
(>50 nm) are defined by the physical gas-adsorption
characteristics of microporous and mesoporous media.

Figure 3. Mineralogical trends for the 11-7-78-20W6 well in northeastern British Columbia. Carbonate includes calcite and ankerite, al-
though calcite dominates (i.e., ankerite averages 1.4%, and ranges between 0 and 7.2%). GR represents the geophysical gamma-log pro-
file measured in American Petroleum Institute units (GAPI). Sample locations are shown on the left side of the diagram.



mite averages 17% and varies between 4 and 34%. The

feldspar content averages 15% and ranges between 0 and

24%. The basal portion of unit B is carbonate- and/or dolo-

mite-rich, which content decreases from the upper portion

of unit C toward unit E, mirroring the quartz trends (Fig-

ure 3). The average illite content is 9% and ranges between

0 and 20%; higher illite contents are found within the upper

portion of unit B and the lower (finer-grained) portions of

units C and D. Pyrite averages 1.8% and varies between 1

and 5%. The Pearson product-moment correlation shows

that the strongest relationships occur between total carbon-

ate (calcite, ankerite and dolomite) and quartz (r = -0.71),

illite and pyrite (r = 0.74), and between quartz+feldspar and

carbonate (calcite+ankerite, r = -0.62).

Porosity

Porosity was determined by helium pycnometry and mer-

cury porosimetry, with the former measuring pore sizes

greater than the kinetic diameter of helium (0.26 nm) and

the latter restricted to measuring pore sizes greater than

3 nm. Although the 3 nm boundary is derived from the Wash-

burn equation and the assumption that all pores are cylin-

drical may not be correct, the relative difference between

the two methods does indicate that pores present within

some samples are undetectable using porosimetry. There-

fore, any differences seen in the results obtained from these

two methods (i.e., pycnometry-derived porosity and

porosimetry-derived porosity) are considered an indication

that there are pores within the size range of 0.26 to 3 nm

(microporosity and fine mesoporosity). Pycnometry-de-

rived porosity for the 11-7-78-20W6 well varies between

1.6 and 6.7%, with an average of 4.2%, and porosimetry-

derived porosity varies between 1.9% and 6.5%, with an

average of 3% (Figure 4). The two porosity profiles show a

large difference within unit B and within unit D (Figure 4),

indicating an increase in the fine meso- and microporosity

(i.e., 0.26–3 nm) within these intervals. Above average po-

rosity occurs within the coarser sections of the Doig Forma-

tion—at the base of unit B, and at the top of units C and D.

Unit E and finer-grained intervals of units B, C and D have

below-average porosity (Figure 4). Positive Pearson prod-

uct-moment correlation coefficients exist between porosity

and quartz content (r = 0.58), as well as between porosity

and quartz+feldspar content (r = 0.59). Negative correla-

tion coefficients exist between porosity and carbonate con-

tent (r = -0.71), and between porosity and total carbonate

content (r = -0.55).

Pore-Size Distribution

Pore-size distribution (PSD) is illustrated by pore volume

and by pore area for well 11-7-78-20W6 (Figures 5, 6).

Unit B samples contain a high volume of pores within the

10 000–100 000 nm macropore size range and within the 3–

50 nm mesopore size range. Variations in the proportion of

macro- and mesopores exist between samples; those from

units C, D and E (Figure 5a, b) have smaller proportions of

mesopores compared to those from unit B (Figure 5c, d).

Siltstone and very fine sandstone samples (e.g., sample 11-

7-33; Figure 5c) from unit B also contain lower proportions

of mesopores compared to finer-grained samples (e.g.,

sample 11-7-27; Figure 5c). Macropores, particularly in the

10 000–100 000 nm size fraction, do not significantly con-

tribute to the pore area in comparison to mesopores and fine

macropores (Figure 6).

Organic Geochemistry

The TOC content for the 11-7-78-20W6 well varies from

0.5 to over 7 wt %, with an average content of 3.2% (Fig-

ure 7). Samples from unit E and the top of unit D yielded

TOC values below the detection limit of the Rock Eval™

apparatus (<0.5 wt %) and are therefore not included on the

profile. Unit A (sample 11-7-15), the upper two-thirds of

unit B, and unit C (sample 11-7-37) all register above aver-

age TOC-content values, which show high variability

throughout the profile, the largest variation occurring in

unit B (i.e., samples 11-7-25 to 11-7-29). A positive corre-
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Figure 4. Pycnometry- and porosimetry-derived porosity profiles
of the 11-7-78-20W6 well. The dotted line represents the average
porosimetry-derived porosity and the dashed line represents the
average pycnometry-derived porosity. Samples are oven dried to
compare between methods as moist samples cannot be used for
porosimetry (i.e., Sw = 0). GR represents the geophysical gamma-
log profile measured in American Petroleum Institute units (GAPI).
Sample locations are shown on the left side of the diagram.
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Figure 7. Total organic content (TOC) profile for the 11-7-78-20W well.
TOC-content values were below the detection limit of the Rock Eval™ appa-
ratus for samples collected within the Halfway Formation (unit E) and lower
Doig member (unit D) and are therefore not included. The dashed line rep-
resents the average TOC content of 3.2 wt %. GR represents the geophysi-
cal gamma-log profile measured in American Petroleum Institute units
(GAPI). Sample locations are shown on the left side of the diagram.

Figure 8. Downhole permeability trend for the 11-7-78-20W6 well, including the matrix
permeability (solid line) and fracture permeabilities (dashed lines). The low frequency al-
ternation within units C and D compared to unit B may be an artefact of their lower sam-
pling resolution. GR represents the geophysical gamma-log profile measured in Ameri-
can Petroleum Institute units (GAPI). Sample locations are shown on the left side of the
diagram.



lation exists between TOC and pyrite (r = 0.68) whereas a

negative trend exists between quartz and TOC content (r = -

0.56).

The hydrogen index (HI) for the 11-7-78-20W6 well aver-

ages 20 mg HC/g TOC, and ranges between 1 and 76 mg

HC/g TOC. The oxygen index (OI) averages 34 mg CO2/g

TOC, and ranges between 5 and 172 mg CO2/g TOC. The

average Tmax value is 457°C, and ranges between 443 and

478°C, placing the reservoirs within the gas window.

Pulse-Decay Permeability

The matrix permeability ranges between 10-4 and 10-7 mD

(Figure 8); it also varies by two orders of magnitude be-

tween samples 11-7-16 and 11-7-19 (Figure 8), in part due

to the difference in their PSD (see discussion for details).

The higher matrix permeabilities in the 11-7-78-20W6 well

are located in the top of unit C and scattered throughout unit

B (solid line, Figure 8). The high alternation of permeabil-

ity values within unit B may be due to the lithological

and/or mineralogical changes and the lack of similar trends

within units C, D and E could be an artefact of their lower

sampling resolution compared to unit B. Samples that con-

ta in f rac tu res (dashed l ines , F igure 8 ) exh ib i t

permeabilities that are four to five orders of magnitude

greater than the lower permeabilities.

Discussion

Controls on Mineralogy

Unit B is carbonate and/or clay-rich and quartz-poor with

units C and D being quartz-rich and carbonate and/or clay-

poor (well 11-7-78-20W6; Figure 3). The Montney Forma-

tion (unit A) is carbonate-poor and quartz-rich compared to

the Doig phosphate zone (unit B). The contrasting mineral-

ogical character of the quartz-rich units C and D and car-

bonate-rich unit B in well 11-7-78-20W6 indicates a

change in the sedimentary environment, accommodation

space and/or tectonic activity within the study area as the

depositional conditions shifted from carbonate deposition

to clastic deposition. A greater influx of clastic rocks in the

upper Doig Formation is either due to increasing tectonic

activity or to a reduction in accommodation space (shore-

line progradation) as a sea-level regression progressed.

Clay deposition occurred when quartz and feldspar influx

was low and pyrite deposition, high. The higher pyrite con-

tent (i.e., greater than 4%) indicates that the depositional

conditions were dysoxic2 to anoxic during periods of clay

deposition. A negative relationship between quartz+feld-

spar and total carbonate contents indicates that during peri-

ods of quartz- and feldspar-rich detritus influx, carbonate

and dolomite deposition was low, whereas when influx of

quartz and feldspar diminished, carbonate production rela-

tively increased. Carbonate and clay sedimentation does

not occur simultaneously (i.e., during low influx of quartz

and feldspar), as indicated by the strong negative correla-

tion between illite and carbonate. The deposition of the

quartz, feldspar and clay minerals may be a result of

turbiditic events, with fining-upward sequences ending in

clay deposition; it therefore appears that carbonate deposi-

tion was restricted to the quiescent, non-turbiditic periods.

Controls on Porosity and Pore-Size
Distribution

An increase in the difference between the pycnometry- and

porosimetry-derived porosity occurs within unit B, indicat-

ing an increase in the fine meso- and microporosity (<3 nm)

in the more carbonate/clay- and TOC-rich unit B compared

to the other units (Figure 4).

The negative correlation between porosity and carbonate

content could be an indication that porosity is low due to

carbonate cementation, to recrystallization or to micritic

mud deposition. Carbonate cementation of the pore net-

work may be responsible for the porosity reduction within

unit E (sample 11-7-45) with a high carbonate content and

low porosity (Figure 4). The positive correlation between

porosity and the quartz+feldspar content is indicative of an

enhancement in the intergranular porosity. Higher porosity

intervals within unit B are due to the localized increase in

quartz content in an otherwise clay- and/or carbonate-rich

unit.

Siltstone samples have a high volume of macropores and

large mesopores (20–50 nm), high quartz content and low

TOC and clay contents (e.g., sample 11-7-42 in unit D or

sample 11-7-16 in unit B; Figures 3, 5, 6) compared with

other samples characterized by low quartz, high clay and

high TOC contents (e.g., samples 11-7-27 and 11-7-29 of

unit B; Figures 3, 5, 6). Clay- and TOC-rich samples con-

tain a higher proportion of mesopores, which results in a

higher proportion of surface areas compared with siltstone

samples; surface area provides gas storage in the sorbed

state within the reservoir (Chalmers and Bustin, 2008).

Controls on the Distribution of the TOC
Contents

Unit B contains the highest TOC contents, the lowest quartz

contents and the highest contents of carbonate and/or clay

compared to the other units. This observation is highlighted

by the negative correlation between quartz and TOC con-

tents. Higher TOC contents (Figure 7) in unit B are likely

due to the increase in accommodation space, an increase in

bottom-water anoxia, organic productivity and a reduction

in clastic-rock influx. The positive correlation between

TOC and pyrite indicates the bottom waters were anoxic to

94 Geoscience BC Summary of Activities 2011

2 having a very low oxygen content (i.e., between anoxic and
hypoxic)



euxinic during the deposition of unit B. A large variation in

the TOC content can occur between closely-spaced sam-

ples (i.e., 20 cm for samples 11-7-31 to -35), which may be

an indication that changes were occurring in the deposit-

ional environment or that turbiditic or storm events affected

the preservation and accumulation of the organic matter.

Low HI and OI values indicate that either the kerogen has

experienced a high degree of hydrocarbon generation or

that it originally came from oxidized plant material. The

Montney and Doig formations are thermally mature to

overmature (Riediger et al., 1990).

Controls on Matrix Permeability

The PSD, which controls the matrix permeability of the

Doig and Montney reservoirs, was compared between sam-

ples that differed in matrix permeability by two orders of

magnitude (Figure 5d, samples 11-7-16 and 11-7-19). Sam-

ple 11-7-16, which is characterized by a higher permeabil-

ity, has a greater proportion of pores at the mesopore–

macropore boundary compared with sample 11-7-19,

which contains a greater volume of pores at the micropore–

mesopore boundary. Both high- and low-permeability sam-

ples have bimodal pore-size distribution. The degree of

separation between the two populations of pore sizes of the

low-permeability samples (e.g., sample 11-7-19) is four or-

ders of magnitude greater than that of the higher permeabil-

ity samples (e.g., sample 11-7-16), whose degree of separa-

tion of only three orders of magnitude suggests a greater

degree of communication within the matrix. The contrast-

ing PSD are due to the differences between the mineralogy

and TOC contents. The difference between the high (10-4

mD) and low (<10-6 mD) permeabilities of samples from

well 11-7-78-20W6 (Figure 8) is due, in part, to the miner-

alogy; as shown on Figure 9, carbonate-rich samples have

lower permeability than quartz-rich samples. Carbonate ce-

mentation during diagenesis and/or deposition of fine-

grained micritic mud reduces both the porosity and

permeability of the Doig and Montney formations.

Conclusions

Ongoing evaluation of the Doig and Montney reservoirs

within the Groundbirch area of northeastern BC includes

characterizing the mineralogy, porosity, pore-size distribu-

tion, organic geochemistry and matrix permeability.

Downhole profiles illustrate the small-scaled heterogeneity

in the mineralogy, TOC content and porosity. The finer-

grained, high TOC-content, carbonate- and/or clay-rich in-

tervals have lower permeability than the coarser-grained,

lower TOC-content, carbonate- and/or clay-poor and

quartz-rich intervals. Higher TOC contents in finer-grained

intervals mean larger volumes of sorbed gas would be

stored but its delivery to the wellbore would be slower, due

to the lower permeability of these intervals compared with

the higher permeability of the quartz-rich intervals.
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Figure 9. Mineralogical ternary diagram showing the difference between high and low matrix
permeabilities.



Future Work

Data is currently being collected and interpreted from three

more wells within the Groundbirch area. Inorganic petrol-

ogy is to be conducted to examine the relationships between

fabric, mineralogy, porosity and permeability. Organic pe-

trology will also be performed to gain an understanding of

the controls on organic sedimentation (i.e., terrestrial- ver-

sus marine-sourced organic materials).
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