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FOREWORD 

Energy plays a vital role in achieving the goals and needs of our society.  It is also a global issue that will challenge 
humanity’s ingenuity in the coming decades.  BC Ministry of Energy and Mines, in partnerships with communities, 
universities, governments, First Nations and other groups, will play an important role in developing British Colum-
bia’s energy future. 

In 2002, the province of British Columbia released a new energy plan: “Energy for our Future: A Plan for BC”.  The 
British Columbia Government’s approach to energy is multi-tiered, and includes conservation, efficiency and supply 
diversification.  The latter embraces traditional sources such as hydroelectric, natural gas, oil and coal, together with 
renewable energy like geothermal, wind, solar and others. 

To help maximize the benefits of British Columbia’s endowment of energy resources, the BC Ministry of Energy and 
Mines is expanding geoscience activities related to hydrocarbons (including carbon management) and other energy 
sources.  This inaugural volume presents the results of this new work.  Staff from the BC Ministry of Energy and 
Mines’ Oil and Gas Division, Resource Development and Geoscience Branch, contributed the majority of the articles 
contained in the volume.  

The Geological Survey of Canada is a partner in several of the ongoing energy-related research projects within British 
Columbia.  Geological Survey of Canada staff have co-authored or written several of the articles which discuss results 
from major projects in the Bowser Basin, Whitehorse Trough and aggregate mapping in the northeast part of the 
province. University research projects also play an important role. 

Some of the highlights of this volume are:
• Hydrocarbon source rock potential in northeastern British Columbia
• Indications of three effective petroleum systems in the Bowser Basin
• Aggregate mapping in northeastern British Columbia and its oil and gas potential 
• Potential CO2 sequestration of coals and ultramafic rocks
• Unique aspects of coal bed gas geology in British Columbia
• Thermal maturity of the central Whitehorse Trough 

Over the past two years the Resource Development and Geoscience Branch has published numerous Open Files and 
other products, including descriptions of tight and deep Devonian gas plays for the northeastern part of the province.  
The branch has also continued to improve and add new information to its website. 

I sincerely thank all the authors for the long hours devoted towards these contributions.  Special thanks go to Filippo 
Ferri for his dedication and vision.  His perseverance and extra efforts paid off by the production of this volume.  Col-
lectively, their efforts made this first volume very successful. Our energetic, emerging Branch embraces change and 
continuous improvement and we look forward to serving a broad array of clients.  To comment on any of these papers 
or to provide more general feedback, please contact Derek Brown at (250) 952-0432 or  
Derek.brown@gems6.gov.bc.ca.   

Derek Brown 
Executive Director, 
Resource Development and Geoscience Branch 
Ministry of Energy and Mines
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sAnD AnD GRAVEL MAPPInG In nORTHEAsT bRITIsH COLUMbIA  
UsInG AIRbORnE ELECTROMAGnETIC sURVEYInG METHODs

Melvyn E. best
Bemex Consulting International

5288 Cordova Bay Road
Victoria, B.C. V8Y 2L4

Victor Levson
Resource Development and Geoscience Branch, BC Ministry of Energy and Mines, 

6th Flr-1810 Blanshard St., Victoria, BC, Canada, V8W 9N3

Doug McConnell
Fugro Airborne Surveys 
200, 517 10th Ave. S.W.

keywords: sand and gravel deposits, airborne 
electromagnetic (eM), resistivity, geophysics, kotcho area, 
northeast BC

InTRODUCTIOn

The Ministry of Energy and Mines recently initiated, 
as part of the provincial Oil and Gas Development Strategy, 
a regional geological assessment of aggregate resources 
in northeast British Columbia. The area identified for this 
project (Figure 1) was selected because subsurface data 
collected during seismic shot hole drilling in the region 
indicated that gravels were present under 1 to 2 m of over-
burden. Aggregate deposits are extremely rare in this area, 
with the closest known deposits occurring many tens of 
kilometres distant. The study area occurs along the Kotcho 
winter road, about 40 km east of the Sierra-Yoyo-Desan 
(SYD) Road. 

After initial identification of the area from the shot hole 
data, the Ministry of Energy and Mines contracted a geo-
technical aggregate investigation in the region. The results 
of the study identified an area approximately 700 m long by 
100 to 400 m wide that contained an estimated 410 000 m2 
of sandy gravel (Dewer and Polysou, 2003). Excavations 
in the vicinity of the deposit showed gravels underlying 
silt-rich sediments. The buried sands and gravels were en-
countered in 10 test pits in an elongated, southwest-trend-
ing area, oblique to present surface stream channels. In the 
core of the deposit, the sands and gravels are at least 5 m 
thick, and in 6 of the test holes the base of the deposit was 
not encountered. Surprisingly, the water table was encoun-
tered in only 1 test hole at the south-easternmost edge of 
the deposit.

The gravel deposit occurs along a gentle south-easterly 
slope in an area with very little surface topography, and 
there is little or no geomorphic indication that subsurface 
gravels are present. The sands and gravels are overlain by 
silts and clays generally 1 to 2 m thick but locally up to 5 m 
thick. These sediments are interpreted to be glaciolacustrine 
in origin. Even though much of the area has been logged, 
and surface features are readily visible, air photographic 
interpretation alone would not have detected this deposit.

The present study was initiated to test the effectiveness 
of using airborne electromagnetic (EM) data for detecting 
such buried gravel deposits. The objectives of the EM study 
were threefold: 1) to determine whether the buried gravels 
could be detected remotely, 2) to attempt to trace the extent 
of the gravel deposit beyond the field tested boundaries, and 
3) to locate any other aggregate sources in the area, either 
directly adjacent to the known deposit or within the general 
region. To accomplish these objectives, a detailed survey 
(Figure 1) with a 100 m line spacing was conducted directly 
over the known deposit, and a larger area (approximately 
25 km2 in size—the total black area shown in Figure 1) was 

Figure 1. Map of the survey location relative to the sierra-
Yoyo-Desan (sYD) Road.
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covered with a 200 m line spacing (Cain, 2004).
Fugro Airborne Surveys was contracted to carry out a 

multi-frequency helicopter EM and magnetic survey using 
the RESOLVETM EM system. The processed data include 5 
apparent resistivity grids generated from the horizontal co-
planar coils at frequencies of 380, 1400, 6200, 25 000 and 
115 000 Hz. Fugro also generated apparent resistivity cross 
sections (differential resistivity) and resistivity inversion 
cross sections along several lines. The data set includes a 
series of magnetic grids as well (total field magnetic, verti-
cal derivative, several high pass filters, with and without 
reduction to the pole; i.e., RTP).

This paper discusses the EM data sets and integrates 
them into a possible resistivity model of the subsurface 
within the survey area. 

REsIsTIVITY OF ROCks AnD GLACIAL 
sEDIMEnTs

Approximate resistivity ranges for sedimentary rocks 
and glacial sediments are given in Figure 2. Note resitivity 
has units of ohm metres (ohm-m), and conductivity (which 
is the inverse of resistivity) has units of siemens per metre 
(S/m). In some instances these ranges could even be larger 
than those shown in Figure 2. The resistivity range for 
sandstone overlaps that of sand and gravel, and that of till 
overlaps both sandstone and sand and gravel. 

The main factors that determine the resistivity of a rock 
or sediment are 1) porosity, 2) resistivity of pore fluid(s), 
and 3) percentage of conducting minerals (clays, graphite, 
sulphides) contained within the mineral grains. The influ-
ence of pore water on the resistivity of a rock or sediment 
can be determined from Archie’s Law (Archie, 1942):

ρb = ρf Φ
-m Sw

2  (1)
where ρb and ρf are the resistivity of the bulk material 

and of the fluid respectively, Φ is the porosity, and m is 
the cementation factor (usually between 1.5 and 2.0). The 
water saturation within the pores is Sw (assuming the other 
fluid in the pores is resistive; for example, oil or air). Sw = 1 
when the pores are filled with 100% water. 

Archie’s Law implies that for a given pore fluid, the 
larger the porosity the larger the bulk resistivity.  This equa-
tion does not take into account conducting mineral grains 
such as clay, graphite, and sulphides. Such conducting 
grains, if they are electrically connected, will lower the 
bulk resistivity of a rock or sediment from that predicted 
by Archie’s Law.

When the conducting mineral grains are isolated from 
one another, no current will flow within the mineral grains. 
In this case the current will flow through the water in the 
pores, and the bulk resistivity is determined from  Archie’s 
Law. On the other hand, if there are continuous conducting 

Figure 2. Resistivity ranges for rocks and glacial sediments 
(modified from Palacky and Stevens, 1990).
pathways within the mineral grains, some of the current will 
flow within the pore water and some of the current will flow 
within the conducting mineral grains. The bulk resistivity 
of the material will therefore be less than that predicted by 
Archie’s Law. Indeed, in the case of clay, the bulk resistiv-
ity can result almost entirely from conducting clay minerals 
rather than pore water.

DEsCRIPTIOn OF DATA 

Resistivity Sections

Figures 3 and 4 are resistivity sections computed for 
lines 10110 to 10180. The upper diagram of each line was 
generated using apparent resistivity data from the horizon-
tal coplanar configurations (differential resistivity). The es-
timated depth of the differential resistivity sections at each 
frequency and for a given position along a line is equal to 
the skin depth computed from the apparent resistivity value 
at that position. The lower section on each line is a layered 
earth inversion (in this case 4 layers) computed using the 
in-phase and quadrature data at all 5 frequencies. 

The apparent resistivity is calculated from the nor-
malized in-phase and quadrature values of the secondary 
magnetic field by assuming the earth is homogeneous with 
a resistivity equal to the apparent resistivity ρa. For a given 
frequency f and transmitter-receiver separation S, the appar-
ent resistivity computed from the in-phase and quadrature 
values depends on the height above ground. As the height 
increases, the in-phase and quadrature values decrease in 
a predictable way, and hence the apparent resistivity will 
change accordingly.

The apparent resistivity is therefore considered to be an 
approximate measure of the average resistivity of the earth 
to a depth equal to the skin depth (δ).

  δ (m) = 503 (ρa/f)
½ (2)
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Figure 3. Resistivity cross sections for lines 10110 to 10140.  The upper diagram of each line is the differential resistivity and the 
lower diagram is the 4-layer inversion as described in the text.  North is to the right.

For a given resistivity, the skin depth decreases as the 
frequency increases. Consequently the highest frequency of 
115 000 Hz represents the average resistivity at the shallow 
depths, while the lowest frequency of 380 Hz represents 
the average resistivity at the deepest depth the RESOLVE 
system can image.

The earth is generally not homogeneous but more 
complex. This is why the computed resistivity is called an 
apparent resistivty. As an example, consider a two-layer 
earth with the upper-layer resistivity equal to 100 ohm-m 
and the lower-layer resistivity equal to 5 ohm-m.  The skin 
depth of the upper layer at 115 000 Hz and 380 Hz is 14.8 
m and 258 m, respectively. If the upper layer is 20 m thick, 
then the apparent resistivity at 115 000 Hz will be close to 
the upper resistivity of 100 ohm-m and at 380 Hz would be 
approximately equal to the lower layer resistivity of 5 ohm-
m. On the other hand, if the upper layer is only 5 m thick, 
the apparent resistivity at 115 000 Hz would be between 
100 and 5 ohm-m—in other words, a weighted average of 
the upper and lower resistivities since the upper-layer skin 
depth is nearly 3 times the layer thickness. The apparent 
resistivity at 380 Hz would still be approximately equal to 
5 ohm-m.

Notice the similarity between the upper and lower sec-
tions in Figures 3 and 4 for each of the lines, even though 
the upper resistivity section is computed assuming the earth 
is a homogeneous half-space at each frequency. This hap-
pens because the resistivity structure of the earth is either 
homogeneous (as observed on most of the lines) or is ap-
proximately two-layered with the upper layer more resis-
tive.

Apparent Resistivity Maps 

The upper resistivity in Figure 5 is the apparent resistiv-
ity calculated from the high-frequency (115 kHz) horizontal 
coplanar coils, and the lower map is the apparent resistivity 
calculated from the low-frequency coils (380 Hz). These 
maps illustrate the spatial variability of the average conduc-
tivity at shallow (115 kHz) and deep (380 Hz) depths. 
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Figure 4. Resistivity cross sections from lines 10150 to 10180.  The upper diagram of each line is the differential resistivity and 
the lower diagram is the 4-layer inversion as described in the text.  North is to the right.

InTERPRETATIOn OF DATA

Apparent Resistivity Maps 

As discussed, the 5 apparent resistivity maps repre-
sent resistivity values averaged over 5 different subsurface 
depths, depending on the frequency. These maps  exhibit  
several  interesting  features   worth  noting (Figure 5). There 
is a resistivity high (Zone A) located in the northern part 
of the survey area between lines 10130 and 10180 that is 
prominent at frequencies between 115 000 and 6200 Hz. At 
lower frequencies the resistivity of this feature merges with 
the background resistivity values. This feature is related to 
the sand and gravel deposit outlined by trenching.

There is a resistive feature (Zone B) between lines 
10060 and 10160 that starts near the southern boundary of 
the survey area and continues north to the middle of the sur-
vey. This resistive feature is most prominent on the 3 highest 
frequencies, similar to Zone A.

An approximately north-south boundary (with an 
east-west jog at approximately the midpoint of the survey) 
separates higher resistivity values to the west from lower 
resistivity values to the east. This boundary is located be-

tween lines 10180 and 10120 (Figure 5) and is visible  on 
all 5 apparent resitivity maps. The eastern edges of Zones A 
and B are coincident with this boundary. It is not clear what 
this boundary represents geologically since it is observed on 
all 5 frequencies.

In addition to Zones A and B, there are 2 other resistive 
zones that can be seen on the higher frequencies (Figure 5). 
Zone C is along the northern boundary of the survey area be-
tween lines 10150 and 10110, and Zone D lies between lines 
10240 and 10280. Both these features are more diffuse than 
Zones A and B, but the resistivity values are comparable.

Resistivity Sections

Resistivity sections between lines 10110 and 10180 
provide information on the depth extent of Zones A and B 
(Figures 3 and 4). Zone A appears on lines 10130 to 10170, 
and zone B appears on lines 10110 to 10170. Zone C is most 
prominent on lines 10060 to 10100, although there is a hint 
of this resistive feature on lines 1010 and 10120. Zone D 
does not appear on any of these processed lines.

The background resistivity values (away from the re-
sistivity features and at depth under the resistive features) 
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Figure 5. Apparent resistivity maps for frequencies of  115 kHz (upper diagram) and 380 Hz (lower diagram) .  
The 4 resistivity areas discussed in the text are labeled A to D in the upper diagram.
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are low (less than 15 ohm-m) and most likely associated 
with shale or clay. The resistivity of the resistive features 
computed from the layered earth inversions generally have 
values greater than 50 ohm-m, although the outer fringes 
are somewhat less resistive (greater than 25 ohm-m). These 
values correspond either to sand and gravel or to sandstone.  
Sandstone bedrock is known to exist in the area, so there 
could be knobs of sandstone protruding through shale and/or 
till. 

Once drilling or trenching confirms the presence of sand 
and gravel in any of these resistive features, we can assume 
that the entire area containing the resistive anomaly will 
most likely be composed of sand and gravel. The thicker 
regions of resistive Zones A and B are estimated to be be-
tween 25 and 35 m deep but do thin towards the edges.  This 
is deeper than the trenching carried out to date. The depths 
from the resistivity cross sections can be used in conjunc-
tion with the apparent resistivity maps to estimate the total 
volume of sand and gravel in place.

REsULTs

On the high-frequency data reflecting the shallow geol-
ogy, 4 main areas of high resistivity were identified in the 
survey. Zone A coincided remarkably well with the area of 
shallow buried gravels as mapped out by the field investiga-
tions. The northern and southern areas of Zone B are much 
larger and became the focus of recent reconnaissance-scale 
ground investigations. During these recent studies, both ar-
eas were found to contain sand and gravel. At least 4 m of 
sand and gravel under 1 to 2 m of overburden were encoun-
tered in test pits in the centre of these areas. Further work is 
required to outline these deposits in detail and to investigate 
the potential of Zones C and D. The results strongly indicate 
that high-resolution EM surveys can be an effective tool for 
mapping buried sand and gravel deposits.

sUMMARY AnD COnCLUsIOns 

Airborne EM was effective in mapping sand and gravel 
deposits in the Kotcho area of British Columbia. The areal 
extent of the known deposit (from seismic shot hole data 
and trenching) was mapped, and the total area containing 
sand and gravel was extended. The resistivity cross sections 
also provided an estimate of the depth of the sand and gravel 
deposit.  

The survey outlined 2 other resistivity features as dis-
cussed above (Zones C and D). Unfortunately the resistivity 
range for sand and gravel overlaps the resistivity range for 
sandstone. Since sandstone may outcrop in this area, follow-
up drilling or trenching is required to determine the material 
causing these anomalous resistivity features. 
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HYDROCARbOn sOURCE ROCk POTEnTIAL As DETERMInED bY 
ROCK-EVAL 6/TOC PYROLYSIS, NORTHEAST BRITISH COLumBIA AND 

nORTHWEsT ALbERTA

by A. Ibrahimbas1 and C. Riediger1,2

keywords:  Hydrocarbon source rocks, organic 
geochemistry, thermal maturity, petroleum systems.

AbsTRACT

The potential for conventional and/or unconventional 
hydrocarbon exploration requires the presence of organic-
rich, thermally mature rock units containing oil- or gas-
prone kerogen. This potential is poorly known in large parts 
of northeast BC and northern Alberta due to a paucity of 
organic geochemical studies.

Here, we investigate Lower Triassic to Lower Creta-
ceous potential source rocks within a large area of north-
east BC and northwest Alberta (118° to 124°W and 57° 
to 58°N). Hydrocarbon source rock parameters, including 
type and amount of kerogen, and thermal maturity of these 
formations, are assessed by analyzing 74 core samples from 
23 wells using Rock-Eval 6/TOC pyrolysis.

In general all units are immature in northwest Alberta, 
with increasing maturity to the west, where they become 
overmature. The Lower Triassic Montney Formation con-
tains Type II kerogen with TOC (total organic carbon) 
values up to 4.2 wt.%, suggesting that this unit generated 
significant amounts of hydrocarbons where it is mature.

The base of the Doig Formation comprises a highly ra-
dioactive zone, the “Phosphate Zone”, which contains Type 
II kerogen with TOC values up to 11 wt.%. This interval is 
an excellent hydrocarbon source rock.

The Upper Triassic Baldonnel and Pardonet Forma-
tions are late mature to overmature where sampled. The 
Baldonnel Formation contains up to 1.4 wt.% TOC, indi-
cating only poor to fair source rock potential. The Pardonet 
Formation is overmature and contains residual TOC values 
up to 2.8 wt.%, which suggests this marine unit may have 
initially been a good source rock for hydrocarbons but is 
now spent.

The Lower Jurassic Gordondale Member comprises 
Type II kerogen with TOC values up to 10.45 wt.%, in-
dicating that this unit is an excellent hydrocarbon source 
rock. The Lower Cretaceous Wilrich Shale is also of inter-
est, as it has been suggested as a potential target for shale 
gas exploration. This unit is immature to mature within the 
study area. It contains Type III kerogen with TOC values 
up to 4.28 wt.%.

Future investigation will involve one-dimensional ba-
sin modeling in order to understand the amount and timing 
of hydrocarbon generation from these units with respect 
to timing of trap formation and accumulation of hydrocar-
bons.

InTRODUCTIOn

Hydrocarbon prospectivity in the Western Canada 
Sedimentary Basin (WCSB), or in any basin, hinges on the 
availability of oil- and/or gas-prone rock units that have 
generated and expelled hydrocarbons. Potential and proven 
hydrocarbon source rock intervals of Mesozoic age are 
known throughout much of the WCSB, with most available 
data from the Alberta portion of the basin (e.g., Creaney 
and Allan, 1990; Creaney et al., 1994). Results of the previ-
ous works are summarized in Table 1.

However, in the area of this study, bounded by 57° 
and 58°N latitude and 118° and 124°W longitude (Figure 
1), there are few data available pertaining to hydrocarbon 
source rock potential. Furthermore, little is known of the 
thermal maturity of Paleozoic and Mesozoic strata in this 
area, and such information is critical for predicting what 
type of hydrocarbons, if any, may have been generated.

This paper reports the results of hydrocarbon source 
rock characterization of six formations of interest within the 
study area, namely, the Montney Formation, the “Phosphate 
Zone” at the base of the Doig Formation, the Baldonnel 
and the Pardonet Formations, the Gordondale Member (for 
discussion of the Gordondale, formerly Nordegg, terminol-
ogy, see Asgar-Deen et al., in press), and Wilrich Formation 
(Figure 2).  Samples were collected from cores in BC and 
Alberta and were analyzed by Rock-Eval 6/TOC pyrolysis.

Future investigation will involve one-dimensional 
quantitative basin modeling in order to understand the 
amount and timing of hydrocarbon generation relative to 
trap formation and the accumulation of hydrocarbons.

1University of Calgary
2Corresponding author (e-mail: riediger@ucalgary.ca)
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Figure 1. map showing the study area, core sample locations, and the subcrop edges of the formations of inter-
est (compiled from  Richards et al., 1994; Edwards et al., 1994; Poulton et al., 1994).

sTRATIGRAPHY

Devonian to Cretaceous stratigraphy in the study area 
is shown in Figure 2. Potential hydrocarbon source rock in-
tervals are highlighted by shading. We use the new Gordon-
dale Member terminology to refer to the organic-rich,  fine-
grained  strata  that  are  laterally equivalent to the Nordegg 
Member. These relationships are described by Asgar-Deen 
(2003) and Asgar-Deen et al. (in press).

Although the Devonian-Mississippian Exshaw Forma-
tion is a well-known and proven source rock for hydrocar-
bons, the lack of core through this zone precluded acquisi-
tion of samples during this study. However, Rock-Eval/TOC 
analyses of drill cuttings samples are planned.

Details of the stratigraphy shown in Figure 2 are not 
given here, but interested readers can find this information 
in the appropriate chapters of the Geological Atlas of the 
Western Canada Sedimentary Basin (Mossop and Shetson, 
1994).
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TAbLE 1. PREVIOUs sTUDIEs OF ROCk-EVAL/TOC DATA sHOWInG THE TOC’s AnD THE kEROGEn 
TYPEs OF THE UnITs OF InTEREsT (*TOC VALuES wILL VARY, DEPENDINg ON mATuRITY)

METHODOLOGY

For this study, 74 core samples were taken from 23 
well locations (Figure 1). Samples were selected based on 
core availability within the zones of interest in the study 
area. Each sample was crushed to a fine powder prior to 
analysis. All samples were weighed to 100 mg and subject-
ed to Rock-Eval 6/TOC analysis in order to determine the 
kerogen type, TOC content, and thermal maturity, which 
are the main parameters for characterizing a hydrocarbon 
source rock. Analyses were conducted at the Organic Geo-
chemistry Labs of the Geological Survey of Canada (Cal-
gary). Measured parameters include S1 (mg HC/g rock), S2 
(mg HC/g rock), S3 (mg CO2/g rock), Tmax (°C), and TOC 
(wt.%) (see Table 2). Several additional parameters, includ-
ing HI (hydrogen index, S2/TOCx100), OI (oxygen index, 
S3/TOCx100), and PI (production index, S1/[S1+S2]) are 
calculated from these measured values and are shown in 
Table 2. Pyrolysis experiments were repeated for some 
samples at lower sample weight to ensure that the Rock-
Eval/TOC detector was not overloaded by generated hydro-
carbons during the original runs.

Details of the analytical procedure and discussion 
of Rock-Eval parameters are available in Espitalié et al. 
(1977), Peters (1986), and Snowdon et al. (1998). Peters 
(1986) and Peters and Cassa (1994) provide a summary of 
interpretive guidelines for Rock-Eval data.

REsULTs AnD DIsCUssIOn

Rock-Eval 6/TOC results are summarized in Table 2. 
Of the 7 potential hydrocarbon source rocks shown in Fig-
ure 2, geochemical data from only the Montney, Phosphate 
Zone, Baldonnel/Pardonet, Gordondale, and Wilrich inter-
vals are reported. As noted previously, no samples from the 
Exshaw Formation were collected for this study due to a 
lack of core through this zone.

Figure 2. stratigraphic chart of the study area (compiled 
from Richards et al., 1994; Henderson et al., 1994; Edwards 
et al., 1994; Poulton et al., 1994; Hayes et al., 1994). Potential 
source rocks are highlighted by shading.
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However, geochemical data from well cuttings will be in-
corporated in the second phase of the study.

In this section, the thermal maturity and amount and 
type of organic matter are discussed. Interpretive guidelines 
from Peters (1986) and Peters and Cassa (1994) are used to 
evaluate the hydrocarbon source rock potential of each unit, 
and these guidelines are reproduced in Table 3. In Table 4, 
thermal maturity, TOC content, HI, and kerogen type are 
summarized for each unit.

Thermal Maturity

Rock-Eval Tmax data given in Table 2 are used to as-
sess thermal maturity in the study area. Each unit is mapped 
individually in Figure 3 because variations in kerogen type 
affect the Tmax values (Peters, 1986). The overall maturity 
trend in the study area shows that the maturity of the units 
increases from east to west towards the Cordilleran defor-
mation front. All units are thermally mature throughout the 
central part of the study area (Beatton River NTS map area 
94H). Most of the studied units are immature in Alberta and 
are overmature in the Trutch map area (94G).

TOC Content, Kerogen Type, and Hydrocarbon 
Source Rock Potential

The ranges of TOC values for each unit are summarized 
in Table 4. Histograms showing the TOC variation for each 
unit with mean TOC values and standard deviations are also 
given in Figure 4. The plot of S2 against TOC for immature 
to early mature samples is used to determine the proportion 
of the inert carbon in the TOC measured by pyrolysis (Con-
ford et al., 1998). During pyrolysis, only the labile kerogen 
will generate hydrocarbons to be recorded in S2 peak. Thus 
by discounting the proportion of inert carbon, it is possible 
to obtain a more accurate HI (S2/TOCx100) value from the 
slope of the best fitted lines of S2 versus TOC data (Fig-
ure 5). A bivariate plot of HI vs. OI (pseudo-Van Krevelen 
diagram) is also commonly used to assess the kerogen type 
(Figure 6).

In this section, information on TOC and kerogen type 
for each unit are used to evaluate the hydrocarbon source 
rock potential based on criteria outlined in Table 3.

The TOC values for the Montney Formation range from 
0.51 to 4.18 wt.%, with a mean value of 2.01 wt.% (std. 
dev. = 1.24) (Figure 4). It contains 0.35 wt.% inert carbon 
(Figure 5), hence the proportion of organic carbon content 
that has the capacity to generate hydrocarbons ranges from 
0.16 to 3.83 wt.%, with a mean value of 1.66 wt.%. The 
unit yields HI values of 43 to 450 mg HC/g TOC, which is 
typical for oil- and gas-prone Type II kerogen (Figure 6). 
Considering only the immature samples, adjusted HI0 (orig-

inal HI prior to maturation) is 571 mg HC/g TOC. These 
TOC and HI0 values indicate good to very good source rock 
potential in the Montney Formation.

The “Phosphate Zone” has high TOC values ranging 
from 1.76 to 10.98 wt.% (Table 4), with a mean value of 
6.14 wt.% (std. dev.=3.35) (Figure 4). The amount of the 
inert carbon in the “Phosphate Zone” is also high, with a 
value of 1.4 wt.% (Figure 5); therefore, the true organic 
carbon content of the unit is then between 0.4 and 9.6 wt.%. 
The unit comprises Type II oil- and gas-prone kerogen with 
HI values ranging from 189 to 489 mg HC/g TOC (263 to 
645 mg HC/g TOC after discarding the effect of inert carbon 
[Figure 5]). The unit has excellent source rock potential.

The TOC values for Pardonet and Baldonnel Forma-
tions are fair to moderate. The samples are all overmature, 
and hence original kerogen type cannot be determined from 
geochemical data. However, these are marine carbonate 
units and thus likely contained Type II kerogen. This in-
terpretation is also supported by the results of a previous 
study by Carrelli (2002) on these formations.  The residual 
TOC values for Pardonet Formation range 0.97 to 2.79 
wt.%, with a mean value of 1.73 wt.% (std. dev. = 0.60). 
Bordenave et al. (1993) suggested that overmature Type II 
source rocks would have lost 50% of their original TOC 
due to generation and expulsion of hydrocarbons. Hence, 
the original TOC values for Pardonet Formation were likely 
over 4 wt.%. The TOC values measured from the Baldon-
nel Formation range from 0.65 to 1.39 wt.%, which, by the 
same reasoning, were likely 1 to 2 wt.% originally. The 
Pardonet Formation had fair to good initial source rock po-
tential, and the Baldonnel Formation had poor to fair initial 
source rock potential.

The Gordondale Member contains high TOC values 
ranging from 0.66 to 10.45 wt.% (mean = 5.71 wt.%, std. 
dev. = 2.66) (Figure 4). The unit yields HI values of 26 to 
273 mg HC/g TOC and OI values of 3 to 23 mg CO2/g TOC 
(Figure 6), and the high degree of maturity precludes a pre-
cise assessment of the organic matter type. Riediger et al. 
(1990b) and Asgar-Deen (2003) proposed this unit having 
Type I/IIS kerogen; therefore, the unit most likely comprises 
Type II kerogen, considering its marine origin. This interval 
has excellent source rock potential where mature.

The TOC values of the Wilrich Shale ranges from 1.08 
to 4.28 wt.% (mean = 2.12 wt.%, std. dev. = 0.91) (Figure 
4). After considering the approximately 0.5 wt.% inert 
carbon (Figure 5), it will contain 0.58 to 3.78 wt.% TOC 
with a mean value of 1.62 wt.%. The unit contains Type III, 
gas-prone kerogen, with HI values ranging from 138 to 393 
mg HC/g TOC (Figure 6). The mean value of HI is 235 mg 
HC/g TOC after eliminating the effect of 0.5 wt.% inert car-
bon. The TOC and HI values indicate that the unit has good 
to very good source rock potential for gas generation.
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TAbLE 2. ROCk EVAL/TOC REsULTs FROM CORE sAMPLEs In THE sTUDY AREA
(+REPEAT RUn AT LOWER sAMPLE WEIGHT)
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TAbLE 2. ROCk EVAL/TOC REsULTs (COnTInUED).

TAbLE 3. HYDROCARbOn sOURCE ROCk EVALUATIOn PARAMETERs FOR ROCk-EVAL/TOC 
PYROLYSIS DATA (mODIFIED FROm PETERS, 1986). (TAbLE 3 (C) InCLUDEs RAnGEs OF VITRInITE 

REFLECTAnCE THAT ARE APPROxIMATELY EqUIVALEnT TO ROCk-EVAL TMAx VALUEs. VITRInITE REFLECTAnCE DATA 
ARE nOT UsED In THIs sTUDY)
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TAbLE 3. HYDROCARbOn sOURCE ROCk EVALUATIOn PARAMETERs (COnTInUED).

TABLE 4. SummARY OF ROCK-EVAL/TOC DATA FROm CORE SAmPLES (RAw DATA)

(b) Parameters for describing kerogen type 
(quality) of an immature source rock.

(C) Parameters for describing the level of thermal maturation.
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Figure 3. The thermal maturity distribution of each unit based on Rock-Eval Tmax values (ºC). * Tmax values from unpub-
lished results (Dr. Larry Lane [gSC, Calgary], personal communication, 2003).

COnCLUsIOns

Six units of Early Triassic to Early Cretaceous age have 
been assessed for their hydrocarbon source potential in the 
study area. A total of 74 samples from 23 wells were ana-
lyzed by Rock-Eval 6/TOC pyrolysis.

The Montney Formation within the study area is ther-
mally immature to overmature with increasing maturity 
from northeast to southwest. It contains Type II kerogen with 
TOC values up to 4.18 wt.%. This suggests that the Mont-
ney Formation may have generated significant amounts of 
hydrocarbons where it is mature in the BC part of the study 
area.

The highly radioactive “Phosphate Zone” at the base 
of the Doig Formation contains Type II kerogen with TOC 
values up to 10.98 wt.%. The maturity increases from east to 
west, and it is mature in the Beatton River map area (94H). 
The high TOC values suggest that this unit has excellent 
hydrocarbon source potential where mature.

The Baldonnel and Pardonet Formations are overma-
ture in the west part of the study area where sampled. Both 
likely comprise Type II kerogen, although the high degree of 
maturity precludes a direct assessment of kerogen type. The 
Baldonnel Formation has TOC values up to 1.39 wt.%, sug-
gesting that it had poor to fair initial source rock potential. 
The Pardonet Formation has TOC values up to 2.8 wt.%, 
which suggests that it had fair to good initial hydrocarbon 
generation potential when mature.

The Gordondale Member samples vary from peak ma-
ture to overmature. It contains Type II kerogen with TOC 
values up to 10.45 wt.%, suggesting that it is an excellent 
source rock where mature.

The Wilrich Shale contains Type III kerogen with TOC 
values up to 4.28 wt.%. Therefore, it has good to very good 
generation potential for gas. It is immature in the east part of 
the study area with increasing maturity to west.

The next step in this project is to apply one-dimensional 
basin modeling to understand the amount and timing of hy-
drocarbons generated from these units, which will then be 
correlated with the timing of trap formation and accumula-
tion of the hydrocarbons in the study area.
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Figure 4. TOC histograms for the units with mean and standard deviation values. Note scale change for organically-richer units 
(“Phosphate Zone” and Gordondale Member).
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Figure 5. Rock-Eval pyrolysis S2 versus TOC, showing hydrogen index (HI) and inert carbon 
content of the units that have immature to early mature samples.

Figure 6. Pseudo-Van Krevelen diagram, 
showing Rock-Eval hydrogen index vs. 
oxygen index for the sampled units.
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qUATERnARY GEOLOGY AnD AGGREGATE POTEnTIAL OF 
THE FORT nELsOn AIRPORT AREA

T. Johnsen1, T. Ferbey1, V. m. Levson1 and b. kerr1

KEYWORDS:  Surficial geology, aggregate, Sierra-Yoyo-
desan road, Clarke Lake Bypass, Fort Nelson

InTRODUCTIOn

A key component of the British Columbia Oil and Gas 
Development Strategy (OGDS) is a comprehensive road 
infrastructure plan aimed at promoting better access to re-
sources through improved infrastructure. The completion 
of road infrastructure improvements, such as the upgrade 
of Sierra-Yoyo-Desan (SYD) Resource Road and con-
struction of Clarke Lake Bypass Road in the Fort Nelson 
area, northeast British Columbia (Fig. 1), are expected to 
promote longer drilling seasons, accelerate exploration and 
production programs, and increase industry and provincial 
government revenues. It has been estimated that 2 000 000 
m3 of aggregate material are needed for this initial road in-
frastructure improvement program. A study was conducted 
to evaluate existing local sources of aggregate material 
along SYD Road that could be used for this project (Thurb-
er, 2000), and it was determined that existing aggregate 
reserves were largely depleted.

Figure 1: Location of Fort nelson and major roadways in 
northeast british Columbia

To meet the aggregate needs for this initial improvement 
project and future resource and lease-road construction, a 
surficial mapping program was initiated to systematically 
explore for new, local aggregate sources in northeast British 

Columbia (see Levson et al., this volume). Initial test-pit 
programs were conducted in spring 2003, with follow-up 
work and reconnaissance-scale fieldwork and preliminary 
aerial photograph mapping conducted during summer 2003. 
To date, four main aggregate resources have been identified 
within the SYD Road corridor, with a total resource of ap-
proximately 5 000 000 m3 of granular material. This effort 
has also identified numerous other areas that are believed 
to have potential to host granular deposits but that require 
further work to sufficiently evaluate.

 One such area is within the Fort Nelson airport area, 
approximately 8 km northeast of the Fort Nelson town site 
(Figs. 2, 3). This area is of particular interest due to its prox-
imity to the Clarke Lake Bypass Road right-of-way. This 
report summarizes findings from detailed surficial mapping 
and test pitting conducted within Fort Nelson airport area.

PROJECT bACkGROUnD

SYD Road is a high-grade, all-weather road located 
east of Fort Nelson and accessed from mile 293 of Alaska 
Highway. It extends 180 km to the east and northeast end-
ing at the North Helmet airstrip in the Helmet District (Fig. 
1). During the majority of summer and a good portion of 
winter, this resource road supports drilling, well tie-in, 
wellhead servicing, and well production activities in the 
area. As such, this road can experience high volumes of 
heavy oil-field service traffic, which has been increasing 
due to increased oil and gas exploration and production 
activities in the area. The volume of traffic on the SYD 
Road is greater than on the Alaska Highway. Current plans 
include upgrading and widening of the SYD Road to meet 
increased demands of this critical resource road. SYD Road 
provides access to resources that generate $200 to $300 
million per year in direct revenue to the province.

As part of this infrastructure improvement project, a 
new 21 km road is to be constructed from Fort Nelson to the 
SYD, including a new two-lane bridge crossing of the Fort 
Nelson River—the Clarke Lake Bypass (Fig. 1). This will 
eliminate the need to use the narrow BC Rail train bridge 
and a set of switchbacks. This transportation project will 
improve safety and access, reduce travel time, and reduce 
maintenance costs of the road and of vehicles using the 
road.
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Finding aggregate deposits that are local can generate 
great savings. Aggregates account for 30% to 50% of road 
construction and maintenance costs in northeast BC. As 
well, costs of transportating aggregate can be prohibitive. 
For example, for the SYD project, rail transportation costs 
of aggregate from Fort St. John to Fort Nelson and truck 
transportation costs from Fort Nelson to the SYD are ap-
proximately $85/m3. Two million cubic metres of aggregate 
is needed for the 180 km SYD Road upgrade, totalling $170 
million. If transportation costs were lowered by just $1/m3, 
a savings of $2 million could be generated. It is expected 
that if local sources of aggregate were found, total aggre-
gate costs could be reduced significantly. Therefore to help 
minimize road construction costs, Quaternary geology and 
aggregate potential mapping was completed close to the 
Clarke Lake Bypass in the Fort Nelson airport area.

sTUDY AREA

The study area includes part of the Fort Nelson airport 
area and is comprised of the area south and east of the main 
runway, down to the floodplain of Fort Nelson River below 
(Fig. 3). The study area is located within the Fort Nelson 
Lowland physiographic region, a flat to very gently rolling 
area with very little relief (Holland 1976).

The Fort Nelson airport area can be locally divided 
into three physiographic units: plain, valley side, and valley 
bottom (inset, Fig. 3). Fort Nelson airport is situated on a 
near-level plain above Muskwa Valley. This plain continues 
north and west but has been incised by McConachie Creek, 
which flows east into Fort Nelson River just north of airport 
property. This plain is moderately well drained, typically 
supporting stands of white spruce (Picea glauca) and rare 
lodgepole pine (Pinus contorta var. latifolia), but does have 
areas where black spruce (Picea mariana) bogs dominate. 
Closer to the valley sides, trembling aspen (Populus tremu-
loides) is common. Valley sides are steep and terraced; ter-
race flats are typically 25 to 150 m wide and up to 1000 m 
long. Terrace flats and risers support white spruce and trem-
bling aspen stands almost exclusively and typically are well 
drained. The valley bottom setting is flat and moderately to 
poorly drained. Trembling aspen and balsam poplar (Popu-
lus balsamifera ssp. balsamifera) stands are more common 
here, with large blocks having been logged in recent years.

The Fort Nelson airport has had a long and complex 
land-use history. During the early 1940s it served as a base 
for the United States Army and Air Force for various stag-
ing and training exercises. As a result, much of the area, al-
though now grown over with trees and vegetation, has been 
disturbed. Evidence of disturbance includes overgrown 
roads, building foundations, and excavations. These distur-
bances have made interpretation of aerial photographs and 
field observations challenging.

bEDROCk GEOLOGY

The Fort Nelson area is underlain by gently dipping 
marine shales and siltstones of the Lower Cretaceous Buck-
inghorse Formation of the Fort St. John Group (Okulitch et 
al., 2002; Thompson, 1977). This formation has a minor 
component of sandstone. There are no bedrock exposures 
within the study area. Buckinghorse Formation rocks can 
however be seen in steep cutbanks south of the Fort Nelson 
airport area along Fort Nelson River.

Grading laterally and vertically from these rocks are 
coarser-grained sandstones and siltstones of the Lower Cre-
taceous Sikanni Formation. To the north of Fort Nelson and 
northwest of the Fort Nelson airport, Sikanni Formation 
rocks form a topographic high. Exposures of these rocks 
are common in road cuts north of town and in areas cleared 
for agricultural purposes. A similar topographic high is seen 
east of the airport property, across Fort Nelson River. In 
both cases these prominent topographic features rise ap-
proximately 150 m above the surrounding area.  

This sequence of rocks is interpreted to be a transgres-
sive/regressive cycle from marine shales into alluvial-del-
taic sandstones, mudstones, conglomerates, and coal. This 
cycle is repeated three times in the stratigraphy and is at-
tributed to orogenic activity within the Columbian Orogen 
(Stott, 1975; Thompson, 1977).

qUATERnARY HIsTORY AnD LAnD-
FORMs

The last ice sheets to have covered northeastern British 
Columbia and adjacent Alberta have left a record of their 
presence in the existing landforms and surficial deposits: 
streamlined forms, meltwater channels, erratics and drift 
sheets, and traces of former ice-dammed lakes (Mathews 
1980). Many of these landforms have been unmodified 
since the close of the Late Wisconsinan glaciation. 

During deglaciation, 13 500 to 10 000 years before 
present, the Laurentide Ice Sheet retreated generally to the 
northeast (Mathews 1980). A series of ice-dammed and top-
ographically dammed glacial lakes and meltwater channels 
developed. Within the Fort Nelson area, a number of melt-
water channels and likely recessional moraines that have 
been mapped as part of this project record the retreat of the 
Laurentide Ice Sheet (Fig. 2). Moraines are arcuate-shaped 
in plan view, with northwest-southeast to north-south orien-
tations and with their concave sides facing northeast to east. 
The recessional moraines are associated with a number of 
meltwater channels. A moderate-sized meltwater channel 
now occupied by Jackfish Creek (approximately 25 km 
south of Fort Nelson) occurs on the north-northeast edge 
of a topographic high (Fig. 2). Presumably the position of 
this meltwater channel was related to the presence of ice to 
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the north-northeast (mapped as an inferred ice front, Fig. 
2), otherwise the channel would have developed at a lower 
elevation. Taken together these observations confirm the 
general northeast retreat of the Laurentide Ice Sheet within 
the Fort Nelson area and the importance of this pattern of 
retreat to the development of meltwater channels, some of 
which are being mined for aggregate.

The Fort Nelson airport area is located at the conflu-
ence of two major meltwater channels (each approximately 
2 km wide and approximately 90 m deep) now occupied 
by the Muskwa and Fort Nelson Rivers (Mathews 1980; 
Fig. 2). These rivers are smaller in width and much more 
sinuous than the valleys they occupy. These channels once 
carried much larger volumes of water and sediment dur-
ing deglaciation. These conditions led to the transport and 
deposition of gravel during deglaciation; consequently, 
there should be aggregate deposits associated with these 
meltwater systems, particularly at higher elevations within 
the valleys and on the adjacent plain. Aggregate deposits 
and landforms on the plain may also be associated with ear-

lier stages of glaciation, when sediments were transported 
and deposited underneath (subglacial), within (englacial), 
or atop (supraglacial) former ice sheets. Shallow boreholes 
that were completed as part of an environmental baseline 
study for the Fort Nelson airport property indicate that 
drift thickness can be greater 7 m thick (Transport Canada 
1998).

METHODs

Results from a previously conducted reconnaissance 
test-pit program by Atco Airports Ltd. indicated the occur-
rence of granular material on Fort Nelson airport property. 
This information stimulated interest in this area as a host to 
aggregate deposits. To further assess the area’s potential to 
host such a deposit, British Columbia Ministry of Energy 
and Mines (MEM) personnel carried out detailed aerial 
photograph and field surveys.
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MEM personnel made observations at 46 field stations, 
using hand augers and shovels. In areas of tree blowdown, 
natural exposures in tree-root wads were also utilized to 
determine subsurface sediment types. To characterize the 
study area and subsurface sediments, various data were 
collected: topographic position; dominant tree, shrub, and 
herb species; exposure height; unit thickness; and sediment 
texture, structure, and paleoflow. Black and white 1:10 000 
and 1:40 000 scale aerial photographs were used through-
out the various stages of this study.

Other data collected and compiled for this study includ-
ed test-pit logs from the original test-pit program conducted 
by Atco Airports Ltd., subsurface borehole logs (Transport 
Canada 1998), and test-pit results from an investigation of 
Clarke Lake Bypass Road right-of-way (Thurber Engineer-
ing, unpublished). Following the methodology of Howes 
and Kenk (1997), detailed surficial geology mapping was 
completed using these data and 1:10 000 scale black and 
white aerial photographs.

A test-pitting program was initiated in December 2003 
to assess the aggregate potential of the area. Using a Kobel-
co 220LC tracked excavator, 2 to 5 metre deep pits were ex-
cavated at 18 sites on Fort Nelson airport property. At each 
pit, sediments were described in detail and classified using 
both the Wentworth scale and the Modified Unified Sys-
tem of Soil Classification. Granular material was sampled 
from select sites for various laboratory analyses. Following 
procedures set by Cunningham (1990), sieve analyses, deg-
radation tests (susceptibility of aggregates to mechanical 
breakdown), and sand equivalent tests (presence or absence 
of plastic fines) were completed on these samples. 

REsULTs AnD InTERPRETATIOn

Surficial geology

The results of surficial geology mapping are shown in 
Figure 3. Figure 4 summarizes test-pit log data and is clas-
sified as indicating either granular or non-granular material. 
Granular material of less than 1 metre thickness is mapped 
as non-granular. Granular sediments have grain sizes greater 
than and including fine sand (greater than 125 µm diameter, 
Wentworth scale).

The reader is referred to Howes and Kenk (1997) for 
detailed explanation of surficial geology map labels (Fig. 3). 
Due to the scale of mapping and the limited data, consider-
able variation in sediments may occur that is not reflected 
in the mapping. More confidence in interpretation is given 
to those polygons containing field data.

Four main types of deposits are found: fluvial (F), gla-
ciofluvial (FG), organic (O) and morainal (M). Secondary 

types include colluvium (C) and anthropogenic (A) depos-
its. Given the long land use history of the study area, many 
additional areas could be labelled as anthropogenic.

The valley-bottom physiographic area (inset, Fig. 3) 
includes active fluvial plains that contain flood channels, 
levees, and scroll bars. The Muskwa River is boxed be-
tween valley walls, causing the meander loops to appear 
boxed-shaped rather than gently looped-shaped in plan 
view. The area was visited during high water, when dramat-
ic rates of bank erosion were observed. Surface sediments 
within the fluvial plain are dominantly silt and sand. The 
Muskwa River is transporting and depositing gravel today 
and likely did so in the past. Thus, gravel deposited from 
previous paths of the Muskwa River channel generally oc-
curs beneath these finer-grained deposits. Buried gravels 
were locally observed along the modern cut banks of the 
Muskwa River.

The valley-side physiographic area (inset, Fig. 3) in-
cludes abandoned river terrace flats and terrace risers of 
the Muskwa River. These landforms were created during 
Muskwa River incision. The slopes of terrace risers vary 
considerably. Terrace flats vary in width from approxi-
mately 25 to 150 m. Gravel was observed at the bases of 
blown-down trees in the southwestern-most terrace flat, 
which indicates that when the Muskwa River was at this 
elevation it was transporting gravel. Elsewhere on the same 
terrace flat, two small swamps (Op) were observed in aerial 
photographs, suggesting that the sediments immediately 
underlying these swamps are fine-grained. It is unknown 
whether these fine-grained sediments are underlain by 
coarse-grained sediments. Fluvial terraces in the middle and 
northwest portion of the study area that are at a somewhat 
similar elevation may contain gravel and/or sand.

The terrace that is crossed by the Clarke Lake Bypass 
is composed of very fine-grained surficial sediments, likely 
overbank fines from the ancient Muskwa River. Swamps 
(Op) on this terrace further suggest that most of the feature 
is surfaced by fine-grained sediments. The slope above this 
terrace flat is composed dominantly of morainal material 
(till). Some of this material appears to have been reworked 
by mass wasting processes.

The plain physiographic area is an area of very low 
relief and contains glaciofluvial (FG), organic (O), till (M), 
and anthropogenic (A) sediments. Deposits of glaciofluvial 
sediments are discontinuous and occur as elongate deposits 
rather than as continuous sheets. Portions of these deposits 
also have gentle elongate hill morphology, with hill crests 
aligned southwest-northeast. These observations suggest 
that these sediments were deposited by water flowing in 
conduits within glacial ice.

Glaciofluvial deposits are surrounded by organic sedi-
ments (bogs). Presumably these organic deposits are under-
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lain by till or thin beds of sand and gravel overlying till. Till 
is at the surface in the northeast portion of the study area; it 
is relatively clast rich and massive, with a silty clay matrix. 
Elsewhere till was observed to underlie glaciofluvial sedi-
ments (MEM test pits 3, 5, 8, 9, 11, 13, 15, 23, 53, 56, 57). 
Anthropogenic deposits are more common than indicated 
in Figures 3 and 4. Deposits of this type include piles of 
overburden, granular material, and buried garbage.

DIsCUssIOn On GRAnULAR DEPOsITs 

Test pits were concentrated in the plain physiographic 
area because this area (i) has known gravel deposits and (ii) 
has numerous roads that provide relatively easy access for 
an excavator.

A total of 18 test pits were completed over 3 days (Fig. 
4, Table 1). Seven samples were collected for analysis: 
gradation, degradation, and sand equivalent tests (Cunning-
ham 1990). Based on test-pit data and lab analyses, three 
areas have been identified that may be of interest for mining 
granular material: Area 1 includes MEM test pits 11 and 12; 
Area 2 includes MEM test pits 20, 54 and 56; and Area 3 
includes test pits 32 and 57 (Fig. 4).

Area 1

Test pits 11 and 12 in Area 1 lie above and northeast 
of an old pit face approximately 3 m high and  100 m long 
with a southeast aspect. Adjacent and southeast of this old 
pit face is evidence of an old clearing that was likely the site 
of previous aggregate mining. Area 1 had thicknesses of 
2.6 m, more than 2.1 m, and 0.5 m of horizontally stratified 
gravel in test pits 11, 12, and 53, respectively (Table 1).

Results from degradation and sand equivalent tests 
indicate that material from test pit 11 meets Ministry of 
Transportation (MOT) specifications for all granular ma-
terials. Based on 4 gradation curves, the granular material 
in Area 1 is best suited for use as select granular sub-base 
(SGSB; Ministry of Transportation 2000). Due to distur-
bances related to land use history, it is difficult to estimate 
the volume of granular material in Area 1 (Fig. 4).

Area 2

This area is an elongate ridge of approximately 2 m 
relief, trending southwest-northeast and including test pits 
20, 54, and 56. Test pit 20 contained more than 4.4 m of 
cross-bedded sandy gravel, test pit 54 contained 2.0 m of 
sandy gravel overlying 0.5 m sand and silt, and test pit 56 
contained 1.3 m of sandy, pebbly gravel overlying till (Ta-
ble 1). This landform is possibly an esker as (i) it has an 
elongate, hill morphology, (ii) it is composed of granular 

material, some of which is cross-bedded (approximately 
30° dip), and (iii) it is located on the plain. Alternatively the 
ridge could be a fluvial bar related to high-elevation deposi-
tion from the Muskwa River during deglaciation. A number 
of pine trees, indicating a relatively dry site, occur at test pit 
20. This is also the pit with the thickest gravels in the study 
area. The water table was not encountered. 

Results from degradation and sand equivalent tests in-
dicate that gravel from test pit 11 meets MOT specifications 
for all granular materials and appears best suited for use as 
SGSB. This classification is based on only two gradation 
curves, not the mean of four as required by provincial gov-
ernment standard (Ministry of Transportation 2000). Frac-
ture count data (i.e., the number of fractured or naturally 
occurring angular clasts in specific grain-size fractions) is 
not required for classifying SGSB material as this material 
can be produced by direct excavation (i.e., pit-run). How-
ever, other MOT granular material classifications, such as 
high-fines granular surfacing aggregate (HFGSA) or 25 
mm well-graded coarse base aggregate (WGCBA), require 
minimum 50% fracture count after processing. Fracture 
count tests were not conducted on Area 2 samples; it is 
therefore not known whether Area 2 sediments would meet 
the minimum fracture count requirement for these other 
granular material classifications.

A preliminary granular material volume estimate of 
20 000 m3 has been calculated. This volume was derived 
using the average thickness of gravels in the three test pits 
(2.3 m) and a conservative area estimate.

Area 3

Test pits 32 and 57 are located on a broad elongate 
ridge trending southwest-northeast. Sediments in test pit 
32 and 57 are composed of more than 4.6 m and 2.0 m 
of cross-bedded fine sand, respectively (Table 1). As there 
was no gravel in these pits, degradation and sand equivalent 
tests were not completed. Based on one gradation curve, the 
granular material in Area 3 is not suitable for SGSB. Further 
testing and additional gradation results may therefore prove 
Area 3 sediments appropriate for use as SGSB material.

A highly preliminary granular material volume esti-
mate of 50 000 m3 has been calculated using a conservative 
area estimate and the average thickness (3.3 m) of granular 
material in two test pits.

EVALUATIOn OF MAPPInG 

Based on test-pit information, only minor changes 
were required to the surficial geology mapping. Many loca-
tions in the plain physiographic area were disturbed, indi-
cating that anthropogenic activity was more common than 
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is indicated in Figures 3 and 4. Historical activity included 
aggregate mining, as indicated above.

 COnCLUsIOns 

The Fort Nelson airport area is host to sediments 
deposited during and following the last glaciation. These 
sediments are of morainal, glaciofluvial, fluvial, organic, 
and anthropogenic origin. Reconnaissance test-pit results 
suggest that three areas on the Fort Nelson airport property 
have potential to host aggregate deposits. Detailed air pho-
tograph mapping, ground surveys, and a high density test-
pit program are required to further assess the quality and 
volume of granular material present in these areas. As well, 
there may be other areas within the Fort Nelson airport area 
that warrant further aggregate potential investigations; for 
example, the area north of Area 3 and fluvial terrace flats on 
the valley side.

TAbLE 1.  sUMMARY  OF MInIsTRY OF EnERGY AnD MInEs TEsT PIT DATA
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InTRODUCTIOn

Rapidly expanding oil and gas development in north-
east British Columbia has resulted in a dramatic increase in 
the need for new geoscientific data in the region. In the field 
of Quaternary geology, there are two main applications of 
these data: 1) the identification of aggregate resources for 
petroleum development roads, and 2) the provision of a 
stratigraphic framework for the “Quaternary gas” explora-
tion play. A third application of Quaternary geology studies 
in the region relates to the evaluation of diamond potential. 
This latter component was included in this study because 
of the increasingly important significance of diamonds in 
the mineral exploration sector in northern Canada and be-
cause of the associated potential for development of new 
economic activity in the region. 

Quaternary geology studies were initiated in north-
easternmost British Columbia (Figure 1) by the Ministry 
of Energy and Mines in 2002, primarily in response to the 
critical need for aggregate (sand and gravel) in the region. 
Access roads to new and rapidly developing gas fields re-
quire substantial volumes of aggregate for road construc-
tion, improvement, and maintenance. Current infrastructure 
developments in the region include a major upgrade of the 
Sierra-Yoyo-Desan (SYD) Road, the construction of a by-
pass route to the Clarke Lake Road, and a number of new 
petroleum development road proposals. The Quaternary 
geology mapping program is also intended to support fu-
ture exploration and development within northeast British 
Columbia, including construction of the proposed Northern 
Link Road (between SYD and Rainbow Lake, Alberta, Fig-
ure 1).

Objectives

The main objectives of this study are to 
•	 conduct regional geological inventories of aggregate 

resources in the vicinity of existing and planned re-
source roads in northeast British Columbia; 

•	 conduct site-specific investigations to define sand and 
gravel reserves along the SYD Road, the Clarke Lake 
Bypass, and new petroleum development roads; 

•	 investigate the natural gas reservoir potential of Qua-
ternary/Tertiary paleovalleys; and

•	 conduct reconnaissance-scale investigations of dia-
mond potential in the region.

Previous Studies

Few Quaternary geology studies have been conducted 
previously in the region northeast of Fort Nelson. They have 
mainly included a regional investigation of ice retreat dur-
ing the last glaciation (Mathews, 1980) and an unpublished 
airphoto interpretation study of terrain features and poten-
tial aggregate deposits by Mollard (1984a,b). The soils of 
the Fort Nelson area were mapped by Valentine (1971). The 
bedrock geology of northeasternmost British Columbia was 
mapped by Thompson (1977) and Stott (1982). 

Study area

The study area occurs within the boreal plains region of 
northeast British Columbia and includes the area between 
the Alberta border and the Alaska highway, extending north 
from Fort St. John to the Northwest Territories. The main 
areas of focus for the 2003 field season (Figure 1) were the 
Fontas River and Petitot River map areas (NTS 94 I and P, 
respectively) and the eastern half of the Fort Nelson map 
area (NTS 94 J). Results of some of the work conducted in 
the Fort Nelson area are provided elsewhere in this volume 
(see paper by Johnsen et al.) 
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Low-relief topography and clay-rich soils dominate 
the study region, resulting in poor drainage and a shallow 
water table in most areas. Lakes, marshes, fens, and peat 
bogs with scattered black spruce are common. Areas that 
are elevated, even slightly, above the regional water table 
are largely forested, with the dominant tree species being 
aspen, pine, and white spruce. 

PLEIsTOCEnE GEOLOGY

During the Pleistocene, glaciers advanced westward up the 
regional slope into northeast British Columbia and dammed 
rivers draining eastward off the Rocky Mountains. This re-
sulted in the widespread deposition of glacial lake sedi-
ments over pre-existing Quaternary deposits and hence the 
dominance of clay-rich soils. In addition, the local bedrock 
is dominated by shales and other fine-textured rocks and, 
consequently, the derived glacial sediments are rich in clay. 

Figure 1. Location map of study area. Numbered sites are discussed in the text.Figure 1. Location map of study area. Numbered sites are discussed in the text.

These fine-grained Pleistocene deposits are common at the 
surface and are one reason why shallow aggregate deposits 
are relatively rare in the region. 

The dominant surficial materials in the study area are 
organic deposits and clay tills. Elevated areas that support 
a tree cover are invariably underlain by morainal deposits, 
whereas organic materials and glaciolacustrine sediments 
dominate lower, more poorly drained areas. Morainal 
landforms include low-relief till plains, rolling moraines, 
crevasse-fill ridges, flute ridges, recessional moraines, and 
interlobate moraines. Glaciofluvial landforms are relatively 
uncommon and include eskers, kames, fans, deltas, and 
terraces. The latter occur mainly within the Kimea Creek-
Petitot River meltwater channel system. 

During deglaciation, numerous meltwater channels 
were incised by streams generally flowing westward from 
the retreating Laurentide ice sheet. Sands and gravels were 
locally deposited in association with meltwater channels, 

Figure 1. Location map of study area. Numbered sites are discussed in the text.
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but many appear to be entirely erosional and may have 
formed subglacially. Some recently discovered aggregate 
deposits underlying stony diamicton along channel flanks 
are interpreted to be subglacial channel deposits overlain 
by meltout till (Figure 2). Although large surficial deposits 
of aggregate are rare, one exceptionally large glaciofluvial 
fan-delta (Figure 3; see Site 1, Figure 1 for location) was 
discovered on the east side of the Fontas River map area 
(NTS 94 I). This feature covers an area of approximately 
100 km2 and is likely the single largest sand and gravel 
deposit in northeast British Columbia. An indication of 
the enormous size of the fan is that it was first noticed on 
a satellite image. A measured section in the fan showed 7 
m of well-rounded, quartzite-rich gravels overlain by 5 m 
of well-sorted sands. The thick sand cap has been largely 
removed in many areas by erosion of the Hay River, which 
dissects the fan. The best target areas for coarse aggregate 
are thus along lower terraces of the river where it cuts the 
fan. These sands and gravels overlie approximately 5 m of 
clay-rich diamicton interpreted to be basal till.

Dating of Pleistocene sediments in the area has been 
facilitated by the discovery of an interglacial peat underly-
ing a thin till and oxidized sandy unit in the Spruce Road 

Figure 2.  Sands and gravels in the Nogah Road area, interpreted to be subglacial channel deposits, underlying thin, stony, 
meltout till. The gravels overlie thick, clay-rich, basal till at most locations.
Figure 2.  Sands and gravels in the Nogah Road area, interpreted to be subglacial channel deposits, underlying thin, stony, 
meltout till. The gravels overlie thick, clay-rich, basal till at most locations.

area (Site 2, Figure 1). The peat contains abundant plant 
matter, including many wood fragments, as well as numer-
ous pelecypod and gastropod fossils. Radiocarbon analyses 
on two wood pieces yielded dates of more than 38 690 ra-
diocarbon years before present (BP) (Beta 183832) and 
more than 40 590 radiocarbon years BP (Beta 183831). 
Another fragment of wood recovered from gravels strati-
graphically underlying till in the Elleh Creek area (Site 3, 
Figure 1) was dated at 24 400±150 radiocarbon years BP 
(Beta 183598). Collectively, these dates and the associated 
stratigraphy provide new constraints on the Pleistocene his-
tory of the region and indicate that ice-free conditions prob-
ably existed from before 40 ka until after about 24 ka BP.

AGGREGATE sTUDIEs

Aggregate resources in northeast British Columbia are 
relatively rare outside of major river valleys. Existing de-
posits in many areas of active petroleum road development 
have been largely depleted (Thurber Engineering, 2001, 
2002) while demand is increasing. The region northeast of 
Fort Nelson is an area of  particularly active exploration and 

Figure 3.  Large glaciofluvial fan-delta exposed along the Hay River.  The orange polygon 
approximately delineates the extent of this fan.  Inset photographs were taken at a section 
on Hay river where this fan-delta has been incised.  Note person for scale.

Figure 3.  Large glaciofluvial fan-delta exposed along the Hay River.  The orange polygon 
approximately delineates the extent of this fan.  Inset photographs were taken at a section 
on Hay river where this fan-delta has been incised.  Note person for scale.
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Figure 3.  Large glaciofluvial fan-delta exposed along the Hay River. The orange polygon approximately delineates the extent of 
this fan. Inset photographs were taken at a section on Hay River where this fan-delta has been incised. note person for scale.
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development. For example, EnCana Corporation has de-
scribed plans to drill about 100 new wells per year for the 
next several years on the Greater Sierra gas field, which is 
nearly 300 km long (Daily Oil Bulletin, June 2002). Road 
improvements in this area would reduce the requirement to 
impose road bans in the spring, allowing for an extended 
drilling season. The chronic shortage of aggregate has re-
sulted in high prices and even the need for shipping of 
gravel into the region by train from Fort St. John. 

To meet this need, a program was initiated as part of 
the British Columbia Oil and Gas Development Strategy 
(OGDS) to systematically explore for new, local aggregate 
sources in northeast British Columbia. The program in-
cludes both regional and site-specific aggregate evaluations. 
The identification of regional sand and gravel resources will 
provide the necessary information for developing a long-
term strategy to ensure that roads in the region are capable 
of supporting the future demands of industry. Improved 
access and transportation cost savings to resource compa-
nies will also enhance viability of projects and encourage 
exploration investment, leading to new discoveries. The 
identification and evaluation of site-specific reserves will 
ensure an aggregate supply not only of adequate volume, 
but also of good quality. Sampling and laboratory testing 
will identify the areas of best aggregate quality for the vari-
ous types of road improvement.

A key component of the OGDS is a comprehensive 
road infrastructure plan aimed at promoting better access 
to resources through improved infrastructure. The comple-
tion of road improvements, such as the upgrade of the SYD 
Road and construction of the Clarke Lake Bypass Road in 
the Fort Nelson area, is expected to promote longer drilling 
seasons, accelerate exploration and production programs, 
and increase industry and provincial revenues. 

It has been estimated that the current upgrade of the 
SYD Road will require two million cubic metres of ag-
gregate for the initial road infrastructure improvement pro-
gram. However, a study completed by Thurber Engineering 
(2002) indicated that existing aggregate resources along the 
SYD Road were largely depleted. Four of the ten reserves 
investigated were completely depleted, and only three had 
more than 100 thousand m3 of aggregate remaining. To 
meet this need, a program was initiated to systematically 
explore for new, local aggregate sources in the region.

Initial aggregate evaluations in the fall of 2002 focused 
on an airphoto study and brief field investigation of the 
SYD corridor (Blyth et al., 2003). From this preliminary 
work, fourteen sites with aggregate potential were identi-
fied, including sites in the Kimea Creek (Figure 4), Hoffard 
Creek, Courvoisier Creek, Komie Road (Figure 5), Kotcho 
East (Figure 6), and Sahdoanah Creek areas (Sites 4 to 9, 
respectively, Figure 1).

As a follow-up to the airphoto study, ground inves-
tigations were conducted in the winter of 2003 at 9 sites 

(Dewar and Polysou, 2003a). A total of 458 test pits were 
excavated, and granular materials were encountered in 235 
of these pits at 8 of the sites. Two additional areas, where 
bedrock was inferred to be shallow, were also investigated. 
Bedrock was encountered in all 15 test pits at the sites, 
although the quality of the rock appeared to be suitable 
only for general borrow material. Detailed investigations 
conducted at 4 sites included field sampling and laboratory 
testing (124 sieve analyses, 10 sand equivalent tests, and 
10 degradation tests). Sieve tests were completed on an ad-
ditional 47 samples from 3 other sites. The results of the 
sampling program and laboratory analyses are provided by 
Dewar and Polysou (2003b, c, d, e). 

The 4 areas investigated in detail are referred to here 
as the Kimea, Kotcho East, Komie North, and Elleh sites. 
These sites have a total inferred resource of approximately 
5 000 000 m3 of granular material: Komie North (more 
than 300 000 m3), Kimea (more than 3 000 000 m3), Ko-
tcho East (approximately 450 000 m3) and Elleh (more 
than 1 000 000 m3). The Kimea deposit is one of several 
prospective glaciofluvial terraces (Figure 4) within a large 
meltwater channel system extending along parts of Kimea 
Creek and Petitot River. The Komie North deposit is inter-
preted to be an ice-contact delta (Figure 5). The origin of 
the Kotcho East deposit (Figure 6) is enigmatic because it 
is entirely buried and has virtually no surface expression. 
It may be a raised delta or part of a proximal glaciofluvial 
stream deposit. The Elleh deposit is interpreted to consist 
mainly of advance-phase glaciofluvial deposits but also lo-
cally includes interglacial sands and gravels deeper in the 
deposit, where the 24 ka BP radiocarbon age was obtained. 
Late-glacial (retreat-phase) gravels, which stratigraphically 
overlie till, also occur in the area at the surface. 

Electromagnetic Surveys

Subdued topography, extensive muskeg, and a general 
scarcity of glaciofluvial landforms make the use of tradi-
tional aggregate mapping techniques, such as aerial pho-
tograph interpretation, relatively ineffective for locating 
new deposits in many parts of the study area. In addition, 
sand and gravel deposits in the area are commonly blan-
keted by glaciolacustrine and glacial sediments. As a result, 
new subsurface investigations and geophysical techniques 
are being tested and used to identify these buried aggre-
gate deposits. Data sources include down-hole geophysical 
logs, water-well logs, seismic shot hole data, and conductor 
pipe logs. Airborne aeromagnetic surveys, high-resolution 
electromagnetic (EM) surveys, light detection and ranging 
(LIDAR), and other remote sensing techniques are also be-
ing used in exploring for buried aggregate deposits. In this 
section we briefly report on the results of a high-resolution 
airborne EM survey  of a buried gravel deposit in the Ko-
tcho East area (NTS map area 93I/15). 
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Figure 4.  Exposure of glaciofluvial terrace gravels in the Kimea Creek area. The deposit is within a large meltwater channel 
system extending along the Kimea Creek and Petitot River valleys.  Note shovel in foreground for scale.

The survey was centred on a deposit originally discov-
ered during a follow-up field investigation of buried gravels 
reported from seismic shot hole logs. Excavations in the 
vicinity of the reported occurrence show gravels underlying 
silt-rich sediments (Figure 6). The buried sands and gravels 
were encountered in 10 test pits in an elongated southwest-
trending area, oblique to present surface stream channels. 
The sands and gravels occur along a gentle southeasterly 
slope with no obvious geomorphic indications of their pres-
ence. They are overlain by silts and clays generally 1 to 2 
m thick but locally up to 5 m thick. These sediments are 
interpreted to be glaciolacustrine in origin. In the inferred 
core of the paleochannel, the sands and gravels are at least 
5 m thick, and in 6 of the test holes the base of the chan-
nel was not encountered. Surprisingly, the water table was 
encountered in only one test hole at the southeasternmost 
edge of the deposit. 

An airborne EM survey was conducted over this area 
to evaluate the utility of the method for mapping shallow 
gravel deposits, to attempt to trace the extent of the Ko-
tcho East gravel deposit beyond the field-tested boundar-

ies, and to identify any new gravel targets in the region. To 
accomplish these goals, a detailed survey with 100 m line 
spacing was flown over the Kotcho deposit and 200 m line 
spacing was flown over a larger area (about 25 km2) around 
the known deposit. The survey employed the helicopter 
RESOLVE multicoil multifrequency EM system supple-
mented by two high-sensitivity cesium magnetometers and 
a GPS electronic navigation system. The EM system was 
located in a bird flown at an average height of 39 m above 
the ground. Apparent resistivity maps were produced from 
the 400, 1500, 6400, 25 000, and 115 000 Hz data. 

Results (Figure 7) show that three main areas of high 
resistivity were identified in the survey on the high-fre-
quency data, which best reflects the shallow geology. The 
northernmost area coincided remarkably well with the area 
of shallow buried gravels as mapped out by the field inves-
tigations. The southern two areas are much larger and will 
be the focus of future ground investigations. Preliminary 
testing indicates that these other areas of high resistivity 
are also sand and gravel deposits. The results of this work 
strongly indicate that high-resolution EM surveys can be an 
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Figure 5.  Planar cross-bedded gravels exposed in the Komie North deposit, interpreted to be deltaic forset gravels.

effective tool for mapping buried sand and gravel deposits 
in the study region. A more detailed discussion of the re-
sults of this survey is provided elsewhere in this volume 
(see paper by Best et al.).

PALEOCHAnnEL MAPPInG

Reconstructions of the three-dimensional architecture 
of thick Quaternary sequences in northeast British Colum-
bia and northwest Alberta have recently become of interest 
for several reasons. First, natural gas exploration compa-
nies have been investigating shallow gas targets in the re-
gion (see below). Secondly, rapidly expanding oil and gas 
infrastructure has depleted local surface aggregate supplies 
and created a critical need for identification of subsurface 
gravel deposits. Thirdly, shallow groundwater aquifers are 
used for agricultural purposes, as drinking water sources, 
and as possible discharge sites for waters extracted during 
coalbed methane operations. In addition, shallow aquifers 
are susceptible to contamination as development expands 
in the region. All of these applications have resulted in the 

Figure 5.  Planar cross-bedded gravels exposed in the komie North deposit, interpreted to be deltaic forset gravels. Figure 5.  Planar cross-bedded gravels exposed in the komie North deposit, interpreted to be deltaic forset gravels. 

need for an improved understanding of the Quaternary stra-
tigraphy of the region. The main geological characteristic of 
shared importance to all these applications is the presence 
of relatively large bodies of granular sediment in a variety 
of paleochannel settings in the subsurface. 

The depth and geometry of sand and gravel sequences 
of either glaciofluvial or interglacial origin in these paleo-
valleys is key to aquifer mapping and aggregate studies. 
Large, laterally continuous units can form significant aqui-
fers at nearly any depth within the buried valleys; however, 
sand and gravel units must occur relatively close to surface 
and have a thin overburden to be of economic significance 
as aggregate resources. The greatest potential for shallow 
gravels is in smaller paleochannels that were tributary to 
the larger paleovalleys. Mapping these channel deposits is 
relatively difficult and often requires higher-resolution geo-
physics or dense borehole data. 

Preliminary reconstruction of the bedrock topogra-
phy—the first step in identification and mapping of pa-
leochannels―has been completed using water-well logs 
and oil and gas well records (e.g., Figure 8). More detailed 
mapping of these buried features is being accomplished in 
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Figure 6.  Test pit exposure of sands and gravels in the Kotcho East deposit buried by surficial silts.  Test pit is approximately 
1.5 m wide.

some areas by interpretation of geophysical data, including 
high-resolution aeromagnetics, resistivity surveys, seismic 
profiling, and ground-penetrating radar. 

qUATERnARY/TERTIARY GAs

Interest in Quaternary gas was highlighted in the study 
region by development of the Sousa Quaternary gas field 
near High Level, Alberta. That field has successfully been 
producing gas since 1998 from paleochannel sediments 
underlying late Quaternary glacial deposits. The sands 
and gravels that form the reservoir are believed to be of 
early Quaternary age, although a Late Tertiary age is also 
possible. The cap for the gas is thick clay-rich glacial tills 
and glaciolacustrine sediments. Numerous wells have been 

Figure 6.  Test pit exposure of sands and gravels in the Kotcho East deposit buried by surficial silts.  Test pit is approximately 1.5 m 
wide.
Figure 6.  Test pit exposure of sands and gravels in the Kotcho East deposit buried by surficial silts.  Test pit is approximately 1.5 m 
wide.

drilled into Quaternary sediments and completed at depths 
of less than 300 m. One field in Alberta has yielded more 
than 4 billion cubic feet (bcf) of gas, with one well produc-
ing up to 4.4 million cubic feet per day (mmcf/d) (Canadian 
Discovery Digest, 2000). 
Northeast British Columbia has a similar geological and 
glacial history to that of northwest Alberta, where these 
producing shallow gas fields have been developed, and, as 
such, the region has similar potential to host Quaternary gas. 
In order to identify potential paleochannel areas, the British 
Columbia Ministry of Energy and Mines is currently map-
ping the regional bedrock topography of NTS map areas 94 I 
(Figure 9) and 94 P. To date, about 1000 wireline-geophysi-
cal logs have been used to map the surface of the bedrock 
(Upper Cretaceous Dunvegan Formation conglomerates, 
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Figure 7.  Results of an electromagnetic survey in the kotcho East area. An area of high resistivity (in the north) corresponds 
closely with a known sand and gravel deposit (as determined by field investigations shown in the inset). Preliminary testing 
indicates that the large areas of high resistivity in the south are also sand and gravel deposits.

sandstones, and shales and Lower Cretaceous Fort St. John 
Group shales and sandstones). Where possible, lithologic 
and sedimentologic descriptions in nearby conductor pipe 
and water-well logs have been used to verify bedrock picks 
(Figure 8). Drift thickness in these map sheets varies from 
a few metres to as much as 280 m. Bedrock valleys and 
areas with granular material overlying bedrock indicate the 
presence of Late Tertiary to Pleistocene paleochannels that 
could be suitable targets for gas exploration.

Quaternary/Tertiary gas occurrences appear to be 
mainly in areas distant from deeply incised, large modern 
valleys. The reservoir sediments are buried by thick se-
quences of Middle to Late Pleistocene deposits of relatively 

Figure 7.  results of an electromagnetic survey in the kotcho east area. An area of high resistivity (in the north) corresponds closely 
with a known sand and gravel deposit (as determined by field investigations shown in the inset). Preliminary testing indicates that 
the large areas of high resistivity in the south are also sand and gravel deposits. 

Figure 7.  results of an electromagnetic survey in the kotcho east area. An area of high resistivity (in the north) corresponds closely 
with a known sand and gravel deposit (as determined by field investigations shown in the inset). Preliminary testing indicates that 
the large areas of high resistivity in the south are also sand and gravel deposits. 

low permeability. The westward advance of Laurentide gla-
ciers up the regional slope in successive Quaternary glacia-
tions effectively dammed eastward-draining rivers and de-
posited thick sequences of glaciolacustrine sediments and 
clay tills derived from local Mesozoic shales. Large paleo-
valleys in the Fort St. John area are up to a few hundred 
metres deep and a few kilometres wide and make signifi-
cant exploration targets. Preliminary mapping indicates that 
a number of smaller buried paleovalleys in the Fontas River 
and Petitot River map areas are likely present (Figure 1). 
The proximity of these paleovalleys to producing Quater-
nary gas fields in Alberta as well as the similar geological 
setting suggest that this region has similar potential for new 
gas discoveries.
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Figure 8.  Examples of water-well logs and nearby oil and gas well geophysical logs used in the identification and mapping of 
Quaternary stratigraphy, subsurface aggregates, bedrock topography, and paleochannels.

Figure 9.  Preliminary reconstruction of the bedrock topography (lower panel) and surface relief (upper panel) of NTS map 
area 94 I based on data from about 400 wireline-geophysical logs. View is towards the southwest. Depth to bedrock varies from 
a few metres to as much as 280 m.  Buried bedrock valleys are interpreted as Late Tertiary to Pleistocene paleochannels that are 
possible targets for gas exploration
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DIAMOnD POTEnTIAL

A secondary component of recent Quaternary geo-
science studies in northeast British Columbia involves the 
evaluation of the regional diamond potential. Sedimentary 
rocks in the area are underlain by Precambrian basement 
with possible Slave craton equivalents, but the diamond po-
tential of the region is largely unknown. As part of the 2003 
Quaternary geology program, reconnaissance sampling of 
glaciofluvial deposits was conducted. Glaciofluvial sedi-
ments were selected as a sampling medium because of their 
potential to reflect relatively large drainage areas compared 
to modern fluvial deposits. Bulk samples were collected and 
concentrates were produced in the laboratory using heavy 
liquids. Kimberlite indicator minerals have been detected at 
a number of sites. Microprobe analyses are in progress to 
evaluate possible sources for the indicator minerals.  

COnCLUsIOns

Recent Quaternary geology investigations in the boreal 
plains in northeasternmost British Columbia have been ini-
tiated in response to the need for more information on the 
surficial geology of the region. The main demand has come 
from a rapidly expanding oil and gas road infrastructure 
and an accompanying critical need for the identification of 
aggregate deposits. Gravels close to surface with minimal 
overburden are preferred, but such deposits are relatively 
rare in northeast British Columbia. In addition, techniques 
commonly used for identifying gravel deposits, such as 
geomorphological mapping, are relatively ineffective in 
the region due to the widespread forest cover and subdued 
topography. Additionally, ground-based exploration tech-
niques are too costly and time-consuming for covering vast 
areas of investigation such as the plains region of northeast 
British Columbia. As a consequence, Quaternary mapping 
programs in the region have focused on the collection of 
subsurface borehole and geophysical data as well as air-
borne aeromagnetic, high-resolution electromagnetic, and 
LIDAR survey data. 

The result of this work has led to the discovery of 
several new aggregate occurrences in the region. To date, 
4 main aggregate deposits have been investigated in detail 
within the study area, with a total resource of approximately 
5 million m3 of granular material. One of these deposits was 
completely buried and could not be detected by traditional 
airphoto mapping techniques. It was initially discovered 
from seismic shot hole data and was subsequently mapped 
using an airborne high-resolution electromagnetic survey. 
Several other occurrences have been investigated to various 
levels of detail. One of the most significant of these in terms 
of size is a large fan-delta in the Hay River that covers an 
area of approximately 100 km2 and contains a maximum 
known thickness of 22 m of sand and gravel. 

Mapping of buried channels in northeast British Co-
lumbia has recently become of interest because of the dis-
covery of natural gas in Quaternary paleochannel sediments 
in northwest Alberta. Sands and gravels of probable Early 
Quaternary or Late Tertiary age form the reservoirs, which 
are capped by thick Pleistocene glaciolacustrine deposits 
and clay-rich tills that act as cap ‘rocks’. Preliminary bed-
rock topography mapping in the study area suggests that 
paleochannels with gas potential are present. Finally, the 
discovery of kimberlite indicator minerals at several sites in 
the study area suggests that northeast British Columbia has 
diamond potential and that further diamond exploration in 
the region is warranted. 
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THE COALbED METHAnE REsOURCE OF sOME PROsPECTIVE AREAs 
OF THE CROWsnEsT COALFIELD
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InTRODUCTIOn

The majority of literature refers to the extraction of 
coalbed methane (CBM) from coal. This is not scientifically 
correct as the gas extracted from coal is a mixture of meth-
ane, carbon dioxide, and other gases. The British Columbia 
government is adopting the term coalbed gas (CBG). The 
abbreviations CBM and CBG both refer to the commercial 
gas extracted from coal at depth. To avoid confusion with 
existing scientific literature, this paper uses the term CBM.

The Crowsnest coalfield is located between the Elk 
River and Michel Creek drainages and covers a total area of 
about 600 km2. A major pipeline, which trends north-south 
through the coalfield (Figure 1), connects the Alberta gas 
fields with the US market. This pipeline has been expanded 
from the original 36-inch Trans Canada pipeline and is 
now twinned with a 48-inch Foothills pipeline following 
the same right-of-way. An 8-inch pipeline, which branches 
off the main line in the northeast corner of the coalfield, 
serves the towns of Sparwood and Elkford and some of the 
mines. A second 8-inch pipeline branches off at Morrissey 
and serves the town of Fernie. Title to the gas rights in the 
coalfield is in part with the crown and in part unassigned 
at this time. This paper summarizes existing mapping data, 
coal quality, and coal resource data. It also attempts to 
delineate the resource potential of areas where the crown 
has clear title; this means disregarding areas where various 
companies have at least freehold coal rights.

The Crowsnest coalfield has been mapped by a number 
of geologists. One of the earliest was Newmarch (1953), 
who provided a preliminary map of the coalfield and de-
tailed geology of the Coal Creek area, which was compiled 
at a time when the mines in the creek were still operating. 
Price (1961) produced a regional map of the Crowsnest 
coalfield, which also provides strike and dip information. 
The area was mapped using orthophotos in the period 1977 
to 1981 by a number of personnel from the British Colum-
bia Ministry of Mines (Pearson et al., 1977; Pearson and 
Grieve, 1978, 1980). These maps outline seam trends and 
provide structural information. Recently, a compilation of 
the mapping and construction of geological sections was 
completed by Johnson and Smith (1991). Other recent stud-
ies such as Dawson et al. (1998) have used these maps and 
accompanying sections. Monahan (2002), as part of an as-

sessment of the oil and gas potential of the area, produced a 
revised map using existing mapping and well data. 

The map from Johnson and Smith is reproduced here 
(Figure 1) with additional information, which includes 
approximate delineation of various land blocks, areas in 
which the Mist Mountain Formation is at least in part at a 
depth of less than 1000 m, and fold axial plunge data trans-
ferred from Price (1961). In addition, geological sections 
from Johnson and Smith (1991) are reproduced with some 
additional sections to give a spacing of 5 km for sections 
through the coalfield (Figure 2). The 1000 m depth line is 
shown on the sections.

There are a number of publications that deal with coal 
quality and surface and underground coal resources of the 
coalfield. A summary paper (Pearson and Grieve, 1985) dis-
cusses coal quality. Coal rank in the coalfield varies from 
high-volatile bituminous to low-volatile bituminous, with 
higher rank coals in the southwest part of the basin. There 
is also evidence that rank increases down dip into the core 
of the major syncline that crosses Morrissey Creek 

Johnson and Smith (1991) were the first to estimate the 
CBM resource of the coalfield, and they calculated a value 
of 12 trillion cubic feet (Tcf). They used an average gas 
versus depth curve derived from data from the San Juan 
Basin. In 1990, a number of companies drilled stratigraphic 
test holes in the southern part of the coalfield (Dawson et 
al., 2000) (Figure 3). A best-fit curve to all desorption data 
(Figure 4) resulting from this drilling in the coalfield indi-
cates a lower total resource for the coalfield of 6.7 Tcf. 

To date, the only assessment that covers parts of the 
coalfield is that by Dawson et al. (1998), who assessed the 
CBM resource potential of the two Dominion Blocks (Block 
73 in the north and Block 82 in the south; Figure 1). These 
blocks have a total area of 202 km2 (Block 73, 20.2 km2; 
Block 82, 182.1 km2). Dawson et al. (1998) considered 
gas contents to vary from 10.9 to 20.1 cm3/g (350 to 650 
standard cubic feet per tonne [scf/t]). They estimated a total 
resource for the two blocks of 6.57 Tcf to a depth of 1000 
m.  The northern Block 73 having 0.65 Tcf (93% shallower 
than 1000 m) and Block 82 having 5.92 Tcf (62% shallower 
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Figure 1. Outline of the Crowsnest coalfield.  CBm resources of areas A, B, and C discussed in text.
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Figure 2. Schematic sections of Crowsnest coalfield.
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Figure 3. Location of stratigraphic test holes drilled in 1990; data from Dawson et al. (2000).

than 1000 m), providing a resource shallower than 1000 m 
of 4.28 Tcf. They used estimated gas contents of 16 and 
18 cm3/g applied to all seams (Table 1). The specific seam 
thickness and gas content values used by Dawson et al. 
(1998) seem to be high, based on available desorption data 
(Figure 4) and on cumulative coal thickness data for the 
Crowsnest coalfield as a whole (Table 2).

Dawson et al. (1998) used the seam designation ap-
plied to the northern part of the Crowsnest coalfield where 
the basal seam is number 10. Some papers (for example, 
Newmarch, 1953) designate the basal seam in the Crows-
nest coalfield as 1 Seam and count up section. People 
checking literature on coal in southeast BC should make 

sure they know the specific seam designation being used in 
each paper. 

sTRATIGRAPHY

Any estimation of the depth to the Mist Mountain For-
mation requires at least some knowledge of the thickness 
of overlying formations and of the regional dips. In the 
Crowsnest coalfield, formations above the Mist Mountain 
include the Elk Formation and Blairmore Group  (Figure  
5),   which  includes   the  basal  Cadomin Formation and 
overlying lower and middle Blairmore rocks. Most authors 
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Figure 4. Desorption data for Crowsnest coalfield. Squares 
are for hole C12L, diamonds from mobile Chevron holes, 
and triangles from saskoil holes.

indicate that the Elk and Mist Mountain Formations thin to 
the east. Table 3 summarizes some of the thickness infor-
mation available in a number of papers.

Newmarch (1953) indicates that the Kootenay Group, 
which includes the Elk and Mist Mountain Formations, var-
ies in thickness along the western margin of the coalfield 
from 1097 m at Michel to 686 m at Hosmer and 625 m at 
Fernie. The Kootenay Group is described as 305 to 777 m 
thick (Crabb, 1957). It thins to the east in the Lewis Thrust 
block (Price 1964) and is 1076 m at Coal Creek, 488 m at 
Mt Taylor, and 396 m 12.1 km northeast from the mouth of 
Lodgepole Creek (Price, 1961).

The Mist Mountain Formation at Coal Creek is de-
scribed as 645 m thick (Gibsons, 1985) or 629 m thick 
(Newmarch, 1953). Gibsons (1985) states that it is up to 
625 m thick in southeast BC. Pearson and Grieve (1978) 
provide a number of Mist Mountain sections for the west-
ern and southern margins of the coalfield (Table 3) that 
range from 657 to 490 m in thickness. The overlying Elk 
Formation varies in thickness up to 488 m (Gibson, 1977; 
Jansa, 1972). 

The Cadomin Formation forms the base of the Blair-
more Group and ranges up to 170 m thick (White and 
Leckie, 2000). The formation is 137 to 168 m thick on the 
east side of the McEvoy syncline and 184 m thick at Coal 
Creek. The Blairmore group thins to the east and Crabb 
(1957) provides thicknesses of 700 m on the west and 300 
m on the east. Price (1961) quotes thicknesses of 365 to 
2000 m.

The Blairmore Group is overlain by the upper Creta-
ceous Crowsnest Formation (mainly alkaline volcanics), 
which is 40 to 100 m thick below the Lewis Thrust   but  
does  not   occur   within   the   thrust   sheet. 

Outcrops of the Upper Cretaceous Alberta Group survive 
in the Crowsnest coalfield only in the core of the McEvoy 
syncline, where it is up to 229 m thick.

Stratigraphic thickness data is essential for estimat-
ing depth to the prospective seams in the Mist Mountain 
Formation. However, thicknesses need to be adjusted to 
take account of bed dips. As mentioned, strike and dip data 
are available on a number of published maps and are not 
reproduced in Figure 1. A simple nomograph (Figure 6), in 
conjunction with Table 3, provides estimates of drill depth 
to seams in the Mist Mountain Formation.

Figure 5: Statigraphic table from Smith (1989).

Figure 6. nomograph of vertical thickness from dip and 
stratigraphic thickness.
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TAbLE 1.  DOMInIOn bLOCks CbM REsOURCE sUMMARY* 

*from Dawson et al. (1998).
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TAbLE 1. COnTInUED

TAbLE 2
CUMULATIVE COAL THICknEssEs FOR 

sECTIOns In THE CROWsnEsT COALFIELD.
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TAbLE 3
sUMMARY OF sTRATIGRAPHIC

THICknEssEs FOR JURA-CRETACEOUs UnITs.

COAL sECTIOns

There has been very limited exploration in the centre 
of the coalfield where the Mist Mountain Formation does 
not outcrop; consequently; most of the information on seam 
thickness and cumulative coal thickness in the Mist Moun-
tain Formation comes from mapping, exploration, and min-
ing along the western and southern margin of the coalfield. 
There are a number of partial coal sections described for 
the purpose of estimating mineable reserves. It is probable 
that in many cases these sections do not document all coal 
in the formation, so that cumulative coal thicknesses prob-
ably represent minimum values. Data (Table 2 and Figure 
7) indicate that cumulative coal thicknesses range from 40 
to 50 m on the west and from 30 to 40 m on the east. Seams 
generally decrease in thickness up section, and the third or 
second seam from the base is usually the thickest. 

COAL RAnk AnD MACERAL DATA

Coal rank varies from high-volatile bituminous to 
low-volatile bituminous, increasing down dip to the east 
and along strike to the south (Pearson and Grieve, 1985).  
There is also evidence that rank increases down dip into the 
core of the major syncline that crosses Morrissey Creek. If 
rank increases down dip into major synclines, then upward 
migration of biogenic methane may saturate up-dip lower-
rank coal within a seam, leaving the deeper, higher-rank 
parts of a seam undersaturated. Obviously production from 
a shallow saturated seam with lower gas content is more 
economic than production from a deeper undersaturated 
seam with higher gas content. Rank gradients (∆Rmax/100 
m) range from 0.01 to 0.12  (Figure 8). 
Adsorption characteristics of seams are controlled by en-
vironmental factors (depth and temperature) and physical 
properties such as rank and maceral content. Jura-Creta-
ceous coals in southeast BC differ from many coals now 
producing CBM in that they have high and variable con-
tents of organic inert macerals on a mineral-matter-free-ba-
sis (mmfb). These are grouped under the name inerts and 
include in part the macerals, fusinite, semifusinite, inerto-
detrinite, and macrinite. Various subvarieties of the vitrinite 
maceral make up the rest of the seam on a mineral-matter-
free basis. The inert macerals, when compared to the vitrin-
ite macerals, are characterized by lower adsorption ability, 
higher diffusivity and greater strength. The inert maceral 
content of seams (mmfb) varies and tends to increase down 
section with rank (Figure 9), though it is usually the second 
or third seam above the base of the section that contains the 
highest inert maceral content. There is also a tendency for 
the upper parts of seams to be vitrinite-rich. The lower parts 
of seams with higher inertinite content will have better dif-
fusivity and may be less sheared.
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Figure 7. Plot of seam thicknesses by seam number.

Figure 8. Rank gradients in the Crowsnest coalfield.
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Figure 9. Variation in inerts content (mmfb) with rank.

CbM REsOURCE AREA

Experience in moderately deformed coals indicates 
that, except in unusual structural environments, reasonable 
permeability (greater than 2 mD) does not extend below 
about 1000 m. Areas where at least the top of the Mist 
Mountain Formation is less than 1000 m from surface are 
outlined on the map derived from Johnson and Smith (Fig-
ure 1) and in the accompanying sections (Figure 2). 

The eastern margin of the Crowsnest coalfield is in 
part defined by the Erickson/Flathead normal fault system, 
which, by down-dropping the Kootenay Group on the west 
by 1000 to 3000 m, has preserved the coalfield. A simpli-
fied structural model of the coalfield is represented by two 
thrust blocks, each containing a north-trending syncline. 
The Sparwood syncline (Dawson et al., 1998) in the north 
and the McEvoy syncline in the south (Price, 1961) are 
the dominant structures in the block below the Lookout/
Dominion thrust and above the Erickson/Flathead normal 
fault. Above the Lookout/Dominion thrust, the tight Hos-
mer syncline (Dawson et al., 1998) is cut off by a thrust 
north of Hosmer. To the south the syncline opens up, has 
very flat limbs, and merges with the flat limb of the McE-
voy syncline. 

Within these two synclinal trends, there are obviously 
areas where seams are too shallow to contain gas. This 
depth depends on topography and groundwater flow pat-
terns. Ideally, groundwater flow should be down dip and 
away from seam outcrop. Generally, seams below 200 m 
and not intersected close to valley walls or above valley 
floor should contain gas; consequently, areas where Mist 
Mountain Formation seams are within 200 to 1000 m of 
surface are most prospective for CBM. There is insufficient 
structural control to accurately delineate the 200 m depth to 
the Mist Mountain Formation. As a conservative approxi-
mation, the formation is assumed to be at a depth greater 

than 200 m wherever it was overlain by the full thickness 
of the Elk Formation, which varies in thickness up to 488 m 
(Gibson, 1977). This line is easy to mark on Figure 1 and, 
with data from the sections (Figure 2), helps to delineate 
the area prospective for CBM. Figure 1 also locates the two 
Dominion Blocks (73 and 82) and areas where companies 
have freehold coal rights. Data are derived from standard 
1:50 000 topographic maps and Grieve and Kilby (1989). 

It appears that potential exists in three areas where the 
crown has gas rights. These areas are
a)  the headwaters of Bray and Martin Creeks. 
b)  Dominion Block 73.
c)  west of Dominion Block 82 and the southwest part of 

the block.

Area A

The main area where the BC government has the gas 
rights covers the headwaters of Bray and Martin Creeks, 
north of Coal Creek (Figure 1). The area includes parts of 
Block 82 and skirts the freehold blocks in the centre of the 
coalfield. The area is about 93 km2. The area overlies the 
west limb of the Coal Creek syncline, which is traced north 
from the headwaters of Coal Creek. In the north it plunges 
to the southwest at 10° to 30° (Armstrong et al., 1976), with 
dips on the limbs increasing to the north. In the south, the 
syncline plunges to the north (Price 1961). The Dominion 
thrust progressively cuts off the east limb of the syncline 
and it is not present in Dominion Block 73.

The west limb of the syncline is steep and overridden 
by a number of thrusts. There are probably more thrusts 
than are mapped, and they will tend to seal seams so that 
up-dip migration of gas to the west will be limited and 
water movement in seams will probably be along the up-
plunge direction of the syncline, either to the north or south. 
Steeply dipping seams below thrusts probably initially 
developed west-dipping shear surfaces that, as the seam 
is rotated, become near horizontal. A vertical hole drilled 
into these seams will intersect an extended apparent thick-
ness of coal with near-horizontal fractures. Fracing of these 
seams at shallow depth will open up the fractures in direc-
tions extending along strike to the north and south. Drain-
age areas may extend along strike and not up and down 
dip. Holes may access structural traps below west-dipping 
thrusts. Also, as hydrostatic pressure is decreased, the effec-
tive lithostatic pressure will be somewhat reduced because 
of the increased amount of low-density coal in the vertical 
column.

Mining occurred from 1908 to 1914 west of an area 
near Hosmer Creek. Portals were driven through the Fer-
nie Formation into the Mist Mountain Formation, which 
contains at least 10 seams, and the basal Number 1 Seam 
was mined for a time. The Mist Mountain Formation is 
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described as 762 m thick with 79 m of coal (Armstrong, et 
al., 1976); however, these may be apparent rather than true 
thicknesses, based on thicknesses quoted elsewhere (Tables 
2 and 3), which indicate true cumulative coal thicknesses 
ranging from 45 m at Hosmer to 31 m on Martin Ridge. The 
rank at Hosmer Creek ranges from 0.95% to 1.19%, with a 
gradient of 0.12 ∆Rmax per 100 m and to the east on Martin 
Ridge from 0.83% to 0.91% (gradient 0.03 ∆Rmax per 100 
m). To the north in Dominion Block 73, rank of the basal 
seam is 1.16% (Grieve and Kilby, 1989). In the past, there 
was a lot of exploration and mining to the south in the Coal 
and Morrissey Creeks and adjacent areas. In these areas, 
the Mist Mountain section contains between 45 and 48 m of 
coal dispersed in about 11 seams.

Gulf Canada drilled a 590 m stratigraphic test hole 
(hole C12L, Dawson et al., 2000) (Figure 3) south of the 
area at the head waters of Martin and Coal Creeks. The 
hole intersected 24.4 m of coal in the top 280 m of the Mist 
Mountain Formation. It was drilled west of a major thrust 
into an area where the Mist Mountain Formation is flat dip-
ping. Gas contents indicate that coals are undersaturated, 
but gas contents were higher than they were in holes drilled 
by other companies further to the south. Data for coals near 
the bottom of the hole indicate that coals are close to satu-
rated. These seams are in the mid part of the Mist Mountain 
Formation section. The lowermost coal was the thickest, 
and this may correspond to Seam 5 in the Morrissey and 
Fernie Ridge sections, in which case the coal remaining 
lower in the section would be between 18 and 24 m cu-
mulative thickness, providing a possible total cumulative 
thickness between 42 and 48 m.

No detailed estimates of the coal resources in Area 
A (delineated in Figure 1) exist. However, mining studies 
estimate a coal resource on Hosmer Ridge of about 700 
million tonnes to 760 m. Alternatively, the resource can be 
estimated by utilizing the area of 93 km2 and a cumulative 
coal thickness of 45 m; this provides an estimated coal re-
source of 5200 million tonnes.

The average gas content of the Gulf Canada hole is 
about 10 cm3/g on an as-received basis. This is probably a 
low average value to use for resource estimates; however, 
the value of 18 cm3/g used by Dawson et al. (1998) may be 
high. Using the lower gas content of 10 cm3/g provides an 
estimated in-place resource of about 1.6 Tcf.

Area B

The Dominion Block 73 covers an area of 20.23 km2. 
Dawson et al. (1998) calculated a CBM potential resource 
of 0.32 Tcf to 1000 m (Table 1). They provide a 750 m 
thick stratigraphic section of Mist Mountain that appears 
to contain over 70 m of cumulative coal. Grieve and Kilby 
(1989) identified a section of 480 m, which excludes seams 
number 1 and 2 and contains 37.8 m of coal up to and in-

cluding 3 Seam. The basal seam has a rank of 1.16%, but 
ranks appear to increase down dip and definitely increase 
to the south.

Structurally, most of Block 73 is in a thrust block be-
low the Dominion/Lookout thrust and east of area A. The 
structural style is similar to that of area A, being a syncline 
with steep-dipping west limb and shallow east limb. Oppor-
tunities for thrust-generated traps in the steep-dipping west 
limb exist. The syncline is along the trend of the McEvoy 
syncline to the south and Sparwood syncline to the north. 
The Sparwood syncline trends across Michel Creek to the 
north, where it becomes the Elk syncline in the Elkview coal 
mine north of Highway 3 at the north end of the Crowsnest 
coalfield.

The coal potential was analyzed by Grieve and Kilby 
(1989), who used seams with a cumulative thickness of 
37.8 m in their study. The thickness of coal available for 
CBM resource calculations is probably between this thick-
ness and that used by Dawson et al. (1998). They provide 
a total coal resource in the block of about 1 billion tonnes, 
which agrees with the estimate provided by Latour (1970). 
The tonnage estimated to be shallower than 1000 m is 550 
million tonnes. Dawson et al. (1998) used an average gas 
content of 18 cm3/g for all coal deeper than 250 m and 
calculated a gas resource of 0.32 Tcf. Using a lower gas 
content of 10 cm3/g (320 scf/t), this resource decreases to 
0.18 Tcf. 

Area C

In the south, the southern extension of the Hosmer 
syncline is ill-defined, and dips west of Morrissey Ridge 
are flat. There is an extensive area where the Mist Mountain 
Formation is flat dipping and, at least in part, shallower than 
1000 m. There are also some areas where the formation on 
the west limb of the McEvoy syncline is shallower than 
1000 m. In this area, the offset on the Lookout/Dominion 
thrust reverses, and it is shown on sections in the south as 
a normal fault (Figures 1 and 2). If this interpretation is 
correct, then the southern area west of the fault should have 
experienced extension at the time of faulting and may still 
have better permeability on cleats.

Most of Area C is within Block 82 with some of the 
area on the southwestern margin of the block. The total area 
is about 51 km2. Block 82 has a CBM resource potential of 
3.42 Tcf to 1000 m (Dawson et al, 1998), and most of this 
is in the Pipeline area (Table 1) in the southwest, where the 
pipeline crosses the area trending north through the coal 
field. The centre and northern part of the block is underlain 
by the McEvoy syncline, which is cored by the Blairmore 
Formation and younger rocks. Based on the presence of 
these formations and their thicknesses, the Mist Mountain 
Formation is over 1000 m deep in the core of the syncline.
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In the southwest of Block 82, there is an area where the 
east limb of the southern extension of Coal Creek syncline 
is flat and partially within the 1000 m depth window. Small 
changes in the structural interpretation could change the 
resource assessment significantly.

Saskoil (Dawson et al., 2000) drilled two holes in 1991 
in the Lodgepole Creek area. The holes were drilled near 
the subcrop in different parts of the Mist Mountain Forma-
tion. By combining the data from the holes, it appears that 
in the area, the full Mist Mountain section is 500 m thick 
and contains a cumulative coal thickness of 63 m. To the 
west, the cumulative coal in the section at Coal Creek is 
42.7 m and at Morrissey Ridge is 45.5 m.

The rank of coal to the west under Fernie and Mor-
rissey Ridges ranges from low-volatile bituminous to high-
volatile bituminous (Figure 8). The vitrinite reflectance 
values are 1.45% for the basal seam at Morrissey Creek, 
decreasing to 1.38% at Coal Creek. However, rank appears 
to increase down dip to the east into the syncline (Pearson 
and Grieve, 1978).

Gas contents of samples from the holes drilled by Sas-
koil were low but are probably not representative of con-
tents further to the northeast. For the purposes of calcula-
tion, an assumed gas content of 10 cm3/g (320 scf/t) is used. 
This is considerably lower than the value used by Dawson 
et al. (1998), but is approximately the average gas content 
for samples from hole C12 L drilled by Gulf (Figure 3).

Based on an area of 51 km2, 50 m cumulative coal, and 
a gas content of 10 cm3/g, the CBM resource is 1 Tcf.

EsTIMATED REsOURCE AVAILAbLE On 
CROWn LAnDs

The total resource estimated in the three areas is 2.78 
Tcf (Table 4). This is an estimate of the gas resource avail-
able in all the coal in the section to a depth of 1000 m. It is 
derived using a conservative gas content value but assumes 
that all the area outlined is underlain by the full coal sec-
tion, and this is probably an optimistic assumption. Other 
than the order of magnitude size of the 2.78 Tcf resource 
and the general areas to which it is assigned, not too much 
significance should be attached to its value. Companies in-
terested in fine-tuning estimates of the resource potential in 

the coalfield should use the process and references outlined 
in this paper as a guide and complete their own assessment. 
In terms of the available reserve, this will depend on the 
presence of permeability and on the number of seams in the 
section that can be economically drained of gas.

COAL qUALITY AnD IMPLICATIOns 
FOR CbM PRODUCTIOn

If higher-rank coals are to achieve gas saturation or 
near gas saturation at present depths, then it is probable that 
a large component of the gas will be biogenic. One should 
therefore consider the conditions that favour generation and 
retention of biogenic gas, which is generated on coal sur-
faces and then penetrates the microporosity to be adsorbed. 
Excessive water movement will limit the ability of biogenic 
gas to migrate into coal microporosity and to be adsorbed. 
Some seams in the Crowsnest coalfield are sheared, which 
increases surface area available for bacteria but limits the 
ability of a seam to maintain permeability when hydrostatic 
pressure is decreased. In situations where biogenic gas is 
generated down dip within a syncline limb, introduction of 
hot CO2 could initiate up-dip movement of water, CO2 in 
solution, and methane without any decrease in hydrostatic 
pressure. Hot CO2 would be readily available from a coal-
fired power plant.

Coal petrography varies, and seams lower in the sec-
tion contain more inertinite on a mineral-matter-free basis. 
However, it is often the third seam above the Moose Moun-
tain Member that contains the most inertinite (Pearson and 
Grieve, 1978). The inertinite content of seams varies from 
hanging wall to footwall, with the lower parts of seams 
having consistently higher inertinite contents (Pearson and 
Grieve, 1985). As a maceral group, inertinite is stronger 
than vitrinite and resists shearing better. It has lower ad-
sorption abilities and higher diffusivities. These properties 
may be advantageous for CBM recovery. In thick seams 
that are initially undersaturated, but in which biogenic 
methane is being generated in the microfractures of the 
coal, inert macerals will reach re-saturation sooner because 
of lower demands and better diffusivity of methane from 
microfractures into the micropores. A seam may therefore 
be partitioned with the lower inertinite-rich part being satu-

TABLE 4. CBm RESOuRCES wHERE THE CROwN HAS gAS RIgHTS.
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rated at a moderate gas content and the upper vitrinite-rich 
part being undersaturated, possibly with the same gas con-
tent. Completion  in  the   whole  seam   may  result in  no  
gas reaching surface, because gas released from one part of 
the seam may be adsorbed by another part. Completion in 
the inertinite-rich lower part of the seam may result in im-
mediate gas production. The higher diffusivity and strength 
of the inertinite should help it maintain fracture opening 
and permeability despite the fact that there is probably less 
matrix shrinkage to aid permeability.

In the Elk Formation, there are some thin coal seams, 
which are generally less than 1 m thick and are character-
ized by high liptinite contents. They are often referred to 
as needle coals because of their structure, which derives 
from a high algae content. They tend to be better developed 
near the Mist Mountain contact. Coals of this type generate 
large quantities of thermogenic methane at ranks of 0.6% to 
1.0%. The liptinite macerals are not very microporous, so 
that they have lower adsorption abilities than other macer-
als. However, the maceral is less brittle than vitrinite and 
tends to withstand deformation better. In areas where the 
Mist Mountain is below prospective depths, the overlying 
Elk Formation, which contains a higher sand content than 
the Mist Mountain Formation, may well contain free gas in 
sandstones and adsorbed gas in thin coal seams.

HIsTORICAL DATA

In 1939, the Minister of Mines Report states that in 
the Coal Creek Number 1 Colliery “a considerable amount 
of methane is given off this amounting to an average of 
1250,000 cubic feet in 24 hours”. Elsewhere in the report, 
it states that ventilation was 74 300 cubic feet per minute. 
The numbers suggest that the methane content in the mine 
air was upwards of 1%. McCulloch et al. (1975) indicate 
that there is an approximate empirical relationship between 
the amount of methane per tonne released for a mature mine 
and the in-place gas content of the coal (Figure 10). The re-
lation predicts that the in-place gas content (cm3/g) is one-
seventh the gas emission per tonne of mined coal. In 1939, 
coal production in the East Kootenays was about 500 000 
tonnes, and production from the Number 1 East Colliery, 
Coal Creek, was 124 616 tons (Newmarch, 1953). If this 
tonnage is assigned to the Number 1 mine, and it operated 
for 300 days in the year, then the predicted gas content is 
over 13 cm3/g. The Number 1 seam (lowest in the section) 
was reported to be the gassiest seam mined. There are a 
number of reports indicating that the coal from the Coal 
Creek Collieries was gassy and dusty.

The Carbonado Colliery (6.5 km up Morrissey Creek 
from the Elk River), which opened in 1902, is described as 
being very gassy and prone to outbursts. It was closed in 
1909 after a number of severe gas outbursts. Other reports 
indicate that seams low in the section were very fractured 
and produced a lot of fine coal. 

There are very limited public data on CO2 concentra-
tions in coals in the Crowsnest coalfield. A report (Rice, 
1918) provides some analyses.  In 1916, five 

TABLE 5 
EsTIMATED GAs COMPOsITIOn.

Figure 10. Relationship of gas released in underground mine 
and adsorbed gas content plot; derived from mcCulloch et al. 
(1975).

samples were collected from the working face in the un-
derground Coal Creek Colliery and placed into sealed jars 
(Table 5). When the gas was analyzed, it was apparent that 
all had leaked; however, the CO2 content may be estimated 
from the CO2/(CH4+CO2) ratio, and it appears that, except 
for one sample, CO2 contents were probably less than 5% 
(data are reported as cm3 per 100 g, equivalent to mole frac-
tions). Based on the trace of the Bourgeau thrust relative to 
the outcrop of the basin (Monahan, 2002), it appears that 
seams in the Mist Mountain Formation in the Crowsnest 
may not have been as close to carbonates in the overlying 
Bourgeau thrust plate as seams in the Elk Valley coalfield 
were and may therefore have lower CO2 concentrations.
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COAL DEFORMATIOn AnD  
IMPLICATIOns FOR CbM PRODUCTIOn 

The Crowsnest coalfield is folded into a series of north-
trending anticlines and synclines, which generally have 
steep-dipping west limbs and shallower-dipping east limbs. 
Folds open to the south, indicating less east-west compres-
sion of the coalfield in that direction. They are contained 
in a number of north-trending blocks defined by thrusts 
and normal faults. On the east, the major fault system is 
composed of the Erickson and Flathead normal faults, and 
on the west, it is the Lookout/Dominion thrust system. The 
folds reverse plunge through the basin, with the McEvoy 
syncline in the south forming a distinct basin, and the Coal 
Creek syncline forming a basin under Fernie Ridge. The 
map of Price (1961) indicates a number of plunge reversals 
for folds; it is not clear whether these are related to a later 
phase of cross folding or are controlled by changes in stati-
graphic thickness. Obviously if they are related to a later 
stage of cross folding, then this could cause extension and 
improved permeability in areas where the cores of synclines 
or anticlines form culminations.

The Crowsnest coalfield forms part of the Lewis Thrust 
sheet, which in southeastern BC was transported between 
140 and 200 km at a rate of about 1.5 cm per year (Osadetz 
et al., 2003). Movement took place in the period from 74 
to 59 Ma, as is indicated by profound cooling in the thrust 
block at about 75 Ma (Osadetz et al., 2003). This movement 
is documented by analyzing the displacement on the thrust 
plane; however, there was also probably bedding plane slip 
within the thrust sheet, which would, over the estimated 7 
km thickness of the sheet, (Osadetz et al., 2003) account for 
more displacement.

Some of this additional displacement is hidden in the 
Fernie Formation, in that rocks below the Fernie Formation 
are more folded than are the overlying Kootenay Group and 
fold geometries are offset (Price 1961). Additional displace-
ment almost certainly occurred along coal seams. Bedding 
plane movement along seams will increase coal fragmenta-
tion, and its amount will not be related to the degree of any 
subsequent folding. If the coal was maturing through high-
volatile bituminous rank at the time of thrust displacement, 
it would be very susceptible to bedding-plane slip.

In-seam shearing related to Lewis Thrust movement 
and not to folding produces fine coal and inhibits the for-
mation of cleats or destroys those that have formed. It plays 
a key role in limiting permeability and causing production 
problems. It is therefore important to consider what fac-
tors might limit the amount of shearing in seams. Some 
examples of seams that may resist shearing are:
• Thinner seams
•	 Seams rich in inert macerals or liptinite 
• 	 Seams that attain high rank before thrusting started

• 	 Seams with higher ash content
• 	 Seams with clay-poor hanging walls and footwalls. 

There have been a number of studies of coal seam de-
formation in the northern part of the Crowsnest coalfield. 
Norris (1965) studied A Seam in underground A-North 
mine at the north end of the coalfield. This seam is approxi-
mately 420 m above the basal Balmer or 10 Seam in the 
Mist Mountain Formation. He describes the seam as being 
highly sheared, with abundant shear surfaces and intra-
stratal folds. Joints tended to strike north or northwest with 
evidence of early minor extension faults cut off by renewed 
bedding-plane slip. He does not directly discuss cleats or 
the degree of shearing in the seam, but the impression is left 
that the seam is highly sheared and fragmented.

Bustin (1982) studied the lowest seam in the Mist 
Mountain Formation in a number of underground coal 
mines (Balmer North, Five Panel, and Six Panel) at the 
north end of the Crowsnest coalfield. In the Balmer North 
mine, the best-developed cleats formed acute angles to bed-
ding, striking northwest and dipping shallowly to the south-
east. Cleat surfaces were polished and striated. Other cleat 
sets were measured but did not have a consistent orientation 
through the mine. Cleats in the Five and Six Panel mines are 
more consistent with a set striking north to northwest with 
a steep dip to the west. These cleats are subperpendicular 
to bedding and trend parallel to the regional fold axis. All 
fractures and most cleats in the seam appear to have a tec-
tonic influence, with surfaces polished and often showing 
evidence of shearing. However, their orientations are not 
easily related to a regional stress field. Thrusting probably 
started with differential movement between the roof and 
floor (Norris, 1965) that disrupted earlier extension faults. 
As seam thickening and thrusting progressed, exogenetic 
fractures with fold axis-parallel trends and variable dips to 
the west developed in the coal.

sUMMARY

The Crowsnest coalfield is an area of 600 km2 underlain 
by the Jura-Cretaceous Mist Mountain Formation, which 
contains from 30 to 60 cumulative metres of high-volatile 
to low-volatile bituminous coal. The combination of area 
and cumulative coal guarantees a large resource of coalbed 
methane, which has been estimated at 12 Tcf. However, 
outlining a resource is a far cry from defining a reserve. The 
coalfield forms part of the Lewis Thrust sheet and has there-
fore had a protracted deformational history, which started 
with thrusting followed by folding in the late Cretaceous 
and continued with extension on north-trending major faults 
in the Tertiary. The thrusting caused shearing within some 
seams that is unrelated to the amount of subsequent folding. 
This has probably limited permeability and generated fine 
coal that will make production more difficult. 
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Successful production will probably rely on under-
standing the interplay between deformation coal quality 
and location in specific structures. With these caveats in 
mind, the more prospective area is where the Mist Mountain 
Formation is in the depth window of approximately 200 to 
1000 m. The Crown has clear title to the CBM in part of 
this area (Figure 1), and it is within this sub-area that a more 
detailed assessment of the CBM resources has been made. 
The value of about 3 Tcf defines the size of a box within 
which, hopefully, reserves can be located. 

A number of ideas relating structure, coal quality, and 
CBM are proposed that may help explorationists zero in on 
areas where reserves are located. 
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InTRODUCTIOn

The international coking coal market is very competi-
tive and is segmented into many non-interchangeable coal 
products. Two products that are more in demand than many 
are low-volatile bituminous high-rank coking coal for 
blends into coke ovens and low-volatile bituminous coal 
for pulverization and injection into blast furnaces (pulver-
ized coal injection or PCI coal). The Willow Creek property 
contains coal that may be suitable for these two markets. 
The higher-priced market is the low-volatile coking coal 
market, where up to 30% of this coal can be added into 
coal blends for coke ovens. This is a higher-priced market 
than the PCI market, and it is advantageous for mines if 
possible to switch from the low-volatile PCI market to the 
low-volatile coking coal market. Low-volatile coking coal 
is also in short supply as reserves in the US and other coun-
tries are running out. This note looks at the possible use 
of 7 Seam from the Willow Creek property in northeastern 
British Columbia as a low-volatile component in a standard 
coke oven blend. The Willow Creek property is located 40 
km west of Chetwynd (Figure 1) and overlies seams in the 
Gething Formation.

THE WILLOW CREEk PROPERTY

There are two coal-bearing formations in the Peace 
River coalfield (Table 1). Coal from the younger Gates For-
mation was mined at the Quintette and Bullmoose mines 
(both now closed). There is active exploration of the for-
mation in the Wolverine River area by Western Canadian 
Coal Corporation and Northern Energy and Mining Incor-
porated.
Coal from the older Gething Formation was mined briefly 
in the early 1900s but has not hosted any major coalmines. 
However, there is a long history of exploration in the for-
mation, and coal was first reported in the formation by the 
explorer Alexander Mackenzie in 1793. The formation 
trends northwest across the Pine River about 40 km west 
of Chetwynd (Figure 1), and in this general area there 
have been a number of exploration projects. North of the 

Pine River, seams in the Gething Formation are generally 
medium-volatile in rank. South of the river in the Willow 
Creek area, rank increases and some seams are low-volatile 
bituminous. Further to the south, the rank of seams in the 
formation increases to semi-anthracite. The quality of seams 
in the Gething Formation has been discussed in a number 
of exploration reports and is summarized in Ryan (1997). 
Coal in the formation is characterized by low ash contents 
and variable inert maceral content. Sulphur and phosphorus 
contents are generally low, and rheology depends on rank 
and maceral content.

TAbLE 1: GEnERALIZED LOWER CRETACEOUs 
sTRATIGRAPHY.
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Figure 1. Location map for the willow Creek property Pine Valley Coal Corporation, northeast British Columbia.
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The area adjacent to and south of the Pine River has for 
some time been referred to as the Willow Creek property, 
which was explored in the early 1980s as a potential un-
derground mine. Interest waned, and it was not till the 
mid 1990s that exploration was renewed with the intent of 
developing a small low strip-ratio open-pit mine. In 1993, 
Globaltex acquired control of the property and now has in 
place a British Columbia “Project Approval Certificate” 
and “Mine Permit”. The company has continued develop-
ment work in conjunction with a number of partners. 

The operating company for the property is now called 
Pine Valley Mining Corporation, and they have conducted 
various mine feasibility studies that are based on mining 
the uppermost 9 seams in the Gething Formation (Table 2).  
These seams are numbered from 1 Seam near the top of the 
formation to 9 Seam, which occurs in the mid part of the 
formation at a depth stratigraphicaly about 300 m below 
1 Seam. The rank of seams ranges from about 1.3% Rmax 
to 1.7% Rmax, with 6 and 7 Seams, which are thick, hav-
ing ranks in the range of 1.6 to 1.67%. Raw-ash contents 
range from 15% to 7% and are generally low (Table 3). 
These seams, especially 7 Seam (which makes up a major 
part of the reserves), have the potential to be marketed as 
a low-volatile PCI coal or as a low-volatile blend coal in 
coke-oven blends.

The studies indicate that there are proven in-place re-
serves of about 15 million tonnes at an in-place strip ratio 
of about 3.6 to 1 bcm/t (bank cubic metre of overburden 
per tonne of coal). This is sufficient to justify an output 
level of some 900 000 to 1.5 million tonnes per year. In 
addition, there are identified resources in nearby areas that 
may significantly increase proven reserves and annual 
production in the future.

In the last few years, a number of raw coal bulk samples 
were excavated and coal shipped to Japan for test market-
ing.  To date about 125 000 tonnes have been mined from 
an area referred to as the Peninsular Pit, where seams 6 and 
7 outcrop. A rail spur capable of handling up to 25 coal 
cars and connected to the BC Rail Prince George line was 
constructed in the Pine Valley. At the moment, run-of-mine 
coal is screened and shipped raw. A 37 000 tonne test ship-
ment was sold in 2001, and in 2002 a larger shipment of 
about 84 000 tonnes was shipped. Work performed to date 
suggests that up to 1.0 million tonnes of very low strip-ratio 
coal (estimated at 1.8:1) in the Peninsula Pit can be mined 
and sold on a raw coal basis without incurring material coal 
dilution or recovery problems.

The company’s current plan is to start mining in 
this area and then move into more steeply dipping coal 
measures within the Willow Central and Willow North 
areas. Construction of a coal preparation plant is planned to 
coincide with the move to the Willow Central and Willow 
North areas.

7 sEAM COAL qUALITY AnD sAMPLE 
COLLECTIOn

The carbonization sample was collected from the 
outcrop face of the small 7 Seam test pit (Peninsular Pit) 
in winter. The snow and cold made sampling and access 
difficult. Sufficient fist-sized or larger fragments of the 
seam were collected from parts of the seam ranging from 
hanging wall to footwall to fill a 45 gallon drum. The drum 
was shipped to Canmet carbonization laboratories at Bells 
Corners, Ontario. Pilot oven coking tests and related analy-
ses were performed by Gransden and Price (2003), and 
the results are summarized in the next section. In addition, 
small grab samples of bright and dull bands were collected 
to check for oxidation. 

The bright and dull samples were analysed for oxida-
tion using the “Alkali Extraction” test that is now recog-
nized by American Standards for Testing Materials (test 
D5263-93[2001]). The test measures the amount of humic 
acid developed as a result of natural weathering. The test is 
only applicable to mid-rank coals from high-volatile to low-
volatile bituminous. Lower rank coals have humic acids that 
are naturally occurring at the rank, and high rank coals are 
resistant to this type of chemical action but can be damaged 
by other weathering processes. Because of the high rank of 
7 Seam, bright samples, which are not representative of the 
whole seam, were analysed because these would be most 
sensitive to this type of weathering. Transmittance results 
(Table 4) range from 90% to 95%, indicating that the seam 
is not oxidized and there are marginal free swelling index 
(FSI) values, ranging from 1 to 1.5. 

In the Willow Creek area, the raw-ash content for 7 
Seam averages 5% and ranges from 1% to 39%, based on 
exploration drilling. The FSI values range from 0 to 3 and 
the variations appear to be related to varying inert maceral 
content and not ash content. This is based on a plot of ash 
versus FSI with the data coded based upon volatile mat-
ter (VM) dry mineral-matter-free (dmmf) values (Figure 
2). Oxidation increases the volatile matter content (VM 
dmmfb) of samples; therefore, low FSI data points with 
high VM dmmf values are probably oxidized, whereas low 
FSI data points with low VM dmmf values probably rep-
resent samples with high inert maceral contents. It is clear 
in Figure 2 that samples with high VM dmmfb have, on 
average, higher FSI values than those with low VM dmmfb 
values.

Petrography on previous samples of 7 Seam (Table 5) 
indicates that 7 Seam contains from 40% to 60% vitrinite 
macerals, being mostly collodetrinite. It was not possible to 
do a petrographic analysis of the 7 Seam sample collected 
for the pilot coke-oven test before it was shipped to Canmet, 
because the sample was crushed by Canmet. Petrographic 
analyses of the carbonization sample by Canmet and the 
author indicate that the coal has a very low content of finely 
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TABLE 2.  STRATIgRAPHIC SECTION, wILLOw CREEK AREA.

 (P.C. KEVIN JAMES)
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TAbLE 3.  AVERAGE qUALITY AnD THICknEss FOR sEAMs AT WILLOW CREEk.

TABLE 4.  PROxImATE ANALYSES FOR 7 SEAm 
AnD “ALkALI ExTRACTIOn” TEsT FOR sAMPLE OxIDATIOn.
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Figure 2. Ash versus FSI data for 7 Seam; from coal assessment report 690, British Columbia min-
istry of Energy and Mines library.

TABLE 5.  PETROgRAPHY OF 7 SEAm SAmPLES COLLECTED IN 2001.



 Resource Development and Geoscience Branch   ��

dispersed mineral matter and a moderate to high content of 
inert organic material. The Canmet petrographic analysis, 
after the sample was crushed at Bells Corners, measured 
76% semifusinite, which is partitioned as  50% reactive 
and 50% inert, providing a total reactive maceral content of 
58.5% but with a very low percentage of vitrinite (Table 6). 
The petrographic analysis by the author identified more vit-
rinite macerals (mainly collodetrinite) with dispersed ma-
crinite and inertodetrinite and less semifusinite. However 
the proportions of inert and reactive macerals are similar 
(54% by the author and 58.4% by Canmet). Identification 
of macerals is a somewhat interpretative process; Canmet 
appears to identify reactive semifusinite, whereas the au-
thor identifies it as high-reflecting collodetrinite. Previous 
petrographic analyses on channel samples and bright and 
dull grab samples indicate the range of petrography in the 
seam (Table 5).

TAbLE 6.  PETROGRAPHY OF THE 7 sEAM 
sAMPLEs UsED In THE PILOT COkE-OVEn 
TEsT AnD PETROGRAPHY OF OTHER LOW-

VOLATILE COALs UsED In COkE-OVEn 
bLEnDs.

Schapiro et al. (1961) introduced a way to predict cold 
coke strength using coal petrography. The method, which 
considers one-third of the inert macerals as reactive, is used 

extensively when pilot coke-oven test data are not available. 
Canmet considers 50% of the inert macerals to be reactive, 
based on studies of Cretaceous Western Canadian coals. 
However, these methods presuppose that petrography is the 
main influence and that other factors such as coking condi-
tions and the way the different macerals are intermixed do 
not also play a major role in influencing cold coke strength. 
Coin et al. (1997) suggest that rank is the overriding factor 
and petrography is not very important in influencing cold 
coke strength. Pearson (1998) suggests that petrography 
can be useful in predicting cold coke strength but that the 
proportion of inert macerals that is reactive varies with rank 
(measured using random reflectance of vitrinite, Rrand) and 
vitrinite content. For 7 Seam the random reflectance cut-off 
that separates reactive from nonreactive inert macerals is 
1.76%, based on the equation  of Pearson (1998):

cut-off reflectance = Rrand*0.99+0.24 

The reactive cut-off converges on the Rrand value as 
rank increases, and this means that there is a tendency to 
increase the proportion of inerts designated as reactive as 
rank increases. This is obviously important for high-rank 
coals with high inert maceral contents. One should be very 
careful in deciding if they have coking potential based only 
on an interpretation of petrography. A comparison of Aus-
tralian Gondwana coals with western Canadian Cretaceous 
coals appears to indicate that the proportion of inert macer-
als that is reactive is also dependent on the origin of the coal 
(Figure 3; Pearson, 1998). In fact it appears that the reactive 
cut-off is higher at the same rank for Australian coals than 
it is for western Canadian coals. Diessel (1996) did not find 
a difference between inert material in Australian and US 
Carboniferous coals.

Figure 3. Relationship between reactive semifusinite and 
rank; Figure modified from Pearson (1998).
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The ash chemistry of the 7 Seam sample was analysed, 
and previous analyses exist for seams on the property (Ta-
ble 7), mainly from Coal Assessment Report 690, which is 
in the Ministry of Energy and Mines library. The data gen-
erally indicate a very basic ash with low base-to-acid ratio. 
Occasional samples have siderite in them, which increases 
the Fe2O3 concentration in the ash. All base elements are 
in low concentration, except for moderate concentrations of 
K and Na. Phosphorous contents are low and, based on an 
average ash content of 5%, represent a concentration about 
0.03% phosphorous in the total sample. The low ash con-
tent of the samples will ensure that the effects of the base 
oxides will be negligible in any blend.

PILOT COkE-OVEn TEsT REsULTs

The 45 gallon drum of 7 Seam sample was crushed at 
Bells Corners to 80% less than 3 mm. A split of the sample 
was returned to the author for petrographic and ash-oxide 
analysis. A second split was analysed for proximate and 
ultimate analysis and, in addition, rheology (Table 8 and 
9). In order to test the applicability of using 7 Seam as a 
blend in coke ovens, it was necessary to obtain a suite of 
coals that make up a normal coke-oven blend, to coke the 
blend, and then to make up a new blend with 10% of 7 
Seam replacing the low-volatile component in the standard 
blend before doing a second coke test. 

Dofasco Inc. provided three coals, and these coals were 
mixed in the proportions 28% low-volatile (Rmax 1.7%), 
35% high-volatile (Rmax 1%), and 37% medium-volatile 
(Rmax 1.08%) in preparation for a pilot coke-oven test on a 
standard coke-oven blend. A second blend was prepared in 
which the Dofacso coals contributed 18% low-volatile, 37% 
high-volatile, and 35% medium-volatile, with the balance 

TAbLE 7.  AsH OxIDE AnALYsEs FOR 7 sEAM AnD OTHER sEAMs On THE PROPERTY.

being made up with 10% 7 Seam. Component seam propor-
tions and proximate and ultimate analyses of the two blends 
are in Table 8. The addition of 10% 7 Seam decreased the 
ash and volatile content of the blend. The rheology data for 
the two blends (Table 9) indicate that the addition of 7 Seam 
has had no measurable effect on Gieseler plasticity but has 
had a detrimental affect on dilatation, which has decreased 
from 112% to 69%.  

The pilot coke-oven tests and related analyses were 
performed by Gransden and Price (2003). The two blends 
were coked in the Canmet 18 inch oven, which takes a sam-
ple load of 350 kg of blended coal. The coal was charged at 
3% moisture and 80% less than 3 mm. The coking condi-
tions were those used for other pilot coke-oven tests and are 
contained in Table 10. 
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TABLE 8.  BLEND PROPORTIONS AND 
PROxIMATE AnD ULTIMATE AnALYsEs OF THE 
TWO bLEnDs AnD 7 sEAM THAT WERE COkED 

In THE PILOT OVEn bY CAnMET.

TABLE 9.  RHEOLOgY OF THE TwO BLENDS 
AnD OF 7 sEAM.

The quality of the coke produced by the blend with 
10% of 7 Seam was the same as or not as good as the stan-
dard blend on a number of counts. Coke strength after reac-
tion and coke reactivity index were unchanged within the 
limits of the measurements (Table 9). However, cold coke 
strength decreased markedly. On the plus side, maximum 
wall pressure and maximum gas pressure both decreased. 
The ash and sulphur contents of the coke decreased.

The poor performance of 7 Seam in the blend is prob-
ably the result of a combination of the low percent of active 
reactives and the high rank. Coke textures (Table 11) con-
firm a noticeable decrease in the reactive components of the 

7 Seam blend as coke inerts increase by about 6%. It was 
unfortunate that the petrographic composition could not be 
checked prior to coking. There is a distinct possibility that 
in other areas the seam will have higher reactives content or 
lower rank. It is also possible that either the upper or lower 
part of the seam has a higher reactive content and could be 
mined separately for a coke-oven blend market. Six Seam, 
which is about 30 m above 7 Seam, may provide a better 
candidate for blending.
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TABLE 10.  CARBONIzATION CONDITIONS AND
REsULTs FOR THE TWO COkE TEsTs.

TAbLE 11.  COkE TExTUREs FOR THE  
TWO bLEnDs.
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MARkET OPPORTUnITIEs FOR PCI AnD 
LOW VOLATILE PCI

A large percent of the reserves in the Willow Creek 
area are derived from 6 and 7 Seams. The rank of these 
seams is low-volatile bituminous, and they have moderate 
and variable inert maceral content. On average, they do 
not exhibit good coking characteristics, and consequently 
coal on the property is considered suitable for thermal or 
pulverized coal injection (PCI) purposes. There are two 
important ratios to consider when discussing PCI. The first 
is the the PCI ratio (kg/t)—the amount of PCI coal used 
for each tonne of hot metal produced. The second is the 
coke replacement ratio—the ratio of weight of PCI coal 
for weight of coke; i.e., the reduction in coke requirement 
divided by the amount of PCI coal used. 
The coke replacement ratio varies with the rank of coal used 
and ranges from about 0.6 for high-volatile low-rank coals to 
nearly 1 for low-volatile high-rank coals. The rate is in part 
related to the hydrogen content of the fuel. Hydrogen is an 
effective reductant but has a cooling effect in the raceway at 
the base of the blast furnace where it is injected. This limits 
the amount of hydrogen-rich fuels (natural gas) that can 
be injected. Higher coke replacement ratios are achieved 
with coal rather than oil and gas. The hydrogen content of 
coal decreases as rank increases, so the coke replacement 
ratio increases as rank increases (Figure 4). This has been 
pointed out by a number of authors (Hutny et al., 1991), and 
more recently by Stainlay (2003). There is, therefore, an 
expanding market for PCI coal and especially for high-rank 
low-volatile bituminous coal. 

Obviously there is the potential for considerable savings for 
the blast furnace operator. Based on the price variation, it is 
to the advantage of the operator to use low-volatile coals for 
PCI to save even more money. 

The burning characteristics of high-rank low-volatile 
PCI coal in the blast furnace are different from low-rank 
high-volatile coals, but once the blast furnace is adapted 
there can be a considerable saving in requirement for 
higher-priced coking coal. At the moment the majority of 
blast furnaces have converted to PCI, and the global average 
injection rate is 96 kg/t. The present demand is about 31 
million tonnes, and this is expected to grow to 42 million 
tonnes by 2010 (Stainlay, 2003). The increase in consump-
tion will be caused by more conversions and an increase in 
the PCI rate from about 100 to maybe as high as 200 kg/t. 
This increase in PCI rate will in part be achieved by switch-
ing from high- to low-volatile PCI coals. The maximum 
PCI rate reported is from China, where a rate of about 280 
kg/t was achieved using anthracite.

Traditionally, the main component of coking coal 
blends for coke ovens has been medium-volatile bitumi-
nous coals with good rheology and ash chemistry. As sci-
ence and international coal trade developed, it was found 
that a mixture of coals would result in an optimum blend 
whose composition plotted in the optimum blend field of 
various diagrams (for example, the MOF diagram). As few 
single coals plotted in the field, most steel mills moved to 
at least a ternary blend of low-, medium-, and high-vola-
tile coals. High-volatile coals add fluidity to the blend, and 
low-volatile coals improve coke yield at the expense of in-
creasing coke-oven pressure. Low-volatile coals represent a 
balancing act between increasing rank and preservation of 
rheology, which is destroyed as rank increases. The three-
component blend of coals for coke ovens has become the 
norm in recent years; however, reserves of low-volatile coal 
are becoming depleted, especially in the US (Kolijn and 
Khan, 2003). Steel mills looking to maintain a low-volatile 
component in their coke-oven blends will have limited op-
portunities in the future.

In Australia, the Jellinbah mine mines a low-volatile 
seam (Table 6), which is being marketed as a PCI product 
and as a possible blend component in coke ovens (Calderia 
and Stanlay, 2003). The coal is higher rank than 7 Seam but 
also has a much higher reactives content. 

Low-volatile coals can be replaced in the coal blend 
with medium-volatile coals, especially if the amount of 
high-volatile coal is also reduced (Kolijn and Khan, 2003). 
This can maintain coke quality and coke yield because of 
the reduction in amounts of both low- and high-volatile coal 
and has the added advantage of reducing oven pressure.

Figure 4. Coke replacement ratio versus coal rank.

It requires 1.2 to 1.5 tonnes of coal to make a tonne of coke, 
so if the coke replacement ratio is 0.75, the coal replacement 
ratio is at least 0.75 x 1.2; i.e., 1.0 or more. However, PCI 
coal sells for much less than coking coal. Prices vary but 
are often only 70% of the price of premium coking coal. 
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REGIOnAL AVAILAbILITY OF LOW-
VOLATILE COALs In bRITIsH  
COLUMbIA

The rank of coals in the Gething Formation was studied 
by a number of authors (Marchioni and Kalkreuth, 1992; 
Karst and White, 1979). The rank of the formation decreases 
to the northeast into the Western Canadian Sedimentary Ba-
sin and is generally medium-volatile bituminous along the 
trend of the Rocky Mountain Foothills. Within this trend, 
there are three areas where the rank is low-volatile bitu-
minous (Figure 5; adapted from Marchioni and Kalkreuth, 
1992). The northernmost underlies the subcrop area of the 
Willow Creek, Lossan, and Burnt River properties (Figure 
5). To the south along the trend of the foothills, another area 
is east of the town of Tumbler Ridge and at depth within 
the Gething Formation. The third area is to the southeast 
in Alberta. The best opportunity for low-volatile mineable 
coal resources is in the area around Willow Creek and to 
the southeast.

Figure 5. Reflectance isograds for the top of the gething 
Formation; adapted from machioni and Kalkreuth 
(1992).

The Mist Mountain coal section in Morrissey Ridge 
area in the southwest part of the Crowsnest coalfield (south-
east British Columbia) contains low-volatile coal (Pearson 
and Grieve, 1985). Coal in the area was mined in the period 
from 1902 to 1906 in the Carbonado Mine. The coal was 
used as single component in beehive ovens but it did not 
make good coke, and this was in part the reason for the 
failure of the mine.

Outside British Columbia, the Smoky River mine 
(now closed) in Alberta exported a low-volatile coking coal 
(Table 6). The coal has a similar rank to 7 Seam but a higher 
reactive maceral content and much better FSI. The mine is 
expected to re-open as the Grande Cache mine in the near 
future.

COnCLUsIOns

The internationally traded coal market will remain 
very competitive in the long term, especially when China 
re-enters the coking coal and coke export markets in a 
big way. However, there are two brands of coking coal 
that are presently in demand and will probably remain in 
an under-supply situation. These are low-volatile coal for 
PCI and low-volatile coal for coke-oven blends. The lat-
ter commands a higher price. British Columbia has limited 
potential to take advantage of these markets. The best op-
portunities are at Willow Creek and possibly in other parts 
of the Gething Formation. There are also possibilities in the 
southeast corner of the Crowsnest coalfield in southeastern 
British Columbia.

This limited test did not indicate that 7 Seam from the 
Willow Creek property could be used in a coke-oven blend; 
however, it appears that the sample may not have been rep-
resentative. When the mine is in production, sampling will 
be easier and channel samples may indicate better potential 
for samples to use in additional coke-oven tests.
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InTRODUCTIOn

The government of British Columbia, through the 
Ministry of Energy and Mines, has a Service Plan goal of 
achieving a 17% increase in natural gas production and a 
31% increase in the number of wells drilled over the next 
three fiscal years. (B.C. Ministry of energy And Mines: 
Service Plan [2004/5–2006/7]). One of the key Ministry 
strategies developed to realize this goal involves improving 
knowledge of the province’s petroleum geology in order 
to identify new energy development opportunities within 
British Columbia.  The aim of this strategy is to realize 
B.C.’s ultimate hydrocarbon potential within its relatively 
under-explored portion of the Western Canada Sedimentary 
Basin (WCSB) and see development of commercial oil and 
gas production within its interior and offshore basins.  The 
achievement of these goals will benefit all British Colum-
bians through increases in oil and gas royalties and tenure 
disposition fees and the creation of new employment op-
portunities.

The Resource Development and Geoscience Branch 
is mandated to identify, quantify, and promote the hydro-
carbon potential of onshore regions of British Columbia.  
In addition, the branch undertakes community relations 
initiatives, including those with First Nations, in areas of 
hydrocarbon potential.

In onshore regions outside of the WCSB, oil and gas 
potential occurs primarily within Mesozoic and Cenozoic 
clastic sediments of the Interior Basins.  The main areas 
include, from north to south, the Whitehorse Trough, the 
Bowser and Sustut Basins, and the Nechako Basin (Figure 
1).  In addition, there are several small Tertiary basins (e.g., 
Hat Creek) and the onshore portions of the Georgia Basin.  
Although some of these areas have seen limited subsurface 
exploration (e.g., Bowser and Nechako Basins), they re-
main ‘frontier basins’ because of infrastructure challenges 
and lack of extensive geological information.

Recent publications on the oil and gas resource poten-
tial of the intermontane basins suggests upwards of 18.8 
trillion cubic feet (tcf; 5.3 x 1011 m3) of gas and 7.6 billion 
barrels (bb; 1.2 x 109 m3) of oil (Hannigan et al., 1994; 1995; 

2001).  In light of this, the B.C. Ministry of Energy and 
Mines has undertaken several initiatives to better quantify 
this potential resource and attract industry investment.

Figure 1. Map of british Columbia showing the outline of 
its major petroleum basins and location of projects within 
the Intermontane Basins funded entirely, or in part, by the 
Resource Development and Geoscience branch of the b.C. 
Ministry of Energy and Mines.

nEW InITIATIVEs

The Resource Development and Geoscience Branch 
(RDGB) has initiated or supported several projects within 
these areas, leading to the capture of new energy-related 
geoscience information.  Projects have started in the White-
horse Trough and Bowser-Sustut and Nechako Basins.

Whitehorse Trough

In central Whitehorse Trough, English et al. (2003, 
2004), through a grant to the University of Victoria and in 
conjunction with the RDGB, have gathered baseline ther-
mal maturation and source rock potential data as part of 
a more regional mapping program.  These new Rock-Eval 
data have been released as two open file reports (Fowler, 
2003, 2004).
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Nechako Area and Quesnel Trough

In 2002, the RDGB commissioned Petrel Robertson 
Ltd. to produce a report on the petroleum exploration po-
tential of the Nechako-Chilcotin area (Hayes, 2002).  This 
paper summarizes current information about surface and 
subsurface geology and outlines several areas of varying 
hydrocarbon potential.

Subsequent to this, RDGB entered into a working 
agreement with the Geological Survey of Canada for a new 
petroleum resource assessment of the Nechako Basin.  This 
is an ongoing project and has produced several milestone 
products, including Rock-Eval and total organic content 
(TOC) analysis of subsurface samples from all interior 
wells (Osadetz et al., 2003) and new strip logs of all in-
terior wells, incorporating digital well logs and qualitative 
porosity and permeability descriptions (Thornsteinsson et 
al., in press).  In addition, a new heat-flow model is being 
generated, which, together with new and current informa-
tion, will be integrated into a new resource assessment.

The lack of a recognized source horizon was one of 
the shortcomings listed by Hayes (2002) for the Nechako 
Basin, and this is generally the case for all Interior basins.  
Ferri (2004) addresses, in part, this issue through sampling 
of organic-rich Jurassic and Cretaceous sediments within 
the Quesnel Trough and within the Bowser and Sustut Ba-
sins.

The RDGB also acquired new high-resolution gravity 
and magnetic data along a 30 km transect immediately west 
of Williams Lake (Figure 1; see Best, 2004).  The purpose 
of this survey was to validate the presence of a gravity low 
delineated by data obtained by Canadian Hunter Explora-
tion Ltd. in the early 1980s (Salt, 1980).  One interpretation 
is that this gravity low represents a thick sequence of sedi-
ments, possibly of Tertiary age.

Bowser-Sustut Basins

The Bowser and Sustut Basins potentially represent 
the largest petroleum exploration target area within the 
Intermontane region (Figure 1).  This area has received 
renewed interest in the last few years as a result of new 
thermal maturation data indicating that large portions of 
these basins are within the oil and gas window (Evenchick 
et al., 2002).  Prior to this, much of the area, particularly 
the Bowser Basin, was considered to be over-mature with 
respect to oil and in the upper end of the gas window (Han-
nigan et. al., 1995).  This new data suggests the potential for 
hydrocarbon resources beyond those described in the report 
by Hannigan et al. (1995).

In light of this new information, the B.C. Ministry of 
Energy and Mines embarked on a program to better quan-
tify potential resources through the acquisition of new 

geoscience information.  Part of this strategy involved col-
laborative research with the Geological Survey of Canada, 
leading to a new resource assessment of the basins.  An 
uplift history of the northern two-thirds of the Bowser 
and Sustut Basins is being modeled, based on apatite fis-
sion track analysis from several localities within the basins 
(O’Sullivan et al., 2004).  Sampling during acquisition of 
data points for this study led to the discovery of oil staining 
in several samples, analysis of which suggests the presence 
of two petroleum systems (Osadetz et al., 2003).  Further 
examination of catalogued surface and subsurface samples 
and core recognized more oil staining (Osadetz et al., 2004; 
Evenchick et al., 2004).  These occurrences also confirmed 
the new thermal model generated for these areas.

These new data, together with the impetus from the 
British Columbia government for more energy-related 
information in the area, led the Canadian government to 
initiate a multi-year, multi-million dollar program to better 
define the geology and energy resources of the Bowser and 
Sustut Basins (“Integrated Petroleum Resource Potential 
and Geoscience Studies of the Bowser and Sustut Basins”; 
see Evenchick et al., 2004).  The province is a partner in 
this new project, which runs from 2003 to 2007.
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InTRODUCTIOn

The Nechako Basin (Figure 1) is one of several interior 
basins within British Columbia. Although the potential for 
economic quantities of hydrocarbons exists within the basin 
(Hannigan et. al., 1994), only limited exploration has been 
carried out. Quaternary surficial sediments and Tertiary vol-
canic outcrop cover large areas of the basin, limiting sur-
face geological mapping and potentially creating problems 
in acquiring seismic data. In addition, volcanic rocks within 
the sedimentary section can cause seismic acquisition and 
processing problems. The presence of these volcanic rocks 
also complicates the interpretation of seismic and magnetic 
data.   

Several companies explored for oil and gas within the 
Nechako Basin prior to 1980, but no commercial quantities 
were found.  In the early 1980s Canadian Hunter Explora-
tion carried out an exploration program consisting of a re-
gional gravity survey, a limited number of two-dimensional 
seismic lines, and the drilling of several wells (Robertson, 
2002). As no economic accumulations of hydrocarbons 
were encountered during drilling, they abandoned the play. 
No additional exploration activity has been conducted since 
that time.

As part of the BC government’s initiative for economic 
development within British Columbia, Bemex Consulting 
International was awarded a contract to carry out ground 
gravity and magnetic surveys in the southern Nechako 
Basin. The purpose of the survey is to promote the basin’s 
potential and to illustrate how integrated potential field 
data can provide constraints on basin structure, sediment 
thickness, and volcanic structures within the sedimentary 
section. An approximate east-west profile was selected for 
this survey based on the regional gravity data collected by 
Canadian Hunter. Data collected along this profile included 
gravity, total field magnetic and the vertical gradient of the 
total field. Elevations and UTM coordinates were acquired 
along the profile as well.

This report describes the data acquisition and process-
ing steps for the ground geophysical survey and presents a 
preliminary qualitative interpretation of these profiles.

Figure 1. morphological Belts of the Canadian Cordillera,  
showing the position of the nechako basin and related tec-
tonic elements (from Yorath, 1991). Note: B = Bowser Basin, 
N = Nechako Basin.

ACqUIsITIOn AnD PROCEssInG

Ground gravity and magnetic data were collected along 
a 33 km profile at approximately 330 m and 165 m spacing, 
respectively. The data were collected along the road that 
connects Riske Creek and Big Creek (Figure 2).  The loca-
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tion of the profile was chosen to cross a significant gravity 
low centred near Big Creek that was observed on the Cana-
dian Hunter regional gravity survey.   

Figure 2. Location of profile along Big Creek–Riske Creek  
Road (from NTS 92O).  The profile goes from station 0 in the 
west near willan Lake to station 200 in the east.

A Lacoste-Romberg gravity meter was used to measure 
the relative change in gravity between each station. Mea-
surements at several stations were repeated approximately 
4 hours apart to correct for instrument and tidal drift. Rela-
tive elevations were measured at each gravity station using 
a laser level. These relative elevations were then tied to a 
known elevation above sea level near station 122.  UTM 
coordinates (NAD 83) were obtained from BC Terrain Re-
source Information Mapping  (TRIM) maps at a scale of 
1:50 000. 

A GEM rover gradiometer was used to measure the 
magnetic field and the vertical gradient of the magnetic 
field at each gravity station and approximately midway 
between each gravity station. A second GEM magnetom-
eter was used as a base station. Several base stations were 
located along the profile, depending on where the roving 
survey was being conducted that day.

Processing of the gravity data consisted of drift cor-
rections, latitude corrections, free-air elevation corrections, 
and Bouguer elevation corrections. (A Bouguer density 
of 2350 kg/m3 (2.35 g/cc) was determined from tests car-
ried out over areas with significant topographic relief. The 
density is consistent with the density used for the Canadian 
Hunter survey). Terrain corrections up to and including 
ring D (Hammer, 1939) were also computed. The overall 
accuracy of the gravity data is estimated to be ±0.60 mGal 
or better.

The total magnetic field data were corrected for diurnal 
variations using the base station readings. No other correc-
tions were applied to the total magnetic field data and the 
vertical gradient of the total magnetic field data.   

Plots of the corrected gravity data, elevation above sea 
level, and corrected magnetic field data are given in Figure 
3. More details on data acquisition and processing can be 
found in Best (2004).

REGIOnAL sETTInG

The Nechako Basin is a Mesozoic forearc basin (Yorath, 
1991) located in the Intermontane Belt of the southern Ca-
nadian Cordillera (Figure 1). Spatially, the Nechako Basin 
is bounded by the Skeena Arch to the north, the Fraser River 
Fault System to the east, and the Coast Mountain plutons to 
the west (Figure 1).

 The tectonic history of the Nechako Basin is complex. 
Its structural geology is poorly understood, due largely to 
extensive Quaternary sediments covering the surface and 
large areas of Tertiary volcanic outcrop.  Outcrops of de-
formed Mesozoic sediments are present,but isolated within 
the basin proper. More continuous outcrop occurs along the 
western flank (Petrel Robertson, 2002).  

The Nechako Basin sediments were derived from bor-
dering uplifts related to contraction during terrane accretion 
(Gabrielse et al.., 1991). The Takla and Hazelton Groups, 
comprising volcanic and sedimentary strata, were deposited 
during Triassic and Early-Middle Jurassic time. The forma-
tion of the Skeena Arch (Yorath, 1991) during the Middle 
Jurassic (?) segregated the Nechako Basin from the Bowser 
Basin to the north.

In Middle Jurassic to Early Cretaceous time, the Inter-
montane and Insular super-terranes were accreted to each 
other and to North America. (Gabrielse and Yorath, 1991). 
Sedimentation from the resulting uplifts was shed both west 
into the Nechako Basin and other intermontane basins and 
east into the Rocky Mountain Fold Belt. Transpressional 
tectonics dominated until the Eocene, at which time there 
was a change to a regime of dextral transtension (Price, 
1994) and an episode of associated magmatism.

Deformation styles in the Nechako Basin were affected 
by both lithological contrasts and tectonics.  Deformation 
of Stikine and Cache Creek rocks can be related to early 
Mesozoic accretionary prisms and subduction zones. Struc-
tures related to the early Mesozoic include folds and (north-
west-trending) thrust faults, which verge either east or west, 
depending on position in the Intermontane Belt (Gabrielse, 
1991; Price, 1994). Major transcurrent faults (related to 
Eocene extension) cut and bound the basin.  
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PRELIMInARY InTERPRETATIOn OF 
GRAVITY AnD MAGnETIC PROFILEs

The final processed gravity and magnetic data are 
shown in Figure 3.  The gravity profile confirms the pres-
ence of a low near Big Creek with a magnitude comparable 
to that of the low on the regional Canadian Hunter gravity 
map (Petrel Robertson, 2002). This feature has an approxi-
mate width of 20 to 25 km.

A plot of a linear regional gravity trend passing through 
stations 0 and 200 of the final gravity data is provided in 
Figure 4(a). Although a linear regional trend may not be the 
best choice, it is as good a choice as any for this single pro-
file. Figure 4(b) is the residual gravity data after the linear 
regional trend has been subtracted from the gravity data.

There are several features worth noting along the grav-
ity profile in Figure 4(b). A gravity low centred near 14.5 
km has a width of approximately 800 m and a magnitude of 
3 to 4 mGal. This feature may be related to a paleochannel 

Figure 3. Elevation above sea level, corrected gravity, and corrected magnetic data versus distance (km) 
from station zero.  Station number is shown on the upper diagram with station zero at the western end 
of the Big Creek–Riske Creek profile.

associated with Big Creek since the profile is closest to the 
creek at this location. A broader low with a magnitude of 
3 to 4 mGal centred around 21 km has a width of approxi-
mately 3 to 4 km. Neither of these local lows appears to be 
associated with elevation changes (Figure 3).  

The gravity low that crosses the entire profile has a 
magnitude of approximately 35 mGal. Negative gravity 
anomalies are caused by material of higher density sur-
rounding lower density rocks centred over the negative 
anomaly. There are an infinite number of models that can 
fit the gravity data.  

One tempting model is to assume a fault-related grab-
ben filled with low-density sedimentary rocks.   Figure 5 
is an example of such a density model that fits the general 
shape of the residual gravity anomaly. In this case it is a 3 
to 4 km thick, low-density body (0.3 g/cc lower than the 
surrounding rock) centred over the gravity low. The top of 
the body in this case is only a few hundred metres below 
the surface.  
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Unfortunately a change in volcanic rock type (density) 
could also cause such a gravity low. Without additional in-
formation we cannot be sure of the model.  

The total magnetic field data and vertical gradient are 
also shown in Figure 3.  The average value of the total mag-
netic field is approximately 57 500 nT between stations 0 
and 36 (0 and 6 km). There are large variations within the 
magnetic field (from 52 000 to 60 000 nT) along this same 
segment of the profile. These large magnetic field values 
are associated with higher elevation and are likely related to 
shallow basalt flows. This may explain, at least in part, the 
tendency towards higher gravity values in that region.  

Figure 4. Regional residual gravity separation. a) Bouguer 
gravity and linear regional gravity. b) Residual gravity (re-
gional minus bouguer).

The rest of the profile has an average total field value 
closer to 56 500 nT, with less variation in the magnetic field 
magnitude. The magnetic features from station 36 to the 
end of the line at station 200 are therefore likely deeper 
than the magnetic features between station 0 and station 36. 
The deeper magnetic features are coincident with the grav-
ity low, which perhaps indicates that sediments may exist 
above the magnetic basement in this area.

RECOMMEnDATIOns FOR FURTHER 
InTERPRETATIOn

The qualitative description of the gravity and magnetic 
profiles presented above is quite limited.  However, if the 
gravity and magnetic profiles are studied in conjunction 
with regional potential field data, a more detailed interpre-
tation can be provided.  

Consequently we recommend integrating the above 
profiles with regional potential field data (GSC regional 
aeromagnetic data and the Canadian Hunter regional grav-
ity data) to carry out a preliminary interpretation of the 
southern portion of the Neshkoro basin, particularly in the 
vicinity of the regional gravity low.  

Figure 5. Example of two-dimensional gravity modelling. a) 
Model versus residual gravity data. b) Depth model assuming 
a density contrast between the host rock and gravity anomaly 
of −0.3 g/cc.

In addition to the regional potential field data, the in-
terpretation should incorporate geological information as 
well as all available well and seismic data. One or more of 
the Canadian Hunter seismic lines that cross or are close 
to the regional gravity low should be incorporated into the 
interpretation (they should be reprocessed first, if the digital 
data is available). The seismic and well data can be used to 
provide depth constraints for the quantitative interpretation 
of the gravity and magnetic data.
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InTRODUCTIOn

The Whitehorse Trough is an early Mesozoic marine 
sedimentary basin that extends from southern Yukon to 
Dease Lake in British Columbia. Early studies recognised 
the potential of the low-grade sedimentary rocks of the 
Whitehorse Trough to host hydrocarbon accumulations 
(e.g., Gilmore, 1985; Hannigan et al., 1995; National En-
ergy Board, 2001). These assessments were based on data 
from samples collected in southern Yukon (Gilmore, 1985; 
National Energy Board, 2001), and indicate that the region 
is gas-prone. It is not known if potential hydrocarbon traps 
were filled and preserved, as none have been drilled. Struc-
tural complexity decreases and metamorphic grade is lower 
in the British Columbia portion of the Whitehorse Trough. 
On the basis of flat-lying Eocene volcanic rocks of the Sloko 
Group, no widespread deformation postdates Early Eocene 
time (Mihalynuk, 1999). Undeformed Middle Jurassic plu-
tons that intrude structures within the Whitehorse Trough in 
British Columbia constrain deformation to between about 
174 and 172 Ma (the age of youngest deformed strata and 
oldest cross-cutting plutons, respectively; e.g., Mihalynuk 
et al., 1999; Mihalynuk et al., in press). Such a simple de-
formation history limits the possibility of post-generation 
hydrocarbon escape. Previous assessments of source rock 
potential in British Columbia were based on extrapolation 
of data from the Yukon portion of the Whitehorse Trough. 
The objective of this paper is to determine the level of or-
ganic maturation and the source rock potential in this por-
tion of the Whitehorse Trough.

GEOLOGICAL bACkGROUnD

The Whitehorse Trough is an elongate arc-marginal 
sedimentary basin and is believed to represent submarine-
fan deposition in a forearc basin that received detritus from 
the Upper Triassic Stuhini and Lower Jurassic Hazelton 
magmatic arcs to the west and southwest during Upper Tri-
assic to Middle Jurassic time (e.g., Tempelman-Kluit, 1979; 
Dickie and Hein, 1995; Hart et al., 1995; Johannson et al., 
1997; Figure 1); the Stuhini Group is known as the Lewes 
River Group in Yukon (Wheeler, 1961). The Whitehorse 

Trough is juxtaposed along the Nahlin Fault with oceanic 
crustal rocks to the northeast, including thick platformal 
carbonate and argillaceous chert successions of the northern 
Cache Creek Terrane. The Laberge Group of the Whitehorse 
Trough ranges in age from Lower Sinemurian to Middle 
Bajocian; proximal conglomeratic strata onlap onto Upper 
Triassic volcanic and carbonate rocks of the Stuhini Group 
to the south and southwest (e.g., Souther, 1971; Monger et 
al., 1991). Whitehorse Trough strata within the study area 
include carbonate rocks of the Upper Triassic Sinwa For-
mation and interbedded sandstone, siltstone, and argillite of 
the Lower Jurassic Inklin Formation.

Contraction of the Whitehorse Trough occurred in the 
Middle Jurassic when the Cache Creek Terrane was em-
placed over it during an accretionary event (e.g., Thorstad 
and Gabrielse, 1986; Mihalynuk, 1999). The timing of this 
deformational event is constrained by the age of the young-
est blueschist in the Cache Creek Terrane (French Range, 
approximately 174 Ma: Mihalynuk et al., in press) and the 
age of the oldest post-deformational stitching intrusions (ap-
proximately 172 Ma: Mihalynuk et al., 1992; Mihalynuk et 
al., 2003; Bath, 2003). A Middle Jurassic southwest-vergent 
fold and thrust belt is developed in the Whitehorse Trough 
that includes the regional-scale King Salmon Thrust. Dur-
ing this deformation, the Cache Creek Terrane was thrust 
westward over the Whitehorse Trough and the Stikine arc. 
During Bajocian time, chert-pebble conglomerates derived 
from the Cache Creek Terrane were deposited across the 
Whitehorse Trough and the more southerly Middle-Upper 
Jurassic Bowser Basin (Ricketts et al., 1992; Mihalynuk et 
al., in press).

THERMAL MATURITY In THE CEnTRAL 
WHITEHORsE TROUGH

Systematic sample collection for programmed py-
rolysis was undertaken in the central Whitehorse Trough in 
order to assess the level of organic maturation and source 
rock potential of this basin. Programmed pyrolysis of whole 
rock using the Rock-Eval 6 system provides information on 
the type, maturity, and quantity of associated organic matter 
(Behar et al., 2001; Lafargue,
______________________________
1 University of Victoria
2 Geological survey of Canada (Calgary)
3 B.C. Ministry of energy and Mines
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et al., 1998). Aliquots of sediment samples were dried and 
powdered for Rock-Eval/TOC analysis at the Geological 
Survey of Canada, Calgary (GSCC). A Vinci Technolo-
gies Rock-Eval 6 instrument was used. Duplicate analyses 
of samples were carried out to test reproducibility of data. 
Each sample of about 100 mg of finely ground source rock 
is put in a furnace at 300°C, raised to 850°C, and then al-
lowed to cool. The hydrocarbons liberated during heating 
are analysed by a flame ionisation detector, which separates 
the components into two parameters (Figure 2). The first 
peak, denoted S1 (mg HC/g rock), indicates ‘free bitumen’ 
already in the sample. The second peak, denoted S2 (mg 
HC/g rock), results from thermal breakdown of kerogen. 
The Rock-Eval 6 S3 parameter (mgCO2/g or mg CO/g 
rock) represents the oxygen-bearing compounds released at 
the same time as the S1 peak added to that obtained between 
300° and 400°, as measured by an infrared cell. The temper-
ature corresponding to the maximum of the S2 peak (Tmax) 
is an indicator of source rock maturity, although this value 

Figure 1. Map of british Columbia showing the distribution of the primary components of the Intermontane belt in the north-
ern Canadian Cordillera (top right) and a regional geologic map (main). This geology map does not include post-Middle Juras-
sic rock units. The central whitehorse Trough study area is outlined by a dashed box.

is only reliable when S2 is greater than 0.2 (Peters, 1986) 
and is also affected by organic matter type. An indication 
of source rock richness is given by the sum of the first two 
peaks (S1 + S2). Other parameters determined include the 

Figure 2. schematic pyrogram illustrating the liberation of 
hydrocarbon during heating of the rock sample. Determined 
parameters include s1, S2, S3, Tmax, and the hydrogen and 
oxygen indices.
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hydrogen index (S2/TOC) and the oxygen index (S3/TOC); 
these parameters are used to determine the type of organic 
matter present in a low maturity potential source rock.

The complete Rock-Eval pyrolysis dataset may be ob-
tained at the British Columbia Geological Survey (BCGS) 
website (Fowler, 2004). Source rocks with total organic 
carbon (TOC) contents of 0% to 0.5%, 0.5% to 1%, 1% to 
2%, and greater than 2% are considered poor, fair, good, 
and very good, respectively (Peters, 1986). Using this 
classification, most samples, including all samples from 
the Sinwa Formation, are classified as poor to fair source 
rocks, with 22% classified as good, and 8% classified as 
very good (Figure 3). The good and very good source rocks 
within the Inklin Formation appear to occur dominantly in 
Pliensbachian successions.

Therefore, depending on organic matter type in these sam-
ples originally, they may have had much higher initial TOC 
contents. Consequently, samples presently having a TOC 
content of at least 1% could have been hydrocarbon source 
rocks assuming they originally contain oil-prone Type I or 
II organic matter.

The organic matter type in a source rock can be de-
termined by plotting hydrogen index against the oxygen 
index (Espitalié et al., 1977; Figure 4). None of the poten-
tial source rocks sampled in the central Whitehorse Trough 
are oil prone; the majority are inert (low hydrogen index) 
due to the lack of generative potential, while the rest are 
gas prone (Figure 4). The lack of generative potential is 
mostly a function of high thermal maturity. From a spatial 
standpoint, samples that are gas prone and have genera-
tive potential are from the northeastern flank of the cen-
tral Whitehorse Trough. This belt of rock is interpreted to 
represent the structurally and stratigraphically highest units 
within the Laberge Group in this region and is interpreted to 
continue northeast beneath the structurally overlying Cache 
Creek Terrane.

Figure 3. Plot of total organic carbon (TOC) versus residual  
carbon for samples from the central Whitehorse Trough.  
‘Low-grade’ samples form a subset of the Inklin Formation  
samples, for which S2 > 0.2 and Tmax < 480°C.

However, most authors now believe that a TOC con-
tent of greater than 1% and likely a minimum of 2% is 
needed for the generation and expulsion of liquid hydrocar-
bons (Hunt, 1996; Meyer and Nederlof, 1984; Peters and 
Moldowan, 1993; Thomas and Clouse, 1990). Thus, few 
of the Whitehorse Trough samples are likely to have been 
oil-prone source rocks. TOC is almost equal to residual 
carbon in the majority of samples (Figure 3), indicating 
that there is little generative potential left in these rocks. 

Figure 4. Plot of hydrogen index versus oxygen index for  
samples from the central Whitehorse Trough. ‘Low-grade’  
samples form a subset of the Inklin Formation samples, for  
which s2 > 0.2 and Tmax < 480°C. The organic matter type in  
a source rock can be determined from this plot (Espitalié et  
al., 1977).
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Tmax can be used as an indicator of thermal matura-
tion as long as S2 is greater than 0.2. Unfortunately, for the 
majority of samples, this qualifier rules out the interpreta-
tion of the pyrolysis data for maturation purposes. Once 
again, qualifying samples tend to come from the northeast-
ern flank of the Whitehorse Trough, and these samples are 
within the oil and gas windows (Figure 5). Although Tmax 
values of samples with S2 less than 0.2 must be viewed cau-
tiously, it can be graphically shown that most samples from 
the southwestern flank of the Whitehorse Trough are over-
mature (Figure 5). Distribution of mature and overmature 
areas of the central Whitehorse Trough can been seen by 
contouring Tmax values (Figure 6) and is consistent with 
limited available vitrinite reflectance data (Table 1).

The vitrinite reflectance values suggest that potential 
source rocks along the northeastern flank of the central 
Whitehorse Trough are almost immature. If these vitrinite 
reflectance data are accurate, this may imply that there was 
little hydrocarbon potential in the basin even originally, 
as these ‘low maturity’ samples have low hydrogen in-
dex values. Higher levels of organic maturation along the 
southwestern flank of the central Whitehorse Trough may 
reflect increased structural burial of these strata or contact 
metamorphism during Eocene magmatism.

Figure 5. Plot of hydrogen index versus Tmax for samples  
from the central Whitehorse Trough. ‘Low-grade’ samples  
form a subset of the Inklin Formation samples, for which S2 > 
0.2 and Tmax < 480°C. Due to low S2 values, Tmax values for the 
majority of other Inklin Formation samples are suspect and 
are dominantly overmature.

TABLE 1. VITRINITE REFLECTANCE DATA FROm THE ATLIN AREA,  
nW bRITIsH COLUMbIA.
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Figure 6. Contoured thermal maturation map for the central Whitehorse Trough based on Tmax values. note: Tmax 
values are poorly constrained for relatively ‘high-grade’ samples due to the low (< 0.2) S2 values; despite this, all 
samples with s2 values > 0.03 were plotted as a crude representation of maturation levels in the region. Vitrinite 
reflectance data shown in Table 1. Abbreviations: CCT – Cache Creek Terrane; ESgi – Eocene Sloko group 
intrusions; ESgv – Eocene Sloko group volcanics; JLgi – Jurassic Laberge group Inklin Formation; JLgt – Ju-
rassic Laberge group Takwahoni Formation; LCBm – Late Cretaceous Birch mountain pluton; uTrSF – upper 
Triassic Sinwa Formation; uTSg – upper Triassic Stuhini group.
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sUMMARY

The Whitehorse Trough is an early Mesozoic marine 
sedimentary basin that extends from southern Yukon to 
Dease Lake in British Columbia. Strata within the central 
Whitehorse Trough include carbonate rocks of the Upper 
Triassic Sinwa Formation and interbedded sandstone, silt-
stone, and argillite of the Lower Jurassic Inklin Formation. 
Programmed pyrolysis data indicate that potential source 
rocks in the Inklin Formation are gas prone and are within 
the oil and gas windows along the northeastern flank of the 
central Whitehorse Trough.
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InTRODUCTIOn

The presence of suitable petroleum source rocks is a 
necessary condition for the presence of an effective total 
petroleum system, which constrains the petroleum potential 
of under-explored basins such as those within the Inter-
montane region of British Columbia (Curiale, 1994). Hayes 
(2002), in his report on the crude oil and natural gas poten-
tial of the Nechako Basin of British Columbia, indicated 
that a major issue for the basin was the lack of recognition 
of a good petroleum source rock horizon. This perception is 
applicable to all the Intermontane basins due to the limited 
amount of crude oil and natural gas exploration activity and 
a subsequent lack of relevant information.

This paper summarizes some of our current understand-
ing of Early and Middle Jurassic stratigraphy within parts 
of the Intermontane region of the Canadian Cordillera that 
may have petroleum source rock potential. It also provides 
an update on the activities undertaken by the Resource 
Development and Geoscience Branch (RDGB) of the Brit-
ish Columbia Ministry of Energy and Mines to address the 
issue through recognition and basic characterization of po-
tential source bed horizons within the Intermontane region. 
This is part of a much larger collaborative program, which 
began in 2001, between the Geological Survey of Canada 
(GSC) and the RDGB to look at energy-related aspects of 
the Intermontane Basins. The RDGB is also collaborating 
with the GSC on a new, multiyear initiative, which started 
in 2003, entitled “Integrated Petroleum Resource Potential 
and Geoscience Studies of the Bowser and Sustut Basins”.

Subsurface characterization of potential Cretaceous 
and Tertiary petroleum source rocks within the Nechako 
area has been documented by Hunt (1992) and Hunt and 
Bustin (1997). Osadetz et al. (2003) obtained Rock-Eval 

pyrolytic and total organic content (TOC) data for well cut-
tings from all bore holes within the Nechako and Bowser 
Basins. Evenchick et al. (2003) reported bleeding crude oil 
from paleomagnetic coring operations in fine-grained clas-
tics that may be either migrated petroleum or residual crude 
oil stains in potential petroleum source rocks. The purpose 
of the present study was to sample potential source-bed 
horizons of Early and Middle Jurassic age in areas where 
subsurface data is lacking. In addition, the following brief 
summary on the extent of potential source-bed horizons of 
this age within certain parts of the Canadian Cordillera in-
dicates these units are potentially regionally distributed.

The author, as part of the regional mapping program 
examining Bowser Lake and Sustut Group rocks within the 
western portion of the McConnell Creek map area (NTS 
094D; see Evenchick et al., 2003), sampled potential pe-
troleum source rock horizons in this area (Figures 1 and 2). 
In addition, one week was spent examining possible source 
beds on the east side of the Nechako area within the Ques-
nel Trough (Figures 1, 3, and 4). Twenty-five samples were 
collected in the McConnell Creek area, and 12 samples 
were taken from the Quesnel Trough. Further sampling is 
planned in both regions during the 2004 field season.

Current research in the Bowser Basin has recognized 
crude oil staining in surface and subsurface samples of the 
Bowser and Sustut Groups (Osadetz et al., 2004, 2003; 
Evenchick et al., 2003). The data suggest the presence of at 
least 3 source-bed horizons, one of Jurassic to Cretaceous 
age, another within carbonate sequences of Paleozoic age, 
and a third of fresh-water origin. Data in this paper, in part, 
reviews sampling undertaken in the field in an attempt to lo-
cate the stratigraphic horizons responsible for the staining.
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In Bowser-Sustut and Quesnel Trough areas, the focus 
of sampling was within black carbonaceous sequences of 
Early to Middle Jurassic age, which are believed to underlie 
coarser clastic units of the basins. This stratigraphic interval 
encompasses the Toarcian-Aalenian time period, which on 
a worldwide scale is inferred to record an interval of anoxic 
water conditions resulting in enhanced preservation of ac-
cumulated organic material (Jenkyns, 1988).

Worldwide oceanic anoxic events are documented at 
several stratigraphic levels within Jurassic and Cretaceous 
sedimentary rocks. In addition to the Toarcian, these include 
intervals within the Aptian-Albian, Cenomanian-Turonian, 
and Santonian ages (Jenkyns, 1980, 1988). Most of these 
time periods are well represented within the Western Canada 
Sedimentary Basin and have contributed a large proportion 
of the petroleum within known pools (e.g., First and Second 
White Speckled Shale, Base of Fish Scales zone, and Fernie 
Formation; see Creaney et al., 1994).

Figure 1. Geomorphological belts of the Canadian Cordillera together with selected terranes and locations of 
areas mentioned in text or shown in subsequent diagrams. The regional distribution of Early to middle Jurassic 
clastics is also indicated. Base map modified from Osadetz et al., 2003.

bOWsER AnD sUsTUT bAsIns

The Bowser and Sustut Basins are overlap assemblages 
deposited on an allochthonous terrane of the Canadian Cor-
dillera. Located in north-central British Columbia, they are 
found within the northern part of the Intermontane Belt and 
sit on Devonian to Jurassic rocks of Stikinia (Figure 1).

There are 3 main successions within these basins: the 
Middle Jurassic to mid-Cretaceous Bowser Lake Group, the 
Lower to mid-Cretaceous Skeena Group, and the mid- to 
Upper Cretaceous Sustut Group. Bowser Lake strata repre-
sent a southwestward-prograding delta to distal submarine 
fan sequence and contain marine to nonmarine sediments 
(Evenchick et al., 2001). Skeena rocks, located along the 
southern part of Bowser Basin, are inferred to have been 
deposited in marine to nonmarine deltaic environments, but 
their relationship to Bowser Lake stratigraphy is uncertain 
(Tipper and Richards, 1976). The Sustut Group is inferred 
to have been deposited in fluvial to lacustrine environments 
(Eisbacher, 1974) that existed in a foreland basin east of 
deforming Bowser Lake strata (Evenchick and Thorkelson, 
in press).
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Figure 2. generalized geology of the mcConnell Creek map area, showing sample locations. modified from Evenchick et al., 2003.
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Figure 3. generalized geology map of the Ashcroft area, showing extent of 
Ashcroft Formation and sample locations. modified from Travers, 1978.
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Figure 4. generalized geology of Quesnel Terrane west of Quesnel Lake, showing 
sample location and distribution of Early to Middle Jurassic clastics.
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Bowser, Skeena, Sustut, and underlying Stikinia rocks 
are deformed into dominantly northwest-trending fold and 
thrust structures comprising the Skeena Fold Belt (Even-
chick, 1991). Evenchick (1991) demonstrated that this 
thin-skinned structural belt of mid-Cretaceous age contains 
a well-developed triangle zone at its northeastern margin 
within Sustut strata.

Potential Source Beds

In the area of the Bowser and Sustut Basins, black or-
ganic-rich shales have been recognized within the Lower 
to Middle Jurassic sediments of the upper Hazelton Group 
(Thomson et al., 1986). In addition, slope and submarine fan 
facies of the Bowser Lake Group contain abundant sections 
of black shale that may have elevated organic contents.

Effective Mesozoic and Paleozoic petroleum source 
rocks are postulated based on analysis of crude oil stains 
from surface and subsurface samples of Bowser and Sustut 
lithologies (Evenchick et al., 2003; Osadetz et al., 2003, 
2004). Indirect confirmation of a Paleozoic source hori-
zon is indicated by crude oil staining in cored paleomag-
netic samples taken from Permian and Triassic sequences 
(Evenchick et al., 2003). Stikine Assemblage strata contain 
black carbonaceous sequences of Devonian-Mississippian 
age (Logan et al., 2000) similar in composition to other 
time-equivalent sequences throughout Cordilleran terranes 
and within the miogeocline (e.g., Exshaw and Bakken For-
mations).

HAZELTOn GROUP

Strata of the Bowser Lake Group overlie fine-grained 
clastic sedimentary rocks of the upper Hazelton Group 
(Figure 2). This latter succession is dominantly a volcanic 
sequence of broadly Early to Middle Jurassic age (Tipper 
and Richards, 1976). Although upper Hazelton clastics are 
well developed below the Bowser Lake Group, these rocks 
locally grade into dominantly volcanic sequences.

Terminology of the Hazelton Group varies along the 
basin margins. In the northwestern part of the basin, upper 
clastics are termed the Spatsizi Formation (Evenchick and 
Thorkelson, in press) whereas further west, in the Eskay 
Creek and Forrest Kerr areas, this horizon contains 3 facies 
with varying proportions of volcanic rocks and is referred 
to as the Salmon River Formation (Anderson, 1993; Logan 
et al., 2000). In southern Bowser Basin, Tipper and Rich-
ards (1976) subdivided upper Hazelton clastics into the 
Nilkitkwa and Smithers Formations.

Upper Hazelton Group clastic rocks span Early 
Pliensbachian to Bajocian-Bathonian times in the northern 
Bowser Basin (Thomson, et al., 1986; Evenchick et al., 
2001). Volcanic rocks become increasingly voluminous 

northward in Spatsizi River map area (Thomson et al., 
1986). There, upper Hazelton Group rocks have been for-
mally assigned to the Spatsizi Formation (Evenchick and 
Thorkelson, in press). In the Joan Lake area of this map 
region, Thomson et al. (1986) initially assigned these rocks 
to group status and defined the Joan, Wolf Den, Melisson, 
Abou, and Quock Formations. Although subdivision of 
this horizon is possible in the Joan Lake area, Evenchick 
and Thorkelson (ibid.) suggested this succession be low-
ered to formation status (and the constituent formations to 
members) because it was difficult to recognize all units on 
a regional scale, and strata in similar stratigraphic positions 
around the Bowser Basin are formations in the Hazelton 
Group.

In the Joan Lake area, Upper Pliensbachian to Mid-
dle Toarcian Wolf Den and Aalenian Abou Members are 
dominanted by black to dark grey shales which, together 
with their faunal assemblages, suggest anoxic water condi-
tions (Thomson et al., 1986). The Bajocian Quock Member, 
with its distinctive sections of interlayered black siliceous 
carbonaceous siltstone, shale, and light-coloured ash tuff 
(“pyjama beds”), are also inferred to have been deposited 
in anaerobic conditions. Thomson et al. (ibid.) describe 
parts of these lithologies as containing up to 20% organic 
material. The authors speculated this horizon would have 
acted as an excellent petroleum source rock and noted its 
well-placed stratigraphic position at the base of the Bowser 
Lake sequence.

Although the members of the Spatsizi Formation in the 
Joan Lake area may represent a restrictive facies of the up-
per Hazelton Group, the overall basinal, anoxic conditions 
(as inferred for upper Hazelton clastics around the margins 
of the Bowser Basin and within structural windows or cul-
minations) suggests that these organic-rich lithologies may 
underlie much of the basin (Thomson et al., 1986).

mCCONNELL CREEK mAP AREA (094D)

The author spent approximately 5 weeks in the western 
and central parts of the McConnell Creek map area as part 
of a provincial-federal cooperative regional mapping pro-
gram (Evenchick et al., 2003). During this time, sections of 
the upper Hazelton Group were examined and sampled in 
the Diagonal Mountain and Motasse Peak areas for charac-
terization of organic content. In addition, parts of the lower 
Bowser Lake Group together with black siltstone or shales 
in the Ritchie-Alger and Todagin assemblages were also 
sampled.

Upper Hazelton rocks in this area have been previ-
ously described by Tipper and Richards (1976), Jeletzky 
(1976), Evenchick and Porter (1993), Jakobs (1993), and 
Evenchick et al. (2003). The largest area covered by these 
rocks in the western McConnell Creek map sheet is roughly 
centred on Diagonal Mountain. The total thickness of the 
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upper Hazelton Group is difficult to determine as the base 
is not exposed; however, the exposed section is conserva-
tively in the order of 300 m thick. The dominant lithology is 
variably cleaved, rusty- to orange-weathering, blocky, dark 
grey to black siliceous siltstones and shales with variable 
proportions of thin bedded white to pinkish tuff (Photo 1). 
These tuffaceous lithologies comprise the typical Toarcian 
to Bajocian sections of the upper Hazelton Group seen 
around the Bowser Basin and are informally referred to as 
the “pyjama beds”. The amount of tuff is variable within 
sections exposed in the Diagonal Mountain area, but is usu-
ally less than 30% of the section where present. Tuff varies 
from less than 1 mm to 10 cm thick and, although usually 
homogenous, can display graded bedding or ripple marks. 
Parts of the sequence are composed almost entirely of dark 
grey to black, platy siltstone or shale. Some sections are 
blue-grey in colour and quite carbonaceous.

Minor lithologies include light grey- to grey-weather-
ing calcareous siltstone exhibiting a dark grey-brown col-
our on fresh surface and brown to grey-brown weathering, 
grey micritic to clastic limestone up to 30 cm thick, which 
forms lenses up to several metres in length. Sections of this 
sequence are rusty-weathering and contain several percent 
authigenic (or detrital?) pyrite. Pyrite is best developed 
within tuffaceous sections, although it is also present in 
siliceous siltstone. The anoxic conditions inferred for this 
sequence, together with the abundance of pyrite, suggests 
the potential to host sedimentary exhalative mineral depos-
its.

The contact between the upper Hazelton clastics and 
overlying Bowser Lake Group is transitional (Evenchick et 
al., 2003; Jakobs, 1993). Interbedded tuff is lost up-section, 
and the siliceous nature of the siltstone disappears, result-
ing in well-cleaved, rusty- to brown-weathering shales 
and slate up to 20 m thick. The first thin beds of chert(?) 
sandstone are observed at the top of this lithology, together 
with the first indications of bioturbation in shale and silt-
stone. Sandstone becomes more abundant up-section and 
the percentage of rusty-weathering horizons decreases. The 
contact has been placed at the top of the rusty-weathering 
section, occurring some 100 m above the first sandstone 
horizon and approximately 15 m below the base of the 
first chert-pebble conglomerate typical of the Bowser Lake 
Group (Evenchick et al., 2003).

The present interpretation of the upper contact for the 
Hazelton Group would make it as young as late Bathonian 
(see Evenchick et al., 2001; 2003). Evenchick et al. (2003) 
argue that, considering the Oxfordian ages for the Bowser 
Lake Group in the area, the age of this contact may be 
younger and within the Callovian. The oldest ages for the 
Hazelton Group in the Diagonal Mountain area are Toar-
cian (Evenchick et al., 2001). Palfy et al. (2000) reported an 
age of 167.2 +10.5 –0.4 Ma for tuff sampled from “pyjama 
beds” approximately 4.5 km south-southeast of Diagonal 
Mountain.

Photo 1. Typical interlayered tuff and dark grey to black siliceous siltstone of the  
“pyjama beds”, upper Hazelton group clastics, mcConnell Creek map area.
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Lithologies at Diagonal Mountain are similar to those 
of the Quock Member (Thomson et al., 1986). Based on 
fossil ages (Evenchick et al., 2001), sections at Diagonal 
Mountain would also be equivalent age to units of the 
Abou, Melisson, and Wolf Den Members. The lack of shal-
lower-water lithologies at Diagonal Mountain (represented 
by the Melisson Member) suggests that this unit was either 
removed below the Late Toarcian unconformity or that it 
was not deposited. Descriptions of the Wolf Den, Abou, 
and Quock Members are entirely consistent with litholo-
gies observed at Diagonal Mountain, although they are not 
distributed in a simple stratigraphy that can be mapped.

At Motasse Peak, the Hazelton Group also contains the 
striped, interlayered siltstone and tuff as described in the 
Diagonal Mountain area. Tuff is also lost up-section, result-
ing in rusty-weathering siltstone and shale. The recognition 
of the upper contact is difficult because of the thick section 
of rusty-weathering siltstones and shales together with a 
lack of coarse clastic lithologies typical of the basal Bowser 
Lake Group. There is no definite break in the rusty nature 
of the siltstone lithologies. This may be due to the presence 
of nearby Tertiary intrusions, in conjunction with structural 
complication.

Ritchie-Alger and Todagin assemblages represent co-
eval slope and submarine fan assemblages, respectively, of 
Late Jurassic to Early Cretaceous age. These units have an 
abundance of dark grey and black fine-grained lithologies 
that may have accumulated abundant organic matter. The 
Todagin assemblage contains dark grey- and black-weath-
ering siltstone and shale, which are not as dominant within 
the Ritchie-Alger. These units also are inferred to have been 
deposited in turbiditic deposits and higher-energy sequenc-
es of chert sandstone and conglomerate, which are more 
voluminous in the Ritchie-Alger assemblage than they are 
in the Todagin (Evenchick et al., 2001; 2003).

Siltstone units are typically orange-brown to dark 
grey-weathering and massive to thickly bedded. They can 
display poor cleavage, but are typically blocky- to crumbly-
weathering. They commonly contain thin orange-brown 
weathering laminae, which are commonly bioturbated. 
Nodules or discontinuous horizons of orange-weathering 
grey limestone up to several tens of centimeters thick are 
also present within sections of the siltstone. Several hori-
zons (up to 5 m thick) of rusty-weathering black siltstone 
were also observed in these units.

qUEsnEL TROUGH

The senior author spent several days sampling sections 
of organic-rich shale within parts of the Quesnel Trough. 
These localities are described by Macauley (1984) as poten-
tial oil shale horizons based on descriptions of earlier work-

ers. These sections are within Lower to Middle Jurassic fine 
clastic rocks, similar in composition to the upper Hazelton 
Group, and include the Ashcroft Formation in the south and 
an unnamed sequence near the town of Likely. Both units 
overlie Triassic to Jurassic arc sequences of the Quesnel 
Terrane and are considered part of the overlap succession.

Ashcroft Formation

The Ashcroft Formation is well exposed in the area 
of Ashcroft and comprises approximately 1200 to 1600 
m of carbonaceous shale, siltstone, and minor sandstone 
and conglomerate (Travers, 1978; Duffell and McTaggart, 
1952). Exposures east of Ashcroft are believed to be non-
marine in origin (McMillan, 1974; Monger, 1982). Con-
glomerate, although a minor constituent, is distinctive by 
its polymict nature, containing clasts derived from ancestral 
North America and the Cache Creek and Quesnel Terranes 
(Travers, 1978; Duffell and McTaggart, 1952). The unit 
rests unconformably on the volcanics of Quesnellia and 
possibly the Cache Creek Terrane (Travers, 1978; Monger, 
1982).

The age of the Ashcroft Formation is broadly Early to 
Middle Jurassic, and a compilation of fossil localities show 
this succession to be possibly Sinemurian to Callovian in 
age (Monger and Lear, 1989; Travers, 1978). Fossils col-
lected near the base of the unit are possibly Sinemurian in 
age (Travers, 1978, Frebold and Tipper, 1969) and range up 
to Bajocian at the same locality (Monger and Lear, 1989). 
Along the eastern, nonmarine part of the sequence, fossil 
data suggest an unconformity between Pliensbachian and 
Callovian lithologies (Travers, 1978). Travers (1978) in-
ferred that the western succession of Ashcroft strata were 
deposited during an interval of continuous sedimentation 
between Sinemurian and Callovian time, based on the lack 
of regolith and channel conglomerate associated with the 
unconformity in eastern sections. This may be true; how-
ever, no fossils of Toarcian or Bathonian age have been 
recovered from this area, which could indicate non-deposi-
tion, erosion, or lack of data.

McMillan (1974) describes up to 10 m of fetid, dark 
grey crystalline limestone in the Barnes Creek area, which 
he believed to be of bioclastic origin. In other sections 
along the creek, fetid limestone occurs as clasts within con-
glomerate deposited above a regolith. Associated shales, as 
elsewhere in the Ashcroft Formation, are black and carbo-
naceous. The section here contains Callovian fossils.

Duffel and McTaggart (1952) describe thick sections 
of black carbonaceous shale, which contain Callovian age 
fossils, in Black Canyon and near the mouth of Minaberriet 
Creek. This may have been the locality of the suspected 
oil shale. Recently, similar carbonaceous sequences were 
sampled along the highway into Ashcroft. Further sampling 
is planned for this area during 2004.



 Resource Development and Geoscience Branch   ��

The Ashcroft Formation was sampled near the town of 
Ashcroft, where the unit is well exposed in road and rail-
way cuts (Figure 3). Travers (1978) shows this sequence 
as being an overturned panel along the footwall of a thrust 
carrying the Nicola Group. No fossil data is available at 
this locality, although fossil collections to the south, along 
strike, are Pliensbachian or Sinemurian and Bajocian (Mon-
ger and Lear, 1989).

At this locality, the Ashcroft Formation consists of 
platy and blocky, rusty-weathering, dark grey to black 
siliceous siltstone. Cleavage is well developed locally 
but is commonly a spaced parting. Non-siliceous siltstone 
units typically exhibit blue-grey weathering and yellow 
salt residue. Discontinuous light-coloured bands were ob-
served (tuffaceous?) and locally contained authigenic pyrite 
crystals. Some horizons are quite coarse and texturally ap-
proach a sandstone. Interbedded with these typical siliceous 
siltstone sequences are sections of black, crumbly, sooty 
(carbonaceous) siltstone and shale ranging from 5 to 10 m 
thick. These graphitic horizons locally contain 2 to 5 cm 
thick beds of pale to medium grey micritic limestone. The 
entire section at this locality is at least 100 m thick. Both 
lithologies were sampled at several points along the section. 
Results of organic petrographic and anhydrous pyrolysis 
analysis of these samples will be reported subsequently.

Central Quesnel Trough

Oil shales were described southwest of Likely in the 
early part of the 20th century (Robertson, 1904, 1905; Ells, 
1925; Macauley, 1984). Analysis of these rocks demon-
strated that they contain appreciable amounts of kerogen, 
and one report indicated a potential value of 25 litres/tonne 
for producible liquid petroleum (see Macauley, 1984). 
Macauley (ibid.) suggested that, based on descriptions and 
local geology, the unit that was sampled was probably part 
of the Lower to Middle Jurassic clastic succession overly-
ing arc sequences of Quesnellia (Figure 4).

These Lower to Middle Jurassic sediments are consid-
ered overlap assemblages as they contain coarse clastics in 
their upper parts with cobbles derived from Cache Creek 
and Quesnel Terrane and ancestral North American sources, 
indicating that they formed after amalgamation of these ter-
ranes. This succession is also shown to overlap both Cache 
Creek and Quesnel Terrane rocks northwest and southeast 
of Likely (Tipper, 1978).

Panteleyev et al. (1996) detailed the geology and 
metallogenic nature of central Quesnel Terrane. Units de-
scribed by these authors that could have been the source of 
the early samples include the fine-grained Pliensbachian to 
Aalenian siltstones and shales (Units 5 and 6). The older 
Upper Triassic “Black Phyllite”, although composed of 
dark fine-grained clastics, is generally of too high a meta-

morphic grade (greenschist and higher) to contain any re-
sidual kerogen.

These Pliensbachian to Aalenian sediments contain 
sections of thin-bedded dark grey to grey calcareous silt-
stone, siltstone, and sandstone in the lower part. Polymictic 
conglomerate occurs in the top of the sequence and can also 
be interbedded with the finer lithologies. A Pliensbachian 
to possibly Toarcian age is suggested for the lower fine-
grained unit, whereas Aalenian ammonites were extracted 
from interbedded fine-grained lithologies within the upper 
conglomeratic sequence (Panteleyev et al., 1996; Poulton 
and Tipper, 1991). The thickness of these sections is not 
reported, although structural sections, based on the geology 
of Panteleyev et al. (1996), would suggest several hundred 
metres.

Numerous sections were visited in 2003, based on 
mapping by Panteleyev et al. (1996), but due to the reces-
sive nature of the units and limited time available, only one 
exposure was found on a road cut along the main highway, 
near Beaver Lake. This exposure consists of black sooty 
siltstone and dark grey to black calcareous siltstone. Both 
lithologies appear to be quite organic rich. The entire sec-
tion at this locality was some 10 m thick. Results of organic 
petrographic and anhydrous pyrolysis analyses of these 
samples will be reported subsequently.

REGIOnAL IMPLICATIOns

Sampling of Lower to Middle Jurassic organic-rich 
horizons within the Stikine and Quesnel terranes has shown 
these lithologies to be quite similar, not only in age but in 
overall composition. Both sequences were deposited after 
underlying terranes coalesced and amalgamated to ances-
tral North America, suggesting that sedimentary basins may 
have been contiguous.

Deep-water, fine-grained sediments of Early to Middle 
Jurassic age (Toarcian to Bajocian) appear to be widespread 
within the Canadian Cordillera and overlie many of the al-
lochthonous terranes (Monger et al., 1991; Poulton and Tip-
per, 1991). These units are characterized by dark shales and 
siltstones interbedded with varying amounts of volcanics 
and coarser clastics. They are found within northern and 
central Stikine Terrane (Tipper and Richards, 1976), along 
the Chilcotin Ranges underlying rocks of the Tyaughton 
Trough (Umhoefer and Tipper, 1998; Figure 1) and east-
ward within the Quesnel Terrane (Panteleyev et al., 1996). 
Clearly the deeper-water conditions leading to the deposi-
tion of these sediments were extensive in the Canadian Cor-
dillera, although punctuated by several volcanic episodes. 
The present configuration of these depocentres is a result of 
dextral strike-slip motion since the Cretaceous along major 
terrane-bounding faults (Gabrielse, 1991).

Lower to Middle Jurassic black shales within both 
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northern Stikine Terrane and Quesnellia are inferred to 
have been deposited in anaerobic depositional conditions. 
This time period brackets a major worldwide anoxic event 
(Jenkyns, 1988), which suggests that many of these sedi-
mentary sequences within the Canadian Cordillera were 
also deposited in these environments. These low-oxygen 
conditions are conducive to the preservation of organic 
matter. To the east, within the Western Canada Sedimentary 
Basin, shale, siltstone, and carbonate of the Fernie Group 
were deposited during the same time period and are inferred 
to have been deposited under similar conditions. These 
rocks have proven to be one of the major petroleum source 
horizons within this basin.

The wide geographic distribution of Lower and Mid-
dle Jurassic fine-grained sediments suggests these units 
underlie coarser, clastic successions of the Interior Basins. 
Furthermore, the implied anoxic depositional environment 
recorded by these Lower and Middle Jurassic clastics sug-
gests that these successions, under the right conditions, 
could have been sources of petroleum that migrated into 
overlying clastics.
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sTERAnE COMPOsITIOnAL TRAITs OF bOWsER AnD  
sUsTUT bAsIn CRUDE OILs: InDICATIOns FOR  

THREE EFFECTIVE PETROLEUM sYsTEMs

By K.g. Osadetz1, C. Jiang2 ,C. A. Evenchick3, F. Ferri4,
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AbsTRACT

Crude oils extracted from Bowser Lake and Sustut 
Groups have distinctive compositions that are inferred to 
be indicative of at least three effective petroleum systems 
that have generated, expelled, and accumulated crude oil. 
Compositional differences among the three effective petro-
leum systems are illustrated by compositional variations of 
steranes, complicated molecules that have retained struc-
tural similarities to their inferred biological precursor, cho-
lesterol. Oil stains occur widely, both geographically and 
stratigraphically. One compositional oil family is inferred 
to be derived from Stikine Assemblage, the sub-Hazelton 
succession. This petroleum is derived from pre-Jurassic 
marine carbonate source rocks deposited in hypersaline 
to mesohaline environments. A second compositional oil 
family is derived from Mesozoic open-marine source rocks 
that are inferred to be within the upper Hazelton or lower 
Bowser Lake Group, as the lowest stratigraphic occurrence 
of these oils lies in marine-slope deposits of the Bowser 
clastic wedge. A third oil family, which is inferred to be 
derived from lacustrine Mesozoic source rocks, occurs in 
northern Bowser and Sustut Basins, where it is probably de-
rived from thick, often coaly, nonmarine Bowser Lake suc-
cessions. The occurrence and composition of these crude 
oils expand the petroleum prospectivity of the Bowser and 
Sustut Basins by reducing petroleum system risks and in-
dicating a possible petroleum system for Hazelton Group, 
which is now attributed petroleum potential.

InTRODUCTIOn

This report results from work performed as part of 
the project “Integrated Petroleum Resource Potential and 
Geoscience Studies of the Bowser and Sustut Basins”, a 
collaborative research project of the BC Ministry of En-
ergy and Mines (Oil and Gas Emerging Opportunities and 
Geoscience Branch) and the Geological Survey of Canada 

1Geological survey of Canada: Calgary, 3303 33 st. Nw, 
 Calgary, AB, Canada, T2L 2A7
2Humble Geochemical services division, 218 Higgins street,  
 Humble, Texas 77338 U.s.A.
3Geological Survey of Canada: Pacific, 101-605 Robson St.  
 Vancouver, BC, Canada, V6B 5J3; 
4resource development and Geoscience Branch, BC  
 Ministry of energy and Mines, Po Box 9323, 6th Floor, 
 1810 Blanshard st., Victoria, BC, Canada, V8w 9N3

(Evenchick et al., 2003). The current multiyear project is 
multidisciplinary in scope and broad in geographic cover-
age, including the length and breadth of both the Bowser 
and Sustut Basins. Primary activities include geological 
framework and energy resource studies and petroleum re-
source assessment. 

Previous petroleum assessment work of the region 
identified substantial petroleum potential while recognis-
ing that there are several poorly understood but significant 
risks (Hannigan et al., 1995). That study showed that 
there were significant play-level risks associated with the 
inferred petroleum potential of the Bowser Basin. More 
recent GSC/BCMEM research resulted in a profound shift 
in perceptions of organic and thermal maturity patterns in 
the Bowser and Sustut Basins (Evenchick et al., 2002). 
The first regional organic maturity dataset illustrates that 
large areas, including the lowest stratigraphic levels of 
the Bowser Basin, have sufficiently low organic maturity 
levels to be favourable for the formation and preservation 
of crude oil. This fundamentally changed previous views 
that considered the high thermal maturity of some of the 
stratigraphically highest coals as a negative indication for 
hydrocarbon potential in all stratigraphic levels and all the 
geographic regions of the basins. The recent discovery of 
petroleum seepages and stains within the basin (Osadetz et 
al., 2003a) provides information that eliminates play-level 
risks associated with petroleum system function and reser-
voir occurrence. The results presented herein indicate that 
there are at least three operational petroleum systems, each 
with sources and crude oils of different molecular composi-
tion and stratigraphic characteristics operating in Bowser 
and Sustut Basins. The results are consistent with the revised 
observations and models of thermal maturity and history. 
Integration of these data, models, and interpretations will 
increase the robustness of petroleum resource assessments 
in this potential frontier petroleum province.
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REGIOnAL GEOLOGICAL OVERVIEW

The Bowser and Sustut Basins are located in north-cen-
tral British Columbia (Figure 1) in the Intermontane Belt of 
the Canadian Cordillera, a region of sedimentary diagen-
esis or low metamorphic grade (mainly greenschist facies) 
relative to the adjacent Omineca and Coast metamorphic 
and plutonic belts. They overlie Devonian to early Middle 
Jurassic strata of the allochthonous terrane Stikinia.

The basins comprise 3 stratigraphic successions with 
overlapping ages. The Bowser Lake Group is the lowest, 
ranging from upper Middle Jurassic to mid-Cretaceous. It 
constitutes a major clastic depositional wedge that includes 
strata deposited in distal submarine fan, slope, shallow-ma-
rine shelf, deltaic, fluvial, and lacustrine environments (e.g., 
Tipper and Richards, 1976; Evenchick et al., 2001). It was 
deposited directly on Stikinia, a volcanic arc that includes 
Jurassic upper Hazelton Group clastic successions. The 
Lower to mid-Cretaceous Skeena Group occurs south of the 
Bowser Lake Group, with uncertain stratigraphic relation-
ships. Skeena Group strata were deposited in marine and 
nonmarine environments and are intercalated with volcanic 
successions (Tipper and Richards, 1976). The mid- to Up-
per Cretaceous Sustut Group, a fluvial and lacustrine fore-
land basin succession, unconformably onlaps the Hazelton 
and Bowser Lake Groups that are deformed in older Skeena 
Fold Belt structures. The Skeena Fold Belt subsequently 
involved and deformed the Sustut Group (Eisbacher, 1974; 
Figure 2). 

All 3 successions and underlying Stikinia are deformed 
in the Skeena Fold Belt, a thin-skinned contractional fold 
and thrust belt of Cretaceous and possibly early Tertiary 
age (Evenchick 1991). Northeast-vergent open to closed 
folds of about 100 to 1000 m wavelengths are the dominant 
structures at exposed levels, but larger wavelength folds 
often outlined by anticlinoria and synclinoria in Bowser 
Lake Group are associated with structural culminations and 
depressions inferred to be controlled by the involvement 
of Stikine Assemblage volcanic and clastic strata. The fold 
hinges trend northwest dominantly, but domains of northeast 
fold hinge trends occur in western Skeena Fold Belt (ibid.). 
Hinterland-verging thrusts in the vicinity of the boundary 
between Bowser Basin and Sustut Basin (Evenchick and 
Thorkelson, in press) define a triangle zone (Gordy et al., 
1977), similar to major productive and prospective struc-
tures in many thrust and fold belts (MacKay et al., 1996).

CRUDE OIL OCCURREnCE

New field work and the analysis of existing samples 
have identified, extracted, and characterized 20 crude oil oc-
currences from locations in Bowser and Sustut Basins (Ta-
ble 1, Figure 2). Numerous additional indications of crude 
oil staining and petroleum fluid inclusions occur within the 

Bowser and Sustut Basins, but only 20 samples (Table 1) 
are characterized here. Petroleum occurrences include:

1. Tsatia Mountain (NAD 27, UTM Zone V E442468 
N6380068), a breeched oil field in Muskaboo Creek 
Assemblage Bowser Lake Group (GSC Extract 
X9693 and X9694; Osadetz et al., 2003); 

2. Sandstone in the roof of the triangle zone north of 
Cold Fish Lake (NAD 27, UTM Zone V E511100 
N6396070), Tango Creek Formation, Sustut Group 
(GSC Extract 9746); 

3. Footwall of the Crescent Fault near the confluence 
of Buckinghorse Creek and Spatsizi River (NAD 27, 
UTM Zone V E525670 N6366320), Eaglenest (del-
taic) Assemblage of the Bowser Lake Group (GSC 
Extract X9731);

4. Amoco Ritchie well a-3-J/104-A-6, one of the only 
2 petroleum exploration wells in the basin, shows 
extensive oil stains, which were extracted from sam-
ples at depths of 644.8 m, 1321.9 m, 1439.7 m, and 
2055.8 m (2115.7’, 4337.0’, 4723.4’, and 6745.0’) 
(GSC Extracts X9742-X9745);

5. Twelve diverse samples from the northern Bowser 
and Sustut Basins (between 57.4284o N to 57.7803oN 
and 127.7689o W to 130.0625o W; GSC Extracts 
X9790 to X9801);

6. New field examples of rocks, potentially stained 
with crude oil, that were identified during sample 
drilling for paleomagnetic samples (Evenchick et al., 
2003). Oil films were present in the circulating fluid 
during paleomagnetic sampling of all Stikinia rocks 
sampled at Oweegee Dome. Oil films were present 
in a large number of lithologies through this anti-
formal culmination, including limestone, volcanic 
flows, volcaniclastic turbidites and conglomerates 
in Hazelton Group and lower units, as well as from 
Bowser Lake Group sandstone at Mount Ritchie 
(Figure 2, ibid.). These samples remain to be ex-
tracted and characterized, but they might reasonably 
be expected to resemble oil samples from the Ritchie 
wells;

7. Confirmed flammable natural gas seeps of biogenic 
methane into Tatogga Lake (Osadetz et al., 2003), 
which will be reported elsewhere (Evenchick et al., 
in prep).

All these indications demonstrate that petroleum (both 
crude oil and natural gas) occurs in Bowser and Sustut 
Basins. The existing resource assessment suggests that sig-
nificant petroleum resources and large pool sizes can   be   
expected   (Hannigan   et   al.,   1995),  but  only exploratory 
drilling will confirm the existence of a significant undiscov-
ered petroleum resource.
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Figure 1. Location of the bowser and sustut basins on a base map showing the morphogeological 
belts of the Canadian Cordillera.
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Figure 2. The locations of select crude oil samples discussed in text shown on a regional map of the Bowser and Sustut 
basins. The locations of all samples are listed in Table 1. 
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PETROLEUM CHARACTERIZATIOn 
UsInG MOLECULAR COMPOsITIOnAL 
TRAITs

Crude oil compositional characteristics reflect kerogen 
paleoecology, depositional environments, diagenesis, and 
maturity. Differential expulsion, migration, and post-ac-
cumulation effects (processes like catagenesis, biodegrada-
tion, and water washing) can also affect crude oil composi-
tion (Peters and Moldowan, 1993; Waples and Machihara, 
1990; Seifert and Moldowan, 1986, 1981, 1978); therefore, 
it is important to distinguish source characteristics from 
migration and post-accumulation effects before inferring 
depositional and diagenetic characteristics directly from 
crude oils. Extracts studied herein exhibit three distinguish-
able and distinctive compositional associations, or family 
groups, defined by persistent compositional characteristics 
that are exhibited by a variety of fractions and compounds, 

TAbLE 1.  CRUDE OIL sTAIn AnD FLUID InCLUsIOn sAMPLE LOCATIOns.

but which are especially well-illustrated by steranes, the 
focus of this discussion. 

Phytolic acid side-chains from chlorophyll molecules 
indicate a particular phototrophism. The acyclic isopren-
oid compounds pristane (Pr) and phytane (Ph), which are 
ubiquitous compounds in crude oils, are commonly derived 
from these side chains of chlorophyll molecules, although 
other sources for these compounds exist (Figure 3; Volk-
man and Maxwell, 1986). Low Pr/Ph ratios are commonly 
inferred to indicate water column anoxia, especially when 
accompanied by even-odd n-alkane predominance (Welte 
and Waples, 1973). High Pr/Ph ratios are commonly inter-
preted as indicative of oxic water columns (Volkman and 
Maxwell, 1986). 

Steranes, both regular and rearranged, are common 
biological  markers in oils.  Acid clays in the  depositional 
environment can control early diagenetic reactions that 
result in sterane rearrangement via unsaturated intermedi-

GSC Lab no. 9745
extract sample

GSC Lab no. 9742
extract sample
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Figure 3. Illustrative saturate fraction gas chromatograms (SFgC) of two solvent extract samples 
from the Ritchie A-3-J well at 2055.8 m (6745.0’, top) and 644.8 m (2115.7’, bottom) (Figure 2). All 
figures show detector response (y axis) as a function of time since injection on the chromatographic 
column (x axis). The obvious SFgC compositional differences between these two samples are inter-
preted as due primarily to biodegradation of the shallower crude oil sample by aerobic bacteria.
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ates to produce diasteranes (Figure 4; Sieskind et al, 1979; 
Rubinstein et al., 1975). Low relative diasterane abun-
dances, like those in some carbonate-sourced petroleum 
systems, are generally interpreted to indicate a clay-starved 
depositional environment (i.e., a “carbonate” source rock), 
although many “carbonate” source rocks have ratios of di-
asterane to regular sterane like those attributed to “clastic” 
source rocks (Osadetz et al., 1992). A biological source of 
diasteranes is unlikely, but the association of anomalously 
high diasteranes in carbonate rocks with evaporitic depo-
sitional environments suggests a relationship (Clark and 
Philp, 1989). 

Strongly reducing depositional environments are re-
quired to preserve organic matter and form kerogen in sedi-
mentary petroleum source rocks. Since strongly reducing 
conditions can persist below the sediment-water interface, 
even in the absence of water column anoxia, euxinic sedi-
ments do not directly indicate water column environmen-
tal conditions. However, some biological compounds of 
source rock kerogen, notably phytoloic acid side-chains 
of chlorophyll and bactirohopane-tetrol, are commonly in-
ferred to be affected by reduction and oxidation reactions in 
the water column prior to, or at the earliest stages of, their 

Figure 4. An example m/z 217 mass chromatogram showing the relative abundance of both regular and rearranged steranes 
(or diasteranes) in solvent extract sample x9693, from a sample of muskaboo Creek Assemblage bioclastic sandstone at Tsatia 
Mountain. 

incorporation into the sediment (Peters and Moldowan, 
1993). Peters and Moldowan (1991) suggest that C32 to 
C34 hopane prominences could result from either redox 
reactions controlled by the depositional environment or 
from precursor molecules other than bacteriohopane-tetrol. 
The first alternative is preferred because C34 hopane and 
C35 hopane prominence commonly follows source rock 
depositional environment and paleoecology (Osadetz et al., 
1992). This results in a water column chemistry indicator 
that is preserved in compounds that are a common trace 
component of crude oils (Figure 5; Peters and Moldowan, 
1991). The higher the carbon number of predominant ex-
tended hopanes, the stronger and more persistant the water 
column anoxia. 

REsULTs

Select gross and molecular compositional results of the 
20 samples examined appear in Table 2. All subsequent il-
lustrations of gas chromatograms and mass chromatograms   
show   detector response  (y axis)   as   a function of time 
since injection on the chromatographic column (x axis). 
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Figure 5. An example m/z 191 (terpanes, top) and 218 (regular steranes, bottom) mass chromatogram in 
solvent extract sample x9693, from muskaboo Creek Assemblage bioclastic sandstone at Tsatia mountain. 
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Compounds are identified by both standard elution order 
and by full scan triple sector GCMS operating in MS-MS 
mode. All samples have been characterized optically or 
petrographically as being stains or petroleum fluid inclu-
sions. The low hydrocarbon yields and low HC% values 
are due to the small recoverable volumes (Table 2). This 
is expected, considering the exposure of both outcrops and 
old well cuttings to processes of dissipation and alteration 
resulting from their exposure to the elements, especially in 
light of the inferred low densities and expected volatility of 
the hydrocarbons (Osadetz et al., 2002).

sELECT CRUDE OIL MOLECULAR COM-
POsITIOnAL TRAITs

Molecular compositional differences among the sam-
ples are diverse, but they can be characterized by considera-
tion of select compound variations. The observed variations 
are interpreted using standard techniques and previous stud-
ies to distinguish variations due to the alteration (specifi-
cally biodegradation) so that other variations due primarily 
to source can be isolated and interpreted. The variation of 
biological marker compounds (like steranes and terpanes) 
within the sample set are observed and interpreted to be 
unaffected by alteration, allowing interpretation of com-
positional variations attributed to source rock age (regular 
steranes, Grantham and Wakefield, 1988), lithology (di-
asteranes/regular steranes, Seiskind et al., 1979; hopane 
prominence, Osadetz et al., 1992), and depositional envi-
ronment (Peters and Moldowan, 1991) that form the basis 
of compositional family and petroleum system definition. 

Figure 3 illustrates the range of saturate fraction gas 
chromatogram (SFGC) compositions observed in the 
samples. Both samples are from the Ritchie A-3-J well at 
2055.8 m (6745.0’; Figure 3, top) and 644.8 m (2115.7’; 
Figure 3, bottom; Figure 2) and both have similar biological 
marker compositions. Solvent extract X9745 (top) exhibits 
a normal crude oil response dominated by normal alkanes 
derived from cell wall phospholipids and the irregular iso-
prenoid, most noticeably pristane (Pr) and phytane (Ph). 
The low amplitude baseline hump defines the envelope of 
a complicated mixture of co-eluting compounds. Solvent 
extract X9742 (bottom) exhibits a biodegraded crude oil 
response dominated by normal alkanes that are paired, for 
samples with longer elution times than nC20, with a homolo-
gous series of alkylcyclohexanes and methylalkylcyclohex-
anes that were identified by GC-MS-MS experiments not 
discussed herein. Sample X9742 also exhibits a high ampli-
tude baseline hump of more complicated co-eluting com-
pounds. Note especially the relative change between the 
two samples in response of the hump to compounds eluting 
prior to and after nC20. The sterane compositions of these 
two samples are essentially similar (Table 2, Figures 4, 5, 
6), illustrating that the composition of the lower molecular 
weight saturate fraction has been altered by the preferential 
removal of normal alkanes. Such compositional variations 
are commonly inferred to be indicative of biodegradation 
(Peters and Moldowan, 1993; Osadetz et al., 1992).

The sample set compositional variation can be illus-
trated using a few key compounds. The most illustrative 
variations are shown by the regular and rearranged ster-
anes (Figure 4). An example m/z 217 mass chromatogram 
showing the relative abundance of regular and rearranged 

TAbLE 2.  sELECT GROss AnD MOLECULAR COMPOsITIOnAL REsULTs FROM bOWsER bAsIn 
CRUDE OILs.
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steranes (or diasteranes) in solvent extract sample X9693 
is from Muskaboo Creek Assemblage at Tsatia Mountain. 
Steranes are derived from cholestane-like molecules that 
act as common cell wall rigidifiers in eukaryotic organisms. 
The presence of diasteranes is an indicator of depositional 
environment and source rock lithology (Sieskind et al, 
1979; Rubinstein et al., 1975). 

Two important groups of biological marker are the ter-
panes (m/z 191; Figure 5, top) and regular steranes (m/z 218; 
Figure 5, bottom). Their occurrence is also illustrated by 
mass chromatograms from solvent extract sample X9693, 
from Muskaboo Creek Assemblage at Tsatia Mountain. The 
m/z 191 mass chromatogram illustrates terpanes, which are 
primarily derived from bacteriohopanetetrol, a cell wall 
rigidifier in prokaryotic organisms (Peters and Moldown, 
1993). The ratio of similar carbon number hopanes in the 
homologous group of compounds that occurs to the right 
of the C30 hopane peak as annotated double peaks is con-
trolled by physical conditions of the depositional environ-
ment (Peters and Moldowan, 1991). This sample shows that 
C34 hopanes are prominent, due to the accumulation of the 
source rock in an environment where anhydrite of gypsum 
was accumulating (Osadetz et al., 1992). The m/z 218 mass 
chromatogram illustrates regular steranes that were prob-
ably derived primarily from cholesterol. The ratio of C28 
to C29 steranes is known to increase with geological age in 
marine depositional environments, due to biochemical evo-
lution in the marine biosphere (Grantham and Wakefield, 
1998). The observed ratio of C28/C29 steranes, combined 
with the standard interpretation of the m/z 191 mass chro-
matogram, indicates that the source rock of this oil stain 
is a sub-Hazelton Group carbonate deposited in submarine 
hypersaline to mesohaline environments and probably oc-
curing in the underlying Stikine succession.

Figure 6. A ternary diagram illustrating compositional varia-
tions and affinities of all 20 solvent extract samples using the 
relative abundance of C27-C28-C29 regular steranes (Table 2). 
The three oil families are identified.

A ternary diagram shows the variations and affinities 
of all 20 samples using the relative abundance of C27-C28-
C29 regular steranes (Figure 6, Table 2). The biodegrada-
tion of some oils (Figure 3) does not affect regular sterane 
compositions, such that observed variations can be attrib-
uted primarily to source rock compositional differences. 
This figure illustrates the presence of the three oil families 
identified. One, composed of two extracts from Tsatia 
Mountain (X9693, X9694), is inferred using terpane and 
sterane compositional characteristics to be derived from a 
carbonate source in the underlying Stikine succession, as 
discussed above. Using similar standard interpretations 
(Peters and Moldowan, 1993), we interpret the steranes 
and terpanes of the other samples. The second composi-
tional family includes samples from the Amoco Ritchie 
a-3-J/104-A-6 well at depths of 644.8 m, 1321.9 m, 1439.7 
m, and 2055.8 m (2115.7’, 4337.0’, 4723.4’, and 6745.0’) 
(GSC Extracts X9742-X9745), the Tango Creek Formation 
sample from the Triangle zone (GSC Extract X9746), the 
Eaglenest assemblage sample from Buckinghorse Creek 
(GSC Extract X9731), as well as six samples from other 
locations in the northern Bowser Basin region (GSC Ex-
tracts X9791-93 and X9798-80, Table 1) that have compo-
sitional characteristics that suggest derivation from a Meso-
zoic open-marine source rock. This potential source facies 
probably lies in the upper Hazelton or lower Bowser Lake 
Groups, as the lowest stratigraphic occurrence of these oils 
lies in slope and shelf facies of the Bowser Lake Group. 
A third oil family composed of 6 samples from the group 
of 12 diverse samples from northern Bowser Basin (GSC 
Extracts X9790, X9794-97 and X9801) is distinguished 
by having lower C27 regular steranes and generally higher 
C29 regular steranes compared to all other samples. This oil 
compositional family is inferred to have a nonmarine, pos-
sibly lacustrine, source in Bowser Lake or Sustut Groups 
(Peters and Moldowan, 1993). The transitional positions of 
samples X9794 and X9796 do not preclude the possibility 
that they could be mixtures of the two oil families inferred 
to have Mesozoic source rocks. This is possible, since the 
geographic ranges of the two end-member compositions of 
the Mesozoic marine and nonmarine source oils overlap; 
however, other evidence presented below suggests that 
mixing is not important.

A cross plot of the ratio C29 diasteranes to regular 
steranes and ratio of regular C28 steranes to C29 steranes 
(Figure 7) shows additional compositional variations within 
families using variation of diasteranes/regular steranes (Sie-
skind et al, 1979; Rubinstein et al., 1975). Those oils inferred 
to have a nonmarine Mesozoic source have an overlapping 
range of diaterane/regular sterane ratios to those inferred 
to have Mesozoic marine sources; however, the range of 
nonmarine source oil compositions is illustrated by X9790, 
which is one of the samples that is most different from the 
oils inferred to have marine Mesozoic sources. Therefore, it 
is unlikely that the samples X9794 and X9796 are mixtures 
of any significant proportion.   A  cross plot  of the ratio 
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Figure 7. A cross plot of the ratios C29 diasteranes to C27 regular steranes and ratio of regular 
C28 steranes to C29 steranes showing that the compositional variations within families, as typi-
fied by the variation of diasteranes/regular steranes. 

C29 diasteranes to regular steranes and the ratio of pristane 
to phytane from the SFGC illustrates that the compositional 
distinction between the two interpreted Mesozoic oil fami-
lies is also reflected by other compositional traits (Figure 
8). Insufficient pristane and phytane were observed in the 
oils inferred to be sourced from the Stikine Assemblage 
strata (X9693; X9694) to allow their characterization us-
ing pristane and phytane; however, they are distinguished 
from most Mesozoic sourced oils by their generally higher 
saturate to aromatic hydrocarbon ratio (Table 2).

DIsCUssIOn

The interpretation that biodegradation has altered the 
composition of some crude oils at or near the surface is 
important but not surprising. The Amoco Ritchie a-3-J/104-
A-6 well has a porous interval containing a resistive fluid 
that is either “by-passed petroleum pay” or fresh water. The 
nature of the wireline-log resistivity anomaly is not diag-
nostic. Some crude oil extracts from this well are clearly 
biodegraded (Figure 3) as a result of aerobic bacterial deg-
radation that implies a connection with oxygenated (prob-
ably fresh and meteoric) water, which, like hydrocarbons, is 
electrically resistive. In the same well, Koch (1973) reported 
other petroleum shows, including both dry and wet gas in 
cuttings samples at depths less than 792 m (2600’) where 

the gas detector indicated more than 40 units, compared to 
background readings of 10 to 20 units. Therefore, the nature 
of the resistivity anomaly in the well remains unresolved. 
Regardless, the combined observations are important since 
the wireline logs indicate the presence of porous zones in 
some of the deepest strata in Bowser Lake Group, while the 
oil stains indicate an effective petroleum system in the same 
region. The results are consistent with the revised thermal 
maturity model (Evenchick et al., 2002).

The analysis of the molecular composition of these 
oil stains and seepages has identified at least three distinct 
compositional crude oil families. One oil family is inferred 
to be derived from carbonate source rocks in underlying 
Stikinia. The second and third oil families, one of which 
has the characteristics of a marine source, and the other of 
which has compositional characteristics of a nonmarine or 
lacustrine source, are inferred to be derived from Jurassic 
or younger sources in the Hazelton-Bowser-Sustut succes-
sions. The source rocks of these petroleum systems have not 
been identified explicitly, nor have the oils been correlated 
to solvent extracts from potential source rocks, although 
potential source rock intervals have been identified in a 
variety of stratigraphic positions (Evenchick et al., 2002; 
Osadetz et al., 2003b). However, the significant number of 
petroleum stains and their association with structures that 
could be traps for petroleum (as at the Ritchie well, Tsatia 
Mountain, and in the roof of the triangle zone) all point 
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toward a complete removal of play-level risks for both pe-
troleum system and reservoir. This suggests that a revised 
petroleum assessment would be even more encouraging 
than the existing one (Hannigan et al., 1995).

COnCLUsIOns

Oil stains occur widely, both geographically and strati-
graphically, with only the northern half of these basins 
being investigated. Twenty crude oil stains and petroleum 
fluid inclusions have been extracted from Bowser Lake and 
Sustut Group rocks, and their compositions have been char-
acterized. The molecular compositions of these samples are 
interpreted to show that there are at least three composi-
tionally distinct oil families representative of three effective 
petroleum systems in Bowser and Sustut Basins. 

Molecular compositional differences can be charac-
terized by sterane compositional variations using stand-
ard techniques and previous studies, once the effects of 
alteration (specifically biodegradation) are discounted. 
One compositional oil family is inferred derived from the 
sub-Hazelton succession. A second compositional oil fam-
ily derived from normal Mesozoic marine source rocks is 
inferred derived from the upper Hazelton or lower Bowser 
Lake Groups. A third oil family derived from lacustrine 
Mesozoic source rocks is inferred to occur in the Bowser 
Lake Group. 

Figure 8: A cross plot of the ratio C29 diasteranes to C27 regular steranes and ratio of pristane 
(Pr) and phytane (Ph) from the saturate fraction gas chromatogram (sFGC) that illustrates 
how compositional distinctions between the two mesozoic oil families is reflected by addi-
tional compositional traits.

The occurrence and composition of these crude oils 
expand the petroleum prospectivity of Bowser Basin by 
reducing petroleum system risks and indicating a possible 
petroleum system for Hazelton Group. The preservation of 
crude oils is also a strong confirmation of the revised ther-
mal maturity model for the basin (Evenchick et al., 2002). 
Existing petroleum resource assessments (Hannigan et al., 
1995) do not attribute petroleum potential to sub-Bowser 
successions, indicating a need for revision. 
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APPEnDIx 1:  
AnALYTICAL PROCEDUREs

Anhydrous Pyrolysis

Rock-Eval/TOC is a useful screen for recognizing 
sources and stained lithologies. Rock samples suspected or 
identified as having crude oil stains or petroleum fluid in-
clusions were pyrolyzed using Rock-Eval/TOC (Table 2) to 
determine total organic carbon content (Table 2; Espitalie et 
al., 1985; Peters, 1986; Tissot and Welte, 1978, p. 443-447). 
The Rock-Eval/TOC analysis gives five parameters: S1, S2, 
S3, TOC, and Tmax. The S1 parameter measures free or ad-
sorbed hydrocarbons volatilized at moderate temperatures 
(300o C). S2 measures the hydrocarbons liberated during a 
ramped heating (300o C to 550o C at 25oC/min.). The S3 pa-
rameter measures organic CO2 generated from the kerogen 
during rapid heating (300o C to 390o C at 25o C/min.). Milli-
grams of product per gram of rock sample, the equivalent to 
kilograms per tonne, is the measure of all these parameters. 
Total Organic Carbon (TOC) is measured and reported in 
weight percent. Tmax, the temperature corresponding to the 
S2 peak maximum temperature, is measured in oC. 

Rock-Eval/TOC parameters have significance only 
above threshold TOC, S1, and S2 values. If TOC is less 
than about 0.3%, then all parameters have questionable 
significance and the experiment suggests no potential. Oxy-
gen index (OI = S3/TOC), has questionable significance if 
TOC is less than about 0.5%. OI values greater than 150 
mg/g TOC can result from either low TOC determination or 
from a mineral matrix CO2 contribution during pyrolysis. 
Both Tmax and production index (PI = S1/[S1+S2]) have 
questionable significance if S1 and S2 values are less than 
about 0.2. Results can be affected by mineral matrix effects; 
these either retain generated compounds, generally lower-
ing the S1 or S2 peaks while increasing Tmax, or liberate 
inorganic CO2 and increase S3 and OI. Mineral matrix ef-
fects are important if TOC, S1, and S2 are low—an effect 
not significant in this study. 

Solvent Extract Gross Composition

The amount and composition of solvent extractable bi-
tuminous material, including crude oil stains and petroleum 
fluid inclusions, was obtained by extracting the bitumen 
from the rock sample using the Soxhlet technique (Table 
2). Solvent extracts were fractionated using packed column 
chromatography, following a method effectively similar 
to that published by Snowdon (1978). The resulting gross 
composition can be used to identify crude oil stains or to 
characterize source rock richness and maturity. Normalized 
solvent extract hydrocarbon (HC) yield, quoted in milli-

grams of extract per gram of organic carbon (mg/g TOC), 
is a richness indicator. HC yields of less than 30 mg/g TOC 
suggest no source rock potential. Those between 30 and 50 
mg/g TOC suggest marginal potential. HC yields between 
50 and 80 mg/g TOC show good potential. Greater values 
indicate excellent potential. Hydrocarbon percentage cri-
teria for maturity are commonly independent of OM type 
and lithology. Stained samples are those with more than 
55% HCs, and lower values are characteristic of petroleum 
source rocks if sufficient material is available, which is not 
the case for this study. Less than 20% HCs characterizes 
thermally immature sources; 25% to less than 45% HCs is 
the interval of marginal maturity; higher values occur dur-
ing the the main HC generation stage. 

Solvent Extract Molecular Composition

The extractable bitumen was de-asphalted by adding 
an excess of pentane (40 volumes) and then fractionating 
using open-column liquid chromatography. Saturate hydro-
carbons were analysed using gas chromatography (GC) and 
gas chromatography-mass spectrometry (GCMS). A Varian 
3700 FID gas chromatograph was used with a 30 m DB-1 
column coated with OV-1 and helium as the mobile phase. 
The temperature was programmed from 50o C to 280o C 
at a rate of 4o C/min and then held for 30 min at the final 
temperature. The eluting compounds were detected and 
quantitatively determined using a hydrogen flame ioniza-
tion detector. The resulting saturate fraction chromato-
grams (SFGC) were integrated using Turbochrom software. 
GCMS was performed in both single ion monitoring and 
full scan modes on both saturate and aromatic hydrocarbon 
fractions of solvent extracts, although only select saturate 
fraction compositional characteristics obtained from single 
ion monitoring experiments are reported here. Single ion 
monitoring GCMS experiments were performed on a VG 
70SQ mass spectrometer with a HP gas chromatograph at-
tached directly to the ion source (30 m DB-5 fused silica 
column used for GC separation), or under similar analyti-
cal conditions. The temperature, initially held at 100o C for 
2 min, was programmed at 40o C/min to 180o C and at 4o 

C/min to 320o C, then held for 15 min at 320o C. The mass 
spectrometer was operated with a 70 eV ionization voltage, 
300 mA filament emission current and interface tempera-
ture of 280o C. Terpane and sterane ratios reported herein 
were calculated using m/z 191 and m/z 217 and m/z 218 
mass chromatograms.
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nORTHWEsT bRITIsH COLUMbIA
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InTRODUCTIOn

The Whitehorse Trough is an elongate Mesozoic arc-
marginal volcano-sedimentary basin that extends from 
central Yukon to Dease Lake in northwest British Columbia 
(Figure 1). The Whitehorse Trough contains volcaniclastic 
and carbonate strata of the Upper Triassic Stuhini Group 
and siliciclastic strata of the Lower to Middle Jurassic Lab-
erge Group (Figure 2). Major structures within the southern 
Whitehorse Trough include the Llewellyn and Nahlin Faults 
and the southwest-vergent King Salmon Thrust.

The King Salmon Thrust carries the Upper Triassic 
Sinwa Formation (Stuhini Group) and Lower Jurassic Ink-
lin Formation (Laberge Group) in its hanging wall over top 
of more proximal facies of the Laberge Group to the south-
west (Souther, 1971; Figure 1). Regional mapping suggests 
that the King Salmon Thrust extends northwards into the 
southern Atlin Lake region (e.g., Wheeler and McFeely, 
1991). The major structure in the Atlin Lake region is, how-
ever, the Llewellyn Fault (Wheeler and McFeely, 1991), a 
steep north-northwest-trending strike-slip fault of largely 
Triassic to Cretaceous age (Mihalynuk, 1999). The fault 
that marks the southwest limit of the Laberge Group in the 
southern Atlin Lake region (herein called the Copper Island 
Fault) has previously been interpreted to be the northern ex-
tension of the King Salmon Thrust. Both the King Salmon 
Thrust and the Copper Island Fault trend northwest. The 
main goal of this paper is to determine whether the Copper 
Island Fault in the southern Atlin Lake region is an exten-
sion of the King Salmon Thrust or whether it is a separate 
and possibly younger structure. To address this question, 
a detailed geological mapping program was undertaken on 
Copper Island in southern Atlin Lake. Mapping focused on 
determining the nature of the Copper Island Fault and its 
relationship to other regional structures and on document-
ing the structure and stratigraphy of adjacent strata of the 
Laberge Group. 

The goals of this paper are to (1) describe the stratig-
raphy and structure of Copper Island, (2) construct and 
discuss the structural cross sections for Copper Island, and 

(3) establish whether the Copper Island Fault is a northern 
continuation of the King Salmon Thrust (as previously as-
sumed) or a separate entity. 

GEOLOGICAL bACkGROUnD

Early Mesozoic arc-marginal volcano-sedimentary 
rocks of the Whitehorse Trough include conglomerate, silt-
stone, sandstone, and greywacke that were deposited in a 
deep-marine setting of submarine fans and conglomeratic 
fan deltas (e.g., Dickie and Hein, 1995; Johannson et al., 
1997). Laberge Group sediments were derived from the 
unroofing of the Stikine magmatic arc and Yukon-Tanana 
Terrane to the west and southwest (Dickie and Hein, 1995; 
Johnston  et al., 1996; Johannson et al., 1997) and are divis-
ible into a distal sandstone facies in the northeast (Inklin 
Formation) and a proximal conglomeratic facies in the 
southwest (Souther, 1971; Monger et al., 1991). 

The marine Inklin Formation consists of a roughly 3 
km thick succession of interbedded greywacke, shale, and 
siltstone with minor conglomerate (Johannson et al., 1994), 
interpreted as the distal facies of coalescing submarine fans 
and conglomeratic fan deltas (Dickie and Hein, 1995). In 
the southern Atlin Lake area, the Inklin Formation ranges 
in age from Early Sinemurian to Late Pliensbachian (Jo-
hannson et al., 1997). In the southern Whitehorse Trough, 
the conglomeratic facies of the Laberge Group onlaps the 
Upper Triassic volcanic and carbonate rocks of the Stuhini 
Group (Souther, 1971). In the southern Atlin area, the distal 
Laberge Group facies are faulted against the Stuhini Group 
strata by the Copper Island Fault, and the proximal con-
glomeratic facies of the Laberge Group are missing.

The Whitehorse Trough was tectonically shortened 
during the Middle Jurassic as a result of a collisional event 
that involved the westward emplacement of the Cache 
Creek Terrane over the Whitehorse Trough and Stikine Ter-
rane (Mihalynuk, 1999). Structures of the central White-
horse Trough are dominated by southwest-vergent folds 
and thrusts (English et al., 2003). The age of the fold and 
thrust belt development is constrained as mainly Middle 
Jurassic on the basis of biostratigraphy (Tipper, 1978)  and 
between  174  and  172  Ma  based on isotopic cooling age 
determinations (Mihalynuk et al., in press).
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Figure 1. Location of Copper Island study area in southern Atlin Lake.

Figure 2. Stratigraphy of Laberge group within the whitehorse Trough. Arrows indicate paleoflow direc-
tion. Tanglefoot Formation is a chert and pebble conglomerate from the Cache Creek Terrane in Yukon 
(source: English et al., in review).
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Two major thrust faults that developed during colli-
sion are the King Salmon Thrust and the Nahlin Fault. The 
Nahlin Fault bounds the northeast limit of the Whitehorse 
Trough at the surface (Aitken, 1959) and carries Cache 
Creek Terrane in its hanging wall. In the southern White-
horse Trough, the King Salmon Thrust carries the Upper 
Triassic Sinwa Formation and Lower Jurassic Inklin For-
mation in its hanging wall over more conglomeratic facies 
of the Laberge Group in its footwall. The King Salmon 
Thrust occurs near the base of the Sinwa Formation, and 
subsidiary thrust faults splay from and mimic the trend and 
vergence of this major structure (English et al., 2003).

The northern extent of the King Salmon Thrust is, how-
ever, uncertain. In the area southeast of Atlin Lake, Early 
Eocene Sloko Group volcanic rocks conceal the northern 
continuation of the King Salmon Thrust (Aitken, 1959; 
Mihalynuk, 1999). A similarly positioned fault, the Copper 
Island Fault, occurs on the northwest side of the exposed 
Sloko Group through Atlin Lake and was previously inter-
preted as the King Salmon Thrust. The Copper Island Fault 
can be distinguished from the King Salmon Thrust based on 
its geometry and relationship to adjacent rocks. This fault 
may instead represent a splay of the Llewellyn Fault. The 
possibility that the Copper Island Fault is a strike-slip splay 
was investigated.

sTUDY AREA

The structure and stratigraphy of the Laberge Group on 
Copper Island in southern Atlin Lake were used to evaluate 
the Copper Island Fault. The study area covers a 30 km2 
region straddling the Copper Island Fault. This fault, which 
separates the Sinwa Formation and Inklin Formation, was 
mapped from the southwest shore of Atlin Lake, across 
Second Narrows and Copper Island, to the western shore of 
Torres Channel (Figure 3). At its western extent, the Copper 
Island Fault is plugged by a Late Cretaceous intrusion in the 
vicinity of Cathedral Mountain (Mihalynuk, 1999).

sTRATIGRAPHY

The study area is underlain by volcanic, volcaniclastic, 
and carbonate strata of the Upper Triassic Stuhini Group 
and Lower Jurassic Inklin Formation (Figures 2 and 3). 
Volcanic rocks of the Stuhini Group are a minor component 
of the area and outcrop on the southwest corner of Copper 
Island. 

The Norian Sinwa Formation of the Stuhini Group 
consists of light to dark grey massive to bedded limestone. 
Fossiliferous undulating light grey beds are 0.2 to 5 cm 
thick and interbedded with 0.25 to 2 cm thick beds of dark 
grey limestone. Some of these shallow marine carbonates 
have an extensive lattice of calcite veining and a marbled 

appearance near the contact zone with the Laberge Group. 
Some samples were fetid. In the Second Narrows region, 
limestone is intercalated with Late Triassic volcaniclastic 
strata and pyroclastic rocks of the Stuhini Group (Mi-
halynuk, 1999). The fault zone extending across Second 
Narrows marks the unexposed contact between the Sinwa 
Formation limestone and the Laberge Group.

Early to Late Pliensbachian greywacke, siltstone, argil-
lite, sandstone, and minor conglomerate are characteristic 
of the Inklin Formation within the Laberge Group. The 
most common sediments on Copper Island consisted of 
medium grey to dark grey-green massive to graded wacke 
beds (more than 15% matrix) that range from 1.5 to 100 m 
thick, with the thickest beds exposed on the northwest shore 
of Copper Island. Two to three metre thick beds of these 
lithic wackes are commonly interbedded with argillite, 
siltstone and sandstones. Flame structures and convoluted 
and planar contacts mark the boundaries between beds. The 
greywacke consists of angular, poorly sorted medium to 
coarse sand in a 15% to 70% mud matrix. Clasts include 
lithic clasts (predominantly volcanic rock), feldspar, quartz, 
biotite, and less than 15% mafic minerals. Most beds were 
right way up; however, bedding of greywacke and siltstone 
is overturned in the central portion of Copper Island. Veins 
of calcite are found in the vicinity of fault zones, and orange 
weathering is common. 

Within the Inklin Formation, there is a siliciclastic unit 
of medium- to coarse-grained quartz-rich wacke and sand-
stone that occurs as 100+ m thick beds, coarsens upwards, 
and displays dark orange weathering. Rip-up clasts (ap-
proximately 20 by 40 cm) and lenses of siltstone commonly 
are contained within the sandstone. 

The 1 to 10+ m thick siltstone occurs as black to medi-
um rusty brown 0.5 to 3 cm laminations. The bedding varies 
from undulating and convoluted to planar. The siltstone is 
subordinate within wacke-dominant sequences and is com-
monly interbedded with coarser orange-brown fine-grained 
sandstone. Bioturbation, orange weathering, and lenses of 
sandstone are common. 

Pebble to cobble conglomerate occurs as one minor 
20 m thick bed on southeast Copper Island. The clasts are 
dominantly rounded to subrounded volcanics, greywacke, 
and shale. This unit was not found outcropping in any other 
portion of the island. The absence of the conglomeratic 
facies of the Laberge Group in the southern Atlin area is 
different from the stratigraphy found in the footwall of the 
King Salmon Thrust in the Taku River area, where coarse 
conglomeratic facies of the Laberge Group are dominant 
(Souther, 1971).
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Figure 3. bedrock geology map of Copper Island.
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sTRUCTURE

Copper Island is characterised by northwest-southeast 
trending folds and faults. One shallowly southeast-plung-
ing syncline occurs on southwest Copper Island adjacent to 
the Copper Island Fault. An overturned anticline in central 
Copper Island shallowly plunges to the southeast (Figure 
4 and 5). Minor folds perpendicular to the Copper Island 
Fault occur along the ridge top northeast of Second Nar-
rows. A tight minor antiform on a centrally located island 
off the southeast shore of Copper Island could not be fol-
lowed onto Copper Island.

The Copper Island Fault separates the Sinwa Forma-
tion to the southwest from the younger Inklin Formation 
to the northeast. Laberge Group siltstone adjacent to the 
fault contains Late Pliensbachian (Kunae Zone) ammonites 
(Johannson et al., 1997), and previous dating of the Sinwa 
Formation concludes the age to be Norian (Upper Triassic) 
(Souther, 1971). 

Bedding attitude is variable adjacent to the Copper 
Island Fault. The Sinwa Formation limestone dips from 
subvertical to shallow in multiple orientations (e.g., 138/79; 
260/60; 356/011). The Inklin strata are moderately shal-
low and dip inconsistently (e.g., 018/23; 226/40; 233/52; 
336/54). Variability in bedding may be due to local defor-
mation along the Copper Island Fault. The Copper Island 
Fault is a subvertical structure trending northwest through 
Second Narrows and Copper Island (Figure 3 and 5). The 
linear fault zone is 175 to 200 m wide and crosscuts differ-
ent-aged bedding of adjacent strata. Extensively fractured 
rocks and slickenfibre lineations that shallowly plunge to 
the southeast (17°→148° and 18°→126°) are observed in 
the Copper Island Fault zone. The shallow orientation of 
the slickenfibres may indicate a largely translational motion 
on the Copper Island Fault. 

Additional post Mid-Jurassic linear faults divide the 
northeast portion of Copper Island and crosscut Laberge 
Group bedding and the northwest-trending folds. The rocks 
in these faulted areas are shattered or gouged, and the faults 
form linear features on air photographs and commonly have 
intrusions along the margins of the fault zone. Intrusions of-
ten are in or directly next to narrow linear bays that formed 
along the fault zones. The younger faults variably cut 
across the folds formed in the Mid-Jurassic (Tipper, 1978; 
Mihalynuk, in press). Several other faults cut across Copper 
Island on the eastern shore, variably trending 270° to 330°. 
Variable orientations and the number of faults added much 
complexity to structural interpretation of the east portion 
of Copper Island. In detail, thick beds may disappear over 
short distances and are thought to be interrupted by a fault 
rather than pinched out stratigraphically. 

Subvertical strike-slip faults are common in the south-
ern Atlin Lake area and are exposed along Atlin Lake on 
Bastion and Griffith Islands (English et al., in review). Ad-

ditionally, the subvertical Llewellyn Fault trends northwest 
across Llewellyn Inlet. Mihalynuk (1999) documented 
abundant vertical to subvertical northeast-trending faults 
of sinistral and dextral motion with less than 10 m offset 
in the Tagish Lake Area. Regionally, the subvertical Cop-
per Island Fault continues to separate the Upper Triassic 
Stuhini Group and the Lower Jurassic Laberge Group to the 
northwest and merges with the Llewellyn Fault near Tagish 
Lake (based on bedrock geology map of Mihalynuk, 1999). 
Therefore, the Copper Island Fault represents a splay on the 
Llewellyn strike slip system rather than a continuation of 
the King Salmon Thrust.

DIsCUssIOn

The Copper Island Fault is commonly interpreted as 
an extension of the King Salmon Thrust (Wheeler and Mc-
Feely, 1991); however, these two faults may be independent 
structures.

In the central portion of the Whitehorse Trough near the 
Taku River, the Sinwa and Inklin Formations occur north-
east of and in the hanging wall of the King Salmon Thrust 
and are carried over younger Lower Jurassic conglomeratic 
facies of the Laberge Group to the west (Souther, 1971). 
The Copper Island Fault, however, juxtaposes older, Up-
per Triassic Sinwa Formation limestones to the southwest, 
against younger, Late Pliensbachian Laberge Group strata 
to the northeast; Sinemurian and Early Pliensbachian strata 
are absent across the fault. The cutting out and structural 
thinning of the stratigraphic section and the juxtaposition 
of younger rocks to the northeast against older rocks to the 
southwest is the opposite of what would be expected if the 
Copper Island Fault were a west-verging thrust fault. 

Arguably, the history of the King Salmon Thrust is 
similar to the history of the Nahlin Fault. The Nahlin Fault 
bounds the northeast margin of the Whitehorse Trough 
(Figure 1) and originated as a thrust fault during emplace-
ment of the Cache Creek Terrane (Mihalynuk, 1999). As 
the Nahlin Fault extends into Atlin Lake area, the structure 
becomes vertical and displays dextral wrench displace-
ment, perhaps due to reactivation between  about 55 and 46 
Ma (Mihalynuk et al., 2003). Thus, the Copper Island Fault 
could represent younger strike-slip motion on a northern 
continuation of the King Salmon Thrust; however, this re-
mains problematic because the age relation of stratigraphy 
across Copper Island Fault differs from that of the King 
Salmon Thrust.

The steep nature of the Copper Island Fault, the vari-
able bedding adjacent to the structure, the shallowly plung-
ing slickenfibres, and the crosscutting of beds all suggest a 
translational strike-slip motion for the Copper Island Fault. 
In addition, the well-developed fold and thrust belt char-
acteristic of the southern Whitehorse Trough is not seen in 
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Figure 4. Syncline (a) and overturned anticline (b) plunging shallowly towards the southeast located northeast of Copper 
Island Fault. Compare to air photo (c) which shows the plunging nature of syncline (a) (source: BC5624 059).
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southern Atlin Lake (English et al., in review), and local 
and regional faults in the area are dominantly strike-slip in 
nature (e.g., Llewellyn Fault, Figure 1).  Given that the sub-
vertical Copper Island Fault can be traced to the northwest, 
continuing to separate the Stuhini Group and the Laberge 
Group until it merges with the Llewellyn Fault near Tagish 
Lake, the Copper Island Fault represents a splay of the Tri-
assic to Cretaceous Llewellyn strike-slip system rather than 
a northern continuation of the King Salmon Thrust.

IMPLICATIOns FOR HYDROCARbOns

In the Taku River area, the Sinwa Formation carbonates 
extend to depth beneath the Laberge Group in the hanging 
wall of the shallow-angle King Salmon Thrust and may 
be a potential source rock for hydrocarbon accumulations. 
However, this relationship is not as clear in the southern 
Atlin Lake and Copper Island areas. The steep angle fault 
separating the Sinwa Formation from the Laberge Group 
may have developed during strike-slip motion, and the ex-
tent of the Sinwa Formation, and concomitant source rock 
potential, in the subsurface beneath the Laberge Group in 
the Atlin Lake area remains unconstrained (Figure 5).

COnCLUsIOns

In the southern Atlin Lake region, the subvertical 
Copper Island Fault separates the Upper Triassic Sinwa 
Formation from Late Pliensbachian sediments of the Inklin 
Formation. The Copper Island Fault has previously been 
interpreted to represent the northwestern continuation of 
the King Salmon Thrust. The geometry and stratigraphic 
relationship across the fault suggest that the Copper Is-
land Fault is a separate and younger feature from the King 
Salmon Thrust and is probably characterised by strike-slip 

Figure 5. Cross section of western Copper Island. Central folds are overturned and have undergone further deforma-
tion perpendicular to fold axis. Note the vertical-subvertical Copper Island Fault in the Sw and fault splay slightly NE 
of the CIF.   see Figure 3 for section line and legend.  

displacement. The King Salmon Thrust carries the Sinwa 
and Inklin Formations in its hanging wall and places them 
above the proximal conglomerate facies of the Laberge 
Group. These conglomerates are not exposed in the Atlin 
Lake area, and the subvertical Copper Island Fault does not 
display an older-over-younger relationship. Moreover, the 
basal Sinemurian strata of the Inklin Formation are miss-
ing across the fault. The Copper Island Fault can be traced 
to the northwest until it merges with the Llewellyn Fault; 
therefore, the Copper Island Fault represents a splay of the 
Llewellyn strike-slip system rather than a northern continu-
ation of the King Salmon Thrust. 
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UnIqUE AsPECTs OF bRITIsH COLUMbIA COALbED METHAnE  
GEOLOGY: InFLUEnCEs On PRODUCEAbILITY

by barry Ryan1

keywords: elk Valley, Crowsnest and Peace river 
coalfields; gas composition; Lewis Thrust; deformation 
history.

InTRODUCTIOn

The majority of literature refers to the extraction of 
coalbed methane (CBM) from coal, which is not scien-
tifically correct as the gas extracted from coal is a mixture 
of methane, carbon dioxide, and other gases. The British 
Columbia government is adopting the term coalbed gas 
(CBG). The abbreviations CBM and CBG both refer to 
the commercial gas extracted from coal at depth. To avoid 
confusion with existing scientific literature, this paper uses 
the term CBM.

Based on the amount of public data available, British 
Columbia is still in the grassroots stage of CBM explora-
tion. In the last few years, companies have drilled a number 
of holes in southeast, northeast, and central British Colum-
bia. Most of the drilling was done as part of experimental 
schemes, which provide a three-year confidentiality period, 
and consequently most of the information is still confiden-
tial. This paper therefore relies in part on coal rather than 
CBM data and  on speculation as input for a discussion of 
influences of CBM geology on produceability. Under this 
general topic a number of observations or ideas are de-
veloped; they are related only in that they may all help in 
delineating prospective CBM areas.

Most of the coalfields in British Columbia have expe-
rienced some level of deformation. It is very important to 
understand the timing of coal maturation relative to defor-
mation. In the simplest context, one should know whether 
structural traps were formed before or after generation of 
thermogenic methane. In the southeast of the province, the 
Elk Valley and Crowsnest coalfields (Figure 1) form part of 
the Lewis Thrust sheet, and this somewhat unique macro-
tectonic environment should be considered when assessing 
the CBM characteristics of the coalfields. This leads to a 
provisional comparison of the structural setting between 
the Peace River in the northeast and the southeastern coal-
fields. Finally, one of the most important aspects of CBM 
produceability is the recent tectonic history of coalfields 
and how it may improve permeability and interrelate with 
coal properties.

COMMEnTs On THE TIMInG OF  
DEFORMATIOn AnD COAL  
MATURATIOn

Coal, more than any other rock, changes during matura-
tion. The main change is shrinkage, at first associated with 
loss of water, then with loss of carbon dioxide, and finally 
with loss of methane. There are a number of experimental 
ways of determining mass lost during maturation, but it can 
also be estimated from standard analyses of coals of dif-
ferent ranks. In the latter case, it is assumed that the fixed 
carbon component of a proximate analysis remains constant 
and that coal shrinkage is caused by loss of water and vola-
tile matter. This is obviously only an approximation of what 
happens as coal rank increases; however, it enables a useful 
plot to be developed (Figure 2), which indicates that most 
of the water loss and coal shrinkage occur in the rank range 
defined by mean maximum vitrinite reflectance (Rmax) 
values of 0.4% to 0.7% (also represented by the transition 
from sub-bituminous to high-volatile bituminous). A sec-
ond period of rapid shrinkage corresponds to the expulsion 
of thermogenic methane at a rank of about Rmax = 0.9%.

During the two periods of rapid shrinkage (Figure 2), 
seams are expelling water and volatile matter and may 
become overpressured. Under these conditions, especially 
during the first period, seams are most susceptible to bed-
ding-parallel slip and thrusting. If deformation starts when 
seams are in the rank window Rmax = 0.4% to 0.7%, then 
pervasive deformation may well be localized in seams, in 
part because of overpressuring. Seams will be extensively 
sheared and may not develop cleats, or pre-existing cleats 
may be destroyed. Methane generated as rank continues to 
increase may have structural traps available, but permeabil-
ity in seams may be low. On the other hand, if deformation 
occurs when the coal has reached higher ranks, then it is 
less likely to be as pervasive within seams, and pre-existing 
cleats may survive. Methane generated prior to develop-
ment of structural traps may be lost as it is expelled with 
increasing rank.

The two periods of matrix shrinkage indicated in Fig-
ure 2 may correspond to cleat development. The earlier one 
is caused in part by compaction and loss of surface water, 
with some loss of CO2 from the coal matrix. This shrinkage 
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Figure 1. Structural setting of the Elk Valley and Crowsnest coalfields.
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probably forms widely spaced cleats, because coal at this 
rank still contains, in part, a vegetation structure that will 
hinder the formation of closely spaced cleats. At increased 
rank (about Rmax = 0.9%), the coal goes through another 
period of rapid contraction that is caused by loss of methane 
from vitrinite. At this time, closely spaced cleats may form 
in vitrain-rich bands.

Figure 2. matrix shrinkage and potential over-pressure as 
estimated from proximate analyses.

Face cleats exist in Powder River Basin coals, which 
have ranks of about Rmax = 0.4%. Generally, face cleats 
form parallel to the direction of regional compression and 
perpendicular to the basin axis. In that they are probably 
forming at fairly shallow depth (represented by a rank of 
about 0.4% to 0.7%), it is easy for the fold-axis-normal 
direction to become extensional, especially because of coal 
shrinkage. The regional nature of these fractures is probably 
accentuated because they offer pathways for water expelled 
from coal to escape upwards within seams to basin margins. 
Butt cleats that may form later during methane generation 
will generally be constrained to form at 90° to bedding and 
face cleats. These are surfaces of no or low cohesion, and 
therefore principle compressive stress directions must be 
perpendicular to them.

The spacing of face cleats decreases as rank increases 
up to a rank of low-volatile bituminous or semi-anthracite 
and then may increase (Law, 1993). If cleat development 
and spacing is related to the two periods of maximum 
shrinkage, then there should be a relationship between the 
plot provided by Law (1993) (Figure 3, this paper) and 
Figure 2. The curve in Figure 3 can be represented by a 
number of model points (open diamonds) that allow for the 
calculation of the change of cleat frequency versus rank or 
temperature. It is apparent that the maximum rate of change 
in cleat frequency is at low rank or temperature and tends to 
conform to the maximum period of coal shrinkage. 

The generation of thermogenic methane can start 
at ranks as low as 0.5% in liptinite-rich coals. The gas is 
rich in heavier hydrocarbons, i.e., wet gas (Scott, 2001). 
The main stage of thermogenic methane generation starts 
at a rank of about 0.8% (Figure 4, from Scott, 2001), and 
the gas becomes progressively drier (dryness defined as 
C1/[C2+C3]) as rank increases. However, it will generally 
have lower ratios than does biogenic gas, which has high 
C1/(C2+C3) ratios. Coals rich in inert macerals may gener-
ate fairly dry gas (high C1/[C2+C3] ratio).

In deformed seams in British Columbia, it is important 
to differentiate between the effects of regional deformation 
(thrust faults) and local (in-seam) deformation. Regional 
deformation that precedes local folding probably occurs 
when coal rank is low, and its intensity will not vary based 
on location in folds. Shear joints associated with the early 
thrusting may not intersect bedding along fold-axis direc-
tions of later folding, and they will not vary their relative 
orientation with respect to bedding, depending on which 
limb they occur on. The simplistic geometry of shear joints 
related to regional shearing and local flexural flow folding 
is illustrated in Figures 5 and 6.

The data are plotted into lower-hemisphere stereonets 
as poles to bedding and poles to shear joints. It is useful to 
note that in the stereonets, the pole to shear joints migrates 
away from the pole to bedding in the direction of shearing 
to form an acute angle between the two poles. The orienta-
tion of shear joints related to thrusting should be region-
ally consistent, whereas those related to folds will change 
orientation depending on which limb they are on. Limited 
data from southeast BC indicate that the shear joints at the 
Greenhills coal mine on the west limb of the syncline are 
related to the flexural slip associated with the syncline. In 
other mines, the relationship is less obvious. The shear joints 
are, however, rotated such that they appear to be related to 
folds trending more to the northwest or thrusting from the 
southwest. (Figure 7). Face cleats appear  to  strike  normal 

Figure 3. Spacing of face cleats versus rank (from Law, 
1993); open diamonds are model points.
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to  this  early folding (or parallel to the thrusting) rather than 
normal to the later fold-axis direction.

In the Peace River coalfield (Figure 8), shear joints 
indicate northeastward thrusting or the prevalent north-
west-trending folds. The properties indicated in Figure 8 
are located in Figure 9. Face cleats are generally normal 
to the fold-axis direction, except in the north in the Geth-
ing Formation, where some trend parallel to the fold-axis 
direction. These cleats may in fact be axial planar features 
related to folding of the coal that occurred after it reached 
moderate rank. In the area, coal in the Gething Formation 
is inertinite-rich and consequently would not have shrunk 
as much during early coalification. Inert-rich coals that are 
characteristic of some Cretaceous British Columbia and 
Permian Australian coals may not form face cleats during 
early coalification and may contain fractures formed during 
later tectonic activity. These fractures may or may not be of 
extensional origin.

sTRUCTURAL AnD CbM HIsTORY OF 
THE ELk VALLEY AnD CROWsnEsT 
COALFIELDs In THE LEWIs THRUsT 
sHEET

The Elk Valley and Crowsnest coalfields have had a 
complex tectonic history, in part because they are contained 
in the Lewis Thrust sheet (Figure 1). This unique tectonic 
setting, in conjunction with the Cretaceous to Early Tertiary 
deformation history, may be significant in terms of the pro-
duceability of the CBM resource of the coalfields.

Figure 4. generation of gases; diagram from Scott (2001).

Coal in the coalfields is contained in the Mist Mountain 
Formation of the Kootenay Group (Table 1), which was de-
posited into the miogeosyncline developed on the eastern 
edge of the Purcell Arch. Sediment was derived from the 
west as the Columbian Orogeny uplifted rocks. The Koote-
nay Group is separated from the overlying Blairmore Group 
by a disconformity that separates the Elk Formation from 
the overlying Cadomin conglomerate. To the north and east, 
there was considerable erosion associated with this uncon-
formity, which in the Elk Valley and Crowsnest coalfields 
appears to be more of a disconformity.

The Mist Mountain Formation, which is Lower Creta-
ceous to Upper Jurassic (about 152 to 140 Ma; Mossop and 
Shetsen, 1994), is up to 625 m thick in southeast British 
Columbia (Gibson, 1985). The overlying Elk Formation 
varies in thickness up to 488 m (present thickness; Gibson, 
1977). It is unlikely, therefore, that the coal seams in the 
Mist Mountain Formation were buried by much more than 
1000 m at the time of the pre-Blairmore erosional event. 
Erosion and associated uplift probably did not have any 
lasting effect on gas contents of seams in the formation.

The gas contents of coals in Carboniferous rocks in 
the Ruhr area of Germany reflect the effects of a post-
Carboniferous unconformity. Samples from just below the 
unconformity are close to saturated, whereas deeper coals 
are undersaturated. This is the opposite of what might be 
expected, based on degassing of the coal during erosion and 
uplift related to the unconformity. Freudenberg et al. (1996) 
suggest that shallower coals were recharged with biogenic 
methane generated using both CO2 introduced during uplift 
and hydrogen from the coals.  Seams  deeper  in the sec-
tion are undersaturated because they were hotter, did not 
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Figure 6. Orientation of shear joints in flexural flow fold.

Figure 5. Orientation of shear joints in a thrust.
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Figure 7.  Sterionet of shear joints and cleats in southeast coalfields.

Figure 8. Sterionet of shear joints and cleats in northeast coalfields.
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have access to CO2, and retained a thermogenic imprint. As 
discussed later, it does appear that coals lower in the Mist 
Mountain section are undersaturated, but the explanation 
above cannot be used because the depth of burial of Mist 
Mountain coals at the time of the Cadomin unconformity 
was too shallow, and subsequent increase in rank would 
have generated sufficient methane to remove any imprint 
of the unconformity.

The Cadomin Formation, which is up to 170 m thick 
(White and Leckie, 2000), forms the base of the Lower Cre-
taceous Blairmore Group. It was probably deposited from 
about 140 to 125 Ma, based on palynology data discussed 
by White and Leckie (2000). There is therefore not a ma-
jor time difference between the deposition of the Elk and 
Cadomin Formations. The Blairmore Group, which was 
deposited disconformably on top of the Kootenay Group, 
spans the time 140 to 95 Ma, and therefore deposition 
predates formation of the Lewis Thrust, which was active 
from 74 to 59 Ma (Sears, 2001). The thickness of the group 
ranges from 365 to 2000 m (Price, 1961). It is overlain by 
the Upper Cretaceous Crowsnest Formation (mainly al-
kaline volcanics), which is 40 to 100 m thick below the 
Lewis Thrust but does not occur within the thrust sheet. The 
formation is dated at 95 Ma using K-Ar data (Follinsbee et 
al., 1957), and its deposition therefore predates formation 
of the Lewis Thrust. Outcrops of the Upper Cretaceous Al-
berta Group survive in the Crowsnest coalfield in the core 
of the McEvoy syncline, where it is up to 230 m thick.

Prior to thrust development in the period 74 to 59 Ma, 
seams in the Mist Mountain Formation were probably cov-

Figure 9. Reflectnace isograds for the top of the gething For-
mation adapted from machioni and Kalkreuth, (1992).

ered by over 3000 m of rock comprised of the cumulative 
thickness of the Elk Formation, Blairmore Group, Crows-
nest Formation, and Alberta Group. This is supposing that 
additional thrusts were not stacked on top of the Lewis 
Thrust sheet. At a depth of 3000 to 4000 m and based on 
normal geothermal gradients, seams in the upper part of the 
Mist Mountain Formation would have achieved a rank of 
high-volatile bituminous represented by Rmax values in the 
range of 0.6% to 0.8%. Seams lower in the section would 
have achieved higher rank. Thus at the time when Cordill-
eran orogenic forces to the west initiated development of 
the Lewis Thrust, some seams in the Mist Mountain were 
possibly overpressured with CO2-laden water and in an 
ideal condition to participate in thrusting on all scales. Pear-
son and Grieves (1986) document evidence for post-folding 
coal maturation in the southwest corner of the Crowsnest 
coalfield. 

The Lewis Thrust carried a thick slab, which probably 
consisted of over 6000 m (Price, 1962) of Paleozoic and 
Mesozoic rocks, eastward over rocks as young as Meso-
zoic. Osadetz et al. (2003) estimate the thickness at over 7 
km. Movement took place during the period from 74 to 59 
Ma at a rate of about 1.5 cm/yr in the Crowsnest Pass area, 
based on an estimated cumulative offset of between 140 
and 200 km. Initiation of movement is indicated by pro-
found cooling in the thrust block at about 75 Ma (Osadetz 
et al., 2003).

Thrust movement resulted in an increase in topog-
raphy. It also fractured the cold and brittle thrust sheet, 
increasing permeability and allowing cold fluids to reach 
greater depths (Price et. al., 2001). This refrigeration of the 
thrust sheet delayed increase in rank and reduced the risk 
of gas loss because the decrease in temperature increased 
the adsorption ability of seams. However, at the time that 
this was occurring, the Bourgeau Thrust (Figure 1) was 
emplacing Paleozoic carbonates over the Lewis Thrust, 
and it was easy for fluids containing thermogenic CO2 
contained in the Paleozoic limestones to move downwards 
into the Lewis Thrust block. At the time of emplacement of 
the Bourgeau Thrust over the Lewis Thrust block, folds in 
the Lewis Thrust block would probably be largely formed 
and, to some extent, depth below the overlying Paleozoic 
limestones would in part be controlled by stratigraphy and 
in part by position in folds. This may explain the high CO2 
concentrations seen in some of the upper seams in the Elk 
Valley (Figure 10) (data from holes drilled by Norcen in 
1990; Dawson et al., 2000). There is, therefore, reason to 
suspect that the CO2 is thermogenic, though this cannot be 
confirmed without isotope data.

There are very limited public data on CO2 concentra-
tions in coals of the Crowsnest coalfield. A report by Rice 
(1918) provides some analyses. In 1916, 5 samples were 
collected from the working face in the underground Coal 
Creek Colliery and placed into sealed jars (Table 2). When 
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the gas was analyzed, it was apparent that all had leaked; 
however, the CO2 content is estimated from the CO2/
(CH4+CO2) ratio and it appears that, except for one sample, 
CO2 contents were probably less than 5% (data are reported 
as cm3 per 100 g, equivalent to mole fractions). Based on 
the trace of the Bourgeau Thrust relative to the outcrop of 
the basin (Johnson and Smith, 1991; Monahan, 2002), it 
appears that seams in the Mist Mountain Formation in the 
Crowsnest coalfield may not have been as close to the lime-
stones in the overlying Bourgeau thrust plate or as close to 
the Crowsnest Volcanics as were seams in the Elk Valley 
coalfield; the Mist Mountain Formation may therefore have 
lower CO2 concentrations.

There are no public isotope data for the methane in 
the Elk Valley or Crowsnest coalfields; however, some 
compositional data provide hints as to the origin of the gas. 
The ratio C1/(C2+C3) is an indication of the thermogenic 
component of methane; ratios less than 100 tend to indicate 
thermogenic methane, while ratios greater than 100 indi-
cate biogenic methane (Wiese and Kvenvolden, 1993). This 
is complicated by the fact that biogenic activity can crack 
heavier hydrocarbons in thermogenic methane, increasing 
the C1/(C2+C3) ratio, and that at high ranks there may 
be secondary cracking of condensates to methane, which 
also will increase the ratio. Also, inert-rich coals probably 
will generate gas with higher C1/(C1+C2) ratios. These 
processes are illustrated in Figure 11 from Warwick et al. 
(2002).

Figure 10. Elk Valley coalfield, carbon dioxide contents by 
seam Norcen 1990 holes Elk Valley, (Dawson et al., 2000).

In the Elk Valley, CO2 increases as the ratio C1/(C2+C3) 
decreases in holes drilled by Norcen in 1990 (Figure 12) 
and increases for seams higher in the section (Figure 10).  
This tends to  confirm a  thermogenic  origin for the CO2. 
It also appears that seams lower in the section may have 
a biogenic imprint (high C1/[C2+C3] ratios) (Figure 13). 
The C1/(C2+C3) ratio varies during desorption, and it is not 
clear at what stage of desorption the Norcen gas samples 
were collected. However, gas composition data (Figure 14) 
collected from the hole drilled by Suncor into the Alex-
ander syncline in the Elk Valley is for a single desorbing 
sample and indicates the extent that CO2 concentrations 
and C1/(C2+C3) ratios can change during the desorption 
experiment. It is apparent that the range over which these 
values change within a single canister cannot explain the 
range in values seen in Figures 12 and 13.

Figure 11. Isotope and gas composition diagram from War-
wick et al., (2000).

Figure 12. Elk Valley CO2 versus C1/(C2+C3) ratio for nor-
cen 1990 holes, Elk Valley (Dawson et al., 2000).

The very high C1/(C2+C3) ratios seen in the lower 
seams may indicate the presence of biogenic methane, but 
it is difficult to envisage a process that introduces biogenic 
methane into the lower seams but not into the upper seams. 
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Alternatively, the high ratios may indicate gas generated 
from liptinite-poor and inertinite-rich seams, in which  case 
there  should be a  close  correlation between coal seam 
petrography and C1/(C2+C3) ratios. Grieve (1993) pro-
vides petrographic analyses of coals at Weary Ridge in the 
north end of the Elk Valley coalfield close to the Norcen 
holes, and similar data are available for the southern end 
of the coalfield (Figure 15). In both cases it is clear that 
there is considerable variation in vitrinite content in the 
lower seams, and although the third seam above the base 
of the Mist Mountain Formation usually has a high inerti-
nite content, other seams have variable and not necessarily 
low vitrinite contents. There is no clear correlation of high 
C1/(C2+C3) ratios with low vitrinite content. It is unlikely 
that petrography alone can explain the high C1/(C2+C3) 
ratios.

Often the degree of undersaturation of a single seam 
increases with depth (Figure 16). In part, the apparent near-
saturation of seams higher in the section may be because they 
contain a mixture of CH4 and CO2 and the total gas contents 
are being compared to CH4 isotherms. In general, partial 
degassing of a seam should decrease the C1/(C2+C3) ratio 
of the remaining gas. The high ratios are characteristic of 
seams irrespective of the depth at which they were sampled. 
The rank in the northern end of the Elk Valley coalfield is 
higher than it is to the south, and Rmax values range from 
1.0% to over 1.6% (Grieve, 1993). It is possible that at the 
higher ranks, thermal cracking of the heavier hydrocarbons 
has increased the C1/(C2+C3) ratio.

Figure 13. C1/(C2+C3) ratios versus seam number; Norcen 
1990 holes, Elk Valley (Dawson et al., 2000).

After emplacement of the Lewis Thrust and before 
removal of the overlying Bourgeau Thrust sheet, Laramide 
heating may have been responsible for increasing the rank 
of Mist Mountain coals. Symons et al. (1999) discuss 
evidence for a Late Cetaceous to Tertiary Laramide heat-
ing and dolomitization event. This heating event must have 
ended prior to normal movement on the Flathead Fault at 
about 46 Ma. Evidence for post-deformation maturation is 
recorded in the Crowsnest coalfield by Pearson and Grieve 
(1985) and is evidenced in some deep drill holes (Bustin 
and England, 1989).

This second heating event may have affected seams 
low in the section more than it affected seams higher in 
the section. Previously generated wet gas was expelled 
upwards, and the increased rank was responsible for gen-
erating more gas with a much higher C1/(C2+C3) ratio. 
Because this event occurred after folding within the Lewis 
Thrust, it was possible for gas to move upwards within a 
single seam until the decrease in temperature allowed it to 
be re-adsorbed. It is important to remember that the heavier 
hydrocarbons have different adsorption characteristics than 
methane does and will be preferentially adsorbed, whereas 
some of the methane may escape the system. This could 
explain lower C1/(C2+C3) ratios for seams higher in the 
section or at shallower depth.

Figure 14. Data set of C1/(C2+C3) data from a single canis-
ter; numbers are days after canister sealed. Suncor data, Elk 
Valley coalfield (Dawson et al., 2000).
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The increase in rank of seams at depth or lower in 
the section was accompanied by matrix shrinkage that 
temporarily improved permeability, allowing gas expelled 
because of increased temperature to move upwards either 
through the stratigraphy or along seams. The duration of 
the heating event was limited by the rapid unroofing of the 
Lewis Thrust sheet.

Any post-thrusting and post-folding maturation of 
coals in the Elk and Crowsnest coalfields could mean that 
gas expelled from coals undergoing increased maturation 
would have the opportunity to move into existing structural 
traps. There should be a clear distinction between structures 
that act as traps for upward-migrating thermogenic methane 
from those that might act as traps for biogenic gas moved in 
conjunction with ground water.

The onset of deformation when coal is at a rank range 
of 0.5% to 0.8% probably has detrimental effects on cleat 
development and seam permeability. The linkage results in 
the extensive shearing within seams and tends to destroy 
cleats or make their development unnecessary in terms of 
the coal’s response to dehydration and devolatilization.

Present data indicate that permeability of seams in the 
Elk Valley and Crowsnest coalfields is low (Dawson et al., 
2000), and it therefore becomes very important to identify 
areas of recent stress relief. The Erickson and Flathead fault 
system may be part of the same failed thrust system, in 
which the upper plates slipped back. If this is the case, then 
part of the plate may be in extension, and this would im-
prove permeability within seams. Movement on the Lewis 
Thrust increases to the north across the US border, implying 
a clockwise rotation of the thrust sheet; this is consistent 

Figure 15. Petrographic variations in the Elk Valley, and C1/(C2+C3) ratios. Petrographic data from grieve (1993). Inert-rich 
seams should correlate with higher C1/(C2+C3) ratios.

with the development of right-lateral strike-slip motion on 
a number of major faults. Stress environments around these 
faults may indicate areas of extension.

COMPARIsOns bETWEEn nORTHEAsT 
AnD sOUTHEAsT bRITIsH COLUMbIA 
COALFIELDs

Coal-bearing rocks of interest to CBM exploration in 
the Peace River coalfield are contained in the Gething and 
Gates Formations (Table 3). These formations cover the 
age span of about 110 to 100 Ma. (Mossop and Shetsen, 
1994). They overlie the Cadomin Formation and make up 
the second major Cordilleran-derived clastic wedge of the 
foreland basin. They record the first basin-wide sedimenta-
tion (Mossop and Shetsen, 1994, Chapter 17) and indicate 
the northeastward movement of the centre of deposition 
of the foreland basin. Initiation of thrusting at the craton 
edge caused it to subside, providing accommodation in the 
foredeep for the huge volume of sediments shed from the 
up-thrusted sheets. This thrusting predates the Lewis Thrust 
in the Elk Valley.

Deformation in the Peace River coalfield started later 
than it did in the southeast coalfields. Coalification gen-
erally preceded thrusting and folding (Kalkreuth et al., 
1989), and the Gething and Gates Formations reached their 
maximum burial depth about 75 Ma in the west and 50 Ma 
to the east. This timing of maturation relative to deforma-
tion is important because it means that, in the Peace River 
coalfield, seams largely matured in the absence of thrusting 
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and therefore may have escaped a lot of in-seam shearing. 
In general, seams in the northeast have better cleat devel-
opment than do seams in the Mist Mountain Formation. 
However, gas generated during coalification did not have 
the opportunity to be contained in structural traps. At this 
stage, only stratigraphic traps were effective for containing 
thermogenic methane expelled from seams. Later, thrusting 
and folding caused extensive deformation in seams in some 
areas but not in others.

Figure 16. Desorption data from Norcen holes, 1990, Elk Val-
ley (Dawson et al., 2000).

There are limited public desorption data available for 
seams in the Peace River coalfield. Data from the Gates 
Formation (Phillips holes drilled in 1996, Dawson et al., 
2000) indicate that seams are nearly saturated. Also, the gas 
has a clear thermogenic fingerprint, based on C1/(C2+C3) 
ratios (Figure 17). The CO2 concentrations are less than 
they are in the Norcen holes in the Elk Valley and increase 
as the C1/(C2+C3) ratio decreases and as depth increases. 
It appears that the CO2 is of deep and thermogenic origin. 
Thrusting in the Peace River coalfield has not emplaced Pa-
leozoic limestones over Cretaceous coal-bearing rocks, and 
there are no extrusive or intrusive magmatic rocks in the 
sequence, therefore access to thermogenic carbon dioxide 
is probably via deep faults.

There is probably semiquantative information that can 
be gleaned from the desorption curves. Airey (1968) mod-
eled the shape of the desorption curve and indicated that his 
constant “to”, which is the time to 63.2% of total desorbed 
gas, is strongly dependent on the degree of fracturing of the 
coal; this is confirmed by the work of Harris et al. (1996). 
Work by Gamson et al. (1996) indicates that desorption time 
is also dependent on coal petrology, with dull lithotypes de-
sorbing faster. Data for Mist Mountain Formation coals in-
dicate that they generally have desorption times (63.2% of 

total desorbed gas) less than 30 hours (Dawson, 1993; Feng 
et al., 1981). However, desorption times for Gates Forma-
tion coals from the Phillips drill program in the Peace River 
coalfield (Dawson et al., 2000) average over 70 hours. On a  
regional scale,  desorption  times  may  indicate  the degree 
of microfracturing of coals and of pervasive deformation. 
On the local scale, they may correlate with a combination 
of petrography and fracture size. As a caution, desorption 
times can also be influenced by the way the desorption ex-
periment is conducted. 

In the northeast, variation in rank must be explained 

Figure 17. C1/(C2+C3) ratios for gates Formation coals, 
Phillips exploration project,  1996 (Dawson et al., 2000).

by variation in stratigraphic thickness or by variation in up-
ward heat flow, because coalification preceded deformation. 
There are a number of enclosed areas of high rank apparent 
in the Gething Formation (Marchioni and Kalkreuth, 1992) 
(Figure 9), and, depending on their origin, they could have 
implications for CBM exploration. One that is very con-
spicuous is located between the Willow Creek and Burnt 
River properties (Figure 9) and is responsible for locally 
increasing the rank of seams in the Gething Formation to 
semi-anthracite. If convective movement of fluids causes 
rank increase, then methane could be swept out of seams 
and CO2 introduced. On the other hand if it is caused by 
increased burial, then there is more chance that seams will 
retain methane and less chance of CO2 introduction.
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Convective movement of fluids should be evident by 
mineralization on cleat surfaces. Spears and Caswell (1986) 
provide estimates of the temperature of deposition for a 
number of diagenetic minerals found on cleats. Calcite and 
ankerite are deposited in the temperature range 100°C to 
130°C, which corresponds to a rank of high-volatile bitumi-
nous. This represents the final expulsion of diagenetic water 
from seams. At this time, cleats have already formed and 
may be mineralized. For higher-rank coals, preservation 
of calcite on cleats indicates that hotter fluids associated 
with the higher rank did not remove calcite. The rank of 
the Gething and Gates Formation coals is generally higher 
than high-volatile bituminous, and there is calcite on face 
cleats in Gates coals and indications of calcite on cleats in 
Gething coals.

Coal ash generally has CaO contents less than 4%; 
higher contents often indicate the presence of carbonates on 
cleats, especially if a plot of ash versus CaO% indicates that 
CaO concentrations increase as ash contents decrease. In 
fact, in the absence of other data, ash chemistry data (avail-
able from existing coal studies) can provide information on 
the possible prevalence of carbonate on cleats. Calcite is 
present on cleats in the lowest seam of the Comox Forma-
tion in the Quinsam area (Ryan, 1994), whereas calcite is 
absent on cleats in seams from the lower part of the Mist 
Mountain Formation but does occur on some seams in the 
upper part of the formation. These cleat facies are easily 
separable on a CaO versus ash plot (Figure 18). 

Figure 18. CaO% versus ash% for seams from the mist 
mountain, gething,  and Comox Formations.

The limited amount of CaO analysis data available 
for Gates and Gething coals indicates that there is prob-
ably some calcite on cleats in Gething coals from south of 
Willow Creek to Sukunka River and in Gates coals from 
Bullmoose to Belcourt. The area of high rank in the Gething 
Formation centred on Highhat Mountain (Marchioni and 
Kalkreuth, 1992) does not appear to be an area where there 
is unusually high or low CaO in the ash. Two analyses from 
the Burnt River property, which is at the centre of the area, 
are both under 3% CaO. A late thermal event would be ex-
pected to introduce CaO and CO2 into the system, on one 
hand leaving calcite on cleats and the other replacing CO2 
with CH4 in coal. A high-temperature thermal event may in-
troduce CO2 and remove CH4 from the coal and CaO from 
cleats. A more detailed study of ash chemistry may lead to 
a better indication of whether to expect increased CO2 in 
high-rank areas of the Gething Formation 

THE InTERPLAY OF COAL  
CHARACTERIsTICs AnD RECEnT  
TECTOnICs

Coal preparation involves the removal of rock from the 
coal to reduce the ash concentration to acceptable levels for 
the customer. Coal is less dense than rock, and this property 
is used to advantage in wash plants, as is the fact that coal 
is generally less wettable than rock. The hydrophobicity 
of coal is used for cleaning fine coal by froth floatation. 
The wettability of coal varies with rank, largely because as 
rank increases, different oils and gases are expelled. This 
is referred to as the oil window (Dow, 1977) and is defined 
by Rmax values in the range of 0.5% to 1.35%. The hydro-
phobicity of coal attains a maximum value in the middle 
of the rank spectrum at ranks ranging from Rmax = 1% to 
1.6% and is measured by contact angle of fluid on the coal 
surface (Osborne, 1988) (Figure 19). 

Obviously the exact placement of the oil window de-
pends on the petrography of samples. Samples with high 
liptinite contents will generate oil at lower ranks. The gen-
eration of oil at medium rank probably affects the adsorp-
tion and surface properties of coal, as discussed by Levine 
(1993). The most obvious effect on surface properties is 
that of capillary action (or wetting) as measured by contact 
angle. Another way of estimating the wettability of coal is 
to measure the difference between equilibrium moisture and 
air-dried moisture. This difference is probably a good meas-
ure of surface moisture, and the value also is at a minimum 
for the range of ranks 0.9% to 1.5% (Figure 20). The shift 
to higher ranks of the surface effects from the oil window 
probably indicates that it is the heavier oils that have the 
most effect on surface wetting.



 Resource Development and Geoscience Branch   ���

Figure 19. Contact angles of fluids on the surface of coals of 
different rank (Osborne, 1988).

The minimum wettability identifies coals that will have 
longer diffusion times but will have better relative perme-
ability for gas because of lower water saturation on cleats 
than high- or low-rank coals will have. High- or low-rank 
coals with high wettability will have higher water satura-
tion on cleat surfaces than will mid-rank coals and, under 
set conditions, will have lower relative permeability. This is 
because cleat surfaces of mid-rank coals can be dewatered 
to lower saturation values, and the relative permeability of 
gas approaches more closely the maximum permeability 
for a single fluid in the cleat system. Obviously coals in 
the mid-rank window may have reduced adsorption ability 
(Levine 1993), but cleats may contain little water and they 
may produce gas with minimal extraction of water.

Even with low wettability on cleat surfaces, over time 
cleats will probably become water-saturated. The ideal situ-
ation is one where cleats are opened up fairly recently. This 
would cause a decrease of pressure and desorption of gas 
into the cleats. Under these conditions, a seam would be 
saturated because the adsorbed gas would be in contact with 
a free gas phase. The seam may be under-pressured and gas 
contents may be low, but gas will be produced quickly with 
little water production. Obviously this requires the combi-
nation of recent stress relief, an opening of cleats (but not 
too much), and the correct rank window for the coal.

There are a number of areas where Tertiary stress 
fields are oriented such as to open cleats. However, much 
of Canada has the advantage of another regional event that 
could help open cleats. The country is undergoing isostatic 
rebound as a result of the removal of the continental ice 
sheet. Uplift amounts are in the order of tens of metres. The 
rapid removal of overburden pressure and resultant decom-
pression of the more compressible units (coal) results in 
extension in a vertical direction and contraction in a hori-
zontal direction. This will open cleats, and for coals with 
low wettability, water may not have had time to penetrate 
all cleat surfaces because uplift is relatively recent. 

Figure 20. Contact angles of fluids on the surface of coals of 
different rank (Osborne, 1988).
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COnCLUsIOns

British Columbia contains a very large coal resource 
available for CBM exploration. However, much of this re-
source is in areas of fairly complex geology. Learning how 
to overcome the challenges resulting from the geology by 
exploration can be expensive. Sometimes, making better 
use of existing databases can reduce the cost.

The relative timing of deformation and the time at 
which the coal is the most susceptible (based on rank) to 
deformation is important. It affects the degree to which 
cleats form or are preserved in seams. Early deformation 
occurring when the rank is high-volatile bituminous may 
result in pervasive shearing of coal seams and limited de-
velopment of cleats. Deformation that occurs later, after 
coal maturation has progressed, may cause more limited 
damage to cleat systems.

The orientation of cleats and fractures can help in un-
derstanding the sequence of deformation and coalification. 
The main problem for the geologist may be remembering 
long-passed structural geology courses.

Coalfields in southeast British Columbia occupy the 
Lewis Thrust sheet and are partially over-ridden by the 
Bourgeau Thrust sheet. Coal may have attained maximum 
rank after thrusting and consequently may have experienced 
in-seam deformation related to the Lewis Thrust. Thrusting 
also may be responsible in part for the introduction of ther-
mogenic(?) CO2.

In the Peace River coalfield, deformation post-dated 
most of the coalification, and consequently the degree of 
in-seam deformation is variable and in places seams retain 
good cleating. Rank in the Peace River coalfield is more 
variable than it is in the southeast. This may indicate fluid 
movement that could be associated with lower gas contents 
and introduction of CO2. However, ash chemistry data col-
lected from existing exploration projects do not indicate 
extensive fluid movement but do indicate that some cleat 
systems are mineralized with calcite.

After all this, it may seem that there are more problems 
than challenges in British Columbia. However, we may 
have at least one possible advantage that our neighbours to 
the south do not have. Isostatic rebound may be responsible 
for strain within seams that has opened cleats and improved 
permeability. This, in conjunction with high-volatile coals 
that resist wetting, may provide low-pressure gas-saturated 
systems at moderate depth. 
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THE POTEnTIAL FOR CO2 sEqUEsTRATIOn  
 In bRITIsH COLUMbIA COAL sEAMs

by barry Ryan1 and Dave Richardson2

keywords: Carbon dioxide phase diagram, coal 
macerals, carbon dioxide isotherms, coal rank.

 InTRODUCTIOn

Most people accept that climate change resulting from 
human activity is a reality. The details of the causes and 
progress are much in dispute, but there is general consensus 
that increase in the concentration of carbon dioxide (CO2) in 
the atmosphere is one of the causes. The amount of carbon 
dioxide released when any fossil fuel is burned is dependent 
on the ratio of carbon to hydrogen in the fuel. This ratio is a 
maximum for coal and a minimum for natural gas (mainly 
methane, CH4), with oil having an intermediate ratio. The 
amount of CO2 produced per unit of heat (in this case 106 
BTU) for the various fossil fuels (Table 1) is a maximum 
for coal, but it is not zero for natural gas. The true impact 
of using the various fossil fuels requires an analysis of the 
efficiency of turning them into more useful forms of energy 
(often electricity or, in the case of oil, momentum). Natural 
gas and conventional oil reserves will be substantially de-
pleted in the next 50 years, leaving coal as the most readily 
available fossil fuel. Technology that uses the energy from 
coal while minimizing or eliminating the release of CO2 
to the environment  will become  critically important; this 
involves sequestering CO2 as a gas, liquid, or solid or in the 
adsorbed state on coal. 

TAbLE 1.  CARbOn DIOxIDE PRODUCED bY 
bURnInG VARIOUs FOssIL FUELs.

In recent years there has been a lot of discussion on the 
possibility of sequestering CO2 in coal seams or using CO2 
to aid in the recovery of coalbed methane (CH4). The basis 
of both these ideas is the fact that CO2 is more strongly 
adsorbed onto coal surfaces than is CH4. Once adsorbed, if 
temperature and pressure conditions do not change, then the 
CO2 is permanently sequestered. There are of course two 
concerns: firstly, pressure and temperature conditions must 
not change, and secondly and more importantly, there are 
limited pressure and temperature ranges over which CO2 is 
a gas. At higher temperatures and pressures, CO2 becomes a 
supercritical fluid, and under these conditions it is not clear 
whether it is adsorbed by coal, occupies the pore spaces 
(acting like a fluid with very low viscosity), or infuses into 
the coal matrix. Under these conditions it is probably not 
realistic to talk of sequestering the CO2, because it might 
be mobile.

Studies have looked at the potential to sequester CO2 in 
a number of areas. Pashin et al. (2003) studied the Black 
Warrior Basin; Bachu and Stewart (2002) and Hughes (in 
press) have studied the potential for CO2 sequestration in 
the Western Canadian Sedimentary Basin. These studies 
involve analysis of the coal basins and measurement of CO2 
isotherms from representative coal seams. This report is an 
initial study of the CO2 sequestration potential for coals in 
British Columbia. BC ranks fourth of the provinces in 
Canada in total greenhouse gas emissions but ranks eighth 
in terms of tonnes of CO2 per person per year (Figure 1). 
The province does not generate electricity by burning coal, 
so that the more obvious point sources of anthropogenic 
CO2 emissions are less readily identifiable in the province. 
In fact the largest sources of CO2 emissions are commercial 
and private transportation (Table 2); the easiest way for the 
province to reduce CO2 emissions may be to improve the 
efficiency of fuel consumption in diesel and gasoline en-
gines. Smaller point sources may be located close to coal 
deposits and it may be possible to sequester in coal seams 
some of the CO2 that they generate. Ideal candidates may be 
cement plants and natural gas processing plants, because 
they produce relatively pure streams of CO2. 

1resource development and Geosciences Branch, 
  B.C. Ministry of energy and Mines
2oil & Gas Titles,  B.C. Ministry of energy and Mines  
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The predominance of literature refers to the extraction 
of coalbed methane (CBM) from coal; this is not scien-
tifically correct as the gas extracted from coal is a mixture 
of methane, carbon dioxide, and other gases. The British 
Columbia government is adopting the term coalbed gas 
(CBG). The abbreviations CBM and CBG both refer to 
the commercial gas extracted from coal at depth. To avoid 
confusion with existing scientific literature, this paper uses 
the term CBM.

Figure 1. Total CO2  emissions and CO2  emissions per person for the provinces.
Data from Environment Canada 2000; Canada Greenhouse gas inventory 1990-1999.

TAbLE 2.  CO2 EMIssIOns bY sOURCE  
IN BC FOR 1999.

Data from Environment Canada 2001, 
Canada Greenhouse gas inventory 1990-1999.

sAMPLEs AnD sAMPLE LOCATIOns

 Samples for this study were collected from a number 
of formations and from a single seam to provide some in-
dication of the variation of CO2 adsorption with changes 
in rank, maceral content, and temperature. A number of 
samples were collected from the Gething Formation in 
northeast BC at the same location as samples collected for 
a previous study of CH4 adsorption characteristics (Ryan 
and Lane, 2002). Also in the northeast, two samples were 
collected from the Gates Formation at the Bullmoose Mine, 
which is now closed. In southeast British Columbia, one 
sample was collected from the Mist Mountain Formation. 
Two samples were collected from the Quinsam Coal mine 
on Vancouver Island. Tertiary coal deposits were represent-
ed by a drill core sample from the Princeton Basin.

The Gates and the Gething Formations, which are both 
Lower Cretaceous in age, are the two major coal-bearing 
formations in the Peace River coalfield in northeast BC. 
The formations outcrop extensively throughout the coalfield 
(Figure 2). Coal seams of economic interest in the Gates 
Formation occur exclusively south of the Sukunka River 
(Figure 2), and in the Gething Formation, mainly north of 
the Sukunka River. 

The Gething Formation overlies the Cadomin Forma-
tion (Table 3), therefore it is slightly younger than the Mist 
Mountain Formation, which underlies the Cadomin in the 
southeast BC coalfields (Table 4). The Gething Formation 
samples were collected from the Willow Creek property, 
located on the south side of the Pine River about 40 km 
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Figure 2. Outcrop pattern of the gething and gates Formations in the Peace River coalfield.
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TAbLE 3.  GEnERALIZED LOWER 
CRETACEOUs sTRATIGRAPHY.

west of Chetwynd (Figure 2). The Pine Valley Mining Cor-
poration plans to initiate mining in the formation at Willow 
Creek and has excavated a test pit. In this area, the Gething 
Formation has eight coal seams ranging in thickness from 1 
to over 5 m and numbered from 1 downwards from the top 
of the formation. Six samples were collected from Seam 7-
0 (Figure 3). The samples were collected from various loca-
tions in the seam, with the intention of representing a wide 
range of maceral composition. Samples were collected in 
the same area as the samples used in a previous methane 
adsorption study (Ryan and Lane, 2002).

The younger Gates Formation is separated from the 
older Gething Formation by the marine Moosebar Forma-
tion (Table 3). The formation hosts two major coalmines, 
both now closed. Western Canadian Coal Corporation pro-
poses to renew mining in the formation. There are some 
CH4 adsorption data available for the formation (Lamber-
son and Bustin, 1993) but no published CO2 isotherm data. 
Samples of Gates Formation coal (B Seam) were collected 
from the Bullmoose Mine and from the Western Canadian 
Coal Corporation property (J Seam). Coal in the Gates For-
mation is generally restricted to 4 zones that are numbered 
from A counting up section to D. However, convention 
at the Quintette Mine and properties in the vicinity is to 
number the basal seam as K and with letters decreasing up 
section. Consequently B Seam at Bullmoose and J Seam in 
the Quintette area occupy similar stratigraphic levels in the 
Gates Formation. 

The Mist Mountain Formation of Upper Jurassic to 
Lower Cretaceous age (Table 4) outcrops extensively in 
the Elk Valley and Crowsnest coalfields. The coal geol-
ogy of the Elk Valley coalfield is summarized by Grieve 

(1993) and, to a lesser extent, Ryan (2003) has summarized 
the CBM potential of the Crowsnest coalfield. Both these 
publications list many other useful references. EnCana has 
drilled 17 CBM holes in the Elk Valley coalfield and at the 
moment is operating two pilots. As a consequence there ex-
ists a lot of CH4 and CO2 isotherm data, which are not yet 
public. Dawson et al. (2000) have summarized public data 
available for the two coalfields. In this study, Dave Endicott 
and Pat Gilmar (Elkview coal mine) provided a sample of 
the basal seam (10 Seam) from the Mist Mountain Forma-
tion.

On Vancouver Island, Upper Cretaceous coals occur in 
the older Comox Formation in the Comox Coal Basin and 
in the younger Protection and Extension Formations in the 
Nanaimo Coal Basin. There are four seams in the Comox 
Formation; unfortunately, some papers number the seams 
from 1 at the base, counting up to 4 at the top, and some 
papers start at 4 at the base, counting down to 1 at the top. 
The Quinsam mine extracts coal from two seams in the Co-
mox Formation, the basal (1 Seam) and the third seam up 
section (3 Seam). Steve Gardner (chief geologist, Quinsam 
coal mine) provided samples of 1 Seam and 3 Seam.

There are a number of Tertiary coal basins in British 
Columbia; however, it is difficult to get fresh samples. 
John Hodgins of Connaught Energy provided a drill core 
sample from the Princeton Coal Basin. Four coal zones are 
contained in the Allenby Formation; the sample was col-
lected from the lowest zone, designated as the Black-Jack, 
Princeton, or Blue Flame zone.

TABLE 4.  gENERALIzED JuRASSIC-
CRETACEOuS STRATIgRAPHY, EAST 

kOOTEnAYs .
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Figure 3. stratigraphic section of the Gething Formation at the Willow Creek property (P.C. kevin James).
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sAMPLE PETROGRAPHY AnD RAnk 

Karst and White (1979), Kalkreuth and McMechan 
(1988), Kalkreuth et al. (1989), and Marchioni and Ka-
lkreuth (1992) have all discussed coal rank in the Gething 
Formation. Rank varies from semianthracite to high-vola-
tile bituminous. Along the outcrop belt in the foothills, the 
rank is high, in places reaching semianthracite. To the north 
and east it decreases to high-volatile bituminous. There is 
some evidence that outcrops at the western outcrop edge 
of the formation have lower ranks. Rank was established 
prior to deformation and variations are related to changes 
in the thickness of the collective Gething and post-Gething 
sedimentary package (Leckie, 1983).

The rank at Willow Creek, where the samples were 
collected, ranges from medium- to low-volatile bituminous. 
The rank of the 7-Seam samples is low-volatile bituminous; 
Rmax = 1.64% (Table 5). Ryan (1997) and Ryan and Lane 
(2002) discuss the petrography of Gething Formation coal. 
Coal from the formation is characterized by variable reac-
tives content and often low ash concentrations, which make 
it ideal for providing samples for studies investigating the 
influence of maceral content on adsorption of various gases. 
Reactive maceral contents range from approximately 80% 
to less than 50%. Samples (Table 5) have a high collodetrinte 

TABLE 5.  PETROgRAPHY AND mEAN mAxImum REFLECTANCE 
OF sAMPLEs AnALYZED FOR CO2 IsOTHERMs.

content, which contains fragments of non-structured inert 
macerals such as macrinite and inertodetrinite. Structured 
macerals, such as semifusinite and fusinite, are less com-
mon. Generally, compared to coals from the Mist Mountain 
Formation, there is less fusinite and semifusinite and conse-
quently less preserved cell structure; this limits the possible 
content of dispersed mineral matter, which often fills cell 
lumen in these macerals. Some of the collotelinite contains 
the eye-shaped slits characteristic of pseudovitrinite, the 
origin of which is discussed by Ryan (2002). 

The petrography of the three Gates Formation sam-
ples (Table 5) is similar to that of the Gething Formation 
samples, though the rank is lower (1.06% and 1.23%). The 
samples contain liptinite that is not present in the Gething 
samples, but they do contain pseudovitrinite that appears to 
be characteristic of most samples from the two formations 
collected from surface and at depth in drill holes. Lamberson 
et al. (1991) emphasize the importance of fires in forming 
inertinite in Gates coals. There is no obvious explanation 
for the variable and sometimes high content of inertinite in 
Gething coals. Gething coal swamps may have experienced 
more episodes of drying and a greater frequency of forest 
fires than did Gates swamps.

Grieve (1993) and others have studied the petrography 
of seams from the Mist Mountain. Rank varies from high-
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volatile bituminous to low-volatile bituminous. Generally, 
seams are characterized by variable and higher inert mac-
eral contents than are Carboniferous coals and are similar to 
Permian coals from Australia. They are similar in many as-
pects to coals in the Gething and Gates Formations, though 
they tend to contain more semifusinite and less macrinite 
than these formations. One of the more conspicuous differ-
ences is the near absence of pseudovitrinite.

The Upper Cretaceous coals on Vancouver Island are 
generally sub-bituminous to high-volatile A bituminous 
in rank. They are characterized by high vitrinite contents 
with moderate contents of liptinite and minor amounts of 
semifusinite. Psuedovitrinite is present but not common. 
They are less deformed than the coals in the Rocky Moun-
tain foothills and often well cleated, though sometimes the 
seams low in the section have carbonate coating on cleat 
surfaces.

There are a number of Tertiary coal deposits varying in 
size from Hat Creek, which could contain 30 billion tonnes 
of lignite and higher-rank coals, to Coal River, which may 
contain about 100 million tonnes of lignite. Coal rank varies 
from lignite at Coal River to medium-volatile bituminous at 
Seaton, near the town of Smithers. Most of the Tertiary coals 
are sub-bituminous to high-volatile C bituminous. Coals in 
the Princeton Basin are sub-bituminous (Rmax = 0.7%; 
Table 5) and characterized by a very high percentage of 
vitrinite, with minor amounts of liptinite. Mineral matter is 
finely dispersed in the vitrinite.

sAMPLE DATA

Fifteen samples were submitted for CO2 isotherm anal-
ysis (Table 6). The ash contents of the samples range from 
1% to 20% and are generally low. Moisture contents are in 
the range of 2.5% to 12% and generally decrease as rank 
increases. The exception is the J-Seam sample, which was 
collected from an exploration outcrop and probably con-
tains some oxidation. Most of the samples were analyzed 
at 25°C, but two were also run at 30°C. The Langmuir vol-
umes (dry ash-free [daf] basis) range from 34 to 58 cm3/g, 
though these values should not be taken as representative 
of the samples’ adsorption ability, because at pressures over 
about 7.4 MPa, CO2 is not a gas. Langmuir pressures for 
samples analyzed at 25°C range from 1.1 to 2.6 MPa, with 
a tendency to decrease as coal rank increases. The Lang-
muir pressures increase as temperatures of the isotherms 
increase.

CARbOn DIOxIDE PHAsE DIAGRAM 
AnD CO2 ADsORPTIOn POTEnTIAL

The CO2 phase diagram is well documented in terms of 
the boundaries between liquid, solid, and gas fields (Figure 

4).  However,  the  boundary  between  the gas and super-
critical fluid fields at high temperatures and moderate pres-
sures is less well defined and is probably represented by 
a zone. It is therefore difficult to determine the maximum 
depth at which coal can sequester CO2 by adsorption in con-
ditions where there is a high geothermal gradient. Figure 4 
assumes that the supercritical fluid is separated from gas 
by a horizontal line, implying no temperature sensitivity; in 
fact the line should probably have a negative slope. 

The vertical axis of Figure 4 is pressure, and conse-
quently, to plot a depth tract for a stratigraphic section onto 
the figure one must have both temperature and pressure 
gradients. Once this is done, the point at which the depth 
tract crosses the gas-liquid or gas-critical fluid phase lines 
can be determined. The pressure at this point is then con-
verted to a depth, based on the pressure gradient, and this 
is the maximum depth for CO2 sequestration by adsorption 
on coal. By selecting a number of geothermal and pressure 
gradient pairs, it is possible to construct a diagram  (Figure 

TAbLE 6.  CO2 IsOTHERM AnALYsIs REsULTs.
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5)  in which the x axis is the pressure gradient and the y axis 
is the geothermal gradient and the contour lines represent 
the approximate maximum depths for sequestration by ad-
sorption.

The area probably occupied by pressure and tempera-
ture gradients in BC coal basins is plotted into Figure 5, 
based on geothermal gradients for various coalfields in BC 
(Table 7). Generally, temperature data are available for 
holes drilled for oil and gas exploration. Often this is bottom 
hole temperature, so that an average temperature gradient 
is calculated assuming that the single temperature value is 

Figure 4. Carbon dioxide phase diagram.

representative. Temperature gradients range from 18°C/km 
to 36°C/km; this compares to gradients in the Black War-
rior Basin that range from 11°C/km to 22°C/km (Pashin and 
McIntyre, 2003). Pressure gradient information is not read-
ily available from drill holes. If there is a normal hydro-
static gradient, the pressure gradient varies slightly based 
on the salinity of the water and will increase from 0.009818 
MPa/m for fresh water to 0.00984 MPa/m for water with 
3000 mg/L total dissolved solids. In a lot of sedimentary ba-
sins, normal hydrostatic gradients do not apply. Gradients 
in parts of the Western Canadian Sedimentary Basin are as 
low as 0.005 MPa/m. In the Black Warrior Basin, gradi-
ents range from normal (.00984 MPa/m to as low as 0.004 
MPa/m and lower [Pashin and McIntyre, 2003]). In areas 
of complex structure such as northeast British Columbia, 
there can be considerable overpressuring, and hydrostatic 
pressure gradients can approach lithostatic gradients of 0.2 
MPa/m or more.

The maximum depth of sequestration is estimated us-
ing the contour lines in Figure 5. The effect of the tempera-
ture gradient is minimal for low pressure gradients, though 
it increases as pressure gradients increase. The depth tract 
depends on the interrelationship of geothermal and pressure 
gradients, and the depth at which CO2 becomes supercriti-
cal or liquid can vary from about 400 m to over 1000 m. At 
shallow depths, conditions are defined by a low geothermal 
gradient matched to a high pressure gradient. At maximum 
depths, conditions are defined by a high geothermal gradi-
ent and low pressure gradient. These conditions may allow 
for adsorption of CO2 at greater depth, but the increased 
temperature will greatly reduce the ability of coal to adsorb 
any gas. The window for potential CO2 sequestration is 
probably below 200 m and above a depth defined in part by 
the CO2 phase diagram. 

Figure 5. Diagram illustrating the approximate relationship between temperature and pressure 
gradients and the depth to the liquid or critical fluid fields for carbon dioxide.
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TAbLE 7.  TEMPERATURE GRADIEnTs In 
COAL bAsIns In bRITIsH COLUMbIA.

CARbOn DIOxIDE As A FREE GAs OR In 
sOLUTIOn In WATER OR As A sUPER-
CRITICAL FLUID

When CO2 is injected into seams, some of the CO2 
goes into solution in the water associated with the coal. 
Water associated with coal occurs in three forms, defined in 
different ways and given different names. In simple terms, 
the three forms may be referred to as free and mobile water 
in fractures, surface water loosely bound to coal surfaces, 
and structural water, which forms part of the coal structure. 
Surface water is the difference between equilibrium mois-
ture and inherent moisture. The amount of surface water 
depends on rank (Figure 6) and on the amount of porosity. 
The amount of CO2 that can be held in solution in water 
therefore depends on rank, porosity, and temperature and 
pressure conditions. The solubility of CO2 in water increases 
with pressure but decreases with temperature. There are nu-
merous sources of data describing CO2 solubility; unfortu-
nately, there are as many combinations of units as there are 

Figure 6. Air-dried, equilibrium, and free water versus rank

examples of CO2 solubility plots. The plots (Figure 7) are 
adapted from Jarrell (2002) and Rightmire (1984). Based 
on the interplay of geothermal and temperature gradients, 
the amount of CO2 held in solution ranges from about 25 
to 35 m3 gas in solution in 1 m3 water. The actual amount 
held in 1 tonne of coal depends on rank and water-filled 
porosity. For low-rank coals, the amount of CO2 in solution 
can range up to 8 cm3/g, and for higher-rank coals probably 
is not more than 1 cm3/g.

Below the critical point, CO2 is contained in the coal by 
adsorption, in part by solution in the interstitial water and 
as free gas. The amount of CO2 held in a free-gas phase can 
be estimated from the ideal gas law and ranges up to about 
8 cm3/g for 15% gas-filled porosity at a depth less than that 
equivalent to the critical point (Figure 8). Obviously the 
amount held by adsorption is much greater than that held in 
solution or as free gas for all ranks of coal.

The density of CO2 gas as it approaches critical condi-
tions is about 0.15 g/cm3. Once CO2 enters the supercritical 
phase, the density increases rapidly to about 0.7 g/cm3 (Fig-
ure 9) and maintains this value as pressure and temperature 
increase as predicted by normal hydrostatic and geothermal 
gradients. Density tends to stay in a narrow range above the 
critical point because of the opposing effects of increasing 
pressure and increasing temperature. The rapid change in 
density as conditions approach the critical point makes it 
very difficult to determine the adsorption characteristics of 
CO2 at temperatures approaching critical conditions. 

GEnERAL COMMEnTs REGARDInG 
ADsORPTIOn OF CO2 On COAL

As pressure increases, CO2 becomes a liquid or a super-
critical fluid as indicated by the CO2 phase diagram (Figure 
4). The diagram indicates the limited pressure-temperature  
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Figure 8. Potential free gas based on porosity assuming a normal hydrostatic  
gradient and a geothermal gradient of 25oC.

Figure 7. Plots of CO2 solubility versus depth and temperature; data from Jarell et al. 
(2002) and Rightmire (1984).
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field in  which  CO2  is  a  gas  and therefore, based on 
pressure and temperature gradients, defines the depth range 
through which CO2 can be sequestered by adsorption. The 
diagram is for pure CO2; the addition of other gases will 
change the field boundaries, probably increasing the size of 
the gas field in terms of pressure. This is important because 
it may not always be cost effective to obtain a pure CO2 gas 
for injection.

It is not reasonable to consider the Langmuir volume 
(adsorbed volume at infinite pressure) as a measure of the 
CO2 adsorption ability of a sample, because CO2 becomes 
a supercritical fluid at quite low pressures. It is therefore 
best to compare the adsorption of CO2 at a fixed depth and 
not at infinite pressure. In this study isotherms were run at 
25°C and 30°C, temperatures typically seen at depths of 
600 to 900 m in sedimentary basins in BC. The temperature 
at which isotherms are run combined with temperature and 
pressure gradients in an area combine to provide the specific 
depth at which the isotherm is predicting real gas contents. 
Adsorption data from a number of isotherms should be 
compared based on calculated gas contents at this depth.

Some of the earliest investigations of the CO2 adsorp-
tion capacity of coal were conducted by Ettinger et al. 
(1966). They recognized the stronger adsorption of CO2 
than of CH4 onto coal and suggested that the relative ad-
sorption of gases such as H2S, CO2, CH4, N2, and H2O is 
related to their liquefaction temperature. They also pointed 
out that there is an increased danger of mine outbursts when 
coals contain a higher proportion of adsorbed CO2. Levy et 
al. (1997) documented the difference in Langmuir volumes 
for nitrogen, methane, and carbon dioxide for isotherms 
measured on moist coal at 30°C. Working with Bowen Ba-
sin coals covering a rank range of high-volatile bituminous 
to low-volatile bituminous, Levy et al. (1997) found that 
the CO2/CH4 molar ratio for adsorbed gases decreased con-

Figure 9. Density of CO2 as a gas and in the supercritical 
phase; plots adapted from Bachu and Stewart (2002) and 
Pruess et al. (2001).

sistently from 1.82 to 1.37 as rank increased. They suggest 
that the greater adsorption of CO2 is probably related to the 
increased polar nature of the molecule compared to CH4 
(Levy et al., 1997).

Krooss et al. (2001) studied the adsorption behaviour 
of CO2 at high pressures and temperatures, in part above the 
critical point. They discussed the difficulty of interpreting 
experimental results above the critical point. The density of 
the adsorbed phase and of the phase occupying the void in 
the canister are both difficult to determine. They assumed 
a density of 1.028 g/cm3 for the adsorbed CO2. In addition, 
the coal probably swells, which makes it even harder to cor-
rect for the component of CO2 that is not adsorbed. Adsorp-
tion experiments do not generally confine the coal, because 
it is loosely packed as fine grains, and therefore they do not 
model the competing effects of matrix swelling and adsorp-
tion that occur in nature. In general, the results of Krooss et 
al. (2001) conform to Langmuir adsorption below the criti-
cal point, but above pressures of about 6 MPa (similar to the 
critical point pressure 7.47 MPa), results are inconsistent 
with normal adsorption. Even after data are corrected for the 
assumed volume of the adsorbed phase using a density of 
1.028 g/cm3, adsorption is negative. This probably indicates 
swelling of the coal and use of an overly large void space 
in the canister to correct for the non-adsorbed CO2 phase. 
As Krooss et al. (2001) state, it is difficult to interpret the 
results above the critical point and even more difficult to 
predict what they might mean for a seam at depth.

Larsen (2004) documented the solution of CO2 in coal 
over a wide range of pressure and temperature conditions 
extending below the critical point. Solution of CO2 causes 
coal to expand but also increases the plasticity of coal. 
These two effects are potentially devastating to the perme-
ability needed to inject CO2 into coal. The amount of CO2 
dissolved in coal increases as pressure increases and as rank 
decreases. At pressures equivalent to depths of 150 to 200 
m, about half the CO2 contained in medium- or low-rank 
coals is in solution (Reucroft and Sethurarman, 1987). The 
softening temperature of coal appears to decrease to about 
31ºC at the critical pressure (Figure 10), implying that the 
coal becomes a plastic solid above critical conditions of 
temperature and pressure.

The stronger adsorption of CO2 affects the relative rate 
of desorption of CO2 relative to CH4, and the CO2 content 
of produced gases generally increases over time. The effect 
is predicted by the extended Langmuir equation (Arri et al., 
1992).

InFLUEnCE OF RAnk AnD  
PETROGRAPHY On CO2 ADsORPTIOn

Adsorption of methane tends to increase as rank increas-
es, initially rapidly and then more slowly at high ranks, 
though the relationship of adsorption to rank for medium-
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volatile coals is less  well defined.   For example, coals 
from the Bowen Basin (Levy et al., 1997) have higher ad-
sorption capacities than coals of similar rank from the US 
(Levy et al., 1997). Some of the variation may be caused 
by variable maceral content in the samples. Despite the 
fact that many diagrams (Ryan, 1992) imply a consistent 
relationship between rank and adsorption ability for CH4, 
the reality is much more complicated.

Carbon dioxide adsorption capacity has a weak cor-
relation with rank, increasing at high rank, but there are 
indications that adsorption is higher for lignite and sub-bi-
tuminous coals than it is for bituminous coals. This is hinted 
at in the data from Gluskoter et al. (2003) and from data 
in this study (Figure 11). Volume data from Gluskoter et 
al. are plotted at 300 psi and as standard cubic feet per ton 
(scf/t, dry ash-free [daf] basis) so that data from this study 
(Figure 11) are recalculated to the same pressure. Gluskoter 
et al. (2003) do not specifically identify rank by reflectance 
so that some assumptions are made in incorporating their 
data into Figure 11. However, it is obvious that both data 
sets imply higher adsorption for low- and high-rank coals 
than for medium-rank coals. The present data set was gen-
erated at 25°C. The temperature of the Gluskoter et al. data 
set is not stated.

The adsorption behaviour of CO2 at low rank is dif-
ferent from that of CH4, and this probably relates both to 
the distribution of micro-, meso-, and macroporosity by 
rank and to the stronger polarity of the CO2 molecule com-
pared to the CH4 molecule. Rightmire (1984), Bustin and 
Clarkson (1999), and Levine (1993) have all summarized 
the distribution of porosity in coal (Figure 12). Total po-

Figure 10. Softening temperature of Lower Kittanning coal 
(89.6% C, dry ash-free) at increasing pressure; plot adapted 
from Khan and Jenkins (1985) in Larsen (2004).

rosity is a minimum for medium-volatile rank coals, and 
macroporosity decreases as rank increases. At low ranks, 
the increased mesoporosity allows CO2 to adsorb, possibly 
as a volume filling in  meso-sized pores,  whereas CH4 
with lower polarity forms layer adsorption in micropores. 
The selectivity of CO2 over CH4 is high, and the amount 
of CO2 adsorbed high, despite low rank. As rank increases, 
the amount of mesoporosity decreases, CO2 adsorption 
decreases, and CH4 adsorption increases. Consequently the 
selectivity for CO2 decreases. At high rank, the increase in 
microporosity causes increases in the adsorption of both 
CO2 and CH4 without a major increase in the selectivity 
for CO2. Determining the effective porosity distribution in 
coals is difficult because experiments are often not done 
on moisture-equilibrated coal at in situ pressures. Also, the 
structure of low-rank coals is less predictable than that of 
higher-rank coals, and this results in a wider variation of 
porosity distribution. It is therefore hard to predict the CO2 
and CH4 adsorption characteristics of low-rank coals. 

The selectivity of CO2 versus CH4 of coals decreases as 
rank increases but may increase again at high ranks. Data 

Figure 11. Carbon dioxide adsorption versus rank. Data 
from this study and from gluskoter et al. (2002).
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from this study include only CO2 isotherms, but in most 
cases CH4 isotherms exist for the coals from previous stud-
ies, so that it is possible to construct an approximate  plot of  
CO2/CH4 ratio  versus  rank  (Figure 13). Ratios in Figure 
13 are calculated at a pressure of 300 psi to conform to the 
data from Gluskoter et al. (2003), which is also reproduced 
in Figure 13. The ratio is very high (approaching 20) for 
low-rank coals and then decreases to a range of 1.5 to 2 for 
medium-rank coals. It might increase slightly in high-rank 
coals. For coals of all ranks, the volume ratio of CO2/CH4 
decreases as pressure increases (Gluskoter et al., 2003) and 
probably also as temperature increases.

It is important to recognize the difference between 
molecule-for-molecule replacement and weight-for-weight 
replacement when comparing the adsorption capacity of 
CO2 and CH4. If there is a one-for-one molecule replace-
ment, then 2.75 g of CO2 will replace 1 g of CH4 (the ratio 
of the molecular weights). In terms of greenhouses gases, 
one is interested in sequestering a weight of CO2, not a vol-
ume. The increased selectivity and adsorption of low-rank 
coals may make them better candidates for CO2 sequestra-
tion  than higher-rank  coals. 

Figure 12. Distribution of porosity in coal data; adapted from 
Rightmire (1984), Bustin and Clarkson (1999), and Levine 
(1993).

Figure 13. Plot of CO2/CH4 ratio (calculated at 
210 m equivalent pressure) versus rank. Data 
from this study from Gluskoter et al. (2003).
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This of course assumes that they are not already saturated 
with CO2. Low-rank coals have better diffusivity and should 
maintain permeability and accommodate matrix swelling 
better than do higher-rank coals. 

Macerals are not minerals and do not have defined 
crystal structures like minerals. However there are gen-
eralizations that hold about the different characteristics 
of macerals. Inert macerals have more mesoporosity and 
less microporosity than do reactive macerals (Harris and 
Yust, 1976; Gan et al., 1972). At constant rank, the effect 
of petrography on methane adsorption has been studied by 
a number of authors (Ryan and Lane, 2002; Lamberson 
and Bustin, 1993). Either there is no correlation or adsorp-
tion ability tends to increase as the percentage of reactive 
macerals increases. These studies were done on medium- or 
low-volatile coals. In British Columbia, many of the Tertia-
ry low-rank coals are composed, on a mineral-matter-free 
basis, of almost 100% reactive macerals, making it difficult 
(and less relevant) to study the effects of petrography on the 
adsorption characteristics of low-rank coals.

Studies of the maceral influence on the adsorption of 
CO2 are more limited. Gluskoter et al. (2002) presented 
data that indicate no correlation between inert maceral con-
tent and adsorption of CO2 for a range of 0% to 25% inerts 
in low-rank coals. In this study, a number of samples with a 
rank of 1.64% and varying petrography were analyzed (Ta-
ble 5), as were two samples (rank 1.06%) with somewhat 
different petrography. These were actually the same sample 
screened to different sizes to provide a partial concentration 
of vitrinite. The Gething Formation samples with Rmax of 
1.64% (Figure 14) are plotted on a total reactives versus gas 
plot, with the CO2 gas contents plotted as gas contents at 
210 m (300 psi) or as Langmuir volumes. The data indicate 
a weak negative correlation of gas content with increasing 
reactives content. This is the reverse of the situation for 
samples of the same coal analyzed for CH4 adsorption (Fig-
ure 15). One of the Gething samples (Table 5) has distinctly 

Figure 14. Plot of CO2 adsorption at different depth versus 
reactive content for the Gething Formation samples.

Figure 15. Plot CH4 and CO2 adsorption versus content for 
Gething Formatio samples. CH4 data are from Ryan and 
Lane (2002).

higher  ash than the other  samples, and it is  highlighted in-
the plot (Figure 14). It appears that the effect of petrography 
on CO2 and CH4 adsorption is different for high-rank coals. 
The CO2/CH4 ratio increases as the inert maceral content 
increases. This means that some of the Jurassic-Cretaceous 
coals of BC, which are characterized by moderately high 
inert maceral contents, may have improved ability to se-
quester CO2. At lower ranks it appears that CO2 adsorption 
does not vary much with maceral content, as indicated by 
the two samples (rank 1.06%) also plotted into Figure 14 
and by the Gluskoter data for sub-bituminous coals. 

Pure gas isotherms illustrate the ultimate replacement 
potential of CO2 for CH4. Unfortunately, they give no hints 
as to how to achieve this. The extended Langmuir equation 
predicts the ratio of adsorbed gases based on the mole ratio 
of gases in the free phase (Figure 16). For example, if the 
mole ratio of CO2 in the gas phase is 0.5, then  the mole  

Figure 16. CO2/CH4 mole fraction in gas and adsorbed 
phase; data from Arri et al. (1992).



 Resource Development and Geoscience Branch   ���

ratio in the  adsorbed phase will be 0.7, and this requires a 
mole ratio of 0.3 CH4 in the adsorbed phase and 0.45 in the 
gas phase. Figure 16 is coal- and temperature-specific but it 
does indicate trends as predicted by the extended Langmuir 
equation. Arri et al. (1992) found that the CO2 data had, 
at best, a moderate fit to curves predicted by the extended 
Langmuir equation. Crosdale (1999) analyzed the composi-
tion of adsorbed gas for increasing pressure steps for a gas 
phase of 52.9% CO2 and 47.1% CH4. The results do not 
conform to the extended Langmuir equation. The amount of 
CO2 adsorbed was, in agreement with a pore-filling model, 
influenced by the faster diffusion of the smaller CH4 mol-
ecule. The CH4 molecule was able to diffuse into the coal 
faster than the CO2 molecule and block or occupy adsorp-
tion sites. During desorption, as pressure drops, CH4 de-
sorbs faster, leaving an increased concentration of adsorbed 
CO2. Based on Crosdale’s work, increasing the pressure of 
CO2 in coal not desorbed of CH4 may not release as much 
CH4 or adsorb as much CO2 as is predicted by the extended 
Langmuir equation. If the coal is undersaturated with CH4, 
then it should be possible to predict CO2 adsorption based 
on a CO2 isotherm. The mechanics of getting the CO2 to 
permeate coal depends on permeability, and the adsorbtion 
of CO2 on coal depends on matrix swelling. If the coal seam 
has limited permeability, then CO2 flooding and adsorption 
may not be possible. 

Some of the early studies on CO2 adsorption were in-
terested in the potential of using CO2 for enhanced coalbed 
methane recovery (ECBMR). In this case, a coal with low 
CO2 selectivity is better than one with a high CO2/CH4 se-
lectivity ratio. In all cases for ECBMR, it is important that 
the recovered gas does not have a high CO2 component, 
as this adds to the costs of upgrading the gas to pipeline 
quality. In many situations ECBMR may not be practical 
because of low permeability and high concentration of 
CO2 in the recovered gas. The results of the Allison CO2 
injection project of Burlington are somewhat inconclusive; 
injection of CO2 certainly increased water production, in 
part probably because CO2 went into solution in the water, 
decreasing its viscosity. In low-rank coals this may have 
the effect of drying the coals, which would then increase 
their adsorption ability. In an ECBMR situation, this may 
mean production of water and temporary sequestration of 
CO2 and minimal release of CH4. When water re-enters the 
seam, adsorption ability may decrease, causing CO2 to be 
released. 

InFLUEnCE OF TEMPERATURE On CO2 
ADsORPTIOn

Any temperature increase below the critical tempera-
ture decreases the ability of samples to adsorb CO2. This 
effect has to be paired with a geothermal and pressure gra-
dient to attempt to construct real adsorption versus depth 

tracts. In this study, two samples were analyzed at 25°C and 
30°C (Table 6, Figure 17). The Langmuir pressures increase 
as the temperature increases. 

Figure 17. Plot of CO2 adsorption at different temperatures. 
Data volumes calculated based on a normal hydrostatic 
gradient and a geothermal gradient of 28°C/km with surface 
temperature of 5°C.

The same effect is seen for CH4 isotherms; however, the 
CO2 Langmuir volumes do not consistently decrease as 
temperature increases. When the CO2 gas contents are cal-
culated at the depth and pressure that correspond to the tem-
perature of the isotherm, the adsorption for the high-rank 
coals decreases as depth increases, and for the low-rank 
coals, the adsorption increases with depth (Figure 17). This 
is in a depth window of about 700 to 800 m. Higher-rank 
coals have lower Langmuir pressures, indicating curves that 
are steeper at the origin than are curves for low-rank coals. 
This, combined with the effect of increasing temperature, 
means that for low-rank coals, the adsorption still tends to 
increase with depth and temperature, whereas for high-rank 
coals, the adsorption decreases as depth and temperature 
increase. 

It is very important to construct adsorption versus 
depth tracts for different rank coals for the depth range that 
corresponds to temperatures below the critical temperature. 
The implication of Figure 17 is that it might be better to 
sequester CO2 in lower-rank coals at depth than to sequester 
it in higher-rank coals.

sEqUEsTERInG CO2 In bRITIsH  
COLUMbIA COALs

One of the most understated facts about sequestering 
CO2 in coal is that it can only happen by first displacing the 
CH4 already adsorbed by the coal. The coal may or may not 
be saturated with adsorbed CH4, but it will certainly have 
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some that will be released when the CO2 is adsorbed. On a 
weight basis, the amount of CO2 adsorbed is between 5 and 
30 times the amount of CH4 desorbed, calculated at a depth 
of 210 m (Table 8). The ratio of CO2/CH4 decreases as pres-
sure (depth) increases, though the situation is more compli-
cated when the effect of increasing  temperature is  factored 
in.  This  sounds  very favourable in terms of sequestering 
CO2; unfortunately the CH4 released is about 20 times more 
powerful as a greenhouse gas. Consequently, unless CO2 
sequestration is paired with CH4 recovery, there is likely 
to be, over the long term, a net increase in the release of 
greenhouse gases. 

TABLE 8.  THE RATIO OF CO2/CH4 ADsORbED 
On COALs OF DIFFEREnT RAnks.

Data calculated at a pressure of 300 psi, equivalent to a depth of 
210 m.

Many coals are undersaturated with respect to CH4 and 
CO2. In these cases, CO2 injected will initially be adsorbed 
without any release of CH4. The coal matrix will expand, 
decreasing permeability and making it even more difficult 
for CO2 to infuse coal and for CH4 to escape. In situations 
where the coal is partially desorbed of CH4 because of 
production, the pressure is reduced and there will be some 
matrix shrinkage, which may improve permeability. In this 
case, CO2 should be able to permeate coal and be adsorbed; 
however, because the coal is undersaturated with respect to 
CH4, there may not be an immediate release of additional 
CH4 as the pressure increases and the composition of the 
gas phase becomes more CO2 rich.

One of the best ways of locally sequestering CO2 is to 
inject it into abandoned or mature CBM wells. It is possible 
to use the CBM at site to generate electricity either by burn-
ing it or by using a fuel cell. If a relatively pure stream of 

CO2 is derived from these processes, then it can be injected 
back into the CBM well to be adsorbed on undersaturated 
coal or to replace CH4 on saturated coal. As an added ad-
vantage, the gas may be hot, which would increase the re-
lease of CH4. It is interesting to compare the amount of CO2 
produced by oxidizing or burning the CH4 produced from 
a well with the amount of CO2 that coal in the well could 
adsorb (Table 9). As an example, CO2 and CH4 isotherms 
for a medium-volatile coal are used (Bustin, 2001). The two 
isotherms run at 25°C indicate the actual adsorption condi-
tions at a depth where the temperature is 25°C (assumed 
to be 300 m). The adsorption amounts are therefore high 
for depths greater than 300 m and low for depths shallower 
than 300 m. However, the data do illustrate trends. The CO2 
derived from oxidizing the CH4 produced from one tonne 
of coal can be adsorbed onto about 0.5 tonnes. But based 
on estimating the matrix shrinkage caused by desorption of 
CH4 and expansion caused by adsorption of CO2, there will 
be about a 2% volume increase in the tonne of coal. These 
estimates are made assuming densities of the adsorbed 
gases and may change considerably, but it is probably valid 
to assume that there will be a matrix expansion.

Sequestration of CO2 is simpler if a pure stream of CO2 
is obtained. Natural gas processing plants can produce rela-
tively pure streams of CO2. Power plants and coal gasifica-
tion produce mixtures of N2, CO2, and other gases. How-
ever, a pure stream of CO2 can be obtained by trapping CO2, 
using CaO to produce CaCO3, and then liming the CaCO3 
in a separate reactor. The process can be self-sustaining in 
terms of CaCO3 or may require inputs of fresh CaCO3, in 
which case sequestration may require a location where coal 
and limestone are both available. The locations of the coal 
deposits in BC and brief descriptions of their size and CBM 
potential can be found in Ryan (2003).

British Columbia releases about 63.5 million tonnes 
equivalent of CO2 annually (Environment Canada, 2001). 
If this is assumed all to be CO2, it is possible to estimate 
the amount of coal that would be required to sequester it 
all (Table 10), and the amount is in the range of 100 to 200 
billion tonnes. This amount of coal is similar to the total 
amount of coal in the province above a depth of 2000 m 
(estimated to be about 250 billion tonnes). Sequestering 
CO2 in coal will only be applicable for very specific point 
sources.

Sequestering CO2 in coal is often discussed in the con-
text of coal-fired power plants. Spath et al. (1999) studied 
greenhouse gas emissions resulting from all aspects of gen-
erating electricity from coal. A present-day 360 MW power 
plant burns about 1.4 million tonnes of coal per year. About 
100 to 200 million tonnes of coal are required to sequester 
the CO2 produced (Table 11). It is probably unrealistic to 
envisage the CO2 produced from a power plant being se-
questered in the same coal resource that is providing coal 
to the power plant.
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TABLE 9.  COmPARISON OF THE AmOuNTS OF CH4 AnD CO2 ADsORbED 
OnTO A MEDIUM-VOLATILE COAL OVER A RAnGE OF DEPTHs.

TABLE 10.  THE AmOuNT OF COAL REQuIRED TO SEQuESTER THE 
CO2 PRODUCED In bRITIsH COLUMbIA In OnE YEAR.
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TAbLE 11.  THE AMOUnT OF COAL REqUIRED TO sEqUEsTER 
THE CO2 PRODuCED BY A 360 mw POwER PLANT.

One of the few places where it might be possible to 
sequester the CO2 generated by a power plant adjacent to 
the plant is in the Hat Creek area in south-central BC. This 
deposit was explored by BC Hydro as a possible site for a 
large power plant, and the area contains a large resource 
of lignite to sub-bituminous coal, which is estimated to be 
between 10 and 30 billion tonnes. Data from Gluskoter et 
al. (2003) indicate that sub-bituminous and lignite coals can 
adsorb about 10 cm3/g CO2 at intermediate depths (300 m). 
When this is compared to the amount of carbon in the coal, 
it is apparent that, for a tonne of coal burnt, the amount of 
CO2 produced is less than for high-rank coals and can be se-
questered in fewer tonnes of in situ coal. At Hat Creek, coal 
delivered to a power plant would be less than 30% carbon 
and would require less than 100 tonnes in situ to sequester 
the CO2 produced from 1 tonne burned. Because of the size 
of the Hat Creek resource, a power plant using 10 million 
tonnes per year for 25 years would require about 25 billion 
tonnes to sequester the CO2 generated. The sequestering of 
CO2 may also result in the recovery of CH4, which can be 
used in the power plant or sold as natural gas.

Isotopic studies of the C13/C12 isotopic ratios of CBM 
indicate that the gas is often a mixture of biogenic and ther-
mogenic methane. Biogenic methane may originate from 
early coalification or during uplift of the coal-bearing for-
mation. Generation of biogenic methane requires a consor-
tium of bacteria and a series of biochemical reactions that 
in part require H2 and CO2. This raises the possibility that 
injection of CO2, if associated with bacteria or nutrients, 
may stimulate generation of biogenic methane at the same 
time that CO2 is sequestered (Budwill, 2003). The best can-
didates for synchronous CO2 sequestration and generation 
of biogenic methane are low-rank coals at shallow depth. 
Deposits such as Coal River or Tuya River, as well as the 
much larger Hat Creek deposit, could be candidates.

COnCLUsIOns

The connection is made: climate change is at least in 
part related to increasing concentration of CO2 in the atmo-
sphere, and we are responsible for the most recent increase. 
The incentive to limit fossil fuel use or sequester the CO2 
produced by fossil fuel use is here and will not go away. 

Sequestration of CO2 in coal seams requires a clear 
understanding of the CO2 phase diagram and the implica-
tions for the maximum depth of sequestration. The maxi-
mum depth varies based on combinations of geothermal 
and pressure gradients but is generally in the range of 500 
to 900 m. Below this depth and in part above it, CO2 goes 
into solution in coal and causes an increase in plasticity and 
swelling (Larson, 2004).

It is essential to understand the CO2 and CH4 adsorp-
tion behaviour in coals of different ranks and for different 
combinations of temperature and pressure. The mole ratio 
of CO2/CH4 adsorption varies from over 10 for low-rank 
coals to under 2 for medium- and high-rank coals. The CO2 
adsorption is moderately high for low-rank coals, decreases 
for medium-rank coals, and then increases substantially for 
high-rank coals. The interaction of adsorption and selectiv-
ity of CO2 and CH4 means that for maximum CO2 seques-
tration with minimum production of CH4, one should use 
lignite, whereas for maximum sequestration of CO2 with 
maximum production of CH4, one should use a high-rank 
coal.

Sequestration of CO2 without collection of the released 
CH4 may result in a net increase in the emission of green-
house gases over time.

Actual sequestration of CO2 and release of CH4 is 
predicted by binary gas isotherms and may not obey the 
extended Langmuir equation. It will also be influenced by 
permeability, matrix swelling, and initial saturation. 
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Conditions of sequestration of CO2 in coal may best be 
applied to small point sources; for example, where CBM is 
being burned on site to produce electricity.

Most discussions of CO2 sequestration do not consider 
the implications of an impure gas stream composed of CO2 
and N2. Addition of N2 to the gas decreases the adsorption 
of CO2.
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 ULTRAMAFIC ROCks In bRITIsH COLUMbIA: 
DELInEATInG TARGETs FOR MInERAL sEqUEsTRATIOn OF CO2

by D. A. Voormeij1 and G. J. simandl1, 2

keywords: Co2 sequestration, ultramafic, mineral 
potential, serpentinite, dunite.

sUMMARY

British Columbia has favourable geology and excellent 
exploration potential to host the raw materials suitable for 
CO2 mineral carbonation, one of the methods considered 
for lowering atmospheric greenhouse gas levels. British 
Columbia has been situated on the active, west-facing Pa-
cific margin of continental North America for at least the 
last 530 million years and subjected to a subduction zone 
(accretionary) tectonic setting for the last 390 million years. 
Due to its tectonic history, BC contains numerous Alpine-
type and several Alaskan-type complexes, both types rich 
in Mg-silicates. Dunite zones within these complexes are 
currently considered as the most promising sources of raw 
materials for the mineral sequestration process, since they 
contain the most Mg by weight, the component necessary 
for binding with CO2 to form stable carbonates. In addition, 
stockpiles containing short-fibre chrysotile mined from ser-
pentine-rich zones in ultramafic complexes may provide a 
source of starting material, thereby simultaneously dispos-
ing of CO2 as well as other potentially hazardous materials. 
British Columbia’s ultramafic rocks were studied previ-
ously as possible hosts of base metals, precious metals, and 
gemstones. This study draws relevant information from 
that research and utilizes the database originally designed 
to evaluate mineral potential for the province. From this 
database, a map depicting dunite- and serpentinite-bearing 
ultramafic rocks has been produced. Several targets have 
been selected, relying on preliminary data, including min-
eralogy, geochemistry, potential size of the resource, acces-
sibility, and proximity to major CO2 point sources. These 
include the dunite zone of the Alaskan-type Tulameen 
Complex near Princeton and the Cassiar chrysotile tailings 
in northern BC. These targets are the subject of current de-
tailed research.

InTRODUCTIOn

A number of carbon dioxide (CO2) sequestration meth-
ods, including geological storage, ocean storage, and min-
eral sequestration, have been proposed worldwide, and 
methods conceivably applicable to BC were listed and re-
viewed by Voormeij and Simandl (2003a). Mineral carbon-
ation is considered to be the only method that truly disposes 

1 University of Victoria, voormeij@uvic.ca
2 British Columbia Geological survey Branch,
  george.simandl@gems2.gov.bc.ca

of CO2 on a geological time-scale and with minimum risk 
of leakage (Lackner et al., 1997; O’Connor et al., 2000). 
Although Ca-silicates (e.g., wollastonite) may also have 
potential for mineral carbonation (Wu et al., 2001; Kakiza-
wa et al., 2001), Mg-silicates are more common in high 
concentrations and as large deposits (Goff and Lackner, 
1998). Mg-silicates also contain more reactive material per 
tonne than do Ca-silicates (Lackner et al., 1997). The min-
eral carbonation concept is based on the natural weathering 
process of Mg-olivine (forsterite) and serpentine, which 
carbonate by the following reactions: 

Mg2SiO4+ 2CO2 → 2MgCO3+ SiO2  (1) 
[olivine] [magnesite] [silica]

Mg3SiO3(OH)4+ 3CO2 → 3MgCO3+2SiO2 + H2O (2)
[serpentine]  [magnesite] [silica]

This process is thermodynamically favoured in near-
surface environments, and its products are stable on a 
geological time scale. The concept was first proposed by 
Seifritz (1990) and considered in more details by Lackner 
et al. (1997), O’Connor et al. (1999; 2000), and Kohlmann 
and Zevenhoeven (2001; 2002). 

The mineral carbonation process, as considered in 
this paper, is envisioned in an industrial setting (ex situ). 
Geographical location, proximity to infrastructure, and the 
size of dunite and serpentinite resources and their physical 
and chemical properties are some of the important factors 
determining the potential viability of mineral sequestration 
in BC. Ideal sites should be located close to both the Mg-
silicate deposit and a major CO2 emission point source to 
minimize transportation costs of the CO2 and raw materi-
als. Geographic distribution of major stationary CO2 point 
sources in BC has been completed (Voormeij and Simandl, 
2003b). In order to match sinks to these point sources, areas 
with the potential to host raw material for mineral CO2 se-
questration need to be identified. Dunite zones of ultramafic 
complexes are preferred over the serpentinite zones, since 
they contain the most magnesium by weight. Serpentinite 
zones are more common and for this reason are also con-
sidered as candidates. Detailed methodology proposed for 
systematic evaluation of the ultramafic materials for use in 
mineral carbonation is outside of the scope of this study and 
is covered by Voormeij and Simandl (in preparation).
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Figure 1. IugS classification scheme for ultramafic rocks 
(after Le maitre, 1989). Ol-olivine; Opx-orthopyroxene; Cpx-
clinopyroxene. The general term “peridotite” is used when 
the olivine content is 40%–100%, whereas “pyroxenite” re-
fers to an olivine content of 0%–40%. For example, “dunite” 
is a peridotite containing 90%–100% olivine.

ULTRAMAFIC ROCks

Petrology and Mineralogy

Serpentine and forsteritic olivine are common silicates 
with high magnesium contents. There are three principal 
forms of serpentine: lizardite, antigorite, and chrysotile 
(Deer, Howie and Zussman, 1978), all with the approxi-
mate composition Mg3Si2O5(OH)4. The most abundant is 
lizardite, whereas the fibrous chrysotile is relatively rare. 
The latter is perhaps best known since it had many indus-
trial applications, including fireproof insulation, specialty 
paints, brake pads, and gaskets. (Virta and Mann, 1994). 
It has also been used extensively in construction materials 
such as cements and tiles. However, the use of chrysotile 
was severely curtailed due to health hazards associated with 
its use (Hamel, 1998), and is banned in several European 
countries. 

Olivine exists as a solid solution series between the Mg-
2SiO4 (forsterite) and Fe2SiO4 (fayalite) end members. The 
monomineralic rock of olivine is called dunite (Figure 1). 
Forsteritic olivine is currently the favoured mineral for the 
carbonation process because it does not require the energy-
intensive pretreatment that serpentine needs (Lackner et al., 
1997; O’Connor et al., 2000). However, research into op-
timization of energy used in the pretreatment of serpentine 
is ongoing (McKelvy et al., 2002; O’Connor et al., 2000). 
Furthermore, serpentine-rich rocks are more widespread 
than those rich in olivine. Thus both have to be considered. 
Some selected chrysotile-bearing stockpile sites are also 
investigated because, in addition to sequestering CO2, the 
mineral carbonation method may also aid in the disposal of 
unwanted asbestos waste (Huot et al., 2003).

ULTRAMAFIC COMPLExEs

Ultramafic complexes can be divided into three major 
categories: Alpine, Alaskan, and layered intrusive types. 
Their geographic distribution is restricted by tectonic 
setting, which also indirectly influences the physical and 
chemical characteristics of dunite and serpentinite rocks 
within these complexes. These characteristics include rela-
tive position of the dunite and serpentinite bodies, structural 
control, variation in mineralogy, and mineral composition. 
Table 1 lists well-documented examples of these categories 
and describes their geological setting.

Alpine-Type Complexes

Alpine-type ultramafics are the most voluminous and 
widespread of all ultramafic bodies (Coleman, 1977) and 
are interpreted as forming the basal part of an ophiolitic 
suite (Dewey, 1976 and Moores, 1982; 2002). A complete 
ophiolite sequence, tectonically emplaced over crystal-
line basement (Figure 2), consists of (from bottom to top) 
tectonic mélange, metamorphic sole, deformed mantle tec-
tonite, cumulate peridotite (alternately layered olivine and 
pyroxene), cumulate gabbros grading upwards into massive 
gabbros and plagiogranites, overlain and partially intruded 
by sheeted dike swarms, followed by pillow basalts, capped 
by deep-sea and/or pelagic or, in some cases, volcaniclastic 
turbidites, all overlain by shallow-water sediments. This se-
quence is thought to represent an analogue for oceanic crust 
formed at fast-spreading centres, as exemplified by the Juan 
de Fuca Ridge situated off the coast of BC.

Dunitic rocks of ophiolitic sequences are divided into 
two broad categories based upon their texture and petrog-
raphy: tectonite and cumulate. Dunites within the tectonite 
section generally occur as lenses within harzburgite or 
lherzolite, ranging from one metre to hundreds of metres in 
size. In most cases, the tectonite is gradational into the cu-
mulate sequence, where forsteritic olivine is the dominant 
cumulate phase (Coleman, 1977; Moores, 2002). Podiform 
chromitite is commonly associated with the tectonite zone; 
stratiform or thin chromitite accumulations are typical of 
the cumulate zone (Coleman, 1977). During the serpentini-
zation of the alpine peridotites, fibrous chrysotile veins and 
stockworks may be formed. Where chrysotile-filled frac-
tures constituted 3% to 10% of the rock and formed long 
fibres of high quality, it was economically mined (Hora, 
1999).

Alaskan-Type Complexes

Alaskan-type complexes (also called Alaskan-Ural, 
Uralian, and concentric or zoned complexes) are mafic and 
ultramafic intrusions. Their type locations are in a narrow, 
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Figure 2. Cross section of a “complete” ophiolite complex. Few ophiolite 
complexes contain all of these units; most contain only part(s) of the entire 
complex (source: moores, 2002).

TAbLE 1. CHARACTERIsTICs OF THE THREE MAIn TYPEs OF ULTRAMAFIC COMPLExEs 
COnTAInInG sIGnIFICAnT DEPOsITs OF DUnITE AnD/OR sERPEnTInITE. 
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TAbLE 2. OLIVInE COMPOsITIOn CHAnGEs 
FROM MG-RICH (FORsTERITE) TO FE-RICH 
(FAYALITE) FROM LOWER TO UPPER ZOnEs 
WITHIn LAYERED InTRUsIVE COMPLExEs.

north-trending belt, 600 km long, in southeastern Alaska 
(Irvine, 1967).Similar ultramafic bodies are found in belts 
along the central Ural Mountains of Russia (Irvine, 1987) 
and through the interior of BC (Findlay, 1963; Irvine, 1976; 
Clark, 1980; Nixon, 1990). Idealized Alaskan-type com-
plexes are characterized by the crude zonation of successive 
wehrlite, clinopyroxenite, and hornblende-rich lithologies 
around a dunite core (Irvine, 1987). In many of the well-
documented examples, any one of these zones may be miss-
ing or discontinuous (Nixon, 1990). Massive dunite cores 
consiting primarily of forsteritic olivine (Irvine, 1987) may 
be exposed over large areas, and in many cases dunite is 
well preserved.

Layered-Intrusive Complexes

Layered mafic-ultramafic intrusions are either sill-like 
(e.g., Stillwater) or funnel shaped (e.g., Skaergaard and 
Great Dyke). They are typically intruded into rifted cratons 
and may be associated with tholeitic flood basalt provinces. 
A good example of this is the Muskox intrusion, which is 
intimately associated with Coppermine River basalts (Bara-
gar, 1969; Kerans, 1983). 

As magma crystallizes and differentiates, cyclically 
layered sequences form. An ideal cycle consists of basal 
dunite followed upward by a harzburgite and an uppermost 
orthopyroxene layer (Naslund and McBirney, 1996). These 
cyclic units vary in thickness. For example, in the Bush-
veld Complex they are present on a millimetre scale (Eales 
and Cawthorn, 1996), at Great Dyke on a centimetre scale 
(Naslund and McBirney, 1996), and at Muskox intrusion on 
a metre scale (Irvine and Smith, 1967). Olivine composi-
tion in a typical layered ultramafic intrusion trends upwards 
in succession from forsterite-rich olivine towards fayalitic 
olivine (Table 2).

The layering is commonly laterally continuous for hun-
dreds of square kilometres (Eales and Cawthorn, 1996), and 
the ultramafic sequence can be up to several kilometres in 
thickness. For example, the Windimurra Complex has a 0.5 

km thick ultramafic section (Mathison and Ahmat, 1996), 
the Muskox intrusion has ultramafic layers that total 1.5 km 
in thickness (Irvine and Smith, 1967), and the Great Dyke 
has an ultramafic sequence several kilometres in thickness 
(Wilson, 1996). 

TECTOnIC sETTInG OF bC

Since the breakup of the Rodinia supercontinent, BC 
has been located on a continent-ocean boundary for at least 
530 million years (Monger, 1997). As a result of subduction-
related activity, which started approximately 390 Ma, the 
Canadian Cordillera is commonly described as an orogenic 
collage made up of intra-oceanic arc and subduction com-
plexes accreted to the craton margin and of arcs emplaced 
in and on the accreted bodies. The Canadian Cordillera has 
been subdivided into terranes (Figure 4), each consisting of 
characteristic assemblages (Monger and Berg, 1984). 

Assemblages within the Slide Mountain, Cache Creek, 
and Bridge River Terranes (Figure 4) are of oceanic affinity, 
representing the deformed sequences of ocean basins that 
closed in the Mesozoic during the accretion of offshore is-
land arcs to the North American craton. The Slide Mountain 
Terrane is composed of ultramafic rocks, gabbro, pillow 
basalt, and chert, which formed in a back-arc ocean basin 
(Figure 5). The ultramafic rocks in the Cache Creek and 
Bridge River Terranes are associated with a mélange of ma-
rine sediments with blocks, lenses, and slivers of ophiolitic 
origin, often in a serpentine matrix, representing an accre-
tionary/subduction complex (Figure 5). These oceanic-af-
filiated terranes contain numerous Alpine-type complexes 
(Evenchick et al., 1986). The Stikinia and Quesnellia Ter-
ranes are composed of arc-related volcanic and sedimentary 
rocks and coeval intrusions (Evenchick et al., 1986). BC’s 
Alaskan-type complexes are found in these terranes (Figure 
5) and represent the high-level magma chambers of Late 
Triassic to Middle Jurassic arc volcanoes (Nixon, 1990). 
There are no large layered intrusive ultramafic complexes 
known in BC, as they are believed to be restricted to an 
intra-cratonic tectonic setting.

ULTRAMAFIC ROCks In bC

Depicted in Figure 6 is the geographic distribution of 
ultramafic rocks in BC, with emphasis on those Alpine- and 
Alaskan-type complexes that contain known dunite and/or 
serpentinite zones. This map was derived from the database 
developed for a mineral potential assessment of BC (Kilby, 
1994) and was originally introduced in a BC Geological 
Survey Branch Geofile (Voormeij and Simandl, 2004).
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Figure 4. Distribution of major ultramafic-bearing terranes in British Columbia (based on gabrielse et al., 1991). The Alpine-
type ultramafic complexes are confined primarily to the Cache Creek, Slide mountain, and Bridge River oceanic-affiliated ter-
ranes, whereas the Alaskan-type ultramafic bodies are associated with the Stikinia and Quesnellia island-arc terranes.  

Figure 5. Simplified diagram depicting the different tectonic settings for the oceanic-affiliated, subduction-related, and is-
land arc terranes in British Columbia and the origin of their ultramafic complexes (based on monger and Journeay, 1994). 
NAC = North American Continent.
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Figure 6. Distribution of dunite and serpentinite-bearing rocks in BC. Alpine-type ultramafic complexes include: 1. Cogburn 
Emory zone, 2. Coquihalla Serpentine Belt, 3. Bralorne-East Liza, 4. Bridge River Complex, 5. Shulaps, 6. Chapperon group, 
7. mount Ida Assemblage, 8. Southern Cache Creek Complex, 9. Crooked Amphibolite, 10. Antler Formation, 11. Central 
Cache Creek Complex, 12. manson Lake Complex, 13. Blue Dome Fault zone, 14. Sylvester Allochthon, 15. Cassiar and 
mcDame, 16. zus mountain, 17. Northern Cache Creek Complex (includes Atlin and Nahlin Complexes). Alaskan-type ultra-
mafic complexes include: 18. Tulameen, 19. Polaris, 20. wrede, 21. Hickman, 22. Lunar Creek, 23. Turnagain. 
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Figure 7. Separating out the dunite and serpentinite zones associated with ultramafic rocks: A. Areas where ultramafic rocks 
are reported to contain dunite only. b. serpentinite only. C. Dunite and serpentinite are reported together.

The compiled geology used in Figure 6 has been cap-
tured in digital form at a scale of 1:250 000 by means of 
BC Geological Survey Branch Open File series releases 
(Massey, 1994; Schiarizza et al., 1994; Höy et al., 1994; 
MacIntyre et al., 1994; Bellefontaine and Alldrick, 1994; 
MacIntyre et al., 1995; Bellefontaine et al., 1995; Mihaly-
nuk et al., 1996; Schiarizza and Church., 1996). From this 
electronic database, units containing the words “dunite” 
and “serpent-” were extracted, thereby assembling a digital 
file of zones that contain the words “dunite”, “serpentinite”, 
“serpentinized”, or “serpentine” in their original descrip-
tion. Figure 6 shows the resulting zones. 

Extraction of areas that contain the terms “dunite” and 
“serpent-” from the database does not discriminate between 
minor and major amounts of dunite and/or serpentinite 
present. Thus, most of the zones are overestimates of actual 
area underlain by dunites and/or serpentinites. For example, 
Figure 6 shows a zone in southeastern BC, approximately 
120 km north of Nelson. This area appears approximately 
100 km long by 50 km wide on the map. However, a more 
detailed map (Figure 6, Inset 1) shows the presence of ser-
pentine-magnesite-talc related rocks only a few kilometres 
across (source: Read and Wheeler, 1977). Although the 
approach used to construct Figure 6 results in overestimat-
ing the areas underlain by ultramafic rocks, it is a preferred 
preliminary approach because large portions of BC have 
not been mapped in detail and may contain more ultramafic 
rocks than expected. Several potential dunite and serpenti-
nite tracts shown on this map are abruptly terminated along 
straight lines that correspond to map boundaries. This hap-
pens where a geological unit extends across two or more 
1:250 000 map sheet areas. This unit may have the same 
name on several of the mapsheets, but ultramafic rocks are 
not present in all of them. 

Our approach also delineated areas that contain ultra-
mafic xenoliths. For example, numerous zones within cen-

tral BC correlate to spinel peridotite xenoliths described by 
Canil et al. (1987), many of which are hosted in the alkali 
basalts typical of the Chilcotin Group plateau-lavas (Dostal 
et al., 1996). The olivine-rich xenoliths are not significant 
as a potential source of raw material for the ex situ mineral 
carbonation process. However, recent studies have shown 
the mineral-trapping potential of injected CO2 into deep 
saline aquifers located within thick sequences of flood 
basalt provinces (O’Connor et al., 2003). For this reason, 
the distribution of BC’s flood basalts that contain olivine 
xenocrysts and dunite xenoliths is included in Figure 6.

Ultramafic rocks containing dunite zones but not ser-
pentinite (Figure 7a) are not common. These zones are 
mostly restricted to Alaskan-type complexes. In contrast, 
ultramafic rocks containing serpentine but not dunite are 
relatively abundant (Figure 7b). As expected from the dis-
tribution of ultramafic rocks in Alpine-type complexes, du-
nite and serpentinite are commonly associated (Figure 7c).

Alpine-Type Complexes in BC

Most of BC’s Alpine-type complexes are located with-
in the Cache Creek, Slide Mountain and Bridge River Ter-
ranes. The Cache Creek Terrane forms a long narrow tract 
that extends within the Intermontane belt from southern BC 
to central Yukon Territory (Figure 4). The larger complexes 
of the Cache Creek Terrane include the Southern Cache 
Creek Ultramafic Assemblage in southwestern BC and the 
Nahlin Ultramafic Complex near Atlin, northwestern BC 
(Figure 6). The Slide Mountain Terrane forms a narrow, dis-
continuous belt extending 2000 km from southeastern BC 
to northwestern Yukon Territory (Figure 4). Alpine-type ul-
tramafics are located in the Antler Formation in central BC, 
the Redfern and Crooked Amphibolite in east-central BC, 
and the Sylvester allochthon in north-central BC (Figure 6). 
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The Cassiar and McDame asbestos deposits are located in 
Sylvester serpentinites (Figure 6). Zus Mountain, located in 
the Sylvester allochthon, is known to contain intact oceanic 
upper mantle and ultramafic cumulate material (Nelson and 
Bradford, 1993). Bridge River is a small terrane, situated 
near latitude 52oN, just west of the Cache Creek Terrane. 
The Bridge River Complex, with the associated Shulaps 
and Bralorne-East Liza complexes (Figure 6), the Coqui-
halla Serpentine Belt, and the Cogburn body are probably 
the southern extent of the Cache Creek Terrane (Schiarizza 
et al., 1997). 

Alaskan-Type Complexes in BC

In BC, Alaskan-type complexes are found in the Sti-
kinia and Quesnellia Terranes. However, only those with a 
recognized dunite zone are discussed, and their geographi-
cal distribution is given in Figure 6. Table 3 gives the major 
Alaskan-type complexes for BC that contain known dunite 
cores. Stikinia is the largest terrane in the Canadian Cordil-
lera; it extends more than 1700 km from eastern Alaska to 
south-central BC (Figure 4). The Hickman Complex is an 
Alaskan-type ultramafic within Stikinia. The Lunar Creek 
Complex is located on the boundary between Quesnellia 
and Stikinia Terranes (Figure 6). Quesnellia forms an oro-
gen-parallel belt that extends from south-central BC into 
the Yukon Territories (Figure 4). Complexes of the Alaskan 
type that are located in this terrane include the Tulameen 
(Figure 3), Polaris, Wrede, and Turnagain complexes. Tula-
meen is the largest Alaskan-type body in BC (Table 3).

Economic Potential of Ultramafic Rocks in BC

Up to now, BC’s ultramafic complexes were primarily 
of interest to economic geologists in terms of associated 
metals, traditional industrial mineral deposits, and gem-
stones. These complexes are known to host Cyprus-type 
massive sulphides (Höy, 1995), Au-quartz veins (Ash and 
Alldrick, 1996), silica-carbonate mercury deposits (Ash, 
1996a), podiform chromite (Ash, 1996b), stratiform chro-
mite (Nixon et al., 1997), talc and magnesite (Simandl and 
Ogden, 1999), chrysotile asbestos (Hora, 1999), nephrite 
jade (Simandl et al., 2000), vermiculite (Simandl et al., 
1999a), emeralds (Simandl et al., 1999b), and corundum-
group gemstones (Simandl and Paradis, 1999). Also, they 
are known to host platinum-group elements (Rublee, 1986; 
Evenchick et al., 1986; Nixon, 1990; Nixon, 1996; Nixon et 
al., 1997), Ti and Fe oxide deposits (Gross et al., 1999), and 
nickel (Hancock, 1990). Olivine may be used as a foundry 
and blasting sand (White, 1987) as well as a raw material 
in the manufacture of refractories (Henning, 1994). In the 
past, most of the complexes were assessed with these com-
modities in mind; however, should mineral sequestration of 
CO2 emissions become a reality, then these complexes will 

also become essential as sources of high-magnesia silicates. 
The synergy between the development of some of the tra-
ditional metal, industrial mineral, and gemstone commodi-
ties and magnesium silicates for CO2 sequestration may be 
possible.

TAbLE 3. sURFACE AREA OF DUnITE ZOnEs In 
ALAskAn-TYPE COMPLExEs. ARC-RELATED 

TECTOnOsTRATIGRAPHIC TERRAnEs WITHIn 
WHICH THEsE COMPLExEs ARE LOCATED: 

QN = QuESNELLIA; ST = STIKINIA. 

Targets for Mineral Sequestration of CO2

Figure 6 also marks two specific areas considered for 
detailed study as part of the M.Sc. thesis of the senior author: 
the Tulameen site and the Cassiar asbestos. The Tulameen 
site was chosen because it contains a well-exposed, large (6 
km2), relatively unserpentinized dunite body and is located 
within the vicinity of several major point sources of CO2 
(Voormeij and Simandl, 2003b). Cassiar asbestos tailings, 
currently owned by Cassiar Resources Inc., are investigated 
because the waste piles have potential as raw material for 
the mineral carbonation process, since the serpentine has 
already been milled and therefore may lower the seques-
tration costs. The site contains 5 457 000 tonnes of broken 
rock, 17 021 000 tonnes of tailings, and 48 millions of 
tonnes of in situ serpentine-rich rock (Budinski, 2000). The 
fibrous nature of this variety of serpentine, which is con-
sidered a health concern (Hamel, 1998), may be effectively 
destroyed during the mineral carbonation process. 

COnCLUsIOns

Should the mineral carbonation process be consid-
ered as a form of sequestering CO2 emissions in BC, an 
overview of locations of raw material within the vicinity 
of major CO2 point sources is an important parameter in 
conceptual modeling. The distribution of ultramafic rocks 
in BC, with emphasis on those complexes containing dunite 
and/or serpentinite zones, is depicted in Figure 6. Based 
on this map, less than 3% of BC’s surface is underlain by 
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ultramafic rocks containing dunite and/or serpentinite. Of 
this 3%, less than 1% corresponds to areas where dunite is 
reported without serpentinite, approximately 2% is related 
to areas where serpentinite occurs without dunite, and 1% 
of BC is underlain by ultramafic rocks where dunite and 
serpentinite are reported together. Because of the methodol-
ogy used to construct the map, surface areas corresponding 
to ultramafic rocks are overestimated.

Due to the subduction-related tectonic setting, Alpine-
type and Alaskan-type ultramafic complexes are more com-
mon along the western margin of North America than they 
are in, for example, areas located on the stable craton or 
passive margin. With this in mind, claims made by Goff et 
al. (1997) and Goff and Lackner (1998), in which they state 
that “abundant resources of Mg-rich peridotite [dunite] and 
serpentinite exist within the United states and many other 
countries”, should be questioned, and follow-up is needed.  

Ultramafic complexes may host a wide variety of 
economic minerals. Thus, the geographic distribution of 
dunites and serpentinites can be used as a metallotect in 
exploration for a variety of metallic, industrial mineral, and 
gemstone deposits. In a number of specific cases, serpen-
tine- and olivine-bearing rocks contain chromite, Ni, Co, 
and platinum-group elements. If these commodities can be 
recovered at profit as a by-product of mineral sequestra-
tion, then costs of the CO2 disposal may be substantially 
reduced. 
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InTRODUCTIOn

The Ministry of Energy and Mines recently initiated, 
as part of the provincial Oil and Gas Development Strategy, 
a regional geological assessment of aggregate resources 
in northeast British Columbia. The area identified for this 
project (Figure 1) was selected because subsurface data 
collected during seismic shot hole drilling in the region 
indicated that gravels were present under 1 to 2 m of over-
burden. Aggregate deposits are extremely rare in this area, 
with the closest known deposits occurring many tens of 
kilometres distant. The study area occurs along the Kotcho 
winter road, about 40 km east of the Sierra-Yoyo-Desan 
(SYD) Road. 

After initial identification of the area from the shot hole 
data, the Ministry of Energy and Mines contracted a geo-
technical aggregate investigation in the region. The results 
of the study identified an area approximately 700 m long by 
100 to 400 m wide that contained an estimated 410 000 m2 
of sandy gravel (Dewer and Polysou, 2003). Excavations 
in the vicinity of the deposit showed gravels underlying 
silt-rich sediments. The buried sands and gravels were en-
countered in 10 test pits in an elongated, southwest-trend-
ing area, oblique to present surface stream channels. In the 
core of the deposit, the sands and gravels are at least 5 m 
thick, and in 6 of the test holes the base of the deposit was 
not encountered. Surprisingly, the water table was encoun-
tered in only 1 test hole at the south-easternmost edge of 
the deposit.

The gravel deposit occurs along a gentle south-easterly 
slope in an area with very little surface topography, and 
there is little or no geomorphic indication that subsurface 
gravels are present. The sands and gravels are overlain by 
silts and clays generally 1 to 2 m thick but locally up to 5 m 
thick. These sediments are interpreted to be glaciolacustrine 
in origin. Even though much of the area has been logged, 
and surface features are readily visible, air photographic 
interpretation alone would not have detected this deposit.

The present study was initiated to test the effectiveness 
of using airborne electromagnetic (EM) data for detecting 
such buried gravel deposits. The objectives of the EM study 
were threefold: 1) to determine whether the buried gravels 
could be detected remotely, 2) to attempt to trace the extent 
of the gravel deposit beyond the field tested boundaries, and 
3) to locate any other aggregate sources in the area, either 
directly adjacent to the known deposit or within the general 
region. To accomplish these objectives, a detailed survey 
(Figure 1) with a 100 m line spacing was conducted directly 
over the known deposit, and a larger area (approximately 
25 km2 in size—the total black area shown in Figure 1) was 

Figure 1. Map of the survey location relative to the sierra-
Yoyo-Desan (sYD) Road.
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covered with a 200 m line spacing (Cain, 2004).
Fugro Airborne Surveys was contracted to carry out a 

multi-frequency helicopter EM and magnetic survey using 
the RESOLVETM EM system. The processed data include 5 
apparent resistivity grids generated from the horizontal co-
planar coils at frequencies of 380, 1400, 6200, 25 000 and 
115 000 Hz. Fugro also generated apparent resistivity cross 
sections (differential resistivity) and resistivity inversion 
cross sections along several lines. The data set includes a 
series of magnetic grids as well (total field magnetic, verti-
cal derivative, several high pass filters, with and without 
reduction to the pole; i.e., RTP).

This paper discusses the EM data sets and integrates 
them into a possible resistivity model of the subsurface 
within the survey area. 

REsIsTIVITY OF ROCks AnD GLACIAL 
sEDIMEnTs

Approximate resistivity ranges for sedimentary rocks 
and glacial sediments are given in Figure 2. Note resitivity 
has units of ohm metres (ohm-m), and conductivity (which 
is the inverse of resistivity) has units of siemens per metre 
(S/m). In some instances these ranges could even be larger 
than those shown in Figure 2. The resistivity range for 
sandstone overlaps that of sand and gravel, and that of till 
overlaps both sandstone and sand and gravel. 

The main factors that determine the resistivity of a rock 
or sediment are 1) porosity, 2) resistivity of pore fluid(s), 
and 3) percentage of conducting minerals (clays, graphite, 
sulphides) contained within the mineral grains. The influ-
ence of pore water on the resistivity of a rock or sediment 
can be determined from Archie’s Law (Archie, 1942):

ρb = ρf Φ
-m Sw

2  (1)
where ρb and ρf are the resistivity of the bulk material 

and of the fluid respectively, Φ is the porosity, and m is 
the cementation factor (usually between 1.5 and 2.0). The 
water saturation within the pores is Sw (assuming the other 
fluid in the pores is resistive; for example, oil or air). Sw = 1 
when the pores are filled with 100% water. 

Archie’s Law implies that for a given pore fluid, the 
larger the porosity the larger the bulk resistivity.  This equa-
tion does not take into account conducting mineral grains 
such as clay, graphite, and sulphides. Such conducting 
grains, if they are electrically connected, will lower the 
bulk resistivity of a rock or sediment from that predicted 
by Archie’s Law.

When the conducting mineral grains are isolated from 
one another, no current will flow within the mineral grains. 
In this case the current will flow through the water in the 
pores, and the bulk resistivity is determined from  Archie’s 
Law. On the other hand, if there are continuous conducting 

Figure 2. Resistivity ranges for rocks and glacial sediments 
(modified from Palacky and Stevens, 1990).
pathways within the mineral grains, some of the current will 
flow within the pore water and some of the current will flow 
within the conducting mineral grains. The bulk resistivity 
of the material will therefore be less than that predicted by 
Archie’s Law. Indeed, in the case of clay, the bulk resistiv-
ity can result almost entirely from conducting clay minerals 
rather than pore water.

DEsCRIPTIOn OF DATA 

Resistivity Sections

Figures 3 and 4 are resistivity sections computed for 
lines 10110 to 10180. The upper diagram of each line was 
generated using apparent resistivity data from the horizon-
tal coplanar configurations (differential resistivity). The es-
timated depth of the differential resistivity sections at each 
frequency and for a given position along a line is equal to 
the skin depth computed from the apparent resistivity value 
at that position. The lower section on each line is a layered 
earth inversion (in this case 4 layers) computed using the 
in-phase and quadrature data at all 5 frequencies. 

The apparent resistivity is calculated from the nor-
malized in-phase and quadrature values of the secondary 
magnetic field by assuming the earth is homogeneous with 
a resistivity equal to the apparent resistivity ρa. For a given 
frequency f and transmitter-receiver separation S, the appar-
ent resistivity computed from the in-phase and quadrature 
values depends on the height above ground. As the height 
increases, the in-phase and quadrature values decrease in 
a predictable way, and hence the apparent resistivity will 
change accordingly.

The apparent resistivity is therefore considered to be an 
approximate measure of the average resistivity of the earth 
to a depth equal to the skin depth (δ).

  δ (m) = 503 (ρa/f)
½ (2)
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Figure 3. Resistivity cross sections for lines 10110 to 10140.  The upper diagram of each line is the differential resistivity and the 
lower diagram is the 4-layer inversion as described in the text.  North is to the right.

For a given resistivity, the skin depth decreases as the 
frequency increases. Consequently the highest frequency of 
115 000 Hz represents the average resistivity at the shallow 
depths, while the lowest frequency of 380 Hz represents 
the average resistivity at the deepest depth the RESOLVE 
system can image.

The earth is generally not homogeneous but more 
complex. This is why the computed resistivity is called an 
apparent resistivty. As an example, consider a two-layer 
earth with the upper-layer resistivity equal to 100 ohm-m 
and the lower-layer resistivity equal to 5 ohm-m.  The skin 
depth of the upper layer at 115 000 Hz and 380 Hz is 14.8 
m and 258 m, respectively. If the upper layer is 20 m thick, 
then the apparent resistivity at 115 000 Hz will be close to 
the upper resistivity of 100 ohm-m and at 380 Hz would be 
approximately equal to the lower layer resistivity of 5 ohm-
m. On the other hand, if the upper layer is only 5 m thick, 
the apparent resistivity at 115 000 Hz would be between 
100 and 5 ohm-m—in other words, a weighted average of 
the upper and lower resistivities since the upper-layer skin 
depth is nearly 3 times the layer thickness. The apparent 
resistivity at 380 Hz would still be approximately equal to 
5 ohm-m.

Notice the similarity between the upper and lower sec-
tions in Figures 3 and 4 for each of the lines, even though 
the upper resistivity section is computed assuming the earth 
is a homogeneous half-space at each frequency. This hap-
pens because the resistivity structure of the earth is either 
homogeneous (as observed on most of the lines) or is ap-
proximately two-layered with the upper layer more resis-
tive.

Apparent Resistivity Maps 

The upper resistivity in Figure 5 is the apparent resistiv-
ity calculated from the high-frequency (115 kHz) horizontal 
coplanar coils, and the lower map is the apparent resistivity 
calculated from the low-frequency coils (380 Hz). These 
maps illustrate the spatial variability of the average conduc-
tivity at shallow (115 kHz) and deep (380 Hz) depths. 
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Figure 4. Resistivity cross sections from lines 10150 to 10180.  The upper diagram of each line is the differential resistivity and 
the lower diagram is the 4-layer inversion as described in the text.  North is to the right.

InTERPRETATIOn OF DATA

Apparent Resistivity Maps 

As discussed, the 5 apparent resistivity maps repre-
sent resistivity values averaged over 5 different subsurface 
depths, depending on the frequency. These maps  exhibit  
several  interesting  features   worth  noting (Figure 5). There 
is a resistivity high (Zone A) located in the northern part 
of the survey area between lines 10130 and 10180 that is 
prominent at frequencies between 115 000 and 6200 Hz. At 
lower frequencies the resistivity of this feature merges with 
the background resistivity values. This feature is related to 
the sand and gravel deposit outlined by trenching.

There is a resistive feature (Zone B) between lines 
10060 and 10160 that starts near the southern boundary of 
the survey area and continues north to the middle of the sur-
vey. This resistive feature is most prominent on the 3 highest 
frequencies, similar to Zone A.

An approximately north-south boundary (with an 
east-west jog at approximately the midpoint of the survey) 
separates higher resistivity values to the west from lower 
resistivity values to the east. This boundary is located be-

tween lines 10180 and 10120 (Figure 5) and is visible  on 
all 5 apparent resitivity maps. The eastern edges of Zones A 
and B are coincident with this boundary. It is not clear what 
this boundary represents geologically since it is observed on 
all 5 frequencies.

In addition to Zones A and B, there are 2 other resistive 
zones that can be seen on the higher frequencies (Figure 5). 
Zone C is along the northern boundary of the survey area be-
tween lines 10150 and 10110, and Zone D lies between lines 
10240 and 10280. Both these features are more diffuse than 
Zones A and B, but the resistivity values are comparable.

Resistivity Sections

Resistivity sections between lines 10110 and 10180 
provide information on the depth extent of Zones A and B 
(Figures 3 and 4). Zone A appears on lines 10130 to 10170, 
and zone B appears on lines 10110 to 10170. Zone C is most 
prominent on lines 10060 to 10100, although there is a hint 
of this resistive feature on lines 1010 and 10120. Zone D 
does not appear on any of these processed lines.

The background resistivity values (away from the re-
sistivity features and at depth under the resistive features) 
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Figure 5. Apparent resistivity maps for frequencies of  115 kHz (upper diagram) and 380 Hz (lower diagram) .  
The 4 resistivity areas discussed in the text are labeled A to D in the upper diagram.
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are low (less than 15 ohm-m) and most likely associated 
with shale or clay. The resistivity of the resistive features 
computed from the layered earth inversions generally have 
values greater than 50 ohm-m, although the outer fringes 
are somewhat less resistive (greater than 25 ohm-m). These 
values correspond either to sand and gravel or to sandstone.  
Sandstone bedrock is known to exist in the area, so there 
could be knobs of sandstone protruding through shale and/or 
till. 

Once drilling or trenching confirms the presence of sand 
and gravel in any of these resistive features, we can assume 
that the entire area containing the resistive anomaly will 
most likely be composed of sand and gravel. The thicker 
regions of resistive Zones A and B are estimated to be be-
tween 25 and 35 m deep but do thin towards the edges.  This 
is deeper than the trenching carried out to date. The depths 
from the resistivity cross sections can be used in conjunc-
tion with the apparent resistivity maps to estimate the total 
volume of sand and gravel in place.

REsULTs

On the high-frequency data reflecting the shallow geol-
ogy, 4 main areas of high resistivity were identified in the 
survey. Zone A coincided remarkably well with the area of 
shallow buried gravels as mapped out by the field investiga-
tions. The northern and southern areas of Zone B are much 
larger and became the focus of recent reconnaissance-scale 
ground investigations. During these recent studies, both ar-
eas were found to contain sand and gravel. At least 4 m of 
sand and gravel under 1 to 2 m of overburden were encoun-
tered in test pits in the centre of these areas. Further work is 
required to outline these deposits in detail and to investigate 
the potential of Zones C and D. The results strongly indicate 
that high-resolution EM surveys can be an effective tool for 
mapping buried sand and gravel deposits.

sUMMARY AnD COnCLUsIOns 

Airborne EM was effective in mapping sand and gravel 
deposits in the Kotcho area of British Columbia. The areal 
extent of the known deposit (from seismic shot hole data 
and trenching) was mapped, and the total area containing 
sand and gravel was extended. The resistivity cross sections 
also provided an estimate of the depth of the sand and gravel 
deposit.  

The survey outlined 2 other resistivity features as dis-
cussed above (Zones C and D). Unfortunately the resistivity 
range for sand and gravel overlaps the resistivity range for 
sandstone. Since sandstone may outcrop in this area, follow-
up drilling or trenching is required to determine the material 
causing these anomalous resistivity features. 
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HYDROCARbOn sOURCE ROCk POTEnTIAL As DETERMInED bY 
ROCK-EVAL 6/TOC PYROLYSIS, NORTHEAST BRITISH COLumBIA AND 

nORTHWEsT ALbERTA
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keywords:  Hydrocarbon source rocks, organic 
geochemistry, thermal maturity, petroleum systems.

AbsTRACT

The potential for conventional and/or unconventional 
hydrocarbon exploration requires the presence of organic-
rich, thermally mature rock units containing oil- or gas-
prone kerogen. This potential is poorly known in large parts 
of northeast BC and northern Alberta due to a paucity of 
organic geochemical studies.

Here, we investigate Lower Triassic to Lower Creta-
ceous potential source rocks within a large area of north-
east BC and northwest Alberta (118° to 124°W and 57° 
to 58°N). Hydrocarbon source rock parameters, including 
type and amount of kerogen, and thermal maturity of these 
formations, are assessed by analyzing 74 core samples from 
23 wells using Rock-Eval 6/TOC pyrolysis.

In general all units are immature in northwest Alberta, 
with increasing maturity to the west, where they become 
overmature. The Lower Triassic Montney Formation con-
tains Type II kerogen with TOC (total organic carbon) 
values up to 4.2 wt.%, suggesting that this unit generated 
significant amounts of hydrocarbons where it is mature.

The base of the Doig Formation comprises a highly ra-
dioactive zone, the “Phosphate Zone”, which contains Type 
II kerogen with TOC values up to 11 wt.%. This interval is 
an excellent hydrocarbon source rock.

The Upper Triassic Baldonnel and Pardonet Forma-
tions are late mature to overmature where sampled. The 
Baldonnel Formation contains up to 1.4 wt.% TOC, indi-
cating only poor to fair source rock potential. The Pardonet 
Formation is overmature and contains residual TOC values 
up to 2.8 wt.%, which suggests this marine unit may have 
initially been a good source rock for hydrocarbons but is 
now spent.

The Lower Jurassic Gordondale Member comprises 
Type II kerogen with TOC values up to 10.45 wt.%, in-
dicating that this unit is an excellent hydrocarbon source 
rock. The Lower Cretaceous Wilrich Shale is also of inter-
est, as it has been suggested as a potential target for shale 
gas exploration. This unit is immature to mature within the 
study area. It contains Type III kerogen with TOC values 
up to 4.28 wt.%.

Future investigation will involve one-dimensional ba-
sin modeling in order to understand the amount and timing 
of hydrocarbon generation from these units with respect 
to timing of trap formation and accumulation of hydrocar-
bons.

InTRODUCTIOn

Hydrocarbon prospectivity in the Western Canada 
Sedimentary Basin (WCSB), or in any basin, hinges on the 
availability of oil- and/or gas-prone rock units that have 
generated and expelled hydrocarbons. Potential and proven 
hydrocarbon source rock intervals of Mesozoic age are 
known throughout much of the WCSB, with most available 
data from the Alberta portion of the basin (e.g., Creaney 
and Allan, 1990; Creaney et al., 1994). Results of the previ-
ous works are summarized in Table 1.

However, in the area of this study, bounded by 57° 
and 58°N latitude and 118° and 124°W longitude (Figure 
1), there are few data available pertaining to hydrocarbon 
source rock potential. Furthermore, little is known of the 
thermal maturity of Paleozoic and Mesozoic strata in this 
area, and such information is critical for predicting what 
type of hydrocarbons, if any, may have been generated.

This paper reports the results of hydrocarbon source 
rock characterization of six formations of interest within the 
study area, namely, the Montney Formation, the “Phosphate 
Zone” at the base of the Doig Formation, the Baldonnel 
and the Pardonet Formations, the Gordondale Member (for 
discussion of the Gordondale, formerly Nordegg, terminol-
ogy, see Asgar-Deen et al., in press), and Wilrich Formation 
(Figure 2).  Samples were collected from cores in BC and 
Alberta and were analyzed by Rock-Eval 6/TOC pyrolysis.

Future investigation will involve one-dimensional 
quantitative basin modeling in order to understand the 
amount and timing of hydrocarbon generation relative to 
trap formation and the accumulation of hydrocarbons.

1University of Calgary
2Corresponding author (e-mail: riediger@ucalgary.ca)
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Figure 1. map showing the study area, core sample locations, and the subcrop edges of the formations of inter-
est (compiled from  Richards et al., 1994; Edwards et al., 1994; Poulton et al., 1994).

sTRATIGRAPHY

Devonian to Cretaceous stratigraphy in the study area 
is shown in Figure 2. Potential hydrocarbon source rock in-
tervals are highlighted by shading. We use the new Gordon-
dale Member terminology to refer to the organic-rich,  fine-
grained  strata  that  are  laterally equivalent to the Nordegg 
Member. These relationships are described by Asgar-Deen 
(2003) and Asgar-Deen et al. (in press).

Although the Devonian-Mississippian Exshaw Forma-
tion is a well-known and proven source rock for hydrocar-
bons, the lack of core through this zone precluded acquisi-
tion of samples during this study. However, Rock-Eval/TOC 
analyses of drill cuttings samples are planned.

Details of the stratigraphy shown in Figure 2 are not 
given here, but interested readers can find this information 
in the appropriate chapters of the Geological Atlas of the 
Western Canada Sedimentary Basin (Mossop and Shetson, 
1994).
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TAbLE 1. PREVIOUs sTUDIEs OF ROCk-EVAL/TOC DATA sHOWInG THE TOC’s AnD THE kEROGEn 
TYPEs OF THE UnITs OF InTEREsT (*TOC VALuES wILL VARY, DEPENDINg ON mATuRITY)

METHODOLOGY

For this study, 74 core samples were taken from 23 
well locations (Figure 1). Samples were selected based on 
core availability within the zones of interest in the study 
area. Each sample was crushed to a fine powder prior to 
analysis. All samples were weighed to 100 mg and subject-
ed to Rock-Eval 6/TOC analysis in order to determine the 
kerogen type, TOC content, and thermal maturity, which 
are the main parameters for characterizing a hydrocarbon 
source rock. Analyses were conducted at the Organic Geo-
chemistry Labs of the Geological Survey of Canada (Cal-
gary). Measured parameters include S1 (mg HC/g rock), S2 
(mg HC/g rock), S3 (mg CO2/g rock), Tmax (°C), and TOC 
(wt.%) (see Table 2). Several additional parameters, includ-
ing HI (hydrogen index, S2/TOCx100), OI (oxygen index, 
S3/TOCx100), and PI (production index, S1/[S1+S2]) are 
calculated from these measured values and are shown in 
Table 2. Pyrolysis experiments were repeated for some 
samples at lower sample weight to ensure that the Rock-
Eval/TOC detector was not overloaded by generated hydro-
carbons during the original runs.

Details of the analytical procedure and discussion 
of Rock-Eval parameters are available in Espitalié et al. 
(1977), Peters (1986), and Snowdon et al. (1998). Peters 
(1986) and Peters and Cassa (1994) provide a summary of 
interpretive guidelines for Rock-Eval data.

REsULTs AnD DIsCUssIOn

Rock-Eval 6/TOC results are summarized in Table 2. 
Of the 7 potential hydrocarbon source rocks shown in Fig-
ure 2, geochemical data from only the Montney, Phosphate 
Zone, Baldonnel/Pardonet, Gordondale, and Wilrich inter-
vals are reported. As noted previously, no samples from the 
Exshaw Formation were collected for this study due to a 
lack of core through this zone.

Figure 2. stratigraphic chart of the study area (compiled 
from Richards et al., 1994; Henderson et al., 1994; Edwards 
et al., 1994; Poulton et al., 1994; Hayes et al., 1994). Potential 
source rocks are highlighted by shading.
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However, geochemical data from well cuttings will be in-
corporated in the second phase of the study.

In this section, the thermal maturity and amount and 
type of organic matter are discussed. Interpretive guidelines 
from Peters (1986) and Peters and Cassa (1994) are used to 
evaluate the hydrocarbon source rock potential of each unit, 
and these guidelines are reproduced in Table 3. In Table 4, 
thermal maturity, TOC content, HI, and kerogen type are 
summarized for each unit.

Thermal Maturity

Rock-Eval Tmax data given in Table 2 are used to as-
sess thermal maturity in the study area. Each unit is mapped 
individually in Figure 3 because variations in kerogen type 
affect the Tmax values (Peters, 1986). The overall maturity 
trend in the study area shows that the maturity of the units 
increases from east to west towards the Cordilleran defor-
mation front. All units are thermally mature throughout the 
central part of the study area (Beatton River NTS map area 
94H). Most of the studied units are immature in Alberta and 
are overmature in the Trutch map area (94G).

TOC Content, Kerogen Type, and Hydrocarbon 
Source Rock Potential

The ranges of TOC values for each unit are summarized 
in Table 4. Histograms showing the TOC variation for each 
unit with mean TOC values and standard deviations are also 
given in Figure 4. The plot of S2 against TOC for immature 
to early mature samples is used to determine the proportion 
of the inert carbon in the TOC measured by pyrolysis (Con-
ford et al., 1998). During pyrolysis, only the labile kerogen 
will generate hydrocarbons to be recorded in S2 peak. Thus 
by discounting the proportion of inert carbon, it is possible 
to obtain a more accurate HI (S2/TOCx100) value from the 
slope of the best fitted lines of S2 versus TOC data (Fig-
ure 5). A bivariate plot of HI vs. OI (pseudo-Van Krevelen 
diagram) is also commonly used to assess the kerogen type 
(Figure 6).

In this section, information on TOC and kerogen type 
for each unit are used to evaluate the hydrocarbon source 
rock potential based on criteria outlined in Table 3.

The TOC values for the Montney Formation range from 
0.51 to 4.18 wt.%, with a mean value of 2.01 wt.% (std. 
dev. = 1.24) (Figure 4). It contains 0.35 wt.% inert carbon 
(Figure 5), hence the proportion of organic carbon content 
that has the capacity to generate hydrocarbons ranges from 
0.16 to 3.83 wt.%, with a mean value of 1.66 wt.%. The 
unit yields HI values of 43 to 450 mg HC/g TOC, which is 
typical for oil- and gas-prone Type II kerogen (Figure 6). 
Considering only the immature samples, adjusted HI0 (orig-

inal HI prior to maturation) is 571 mg HC/g TOC. These 
TOC and HI0 values indicate good to very good source rock 
potential in the Montney Formation.

The “Phosphate Zone” has high TOC values ranging 
from 1.76 to 10.98 wt.% (Table 4), with a mean value of 
6.14 wt.% (std. dev.=3.35) (Figure 4). The amount of the 
inert carbon in the “Phosphate Zone” is also high, with a 
value of 1.4 wt.% (Figure 5); therefore, the true organic 
carbon content of the unit is then between 0.4 and 9.6 wt.%. 
The unit comprises Type II oil- and gas-prone kerogen with 
HI values ranging from 189 to 489 mg HC/g TOC (263 to 
645 mg HC/g TOC after discarding the effect of inert carbon 
[Figure 5]). The unit has excellent source rock potential.

The TOC values for Pardonet and Baldonnel Forma-
tions are fair to moderate. The samples are all overmature, 
and hence original kerogen type cannot be determined from 
geochemical data. However, these are marine carbonate 
units and thus likely contained Type II kerogen. This in-
terpretation is also supported by the results of a previous 
study by Carrelli (2002) on these formations.  The residual 
TOC values for Pardonet Formation range 0.97 to 2.79 
wt.%, with a mean value of 1.73 wt.% (std. dev. = 0.60). 
Bordenave et al. (1993) suggested that overmature Type II 
source rocks would have lost 50% of their original TOC 
due to generation and expulsion of hydrocarbons. Hence, 
the original TOC values for Pardonet Formation were likely 
over 4 wt.%. The TOC values measured from the Baldon-
nel Formation range from 0.65 to 1.39 wt.%, which, by the 
same reasoning, were likely 1 to 2 wt.% originally. The 
Pardonet Formation had fair to good initial source rock po-
tential, and the Baldonnel Formation had poor to fair initial 
source rock potential.

The Gordondale Member contains high TOC values 
ranging from 0.66 to 10.45 wt.% (mean = 5.71 wt.%, std. 
dev. = 2.66) (Figure 4). The unit yields HI values of 26 to 
273 mg HC/g TOC and OI values of 3 to 23 mg CO2/g TOC 
(Figure 6), and the high degree of maturity precludes a pre-
cise assessment of the organic matter type. Riediger et al. 
(1990b) and Asgar-Deen (2003) proposed this unit having 
Type I/IIS kerogen; therefore, the unit most likely comprises 
Type II kerogen, considering its marine origin. This interval 
has excellent source rock potential where mature.

The TOC values of the Wilrich Shale ranges from 1.08 
to 4.28 wt.% (mean = 2.12 wt.%, std. dev. = 0.91) (Figure 
4). After considering the approximately 0.5 wt.% inert 
carbon (Figure 5), it will contain 0.58 to 3.78 wt.% TOC 
with a mean value of 1.62 wt.%. The unit contains Type III, 
gas-prone kerogen, with HI values ranging from 138 to 393 
mg HC/g TOC (Figure 6). The mean value of HI is 235 mg 
HC/g TOC after eliminating the effect of 0.5 wt.% inert car-
bon. The TOC and HI values indicate that the unit has good 
to very good source rock potential for gas generation.
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TAbLE 2. ROCk EVAL/TOC REsULTs FROM CORE sAMPLEs In THE sTUDY AREA
(+REPEAT RUn AT LOWER sAMPLE WEIGHT)
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TAbLE 2. ROCk EVAL/TOC REsULTs (COnTInUED).

TAbLE 3. HYDROCARbOn sOURCE ROCk EVALUATIOn PARAMETERs FOR ROCk-EVAL/TOC 
PYROLYSIS DATA (mODIFIED FROm PETERS, 1986). (TAbLE 3 (C) InCLUDEs RAnGEs OF VITRInITE 

REFLECTAnCE THAT ARE APPROxIMATELY EqUIVALEnT TO ROCk-EVAL TMAx VALUEs. VITRInITE REFLECTAnCE DATA 
ARE nOT UsED In THIs sTUDY)
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TAbLE 3. HYDROCARbOn sOURCE ROCk EVALUATIOn PARAMETERs (COnTInUED).

TABLE 4. SummARY OF ROCK-EVAL/TOC DATA FROm CORE SAmPLES (RAw DATA)

(b) Parameters for describing kerogen type 
(quality) of an immature source rock.

(C) Parameters for describing the level of thermal maturation.
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Figure 3. The thermal maturity distribution of each unit based on Rock-Eval Tmax values (ºC). * Tmax values from unpub-
lished results (Dr. Larry Lane [gSC, Calgary], personal communication, 2003).

COnCLUsIOns

Six units of Early Triassic to Early Cretaceous age have 
been assessed for their hydrocarbon source potential in the 
study area. A total of 74 samples from 23 wells were ana-
lyzed by Rock-Eval 6/TOC pyrolysis.

The Montney Formation within the study area is ther-
mally immature to overmature with increasing maturity 
from northeast to southwest. It contains Type II kerogen with 
TOC values up to 4.18 wt.%. This suggests that the Mont-
ney Formation may have generated significant amounts of 
hydrocarbons where it is mature in the BC part of the study 
area.

The highly radioactive “Phosphate Zone” at the base 
of the Doig Formation contains Type II kerogen with TOC 
values up to 10.98 wt.%. The maturity increases from east to 
west, and it is mature in the Beatton River map area (94H). 
The high TOC values suggest that this unit has excellent 
hydrocarbon source potential where mature.

The Baldonnel and Pardonet Formations are overma-
ture in the west part of the study area where sampled. Both 
likely comprise Type II kerogen, although the high degree of 
maturity precludes a direct assessment of kerogen type. The 
Baldonnel Formation has TOC values up to 1.39 wt.%, sug-
gesting that it had poor to fair initial source rock potential. 
The Pardonet Formation has TOC values up to 2.8 wt.%, 
which suggests that it had fair to good initial hydrocarbon 
generation potential when mature.

The Gordondale Member samples vary from peak ma-
ture to overmature. It contains Type II kerogen with TOC 
values up to 10.45 wt.%, suggesting that it is an excellent 
source rock where mature.

The Wilrich Shale contains Type III kerogen with TOC 
values up to 4.28 wt.%. Therefore, it has good to very good 
generation potential for gas. It is immature in the east part of 
the study area with increasing maturity to west.

The next step in this project is to apply one-dimensional 
basin modeling to understand the amount and timing of hy-
drocarbons generated from these units, which will then be 
correlated with the timing of trap formation and accumula-
tion of the hydrocarbons in the study area.
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Figure 4. TOC histograms for the units with mean and standard deviation values. Note scale change for organically-richer units 
(“Phosphate Zone” and Gordondale Member).
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Figure 5. Rock-Eval pyrolysis S2 versus TOC, showing hydrogen index (HI) and inert carbon 
content of the units that have immature to early mature samples.

Figure 6. Pseudo-Van Krevelen diagram, 
showing Rock-Eval hydrogen index vs. 
oxygen index for the sampled units.
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InTRODUCTIOn

A key component of the British Columbia Oil and Gas 
Development Strategy (OGDS) is a comprehensive road 
infrastructure plan aimed at promoting better access to re-
sources through improved infrastructure. The completion 
of road infrastructure improvements, such as the upgrade 
of Sierra-Yoyo-Desan (SYD) Resource Road and con-
struction of Clarke Lake Bypass Road in the Fort Nelson 
area, northeast British Columbia (Fig. 1), are expected to 
promote longer drilling seasons, accelerate exploration and 
production programs, and increase industry and provincial 
government revenues. It has been estimated that 2 000 000 
m3 of aggregate material are needed for this initial road in-
frastructure improvement program. A study was conducted 
to evaluate existing local sources of aggregate material 
along SYD Road that could be used for this project (Thurb-
er, 2000), and it was determined that existing aggregate 
reserves were largely depleted.

Figure 1: Location of Fort nelson and major roadways in 
northeast british Columbia

To meet the aggregate needs for this initial improvement 
project and future resource and lease-road construction, a 
surficial mapping program was initiated to systematically 
explore for new, local aggregate sources in northeast British 

Columbia (see Levson et al., this volume). Initial test-pit 
programs were conducted in spring 2003, with follow-up 
work and reconnaissance-scale fieldwork and preliminary 
aerial photograph mapping conducted during summer 2003. 
To date, four main aggregate resources have been identified 
within the SYD Road corridor, with a total resource of ap-
proximately 5 000 000 m3 of granular material. This effort 
has also identified numerous other areas that are believed 
to have potential to host granular deposits but that require 
further work to sufficiently evaluate.

 One such area is within the Fort Nelson airport area, 
approximately 8 km northeast of the Fort Nelson town site 
(Figs. 2, 3). This area is of particular interest due to its prox-
imity to the Clarke Lake Bypass Road right-of-way. This 
report summarizes findings from detailed surficial mapping 
and test pitting conducted within Fort Nelson airport area.

PROJECT bACkGROUnD

SYD Road is a high-grade, all-weather road located 
east of Fort Nelson and accessed from mile 293 of Alaska 
Highway. It extends 180 km to the east and northeast end-
ing at the North Helmet airstrip in the Helmet District (Fig. 
1). During the majority of summer and a good portion of 
winter, this resource road supports drilling, well tie-in, 
wellhead servicing, and well production activities in the 
area. As such, this road can experience high volumes of 
heavy oil-field service traffic, which has been increasing 
due to increased oil and gas exploration and production 
activities in the area. The volume of traffic on the SYD 
Road is greater than on the Alaska Highway. Current plans 
include upgrading and widening of the SYD Road to meet 
increased demands of this critical resource road. SYD Road 
provides access to resources that generate $200 to $300 
million per year in direct revenue to the province.

As part of this infrastructure improvement project, a 
new 21 km road is to be constructed from Fort Nelson to the 
SYD, including a new two-lane bridge crossing of the Fort 
Nelson River—the Clarke Lake Bypass (Fig. 1). This will 
eliminate the need to use the narrow BC Rail train bridge 
and a set of switchbacks. This transportation project will 
improve safety and access, reduce travel time, and reduce 
maintenance costs of the road and of vehicles using the 
road.



�0   Summary of Activities �004

Finding aggregate deposits that are local can generate 
great savings. Aggregates account for 30% to 50% of road 
construction and maintenance costs in northeast BC. As 
well, costs of transportating aggregate can be prohibitive. 
For example, for the SYD project, rail transportation costs 
of aggregate from Fort St. John to Fort Nelson and truck 
transportation costs from Fort Nelson to the SYD are ap-
proximately $85/m3. Two million cubic metres of aggregate 
is needed for the 180 km SYD Road upgrade, totalling $170 
million. If transportation costs were lowered by just $1/m3, 
a savings of $2 million could be generated. It is expected 
that if local sources of aggregate were found, total aggre-
gate costs could be reduced significantly. Therefore to help 
minimize road construction costs, Quaternary geology and 
aggregate potential mapping was completed close to the 
Clarke Lake Bypass in the Fort Nelson airport area.

sTUDY AREA

The study area includes part of the Fort Nelson airport 
area and is comprised of the area south and east of the main 
runway, down to the floodplain of Fort Nelson River below 
(Fig. 3). The study area is located within the Fort Nelson 
Lowland physiographic region, a flat to very gently rolling 
area with very little relief (Holland 1976).

The Fort Nelson airport area can be locally divided 
into three physiographic units: plain, valley side, and valley 
bottom (inset, Fig. 3). Fort Nelson airport is situated on a 
near-level plain above Muskwa Valley. This plain continues 
north and west but has been incised by McConachie Creek, 
which flows east into Fort Nelson River just north of airport 
property. This plain is moderately well drained, typically 
supporting stands of white spruce (Picea glauca) and rare 
lodgepole pine (Pinus contorta var. latifolia), but does have 
areas where black spruce (Picea mariana) bogs dominate. 
Closer to the valley sides, trembling aspen (Populus tremu-
loides) is common. Valley sides are steep and terraced; ter-
race flats are typically 25 to 150 m wide and up to 1000 m 
long. Terrace flats and risers support white spruce and trem-
bling aspen stands almost exclusively and typically are well 
drained. The valley bottom setting is flat and moderately to 
poorly drained. Trembling aspen and balsam poplar (Popu-
lus balsamifera ssp. balsamifera) stands are more common 
here, with large blocks having been logged in recent years.

The Fort Nelson airport has had a long and complex 
land-use history. During the early 1940s it served as a base 
for the United States Army and Air Force for various stag-
ing and training exercises. As a result, much of the area, al-
though now grown over with trees and vegetation, has been 
disturbed. Evidence of disturbance includes overgrown 
roads, building foundations, and excavations. These distur-
bances have made interpretation of aerial photographs and 
field observations challenging.

bEDROCk GEOLOGY

The Fort Nelson area is underlain by gently dipping 
marine shales and siltstones of the Lower Cretaceous Buck-
inghorse Formation of the Fort St. John Group (Okulitch et 
al., 2002; Thompson, 1977). This formation has a minor 
component of sandstone. There are no bedrock exposures 
within the study area. Buckinghorse Formation rocks can 
however be seen in steep cutbanks south of the Fort Nelson 
airport area along Fort Nelson River.

Grading laterally and vertically from these rocks are 
coarser-grained sandstones and siltstones of the Lower Cre-
taceous Sikanni Formation. To the north of Fort Nelson and 
northwest of the Fort Nelson airport, Sikanni Formation 
rocks form a topographic high. Exposures of these rocks 
are common in road cuts north of town and in areas cleared 
for agricultural purposes. A similar topographic high is seen 
east of the airport property, across Fort Nelson River. In 
both cases these prominent topographic features rise ap-
proximately 150 m above the surrounding area.  

This sequence of rocks is interpreted to be a transgres-
sive/regressive cycle from marine shales into alluvial-del-
taic sandstones, mudstones, conglomerates, and coal. This 
cycle is repeated three times in the stratigraphy and is at-
tributed to orogenic activity within the Columbian Orogen 
(Stott, 1975; Thompson, 1977).

qUATERnARY HIsTORY AnD LAnD-
FORMs

The last ice sheets to have covered northeastern British 
Columbia and adjacent Alberta have left a record of their 
presence in the existing landforms and surficial deposits: 
streamlined forms, meltwater channels, erratics and drift 
sheets, and traces of former ice-dammed lakes (Mathews 
1980). Many of these landforms have been unmodified 
since the close of the Late Wisconsinan glaciation. 

During deglaciation, 13 500 to 10 000 years before 
present, the Laurentide Ice Sheet retreated generally to the 
northeast (Mathews 1980). A series of ice-dammed and top-
ographically dammed glacial lakes and meltwater channels 
developed. Within the Fort Nelson area, a number of melt-
water channels and likely recessional moraines that have 
been mapped as part of this project record the retreat of the 
Laurentide Ice Sheet (Fig. 2). Moraines are arcuate-shaped 
in plan view, with northwest-southeast to north-south orien-
tations and with their concave sides facing northeast to east. 
The recessional moraines are associated with a number of 
meltwater channels. A moderate-sized meltwater channel 
now occupied by Jackfish Creek (approximately 25 km 
south of Fort Nelson) occurs on the north-northeast edge 
of a topographic high (Fig. 2). Presumably the position of 
this meltwater channel was related to the presence of ice to 
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the north-northeast (mapped as an inferred ice front, Fig. 
2), otherwise the channel would have developed at a lower 
elevation. Taken together these observations confirm the 
general northeast retreat of the Laurentide Ice Sheet within 
the Fort Nelson area and the importance of this pattern of 
retreat to the development of meltwater channels, some of 
which are being mined for aggregate.

The Fort Nelson airport area is located at the conflu-
ence of two major meltwater channels (each approximately 
2 km wide and approximately 90 m deep) now occupied 
by the Muskwa and Fort Nelson Rivers (Mathews 1980; 
Fig. 2). These rivers are smaller in width and much more 
sinuous than the valleys they occupy. These channels once 
carried much larger volumes of water and sediment dur-
ing deglaciation. These conditions led to the transport and 
deposition of gravel during deglaciation; consequently, 
there should be aggregate deposits associated with these 
meltwater systems, particularly at higher elevations within 
the valleys and on the adjacent plain. Aggregate deposits 
and landforms on the plain may also be associated with ear-

lier stages of glaciation, when sediments were transported 
and deposited underneath (subglacial), within (englacial), 
or atop (supraglacial) former ice sheets. Shallow boreholes 
that were completed as part of an environmental baseline 
study for the Fort Nelson airport property indicate that 
drift thickness can be greater 7 m thick (Transport Canada 
1998).

METHODs

Results from a previously conducted reconnaissance 
test-pit program by Atco Airports Ltd. indicated the occur-
rence of granular material on Fort Nelson airport property. 
This information stimulated interest in this area as a host to 
aggregate deposits. To further assess the area’s potential to 
host such a deposit, British Columbia Ministry of Energy 
and Mines (MEM) personnel carried out detailed aerial 
photograph and field surveys.
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MEM personnel made observations at 46 field stations, 
using hand augers and shovels. In areas of tree blowdown, 
natural exposures in tree-root wads were also utilized to 
determine subsurface sediment types. To characterize the 
study area and subsurface sediments, various data were 
collected: topographic position; dominant tree, shrub, and 
herb species; exposure height; unit thickness; and sediment 
texture, structure, and paleoflow. Black and white 1:10 000 
and 1:40 000 scale aerial photographs were used through-
out the various stages of this study.

Other data collected and compiled for this study includ-
ed test-pit logs from the original test-pit program conducted 
by Atco Airports Ltd., subsurface borehole logs (Transport 
Canada 1998), and test-pit results from an investigation of 
Clarke Lake Bypass Road right-of-way (Thurber Engineer-
ing, unpublished). Following the methodology of Howes 
and Kenk (1997), detailed surficial geology mapping was 
completed using these data and 1:10 000 scale black and 
white aerial photographs.

A test-pitting program was initiated in December 2003 
to assess the aggregate potential of the area. Using a Kobel-
co 220LC tracked excavator, 2 to 5 metre deep pits were ex-
cavated at 18 sites on Fort Nelson airport property. At each 
pit, sediments were described in detail and classified using 
both the Wentworth scale and the Modified Unified Sys-
tem of Soil Classification. Granular material was sampled 
from select sites for various laboratory analyses. Following 
procedures set by Cunningham (1990), sieve analyses, deg-
radation tests (susceptibility of aggregates to mechanical 
breakdown), and sand equivalent tests (presence or absence 
of plastic fines) were completed on these samples. 

REsULTs AnD InTERPRETATIOn

Surficial geology

The results of surficial geology mapping are shown in 
Figure 3. Figure 4 summarizes test-pit log data and is clas-
sified as indicating either granular or non-granular material. 
Granular material of less than 1 metre thickness is mapped 
as non-granular. Granular sediments have grain sizes greater 
than and including fine sand (greater than 125 µm diameter, 
Wentworth scale).

The reader is referred to Howes and Kenk (1997) for 
detailed explanation of surficial geology map labels (Fig. 3). 
Due to the scale of mapping and the limited data, consider-
able variation in sediments may occur that is not reflected 
in the mapping. More confidence in interpretation is given 
to those polygons containing field data.

Four main types of deposits are found: fluvial (F), gla-
ciofluvial (FG), organic (O) and morainal (M). Secondary 

types include colluvium (C) and anthropogenic (A) depos-
its. Given the long land use history of the study area, many 
additional areas could be labelled as anthropogenic.

The valley-bottom physiographic area (inset, Fig. 3) 
includes active fluvial plains that contain flood channels, 
levees, and scroll bars. The Muskwa River is boxed be-
tween valley walls, causing the meander loops to appear 
boxed-shaped rather than gently looped-shaped in plan 
view. The area was visited during high water, when dramat-
ic rates of bank erosion were observed. Surface sediments 
within the fluvial plain are dominantly silt and sand. The 
Muskwa River is transporting and depositing gravel today 
and likely did so in the past. Thus, gravel deposited from 
previous paths of the Muskwa River channel generally oc-
curs beneath these finer-grained deposits. Buried gravels 
were locally observed along the modern cut banks of the 
Muskwa River.

The valley-side physiographic area (inset, Fig. 3) in-
cludes abandoned river terrace flats and terrace risers of 
the Muskwa River. These landforms were created during 
Muskwa River incision. The slopes of terrace risers vary 
considerably. Terrace flats vary in width from approxi-
mately 25 to 150 m. Gravel was observed at the bases of 
blown-down trees in the southwestern-most terrace flat, 
which indicates that when the Muskwa River was at this 
elevation it was transporting gravel. Elsewhere on the same 
terrace flat, two small swamps (Op) were observed in aerial 
photographs, suggesting that the sediments immediately 
underlying these swamps are fine-grained. It is unknown 
whether these fine-grained sediments are underlain by 
coarse-grained sediments. Fluvial terraces in the middle and 
northwest portion of the study area that are at a somewhat 
similar elevation may contain gravel and/or sand.

The terrace that is crossed by the Clarke Lake Bypass 
is composed of very fine-grained surficial sediments, likely 
overbank fines from the ancient Muskwa River. Swamps 
(Op) on this terrace further suggest that most of the feature 
is surfaced by fine-grained sediments. The slope above this 
terrace flat is composed dominantly of morainal material 
(till). Some of this material appears to have been reworked 
by mass wasting processes.

The plain physiographic area is an area of very low 
relief and contains glaciofluvial (FG), organic (O), till (M), 
and anthropogenic (A) sediments. Deposits of glaciofluvial 
sediments are discontinuous and occur as elongate deposits 
rather than as continuous sheets. Portions of these deposits 
also have gentle elongate hill morphology, with hill crests 
aligned southwest-northeast. These observations suggest 
that these sediments were deposited by water flowing in 
conduits within glacial ice.

Glaciofluvial deposits are surrounded by organic sedi-
ments (bogs). Presumably these organic deposits are under-



 Resource Development and Geoscience Branch   ��



�4   Summary of Activities �004



 Resource Development and Geoscience Branch   ��

lain by till or thin beds of sand and gravel overlying till. Till 
is at the surface in the northeast portion of the study area; it 
is relatively clast rich and massive, with a silty clay matrix. 
Elsewhere till was observed to underlie glaciofluvial sedi-
ments (MEM test pits 3, 5, 8, 9, 11, 13, 15, 23, 53, 56, 57). 
Anthropogenic deposits are more common than indicated 
in Figures 3 and 4. Deposits of this type include piles of 
overburden, granular material, and buried garbage.

DIsCUssIOn On GRAnULAR DEPOsITs 

Test pits were concentrated in the plain physiographic 
area because this area (i) has known gravel deposits and (ii) 
has numerous roads that provide relatively easy access for 
an excavator.

A total of 18 test pits were completed over 3 days (Fig. 
4, Table 1). Seven samples were collected for analysis: 
gradation, degradation, and sand equivalent tests (Cunning-
ham 1990). Based on test-pit data and lab analyses, three 
areas have been identified that may be of interest for mining 
granular material: Area 1 includes MEM test pits 11 and 12; 
Area 2 includes MEM test pits 20, 54 and 56; and Area 3 
includes test pits 32 and 57 (Fig. 4).

Area 1

Test pits 11 and 12 in Area 1 lie above and northeast 
of an old pit face approximately 3 m high and  100 m long 
with a southeast aspect. Adjacent and southeast of this old 
pit face is evidence of an old clearing that was likely the site 
of previous aggregate mining. Area 1 had thicknesses of 
2.6 m, more than 2.1 m, and 0.5 m of horizontally stratified 
gravel in test pits 11, 12, and 53, respectively (Table 1).

Results from degradation and sand equivalent tests 
indicate that material from test pit 11 meets Ministry of 
Transportation (MOT) specifications for all granular ma-
terials. Based on 4 gradation curves, the granular material 
in Area 1 is best suited for use as select granular sub-base 
(SGSB; Ministry of Transportation 2000). Due to distur-
bances related to land use history, it is difficult to estimate 
the volume of granular material in Area 1 (Fig. 4).

Area 2

This area is an elongate ridge of approximately 2 m 
relief, trending southwest-northeast and including test pits 
20, 54, and 56. Test pit 20 contained more than 4.4 m of 
cross-bedded sandy gravel, test pit 54 contained 2.0 m of 
sandy gravel overlying 0.5 m sand and silt, and test pit 56 
contained 1.3 m of sandy, pebbly gravel overlying till (Ta-
ble 1). This landform is possibly an esker as (i) it has an 
elongate, hill morphology, (ii) it is composed of granular 

material, some of which is cross-bedded (approximately 
30° dip), and (iii) it is located on the plain. Alternatively the 
ridge could be a fluvial bar related to high-elevation deposi-
tion from the Muskwa River during deglaciation. A number 
of pine trees, indicating a relatively dry site, occur at test pit 
20. This is also the pit with the thickest gravels in the study 
area. The water table was not encountered. 

Results from degradation and sand equivalent tests in-
dicate that gravel from test pit 11 meets MOT specifications 
for all granular materials and appears best suited for use as 
SGSB. This classification is based on only two gradation 
curves, not the mean of four as required by provincial gov-
ernment standard (Ministry of Transportation 2000). Frac-
ture count data (i.e., the number of fractured or naturally 
occurring angular clasts in specific grain-size fractions) is 
not required for classifying SGSB material as this material 
can be produced by direct excavation (i.e., pit-run). How-
ever, other MOT granular material classifications, such as 
high-fines granular surfacing aggregate (HFGSA) or 25 
mm well-graded coarse base aggregate (WGCBA), require 
minimum 50% fracture count after processing. Fracture 
count tests were not conducted on Area 2 samples; it is 
therefore not known whether Area 2 sediments would meet 
the minimum fracture count requirement for these other 
granular material classifications.

A preliminary granular material volume estimate of 
20 000 m3 has been calculated. This volume was derived 
using the average thickness of gravels in the three test pits 
(2.3 m) and a conservative area estimate.

Area 3

Test pits 32 and 57 are located on a broad elongate 
ridge trending southwest-northeast. Sediments in test pit 
32 and 57 are composed of more than 4.6 m and 2.0 m 
of cross-bedded fine sand, respectively (Table 1). As there 
was no gravel in these pits, degradation and sand equivalent 
tests were not completed. Based on one gradation curve, the 
granular material in Area 3 is not suitable for SGSB. Further 
testing and additional gradation results may therefore prove 
Area 3 sediments appropriate for use as SGSB material.

A highly preliminary granular material volume esti-
mate of 50 000 m3 has been calculated using a conservative 
area estimate and the average thickness (3.3 m) of granular 
material in two test pits.

EVALUATIOn OF MAPPInG 

Based on test-pit information, only minor changes 
were required to the surficial geology mapping. Many loca-
tions in the plain physiographic area were disturbed, indi-
cating that anthropogenic activity was more common than 
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is indicated in Figures 3 and 4. Historical activity included 
aggregate mining, as indicated above.

 COnCLUsIOns 

The Fort Nelson airport area is host to sediments 
deposited during and following the last glaciation. These 
sediments are of morainal, glaciofluvial, fluvial, organic, 
and anthropogenic origin. Reconnaissance test-pit results 
suggest that three areas on the Fort Nelson airport property 
have potential to host aggregate deposits. Detailed air pho-
tograph mapping, ground surveys, and a high density test-
pit program are required to further assess the quality and 
volume of granular material present in these areas. As well, 
there may be other areas within the Fort Nelson airport area 
that warrant further aggregate potential investigations; for 
example, the area north of Area 3 and fluvial terrace flats on 
the valley side.

TAbLE 1.  sUMMARY  OF MInIsTRY OF EnERGY AnD MInEs TEsT PIT DATA
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InTRODUCTIOn

Rapidly expanding oil and gas development in north-
east British Columbia has resulted in a dramatic increase in 
the need for new geoscientific data in the region. In the field 
of Quaternary geology, there are two main applications of 
these data: 1) the identification of aggregate resources for 
petroleum development roads, and 2) the provision of a 
stratigraphic framework for the “Quaternary gas” explora-
tion play. A third application of Quaternary geology studies 
in the region relates to the evaluation of diamond potential. 
This latter component was included in this study because 
of the increasingly important significance of diamonds in 
the mineral exploration sector in northern Canada and be-
cause of the associated potential for development of new 
economic activity in the region. 

Quaternary geology studies were initiated in north-
easternmost British Columbia (Figure 1) by the Ministry 
of Energy and Mines in 2002, primarily in response to the 
critical need for aggregate (sand and gravel) in the region. 
Access roads to new and rapidly developing gas fields re-
quire substantial volumes of aggregate for road construc-
tion, improvement, and maintenance. Current infrastructure 
developments in the region include a major upgrade of the 
Sierra-Yoyo-Desan (SYD) Road, the construction of a by-
pass route to the Clarke Lake Road, and a number of new 
petroleum development road proposals. The Quaternary 
geology mapping program is also intended to support fu-
ture exploration and development within northeast British 
Columbia, including construction of the proposed Northern 
Link Road (between SYD and Rainbow Lake, Alberta, Fig-
ure 1).

Objectives

The main objectives of this study are to 
•	 conduct regional geological inventories of aggregate 

resources in the vicinity of existing and planned re-
source roads in northeast British Columbia; 

•	 conduct site-specific investigations to define sand and 
gravel reserves along the SYD Road, the Clarke Lake 
Bypass, and new petroleum development roads; 

•	 investigate the natural gas reservoir potential of Qua-
ternary/Tertiary paleovalleys; and

•	 conduct reconnaissance-scale investigations of dia-
mond potential in the region.

Previous Studies

Few Quaternary geology studies have been conducted 
previously in the region northeast of Fort Nelson. They have 
mainly included a regional investigation of ice retreat dur-
ing the last glaciation (Mathews, 1980) and an unpublished 
airphoto interpretation study of terrain features and poten-
tial aggregate deposits by Mollard (1984a,b). The soils of 
the Fort Nelson area were mapped by Valentine (1971). The 
bedrock geology of northeasternmost British Columbia was 
mapped by Thompson (1977) and Stott (1982). 

Study area

The study area occurs within the boreal plains region of 
northeast British Columbia and includes the area between 
the Alberta border and the Alaska highway, extending north 
from Fort St. John to the Northwest Territories. The main 
areas of focus for the 2003 field season (Figure 1) were the 
Fontas River and Petitot River map areas (NTS 94 I and P, 
respectively) and the eastern half of the Fort Nelson map 
area (NTS 94 J). Results of some of the work conducted in 
the Fort Nelson area are provided elsewhere in this volume 
(see paper by Johnsen et al.) 
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Low-relief topography and clay-rich soils dominate 
the study region, resulting in poor drainage and a shallow 
water table in most areas. Lakes, marshes, fens, and peat 
bogs with scattered black spruce are common. Areas that 
are elevated, even slightly, above the regional water table 
are largely forested, with the dominant tree species being 
aspen, pine, and white spruce. 

PLEIsTOCEnE GEOLOGY

During the Pleistocene, glaciers advanced westward up the 
regional slope into northeast British Columbia and dammed 
rivers draining eastward off the Rocky Mountains. This re-
sulted in the widespread deposition of glacial lake sedi-
ments over pre-existing Quaternary deposits and hence the 
dominance of clay-rich soils. In addition, the local bedrock 
is dominated by shales and other fine-textured rocks and, 
consequently, the derived glacial sediments are rich in clay. 

Figure 1. Location map of study area. Numbered sites are discussed in the text.Figure 1. Location map of study area. Numbered sites are discussed in the text.

These fine-grained Pleistocene deposits are common at the 
surface and are one reason why shallow aggregate deposits 
are relatively rare in the region. 

The dominant surficial materials in the study area are 
organic deposits and clay tills. Elevated areas that support 
a tree cover are invariably underlain by morainal deposits, 
whereas organic materials and glaciolacustrine sediments 
dominate lower, more poorly drained areas. Morainal 
landforms include low-relief till plains, rolling moraines, 
crevasse-fill ridges, flute ridges, recessional moraines, and 
interlobate moraines. Glaciofluvial landforms are relatively 
uncommon and include eskers, kames, fans, deltas, and 
terraces. The latter occur mainly within the Kimea Creek-
Petitot River meltwater channel system. 

During deglaciation, numerous meltwater channels 
were incised by streams generally flowing westward from 
the retreating Laurentide ice sheet. Sands and gravels were 
locally deposited in association with meltwater channels, 

Figure 1. Location map of study area. Numbered sites are discussed in the text.
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but many appear to be entirely erosional and may have 
formed subglacially. Some recently discovered aggregate 
deposits underlying stony diamicton along channel flanks 
are interpreted to be subglacial channel deposits overlain 
by meltout till (Figure 2). Although large surficial deposits 
of aggregate are rare, one exceptionally large glaciofluvial 
fan-delta (Figure 3; see Site 1, Figure 1 for location) was 
discovered on the east side of the Fontas River map area 
(NTS 94 I). This feature covers an area of approximately 
100 km2 and is likely the single largest sand and gravel 
deposit in northeast British Columbia. An indication of 
the enormous size of the fan is that it was first noticed on 
a satellite image. A measured section in the fan showed 7 
m of well-rounded, quartzite-rich gravels overlain by 5 m 
of well-sorted sands. The thick sand cap has been largely 
removed in many areas by erosion of the Hay River, which 
dissects the fan. The best target areas for coarse aggregate 
are thus along lower terraces of the river where it cuts the 
fan. These sands and gravels overlie approximately 5 m of 
clay-rich diamicton interpreted to be basal till.

Dating of Pleistocene sediments in the area has been 
facilitated by the discovery of an interglacial peat underly-
ing a thin till and oxidized sandy unit in the Spruce Road 

Figure 2.  Sands and gravels in the Nogah Road area, interpreted to be subglacial channel deposits, underlying thin, stony, 
meltout till. The gravels overlie thick, clay-rich, basal till at most locations.
Figure 2.  Sands and gravels in the Nogah Road area, interpreted to be subglacial channel deposits, underlying thin, stony, 
meltout till. The gravels overlie thick, clay-rich, basal till at most locations.

area (Site 2, Figure 1). The peat contains abundant plant 
matter, including many wood fragments, as well as numer-
ous pelecypod and gastropod fossils. Radiocarbon analyses 
on two wood pieces yielded dates of more than 38 690 ra-
diocarbon years before present (BP) (Beta 183832) and 
more than 40 590 radiocarbon years BP (Beta 183831). 
Another fragment of wood recovered from gravels strati-
graphically underlying till in the Elleh Creek area (Site 3, 
Figure 1) was dated at 24 400±150 radiocarbon years BP 
(Beta 183598). Collectively, these dates and the associated 
stratigraphy provide new constraints on the Pleistocene his-
tory of the region and indicate that ice-free conditions prob-
ably existed from before 40 ka until after about 24 ka BP.

AGGREGATE sTUDIEs

Aggregate resources in northeast British Columbia are 
relatively rare outside of major river valleys. Existing de-
posits in many areas of active petroleum road development 
have been largely depleted (Thurber Engineering, 2001, 
2002) while demand is increasing. The region northeast of 
Fort Nelson is an area of  particularly active exploration and 

Figure 3.  Large glaciofluvial fan-delta exposed along the Hay River.  The orange polygon 
approximately delineates the extent of this fan.  Inset photographs were taken at a section 
on Hay river where this fan-delta has been incised.  Note person for scale.

Figure 3.  Large glaciofluvial fan-delta exposed along the Hay River.  The orange polygon 
approximately delineates the extent of this fan.  Inset photographs were taken at a section 
on Hay river where this fan-delta has been incised.  Note person for scale.
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Figure 3.  Large glaciofluvial fan-delta exposed along the Hay River. The orange polygon approximately delineates the extent of 
this fan. Inset photographs were taken at a section on Hay River where this fan-delta has been incised. note person for scale.
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development. For example, EnCana Corporation has de-
scribed plans to drill about 100 new wells per year for the 
next several years on the Greater Sierra gas field, which is 
nearly 300 km long (Daily Oil Bulletin, June 2002). Road 
improvements in this area would reduce the requirement to 
impose road bans in the spring, allowing for an extended 
drilling season. The chronic shortage of aggregate has re-
sulted in high prices and even the need for shipping of 
gravel into the region by train from Fort St. John. 

To meet this need, a program was initiated as part of 
the British Columbia Oil and Gas Development Strategy 
(OGDS) to systematically explore for new, local aggregate 
sources in northeast British Columbia. The program in-
cludes both regional and site-specific aggregate evaluations. 
The identification of regional sand and gravel resources will 
provide the necessary information for developing a long-
term strategy to ensure that roads in the region are capable 
of supporting the future demands of industry. Improved 
access and transportation cost savings to resource compa-
nies will also enhance viability of projects and encourage 
exploration investment, leading to new discoveries. The 
identification and evaluation of site-specific reserves will 
ensure an aggregate supply not only of adequate volume, 
but also of good quality. Sampling and laboratory testing 
will identify the areas of best aggregate quality for the vari-
ous types of road improvement.

A key component of the OGDS is a comprehensive 
road infrastructure plan aimed at promoting better access 
to resources through improved infrastructure. The comple-
tion of road improvements, such as the upgrade of the SYD 
Road and construction of the Clarke Lake Bypass Road in 
the Fort Nelson area, is expected to promote longer drilling 
seasons, accelerate exploration and production programs, 
and increase industry and provincial revenues. 

It has been estimated that the current upgrade of the 
SYD Road will require two million cubic metres of ag-
gregate for the initial road infrastructure improvement pro-
gram. However, a study completed by Thurber Engineering 
(2002) indicated that existing aggregate resources along the 
SYD Road were largely depleted. Four of the ten reserves 
investigated were completely depleted, and only three had 
more than 100 thousand m3 of aggregate remaining. To 
meet this need, a program was initiated to systematically 
explore for new, local aggregate sources in the region.

Initial aggregate evaluations in the fall of 2002 focused 
on an airphoto study and brief field investigation of the 
SYD corridor (Blyth et al., 2003). From this preliminary 
work, fourteen sites with aggregate potential were identi-
fied, including sites in the Kimea Creek (Figure 4), Hoffard 
Creek, Courvoisier Creek, Komie Road (Figure 5), Kotcho 
East (Figure 6), and Sahdoanah Creek areas (Sites 4 to 9, 
respectively, Figure 1).

As a follow-up to the airphoto study, ground inves-
tigations were conducted in the winter of 2003 at 9 sites 

(Dewar and Polysou, 2003a). A total of 458 test pits were 
excavated, and granular materials were encountered in 235 
of these pits at 8 of the sites. Two additional areas, where 
bedrock was inferred to be shallow, were also investigated. 
Bedrock was encountered in all 15 test pits at the sites, 
although the quality of the rock appeared to be suitable 
only for general borrow material. Detailed investigations 
conducted at 4 sites included field sampling and laboratory 
testing (124 sieve analyses, 10 sand equivalent tests, and 
10 degradation tests). Sieve tests were completed on an ad-
ditional 47 samples from 3 other sites. The results of the 
sampling program and laboratory analyses are provided by 
Dewar and Polysou (2003b, c, d, e). 

The 4 areas investigated in detail are referred to here 
as the Kimea, Kotcho East, Komie North, and Elleh sites. 
These sites have a total inferred resource of approximately 
5 000 000 m3 of granular material: Komie North (more 
than 300 000 m3), Kimea (more than 3 000 000 m3), Ko-
tcho East (approximately 450 000 m3) and Elleh (more 
than 1 000 000 m3). The Kimea deposit is one of several 
prospective glaciofluvial terraces (Figure 4) within a large 
meltwater channel system extending along parts of Kimea 
Creek and Petitot River. The Komie North deposit is inter-
preted to be an ice-contact delta (Figure 5). The origin of 
the Kotcho East deposit (Figure 6) is enigmatic because it 
is entirely buried and has virtually no surface expression. 
It may be a raised delta or part of a proximal glaciofluvial 
stream deposit. The Elleh deposit is interpreted to consist 
mainly of advance-phase glaciofluvial deposits but also lo-
cally includes interglacial sands and gravels deeper in the 
deposit, where the 24 ka BP radiocarbon age was obtained. 
Late-glacial (retreat-phase) gravels, which stratigraphically 
overlie till, also occur in the area at the surface. 

Electromagnetic Surveys

Subdued topography, extensive muskeg, and a general 
scarcity of glaciofluvial landforms make the use of tradi-
tional aggregate mapping techniques, such as aerial pho-
tograph interpretation, relatively ineffective for locating 
new deposits in many parts of the study area. In addition, 
sand and gravel deposits in the area are commonly blan-
keted by glaciolacustrine and glacial sediments. As a result, 
new subsurface investigations and geophysical techniques 
are being tested and used to identify these buried aggre-
gate deposits. Data sources include down-hole geophysical 
logs, water-well logs, seismic shot hole data, and conductor 
pipe logs. Airborne aeromagnetic surveys, high-resolution 
electromagnetic (EM) surveys, light detection and ranging 
(LIDAR), and other remote sensing techniques are also be-
ing used in exploring for buried aggregate deposits. In this 
section we briefly report on the results of a high-resolution 
airborne EM survey  of a buried gravel deposit in the Ko-
tcho East area (NTS map area 93I/15). 
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Figure 4.  Exposure of glaciofluvial terrace gravels in the Kimea Creek area. The deposit is within a large meltwater channel 
system extending along the Kimea Creek and Petitot River valleys.  Note shovel in foreground for scale.

The survey was centred on a deposit originally discov-
ered during a follow-up field investigation of buried gravels 
reported from seismic shot hole logs. Excavations in the 
vicinity of the reported occurrence show gravels underlying 
silt-rich sediments (Figure 6). The buried sands and gravels 
were encountered in 10 test pits in an elongated southwest-
trending area, oblique to present surface stream channels. 
The sands and gravels occur along a gentle southeasterly 
slope with no obvious geomorphic indications of their pres-
ence. They are overlain by silts and clays generally 1 to 2 
m thick but locally up to 5 m thick. These sediments are 
interpreted to be glaciolacustrine in origin. In the inferred 
core of the paleochannel, the sands and gravels are at least 
5 m thick, and in 6 of the test holes the base of the chan-
nel was not encountered. Surprisingly, the water table was 
encountered in only one test hole at the southeasternmost 
edge of the deposit. 

An airborne EM survey was conducted over this area 
to evaluate the utility of the method for mapping shallow 
gravel deposits, to attempt to trace the extent of the Ko-
tcho East gravel deposit beyond the field-tested boundar-

ies, and to identify any new gravel targets in the region. To 
accomplish these goals, a detailed survey with 100 m line 
spacing was flown over the Kotcho deposit and 200 m line 
spacing was flown over a larger area (about 25 km2) around 
the known deposit. The survey employed the helicopter 
RESOLVE multicoil multifrequency EM system supple-
mented by two high-sensitivity cesium magnetometers and 
a GPS electronic navigation system. The EM system was 
located in a bird flown at an average height of 39 m above 
the ground. Apparent resistivity maps were produced from 
the 400, 1500, 6400, 25 000, and 115 000 Hz data. 

Results (Figure 7) show that three main areas of high 
resistivity were identified in the survey on the high-fre-
quency data, which best reflects the shallow geology. The 
northernmost area coincided remarkably well with the area 
of shallow buried gravels as mapped out by the field inves-
tigations. The southern two areas are much larger and will 
be the focus of future ground investigations. Preliminary 
testing indicates that these other areas of high resistivity 
are also sand and gravel deposits. The results of this work 
strongly indicate that high-resolution EM surveys can be an 
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Figure 5.  Planar cross-bedded gravels exposed in the Komie North deposit, interpreted to be deltaic forset gravels.

effective tool for mapping buried sand and gravel deposits 
in the study region. A more detailed discussion of the re-
sults of this survey is provided elsewhere in this volume 
(see paper by Best et al.).

PALEOCHAnnEL MAPPInG

Reconstructions of the three-dimensional architecture 
of thick Quaternary sequences in northeast British Colum-
bia and northwest Alberta have recently become of interest 
for several reasons. First, natural gas exploration compa-
nies have been investigating shallow gas targets in the re-
gion (see below). Secondly, rapidly expanding oil and gas 
infrastructure has depleted local surface aggregate supplies 
and created a critical need for identification of subsurface 
gravel deposits. Thirdly, shallow groundwater aquifers are 
used for agricultural purposes, as drinking water sources, 
and as possible discharge sites for waters extracted during 
coalbed methane operations. In addition, shallow aquifers 
are susceptible to contamination as development expands 
in the region. All of these applications have resulted in the 

Figure 5.  Planar cross-bedded gravels exposed in the komie North deposit, interpreted to be deltaic forset gravels. Figure 5.  Planar cross-bedded gravels exposed in the komie North deposit, interpreted to be deltaic forset gravels. 

need for an improved understanding of the Quaternary stra-
tigraphy of the region. The main geological characteristic of 
shared importance to all these applications is the presence 
of relatively large bodies of granular sediment in a variety 
of paleochannel settings in the subsurface. 

The depth and geometry of sand and gravel sequences 
of either glaciofluvial or interglacial origin in these paleo-
valleys is key to aquifer mapping and aggregate studies. 
Large, laterally continuous units can form significant aqui-
fers at nearly any depth within the buried valleys; however, 
sand and gravel units must occur relatively close to surface 
and have a thin overburden to be of economic significance 
as aggregate resources. The greatest potential for shallow 
gravels is in smaller paleochannels that were tributary to 
the larger paleovalleys. Mapping these channel deposits is 
relatively difficult and often requires higher-resolution geo-
physics or dense borehole data. 

Preliminary reconstruction of the bedrock topogra-
phy—the first step in identification and mapping of pa-
leochannels―has been completed using water-well logs 
and oil and gas well records (e.g., Figure 8). More detailed 
mapping of these buried features is being accomplished in 
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Figure 6.  Test pit exposure of sands and gravels in the Kotcho East deposit buried by surficial silts.  Test pit is approximately 
1.5 m wide.

some areas by interpretation of geophysical data, including 
high-resolution aeromagnetics, resistivity surveys, seismic 
profiling, and ground-penetrating radar. 

qUATERnARY/TERTIARY GAs

Interest in Quaternary gas was highlighted in the study 
region by development of the Sousa Quaternary gas field 
near High Level, Alberta. That field has successfully been 
producing gas since 1998 from paleochannel sediments 
underlying late Quaternary glacial deposits. The sands 
and gravels that form the reservoir are believed to be of 
early Quaternary age, although a Late Tertiary age is also 
possible. The cap for the gas is thick clay-rich glacial tills 
and glaciolacustrine sediments. Numerous wells have been 

Figure 6.  Test pit exposure of sands and gravels in the Kotcho East deposit buried by surficial silts.  Test pit is approximately 1.5 m 
wide.
Figure 6.  Test pit exposure of sands and gravels in the Kotcho East deposit buried by surficial silts.  Test pit is approximately 1.5 m 
wide.

drilled into Quaternary sediments and completed at depths 
of less than 300 m. One field in Alberta has yielded more 
than 4 billion cubic feet (bcf) of gas, with one well produc-
ing up to 4.4 million cubic feet per day (mmcf/d) (Canadian 
Discovery Digest, 2000). 
Northeast British Columbia has a similar geological and 
glacial history to that of northwest Alberta, where these 
producing shallow gas fields have been developed, and, as 
such, the region has similar potential to host Quaternary gas. 
In order to identify potential paleochannel areas, the British 
Columbia Ministry of Energy and Mines is currently map-
ping the regional bedrock topography of NTS map areas 94 I 
(Figure 9) and 94 P. To date, about 1000 wireline-geophysi-
cal logs have been used to map the surface of the bedrock 
(Upper Cretaceous Dunvegan Formation conglomerates, 
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Figure 7.  Results of an electromagnetic survey in the kotcho East area. An area of high resistivity (in the north) corresponds 
closely with a known sand and gravel deposit (as determined by field investigations shown in the inset). Preliminary testing 
indicates that the large areas of high resistivity in the south are also sand and gravel deposits.

sandstones, and shales and Lower Cretaceous Fort St. John 
Group shales and sandstones). Where possible, lithologic 
and sedimentologic descriptions in nearby conductor pipe 
and water-well logs have been used to verify bedrock picks 
(Figure 8). Drift thickness in these map sheets varies from 
a few metres to as much as 280 m. Bedrock valleys and 
areas with granular material overlying bedrock indicate the 
presence of Late Tertiary to Pleistocene paleochannels that 
could be suitable targets for gas exploration.

Quaternary/Tertiary gas occurrences appear to be 
mainly in areas distant from deeply incised, large modern 
valleys. The reservoir sediments are buried by thick se-
quences of Middle to Late Pleistocene deposits of relatively 

Figure 7.  results of an electromagnetic survey in the kotcho east area. An area of high resistivity (in the north) corresponds closely 
with a known sand and gravel deposit (as determined by field investigations shown in the inset). Preliminary testing indicates that 
the large areas of high resistivity in the south are also sand and gravel deposits. 

Figure 7.  results of an electromagnetic survey in the kotcho east area. An area of high resistivity (in the north) corresponds closely 
with a known sand and gravel deposit (as determined by field investigations shown in the inset). Preliminary testing indicates that 
the large areas of high resistivity in the south are also sand and gravel deposits. 

low permeability. The westward advance of Laurentide gla-
ciers up the regional slope in successive Quaternary glacia-
tions effectively dammed eastward-draining rivers and de-
posited thick sequences of glaciolacustrine sediments and 
clay tills derived from local Mesozoic shales. Large paleo-
valleys in the Fort St. John area are up to a few hundred 
metres deep and a few kilometres wide and make signifi-
cant exploration targets. Preliminary mapping indicates that 
a number of smaller buried paleovalleys in the Fontas River 
and Petitot River map areas are likely present (Figure 1). 
The proximity of these paleovalleys to producing Quater-
nary gas fields in Alberta as well as the similar geological 
setting suggest that this region has similar potential for new 
gas discoveries.
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Figure 8.  Examples of water-well logs and nearby oil and gas well geophysical logs used in the identification and mapping of 
Quaternary stratigraphy, subsurface aggregates, bedrock topography, and paleochannels.

Figure 9.  Preliminary reconstruction of the bedrock topography (lower panel) and surface relief (upper panel) of NTS map 
area 94 I based on data from about 400 wireline-geophysical logs. View is towards the southwest. Depth to bedrock varies from 
a few metres to as much as 280 m.  Buried bedrock valleys are interpreted as Late Tertiary to Pleistocene paleochannels that are 
possible targets for gas exploration



 Resource Development and Geoscience Branch   ��

DIAMOnD POTEnTIAL

A secondary component of recent Quaternary geo-
science studies in northeast British Columbia involves the 
evaluation of the regional diamond potential. Sedimentary 
rocks in the area are underlain by Precambrian basement 
with possible Slave craton equivalents, but the diamond po-
tential of the region is largely unknown. As part of the 2003 
Quaternary geology program, reconnaissance sampling of 
glaciofluvial deposits was conducted. Glaciofluvial sedi-
ments were selected as a sampling medium because of their 
potential to reflect relatively large drainage areas compared 
to modern fluvial deposits. Bulk samples were collected and 
concentrates were produced in the laboratory using heavy 
liquids. Kimberlite indicator minerals have been detected at 
a number of sites. Microprobe analyses are in progress to 
evaluate possible sources for the indicator minerals.  

COnCLUsIOns

Recent Quaternary geology investigations in the boreal 
plains in northeasternmost British Columbia have been ini-
tiated in response to the need for more information on the 
surficial geology of the region. The main demand has come 
from a rapidly expanding oil and gas road infrastructure 
and an accompanying critical need for the identification of 
aggregate deposits. Gravels close to surface with minimal 
overburden are preferred, but such deposits are relatively 
rare in northeast British Columbia. In addition, techniques 
commonly used for identifying gravel deposits, such as 
geomorphological mapping, are relatively ineffective in 
the region due to the widespread forest cover and subdued 
topography. Additionally, ground-based exploration tech-
niques are too costly and time-consuming for covering vast 
areas of investigation such as the plains region of northeast 
British Columbia. As a consequence, Quaternary mapping 
programs in the region have focused on the collection of 
subsurface borehole and geophysical data as well as air-
borne aeromagnetic, high-resolution electromagnetic, and 
LIDAR survey data. 

The result of this work has led to the discovery of 
several new aggregate occurrences in the region. To date, 
4 main aggregate deposits have been investigated in detail 
within the study area, with a total resource of approximately 
5 million m3 of granular material. One of these deposits was 
completely buried and could not be detected by traditional 
airphoto mapping techniques. It was initially discovered 
from seismic shot hole data and was subsequently mapped 
using an airborne high-resolution electromagnetic survey. 
Several other occurrences have been investigated to various 
levels of detail. One of the most significant of these in terms 
of size is a large fan-delta in the Hay River that covers an 
area of approximately 100 km2 and contains a maximum 
known thickness of 22 m of sand and gravel. 

Mapping of buried channels in northeast British Co-
lumbia has recently become of interest because of the dis-
covery of natural gas in Quaternary paleochannel sediments 
in northwest Alberta. Sands and gravels of probable Early 
Quaternary or Late Tertiary age form the reservoirs, which 
are capped by thick Pleistocene glaciolacustrine deposits 
and clay-rich tills that act as cap ‘rocks’. Preliminary bed-
rock topography mapping in the study area suggests that 
paleochannels with gas potential are present. Finally, the 
discovery of kimberlite indicator minerals at several sites in 
the study area suggests that northeast British Columbia has 
diamond potential and that further diamond exploration in 
the region is warranted. 
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InTRODUCTIOn

The international coking coal market is very competi-
tive and is segmented into many non-interchangeable coal 
products. Two products that are more in demand than many 
are low-volatile bituminous high-rank coking coal for 
blends into coke ovens and low-volatile bituminous coal 
for pulverization and injection into blast furnaces (pulver-
ized coal injection or PCI coal). The Willow Creek property 
contains coal that may be suitable for these two markets. 
The higher-priced market is the low-volatile coking coal 
market, where up to 30% of this coal can be added into 
coal blends for coke ovens. This is a higher-priced market 
than the PCI market, and it is advantageous for mines if 
possible to switch from the low-volatile PCI market to the 
low-volatile coking coal market. Low-volatile coking coal 
is also in short supply as reserves in the US and other coun-
tries are running out. This note looks at the possible use 
of 7 Seam from the Willow Creek property in northeastern 
British Columbia as a low-volatile component in a standard 
coke oven blend. The Willow Creek property is located 40 
km west of Chetwynd (Figure 1) and overlies seams in the 
Gething Formation.

THE WILLOW CREEk PROPERTY

There are two coal-bearing formations in the Peace 
River coalfield (Table 1). Coal from the younger Gates For-
mation was mined at the Quintette and Bullmoose mines 
(both now closed). There is active exploration of the for-
mation in the Wolverine River area by Western Canadian 
Coal Corporation and Northern Energy and Mining Incor-
porated.
Coal from the older Gething Formation was mined briefly 
in the early 1900s but has not hosted any major coalmines. 
However, there is a long history of exploration in the for-
mation, and coal was first reported in the formation by the 
explorer Alexander Mackenzie in 1793. The formation 
trends northwest across the Pine River about 40 km west 
of Chetwynd (Figure 1), and in this general area there 
have been a number of exploration projects. North of the 

Pine River, seams in the Gething Formation are generally 
medium-volatile in rank. South of the river in the Willow 
Creek area, rank increases and some seams are low-volatile 
bituminous. Further to the south, the rank of seams in the 
formation increases to semi-anthracite. The quality of seams 
in the Gething Formation has been discussed in a number 
of exploration reports and is summarized in Ryan (1997). 
Coal in the formation is characterized by low ash contents 
and variable inert maceral content. Sulphur and phosphorus 
contents are generally low, and rheology depends on rank 
and maceral content.

TAbLE 1: GEnERALIZED LOWER CRETACEOUs 
sTRATIGRAPHY.
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Figure 1. Location map for the willow Creek property Pine Valley Coal Corporation, northeast British Columbia.
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The area adjacent to and south of the Pine River has for 
some time been referred to as the Willow Creek property, 
which was explored in the early 1980s as a potential un-
derground mine. Interest waned, and it was not till the 
mid 1990s that exploration was renewed with the intent of 
developing a small low strip-ratio open-pit mine. In 1993, 
Globaltex acquired control of the property and now has in 
place a British Columbia “Project Approval Certificate” 
and “Mine Permit”. The company has continued develop-
ment work in conjunction with a number of partners. 

The operating company for the property is now called 
Pine Valley Mining Corporation, and they have conducted 
various mine feasibility studies that are based on mining 
the uppermost 9 seams in the Gething Formation (Table 2).  
These seams are numbered from 1 Seam near the top of the 
formation to 9 Seam, which occurs in the mid part of the 
formation at a depth stratigraphicaly about 300 m below 
1 Seam. The rank of seams ranges from about 1.3% Rmax 
to 1.7% Rmax, with 6 and 7 Seams, which are thick, hav-
ing ranks in the range of 1.6 to 1.67%. Raw-ash contents 
range from 15% to 7% and are generally low (Table 3). 
These seams, especially 7 Seam (which makes up a major 
part of the reserves), have the potential to be marketed as 
a low-volatile PCI coal or as a low-volatile blend coal in 
coke-oven blends.

The studies indicate that there are proven in-place re-
serves of about 15 million tonnes at an in-place strip ratio 
of about 3.6 to 1 bcm/t (bank cubic metre of overburden 
per tonne of coal). This is sufficient to justify an output 
level of some 900 000 to 1.5 million tonnes per year. In 
addition, there are identified resources in nearby areas that 
may significantly increase proven reserves and annual 
production in the future.

In the last few years, a number of raw coal bulk samples 
were excavated and coal shipped to Japan for test market-
ing.  To date about 125 000 tonnes have been mined from 
an area referred to as the Peninsular Pit, where seams 6 and 
7 outcrop. A rail spur capable of handling up to 25 coal 
cars and connected to the BC Rail Prince George line was 
constructed in the Pine Valley. At the moment, run-of-mine 
coal is screened and shipped raw. A 37 000 tonne test ship-
ment was sold in 2001, and in 2002 a larger shipment of 
about 84 000 tonnes was shipped. Work performed to date 
suggests that up to 1.0 million tonnes of very low strip-ratio 
coal (estimated at 1.8:1) in the Peninsula Pit can be mined 
and sold on a raw coal basis without incurring material coal 
dilution or recovery problems.

The company’s current plan is to start mining in 
this area and then move into more steeply dipping coal 
measures within the Willow Central and Willow North 
areas. Construction of a coal preparation plant is planned to 
coincide with the move to the Willow Central and Willow 
North areas.

7 sEAM COAL qUALITY AnD sAMPLE 
COLLECTIOn

The carbonization sample was collected from the 
outcrop face of the small 7 Seam test pit (Peninsular Pit) 
in winter. The snow and cold made sampling and access 
difficult. Sufficient fist-sized or larger fragments of the 
seam were collected from parts of the seam ranging from 
hanging wall to footwall to fill a 45 gallon drum. The drum 
was shipped to Canmet carbonization laboratories at Bells 
Corners, Ontario. Pilot oven coking tests and related analy-
ses were performed by Gransden and Price (2003), and 
the results are summarized in the next section. In addition, 
small grab samples of bright and dull bands were collected 
to check for oxidation. 

The bright and dull samples were analysed for oxida-
tion using the “Alkali Extraction” test that is now recog-
nized by American Standards for Testing Materials (test 
D5263-93[2001]). The test measures the amount of humic 
acid developed as a result of natural weathering. The test is 
only applicable to mid-rank coals from high-volatile to low-
volatile bituminous. Lower rank coals have humic acids that 
are naturally occurring at the rank, and high rank coals are 
resistant to this type of chemical action but can be damaged 
by other weathering processes. Because of the high rank of 
7 Seam, bright samples, which are not representative of the 
whole seam, were analysed because these would be most 
sensitive to this type of weathering. Transmittance results 
(Table 4) range from 90% to 95%, indicating that the seam 
is not oxidized and there are marginal free swelling index 
(FSI) values, ranging from 1 to 1.5. 

In the Willow Creek area, the raw-ash content for 7 
Seam averages 5% and ranges from 1% to 39%, based on 
exploration drilling. The FSI values range from 0 to 3 and 
the variations appear to be related to varying inert maceral 
content and not ash content. This is based on a plot of ash 
versus FSI with the data coded based upon volatile mat-
ter (VM) dry mineral-matter-free (dmmf) values (Figure 
2). Oxidation increases the volatile matter content (VM 
dmmfb) of samples; therefore, low FSI data points with 
high VM dmmf values are probably oxidized, whereas low 
FSI data points with low VM dmmf values probably rep-
resent samples with high inert maceral contents. It is clear 
in Figure 2 that samples with high VM dmmfb have, on 
average, higher FSI values than those with low VM dmmfb 
values.

Petrography on previous samples of 7 Seam (Table 5) 
indicates that 7 Seam contains from 40% to 60% vitrinite 
macerals, being mostly collodetrinite. It was not possible to 
do a petrographic analysis of the 7 Seam sample collected 
for the pilot coke-oven test before it was shipped to Canmet, 
because the sample was crushed by Canmet. Petrographic 
analyses of the carbonization sample by Canmet and the 
author indicate that the coal has a very low content of finely 



�0   Summary of Activities �004

TABLE 2.  STRATIgRAPHIC SECTION, wILLOw CREEK AREA.

 (P.C. KEVIN JAMES)
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TAbLE 3.  AVERAGE qUALITY AnD THICknEss FOR sEAMs AT WILLOW CREEk.

TABLE 4.  PROxImATE ANALYSES FOR 7 SEAm 
AnD “ALkALI ExTRACTIOn” TEsT FOR sAMPLE OxIDATIOn.
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Figure 2. Ash versus FSI data for 7 Seam; from coal assessment report 690, British Columbia min-
istry of Energy and Mines library.

TABLE 5.  PETROgRAPHY OF 7 SEAm SAmPLES COLLECTED IN 2001.
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dispersed mineral matter and a moderate to high content of 
inert organic material. The Canmet petrographic analysis, 
after the sample was crushed at Bells Corners, measured 
76% semifusinite, which is partitioned as  50% reactive 
and 50% inert, providing a total reactive maceral content of 
58.5% but with a very low percentage of vitrinite (Table 6). 
The petrographic analysis by the author identified more vit-
rinite macerals (mainly collodetrinite) with dispersed ma-
crinite and inertodetrinite and less semifusinite. However 
the proportions of inert and reactive macerals are similar 
(54% by the author and 58.4% by Canmet). Identification 
of macerals is a somewhat interpretative process; Canmet 
appears to identify reactive semifusinite, whereas the au-
thor identifies it as high-reflecting collodetrinite. Previous 
petrographic analyses on channel samples and bright and 
dull grab samples indicate the range of petrography in the 
seam (Table 5).

TAbLE 6.  PETROGRAPHY OF THE 7 sEAM 
sAMPLEs UsED In THE PILOT COkE-OVEn 
TEsT AnD PETROGRAPHY OF OTHER LOW-

VOLATILE COALs UsED In COkE-OVEn 
bLEnDs.

Schapiro et al. (1961) introduced a way to predict cold 
coke strength using coal petrography. The method, which 
considers one-third of the inert macerals as reactive, is used 

extensively when pilot coke-oven test data are not available. 
Canmet considers 50% of the inert macerals to be reactive, 
based on studies of Cretaceous Western Canadian coals. 
However, these methods presuppose that petrography is the 
main influence and that other factors such as coking condi-
tions and the way the different macerals are intermixed do 
not also play a major role in influencing cold coke strength. 
Coin et al. (1997) suggest that rank is the overriding factor 
and petrography is not very important in influencing cold 
coke strength. Pearson (1998) suggests that petrography 
can be useful in predicting cold coke strength but that the 
proportion of inert macerals that is reactive varies with rank 
(measured using random reflectance of vitrinite, Rrand) and 
vitrinite content. For 7 Seam the random reflectance cut-off 
that separates reactive from nonreactive inert macerals is 
1.76%, based on the equation  of Pearson (1998):

cut-off reflectance = Rrand*0.99+0.24 

The reactive cut-off converges on the Rrand value as 
rank increases, and this means that there is a tendency to 
increase the proportion of inerts designated as reactive as 
rank increases. This is obviously important for high-rank 
coals with high inert maceral contents. One should be very 
careful in deciding if they have coking potential based only 
on an interpretation of petrography. A comparison of Aus-
tralian Gondwana coals with western Canadian Cretaceous 
coals appears to indicate that the proportion of inert macer-
als that is reactive is also dependent on the origin of the coal 
(Figure 3; Pearson, 1998). In fact it appears that the reactive 
cut-off is higher at the same rank for Australian coals than 
it is for western Canadian coals. Diessel (1996) did not find 
a difference between inert material in Australian and US 
Carboniferous coals.

Figure 3. Relationship between reactive semifusinite and 
rank; Figure modified from Pearson (1998).
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The ash chemistry of the 7 Seam sample was analysed, 
and previous analyses exist for seams on the property (Ta-
ble 7), mainly from Coal Assessment Report 690, which is 
in the Ministry of Energy and Mines library. The data gen-
erally indicate a very basic ash with low base-to-acid ratio. 
Occasional samples have siderite in them, which increases 
the Fe2O3 concentration in the ash. All base elements are 
in low concentration, except for moderate concentrations of 
K and Na. Phosphorous contents are low and, based on an 
average ash content of 5%, represent a concentration about 
0.03% phosphorous in the total sample. The low ash con-
tent of the samples will ensure that the effects of the base 
oxides will be negligible in any blend.

PILOT COkE-OVEn TEsT REsULTs

The 45 gallon drum of 7 Seam sample was crushed at 
Bells Corners to 80% less than 3 mm. A split of the sample 
was returned to the author for petrographic and ash-oxide 
analysis. A second split was analysed for proximate and 
ultimate analysis and, in addition, rheology (Table 8 and 
9). In order to test the applicability of using 7 Seam as a 
blend in coke ovens, it was necessary to obtain a suite of 
coals that make up a normal coke-oven blend, to coke the 
blend, and then to make up a new blend with 10% of 7 
Seam replacing the low-volatile component in the standard 
blend before doing a second coke test. 

Dofasco Inc. provided three coals, and these coals were 
mixed in the proportions 28% low-volatile (Rmax 1.7%), 
35% high-volatile (Rmax 1%), and 37% medium-volatile 
(Rmax 1.08%) in preparation for a pilot coke-oven test on a 
standard coke-oven blend. A second blend was prepared in 
which the Dofacso coals contributed 18% low-volatile, 37% 
high-volatile, and 35% medium-volatile, with the balance 

TAbLE 7.  AsH OxIDE AnALYsEs FOR 7 sEAM AnD OTHER sEAMs On THE PROPERTY.

being made up with 10% 7 Seam. Component seam propor-
tions and proximate and ultimate analyses of the two blends 
are in Table 8. The addition of 10% 7 Seam decreased the 
ash and volatile content of the blend. The rheology data for 
the two blends (Table 9) indicate that the addition of 7 Seam 
has had no measurable effect on Gieseler plasticity but has 
had a detrimental affect on dilatation, which has decreased 
from 112% to 69%.  

The pilot coke-oven tests and related analyses were 
performed by Gransden and Price (2003). The two blends 
were coked in the Canmet 18 inch oven, which takes a sam-
ple load of 350 kg of blended coal. The coal was charged at 
3% moisture and 80% less than 3 mm. The coking condi-
tions were those used for other pilot coke-oven tests and are 
contained in Table 10. 
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TABLE 8.  BLEND PROPORTIONS AND 
PROxIMATE AnD ULTIMATE AnALYsEs OF THE 
TWO bLEnDs AnD 7 sEAM THAT WERE COkED 

In THE PILOT OVEn bY CAnMET.

TABLE 9.  RHEOLOgY OF THE TwO BLENDS 
AnD OF 7 sEAM.

The quality of the coke produced by the blend with 
10% of 7 Seam was the same as or not as good as the stan-
dard blend on a number of counts. Coke strength after reac-
tion and coke reactivity index were unchanged within the 
limits of the measurements (Table 9). However, cold coke 
strength decreased markedly. On the plus side, maximum 
wall pressure and maximum gas pressure both decreased. 
The ash and sulphur contents of the coke decreased.

The poor performance of 7 Seam in the blend is prob-
ably the result of a combination of the low percent of active 
reactives and the high rank. Coke textures (Table 11) con-
firm a noticeable decrease in the reactive components of the 

7 Seam blend as coke inerts increase by about 6%. It was 
unfortunate that the petrographic composition could not be 
checked prior to coking. There is a distinct possibility that 
in other areas the seam will have higher reactives content or 
lower rank. It is also possible that either the upper or lower 
part of the seam has a higher reactive content and could be 
mined separately for a coke-oven blend market. Six Seam, 
which is about 30 m above 7 Seam, may provide a better 
candidate for blending.
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TABLE 10.  CARBONIzATION CONDITIONS AND
REsULTs FOR THE TWO COkE TEsTs.

TAbLE 11.  COkE TExTUREs FOR THE  
TWO bLEnDs.
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MARkET OPPORTUnITIEs FOR PCI AnD 
LOW VOLATILE PCI

A large percent of the reserves in the Willow Creek 
area are derived from 6 and 7 Seams. The rank of these 
seams is low-volatile bituminous, and they have moderate 
and variable inert maceral content. On average, they do 
not exhibit good coking characteristics, and consequently 
coal on the property is considered suitable for thermal or 
pulverized coal injection (PCI) purposes. There are two 
important ratios to consider when discussing PCI. The first 
is the the PCI ratio (kg/t)—the amount of PCI coal used 
for each tonne of hot metal produced. The second is the 
coke replacement ratio—the ratio of weight of PCI coal 
for weight of coke; i.e., the reduction in coke requirement 
divided by the amount of PCI coal used. 
The coke replacement ratio varies with the rank of coal used 
and ranges from about 0.6 for high-volatile low-rank coals to 
nearly 1 for low-volatile high-rank coals. The rate is in part 
related to the hydrogen content of the fuel. Hydrogen is an 
effective reductant but has a cooling effect in the raceway at 
the base of the blast furnace where it is injected. This limits 
the amount of hydrogen-rich fuels (natural gas) that can 
be injected. Higher coke replacement ratios are achieved 
with coal rather than oil and gas. The hydrogen content of 
coal decreases as rank increases, so the coke replacement 
ratio increases as rank increases (Figure 4). This has been 
pointed out by a number of authors (Hutny et al., 1991), and 
more recently by Stainlay (2003). There is, therefore, an 
expanding market for PCI coal and especially for high-rank 
low-volatile bituminous coal. 

Obviously there is the potential for considerable savings for 
the blast furnace operator. Based on the price variation, it is 
to the advantage of the operator to use low-volatile coals for 
PCI to save even more money. 

The burning characteristics of high-rank low-volatile 
PCI coal in the blast furnace are different from low-rank 
high-volatile coals, but once the blast furnace is adapted 
there can be a considerable saving in requirement for 
higher-priced coking coal. At the moment the majority of 
blast furnaces have converted to PCI, and the global average 
injection rate is 96 kg/t. The present demand is about 31 
million tonnes, and this is expected to grow to 42 million 
tonnes by 2010 (Stainlay, 2003). The increase in consump-
tion will be caused by more conversions and an increase in 
the PCI rate from about 100 to maybe as high as 200 kg/t. 
This increase in PCI rate will in part be achieved by switch-
ing from high- to low-volatile PCI coals. The maximum 
PCI rate reported is from China, where a rate of about 280 
kg/t was achieved using anthracite.

Traditionally, the main component of coking coal 
blends for coke ovens has been medium-volatile bitumi-
nous coals with good rheology and ash chemistry. As sci-
ence and international coal trade developed, it was found 
that a mixture of coals would result in an optimum blend 
whose composition plotted in the optimum blend field of 
various diagrams (for example, the MOF diagram). As few 
single coals plotted in the field, most steel mills moved to 
at least a ternary blend of low-, medium-, and high-vola-
tile coals. High-volatile coals add fluidity to the blend, and 
low-volatile coals improve coke yield at the expense of in-
creasing coke-oven pressure. Low-volatile coals represent a 
balancing act between increasing rank and preservation of 
rheology, which is destroyed as rank increases. The three-
component blend of coals for coke ovens has become the 
norm in recent years; however, reserves of low-volatile coal 
are becoming depleted, especially in the US (Kolijn and 
Khan, 2003). Steel mills looking to maintain a low-volatile 
component in their coke-oven blends will have limited op-
portunities in the future.

In Australia, the Jellinbah mine mines a low-volatile 
seam (Table 6), which is being marketed as a PCI product 
and as a possible blend component in coke ovens (Calderia 
and Stanlay, 2003). The coal is higher rank than 7 Seam but 
also has a much higher reactives content. 

Low-volatile coals can be replaced in the coal blend 
with medium-volatile coals, especially if the amount of 
high-volatile coal is also reduced (Kolijn and Khan, 2003). 
This can maintain coke quality and coke yield because of 
the reduction in amounts of both low- and high-volatile coal 
and has the added advantage of reducing oven pressure.

Figure 4. Coke replacement ratio versus coal rank.

It requires 1.2 to 1.5 tonnes of coal to make a tonne of coke, 
so if the coke replacement ratio is 0.75, the coal replacement 
ratio is at least 0.75 x 1.2; i.e., 1.0 or more. However, PCI 
coal sells for much less than coking coal. Prices vary but 
are often only 70% of the price of premium coking coal. 
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REGIOnAL AVAILAbILITY OF LOW-
VOLATILE COALs In bRITIsH  
COLUMbIA

The rank of coals in the Gething Formation was studied 
by a number of authors (Marchioni and Kalkreuth, 1992; 
Karst and White, 1979). The rank of the formation decreases 
to the northeast into the Western Canadian Sedimentary Ba-
sin and is generally medium-volatile bituminous along the 
trend of the Rocky Mountain Foothills. Within this trend, 
there are three areas where the rank is low-volatile bitu-
minous (Figure 5; adapted from Marchioni and Kalkreuth, 
1992). The northernmost underlies the subcrop area of the 
Willow Creek, Lossan, and Burnt River properties (Figure 
5). To the south along the trend of the foothills, another area 
is east of the town of Tumbler Ridge and at depth within 
the Gething Formation. The third area is to the southeast 
in Alberta. The best opportunity for low-volatile mineable 
coal resources is in the area around Willow Creek and to 
the southeast.

Figure 5. Reflectance isograds for the top of the gething 
Formation; adapted from machioni and Kalkreuth 
(1992).

The Mist Mountain coal section in Morrissey Ridge 
area in the southwest part of the Crowsnest coalfield (south-
east British Columbia) contains low-volatile coal (Pearson 
and Grieve, 1985). Coal in the area was mined in the period 
from 1902 to 1906 in the Carbonado Mine. The coal was 
used as single component in beehive ovens but it did not 
make good coke, and this was in part the reason for the 
failure of the mine.

Outside British Columbia, the Smoky River mine 
(now closed) in Alberta exported a low-volatile coking coal 
(Table 6). The coal has a similar rank to 7 Seam but a higher 
reactive maceral content and much better FSI. The mine is 
expected to re-open as the Grande Cache mine in the near 
future.

COnCLUsIOns

The internationally traded coal market will remain 
very competitive in the long term, especially when China 
re-enters the coking coal and coke export markets in a 
big way. However, there are two brands of coking coal 
that are presently in demand and will probably remain in 
an under-supply situation. These are low-volatile coal for 
PCI and low-volatile coal for coke-oven blends. The lat-
ter commands a higher price. British Columbia has limited 
potential to take advantage of these markets. The best op-
portunities are at Willow Creek and possibly in other parts 
of the Gething Formation. There are also possibilities in the 
southeast corner of the Crowsnest coalfield in southeastern 
British Columbia.

This limited test did not indicate that 7 Seam from the 
Willow Creek property could be used in a coke-oven blend; 
however, it appears that the sample may not have been rep-
resentative. When the mine is in production, sampling will 
be easier and channel samples may indicate better potential 
for samples to use in additional coke-oven tests.
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THE COALbED METHAnE REsOURCE OF sOME PROsPECTIVE AREAs 
OF THE CROWsnEsT COALFIELD

by barry Ryan1

keywords: Coal rank, gas contents, coal thicknesses, 
Mist Mountain Formation

InTRODUCTIOn

The majority of literature refers to the extraction of 
coalbed methane (CBM) from coal. This is not scientifically 
correct as the gas extracted from coal is a mixture of meth-
ane, carbon dioxide, and other gases. The British Columbia 
government is adopting the term coalbed gas (CBG). The 
abbreviations CBM and CBG both refer to the commercial 
gas extracted from coal at depth. To avoid confusion with 
existing scientific literature, this paper uses the term CBM.

The Crowsnest coalfield is located between the Elk 
River and Michel Creek drainages and covers a total area of 
about 600 km2. A major pipeline, which trends north-south 
through the coalfield (Figure 1), connects the Alberta gas 
fields with the US market. This pipeline has been expanded 
from the original 36-inch Trans Canada pipeline and is 
now twinned with a 48-inch Foothills pipeline following 
the same right-of-way. An 8-inch pipeline, which branches 
off the main line in the northeast corner of the coalfield, 
serves the towns of Sparwood and Elkford and some of the 
mines. A second 8-inch pipeline branches off at Morrissey 
and serves the town of Fernie. Title to the gas rights in the 
coalfield is in part with the crown and in part unassigned 
at this time. This paper summarizes existing mapping data, 
coal quality, and coal resource data. It also attempts to 
delineate the resource potential of areas where the crown 
has clear title; this means disregarding areas where various 
companies have at least freehold coal rights.

The Crowsnest coalfield has been mapped by a number 
of geologists. One of the earliest was Newmarch (1953), 
who provided a preliminary map of the coalfield and de-
tailed geology of the Coal Creek area, which was compiled 
at a time when the mines in the creek were still operating. 
Price (1961) produced a regional map of the Crowsnest 
coalfield, which also provides strike and dip information. 
The area was mapped using orthophotos in the period 1977 
to 1981 by a number of personnel from the British Colum-
bia Ministry of Mines (Pearson et al., 1977; Pearson and 
Grieve, 1978, 1980). These maps outline seam trends and 
provide structural information. Recently, a compilation of 
the mapping and construction of geological sections was 
completed by Johnson and Smith (1991). Other recent stud-
ies such as Dawson et al. (1998) have used these maps and 
accompanying sections. Monahan (2002), as part of an as-

sessment of the oil and gas potential of the area, produced a 
revised map using existing mapping and well data. 

The map from Johnson and Smith is reproduced here 
(Figure 1) with additional information, which includes 
approximate delineation of various land blocks, areas in 
which the Mist Mountain Formation is at least in part at a 
depth of less than 1000 m, and fold axial plunge data trans-
ferred from Price (1961). In addition, geological sections 
from Johnson and Smith (1991) are reproduced with some 
additional sections to give a spacing of 5 km for sections 
through the coalfield (Figure 2). The 1000 m depth line is 
shown on the sections.

There are a number of publications that deal with coal 
quality and surface and underground coal resources of the 
coalfield. A summary paper (Pearson and Grieve, 1985) dis-
cusses coal quality. Coal rank in the coalfield varies from 
high-volatile bituminous to low-volatile bituminous, with 
higher rank coals in the southwest part of the basin. There 
is also evidence that rank increases down dip into the core 
of the major syncline that crosses Morrissey Creek 

Johnson and Smith (1991) were the first to estimate the 
CBM resource of the coalfield, and they calculated a value 
of 12 trillion cubic feet (Tcf). They used an average gas 
versus depth curve derived from data from the San Juan 
Basin. In 1990, a number of companies drilled stratigraphic 
test holes in the southern part of the coalfield (Dawson et 
al., 2000) (Figure 3). A best-fit curve to all desorption data 
(Figure 4) resulting from this drilling in the coalfield indi-
cates a lower total resource for the coalfield of 6.7 Tcf. 

To date, the only assessment that covers parts of the 
coalfield is that by Dawson et al. (1998), who assessed the 
CBM resource potential of the two Dominion Blocks (Block 
73 in the north and Block 82 in the south; Figure 1). These 
blocks have a total area of 202 km2 (Block 73, 20.2 km2; 
Block 82, 182.1 km2). Dawson et al. (1998) considered 
gas contents to vary from 10.9 to 20.1 cm3/g (350 to 650 
standard cubic feet per tonne [scf/t]). They estimated a total 
resource for the two blocks of 6.57 Tcf to a depth of 1000 
m.  The northern Block 73 having 0.65 Tcf (93% shallower 
than 1000 m) and Block 82 having 5.92 Tcf (62% shallower 
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Figure 1. Outline of the Crowsnest coalfield.  CBm resources of areas A, B, and C discussed in text.
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Figure 2. Schematic sections of Crowsnest coalfield.
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Figure 3. Location of stratigraphic test holes drilled in 1990; data from Dawson et al. (2000).

than 1000 m), providing a resource shallower than 1000 m 
of 4.28 Tcf. They used estimated gas contents of 16 and 
18 cm3/g applied to all seams (Table 1). The specific seam 
thickness and gas content values used by Dawson et al. 
(1998) seem to be high, based on available desorption data 
(Figure 4) and on cumulative coal thickness data for the 
Crowsnest coalfield as a whole (Table 2).

Dawson et al. (1998) used the seam designation ap-
plied to the northern part of the Crowsnest coalfield where 
the basal seam is number 10. Some papers (for example, 
Newmarch, 1953) designate the basal seam in the Crows-
nest coalfield as 1 Seam and count up section. People 
checking literature on coal in southeast BC should make 

sure they know the specific seam designation being used in 
each paper. 

sTRATIGRAPHY

Any estimation of the depth to the Mist Mountain For-
mation requires at least some knowledge of the thickness 
of overlying formations and of the regional dips. In the 
Crowsnest coalfield, formations above the Mist Mountain 
include the Elk Formation and Blairmore Group  (Figure  
5),   which  includes   the  basal  Cadomin Formation and 
overlying lower and middle Blairmore rocks. Most authors 
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Figure 4. Desorption data for Crowsnest coalfield. Squares 
are for hole C12L, diamonds from mobile Chevron holes, 
and triangles from saskoil holes.

indicate that the Elk and Mist Mountain Formations thin to 
the east. Table 3 summarizes some of the thickness infor-
mation available in a number of papers.

Newmarch (1953) indicates that the Kootenay Group, 
which includes the Elk and Mist Mountain Formations, var-
ies in thickness along the western margin of the coalfield 
from 1097 m at Michel to 686 m at Hosmer and 625 m at 
Fernie. The Kootenay Group is described as 305 to 777 m 
thick (Crabb, 1957). It thins to the east in the Lewis Thrust 
block (Price 1964) and is 1076 m at Coal Creek, 488 m at 
Mt Taylor, and 396 m 12.1 km northeast from the mouth of 
Lodgepole Creek (Price, 1961).

The Mist Mountain Formation at Coal Creek is de-
scribed as 645 m thick (Gibsons, 1985) or 629 m thick 
(Newmarch, 1953). Gibsons (1985) states that it is up to 
625 m thick in southeast BC. Pearson and Grieve (1978) 
provide a number of Mist Mountain sections for the west-
ern and southern margins of the coalfield (Table 3) that 
range from 657 to 490 m in thickness. The overlying Elk 
Formation varies in thickness up to 488 m (Gibson, 1977; 
Jansa, 1972). 

The Cadomin Formation forms the base of the Blair-
more Group and ranges up to 170 m thick (White and 
Leckie, 2000). The formation is 137 to 168 m thick on the 
east side of the McEvoy syncline and 184 m thick at Coal 
Creek. The Blairmore group thins to the east and Crabb 
(1957) provides thicknesses of 700 m on the west and 300 
m on the east. Price (1961) quotes thicknesses of 365 to 
2000 m.

The Blairmore Group is overlain by the upper Creta-
ceous Crowsnest Formation (mainly alkaline volcanics), 
which is 40 to 100 m thick below the Lewis Thrust   but  
does  not   occur   within   the   thrust   sheet. 

Outcrops of the Upper Cretaceous Alberta Group survive 
in the Crowsnest coalfield only in the core of the McEvoy 
syncline, where it is up to 229 m thick.

Stratigraphic thickness data is essential for estimat-
ing depth to the prospective seams in the Mist Mountain 
Formation. However, thicknesses need to be adjusted to 
take account of bed dips. As mentioned, strike and dip data 
are available on a number of published maps and are not 
reproduced in Figure 1. A simple nomograph (Figure 6), in 
conjunction with Table 3, provides estimates of drill depth 
to seams in the Mist Mountain Formation.

Figure 5: Statigraphic table from Smith (1989).

Figure 6. nomograph of vertical thickness from dip and 
stratigraphic thickness.



4�   Summary of Activities �004

TAbLE 1.  DOMInIOn bLOCks CbM REsOURCE sUMMARY* 

*from Dawson et al. (1998).
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TAbLE 1. COnTInUED

TAbLE 2
CUMULATIVE COAL THICknEssEs FOR 

sECTIOns In THE CROWsnEsT COALFIELD.
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TAbLE 3
sUMMARY OF sTRATIGRAPHIC

THICknEssEs FOR JURA-CRETACEOUs UnITs.

COAL sECTIOns

There has been very limited exploration in the centre 
of the coalfield where the Mist Mountain Formation does 
not outcrop; consequently; most of the information on seam 
thickness and cumulative coal thickness in the Mist Moun-
tain Formation comes from mapping, exploration, and min-
ing along the western and southern margin of the coalfield. 
There are a number of partial coal sections described for 
the purpose of estimating mineable reserves. It is probable 
that in many cases these sections do not document all coal 
in the formation, so that cumulative coal thicknesses prob-
ably represent minimum values. Data (Table 2 and Figure 
7) indicate that cumulative coal thicknesses range from 40 
to 50 m on the west and from 30 to 40 m on the east. Seams 
generally decrease in thickness up section, and the third or 
second seam from the base is usually the thickest. 

COAL RAnk AnD MACERAL DATA

Coal rank varies from high-volatile bituminous to 
low-volatile bituminous, increasing down dip to the east 
and along strike to the south (Pearson and Grieve, 1985).  
There is also evidence that rank increases down dip into the 
core of the major syncline that crosses Morrissey Creek. If 
rank increases down dip into major synclines, then upward 
migration of biogenic methane may saturate up-dip lower-
rank coal within a seam, leaving the deeper, higher-rank 
parts of a seam undersaturated. Obviously production from 
a shallow saturated seam with lower gas content is more 
economic than production from a deeper undersaturated 
seam with higher gas content. Rank gradients (∆Rmax/100 
m) range from 0.01 to 0.12  (Figure 8). 
Adsorption characteristics of seams are controlled by en-
vironmental factors (depth and temperature) and physical 
properties such as rank and maceral content. Jura-Creta-
ceous coals in southeast BC differ from many coals now 
producing CBM in that they have high and variable con-
tents of organic inert macerals on a mineral-matter-free-ba-
sis (mmfb). These are grouped under the name inerts and 
include in part the macerals, fusinite, semifusinite, inerto-
detrinite, and macrinite. Various subvarieties of the vitrinite 
maceral make up the rest of the seam on a mineral-matter-
free basis. The inert macerals, when compared to the vitrin-
ite macerals, are characterized by lower adsorption ability, 
higher diffusivity and greater strength. The inert maceral 
content of seams (mmfb) varies and tends to increase down 
section with rank (Figure 9), though it is usually the second 
or third seam above the base of the section that contains the 
highest inert maceral content. There is also a tendency for 
the upper parts of seams to be vitrinite-rich. The lower parts 
of seams with higher inertinite content will have better dif-
fusivity and may be less sheared.
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Figure 7. Plot of seam thicknesses by seam number.

Figure 8. Rank gradients in the Crowsnest coalfield.
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Figure 9. Variation in inerts content (mmfb) with rank.

CbM REsOURCE AREA

Experience in moderately deformed coals indicates 
that, except in unusual structural environments, reasonable 
permeability (greater than 2 mD) does not extend below 
about 1000 m. Areas where at least the top of the Mist 
Mountain Formation is less than 1000 m from surface are 
outlined on the map derived from Johnson and Smith (Fig-
ure 1) and in the accompanying sections (Figure 2). 

The eastern margin of the Crowsnest coalfield is in 
part defined by the Erickson/Flathead normal fault system, 
which, by down-dropping the Kootenay Group on the west 
by 1000 to 3000 m, has preserved the coalfield. A simpli-
fied structural model of the coalfield is represented by two 
thrust blocks, each containing a north-trending syncline. 
The Sparwood syncline (Dawson et al., 1998) in the north 
and the McEvoy syncline in the south (Price, 1961) are 
the dominant structures in the block below the Lookout/
Dominion thrust and above the Erickson/Flathead normal 
fault. Above the Lookout/Dominion thrust, the tight Hos-
mer syncline (Dawson et al., 1998) is cut off by a thrust 
north of Hosmer. To the south the syncline opens up, has 
very flat limbs, and merges with the flat limb of the McE-
voy syncline. 

Within these two synclinal trends, there are obviously 
areas where seams are too shallow to contain gas. This 
depth depends on topography and groundwater flow pat-
terns. Ideally, groundwater flow should be down dip and 
away from seam outcrop. Generally, seams below 200 m 
and not intersected close to valley walls or above valley 
floor should contain gas; consequently, areas where Mist 
Mountain Formation seams are within 200 to 1000 m of 
surface are most prospective for CBM. There is insufficient 
structural control to accurately delineate the 200 m depth to 
the Mist Mountain Formation. As a conservative approxi-
mation, the formation is assumed to be at a depth greater 

than 200 m wherever it was overlain by the full thickness 
of the Elk Formation, which varies in thickness up to 488 m 
(Gibson, 1977). This line is easy to mark on Figure 1 and, 
with data from the sections (Figure 2), helps to delineate 
the area prospective for CBM. Figure 1 also locates the two 
Dominion Blocks (73 and 82) and areas where companies 
have freehold coal rights. Data are derived from standard 
1:50 000 topographic maps and Grieve and Kilby (1989). 

It appears that potential exists in three areas where the 
crown has gas rights. These areas are
a)  the headwaters of Bray and Martin Creeks. 
b)  Dominion Block 73.
c)  west of Dominion Block 82 and the southwest part of 

the block.

Area A

The main area where the BC government has the gas 
rights covers the headwaters of Bray and Martin Creeks, 
north of Coal Creek (Figure 1). The area includes parts of 
Block 82 and skirts the freehold blocks in the centre of the 
coalfield. The area is about 93 km2. The area overlies the 
west limb of the Coal Creek syncline, which is traced north 
from the headwaters of Coal Creek. In the north it plunges 
to the southwest at 10° to 30° (Armstrong et al., 1976), with 
dips on the limbs increasing to the north. In the south, the 
syncline plunges to the north (Price 1961). The Dominion 
thrust progressively cuts off the east limb of the syncline 
and it is not present in Dominion Block 73.

The west limb of the syncline is steep and overridden 
by a number of thrusts. There are probably more thrusts 
than are mapped, and they will tend to seal seams so that 
up-dip migration of gas to the west will be limited and 
water movement in seams will probably be along the up-
plunge direction of the syncline, either to the north or south. 
Steeply dipping seams below thrusts probably initially 
developed west-dipping shear surfaces that, as the seam 
is rotated, become near horizontal. A vertical hole drilled 
into these seams will intersect an extended apparent thick-
ness of coal with near-horizontal fractures. Fracing of these 
seams at shallow depth will open up the fractures in direc-
tions extending along strike to the north and south. Drain-
age areas may extend along strike and not up and down 
dip. Holes may access structural traps below west-dipping 
thrusts. Also, as hydrostatic pressure is decreased, the effec-
tive lithostatic pressure will be somewhat reduced because 
of the increased amount of low-density coal in the vertical 
column.

Mining occurred from 1908 to 1914 west of an area 
near Hosmer Creek. Portals were driven through the Fer-
nie Formation into the Mist Mountain Formation, which 
contains at least 10 seams, and the basal Number 1 Seam 
was mined for a time. The Mist Mountain Formation is 
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described as 762 m thick with 79 m of coal (Armstrong, et 
al., 1976); however, these may be apparent rather than true 
thicknesses, based on thicknesses quoted elsewhere (Tables 
2 and 3), which indicate true cumulative coal thicknesses 
ranging from 45 m at Hosmer to 31 m on Martin Ridge. The 
rank at Hosmer Creek ranges from 0.95% to 1.19%, with a 
gradient of 0.12 ∆Rmax per 100 m and to the east on Martin 
Ridge from 0.83% to 0.91% (gradient 0.03 ∆Rmax per 100 
m). To the north in Dominion Block 73, rank of the basal 
seam is 1.16% (Grieve and Kilby, 1989). In the past, there 
was a lot of exploration and mining to the south in the Coal 
and Morrissey Creeks and adjacent areas. In these areas, 
the Mist Mountain section contains between 45 and 48 m of 
coal dispersed in about 11 seams.

Gulf Canada drilled a 590 m stratigraphic test hole 
(hole C12L, Dawson et al., 2000) (Figure 3) south of the 
area at the head waters of Martin and Coal Creeks. The 
hole intersected 24.4 m of coal in the top 280 m of the Mist 
Mountain Formation. It was drilled west of a major thrust 
into an area where the Mist Mountain Formation is flat dip-
ping. Gas contents indicate that coals are undersaturated, 
but gas contents were higher than they were in holes drilled 
by other companies further to the south. Data for coals near 
the bottom of the hole indicate that coals are close to satu-
rated. These seams are in the mid part of the Mist Mountain 
Formation section. The lowermost coal was the thickest, 
and this may correspond to Seam 5 in the Morrissey and 
Fernie Ridge sections, in which case the coal remaining 
lower in the section would be between 18 and 24 m cu-
mulative thickness, providing a possible total cumulative 
thickness between 42 and 48 m.

No detailed estimates of the coal resources in Area 
A (delineated in Figure 1) exist. However, mining studies 
estimate a coal resource on Hosmer Ridge of about 700 
million tonnes to 760 m. Alternatively, the resource can be 
estimated by utilizing the area of 93 km2 and a cumulative 
coal thickness of 45 m; this provides an estimated coal re-
source of 5200 million tonnes.

The average gas content of the Gulf Canada hole is 
about 10 cm3/g on an as-received basis. This is probably a 
low average value to use for resource estimates; however, 
the value of 18 cm3/g used by Dawson et al. (1998) may be 
high. Using the lower gas content of 10 cm3/g provides an 
estimated in-place resource of about 1.6 Tcf.

Area B

The Dominion Block 73 covers an area of 20.23 km2. 
Dawson et al. (1998) calculated a CBM potential resource 
of 0.32 Tcf to 1000 m (Table 1). They provide a 750 m 
thick stratigraphic section of Mist Mountain that appears 
to contain over 70 m of cumulative coal. Grieve and Kilby 
(1989) identified a section of 480 m, which excludes seams 
number 1 and 2 and contains 37.8 m of coal up to and in-

cluding 3 Seam. The basal seam has a rank of 1.16%, but 
ranks appear to increase down dip and definitely increase 
to the south.

Structurally, most of Block 73 is in a thrust block be-
low the Dominion/Lookout thrust and east of area A. The 
structural style is similar to that of area A, being a syncline 
with steep-dipping west limb and shallow east limb. Oppor-
tunities for thrust-generated traps in the steep-dipping west 
limb exist. The syncline is along the trend of the McEvoy 
syncline to the south and Sparwood syncline to the north. 
The Sparwood syncline trends across Michel Creek to the 
north, where it becomes the Elk syncline in the Elkview coal 
mine north of Highway 3 at the north end of the Crowsnest 
coalfield.

The coal potential was analyzed by Grieve and Kilby 
(1989), who used seams with a cumulative thickness of 
37.8 m in their study. The thickness of coal available for 
CBM resource calculations is probably between this thick-
ness and that used by Dawson et al. (1998). They provide 
a total coal resource in the block of about 1 billion tonnes, 
which agrees with the estimate provided by Latour (1970). 
The tonnage estimated to be shallower than 1000 m is 550 
million tonnes. Dawson et al. (1998) used an average gas 
content of 18 cm3/g for all coal deeper than 250 m and 
calculated a gas resource of 0.32 Tcf. Using a lower gas 
content of 10 cm3/g (320 scf/t), this resource decreases to 
0.18 Tcf. 

Area C

In the south, the southern extension of the Hosmer 
syncline is ill-defined, and dips west of Morrissey Ridge 
are flat. There is an extensive area where the Mist Mountain 
Formation is flat dipping and, at least in part, shallower than 
1000 m. There are also some areas where the formation on 
the west limb of the McEvoy syncline is shallower than 
1000 m. In this area, the offset on the Lookout/Dominion 
thrust reverses, and it is shown on sections in the south as 
a normal fault (Figures 1 and 2). If this interpretation is 
correct, then the southern area west of the fault should have 
experienced extension at the time of faulting and may still 
have better permeability on cleats.

Most of Area C is within Block 82 with some of the 
area on the southwestern margin of the block. The total area 
is about 51 km2. Block 82 has a CBM resource potential of 
3.42 Tcf to 1000 m (Dawson et al, 1998), and most of this 
is in the Pipeline area (Table 1) in the southwest, where the 
pipeline crosses the area trending north through the coal 
field. The centre and northern part of the block is underlain 
by the McEvoy syncline, which is cored by the Blairmore 
Formation and younger rocks. Based on the presence of 
these formations and their thicknesses, the Mist Mountain 
Formation is over 1000 m deep in the core of the syncline.
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In the southwest of Block 82, there is an area where the 
east limb of the southern extension of Coal Creek syncline 
is flat and partially within the 1000 m depth window. Small 
changes in the structural interpretation could change the 
resource assessment significantly.

Saskoil (Dawson et al., 2000) drilled two holes in 1991 
in the Lodgepole Creek area. The holes were drilled near 
the subcrop in different parts of the Mist Mountain Forma-
tion. By combining the data from the holes, it appears that 
in the area, the full Mist Mountain section is 500 m thick 
and contains a cumulative coal thickness of 63 m. To the 
west, the cumulative coal in the section at Coal Creek is 
42.7 m and at Morrissey Ridge is 45.5 m.

The rank of coal to the west under Fernie and Mor-
rissey Ridges ranges from low-volatile bituminous to high-
volatile bituminous (Figure 8). The vitrinite reflectance 
values are 1.45% for the basal seam at Morrissey Creek, 
decreasing to 1.38% at Coal Creek. However, rank appears 
to increase down dip to the east into the syncline (Pearson 
and Grieve, 1978).

Gas contents of samples from the holes drilled by Sas-
koil were low but are probably not representative of con-
tents further to the northeast. For the purposes of calcula-
tion, an assumed gas content of 10 cm3/g (320 scf/t) is used. 
This is considerably lower than the value used by Dawson 
et al. (1998), but is approximately the average gas content 
for samples from hole C12 L drilled by Gulf (Figure 3).

Based on an area of 51 km2, 50 m cumulative coal, and 
a gas content of 10 cm3/g, the CBM resource is 1 Tcf.

EsTIMATED REsOURCE AVAILAbLE On 
CROWn LAnDs

The total resource estimated in the three areas is 2.78 
Tcf (Table 4). This is an estimate of the gas resource avail-
able in all the coal in the section to a depth of 1000 m. It is 
derived using a conservative gas content value but assumes 
that all the area outlined is underlain by the full coal sec-
tion, and this is probably an optimistic assumption. Other 
than the order of magnitude size of the 2.78 Tcf resource 
and the general areas to which it is assigned, not too much 
significance should be attached to its value. Companies in-
terested in fine-tuning estimates of the resource potential in 

the coalfield should use the process and references outlined 
in this paper as a guide and complete their own assessment. 
In terms of the available reserve, this will depend on the 
presence of permeability and on the number of seams in the 
section that can be economically drained of gas.

COAL qUALITY AnD IMPLICATIOns 
FOR CbM PRODUCTIOn

If higher-rank coals are to achieve gas saturation or 
near gas saturation at present depths, then it is probable that 
a large component of the gas will be biogenic. One should 
therefore consider the conditions that favour generation and 
retention of biogenic gas, which is generated on coal sur-
faces and then penetrates the microporosity to be adsorbed. 
Excessive water movement will limit the ability of biogenic 
gas to migrate into coal microporosity and to be adsorbed. 
Some seams in the Crowsnest coalfield are sheared, which 
increases surface area available for bacteria but limits the 
ability of a seam to maintain permeability when hydrostatic 
pressure is decreased. In situations where biogenic gas is 
generated down dip within a syncline limb, introduction of 
hot CO2 could initiate up-dip movement of water, CO2 in 
solution, and methane without any decrease in hydrostatic 
pressure. Hot CO2 would be readily available from a coal-
fired power plant.

Coal petrography varies, and seams lower in the sec-
tion contain more inertinite on a mineral-matter-free basis. 
However, it is often the third seam above the Moose Moun-
tain Member that contains the most inertinite (Pearson and 
Grieve, 1978). The inertinite content of seams varies from 
hanging wall to footwall, with the lower parts of seams 
having consistently higher inertinite contents (Pearson and 
Grieve, 1985). As a maceral group, inertinite is stronger 
than vitrinite and resists shearing better. It has lower ad-
sorption abilities and higher diffusivities. These properties 
may be advantageous for CBM recovery. In thick seams 
that are initially undersaturated, but in which biogenic 
methane is being generated in the microfractures of the 
coal, inert macerals will reach re-saturation sooner because 
of lower demands and better diffusivity of methane from 
microfractures into the micropores. A seam may therefore 
be partitioned with the lower inertinite-rich part being satu-

TABLE 4. CBm RESOuRCES wHERE THE CROwN HAS gAS RIgHTS.
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rated at a moderate gas content and the upper vitrinite-rich 
part being undersaturated, possibly with the same gas con-
tent. Completion  in  the   whole  seam   may  result in  no  
gas reaching surface, because gas released from one part of 
the seam may be adsorbed by another part. Completion in 
the inertinite-rich lower part of the seam may result in im-
mediate gas production. The higher diffusivity and strength 
of the inertinite should help it maintain fracture opening 
and permeability despite the fact that there is probably less 
matrix shrinkage to aid permeability.

In the Elk Formation, there are some thin coal seams, 
which are generally less than 1 m thick and are character-
ized by high liptinite contents. They are often referred to 
as needle coals because of their structure, which derives 
from a high algae content. They tend to be better developed 
near the Mist Mountain contact. Coals of this type generate 
large quantities of thermogenic methane at ranks of 0.6% to 
1.0%. The liptinite macerals are not very microporous, so 
that they have lower adsorption abilities than other macer-
als. However, the maceral is less brittle than vitrinite and 
tends to withstand deformation better. In areas where the 
Mist Mountain is below prospective depths, the overlying 
Elk Formation, which contains a higher sand content than 
the Mist Mountain Formation, may well contain free gas in 
sandstones and adsorbed gas in thin coal seams.

HIsTORICAL DATA

In 1939, the Minister of Mines Report states that in 
the Coal Creek Number 1 Colliery “a considerable amount 
of methane is given off this amounting to an average of 
1250,000 cubic feet in 24 hours”. Elsewhere in the report, 
it states that ventilation was 74 300 cubic feet per minute. 
The numbers suggest that the methane content in the mine 
air was upwards of 1%. McCulloch et al. (1975) indicate 
that there is an approximate empirical relationship between 
the amount of methane per tonne released for a mature mine 
and the in-place gas content of the coal (Figure 10). The re-
lation predicts that the in-place gas content (cm3/g) is one-
seventh the gas emission per tonne of mined coal. In 1939, 
coal production in the East Kootenays was about 500 000 
tonnes, and production from the Number 1 East Colliery, 
Coal Creek, was 124 616 tons (Newmarch, 1953). If this 
tonnage is assigned to the Number 1 mine, and it operated 
for 300 days in the year, then the predicted gas content is 
over 13 cm3/g. The Number 1 seam (lowest in the section) 
was reported to be the gassiest seam mined. There are a 
number of reports indicating that the coal from the Coal 
Creek Collieries was gassy and dusty.

The Carbonado Colliery (6.5 km up Morrissey Creek 
from the Elk River), which opened in 1902, is described as 
being very gassy and prone to outbursts. It was closed in 
1909 after a number of severe gas outbursts. Other reports 
indicate that seams low in the section were very fractured 
and produced a lot of fine coal. 

There are very limited public data on CO2 concentra-
tions in coals in the Crowsnest coalfield. A report (Rice, 
1918) provides some analyses.  In 1916, five 

TABLE 5 
EsTIMATED GAs COMPOsITIOn.

Figure 10. Relationship of gas released in underground mine 
and adsorbed gas content plot; derived from mcCulloch et al. 
(1975).

samples were collected from the working face in the un-
derground Coal Creek Colliery and placed into sealed jars 
(Table 5). When the gas was analyzed, it was apparent that 
all had leaked; however, the CO2 content may be estimated 
from the CO2/(CH4+CO2) ratio, and it appears that, except 
for one sample, CO2 contents were probably less than 5% 
(data are reported as cm3 per 100 g, equivalent to mole frac-
tions). Based on the trace of the Bourgeau thrust relative to 
the outcrop of the basin (Monahan, 2002), it appears that 
seams in the Mist Mountain Formation in the Crowsnest 
may not have been as close to carbonates in the overlying 
Bourgeau thrust plate as seams in the Elk Valley coalfield 
were and may therefore have lower CO2 concentrations.
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COAL DEFORMATIOn AnD  
IMPLICATIOns FOR CbM PRODUCTIOn 

The Crowsnest coalfield is folded into a series of north-
trending anticlines and synclines, which generally have 
steep-dipping west limbs and shallower-dipping east limbs. 
Folds open to the south, indicating less east-west compres-
sion of the coalfield in that direction. They are contained 
in a number of north-trending blocks defined by thrusts 
and normal faults. On the east, the major fault system is 
composed of the Erickson and Flathead normal faults, and 
on the west, it is the Lookout/Dominion thrust system. The 
folds reverse plunge through the basin, with the McEvoy 
syncline in the south forming a distinct basin, and the Coal 
Creek syncline forming a basin under Fernie Ridge. The 
map of Price (1961) indicates a number of plunge reversals 
for folds; it is not clear whether these are related to a later 
phase of cross folding or are controlled by changes in stati-
graphic thickness. Obviously if they are related to a later 
stage of cross folding, then this could cause extension and 
improved permeability in areas where the cores of synclines 
or anticlines form culminations.

The Crowsnest coalfield forms part of the Lewis Thrust 
sheet, which in southeastern BC was transported between 
140 and 200 km at a rate of about 1.5 cm per year (Osadetz 
et al., 2003). Movement took place in the period from 74 
to 59 Ma, as is indicated by profound cooling in the thrust 
block at about 75 Ma (Osadetz et al., 2003). This movement 
is documented by analyzing the displacement on the thrust 
plane; however, there was also probably bedding plane slip 
within the thrust sheet, which would, over the estimated 7 
km thickness of the sheet, (Osadetz et al., 2003) account for 
more displacement.

Some of this additional displacement is hidden in the 
Fernie Formation, in that rocks below the Fernie Formation 
are more folded than are the overlying Kootenay Group and 
fold geometries are offset (Price 1961). Additional displace-
ment almost certainly occurred along coal seams. Bedding 
plane movement along seams will increase coal fragmenta-
tion, and its amount will not be related to the degree of any 
subsequent folding. If the coal was maturing through high-
volatile bituminous rank at the time of thrust displacement, 
it would be very susceptible to bedding-plane slip.

In-seam shearing related to Lewis Thrust movement 
and not to folding produces fine coal and inhibits the for-
mation of cleats or destroys those that have formed. It plays 
a key role in limiting permeability and causing production 
problems. It is therefore important to consider what fac-
tors might limit the amount of shearing in seams. Some 
examples of seams that may resist shearing are:
• Thinner seams
•	 Seams rich in inert macerals or liptinite 
• 	 Seams that attain high rank before thrusting started

• 	 Seams with higher ash content
• 	 Seams with clay-poor hanging walls and footwalls. 

There have been a number of studies of coal seam de-
formation in the northern part of the Crowsnest coalfield. 
Norris (1965) studied A Seam in underground A-North 
mine at the north end of the coalfield. This seam is approxi-
mately 420 m above the basal Balmer or 10 Seam in the 
Mist Mountain Formation. He describes the seam as being 
highly sheared, with abundant shear surfaces and intra-
stratal folds. Joints tended to strike north or northwest with 
evidence of early minor extension faults cut off by renewed 
bedding-plane slip. He does not directly discuss cleats or 
the degree of shearing in the seam, but the impression is left 
that the seam is highly sheared and fragmented.

Bustin (1982) studied the lowest seam in the Mist 
Mountain Formation in a number of underground coal 
mines (Balmer North, Five Panel, and Six Panel) at the 
north end of the Crowsnest coalfield. In the Balmer North 
mine, the best-developed cleats formed acute angles to bed-
ding, striking northwest and dipping shallowly to the south-
east. Cleat surfaces were polished and striated. Other cleat 
sets were measured but did not have a consistent orientation 
through the mine. Cleats in the Five and Six Panel mines are 
more consistent with a set striking north to northwest with 
a steep dip to the west. These cleats are subperpendicular 
to bedding and trend parallel to the regional fold axis. All 
fractures and most cleats in the seam appear to have a tec-
tonic influence, with surfaces polished and often showing 
evidence of shearing. However, their orientations are not 
easily related to a regional stress field. Thrusting probably 
started with differential movement between the roof and 
floor (Norris, 1965) that disrupted earlier extension faults. 
As seam thickening and thrusting progressed, exogenetic 
fractures with fold axis-parallel trends and variable dips to 
the west developed in the coal.

sUMMARY

The Crowsnest coalfield is an area of 600 km2 underlain 
by the Jura-Cretaceous Mist Mountain Formation, which 
contains from 30 to 60 cumulative metres of high-volatile 
to low-volatile bituminous coal. The combination of area 
and cumulative coal guarantees a large resource of coalbed 
methane, which has been estimated at 12 Tcf. However, 
outlining a resource is a far cry from defining a reserve. The 
coalfield forms part of the Lewis Thrust sheet and has there-
fore had a protracted deformational history, which started 
with thrusting followed by folding in the late Cretaceous 
and continued with extension on north-trending major faults 
in the Tertiary. The thrusting caused shearing within some 
seams that is unrelated to the amount of subsequent folding. 
This has probably limited permeability and generated fine 
coal that will make production more difficult. 
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Successful production will probably rely on under-
standing the interplay between deformation coal quality 
and location in specific structures. With these caveats in 
mind, the more prospective area is where the Mist Mountain 
Formation is in the depth window of approximately 200 to 
1000 m. The Crown has clear title to the CBM in part of 
this area (Figure 1), and it is within this sub-area that a more 
detailed assessment of the CBM resources has been made. 
The value of about 3 Tcf defines the size of a box within 
which, hopefully, reserves can be located. 

A number of ideas relating structure, coal quality, and 
CBM are proposed that may help explorationists zero in on 
areas where reserves are located. 
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InTERIOR bAsIns sTRATEGY
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InTRODUCTIOn

The government of British Columbia, through the 
Ministry of Energy and Mines, has a Service Plan goal of 
achieving a 17% increase in natural gas production and a 
31% increase in the number of wells drilled over the next 
three fiscal years. (B.C. Ministry of energy And Mines: 
Service Plan [2004/5–2006/7]). One of the key Ministry 
strategies developed to realize this goal involves improving 
knowledge of the province’s petroleum geology in order 
to identify new energy development opportunities within 
British Columbia.  The aim of this strategy is to realize 
B.C.’s ultimate hydrocarbon potential within its relatively 
under-explored portion of the Western Canada Sedimentary 
Basin (WCSB) and see development of commercial oil and 
gas production within its interior and offshore basins.  The 
achievement of these goals will benefit all British Colum-
bians through increases in oil and gas royalties and tenure 
disposition fees and the creation of new employment op-
portunities.

The Resource Development and Geoscience Branch 
is mandated to identify, quantify, and promote the hydro-
carbon potential of onshore regions of British Columbia.  
In addition, the branch undertakes community relations 
initiatives, including those with First Nations, in areas of 
hydrocarbon potential.

In onshore regions outside of the WCSB, oil and gas 
potential occurs primarily within Mesozoic and Cenozoic 
clastic sediments of the Interior Basins.  The main areas 
include, from north to south, the Whitehorse Trough, the 
Bowser and Sustut Basins, and the Nechako Basin (Figure 
1).  In addition, there are several small Tertiary basins (e.g., 
Hat Creek) and the onshore portions of the Georgia Basin.  
Although some of these areas have seen limited subsurface 
exploration (e.g., Bowser and Nechako Basins), they re-
main ‘frontier basins’ because of infrastructure challenges 
and lack of extensive geological information.

Recent publications on the oil and gas resource poten-
tial of the intermontane basins suggests upwards of 18.8 
trillion cubic feet (tcf; 5.3 x 1011 m3) of gas and 7.6 billion 
barrels (bb; 1.2 x 109 m3) of oil (Hannigan et al., 1994; 1995; 

2001).  In light of this, the B.C. Ministry of Energy and 
Mines has undertaken several initiatives to better quantify 
this potential resource and attract industry investment.

Figure 1. Map of british Columbia showing the outline of 
its major petroleum basins and location of projects within 
the Intermontane Basins funded entirely, or in part, by the 
Resource Development and Geoscience branch of the b.C. 
Ministry of Energy and Mines.

nEW InITIATIVEs

The Resource Development and Geoscience Branch 
(RDGB) has initiated or supported several projects within 
these areas, leading to the capture of new energy-related 
geoscience information.  Projects have started in the White-
horse Trough and Bowser-Sustut and Nechako Basins.

Whitehorse Trough

In central Whitehorse Trough, English et al. (2003, 
2004), through a grant to the University of Victoria and in 
conjunction with the RDGB, have gathered baseline ther-
mal maturation and source rock potential data as part of 
a more regional mapping program.  These new Rock-Eval 
data have been released as two open file reports (Fowler, 
2003, 2004).
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Nechako Area and Quesnel Trough

In 2002, the RDGB commissioned Petrel Robertson 
Ltd. to produce a report on the petroleum exploration po-
tential of the Nechako-Chilcotin area (Hayes, 2002).  This 
paper summarizes current information about surface and 
subsurface geology and outlines several areas of varying 
hydrocarbon potential.

Subsequent to this, RDGB entered into a working 
agreement with the Geological Survey of Canada for a new 
petroleum resource assessment of the Nechako Basin.  This 
is an ongoing project and has produced several milestone 
products, including Rock-Eval and total organic content 
(TOC) analysis of subsurface samples from all interior 
wells (Osadetz et al., 2003) and new strip logs of all in-
terior wells, incorporating digital well logs and qualitative 
porosity and permeability descriptions (Thornsteinsson et 
al., in press).  In addition, a new heat-flow model is being 
generated, which, together with new and current informa-
tion, will be integrated into a new resource assessment.

The lack of a recognized source horizon was one of 
the shortcomings listed by Hayes (2002) for the Nechako 
Basin, and this is generally the case for all Interior basins.  
Ferri (2004) addresses, in part, this issue through sampling 
of organic-rich Jurassic and Cretaceous sediments within 
the Quesnel Trough and within the Bowser and Sustut Ba-
sins.

The RDGB also acquired new high-resolution gravity 
and magnetic data along a 30 km transect immediately west 
of Williams Lake (Figure 1; see Best, 2004).  The purpose 
of this survey was to validate the presence of a gravity low 
delineated by data obtained by Canadian Hunter Explora-
tion Ltd. in the early 1980s (Salt, 1980).  One interpretation 
is that this gravity low represents a thick sequence of sedi-
ments, possibly of Tertiary age.

Bowser-Sustut Basins

The Bowser and Sustut Basins potentially represent 
the largest petroleum exploration target area within the 
Intermontane region (Figure 1).  This area has received 
renewed interest in the last few years as a result of new 
thermal maturation data indicating that large portions of 
these basins are within the oil and gas window (Evenchick 
et al., 2002).  Prior to this, much of the area, particularly 
the Bowser Basin, was considered to be over-mature with 
respect to oil and in the upper end of the gas window (Han-
nigan et. al., 1995).  This new data suggests the potential for 
hydrocarbon resources beyond those described in the report 
by Hannigan et al. (1995).

In light of this new information, the B.C. Ministry of 
Energy and Mines embarked on a program to better quan-
tify potential resources through the acquisition of new 

geoscience information.  Part of this strategy involved col-
laborative research with the Geological Survey of Canada, 
leading to a new resource assessment of the basins.  An 
uplift history of the northern two-thirds of the Bowser 
and Sustut Basins is being modeled, based on apatite fis-
sion track analysis from several localities within the basins 
(O’Sullivan et al., 2004).  Sampling during acquisition of 
data points for this study led to the discovery of oil staining 
in several samples, analysis of which suggests the presence 
of two petroleum systems (Osadetz et al., 2003).  Further 
examination of catalogued surface and subsurface samples 
and core recognized more oil staining (Osadetz et al., 2004; 
Evenchick et al., 2004).  These occurrences also confirmed 
the new thermal model generated for these areas.

These new data, together with the impetus from the 
British Columbia government for more energy-related 
information in the area, led the Canadian government to 
initiate a multi-year, multi-million dollar program to better 
define the geology and energy resources of the Bowser and 
Sustut Basins (“Integrated Petroleum Resource Potential 
and Geoscience Studies of the Bowser and Sustut Basins”; 
see Evenchick et al., 2004).  The province is a partner in 
this new project, which runs from 2003 to 2007.
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InTRODUCTIOn

The Nechako Basin (Figure 1) is one of several interior 
basins within British Columbia. Although the potential for 
economic quantities of hydrocarbons exists within the basin 
(Hannigan et. al., 1994), only limited exploration has been 
carried out. Quaternary surficial sediments and Tertiary vol-
canic outcrop cover large areas of the basin, limiting sur-
face geological mapping and potentially creating problems 
in acquiring seismic data. In addition, volcanic rocks within 
the sedimentary section can cause seismic acquisition and 
processing problems. The presence of these volcanic rocks 
also complicates the interpretation of seismic and magnetic 
data.   

Several companies explored for oil and gas within the 
Nechako Basin prior to 1980, but no commercial quantities 
were found.  In the early 1980s Canadian Hunter Explora-
tion carried out an exploration program consisting of a re-
gional gravity survey, a limited number of two-dimensional 
seismic lines, and the drilling of several wells (Robertson, 
2002). As no economic accumulations of hydrocarbons 
were encountered during drilling, they abandoned the play. 
No additional exploration activity has been conducted since 
that time.

As part of the BC government’s initiative for economic 
development within British Columbia, Bemex Consulting 
International was awarded a contract to carry out ground 
gravity and magnetic surveys in the southern Nechako 
Basin. The purpose of the survey is to promote the basin’s 
potential and to illustrate how integrated potential field 
data can provide constraints on basin structure, sediment 
thickness, and volcanic structures within the sedimentary 
section. An approximate east-west profile was selected for 
this survey based on the regional gravity data collected by 
Canadian Hunter. Data collected along this profile included 
gravity, total field magnetic and the vertical gradient of the 
total field. Elevations and UTM coordinates were acquired 
along the profile as well.

This report describes the data acquisition and process-
ing steps for the ground geophysical survey and presents a 
preliminary qualitative interpretation of these profiles.

Figure 1. morphological Belts of the Canadian Cordillera,  
showing the position of the nechako basin and related tec-
tonic elements (from Yorath, 1991). Note: B = Bowser Basin, 
N = Nechako Basin.

ACqUIsITIOn AnD PROCEssInG

Ground gravity and magnetic data were collected along 
a 33 km profile at approximately 330 m and 165 m spacing, 
respectively. The data were collected along the road that 
connects Riske Creek and Big Creek (Figure 2).  The loca-
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tion of the profile was chosen to cross a significant gravity 
low centred near Big Creek that was observed on the Cana-
dian Hunter regional gravity survey.   

Figure 2. Location of profile along Big Creek–Riske Creek  
Road (from NTS 92O).  The profile goes from station 0 in the 
west near willan Lake to station 200 in the east.

A Lacoste-Romberg gravity meter was used to measure 
the relative change in gravity between each station. Mea-
surements at several stations were repeated approximately 
4 hours apart to correct for instrument and tidal drift. Rela-
tive elevations were measured at each gravity station using 
a laser level. These relative elevations were then tied to a 
known elevation above sea level near station 122.  UTM 
coordinates (NAD 83) were obtained from BC Terrain Re-
source Information Mapping  (TRIM) maps at a scale of 
1:50 000. 

A GEM rover gradiometer was used to measure the 
magnetic field and the vertical gradient of the magnetic 
field at each gravity station and approximately midway 
between each gravity station. A second GEM magnetom-
eter was used as a base station. Several base stations were 
located along the profile, depending on where the roving 
survey was being conducted that day.

Processing of the gravity data consisted of drift cor-
rections, latitude corrections, free-air elevation corrections, 
and Bouguer elevation corrections. (A Bouguer density 
of 2350 kg/m3 (2.35 g/cc) was determined from tests car-
ried out over areas with significant topographic relief. The 
density is consistent with the density used for the Canadian 
Hunter survey). Terrain corrections up to and including 
ring D (Hammer, 1939) were also computed. The overall 
accuracy of the gravity data is estimated to be ±0.60 mGal 
or better.

The total magnetic field data were corrected for diurnal 
variations using the base station readings. No other correc-
tions were applied to the total magnetic field data and the 
vertical gradient of the total magnetic field data.   

Plots of the corrected gravity data, elevation above sea 
level, and corrected magnetic field data are given in Figure 
3. More details on data acquisition and processing can be 
found in Best (2004).

REGIOnAL sETTInG

The Nechako Basin is a Mesozoic forearc basin (Yorath, 
1991) located in the Intermontane Belt of the southern Ca-
nadian Cordillera (Figure 1). Spatially, the Nechako Basin 
is bounded by the Skeena Arch to the north, the Fraser River 
Fault System to the east, and the Coast Mountain plutons to 
the west (Figure 1).

 The tectonic history of the Nechako Basin is complex. 
Its structural geology is poorly understood, due largely to 
extensive Quaternary sediments covering the surface and 
large areas of Tertiary volcanic outcrop.  Outcrops of de-
formed Mesozoic sediments are present,but isolated within 
the basin proper. More continuous outcrop occurs along the 
western flank (Petrel Robertson, 2002).  

The Nechako Basin sediments were derived from bor-
dering uplifts related to contraction during terrane accretion 
(Gabrielse et al.., 1991). The Takla and Hazelton Groups, 
comprising volcanic and sedimentary strata, were deposited 
during Triassic and Early-Middle Jurassic time. The forma-
tion of the Skeena Arch (Yorath, 1991) during the Middle 
Jurassic (?) segregated the Nechako Basin from the Bowser 
Basin to the north.

In Middle Jurassic to Early Cretaceous time, the Inter-
montane and Insular super-terranes were accreted to each 
other and to North America. (Gabrielse and Yorath, 1991). 
Sedimentation from the resulting uplifts was shed both west 
into the Nechako Basin and other intermontane basins and 
east into the Rocky Mountain Fold Belt. Transpressional 
tectonics dominated until the Eocene, at which time there 
was a change to a regime of dextral transtension (Price, 
1994) and an episode of associated magmatism.

Deformation styles in the Nechako Basin were affected 
by both lithological contrasts and tectonics.  Deformation 
of Stikine and Cache Creek rocks can be related to early 
Mesozoic accretionary prisms and subduction zones. Struc-
tures related to the early Mesozoic include folds and (north-
west-trending) thrust faults, which verge either east or west, 
depending on position in the Intermontane Belt (Gabrielse, 
1991; Price, 1994). Major transcurrent faults (related to 
Eocene extension) cut and bound the basin.  
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PRELIMInARY InTERPRETATIOn OF 
GRAVITY AnD MAGnETIC PROFILEs

The final processed gravity and magnetic data are 
shown in Figure 3.  The gravity profile confirms the pres-
ence of a low near Big Creek with a magnitude comparable 
to that of the low on the regional Canadian Hunter gravity 
map (Petrel Robertson, 2002). This feature has an approxi-
mate width of 20 to 25 km.

A plot of a linear regional gravity trend passing through 
stations 0 and 200 of the final gravity data is provided in 
Figure 4(a). Although a linear regional trend may not be the 
best choice, it is as good a choice as any for this single pro-
file. Figure 4(b) is the residual gravity data after the linear 
regional trend has been subtracted from the gravity data.

There are several features worth noting along the grav-
ity profile in Figure 4(b). A gravity low centred near 14.5 
km has a width of approximately 800 m and a magnitude of 
3 to 4 mGal. This feature may be related to a paleochannel 

Figure 3. Elevation above sea level, corrected gravity, and corrected magnetic data versus distance (km) 
from station zero.  Station number is shown on the upper diagram with station zero at the western end 
of the Big Creek–Riske Creek profile.

associated with Big Creek since the profile is closest to the 
creek at this location. A broader low with a magnitude of 
3 to 4 mGal centred around 21 km has a width of approxi-
mately 3 to 4 km. Neither of these local lows appears to be 
associated with elevation changes (Figure 3).  

The gravity low that crosses the entire profile has a 
magnitude of approximately 35 mGal. Negative gravity 
anomalies are caused by material of higher density sur-
rounding lower density rocks centred over the negative 
anomaly. There are an infinite number of models that can 
fit the gravity data.  

One tempting model is to assume a fault-related grab-
ben filled with low-density sedimentary rocks.   Figure 5 
is an example of such a density model that fits the general 
shape of the residual gravity anomaly. In this case it is a 3 
to 4 km thick, low-density body (0.3 g/cc lower than the 
surrounding rock) centred over the gravity low. The top of 
the body in this case is only a few hundred metres below 
the surface.  
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Unfortunately a change in volcanic rock type (density) 
could also cause such a gravity low. Without additional in-
formation we cannot be sure of the model.  

The total magnetic field data and vertical gradient are 
also shown in Figure 3.  The average value of the total mag-
netic field is approximately 57 500 nT between stations 0 
and 36 (0 and 6 km). There are large variations within the 
magnetic field (from 52 000 to 60 000 nT) along this same 
segment of the profile. These large magnetic field values 
are associated with higher elevation and are likely related to 
shallow basalt flows. This may explain, at least in part, the 
tendency towards higher gravity values in that region.  

Figure 4. Regional residual gravity separation. a) Bouguer 
gravity and linear regional gravity. b) Residual gravity (re-
gional minus bouguer).

The rest of the profile has an average total field value 
closer to 56 500 nT, with less variation in the magnetic field 
magnitude. The magnetic features from station 36 to the 
end of the line at station 200 are therefore likely deeper 
than the magnetic features between station 0 and station 36. 
The deeper magnetic features are coincident with the grav-
ity low, which perhaps indicates that sediments may exist 
above the magnetic basement in this area.

RECOMMEnDATIOns FOR FURTHER 
InTERPRETATIOn

The qualitative description of the gravity and magnetic 
profiles presented above is quite limited.  However, if the 
gravity and magnetic profiles are studied in conjunction 
with regional potential field data, a more detailed interpre-
tation can be provided.  

Consequently we recommend integrating the above 
profiles with regional potential field data (GSC regional 
aeromagnetic data and the Canadian Hunter regional grav-
ity data) to carry out a preliminary interpretation of the 
southern portion of the Neshkoro basin, particularly in the 
vicinity of the regional gravity low.  

Figure 5. Example of two-dimensional gravity modelling. a) 
Model versus residual gravity data. b) Depth model assuming 
a density contrast between the host rock and gravity anomaly 
of −0.3 g/cc.

In addition to the regional potential field data, the in-
terpretation should incorporate geological information as 
well as all available well and seismic data. One or more of 
the Canadian Hunter seismic lines that cross or are close 
to the regional gravity low should be incorporated into the 
interpretation (they should be reprocessed first, if the digital 
data is available). The seismic and well data can be used to 
provide depth constraints for the quantitative interpretation 
of the gravity and magnetic data.
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THERmAL mATuRITY IN THE CENTRAL wHITEHORSE TROugH, 
nORTHWEsT bRITIsH COLUMbIA
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InTRODUCTIOn

The Whitehorse Trough is an early Mesozoic marine 
sedimentary basin that extends from southern Yukon to 
Dease Lake in British Columbia. Early studies recognised 
the potential of the low-grade sedimentary rocks of the 
Whitehorse Trough to host hydrocarbon accumulations 
(e.g., Gilmore, 1985; Hannigan et al., 1995; National En-
ergy Board, 2001). These assessments were based on data 
from samples collected in southern Yukon (Gilmore, 1985; 
National Energy Board, 2001), and indicate that the region 
is gas-prone. It is not known if potential hydrocarbon traps 
were filled and preserved, as none have been drilled. Struc-
tural complexity decreases and metamorphic grade is lower 
in the British Columbia portion of the Whitehorse Trough. 
On the basis of flat-lying Eocene volcanic rocks of the Sloko 
Group, no widespread deformation postdates Early Eocene 
time (Mihalynuk, 1999). Undeformed Middle Jurassic plu-
tons that intrude structures within the Whitehorse Trough in 
British Columbia constrain deformation to between about 
174 and 172 Ma (the age of youngest deformed strata and 
oldest cross-cutting plutons, respectively; e.g., Mihalynuk 
et al., 1999; Mihalynuk et al., in press). Such a simple de-
formation history limits the possibility of post-generation 
hydrocarbon escape. Previous assessments of source rock 
potential in British Columbia were based on extrapolation 
of data from the Yukon portion of the Whitehorse Trough. 
The objective of this paper is to determine the level of or-
ganic maturation and the source rock potential in this por-
tion of the Whitehorse Trough.

GEOLOGICAL bACkGROUnD

The Whitehorse Trough is an elongate arc-marginal 
sedimentary basin and is believed to represent submarine-
fan deposition in a forearc basin that received detritus from 
the Upper Triassic Stuhini and Lower Jurassic Hazelton 
magmatic arcs to the west and southwest during Upper Tri-
assic to Middle Jurassic time (e.g., Tempelman-Kluit, 1979; 
Dickie and Hein, 1995; Hart et al., 1995; Johannson et al., 
1997; Figure 1); the Stuhini Group is known as the Lewes 
River Group in Yukon (Wheeler, 1961). The Whitehorse 

Trough is juxtaposed along the Nahlin Fault with oceanic 
crustal rocks to the northeast, including thick platformal 
carbonate and argillaceous chert successions of the northern 
Cache Creek Terrane. The Laberge Group of the Whitehorse 
Trough ranges in age from Lower Sinemurian to Middle 
Bajocian; proximal conglomeratic strata onlap onto Upper 
Triassic volcanic and carbonate rocks of the Stuhini Group 
to the south and southwest (e.g., Souther, 1971; Monger et 
al., 1991). Whitehorse Trough strata within the study area 
include carbonate rocks of the Upper Triassic Sinwa For-
mation and interbedded sandstone, siltstone, and argillite of 
the Lower Jurassic Inklin Formation.

Contraction of the Whitehorse Trough occurred in the 
Middle Jurassic when the Cache Creek Terrane was em-
placed over it during an accretionary event (e.g., Thorstad 
and Gabrielse, 1986; Mihalynuk, 1999). The timing of this 
deformational event is constrained by the age of the young-
est blueschist in the Cache Creek Terrane (French Range, 
approximately 174 Ma: Mihalynuk et al., in press) and the 
age of the oldest post-deformational stitching intrusions (ap-
proximately 172 Ma: Mihalynuk et al., 1992; Mihalynuk et 
al., 2003; Bath, 2003). A Middle Jurassic southwest-vergent 
fold and thrust belt is developed in the Whitehorse Trough 
that includes the regional-scale King Salmon Thrust. Dur-
ing this deformation, the Cache Creek Terrane was thrust 
westward over the Whitehorse Trough and the Stikine arc. 
During Bajocian time, chert-pebble conglomerates derived 
from the Cache Creek Terrane were deposited across the 
Whitehorse Trough and the more southerly Middle-Upper 
Jurassic Bowser Basin (Ricketts et al., 1992; Mihalynuk et 
al., in press).

THERMAL MATURITY In THE CEnTRAL 
WHITEHORsE TROUGH

Systematic sample collection for programmed py-
rolysis was undertaken in the central Whitehorse Trough in 
order to assess the level of organic maturation and source 
rock potential of this basin. Programmed pyrolysis of whole 
rock using the Rock-Eval 6 system provides information on 
the type, maturity, and quantity of associated organic matter 
(Behar et al., 2001; Lafargue,
______________________________
1 University of Victoria
2 Geological survey of Canada (Calgary)
3 B.C. Ministry of energy and Mines
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et al., 1998). Aliquots of sediment samples were dried and 
powdered for Rock-Eval/TOC analysis at the Geological 
Survey of Canada, Calgary (GSCC). A Vinci Technolo-
gies Rock-Eval 6 instrument was used. Duplicate analyses 
of samples were carried out to test reproducibility of data. 
Each sample of about 100 mg of finely ground source rock 
is put in a furnace at 300°C, raised to 850°C, and then al-
lowed to cool. The hydrocarbons liberated during heating 
are analysed by a flame ionisation detector, which separates 
the components into two parameters (Figure 2). The first 
peak, denoted S1 (mg HC/g rock), indicates ‘free bitumen’ 
already in the sample. The second peak, denoted S2 (mg 
HC/g rock), results from thermal breakdown of kerogen. 
The Rock-Eval 6 S3 parameter (mgCO2/g or mg CO/g 
rock) represents the oxygen-bearing compounds released at 
the same time as the S1 peak added to that obtained between 
300° and 400°, as measured by an infrared cell. The temper-
ature corresponding to the maximum of the S2 peak (Tmax) 
is an indicator of source rock maturity, although this value 

Figure 1. Map of british Columbia showing the distribution of the primary components of the Intermontane belt in the north-
ern Canadian Cordillera (top right) and a regional geologic map (main). This geology map does not include post-Middle Juras-
sic rock units. The central whitehorse Trough study area is outlined by a dashed box.

is only reliable when S2 is greater than 0.2 (Peters, 1986) 
and is also affected by organic matter type. An indication 
of source rock richness is given by the sum of the first two 
peaks (S1 + S2). Other parameters determined include the 

Figure 2. schematic pyrogram illustrating the liberation of 
hydrocarbon during heating of the rock sample. Determined 
parameters include s1, S2, S3, Tmax, and the hydrogen and 
oxygen indices.
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hydrogen index (S2/TOC) and the oxygen index (S3/TOC); 
these parameters are used to determine the type of organic 
matter present in a low maturity potential source rock.

The complete Rock-Eval pyrolysis dataset may be ob-
tained at the British Columbia Geological Survey (BCGS) 
website (Fowler, 2004). Source rocks with total organic 
carbon (TOC) contents of 0% to 0.5%, 0.5% to 1%, 1% to 
2%, and greater than 2% are considered poor, fair, good, 
and very good, respectively (Peters, 1986). Using this 
classification, most samples, including all samples from 
the Sinwa Formation, are classified as poor to fair source 
rocks, with 22% classified as good, and 8% classified as 
very good (Figure 3). The good and very good source rocks 
within the Inklin Formation appear to occur dominantly in 
Pliensbachian successions.

Therefore, depending on organic matter type in these sam-
ples originally, they may have had much higher initial TOC 
contents. Consequently, samples presently having a TOC 
content of at least 1% could have been hydrocarbon source 
rocks assuming they originally contain oil-prone Type I or 
II organic matter.

The organic matter type in a source rock can be de-
termined by plotting hydrogen index against the oxygen 
index (Espitalié et al., 1977; Figure 4). None of the poten-
tial source rocks sampled in the central Whitehorse Trough 
are oil prone; the majority are inert (low hydrogen index) 
due to the lack of generative potential, while the rest are 
gas prone (Figure 4). The lack of generative potential is 
mostly a function of high thermal maturity. From a spatial 
standpoint, samples that are gas prone and have genera-
tive potential are from the northeastern flank of the cen-
tral Whitehorse Trough. This belt of rock is interpreted to 
represent the structurally and stratigraphically highest units 
within the Laberge Group in this region and is interpreted to 
continue northeast beneath the structurally overlying Cache 
Creek Terrane.

Figure 3. Plot of total organic carbon (TOC) versus residual  
carbon for samples from the central Whitehorse Trough.  
‘Low-grade’ samples form a subset of the Inklin Formation  
samples, for which S2 > 0.2 and Tmax < 480°C.

However, most authors now believe that a TOC con-
tent of greater than 1% and likely a minimum of 2% is 
needed for the generation and expulsion of liquid hydrocar-
bons (Hunt, 1996; Meyer and Nederlof, 1984; Peters and 
Moldowan, 1993; Thomas and Clouse, 1990). Thus, few 
of the Whitehorse Trough samples are likely to have been 
oil-prone source rocks. TOC is almost equal to residual 
carbon in the majority of samples (Figure 3), indicating 
that there is little generative potential left in these rocks. 

Figure 4. Plot of hydrogen index versus oxygen index for  
samples from the central Whitehorse Trough. ‘Low-grade’  
samples form a subset of the Inklin Formation samples, for  
which s2 > 0.2 and Tmax < 480°C. The organic matter type in  
a source rock can be determined from this plot (Espitalié et  
al., 1977).
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Tmax can be used as an indicator of thermal matura-
tion as long as S2 is greater than 0.2. Unfortunately, for the 
majority of samples, this qualifier rules out the interpreta-
tion of the pyrolysis data for maturation purposes. Once 
again, qualifying samples tend to come from the northeast-
ern flank of the Whitehorse Trough, and these samples are 
within the oil and gas windows (Figure 5). Although Tmax 
values of samples with S2 less than 0.2 must be viewed cau-
tiously, it can be graphically shown that most samples from 
the southwestern flank of the Whitehorse Trough are over-
mature (Figure 5). Distribution of mature and overmature 
areas of the central Whitehorse Trough can been seen by 
contouring Tmax values (Figure 6) and is consistent with 
limited available vitrinite reflectance data (Table 1).

The vitrinite reflectance values suggest that potential 
source rocks along the northeastern flank of the central 
Whitehorse Trough are almost immature. If these vitrinite 
reflectance data are accurate, this may imply that there was 
little hydrocarbon potential in the basin even originally, 
as these ‘low maturity’ samples have low hydrogen in-
dex values. Higher levels of organic maturation along the 
southwestern flank of the central Whitehorse Trough may 
reflect increased structural burial of these strata or contact 
metamorphism during Eocene magmatism.

Figure 5. Plot of hydrogen index versus Tmax for samples  
from the central Whitehorse Trough. ‘Low-grade’ samples  
form a subset of the Inklin Formation samples, for which S2 > 
0.2 and Tmax < 480°C. Due to low S2 values, Tmax values for the 
majority of other Inklin Formation samples are suspect and 
are dominantly overmature.

TABLE 1. VITRINITE REFLECTANCE DATA FROm THE ATLIN AREA,  
nW bRITIsH COLUMbIA.
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Figure 6. Contoured thermal maturation map for the central Whitehorse Trough based on Tmax values. note: Tmax 
values are poorly constrained for relatively ‘high-grade’ samples due to the low (< 0.2) S2 values; despite this, all 
samples with s2 values > 0.03 were plotted as a crude representation of maturation levels in the region. Vitrinite 
reflectance data shown in Table 1. Abbreviations: CCT – Cache Creek Terrane; ESgi – Eocene Sloko group 
intrusions; ESgv – Eocene Sloko group volcanics; JLgi – Jurassic Laberge group Inklin Formation; JLgt – Ju-
rassic Laberge group Takwahoni Formation; LCBm – Late Cretaceous Birch mountain pluton; uTrSF – upper 
Triassic Sinwa Formation; uTSg – upper Triassic Stuhini group.
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sUMMARY

The Whitehorse Trough is an early Mesozoic marine 
sedimentary basin that extends from southern Yukon to 
Dease Lake in British Columbia. Strata within the central 
Whitehorse Trough include carbonate rocks of the Upper 
Triassic Sinwa Formation and interbedded sandstone, silt-
stone, and argillite of the Lower Jurassic Inklin Formation. 
Programmed pyrolysis data indicate that potential source 
rocks in the Inklin Formation are gas prone and are within 
the oil and gas windows along the northeastern flank of the 
central Whitehorse Trough.
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InTRODUCTIOn

The presence of suitable petroleum source rocks is a 
necessary condition for the presence of an effective total 
petroleum system, which constrains the petroleum potential 
of under-explored basins such as those within the Inter-
montane region of British Columbia (Curiale, 1994). Hayes 
(2002), in his report on the crude oil and natural gas poten-
tial of the Nechako Basin of British Columbia, indicated 
that a major issue for the basin was the lack of recognition 
of a good petroleum source rock horizon. This perception is 
applicable to all the Intermontane basins due to the limited 
amount of crude oil and natural gas exploration activity and 
a subsequent lack of relevant information.

This paper summarizes some of our current understand-
ing of Early and Middle Jurassic stratigraphy within parts 
of the Intermontane region of the Canadian Cordillera that 
may have petroleum source rock potential. It also provides 
an update on the activities undertaken by the Resource 
Development and Geoscience Branch (RDGB) of the Brit-
ish Columbia Ministry of Energy and Mines to address the 
issue through recognition and basic characterization of po-
tential source bed horizons within the Intermontane region. 
This is part of a much larger collaborative program, which 
began in 2001, between the Geological Survey of Canada 
(GSC) and the RDGB to look at energy-related aspects of 
the Intermontane Basins. The RDGB is also collaborating 
with the GSC on a new, multiyear initiative, which started 
in 2003, entitled “Integrated Petroleum Resource Potential 
and Geoscience Studies of the Bowser and Sustut Basins”.

Subsurface characterization of potential Cretaceous 
and Tertiary petroleum source rocks within the Nechako 
area has been documented by Hunt (1992) and Hunt and 
Bustin (1997). Osadetz et al. (2003) obtained Rock-Eval 

pyrolytic and total organic content (TOC) data for well cut-
tings from all bore holes within the Nechako and Bowser 
Basins. Evenchick et al. (2003) reported bleeding crude oil 
from paleomagnetic coring operations in fine-grained clas-
tics that may be either migrated petroleum or residual crude 
oil stains in potential petroleum source rocks. The purpose 
of the present study was to sample potential source-bed 
horizons of Early and Middle Jurassic age in areas where 
subsurface data is lacking. In addition, the following brief 
summary on the extent of potential source-bed horizons of 
this age within certain parts of the Canadian Cordillera in-
dicates these units are potentially regionally distributed.

The author, as part of the regional mapping program 
examining Bowser Lake and Sustut Group rocks within the 
western portion of the McConnell Creek map area (NTS 
094D; see Evenchick et al., 2003), sampled potential pe-
troleum source rock horizons in this area (Figures 1 and 2). 
In addition, one week was spent examining possible source 
beds on the east side of the Nechako area within the Ques-
nel Trough (Figures 1, 3, and 4). Twenty-five samples were 
collected in the McConnell Creek area, and 12 samples 
were taken from the Quesnel Trough. Further sampling is 
planned in both regions during the 2004 field season.

Current research in the Bowser Basin has recognized 
crude oil staining in surface and subsurface samples of the 
Bowser and Sustut Groups (Osadetz et al., 2004, 2003; 
Evenchick et al., 2003). The data suggest the presence of at 
least 3 source-bed horizons, one of Jurassic to Cretaceous 
age, another within carbonate sequences of Paleozoic age, 
and a third of fresh-water origin. Data in this paper, in part, 
reviews sampling undertaken in the field in an attempt to lo-
cate the stratigraphic horizons responsible for the staining.
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In Bowser-Sustut and Quesnel Trough areas, the focus 
of sampling was within black carbonaceous sequences of 
Early to Middle Jurassic age, which are believed to underlie 
coarser clastic units of the basins. This stratigraphic interval 
encompasses the Toarcian-Aalenian time period, which on 
a worldwide scale is inferred to record an interval of anoxic 
water conditions resulting in enhanced preservation of ac-
cumulated organic material (Jenkyns, 1988).

Worldwide oceanic anoxic events are documented at 
several stratigraphic levels within Jurassic and Cretaceous 
sedimentary rocks. In addition to the Toarcian, these include 
intervals within the Aptian-Albian, Cenomanian-Turonian, 
and Santonian ages (Jenkyns, 1980, 1988). Most of these 
time periods are well represented within the Western Canada 
Sedimentary Basin and have contributed a large proportion 
of the petroleum within known pools (e.g., First and Second 
White Speckled Shale, Base of Fish Scales zone, and Fernie 
Formation; see Creaney et al., 1994).

Figure 1. Geomorphological belts of the Canadian Cordillera together with selected terranes and locations of 
areas mentioned in text or shown in subsequent diagrams. The regional distribution of Early to middle Jurassic 
clastics is also indicated. Base map modified from Osadetz et al., 2003.

bOWsER AnD sUsTUT bAsIns

The Bowser and Sustut Basins are overlap assemblages 
deposited on an allochthonous terrane of the Canadian Cor-
dillera. Located in north-central British Columbia, they are 
found within the northern part of the Intermontane Belt and 
sit on Devonian to Jurassic rocks of Stikinia (Figure 1).

There are 3 main successions within these basins: the 
Middle Jurassic to mid-Cretaceous Bowser Lake Group, the 
Lower to mid-Cretaceous Skeena Group, and the mid- to 
Upper Cretaceous Sustut Group. Bowser Lake strata repre-
sent a southwestward-prograding delta to distal submarine 
fan sequence and contain marine to nonmarine sediments 
(Evenchick et al., 2001). Skeena rocks, located along the 
southern part of Bowser Basin, are inferred to have been 
deposited in marine to nonmarine deltaic environments, but 
their relationship to Bowser Lake stratigraphy is uncertain 
(Tipper and Richards, 1976). The Sustut Group is inferred 
to have been deposited in fluvial to lacustrine environments 
(Eisbacher, 1974) that existed in a foreland basin east of 
deforming Bowser Lake strata (Evenchick and Thorkelson, 
in press).
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Figure 2. generalized geology of the mcConnell Creek map area, showing sample locations. modified from Evenchick et al., 2003.
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Figure 3. generalized geology map of the Ashcroft area, showing extent of 
Ashcroft Formation and sample locations. modified from Travers, 1978.
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Figure 4. generalized geology of Quesnel Terrane west of Quesnel Lake, showing 
sample location and distribution of Early to Middle Jurassic clastics.



�4   Summary of Activities �004

Bowser, Skeena, Sustut, and underlying Stikinia rocks 
are deformed into dominantly northwest-trending fold and 
thrust structures comprising the Skeena Fold Belt (Even-
chick, 1991). Evenchick (1991) demonstrated that this 
thin-skinned structural belt of mid-Cretaceous age contains 
a well-developed triangle zone at its northeastern margin 
within Sustut strata.

Potential Source Beds

In the area of the Bowser and Sustut Basins, black or-
ganic-rich shales have been recognized within the Lower 
to Middle Jurassic sediments of the upper Hazelton Group 
(Thomson et al., 1986). In addition, slope and submarine fan 
facies of the Bowser Lake Group contain abundant sections 
of black shale that may have elevated organic contents.

Effective Mesozoic and Paleozoic petroleum source 
rocks are postulated based on analysis of crude oil stains 
from surface and subsurface samples of Bowser and Sustut 
lithologies (Evenchick et al., 2003; Osadetz et al., 2003, 
2004). Indirect confirmation of a Paleozoic source hori-
zon is indicated by crude oil staining in cored paleomag-
netic samples taken from Permian and Triassic sequences 
(Evenchick et al., 2003). Stikine Assemblage strata contain 
black carbonaceous sequences of Devonian-Mississippian 
age (Logan et al., 2000) similar in composition to other 
time-equivalent sequences throughout Cordilleran terranes 
and within the miogeocline (e.g., Exshaw and Bakken For-
mations).

HAZELTOn GROUP

Strata of the Bowser Lake Group overlie fine-grained 
clastic sedimentary rocks of the upper Hazelton Group 
(Figure 2). This latter succession is dominantly a volcanic 
sequence of broadly Early to Middle Jurassic age (Tipper 
and Richards, 1976). Although upper Hazelton clastics are 
well developed below the Bowser Lake Group, these rocks 
locally grade into dominantly volcanic sequences.

Terminology of the Hazelton Group varies along the 
basin margins. In the northwestern part of the basin, upper 
clastics are termed the Spatsizi Formation (Evenchick and 
Thorkelson, in press) whereas further west, in the Eskay 
Creek and Forrest Kerr areas, this horizon contains 3 facies 
with varying proportions of volcanic rocks and is referred 
to as the Salmon River Formation (Anderson, 1993; Logan 
et al., 2000). In southern Bowser Basin, Tipper and Rich-
ards (1976) subdivided upper Hazelton clastics into the 
Nilkitkwa and Smithers Formations.

Upper Hazelton Group clastic rocks span Early 
Pliensbachian to Bajocian-Bathonian times in the northern 
Bowser Basin (Thomson, et al., 1986; Evenchick et al., 
2001). Volcanic rocks become increasingly voluminous 

northward in Spatsizi River map area (Thomson et al., 
1986). There, upper Hazelton Group rocks have been for-
mally assigned to the Spatsizi Formation (Evenchick and 
Thorkelson, in press). In the Joan Lake area of this map 
region, Thomson et al. (1986) initially assigned these rocks 
to group status and defined the Joan, Wolf Den, Melisson, 
Abou, and Quock Formations. Although subdivision of 
this horizon is possible in the Joan Lake area, Evenchick 
and Thorkelson (ibid.) suggested this succession be low-
ered to formation status (and the constituent formations to 
members) because it was difficult to recognize all units on 
a regional scale, and strata in similar stratigraphic positions 
around the Bowser Basin are formations in the Hazelton 
Group.

In the Joan Lake area, Upper Pliensbachian to Mid-
dle Toarcian Wolf Den and Aalenian Abou Members are 
dominanted by black to dark grey shales which, together 
with their faunal assemblages, suggest anoxic water condi-
tions (Thomson et al., 1986). The Bajocian Quock Member, 
with its distinctive sections of interlayered black siliceous 
carbonaceous siltstone, shale, and light-coloured ash tuff 
(“pyjama beds”), are also inferred to have been deposited 
in anaerobic conditions. Thomson et al. (ibid.) describe 
parts of these lithologies as containing up to 20% organic 
material. The authors speculated this horizon would have 
acted as an excellent petroleum source rock and noted its 
well-placed stratigraphic position at the base of the Bowser 
Lake sequence.

Although the members of the Spatsizi Formation in the 
Joan Lake area may represent a restrictive facies of the up-
per Hazelton Group, the overall basinal, anoxic conditions 
(as inferred for upper Hazelton clastics around the margins 
of the Bowser Basin and within structural windows or cul-
minations) suggests that these organic-rich lithologies may 
underlie much of the basin (Thomson et al., 1986).

mCCONNELL CREEK mAP AREA (094D)

The author spent approximately 5 weeks in the western 
and central parts of the McConnell Creek map area as part 
of a provincial-federal cooperative regional mapping pro-
gram (Evenchick et al., 2003). During this time, sections of 
the upper Hazelton Group were examined and sampled in 
the Diagonal Mountain and Motasse Peak areas for charac-
terization of organic content. In addition, parts of the lower 
Bowser Lake Group together with black siltstone or shales 
in the Ritchie-Alger and Todagin assemblages were also 
sampled.

Upper Hazelton rocks in this area have been previ-
ously described by Tipper and Richards (1976), Jeletzky 
(1976), Evenchick and Porter (1993), Jakobs (1993), and 
Evenchick et al. (2003). The largest area covered by these 
rocks in the western McConnell Creek map sheet is roughly 
centred on Diagonal Mountain. The total thickness of the 
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upper Hazelton Group is difficult to determine as the base 
is not exposed; however, the exposed section is conserva-
tively in the order of 300 m thick. The dominant lithology is 
variably cleaved, rusty- to orange-weathering, blocky, dark 
grey to black siliceous siltstones and shales with variable 
proportions of thin bedded white to pinkish tuff (Photo 1). 
These tuffaceous lithologies comprise the typical Toarcian 
to Bajocian sections of the upper Hazelton Group seen 
around the Bowser Basin and are informally referred to as 
the “pyjama beds”. The amount of tuff is variable within 
sections exposed in the Diagonal Mountain area, but is usu-
ally less than 30% of the section where present. Tuff varies 
from less than 1 mm to 10 cm thick and, although usually 
homogenous, can display graded bedding or ripple marks. 
Parts of the sequence are composed almost entirely of dark 
grey to black, platy siltstone or shale. Some sections are 
blue-grey in colour and quite carbonaceous.

Minor lithologies include light grey- to grey-weather-
ing calcareous siltstone exhibiting a dark grey-brown col-
our on fresh surface and brown to grey-brown weathering, 
grey micritic to clastic limestone up to 30 cm thick, which 
forms lenses up to several metres in length. Sections of this 
sequence are rusty-weathering and contain several percent 
authigenic (or detrital?) pyrite. Pyrite is best developed 
within tuffaceous sections, although it is also present in 
siliceous siltstone. The anoxic conditions inferred for this 
sequence, together with the abundance of pyrite, suggests 
the potential to host sedimentary exhalative mineral depos-
its.

The contact between the upper Hazelton clastics and 
overlying Bowser Lake Group is transitional (Evenchick et 
al., 2003; Jakobs, 1993). Interbedded tuff is lost up-section, 
and the siliceous nature of the siltstone disappears, result-
ing in well-cleaved, rusty- to brown-weathering shales 
and slate up to 20 m thick. The first thin beds of chert(?) 
sandstone are observed at the top of this lithology, together 
with the first indications of bioturbation in shale and silt-
stone. Sandstone becomes more abundant up-section and 
the percentage of rusty-weathering horizons decreases. The 
contact has been placed at the top of the rusty-weathering 
section, occurring some 100 m above the first sandstone 
horizon and approximately 15 m below the base of the 
first chert-pebble conglomerate typical of the Bowser Lake 
Group (Evenchick et al., 2003).

The present interpretation of the upper contact for the 
Hazelton Group would make it as young as late Bathonian 
(see Evenchick et al., 2001; 2003). Evenchick et al. (2003) 
argue that, considering the Oxfordian ages for the Bowser 
Lake Group in the area, the age of this contact may be 
younger and within the Callovian. The oldest ages for the 
Hazelton Group in the Diagonal Mountain area are Toar-
cian (Evenchick et al., 2001). Palfy et al. (2000) reported an 
age of 167.2 +10.5 –0.4 Ma for tuff sampled from “pyjama 
beds” approximately 4.5 km south-southeast of Diagonal 
Mountain.

Photo 1. Typical interlayered tuff and dark grey to black siliceous siltstone of the  
“pyjama beds”, upper Hazelton group clastics, mcConnell Creek map area.
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Lithologies at Diagonal Mountain are similar to those 
of the Quock Member (Thomson et al., 1986). Based on 
fossil ages (Evenchick et al., 2001), sections at Diagonal 
Mountain would also be equivalent age to units of the 
Abou, Melisson, and Wolf Den Members. The lack of shal-
lower-water lithologies at Diagonal Mountain (represented 
by the Melisson Member) suggests that this unit was either 
removed below the Late Toarcian unconformity or that it 
was not deposited. Descriptions of the Wolf Den, Abou, 
and Quock Members are entirely consistent with litholo-
gies observed at Diagonal Mountain, although they are not 
distributed in a simple stratigraphy that can be mapped.

At Motasse Peak, the Hazelton Group also contains the 
striped, interlayered siltstone and tuff as described in the 
Diagonal Mountain area. Tuff is also lost up-section, result-
ing in rusty-weathering siltstone and shale. The recognition 
of the upper contact is difficult because of the thick section 
of rusty-weathering siltstones and shales together with a 
lack of coarse clastic lithologies typical of the basal Bowser 
Lake Group. There is no definite break in the rusty nature 
of the siltstone lithologies. This may be due to the presence 
of nearby Tertiary intrusions, in conjunction with structural 
complication.

Ritchie-Alger and Todagin assemblages represent co-
eval slope and submarine fan assemblages, respectively, of 
Late Jurassic to Early Cretaceous age. These units have an 
abundance of dark grey and black fine-grained lithologies 
that may have accumulated abundant organic matter. The 
Todagin assemblage contains dark grey- and black-weath-
ering siltstone and shale, which are not as dominant within 
the Ritchie-Alger. These units also are inferred to have been 
deposited in turbiditic deposits and higher-energy sequenc-
es of chert sandstone and conglomerate, which are more 
voluminous in the Ritchie-Alger assemblage than they are 
in the Todagin (Evenchick et al., 2001; 2003).

Siltstone units are typically orange-brown to dark 
grey-weathering and massive to thickly bedded. They can 
display poor cleavage, but are typically blocky- to crumbly-
weathering. They commonly contain thin orange-brown 
weathering laminae, which are commonly bioturbated. 
Nodules or discontinuous horizons of orange-weathering 
grey limestone up to several tens of centimeters thick are 
also present within sections of the siltstone. Several hori-
zons (up to 5 m thick) of rusty-weathering black siltstone 
were also observed in these units.

qUEsnEL TROUGH

The senior author spent several days sampling sections 
of organic-rich shale within parts of the Quesnel Trough. 
These localities are described by Macauley (1984) as poten-
tial oil shale horizons based on descriptions of earlier work-

ers. These sections are within Lower to Middle Jurassic fine 
clastic rocks, similar in composition to the upper Hazelton 
Group, and include the Ashcroft Formation in the south and 
an unnamed sequence near the town of Likely. Both units 
overlie Triassic to Jurassic arc sequences of the Quesnel 
Terrane and are considered part of the overlap succession.

Ashcroft Formation

The Ashcroft Formation is well exposed in the area 
of Ashcroft and comprises approximately 1200 to 1600 
m of carbonaceous shale, siltstone, and minor sandstone 
and conglomerate (Travers, 1978; Duffell and McTaggart, 
1952). Exposures east of Ashcroft are believed to be non-
marine in origin (McMillan, 1974; Monger, 1982). Con-
glomerate, although a minor constituent, is distinctive by 
its polymict nature, containing clasts derived from ancestral 
North America and the Cache Creek and Quesnel Terranes 
(Travers, 1978; Duffell and McTaggart, 1952). The unit 
rests unconformably on the volcanics of Quesnellia and 
possibly the Cache Creek Terrane (Travers, 1978; Monger, 
1982).

The age of the Ashcroft Formation is broadly Early to 
Middle Jurassic, and a compilation of fossil localities show 
this succession to be possibly Sinemurian to Callovian in 
age (Monger and Lear, 1989; Travers, 1978). Fossils col-
lected near the base of the unit are possibly Sinemurian in 
age (Travers, 1978, Frebold and Tipper, 1969) and range up 
to Bajocian at the same locality (Monger and Lear, 1989). 
Along the eastern, nonmarine part of the sequence, fossil 
data suggest an unconformity between Pliensbachian and 
Callovian lithologies (Travers, 1978). Travers (1978) in-
ferred that the western succession of Ashcroft strata were 
deposited during an interval of continuous sedimentation 
between Sinemurian and Callovian time, based on the lack 
of regolith and channel conglomerate associated with the 
unconformity in eastern sections. This may be true; how-
ever, no fossils of Toarcian or Bathonian age have been 
recovered from this area, which could indicate non-deposi-
tion, erosion, or lack of data.

McMillan (1974) describes up to 10 m of fetid, dark 
grey crystalline limestone in the Barnes Creek area, which 
he believed to be of bioclastic origin. In other sections 
along the creek, fetid limestone occurs as clasts within con-
glomerate deposited above a regolith. Associated shales, as 
elsewhere in the Ashcroft Formation, are black and carbo-
naceous. The section here contains Callovian fossils.

Duffel and McTaggart (1952) describe thick sections 
of black carbonaceous shale, which contain Callovian age 
fossils, in Black Canyon and near the mouth of Minaberriet 
Creek. This may have been the locality of the suspected 
oil shale. Recently, similar carbonaceous sequences were 
sampled along the highway into Ashcroft. Further sampling 
is planned for this area during 2004.
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The Ashcroft Formation was sampled near the town of 
Ashcroft, where the unit is well exposed in road and rail-
way cuts (Figure 3). Travers (1978) shows this sequence 
as being an overturned panel along the footwall of a thrust 
carrying the Nicola Group. No fossil data is available at 
this locality, although fossil collections to the south, along 
strike, are Pliensbachian or Sinemurian and Bajocian (Mon-
ger and Lear, 1989).

At this locality, the Ashcroft Formation consists of 
platy and blocky, rusty-weathering, dark grey to black 
siliceous siltstone. Cleavage is well developed locally 
but is commonly a spaced parting. Non-siliceous siltstone 
units typically exhibit blue-grey weathering and yellow 
salt residue. Discontinuous light-coloured bands were ob-
served (tuffaceous?) and locally contained authigenic pyrite 
crystals. Some horizons are quite coarse and texturally ap-
proach a sandstone. Interbedded with these typical siliceous 
siltstone sequences are sections of black, crumbly, sooty 
(carbonaceous) siltstone and shale ranging from 5 to 10 m 
thick. These graphitic horizons locally contain 2 to 5 cm 
thick beds of pale to medium grey micritic limestone. The 
entire section at this locality is at least 100 m thick. Both 
lithologies were sampled at several points along the section. 
Results of organic petrographic and anhydrous pyrolysis 
analysis of these samples will be reported subsequently.

Central Quesnel Trough

Oil shales were described southwest of Likely in the 
early part of the 20th century (Robertson, 1904, 1905; Ells, 
1925; Macauley, 1984). Analysis of these rocks demon-
strated that they contain appreciable amounts of kerogen, 
and one report indicated a potential value of 25 litres/tonne 
for producible liquid petroleum (see Macauley, 1984). 
Macauley (ibid.) suggested that, based on descriptions and 
local geology, the unit that was sampled was probably part 
of the Lower to Middle Jurassic clastic succession overly-
ing arc sequences of Quesnellia (Figure 4).

These Lower to Middle Jurassic sediments are consid-
ered overlap assemblages as they contain coarse clastics in 
their upper parts with cobbles derived from Cache Creek 
and Quesnel Terrane and ancestral North American sources, 
indicating that they formed after amalgamation of these ter-
ranes. This succession is also shown to overlap both Cache 
Creek and Quesnel Terrane rocks northwest and southeast 
of Likely (Tipper, 1978).

Panteleyev et al. (1996) detailed the geology and 
metallogenic nature of central Quesnel Terrane. Units de-
scribed by these authors that could have been the source of 
the early samples include the fine-grained Pliensbachian to 
Aalenian siltstones and shales (Units 5 and 6). The older 
Upper Triassic “Black Phyllite”, although composed of 
dark fine-grained clastics, is generally of too high a meta-

morphic grade (greenschist and higher) to contain any re-
sidual kerogen.

These Pliensbachian to Aalenian sediments contain 
sections of thin-bedded dark grey to grey calcareous silt-
stone, siltstone, and sandstone in the lower part. Polymictic 
conglomerate occurs in the top of the sequence and can also 
be interbedded with the finer lithologies. A Pliensbachian 
to possibly Toarcian age is suggested for the lower fine-
grained unit, whereas Aalenian ammonites were extracted 
from interbedded fine-grained lithologies within the upper 
conglomeratic sequence (Panteleyev et al., 1996; Poulton 
and Tipper, 1991). The thickness of these sections is not 
reported, although structural sections, based on the geology 
of Panteleyev et al. (1996), would suggest several hundred 
metres.

Numerous sections were visited in 2003, based on 
mapping by Panteleyev et al. (1996), but due to the reces-
sive nature of the units and limited time available, only one 
exposure was found on a road cut along the main highway, 
near Beaver Lake. This exposure consists of black sooty 
siltstone and dark grey to black calcareous siltstone. Both 
lithologies appear to be quite organic rich. The entire sec-
tion at this locality was some 10 m thick. Results of organic 
petrographic and anhydrous pyrolysis analyses of these 
samples will be reported subsequently.

REGIOnAL IMPLICATIOns

Sampling of Lower to Middle Jurassic organic-rich 
horizons within the Stikine and Quesnel terranes has shown 
these lithologies to be quite similar, not only in age but in 
overall composition. Both sequences were deposited after 
underlying terranes coalesced and amalgamated to ances-
tral North America, suggesting that sedimentary basins may 
have been contiguous.

Deep-water, fine-grained sediments of Early to Middle 
Jurassic age (Toarcian to Bajocian) appear to be widespread 
within the Canadian Cordillera and overlie many of the al-
lochthonous terranes (Monger et al., 1991; Poulton and Tip-
per, 1991). These units are characterized by dark shales and 
siltstones interbedded with varying amounts of volcanics 
and coarser clastics. They are found within northern and 
central Stikine Terrane (Tipper and Richards, 1976), along 
the Chilcotin Ranges underlying rocks of the Tyaughton 
Trough (Umhoefer and Tipper, 1998; Figure 1) and east-
ward within the Quesnel Terrane (Panteleyev et al., 1996). 
Clearly the deeper-water conditions leading to the deposi-
tion of these sediments were extensive in the Canadian Cor-
dillera, although punctuated by several volcanic episodes. 
The present configuration of these depocentres is a result of 
dextral strike-slip motion since the Cretaceous along major 
terrane-bounding faults (Gabrielse, 1991).

Lower to Middle Jurassic black shales within both 
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northern Stikine Terrane and Quesnellia are inferred to 
have been deposited in anaerobic depositional conditions. 
This time period brackets a major worldwide anoxic event 
(Jenkyns, 1988), which suggests that many of these sedi-
mentary sequences within the Canadian Cordillera were 
also deposited in these environments. These low-oxygen 
conditions are conducive to the preservation of organic 
matter. To the east, within the Western Canada Sedimentary 
Basin, shale, siltstone, and carbonate of the Fernie Group 
were deposited during the same time period and are inferred 
to have been deposited under similar conditions. These 
rocks have proven to be one of the major petroleum source 
horizons within this basin.

The wide geographic distribution of Lower and Mid-
dle Jurassic fine-grained sediments suggests these units 
underlie coarser, clastic successions of the Interior Basins. 
Furthermore, the implied anoxic depositional environment 
recorded by these Lower and Middle Jurassic clastics sug-
gests that these successions, under the right conditions, 
could have been sources of petroleum that migrated into 
overlying clastics.
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sTERAnE COMPOsITIOnAL TRAITs OF bOWsER AnD  
sUsTUT bAsIn CRUDE OILs: InDICATIOns FOR  

THREE EFFECTIVE PETROLEUM sYsTEMs

By K.g. Osadetz1, C. Jiang2 ,C. A. Evenchick3, F. Ferri4,
L. D. stasiuk1, N. S. F. wilson1 and M. Hayes4

keywords: Crude oil, natural gas, petroleum stains, 
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solvent extracts, biomarkers, steranes, terpanes, gas 
chromatography-mass spectrometry.

AbsTRACT

Crude oils extracted from Bowser Lake and Sustut 
Groups have distinctive compositions that are inferred to 
be indicative of at least three effective petroleum systems 
that have generated, expelled, and accumulated crude oil. 
Compositional differences among the three effective petro-
leum systems are illustrated by compositional variations of 
steranes, complicated molecules that have retained struc-
tural similarities to their inferred biological precursor, cho-
lesterol. Oil stains occur widely, both geographically and 
stratigraphically. One compositional oil family is inferred 
to be derived from Stikine Assemblage, the sub-Hazelton 
succession. This petroleum is derived from pre-Jurassic 
marine carbonate source rocks deposited in hypersaline 
to mesohaline environments. A second compositional oil 
family is derived from Mesozoic open-marine source rocks 
that are inferred to be within the upper Hazelton or lower 
Bowser Lake Group, as the lowest stratigraphic occurrence 
of these oils lies in marine-slope deposits of the Bowser 
clastic wedge. A third oil family, which is inferred to be 
derived from lacustrine Mesozoic source rocks, occurs in 
northern Bowser and Sustut Basins, where it is probably de-
rived from thick, often coaly, nonmarine Bowser Lake suc-
cessions. The occurrence and composition of these crude 
oils expand the petroleum prospectivity of the Bowser and 
Sustut Basins by reducing petroleum system risks and in-
dicating a possible petroleum system for Hazelton Group, 
which is now attributed petroleum potential.

InTRODUCTIOn

This report results from work performed as part of 
the project “Integrated Petroleum Resource Potential and 
Geoscience Studies of the Bowser and Sustut Basins”, a 
collaborative research project of the BC Ministry of En-
ergy and Mines (Oil and Gas Emerging Opportunities and 
Geoscience Branch) and the Geological Survey of Canada 

1Geological survey of Canada: Calgary, 3303 33 st. Nw, 
 Calgary, AB, Canada, T2L 2A7
2Humble Geochemical services division, 218 Higgins street,  
 Humble, Texas 77338 U.s.A.
3Geological Survey of Canada: Pacific, 101-605 Robson St.  
 Vancouver, BC, Canada, V6B 5J3; 
4resource development and Geoscience Branch, BC  
 Ministry of energy and Mines, Po Box 9323, 6th Floor, 
 1810 Blanshard st., Victoria, BC, Canada, V8w 9N3

(Evenchick et al., 2003). The current multiyear project is 
multidisciplinary in scope and broad in geographic cover-
age, including the length and breadth of both the Bowser 
and Sustut Basins. Primary activities include geological 
framework and energy resource studies and petroleum re-
source assessment. 

Previous petroleum assessment work of the region 
identified substantial petroleum potential while recognis-
ing that there are several poorly understood but significant 
risks (Hannigan et al., 1995). That study showed that 
there were significant play-level risks associated with the 
inferred petroleum potential of the Bowser Basin. More 
recent GSC/BCMEM research resulted in a profound shift 
in perceptions of organic and thermal maturity patterns in 
the Bowser and Sustut Basins (Evenchick et al., 2002). 
The first regional organic maturity dataset illustrates that 
large areas, including the lowest stratigraphic levels of 
the Bowser Basin, have sufficiently low organic maturity 
levels to be favourable for the formation and preservation 
of crude oil. This fundamentally changed previous views 
that considered the high thermal maturity of some of the 
stratigraphically highest coals as a negative indication for 
hydrocarbon potential in all stratigraphic levels and all the 
geographic regions of the basins. The recent discovery of 
petroleum seepages and stains within the basin (Osadetz et 
al., 2003a) provides information that eliminates play-level 
risks associated with petroleum system function and reser-
voir occurrence. The results presented herein indicate that 
there are at least three operational petroleum systems, each 
with sources and crude oils of different molecular composi-
tion and stratigraphic characteristics operating in Bowser 
and Sustut Basins. The results are consistent with the revised 
observations and models of thermal maturity and history. 
Integration of these data, models, and interpretations will 
increase the robustness of petroleum resource assessments 
in this potential frontier petroleum province.
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REGIOnAL GEOLOGICAL OVERVIEW

The Bowser and Sustut Basins are located in north-cen-
tral British Columbia (Figure 1) in the Intermontane Belt of 
the Canadian Cordillera, a region of sedimentary diagen-
esis or low metamorphic grade (mainly greenschist facies) 
relative to the adjacent Omineca and Coast metamorphic 
and plutonic belts. They overlie Devonian to early Middle 
Jurassic strata of the allochthonous terrane Stikinia.

The basins comprise 3 stratigraphic successions with 
overlapping ages. The Bowser Lake Group is the lowest, 
ranging from upper Middle Jurassic to mid-Cretaceous. It 
constitutes a major clastic depositional wedge that includes 
strata deposited in distal submarine fan, slope, shallow-ma-
rine shelf, deltaic, fluvial, and lacustrine environments (e.g., 
Tipper and Richards, 1976; Evenchick et al., 2001). It was 
deposited directly on Stikinia, a volcanic arc that includes 
Jurassic upper Hazelton Group clastic successions. The 
Lower to mid-Cretaceous Skeena Group occurs south of the 
Bowser Lake Group, with uncertain stratigraphic relation-
ships. Skeena Group strata were deposited in marine and 
nonmarine environments and are intercalated with volcanic 
successions (Tipper and Richards, 1976). The mid- to Up-
per Cretaceous Sustut Group, a fluvial and lacustrine fore-
land basin succession, unconformably onlaps the Hazelton 
and Bowser Lake Groups that are deformed in older Skeena 
Fold Belt structures. The Skeena Fold Belt subsequently 
involved and deformed the Sustut Group (Eisbacher, 1974; 
Figure 2). 

All 3 successions and underlying Stikinia are deformed 
in the Skeena Fold Belt, a thin-skinned contractional fold 
and thrust belt of Cretaceous and possibly early Tertiary 
age (Evenchick 1991). Northeast-vergent open to closed 
folds of about 100 to 1000 m wavelengths are the dominant 
structures at exposed levels, but larger wavelength folds 
often outlined by anticlinoria and synclinoria in Bowser 
Lake Group are associated with structural culminations and 
depressions inferred to be controlled by the involvement 
of Stikine Assemblage volcanic and clastic strata. The fold 
hinges trend northwest dominantly, but domains of northeast 
fold hinge trends occur in western Skeena Fold Belt (ibid.). 
Hinterland-verging thrusts in the vicinity of the boundary 
between Bowser Basin and Sustut Basin (Evenchick and 
Thorkelson, in press) define a triangle zone (Gordy et al., 
1977), similar to major productive and prospective struc-
tures in many thrust and fold belts (MacKay et al., 1996).

CRUDE OIL OCCURREnCE

New field work and the analysis of existing samples 
have identified, extracted, and characterized 20 crude oil oc-
currences from locations in Bowser and Sustut Basins (Ta-
ble 1, Figure 2). Numerous additional indications of crude 
oil staining and petroleum fluid inclusions occur within the 

Bowser and Sustut Basins, but only 20 samples (Table 1) 
are characterized here. Petroleum occurrences include:

1. Tsatia Mountain (NAD 27, UTM Zone V E442468 
N6380068), a breeched oil field in Muskaboo Creek 
Assemblage Bowser Lake Group (GSC Extract 
X9693 and X9694; Osadetz et al., 2003); 

2. Sandstone in the roof of the triangle zone north of 
Cold Fish Lake (NAD 27, UTM Zone V E511100 
N6396070), Tango Creek Formation, Sustut Group 
(GSC Extract 9746); 

3. Footwall of the Crescent Fault near the confluence 
of Buckinghorse Creek and Spatsizi River (NAD 27, 
UTM Zone V E525670 N6366320), Eaglenest (del-
taic) Assemblage of the Bowser Lake Group (GSC 
Extract X9731);

4. Amoco Ritchie well a-3-J/104-A-6, one of the only 
2 petroleum exploration wells in the basin, shows 
extensive oil stains, which were extracted from sam-
ples at depths of 644.8 m, 1321.9 m, 1439.7 m, and 
2055.8 m (2115.7’, 4337.0’, 4723.4’, and 6745.0’) 
(GSC Extracts X9742-X9745);

5. Twelve diverse samples from the northern Bowser 
and Sustut Basins (between 57.4284o N to 57.7803oN 
and 127.7689o W to 130.0625o W; GSC Extracts 
X9790 to X9801);

6. New field examples of rocks, potentially stained 
with crude oil, that were identified during sample 
drilling for paleomagnetic samples (Evenchick et al., 
2003). Oil films were present in the circulating fluid 
during paleomagnetic sampling of all Stikinia rocks 
sampled at Oweegee Dome. Oil films were present 
in a large number of lithologies through this anti-
formal culmination, including limestone, volcanic 
flows, volcaniclastic turbidites and conglomerates 
in Hazelton Group and lower units, as well as from 
Bowser Lake Group sandstone at Mount Ritchie 
(Figure 2, ibid.). These samples remain to be ex-
tracted and characterized, but they might reasonably 
be expected to resemble oil samples from the Ritchie 
wells;

7. Confirmed flammable natural gas seeps of biogenic 
methane into Tatogga Lake (Osadetz et al., 2003), 
which will be reported elsewhere (Evenchick et al., 
in prep).

All these indications demonstrate that petroleum (both 
crude oil and natural gas) occurs in Bowser and Sustut 
Basins. The existing resource assessment suggests that sig-
nificant petroleum resources and large pool sizes can   be   
expected   (Hannigan   et   al.,   1995),  but  only exploratory 
drilling will confirm the existence of a significant undiscov-
ered petroleum resource.
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Figure 1. Location of the bowser and sustut basins on a base map showing the morphogeological 
belts of the Canadian Cordillera.
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Figure 2. The locations of select crude oil samples discussed in text shown on a regional map of the Bowser and Sustut 
basins. The locations of all samples are listed in Table 1. 
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PETROLEUM CHARACTERIZATIOn 
UsInG MOLECULAR COMPOsITIOnAL 
TRAITs

Crude oil compositional characteristics reflect kerogen 
paleoecology, depositional environments, diagenesis, and 
maturity. Differential expulsion, migration, and post-ac-
cumulation effects (processes like catagenesis, biodegrada-
tion, and water washing) can also affect crude oil composi-
tion (Peters and Moldowan, 1993; Waples and Machihara, 
1990; Seifert and Moldowan, 1986, 1981, 1978); therefore, 
it is important to distinguish source characteristics from 
migration and post-accumulation effects before inferring 
depositional and diagenetic characteristics directly from 
crude oils. Extracts studied herein exhibit three distinguish-
able and distinctive compositional associations, or family 
groups, defined by persistent compositional characteristics 
that are exhibited by a variety of fractions and compounds, 

TAbLE 1.  CRUDE OIL sTAIn AnD FLUID InCLUsIOn sAMPLE LOCATIOns.

but which are especially well-illustrated by steranes, the 
focus of this discussion. 

Phytolic acid side-chains from chlorophyll molecules 
indicate a particular phototrophism. The acyclic isopren-
oid compounds pristane (Pr) and phytane (Ph), which are 
ubiquitous compounds in crude oils, are commonly derived 
from these side chains of chlorophyll molecules, although 
other sources for these compounds exist (Figure 3; Volk-
man and Maxwell, 1986). Low Pr/Ph ratios are commonly 
inferred to indicate water column anoxia, especially when 
accompanied by even-odd n-alkane predominance (Welte 
and Waples, 1973). High Pr/Ph ratios are commonly inter-
preted as indicative of oxic water columns (Volkman and 
Maxwell, 1986). 

Steranes, both regular and rearranged, are common 
biological  markers in oils.  Acid clays in the  depositional 
environment can control early diagenetic reactions that 
result in sterane rearrangement via unsaturated intermedi-

GSC Lab no. 9745
extract sample

GSC Lab no. 9742
extract sample
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Figure 3. Illustrative saturate fraction gas chromatograms (SFgC) of two solvent extract samples 
from the Ritchie A-3-J well at 2055.8 m (6745.0’, top) and 644.8 m (2115.7’, bottom) (Figure 2). All 
figures show detector response (y axis) as a function of time since injection on the chromatographic 
column (x axis). The obvious SFgC compositional differences between these two samples are inter-
preted as due primarily to biodegradation of the shallower crude oil sample by aerobic bacteria.
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ates to produce diasteranes (Figure 4; Sieskind et al, 1979; 
Rubinstein et al., 1975). Low relative diasterane abun-
dances, like those in some carbonate-sourced petroleum 
systems, are generally interpreted to indicate a clay-starved 
depositional environment (i.e., a “carbonate” source rock), 
although many “carbonate” source rocks have ratios of di-
asterane to regular sterane like those attributed to “clastic” 
source rocks (Osadetz et al., 1992). A biological source of 
diasteranes is unlikely, but the association of anomalously 
high diasteranes in carbonate rocks with evaporitic depo-
sitional environments suggests a relationship (Clark and 
Philp, 1989). 

Strongly reducing depositional environments are re-
quired to preserve organic matter and form kerogen in sedi-
mentary petroleum source rocks. Since strongly reducing 
conditions can persist below the sediment-water interface, 
even in the absence of water column anoxia, euxinic sedi-
ments do not directly indicate water column environmen-
tal conditions. However, some biological compounds of 
source rock kerogen, notably phytoloic acid side-chains 
of chlorophyll and bactirohopane-tetrol, are commonly in-
ferred to be affected by reduction and oxidation reactions in 
the water column prior to, or at the earliest stages of, their 

Figure 4. An example m/z 217 mass chromatogram showing the relative abundance of both regular and rearranged steranes 
(or diasteranes) in solvent extract sample x9693, from a sample of muskaboo Creek Assemblage bioclastic sandstone at Tsatia 
Mountain. 

incorporation into the sediment (Peters and Moldowan, 
1993). Peters and Moldowan (1991) suggest that C32 to 
C34 hopane prominences could result from either redox 
reactions controlled by the depositional environment or 
from precursor molecules other than bacteriohopane-tetrol. 
The first alternative is preferred because C34 hopane and 
C35 hopane prominence commonly follows source rock 
depositional environment and paleoecology (Osadetz et al., 
1992). This results in a water column chemistry indicator 
that is preserved in compounds that are a common trace 
component of crude oils (Figure 5; Peters and Moldowan, 
1991). The higher the carbon number of predominant ex-
tended hopanes, the stronger and more persistant the water 
column anoxia. 

REsULTs

Select gross and molecular compositional results of the 
20 samples examined appear in Table 2. All subsequent il-
lustrations of gas chromatograms and mass chromatograms   
show   detector response  (y axis)   as   a function of time 
since injection on the chromatographic column (x axis). 
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Figure 5. An example m/z 191 (terpanes, top) and 218 (regular steranes, bottom) mass chromatogram in 
solvent extract sample x9693, from muskaboo Creek Assemblage bioclastic sandstone at Tsatia mountain. 
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Compounds are identified by both standard elution order 
and by full scan triple sector GCMS operating in MS-MS 
mode. All samples have been characterized optically or 
petrographically as being stains or petroleum fluid inclu-
sions. The low hydrocarbon yields and low HC% values 
are due to the small recoverable volumes (Table 2). This 
is expected, considering the exposure of both outcrops and 
old well cuttings to processes of dissipation and alteration 
resulting from their exposure to the elements, especially in 
light of the inferred low densities and expected volatility of 
the hydrocarbons (Osadetz et al., 2002).

sELECT CRUDE OIL MOLECULAR COM-
POsITIOnAL TRAITs

Molecular compositional differences among the sam-
ples are diverse, but they can be characterized by considera-
tion of select compound variations. The observed variations 
are interpreted using standard techniques and previous stud-
ies to distinguish variations due to the alteration (specifi-
cally biodegradation) so that other variations due primarily 
to source can be isolated and interpreted. The variation of 
biological marker compounds (like steranes and terpanes) 
within the sample set are observed and interpreted to be 
unaffected by alteration, allowing interpretation of com-
positional variations attributed to source rock age (regular 
steranes, Grantham and Wakefield, 1988), lithology (di-
asteranes/regular steranes, Seiskind et al., 1979; hopane 
prominence, Osadetz et al., 1992), and depositional envi-
ronment (Peters and Moldowan, 1991) that form the basis 
of compositional family and petroleum system definition. 

Figure 3 illustrates the range of saturate fraction gas 
chromatogram (SFGC) compositions observed in the 
samples. Both samples are from the Ritchie A-3-J well at 
2055.8 m (6745.0’; Figure 3, top) and 644.8 m (2115.7’; 
Figure 3, bottom; Figure 2) and both have similar biological 
marker compositions. Solvent extract X9745 (top) exhibits 
a normal crude oil response dominated by normal alkanes 
derived from cell wall phospholipids and the irregular iso-
prenoid, most noticeably pristane (Pr) and phytane (Ph). 
The low amplitude baseline hump defines the envelope of 
a complicated mixture of co-eluting compounds. Solvent 
extract X9742 (bottom) exhibits a biodegraded crude oil 
response dominated by normal alkanes that are paired, for 
samples with longer elution times than nC20, with a homolo-
gous series of alkylcyclohexanes and methylalkylcyclohex-
anes that were identified by GC-MS-MS experiments not 
discussed herein. Sample X9742 also exhibits a high ampli-
tude baseline hump of more complicated co-eluting com-
pounds. Note especially the relative change between the 
two samples in response of the hump to compounds eluting 
prior to and after nC20. The sterane compositions of these 
two samples are essentially similar (Table 2, Figures 4, 5, 
6), illustrating that the composition of the lower molecular 
weight saturate fraction has been altered by the preferential 
removal of normal alkanes. Such compositional variations 
are commonly inferred to be indicative of biodegradation 
(Peters and Moldowan, 1993; Osadetz et al., 1992).

The sample set compositional variation can be illus-
trated using a few key compounds. The most illustrative 
variations are shown by the regular and rearranged ster-
anes (Figure 4). An example m/z 217 mass chromatogram 
showing the relative abundance of regular and rearranged 

TAbLE 2.  sELECT GROss AnD MOLECULAR COMPOsITIOnAL REsULTs FROM bOWsER bAsIn 
CRUDE OILs.
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steranes (or diasteranes) in solvent extract sample X9693 
is from Muskaboo Creek Assemblage at Tsatia Mountain. 
Steranes are derived from cholestane-like molecules that 
act as common cell wall rigidifiers in eukaryotic organisms. 
The presence of diasteranes is an indicator of depositional 
environment and source rock lithology (Sieskind et al, 
1979; Rubinstein et al., 1975). 

Two important groups of biological marker are the ter-
panes (m/z 191; Figure 5, top) and regular steranes (m/z 218; 
Figure 5, bottom). Their occurrence is also illustrated by 
mass chromatograms from solvent extract sample X9693, 
from Muskaboo Creek Assemblage at Tsatia Mountain. The 
m/z 191 mass chromatogram illustrates terpanes, which are 
primarily derived from bacteriohopanetetrol, a cell wall 
rigidifier in prokaryotic organisms (Peters and Moldown, 
1993). The ratio of similar carbon number hopanes in the 
homologous group of compounds that occurs to the right 
of the C30 hopane peak as annotated double peaks is con-
trolled by physical conditions of the depositional environ-
ment (Peters and Moldowan, 1991). This sample shows that 
C34 hopanes are prominent, due to the accumulation of the 
source rock in an environment where anhydrite of gypsum 
was accumulating (Osadetz et al., 1992). The m/z 218 mass 
chromatogram illustrates regular steranes that were prob-
ably derived primarily from cholesterol. The ratio of C28 
to C29 steranes is known to increase with geological age in 
marine depositional environments, due to biochemical evo-
lution in the marine biosphere (Grantham and Wakefield, 
1998). The observed ratio of C28/C29 steranes, combined 
with the standard interpretation of the m/z 191 mass chro-
matogram, indicates that the source rock of this oil stain 
is a sub-Hazelton Group carbonate deposited in submarine 
hypersaline to mesohaline environments and probably oc-
curing in the underlying Stikine succession.

Figure 6. A ternary diagram illustrating compositional varia-
tions and affinities of all 20 solvent extract samples using the 
relative abundance of C27-C28-C29 regular steranes (Table 2). 
The three oil families are identified.

A ternary diagram shows the variations and affinities 
of all 20 samples using the relative abundance of C27-C28-
C29 regular steranes (Figure 6, Table 2). The biodegrada-
tion of some oils (Figure 3) does not affect regular sterane 
compositions, such that observed variations can be attrib-
uted primarily to source rock compositional differences. 
This figure illustrates the presence of the three oil families 
identified. One, composed of two extracts from Tsatia 
Mountain (X9693, X9694), is inferred using terpane and 
sterane compositional characteristics to be derived from a 
carbonate source in the underlying Stikine succession, as 
discussed above. Using similar standard interpretations 
(Peters and Moldowan, 1993), we interpret the steranes 
and terpanes of the other samples. The second composi-
tional family includes samples from the Amoco Ritchie 
a-3-J/104-A-6 well at depths of 644.8 m, 1321.9 m, 1439.7 
m, and 2055.8 m (2115.7’, 4337.0’, 4723.4’, and 6745.0’) 
(GSC Extracts X9742-X9745), the Tango Creek Formation 
sample from the Triangle zone (GSC Extract X9746), the 
Eaglenest assemblage sample from Buckinghorse Creek 
(GSC Extract X9731), as well as six samples from other 
locations in the northern Bowser Basin region (GSC Ex-
tracts X9791-93 and X9798-80, Table 1) that have compo-
sitional characteristics that suggest derivation from a Meso-
zoic open-marine source rock. This potential source facies 
probably lies in the upper Hazelton or lower Bowser Lake 
Groups, as the lowest stratigraphic occurrence of these oils 
lies in slope and shelf facies of the Bowser Lake Group. 
A third oil family composed of 6 samples from the group 
of 12 diverse samples from northern Bowser Basin (GSC 
Extracts X9790, X9794-97 and X9801) is distinguished 
by having lower C27 regular steranes and generally higher 
C29 regular steranes compared to all other samples. This oil 
compositional family is inferred to have a nonmarine, pos-
sibly lacustrine, source in Bowser Lake or Sustut Groups 
(Peters and Moldowan, 1993). The transitional positions of 
samples X9794 and X9796 do not preclude the possibility 
that they could be mixtures of the two oil families inferred 
to have Mesozoic source rocks. This is possible, since the 
geographic ranges of the two end-member compositions of 
the Mesozoic marine and nonmarine source oils overlap; 
however, other evidence presented below suggests that 
mixing is not important.

A cross plot of the ratio C29 diasteranes to regular 
steranes and ratio of regular C28 steranes to C29 steranes 
(Figure 7) shows additional compositional variations within 
families using variation of diasteranes/regular steranes (Sie-
skind et al, 1979; Rubinstein et al., 1975). Those oils inferred 
to have a nonmarine Mesozoic source have an overlapping 
range of diaterane/regular sterane ratios to those inferred 
to have Mesozoic marine sources; however, the range of 
nonmarine source oil compositions is illustrated by X9790, 
which is one of the samples that is most different from the 
oils inferred to have marine Mesozoic sources. Therefore, it 
is unlikely that the samples X9794 and X9796 are mixtures 
of any significant proportion.   A  cross plot  of the ratio 
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Figure 7. A cross plot of the ratios C29 diasteranes to C27 regular steranes and ratio of regular 
C28 steranes to C29 steranes showing that the compositional variations within families, as typi-
fied by the variation of diasteranes/regular steranes. 

C29 diasteranes to regular steranes and the ratio of pristane 
to phytane from the SFGC illustrates that the compositional 
distinction between the two interpreted Mesozoic oil fami-
lies is also reflected by other compositional traits (Figure 
8). Insufficient pristane and phytane were observed in the 
oils inferred to be sourced from the Stikine Assemblage 
strata (X9693; X9694) to allow their characterization us-
ing pristane and phytane; however, they are distinguished 
from most Mesozoic sourced oils by their generally higher 
saturate to aromatic hydrocarbon ratio (Table 2).

DIsCUssIOn

The interpretation that biodegradation has altered the 
composition of some crude oils at or near the surface is 
important but not surprising. The Amoco Ritchie a-3-J/104-
A-6 well has a porous interval containing a resistive fluid 
that is either “by-passed petroleum pay” or fresh water. The 
nature of the wireline-log resistivity anomaly is not diag-
nostic. Some crude oil extracts from this well are clearly 
biodegraded (Figure 3) as a result of aerobic bacterial deg-
radation that implies a connection with oxygenated (prob-
ably fresh and meteoric) water, which, like hydrocarbons, is 
electrically resistive. In the same well, Koch (1973) reported 
other petroleum shows, including both dry and wet gas in 
cuttings samples at depths less than 792 m (2600’) where 

the gas detector indicated more than 40 units, compared to 
background readings of 10 to 20 units. Therefore, the nature 
of the resistivity anomaly in the well remains unresolved. 
Regardless, the combined observations are important since 
the wireline logs indicate the presence of porous zones in 
some of the deepest strata in Bowser Lake Group, while the 
oil stains indicate an effective petroleum system in the same 
region. The results are consistent with the revised thermal 
maturity model (Evenchick et al., 2002).

The analysis of the molecular composition of these 
oil stains and seepages has identified at least three distinct 
compositional crude oil families. One oil family is inferred 
to be derived from carbonate source rocks in underlying 
Stikinia. The second and third oil families, one of which 
has the characteristics of a marine source, and the other of 
which has compositional characteristics of a nonmarine or 
lacustrine source, are inferred to be derived from Jurassic 
or younger sources in the Hazelton-Bowser-Sustut succes-
sions. The source rocks of these petroleum systems have not 
been identified explicitly, nor have the oils been correlated 
to solvent extracts from potential source rocks, although 
potential source rock intervals have been identified in a 
variety of stratigraphic positions (Evenchick et al., 2002; 
Osadetz et al., 2003b). However, the significant number of 
petroleum stains and their association with structures that 
could be traps for petroleum (as at the Ritchie well, Tsatia 
Mountain, and in the roof of the triangle zone) all point 
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toward a complete removal of play-level risks for both pe-
troleum system and reservoir. This suggests that a revised 
petroleum assessment would be even more encouraging 
than the existing one (Hannigan et al., 1995).

COnCLUsIOns

Oil stains occur widely, both geographically and strati-
graphically, with only the northern half of these basins 
being investigated. Twenty crude oil stains and petroleum 
fluid inclusions have been extracted from Bowser Lake and 
Sustut Group rocks, and their compositions have been char-
acterized. The molecular compositions of these samples are 
interpreted to show that there are at least three composi-
tionally distinct oil families representative of three effective 
petroleum systems in Bowser and Sustut Basins. 

Molecular compositional differences can be charac-
terized by sterane compositional variations using stand-
ard techniques and previous studies, once the effects of 
alteration (specifically biodegradation) are discounted. 
One compositional oil family is inferred derived from the 
sub-Hazelton succession. A second compositional oil fam-
ily derived from normal Mesozoic marine source rocks is 
inferred derived from the upper Hazelton or lower Bowser 
Lake Groups. A third oil family derived from lacustrine 
Mesozoic source rocks is inferred to occur in the Bowser 
Lake Group. 

Figure 8: A cross plot of the ratio C29 diasteranes to C27 regular steranes and ratio of pristane 
(Pr) and phytane (Ph) from the saturate fraction gas chromatogram (sFGC) that illustrates 
how compositional distinctions between the two mesozoic oil families is reflected by addi-
tional compositional traits.

The occurrence and composition of these crude oils 
expand the petroleum prospectivity of Bowser Basin by 
reducing petroleum system risks and indicating a possible 
petroleum system for Hazelton Group. The preservation of 
crude oils is also a strong confirmation of the revised ther-
mal maturity model for the basin (Evenchick et al., 2002). 
Existing petroleum resource assessments (Hannigan et al., 
1995) do not attribute petroleum potential to sub-Bowser 
successions, indicating a need for revision. 
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APPEnDIx 1:  
AnALYTICAL PROCEDUREs

Anhydrous Pyrolysis

Rock-Eval/TOC is a useful screen for recognizing 
sources and stained lithologies. Rock samples suspected or 
identified as having crude oil stains or petroleum fluid in-
clusions were pyrolyzed using Rock-Eval/TOC (Table 2) to 
determine total organic carbon content (Table 2; Espitalie et 
al., 1985; Peters, 1986; Tissot and Welte, 1978, p. 443-447). 
The Rock-Eval/TOC analysis gives five parameters: S1, S2, 
S3, TOC, and Tmax. The S1 parameter measures free or ad-
sorbed hydrocarbons volatilized at moderate temperatures 
(300o C). S2 measures the hydrocarbons liberated during a 
ramped heating (300o C to 550o C at 25oC/min.). The S3 pa-
rameter measures organic CO2 generated from the kerogen 
during rapid heating (300o C to 390o C at 25o C/min.). Milli-
grams of product per gram of rock sample, the equivalent to 
kilograms per tonne, is the measure of all these parameters. 
Total Organic Carbon (TOC) is measured and reported in 
weight percent. Tmax, the temperature corresponding to the 
S2 peak maximum temperature, is measured in oC. 

Rock-Eval/TOC parameters have significance only 
above threshold TOC, S1, and S2 values. If TOC is less 
than about 0.3%, then all parameters have questionable 
significance and the experiment suggests no potential. Oxy-
gen index (OI = S3/TOC), has questionable significance if 
TOC is less than about 0.5%. OI values greater than 150 
mg/g TOC can result from either low TOC determination or 
from a mineral matrix CO2 contribution during pyrolysis. 
Both Tmax and production index (PI = S1/[S1+S2]) have 
questionable significance if S1 and S2 values are less than 
about 0.2. Results can be affected by mineral matrix effects; 
these either retain generated compounds, generally lower-
ing the S1 or S2 peaks while increasing Tmax, or liberate 
inorganic CO2 and increase S3 and OI. Mineral matrix ef-
fects are important if TOC, S1, and S2 are low—an effect 
not significant in this study. 

Solvent Extract Gross Composition

The amount and composition of solvent extractable bi-
tuminous material, including crude oil stains and petroleum 
fluid inclusions, was obtained by extracting the bitumen 
from the rock sample using the Soxhlet technique (Table 
2). Solvent extracts were fractionated using packed column 
chromatography, following a method effectively similar 
to that published by Snowdon (1978). The resulting gross 
composition can be used to identify crude oil stains or to 
characterize source rock richness and maturity. Normalized 
solvent extract hydrocarbon (HC) yield, quoted in milli-

grams of extract per gram of organic carbon (mg/g TOC), 
is a richness indicator. HC yields of less than 30 mg/g TOC 
suggest no source rock potential. Those between 30 and 50 
mg/g TOC suggest marginal potential. HC yields between 
50 and 80 mg/g TOC show good potential. Greater values 
indicate excellent potential. Hydrocarbon percentage cri-
teria for maturity are commonly independent of OM type 
and lithology. Stained samples are those with more than 
55% HCs, and lower values are characteristic of petroleum 
source rocks if sufficient material is available, which is not 
the case for this study. Less than 20% HCs characterizes 
thermally immature sources; 25% to less than 45% HCs is 
the interval of marginal maturity; higher values occur dur-
ing the the main HC generation stage. 

Solvent Extract Molecular Composition

The extractable bitumen was de-asphalted by adding 
an excess of pentane (40 volumes) and then fractionating 
using open-column liquid chromatography. Saturate hydro-
carbons were analysed using gas chromatography (GC) and 
gas chromatography-mass spectrometry (GCMS). A Varian 
3700 FID gas chromatograph was used with a 30 m DB-1 
column coated with OV-1 and helium as the mobile phase. 
The temperature was programmed from 50o C to 280o C 
at a rate of 4o C/min and then held for 30 min at the final 
temperature. The eluting compounds were detected and 
quantitatively determined using a hydrogen flame ioniza-
tion detector. The resulting saturate fraction chromato-
grams (SFGC) were integrated using Turbochrom software. 
GCMS was performed in both single ion monitoring and 
full scan modes on both saturate and aromatic hydrocarbon 
fractions of solvent extracts, although only select saturate 
fraction compositional characteristics obtained from single 
ion monitoring experiments are reported here. Single ion 
monitoring GCMS experiments were performed on a VG 
70SQ mass spectrometer with a HP gas chromatograph at-
tached directly to the ion source (30 m DB-5 fused silica 
column used for GC separation), or under similar analyti-
cal conditions. The temperature, initially held at 100o C for 
2 min, was programmed at 40o C/min to 180o C and at 4o 

C/min to 320o C, then held for 15 min at 320o C. The mass 
spectrometer was operated with a 70 eV ionization voltage, 
300 mA filament emission current and interface tempera-
ture of 280o C. Terpane and sterane ratios reported herein 
were calculated using m/z 191 and m/z 217 and m/z 218 
mass chromatograms.
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sTRUCTURAL RELATIOnsHIP bETWEEn THE LAbERGE GROUP AnD 
SINwA FORmATION ON COPPER ISLAND, SOuTHERN ATLIN LAKE, 

nORTHWEsT bRITIsH COLUMbIA

by Kara L. wight, Joseph m. English and Stephen T. Johnston
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llewellyn fault, atlin lake, copper island fault

InTRODUCTIOn

The Whitehorse Trough is an elongate Mesozoic arc-
marginal volcano-sedimentary basin that extends from 
central Yukon to Dease Lake in northwest British Columbia 
(Figure 1). The Whitehorse Trough contains volcaniclastic 
and carbonate strata of the Upper Triassic Stuhini Group 
and siliciclastic strata of the Lower to Middle Jurassic Lab-
erge Group (Figure 2). Major structures within the southern 
Whitehorse Trough include the Llewellyn and Nahlin Faults 
and the southwest-vergent King Salmon Thrust.

The King Salmon Thrust carries the Upper Triassic 
Sinwa Formation (Stuhini Group) and Lower Jurassic Ink-
lin Formation (Laberge Group) in its hanging wall over top 
of more proximal facies of the Laberge Group to the south-
west (Souther, 1971; Figure 1). Regional mapping suggests 
that the King Salmon Thrust extends northwards into the 
southern Atlin Lake region (e.g., Wheeler and McFeely, 
1991). The major structure in the Atlin Lake region is, how-
ever, the Llewellyn Fault (Wheeler and McFeely, 1991), a 
steep north-northwest-trending strike-slip fault of largely 
Triassic to Cretaceous age (Mihalynuk, 1999). The fault 
that marks the southwest limit of the Laberge Group in the 
southern Atlin Lake region (herein called the Copper Island 
Fault) has previously been interpreted to be the northern ex-
tension of the King Salmon Thrust. Both the King Salmon 
Thrust and the Copper Island Fault trend northwest. The 
main goal of this paper is to determine whether the Copper 
Island Fault in the southern Atlin Lake region is an exten-
sion of the King Salmon Thrust or whether it is a separate 
and possibly younger structure. To address this question, 
a detailed geological mapping program was undertaken on 
Copper Island in southern Atlin Lake. Mapping focused on 
determining the nature of the Copper Island Fault and its 
relationship to other regional structures and on document-
ing the structure and stratigraphy of adjacent strata of the 
Laberge Group. 

The goals of this paper are to (1) describe the stratig-
raphy and structure of Copper Island, (2) construct and 
discuss the structural cross sections for Copper Island, and 

(3) establish whether the Copper Island Fault is a northern 
continuation of the King Salmon Thrust (as previously as-
sumed) or a separate entity. 

GEOLOGICAL bACkGROUnD

Early Mesozoic arc-marginal volcano-sedimentary 
rocks of the Whitehorse Trough include conglomerate, silt-
stone, sandstone, and greywacke that were deposited in a 
deep-marine setting of submarine fans and conglomeratic 
fan deltas (e.g., Dickie and Hein, 1995; Johannson et al., 
1997). Laberge Group sediments were derived from the 
unroofing of the Stikine magmatic arc and Yukon-Tanana 
Terrane to the west and southwest (Dickie and Hein, 1995; 
Johnston  et al., 1996; Johannson et al., 1997) and are divis-
ible into a distal sandstone facies in the northeast (Inklin 
Formation) and a proximal conglomeratic facies in the 
southwest (Souther, 1971; Monger et al., 1991). 

The marine Inklin Formation consists of a roughly 3 
km thick succession of interbedded greywacke, shale, and 
siltstone with minor conglomerate (Johannson et al., 1994), 
interpreted as the distal facies of coalescing submarine fans 
and conglomeratic fan deltas (Dickie and Hein, 1995). In 
the southern Atlin Lake area, the Inklin Formation ranges 
in age from Early Sinemurian to Late Pliensbachian (Jo-
hannson et al., 1997). In the southern Whitehorse Trough, 
the conglomeratic facies of the Laberge Group onlaps the 
Upper Triassic volcanic and carbonate rocks of the Stuhini 
Group (Souther, 1971). In the southern Atlin area, the distal 
Laberge Group facies are faulted against the Stuhini Group 
strata by the Copper Island Fault, and the proximal con-
glomeratic facies of the Laberge Group are missing.

The Whitehorse Trough was tectonically shortened 
during the Middle Jurassic as a result of a collisional event 
that involved the westward emplacement of the Cache 
Creek Terrane over the Whitehorse Trough and Stikine Ter-
rane (Mihalynuk, 1999). Structures of the central White-
horse Trough are dominated by southwest-vergent folds 
and thrusts (English et al., 2003). The age of the fold and 
thrust belt development is constrained as mainly Middle 
Jurassic on the basis of biostratigraphy (Tipper, 1978)  and 
between  174  and  172  Ma  based on isotopic cooling age 
determinations (Mihalynuk et al., in press).
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Figure 1. Location of Copper Island study area in southern Atlin Lake.

Figure 2. Stratigraphy of Laberge group within the whitehorse Trough. Arrows indicate paleoflow direc-
tion. Tanglefoot Formation is a chert and pebble conglomerate from the Cache Creek Terrane in Yukon 
(source: English et al., in review).



 Resource Development and Geoscience Branch   ���

Two major thrust faults that developed during colli-
sion are the King Salmon Thrust and the Nahlin Fault. The 
Nahlin Fault bounds the northeast limit of the Whitehorse 
Trough at the surface (Aitken, 1959) and carries Cache 
Creek Terrane in its hanging wall. In the southern White-
horse Trough, the King Salmon Thrust carries the Upper 
Triassic Sinwa Formation and Lower Jurassic Inklin For-
mation in its hanging wall over more conglomeratic facies 
of the Laberge Group in its footwall. The King Salmon 
Thrust occurs near the base of the Sinwa Formation, and 
subsidiary thrust faults splay from and mimic the trend and 
vergence of this major structure (English et al., 2003).

The northern extent of the King Salmon Thrust is, how-
ever, uncertain. In the area southeast of Atlin Lake, Early 
Eocene Sloko Group volcanic rocks conceal the northern 
continuation of the King Salmon Thrust (Aitken, 1959; 
Mihalynuk, 1999). A similarly positioned fault, the Copper 
Island Fault, occurs on the northwest side of the exposed 
Sloko Group through Atlin Lake and was previously inter-
preted as the King Salmon Thrust. The Copper Island Fault 
can be distinguished from the King Salmon Thrust based on 
its geometry and relationship to adjacent rocks. This fault 
may instead represent a splay of the Llewellyn Fault. The 
possibility that the Copper Island Fault is a strike-slip splay 
was investigated.

sTUDY AREA

The structure and stratigraphy of the Laberge Group on 
Copper Island in southern Atlin Lake were used to evaluate 
the Copper Island Fault. The study area covers a 30 km2 
region straddling the Copper Island Fault. This fault, which 
separates the Sinwa Formation and Inklin Formation, was 
mapped from the southwest shore of Atlin Lake, across 
Second Narrows and Copper Island, to the western shore of 
Torres Channel (Figure 3). At its western extent, the Copper 
Island Fault is plugged by a Late Cretaceous intrusion in the 
vicinity of Cathedral Mountain (Mihalynuk, 1999).

sTRATIGRAPHY

The study area is underlain by volcanic, volcaniclastic, 
and carbonate strata of the Upper Triassic Stuhini Group 
and Lower Jurassic Inklin Formation (Figures 2 and 3). 
Volcanic rocks of the Stuhini Group are a minor component 
of the area and outcrop on the southwest corner of Copper 
Island. 

The Norian Sinwa Formation of the Stuhini Group 
consists of light to dark grey massive to bedded limestone. 
Fossiliferous undulating light grey beds are 0.2 to 5 cm 
thick and interbedded with 0.25 to 2 cm thick beds of dark 
grey limestone. Some of these shallow marine carbonates 
have an extensive lattice of calcite veining and a marbled 

appearance near the contact zone with the Laberge Group. 
Some samples were fetid. In the Second Narrows region, 
limestone is intercalated with Late Triassic volcaniclastic 
strata and pyroclastic rocks of the Stuhini Group (Mi-
halynuk, 1999). The fault zone extending across Second 
Narrows marks the unexposed contact between the Sinwa 
Formation limestone and the Laberge Group.

Early to Late Pliensbachian greywacke, siltstone, argil-
lite, sandstone, and minor conglomerate are characteristic 
of the Inklin Formation within the Laberge Group. The 
most common sediments on Copper Island consisted of 
medium grey to dark grey-green massive to graded wacke 
beds (more than 15% matrix) that range from 1.5 to 100 m 
thick, with the thickest beds exposed on the northwest shore 
of Copper Island. Two to three metre thick beds of these 
lithic wackes are commonly interbedded with argillite, 
siltstone and sandstones. Flame structures and convoluted 
and planar contacts mark the boundaries between beds. The 
greywacke consists of angular, poorly sorted medium to 
coarse sand in a 15% to 70% mud matrix. Clasts include 
lithic clasts (predominantly volcanic rock), feldspar, quartz, 
biotite, and less than 15% mafic minerals. Most beds were 
right way up; however, bedding of greywacke and siltstone 
is overturned in the central portion of Copper Island. Veins 
of calcite are found in the vicinity of fault zones, and orange 
weathering is common. 

Within the Inklin Formation, there is a siliciclastic unit 
of medium- to coarse-grained quartz-rich wacke and sand-
stone that occurs as 100+ m thick beds, coarsens upwards, 
and displays dark orange weathering. Rip-up clasts (ap-
proximately 20 by 40 cm) and lenses of siltstone commonly 
are contained within the sandstone. 

The 1 to 10+ m thick siltstone occurs as black to medi-
um rusty brown 0.5 to 3 cm laminations. The bedding varies 
from undulating and convoluted to planar. The siltstone is 
subordinate within wacke-dominant sequences and is com-
monly interbedded with coarser orange-brown fine-grained 
sandstone. Bioturbation, orange weathering, and lenses of 
sandstone are common. 

Pebble to cobble conglomerate occurs as one minor 
20 m thick bed on southeast Copper Island. The clasts are 
dominantly rounded to subrounded volcanics, greywacke, 
and shale. This unit was not found outcropping in any other 
portion of the island. The absence of the conglomeratic 
facies of the Laberge Group in the southern Atlin area is 
different from the stratigraphy found in the footwall of the 
King Salmon Thrust in the Taku River area, where coarse 
conglomeratic facies of the Laberge Group are dominant 
(Souther, 1971).
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Figure 3. bedrock geology map of Copper Island.
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sTRUCTURE

Copper Island is characterised by northwest-southeast 
trending folds and faults. One shallowly southeast-plung-
ing syncline occurs on southwest Copper Island adjacent to 
the Copper Island Fault. An overturned anticline in central 
Copper Island shallowly plunges to the southeast (Figure 
4 and 5). Minor folds perpendicular to the Copper Island 
Fault occur along the ridge top northeast of Second Nar-
rows. A tight minor antiform on a centrally located island 
off the southeast shore of Copper Island could not be fol-
lowed onto Copper Island.

The Copper Island Fault separates the Sinwa Forma-
tion to the southwest from the younger Inklin Formation 
to the northeast. Laberge Group siltstone adjacent to the 
fault contains Late Pliensbachian (Kunae Zone) ammonites 
(Johannson et al., 1997), and previous dating of the Sinwa 
Formation concludes the age to be Norian (Upper Triassic) 
(Souther, 1971). 

Bedding attitude is variable adjacent to the Copper 
Island Fault. The Sinwa Formation limestone dips from 
subvertical to shallow in multiple orientations (e.g., 138/79; 
260/60; 356/011). The Inklin strata are moderately shal-
low and dip inconsistently (e.g., 018/23; 226/40; 233/52; 
336/54). Variability in bedding may be due to local defor-
mation along the Copper Island Fault. The Copper Island 
Fault is a subvertical structure trending northwest through 
Second Narrows and Copper Island (Figure 3 and 5). The 
linear fault zone is 175 to 200 m wide and crosscuts differ-
ent-aged bedding of adjacent strata. Extensively fractured 
rocks and slickenfibre lineations that shallowly plunge to 
the southeast (17°→148° and 18°→126°) are observed in 
the Copper Island Fault zone. The shallow orientation of 
the slickenfibres may indicate a largely translational motion 
on the Copper Island Fault. 

Additional post Mid-Jurassic linear faults divide the 
northeast portion of Copper Island and crosscut Laberge 
Group bedding and the northwest-trending folds. The rocks 
in these faulted areas are shattered or gouged, and the faults 
form linear features on air photographs and commonly have 
intrusions along the margins of the fault zone. Intrusions of-
ten are in or directly next to narrow linear bays that formed 
along the fault zones. The younger faults variably cut 
across the folds formed in the Mid-Jurassic (Tipper, 1978; 
Mihalynuk, in press). Several other faults cut across Copper 
Island on the eastern shore, variably trending 270° to 330°. 
Variable orientations and the number of faults added much 
complexity to structural interpretation of the east portion 
of Copper Island. In detail, thick beds may disappear over 
short distances and are thought to be interrupted by a fault 
rather than pinched out stratigraphically. 

Subvertical strike-slip faults are common in the south-
ern Atlin Lake area and are exposed along Atlin Lake on 
Bastion and Griffith Islands (English et al., in review). Ad-

ditionally, the subvertical Llewellyn Fault trends northwest 
across Llewellyn Inlet. Mihalynuk (1999) documented 
abundant vertical to subvertical northeast-trending faults 
of sinistral and dextral motion with less than 10 m offset 
in the Tagish Lake Area. Regionally, the subvertical Cop-
per Island Fault continues to separate the Upper Triassic 
Stuhini Group and the Lower Jurassic Laberge Group to the 
northwest and merges with the Llewellyn Fault near Tagish 
Lake (based on bedrock geology map of Mihalynuk, 1999). 
Therefore, the Copper Island Fault represents a splay on the 
Llewellyn strike slip system rather than a continuation of 
the King Salmon Thrust.

DIsCUssIOn

The Copper Island Fault is commonly interpreted as 
an extension of the King Salmon Thrust (Wheeler and Mc-
Feely, 1991); however, these two faults may be independent 
structures.

In the central portion of the Whitehorse Trough near the 
Taku River, the Sinwa and Inklin Formations occur north-
east of and in the hanging wall of the King Salmon Thrust 
and are carried over younger Lower Jurassic conglomeratic 
facies of the Laberge Group to the west (Souther, 1971). 
The Copper Island Fault, however, juxtaposes older, Up-
per Triassic Sinwa Formation limestones to the southwest, 
against younger, Late Pliensbachian Laberge Group strata 
to the northeast; Sinemurian and Early Pliensbachian strata 
are absent across the fault. The cutting out and structural 
thinning of the stratigraphic section and the juxtaposition 
of younger rocks to the northeast against older rocks to the 
southwest is the opposite of what would be expected if the 
Copper Island Fault were a west-verging thrust fault. 

Arguably, the history of the King Salmon Thrust is 
similar to the history of the Nahlin Fault. The Nahlin Fault 
bounds the northeast margin of the Whitehorse Trough 
(Figure 1) and originated as a thrust fault during emplace-
ment of the Cache Creek Terrane (Mihalynuk, 1999). As 
the Nahlin Fault extends into Atlin Lake area, the structure 
becomes vertical and displays dextral wrench displace-
ment, perhaps due to reactivation between  about 55 and 46 
Ma (Mihalynuk et al., 2003). Thus, the Copper Island Fault 
could represent younger strike-slip motion on a northern 
continuation of the King Salmon Thrust; however, this re-
mains problematic because the age relation of stratigraphy 
across Copper Island Fault differs from that of the King 
Salmon Thrust.

The steep nature of the Copper Island Fault, the vari-
able bedding adjacent to the structure, the shallowly plung-
ing slickenfibres, and the crosscutting of beds all suggest a 
translational strike-slip motion for the Copper Island Fault. 
In addition, the well-developed fold and thrust belt char-
acteristic of the southern Whitehorse Trough is not seen in 
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Figure 4. Syncline (a) and overturned anticline (b) plunging shallowly towards the southeast located northeast of Copper 
Island Fault. Compare to air photo (c) which shows the plunging nature of syncline (a) (source: BC5624 059).
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southern Atlin Lake (English et al., in review), and local 
and regional faults in the area are dominantly strike-slip in 
nature (e.g., Llewellyn Fault, Figure 1).  Given that the sub-
vertical Copper Island Fault can be traced to the northwest, 
continuing to separate the Stuhini Group and the Laberge 
Group until it merges with the Llewellyn Fault near Tagish 
Lake, the Copper Island Fault represents a splay of the Tri-
assic to Cretaceous Llewellyn strike-slip system rather than 
a northern continuation of the King Salmon Thrust.

IMPLICATIOns FOR HYDROCARbOns

In the Taku River area, the Sinwa Formation carbonates 
extend to depth beneath the Laberge Group in the hanging 
wall of the shallow-angle King Salmon Thrust and may 
be a potential source rock for hydrocarbon accumulations. 
However, this relationship is not as clear in the southern 
Atlin Lake and Copper Island areas. The steep angle fault 
separating the Sinwa Formation from the Laberge Group 
may have developed during strike-slip motion, and the ex-
tent of the Sinwa Formation, and concomitant source rock 
potential, in the subsurface beneath the Laberge Group in 
the Atlin Lake area remains unconstrained (Figure 5).

COnCLUsIOns

In the southern Atlin Lake region, the subvertical 
Copper Island Fault separates the Upper Triassic Sinwa 
Formation from Late Pliensbachian sediments of the Inklin 
Formation. The Copper Island Fault has previously been 
interpreted to represent the northwestern continuation of 
the King Salmon Thrust. The geometry and stratigraphic 
relationship across the fault suggest that the Copper Is-
land Fault is a separate and younger feature from the King 
Salmon Thrust and is probably characterised by strike-slip 

Figure 5. Cross section of western Copper Island. Central folds are overturned and have undergone further deforma-
tion perpendicular to fold axis. Note the vertical-subvertical Copper Island Fault in the Sw and fault splay slightly NE 
of the CIF.   see Figure 3 for section line and legend.  

displacement. The King Salmon Thrust carries the Sinwa 
and Inklin Formations in its hanging wall and places them 
above the proximal conglomerate facies of the Laberge 
Group. These conglomerates are not exposed in the Atlin 
Lake area, and the subvertical Copper Island Fault does not 
display an older-over-younger relationship. Moreover, the 
basal Sinemurian strata of the Inklin Formation are miss-
ing across the fault. The Copper Island Fault can be traced 
to the northwest until it merges with the Llewellyn Fault; 
therefore, the Copper Island Fault represents a splay of the 
Llewellyn strike-slip system rather than a northern continu-
ation of the King Salmon Thrust. 
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UnIqUE AsPECTs OF bRITIsH COLUMbIA COALbED METHAnE  
GEOLOGY: InFLUEnCEs On PRODUCEAbILITY

by barry Ryan1

keywords: elk Valley, Crowsnest and Peace river 
coalfields; gas composition; Lewis Thrust; deformation 
history.

InTRODUCTIOn

The majority of literature refers to the extraction of 
coalbed methane (CBM) from coal, which is not scien-
tifically correct as the gas extracted from coal is a mixture 
of methane, carbon dioxide, and other gases. The British 
Columbia government is adopting the term coalbed gas 
(CBG). The abbreviations CBM and CBG both refer to 
the commercial gas extracted from coal at depth. To avoid 
confusion with existing scientific literature, this paper uses 
the term CBM.

Based on the amount of public data available, British 
Columbia is still in the grassroots stage of CBM explora-
tion. In the last few years, companies have drilled a number 
of holes in southeast, northeast, and central British Colum-
bia. Most of the drilling was done as part of experimental 
schemes, which provide a three-year confidentiality period, 
and consequently most of the information is still confiden-
tial. This paper therefore relies in part on coal rather than 
CBM data and  on speculation as input for a discussion of 
influences of CBM geology on produceability. Under this 
general topic a number of observations or ideas are de-
veloped; they are related only in that they may all help in 
delineating prospective CBM areas.

Most of the coalfields in British Columbia have expe-
rienced some level of deformation. It is very important to 
understand the timing of coal maturation relative to defor-
mation. In the simplest context, one should know whether 
structural traps were formed before or after generation of 
thermogenic methane. In the southeast of the province, the 
Elk Valley and Crowsnest coalfields (Figure 1) form part of 
the Lewis Thrust sheet, and this somewhat unique macro-
tectonic environment should be considered when assessing 
the CBM characteristics of the coalfields. This leads to a 
provisional comparison of the structural setting between 
the Peace River in the northeast and the southeastern coal-
fields. Finally, one of the most important aspects of CBM 
produceability is the recent tectonic history of coalfields 
and how it may improve permeability and interrelate with 
coal properties.

COMMEnTs On THE TIMInG OF  
DEFORMATIOn AnD COAL  
MATURATIOn

Coal, more than any other rock, changes during matura-
tion. The main change is shrinkage, at first associated with 
loss of water, then with loss of carbon dioxide, and finally 
with loss of methane. There are a number of experimental 
ways of determining mass lost during maturation, but it can 
also be estimated from standard analyses of coals of dif-
ferent ranks. In the latter case, it is assumed that the fixed 
carbon component of a proximate analysis remains constant 
and that coal shrinkage is caused by loss of water and vola-
tile matter. This is obviously only an approximation of what 
happens as coal rank increases; however, it enables a useful 
plot to be developed (Figure 2), which indicates that most 
of the water loss and coal shrinkage occur in the rank range 
defined by mean maximum vitrinite reflectance (Rmax) 
values of 0.4% to 0.7% (also represented by the transition 
from sub-bituminous to high-volatile bituminous). A sec-
ond period of rapid shrinkage corresponds to the expulsion 
of thermogenic methane at a rank of about Rmax = 0.9%.

During the two periods of rapid shrinkage (Figure 2), 
seams are expelling water and volatile matter and may 
become overpressured. Under these conditions, especially 
during the first period, seams are most susceptible to bed-
ding-parallel slip and thrusting. If deformation starts when 
seams are in the rank window Rmax = 0.4% to 0.7%, then 
pervasive deformation may well be localized in seams, in 
part because of overpressuring. Seams will be extensively 
sheared and may not develop cleats, or pre-existing cleats 
may be destroyed. Methane generated as rank continues to 
increase may have structural traps available, but permeabil-
ity in seams may be low. On the other hand, if deformation 
occurs when the coal has reached higher ranks, then it is 
less likely to be as pervasive within seams, and pre-existing 
cleats may survive. Methane generated prior to develop-
ment of structural traps may be lost as it is expelled with 
increasing rank.

The two periods of matrix shrinkage indicated in Fig-
ure 2 may correspond to cleat development. The earlier one 
is caused in part by compaction and loss of surface water, 
with some loss of CO2 from the coal matrix. This shrinkage 
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Figure 1. Structural setting of the Elk Valley and Crowsnest coalfields.
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probably forms widely spaced cleats, because coal at this 
rank still contains, in part, a vegetation structure that will 
hinder the formation of closely spaced cleats. At increased 
rank (about Rmax = 0.9%), the coal goes through another 
period of rapid contraction that is caused by loss of methane 
from vitrinite. At this time, closely spaced cleats may form 
in vitrain-rich bands.

Figure 2. matrix shrinkage and potential over-pressure as 
estimated from proximate analyses.

Face cleats exist in Powder River Basin coals, which 
have ranks of about Rmax = 0.4%. Generally, face cleats 
form parallel to the direction of regional compression and 
perpendicular to the basin axis. In that they are probably 
forming at fairly shallow depth (represented by a rank of 
about 0.4% to 0.7%), it is easy for the fold-axis-normal 
direction to become extensional, especially because of coal 
shrinkage. The regional nature of these fractures is probably 
accentuated because they offer pathways for water expelled 
from coal to escape upwards within seams to basin margins. 
Butt cleats that may form later during methane generation 
will generally be constrained to form at 90° to bedding and 
face cleats. These are surfaces of no or low cohesion, and 
therefore principle compressive stress directions must be 
perpendicular to them.

The spacing of face cleats decreases as rank increases 
up to a rank of low-volatile bituminous or semi-anthracite 
and then may increase (Law, 1993). If cleat development 
and spacing is related to the two periods of maximum 
shrinkage, then there should be a relationship between the 
plot provided by Law (1993) (Figure 3, this paper) and 
Figure 2. The curve in Figure 3 can be represented by a 
number of model points (open diamonds) that allow for the 
calculation of the change of cleat frequency versus rank or 
temperature. It is apparent that the maximum rate of change 
in cleat frequency is at low rank or temperature and tends to 
conform to the maximum period of coal shrinkage. 

The generation of thermogenic methane can start 
at ranks as low as 0.5% in liptinite-rich coals. The gas is 
rich in heavier hydrocarbons, i.e., wet gas (Scott, 2001). 
The main stage of thermogenic methane generation starts 
at a rank of about 0.8% (Figure 4, from Scott, 2001), and 
the gas becomes progressively drier (dryness defined as 
C1/[C2+C3]) as rank increases. However, it will generally 
have lower ratios than does biogenic gas, which has high 
C1/(C2+C3) ratios. Coals rich in inert macerals may gener-
ate fairly dry gas (high C1/[C2+C3] ratio).

In deformed seams in British Columbia, it is important 
to differentiate between the effects of regional deformation 
(thrust faults) and local (in-seam) deformation. Regional 
deformation that precedes local folding probably occurs 
when coal rank is low, and its intensity will not vary based 
on location in folds. Shear joints associated with the early 
thrusting may not intersect bedding along fold-axis direc-
tions of later folding, and they will not vary their relative 
orientation with respect to bedding, depending on which 
limb they occur on. The simplistic geometry of shear joints 
related to regional shearing and local flexural flow folding 
is illustrated in Figures 5 and 6.

The data are plotted into lower-hemisphere stereonets 
as poles to bedding and poles to shear joints. It is useful to 
note that in the stereonets, the pole to shear joints migrates 
away from the pole to bedding in the direction of shearing 
to form an acute angle between the two poles. The orienta-
tion of shear joints related to thrusting should be region-
ally consistent, whereas those related to folds will change 
orientation depending on which limb they are on. Limited 
data from southeast BC indicate that the shear joints at the 
Greenhills coal mine on the west limb of the syncline are 
related to the flexural slip associated with the syncline. In 
other mines, the relationship is less obvious. The shear joints 
are, however, rotated such that they appear to be related to 
folds trending more to the northwest or thrusting from the 
southwest. (Figure 7). Face cleats appear  to  strike  normal 

Figure 3. Spacing of face cleats versus rank (from Law, 
1993); open diamonds are model points.
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to  this  early folding (or parallel to the thrusting) rather than 
normal to the later fold-axis direction.

In the Peace River coalfield (Figure 8), shear joints 
indicate northeastward thrusting or the prevalent north-
west-trending folds. The properties indicated in Figure 8 
are located in Figure 9. Face cleats are generally normal 
to the fold-axis direction, except in the north in the Geth-
ing Formation, where some trend parallel to the fold-axis 
direction. These cleats may in fact be axial planar features 
related to folding of the coal that occurred after it reached 
moderate rank. In the area, coal in the Gething Formation 
is inertinite-rich and consequently would not have shrunk 
as much during early coalification. Inert-rich coals that are 
characteristic of some Cretaceous British Columbia and 
Permian Australian coals may not form face cleats during 
early coalification and may contain fractures formed during 
later tectonic activity. These fractures may or may not be of 
extensional origin.

sTRUCTURAL AnD CbM HIsTORY OF 
THE ELk VALLEY AnD CROWsnEsT 
COALFIELDs In THE LEWIs THRUsT 
sHEET

The Elk Valley and Crowsnest coalfields have had a 
complex tectonic history, in part because they are contained 
in the Lewis Thrust sheet (Figure 1). This unique tectonic 
setting, in conjunction with the Cretaceous to Early Tertiary 
deformation history, may be significant in terms of the pro-
duceability of the CBM resource of the coalfields.

Figure 4. generation of gases; diagram from Scott (2001).

Coal in the coalfields is contained in the Mist Mountain 
Formation of the Kootenay Group (Table 1), which was de-
posited into the miogeosyncline developed on the eastern 
edge of the Purcell Arch. Sediment was derived from the 
west as the Columbian Orogeny uplifted rocks. The Koote-
nay Group is separated from the overlying Blairmore Group 
by a disconformity that separates the Elk Formation from 
the overlying Cadomin conglomerate. To the north and east, 
there was considerable erosion associated with this uncon-
formity, which in the Elk Valley and Crowsnest coalfields 
appears to be more of a disconformity.

The Mist Mountain Formation, which is Lower Creta-
ceous to Upper Jurassic (about 152 to 140 Ma; Mossop and 
Shetsen, 1994), is up to 625 m thick in southeast British 
Columbia (Gibson, 1985). The overlying Elk Formation 
varies in thickness up to 488 m (present thickness; Gibson, 
1977). It is unlikely, therefore, that the coal seams in the 
Mist Mountain Formation were buried by much more than 
1000 m at the time of the pre-Blairmore erosional event. 
Erosion and associated uplift probably did not have any 
lasting effect on gas contents of seams in the formation.

The gas contents of coals in Carboniferous rocks in 
the Ruhr area of Germany reflect the effects of a post-
Carboniferous unconformity. Samples from just below the 
unconformity are close to saturated, whereas deeper coals 
are undersaturated. This is the opposite of what might be 
expected, based on degassing of the coal during erosion and 
uplift related to the unconformity. Freudenberg et al. (1996) 
suggest that shallower coals were recharged with biogenic 
methane generated using both CO2 introduced during uplift 
and hydrogen from the coals.  Seams  deeper  in the sec-
tion are undersaturated because they were hotter, did not 
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Figure 6. Orientation of shear joints in flexural flow fold.

Figure 5. Orientation of shear joints in a thrust.
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Figure 7.  Sterionet of shear joints and cleats in southeast coalfields.

Figure 8. Sterionet of shear joints and cleats in northeast coalfields.
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have access to CO2, and retained a thermogenic imprint. As 
discussed later, it does appear that coals lower in the Mist 
Mountain section are undersaturated, but the explanation 
above cannot be used because the depth of burial of Mist 
Mountain coals at the time of the Cadomin unconformity 
was too shallow, and subsequent increase in rank would 
have generated sufficient methane to remove any imprint 
of the unconformity.

The Cadomin Formation, which is up to 170 m thick 
(White and Leckie, 2000), forms the base of the Lower Cre-
taceous Blairmore Group. It was probably deposited from 
about 140 to 125 Ma, based on palynology data discussed 
by White and Leckie (2000). There is therefore not a ma-
jor time difference between the deposition of the Elk and 
Cadomin Formations. The Blairmore Group, which was 
deposited disconformably on top of the Kootenay Group, 
spans the time 140 to 95 Ma, and therefore deposition 
predates formation of the Lewis Thrust, which was active 
from 74 to 59 Ma (Sears, 2001). The thickness of the group 
ranges from 365 to 2000 m (Price, 1961). It is overlain by 
the Upper Cretaceous Crowsnest Formation (mainly al-
kaline volcanics), which is 40 to 100 m thick below the 
Lewis Thrust but does not occur within the thrust sheet. The 
formation is dated at 95 Ma using K-Ar data (Follinsbee et 
al., 1957), and its deposition therefore predates formation 
of the Lewis Thrust. Outcrops of the Upper Cretaceous Al-
berta Group survive in the Crowsnest coalfield in the core 
of the McEvoy syncline, where it is up to 230 m thick.

Prior to thrust development in the period 74 to 59 Ma, 
seams in the Mist Mountain Formation were probably cov-

Figure 9. Reflectnace isograds for the top of the gething For-
mation adapted from machioni and Kalkreuth, (1992).

ered by over 3000 m of rock comprised of the cumulative 
thickness of the Elk Formation, Blairmore Group, Crows-
nest Formation, and Alberta Group. This is supposing that 
additional thrusts were not stacked on top of the Lewis 
Thrust sheet. At a depth of 3000 to 4000 m and based on 
normal geothermal gradients, seams in the upper part of the 
Mist Mountain Formation would have achieved a rank of 
high-volatile bituminous represented by Rmax values in the 
range of 0.6% to 0.8%. Seams lower in the section would 
have achieved higher rank. Thus at the time when Cordill-
eran orogenic forces to the west initiated development of 
the Lewis Thrust, some seams in the Mist Mountain were 
possibly overpressured with CO2-laden water and in an 
ideal condition to participate in thrusting on all scales. Pear-
son and Grieves (1986) document evidence for post-folding 
coal maturation in the southwest corner of the Crowsnest 
coalfield. 

The Lewis Thrust carried a thick slab, which probably 
consisted of over 6000 m (Price, 1962) of Paleozoic and 
Mesozoic rocks, eastward over rocks as young as Meso-
zoic. Osadetz et al. (2003) estimate the thickness at over 7 
km. Movement took place during the period from 74 to 59 
Ma at a rate of about 1.5 cm/yr in the Crowsnest Pass area, 
based on an estimated cumulative offset of between 140 
and 200 km. Initiation of movement is indicated by pro-
found cooling in the thrust block at about 75 Ma (Osadetz 
et al., 2003).

Thrust movement resulted in an increase in topog-
raphy. It also fractured the cold and brittle thrust sheet, 
increasing permeability and allowing cold fluids to reach 
greater depths (Price et. al., 2001). This refrigeration of the 
thrust sheet delayed increase in rank and reduced the risk 
of gas loss because the decrease in temperature increased 
the adsorption ability of seams. However, at the time that 
this was occurring, the Bourgeau Thrust (Figure 1) was 
emplacing Paleozoic carbonates over the Lewis Thrust, 
and it was easy for fluids containing thermogenic CO2 
contained in the Paleozoic limestones to move downwards 
into the Lewis Thrust block. At the time of emplacement of 
the Bourgeau Thrust over the Lewis Thrust block, folds in 
the Lewis Thrust block would probably be largely formed 
and, to some extent, depth below the overlying Paleozoic 
limestones would in part be controlled by stratigraphy and 
in part by position in folds. This may explain the high CO2 
concentrations seen in some of the upper seams in the Elk 
Valley (Figure 10) (data from holes drilled by Norcen in 
1990; Dawson et al., 2000). There is, therefore, reason to 
suspect that the CO2 is thermogenic, though this cannot be 
confirmed without isotope data.

There are very limited public data on CO2 concentra-
tions in coals of the Crowsnest coalfield. A report by Rice 
(1918) provides some analyses. In 1916, 5 samples were 
collected from the working face in the underground Coal 
Creek Colliery and placed into sealed jars (Table 2). When 
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the gas was analyzed, it was apparent that all had leaked; 
however, the CO2 content is estimated from the CO2/
(CH4+CO2) ratio and it appears that, except for one sample, 
CO2 contents were probably less than 5% (data are reported 
as cm3 per 100 g, equivalent to mole fractions). Based on 
the trace of the Bourgeau Thrust relative to the outcrop of 
the basin (Johnson and Smith, 1991; Monahan, 2002), it 
appears that seams in the Mist Mountain Formation in the 
Crowsnest coalfield may not have been as close to the lime-
stones in the overlying Bourgeau thrust plate or as close to 
the Crowsnest Volcanics as were seams in the Elk Valley 
coalfield; the Mist Mountain Formation may therefore have 
lower CO2 concentrations.

There are no public isotope data for the methane in 
the Elk Valley or Crowsnest coalfields; however, some 
compositional data provide hints as to the origin of the gas. 
The ratio C1/(C2+C3) is an indication of the thermogenic 
component of methane; ratios less than 100 tend to indicate 
thermogenic methane, while ratios greater than 100 indi-
cate biogenic methane (Wiese and Kvenvolden, 1993). This 
is complicated by the fact that biogenic activity can crack 
heavier hydrocarbons in thermogenic methane, increasing 
the C1/(C2+C3) ratio, and that at high ranks there may 
be secondary cracking of condensates to methane, which 
also will increase the ratio. Also, inert-rich coals probably 
will generate gas with higher C1/(C1+C2) ratios. These 
processes are illustrated in Figure 11 from Warwick et al. 
(2002).

Figure 10. Elk Valley coalfield, carbon dioxide contents by 
seam Norcen 1990 holes Elk Valley, (Dawson et al., 2000).

In the Elk Valley, CO2 increases as the ratio C1/(C2+C3) 
decreases in holes drilled by Norcen in 1990 (Figure 12) 
and increases for seams higher in the section (Figure 10).  
This tends to  confirm a  thermogenic  origin for the CO2. 
It also appears that seams lower in the section may have 
a biogenic imprint (high C1/[C2+C3] ratios) (Figure 13). 
The C1/(C2+C3) ratio varies during desorption, and it is not 
clear at what stage of desorption the Norcen gas samples 
were collected. However, gas composition data (Figure 14) 
collected from the hole drilled by Suncor into the Alex-
ander syncline in the Elk Valley is for a single desorbing 
sample and indicates the extent that CO2 concentrations 
and C1/(C2+C3) ratios can change during the desorption 
experiment. It is apparent that the range over which these 
values change within a single canister cannot explain the 
range in values seen in Figures 12 and 13.

Figure 11. Isotope and gas composition diagram from War-
wick et al., (2000).

Figure 12. Elk Valley CO2 versus C1/(C2+C3) ratio for nor-
cen 1990 holes, Elk Valley (Dawson et al., 2000).

The very high C1/(C2+C3) ratios seen in the lower 
seams may indicate the presence of biogenic methane, but 
it is difficult to envisage a process that introduces biogenic 
methane into the lower seams but not into the upper seams. 
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Alternatively, the high ratios may indicate gas generated 
from liptinite-poor and inertinite-rich seams, in which  case 
there  should be a  close  correlation between coal seam 
petrography and C1/(C2+C3) ratios. Grieve (1993) pro-
vides petrographic analyses of coals at Weary Ridge in the 
north end of the Elk Valley coalfield close to the Norcen 
holes, and similar data are available for the southern end 
of the coalfield (Figure 15). In both cases it is clear that 
there is considerable variation in vitrinite content in the 
lower seams, and although the third seam above the base 
of the Mist Mountain Formation usually has a high inerti-
nite content, other seams have variable and not necessarily 
low vitrinite contents. There is no clear correlation of high 
C1/(C2+C3) ratios with low vitrinite content. It is unlikely 
that petrography alone can explain the high C1/(C2+C3) 
ratios.

Often the degree of undersaturation of a single seam 
increases with depth (Figure 16). In part, the apparent near-
saturation of seams higher in the section may be because they 
contain a mixture of CH4 and CO2 and the total gas contents 
are being compared to CH4 isotherms. In general, partial 
degassing of a seam should decrease the C1/(C2+C3) ratio 
of the remaining gas. The high ratios are characteristic of 
seams irrespective of the depth at which they were sampled. 
The rank in the northern end of the Elk Valley coalfield is 
higher than it is to the south, and Rmax values range from 
1.0% to over 1.6% (Grieve, 1993). It is possible that at the 
higher ranks, thermal cracking of the heavier hydrocarbons 
has increased the C1/(C2+C3) ratio.

Figure 13. C1/(C2+C3) ratios versus seam number; Norcen 
1990 holes, Elk Valley (Dawson et al., 2000).

After emplacement of the Lewis Thrust and before 
removal of the overlying Bourgeau Thrust sheet, Laramide 
heating may have been responsible for increasing the rank 
of Mist Mountain coals. Symons et al. (1999) discuss 
evidence for a Late Cetaceous to Tertiary Laramide heat-
ing and dolomitization event. This heating event must have 
ended prior to normal movement on the Flathead Fault at 
about 46 Ma. Evidence for post-deformation maturation is 
recorded in the Crowsnest coalfield by Pearson and Grieve 
(1985) and is evidenced in some deep drill holes (Bustin 
and England, 1989).

This second heating event may have affected seams 
low in the section more than it affected seams higher in 
the section. Previously generated wet gas was expelled 
upwards, and the increased rank was responsible for gen-
erating more gas with a much higher C1/(C2+C3) ratio. 
Because this event occurred after folding within the Lewis 
Thrust, it was possible for gas to move upwards within a 
single seam until the decrease in temperature allowed it to 
be re-adsorbed. It is important to remember that the heavier 
hydrocarbons have different adsorption characteristics than 
methane does and will be preferentially adsorbed, whereas 
some of the methane may escape the system. This could 
explain lower C1/(C2+C3) ratios for seams higher in the 
section or at shallower depth.

Figure 14. Data set of C1/(C2+C3) data from a single canis-
ter; numbers are days after canister sealed. Suncor data, Elk 
Valley coalfield (Dawson et al., 2000).
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The increase in rank of seams at depth or lower in 
the section was accompanied by matrix shrinkage that 
temporarily improved permeability, allowing gas expelled 
because of increased temperature to move upwards either 
through the stratigraphy or along seams. The duration of 
the heating event was limited by the rapid unroofing of the 
Lewis Thrust sheet.

Any post-thrusting and post-folding maturation of 
coals in the Elk and Crowsnest coalfields could mean that 
gas expelled from coals undergoing increased maturation 
would have the opportunity to move into existing structural 
traps. There should be a clear distinction between structures 
that act as traps for upward-migrating thermogenic methane 
from those that might act as traps for biogenic gas moved in 
conjunction with ground water.

The onset of deformation when coal is at a rank range 
of 0.5% to 0.8% probably has detrimental effects on cleat 
development and seam permeability. The linkage results in 
the extensive shearing within seams and tends to destroy 
cleats or make their development unnecessary in terms of 
the coal’s response to dehydration and devolatilization.

Present data indicate that permeability of seams in the 
Elk Valley and Crowsnest coalfields is low (Dawson et al., 
2000), and it therefore becomes very important to identify 
areas of recent stress relief. The Erickson and Flathead fault 
system may be part of the same failed thrust system, in 
which the upper plates slipped back. If this is the case, then 
part of the plate may be in extension, and this would im-
prove permeability within seams. Movement on the Lewis 
Thrust increases to the north across the US border, implying 
a clockwise rotation of the thrust sheet; this is consistent 

Figure 15. Petrographic variations in the Elk Valley, and C1/(C2+C3) ratios. Petrographic data from grieve (1993). Inert-rich 
seams should correlate with higher C1/(C2+C3) ratios.

with the development of right-lateral strike-slip motion on 
a number of major faults. Stress environments around these 
faults may indicate areas of extension.

COMPARIsOns bETWEEn nORTHEAsT 
AnD sOUTHEAsT bRITIsH COLUMbIA 
COALFIELDs

Coal-bearing rocks of interest to CBM exploration in 
the Peace River coalfield are contained in the Gething and 
Gates Formations (Table 3). These formations cover the 
age span of about 110 to 100 Ma. (Mossop and Shetsen, 
1994). They overlie the Cadomin Formation and make up 
the second major Cordilleran-derived clastic wedge of the 
foreland basin. They record the first basin-wide sedimenta-
tion (Mossop and Shetsen, 1994, Chapter 17) and indicate 
the northeastward movement of the centre of deposition 
of the foreland basin. Initiation of thrusting at the craton 
edge caused it to subside, providing accommodation in the 
foredeep for the huge volume of sediments shed from the 
up-thrusted sheets. This thrusting predates the Lewis Thrust 
in the Elk Valley.

Deformation in the Peace River coalfield started later 
than it did in the southeast coalfields. Coalification gen-
erally preceded thrusting and folding (Kalkreuth et al., 
1989), and the Gething and Gates Formations reached their 
maximum burial depth about 75 Ma in the west and 50 Ma 
to the east. This timing of maturation relative to deforma-
tion is important because it means that, in the Peace River 
coalfield, seams largely matured in the absence of thrusting 
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and therefore may have escaped a lot of in-seam shearing. 
In general, seams in the northeast have better cleat devel-
opment than do seams in the Mist Mountain Formation. 
However, gas generated during coalification did not have 
the opportunity to be contained in structural traps. At this 
stage, only stratigraphic traps were effective for containing 
thermogenic methane expelled from seams. Later, thrusting 
and folding caused extensive deformation in seams in some 
areas but not in others.

Figure 16. Desorption data from Norcen holes, 1990, Elk Val-
ley (Dawson et al., 2000).

There are limited public desorption data available for 
seams in the Peace River coalfield. Data from the Gates 
Formation (Phillips holes drilled in 1996, Dawson et al., 
2000) indicate that seams are nearly saturated. Also, the gas 
has a clear thermogenic fingerprint, based on C1/(C2+C3) 
ratios (Figure 17). The CO2 concentrations are less than 
they are in the Norcen holes in the Elk Valley and increase 
as the C1/(C2+C3) ratio decreases and as depth increases. 
It appears that the CO2 is of deep and thermogenic origin. 
Thrusting in the Peace River coalfield has not emplaced Pa-
leozoic limestones over Cretaceous coal-bearing rocks, and 
there are no extrusive or intrusive magmatic rocks in the 
sequence, therefore access to thermogenic carbon dioxide 
is probably via deep faults.

There is probably semiquantative information that can 
be gleaned from the desorption curves. Airey (1968) mod-
eled the shape of the desorption curve and indicated that his 
constant “to”, which is the time to 63.2% of total desorbed 
gas, is strongly dependent on the degree of fracturing of the 
coal; this is confirmed by the work of Harris et al. (1996). 
Work by Gamson et al. (1996) indicates that desorption time 
is also dependent on coal petrology, with dull lithotypes de-
sorbing faster. Data for Mist Mountain Formation coals in-
dicate that they generally have desorption times (63.2% of 

total desorbed gas) less than 30 hours (Dawson, 1993; Feng 
et al., 1981). However, desorption times for Gates Forma-
tion coals from the Phillips drill program in the Peace River 
coalfield (Dawson et al., 2000) average over 70 hours. On a  
regional scale,  desorption  times  may  indicate  the degree 
of microfracturing of coals and of pervasive deformation. 
On the local scale, they may correlate with a combination 
of petrography and fracture size. As a caution, desorption 
times can also be influenced by the way the desorption ex-
periment is conducted. 

In the northeast, variation in rank must be explained 

Figure 17. C1/(C2+C3) ratios for gates Formation coals, 
Phillips exploration project,  1996 (Dawson et al., 2000).

by variation in stratigraphic thickness or by variation in up-
ward heat flow, because coalification preceded deformation. 
There are a number of enclosed areas of high rank apparent 
in the Gething Formation (Marchioni and Kalkreuth, 1992) 
(Figure 9), and, depending on their origin, they could have 
implications for CBM exploration. One that is very con-
spicuous is located between the Willow Creek and Burnt 
River properties (Figure 9) and is responsible for locally 
increasing the rank of seams in the Gething Formation to 
semi-anthracite. If convective movement of fluids causes 
rank increase, then methane could be swept out of seams 
and CO2 introduced. On the other hand if it is caused by 
increased burial, then there is more chance that seams will 
retain methane and less chance of CO2 introduction.
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Convective movement of fluids should be evident by 
mineralization on cleat surfaces. Spears and Caswell (1986) 
provide estimates of the temperature of deposition for a 
number of diagenetic minerals found on cleats. Calcite and 
ankerite are deposited in the temperature range 100°C to 
130°C, which corresponds to a rank of high-volatile bitumi-
nous. This represents the final expulsion of diagenetic water 
from seams. At this time, cleats have already formed and 
may be mineralized. For higher-rank coals, preservation 
of calcite on cleats indicates that hotter fluids associated 
with the higher rank did not remove calcite. The rank of 
the Gething and Gates Formation coals is generally higher 
than high-volatile bituminous, and there is calcite on face 
cleats in Gates coals and indications of calcite on cleats in 
Gething coals.

Coal ash generally has CaO contents less than 4%; 
higher contents often indicate the presence of carbonates on 
cleats, especially if a plot of ash versus CaO% indicates that 
CaO concentrations increase as ash contents decrease. In 
fact, in the absence of other data, ash chemistry data (avail-
able from existing coal studies) can provide information on 
the possible prevalence of carbonate on cleats. Calcite is 
present on cleats in the lowest seam of the Comox Forma-
tion in the Quinsam area (Ryan, 1994), whereas calcite is 
absent on cleats in seams from the lower part of the Mist 
Mountain Formation but does occur on some seams in the 
upper part of the formation. These cleat facies are easily 
separable on a CaO versus ash plot (Figure 18). 

Figure 18. CaO% versus ash% for seams from the mist 
mountain, gething,  and Comox Formations.

The limited amount of CaO analysis data available 
for Gates and Gething coals indicates that there is prob-
ably some calcite on cleats in Gething coals from south of 
Willow Creek to Sukunka River and in Gates coals from 
Bullmoose to Belcourt. The area of high rank in the Gething 
Formation centred on Highhat Mountain (Marchioni and 
Kalkreuth, 1992) does not appear to be an area where there 
is unusually high or low CaO in the ash. Two analyses from 
the Burnt River property, which is at the centre of the area, 
are both under 3% CaO. A late thermal event would be ex-
pected to introduce CaO and CO2 into the system, on one 
hand leaving calcite on cleats and the other replacing CO2 
with CH4 in coal. A high-temperature thermal event may in-
troduce CO2 and remove CH4 from the coal and CaO from 
cleats. A more detailed study of ash chemistry may lead to 
a better indication of whether to expect increased CO2 in 
high-rank areas of the Gething Formation 

THE InTERPLAY OF COAL  
CHARACTERIsTICs AnD RECEnT  
TECTOnICs

Coal preparation involves the removal of rock from the 
coal to reduce the ash concentration to acceptable levels for 
the customer. Coal is less dense than rock, and this property 
is used to advantage in wash plants, as is the fact that coal 
is generally less wettable than rock. The hydrophobicity 
of coal is used for cleaning fine coal by froth floatation. 
The wettability of coal varies with rank, largely because as 
rank increases, different oils and gases are expelled. This 
is referred to as the oil window (Dow, 1977) and is defined 
by Rmax values in the range of 0.5% to 1.35%. The hydro-
phobicity of coal attains a maximum value in the middle 
of the rank spectrum at ranks ranging from Rmax = 1% to 
1.6% and is measured by contact angle of fluid on the coal 
surface (Osborne, 1988) (Figure 19). 

Obviously the exact placement of the oil window de-
pends on the petrography of samples. Samples with high 
liptinite contents will generate oil at lower ranks. The gen-
eration of oil at medium rank probably affects the adsorp-
tion and surface properties of coal, as discussed by Levine 
(1993). The most obvious effect on surface properties is 
that of capillary action (or wetting) as measured by contact 
angle. Another way of estimating the wettability of coal is 
to measure the difference between equilibrium moisture and 
air-dried moisture. This difference is probably a good meas-
ure of surface moisture, and the value also is at a minimum 
for the range of ranks 0.9% to 1.5% (Figure 20). The shift 
to higher ranks of the surface effects from the oil window 
probably indicates that it is the heavier oils that have the 
most effect on surface wetting.
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Figure 19. Contact angles of fluids on the surface of coals of 
different rank (Osborne, 1988).

The minimum wettability identifies coals that will have 
longer diffusion times but will have better relative perme-
ability for gas because of lower water saturation on cleats 
than high- or low-rank coals will have. High- or low-rank 
coals with high wettability will have higher water satura-
tion on cleat surfaces than will mid-rank coals and, under 
set conditions, will have lower relative permeability. This is 
because cleat surfaces of mid-rank coals can be dewatered 
to lower saturation values, and the relative permeability of 
gas approaches more closely the maximum permeability 
for a single fluid in the cleat system. Obviously coals in 
the mid-rank window may have reduced adsorption ability 
(Levine 1993), but cleats may contain little water and they 
may produce gas with minimal extraction of water.

Even with low wettability on cleat surfaces, over time 
cleats will probably become water-saturated. The ideal situ-
ation is one where cleats are opened up fairly recently. This 
would cause a decrease of pressure and desorption of gas 
into the cleats. Under these conditions, a seam would be 
saturated because the adsorbed gas would be in contact with 
a free gas phase. The seam may be under-pressured and gas 
contents may be low, but gas will be produced quickly with 
little water production. Obviously this requires the combi-
nation of recent stress relief, an opening of cleats (but not 
too much), and the correct rank window for the coal.

There are a number of areas where Tertiary stress 
fields are oriented such as to open cleats. However, much 
of Canada has the advantage of another regional event that 
could help open cleats. The country is undergoing isostatic 
rebound as a result of the removal of the continental ice 
sheet. Uplift amounts are in the order of tens of metres. The 
rapid removal of overburden pressure and resultant decom-
pression of the more compressible units (coal) results in 
extension in a vertical direction and contraction in a hori-
zontal direction. This will open cleats, and for coals with 
low wettability, water may not have had time to penetrate 
all cleat surfaces because uplift is relatively recent. 

Figure 20. Contact angles of fluids on the surface of coals of 
different rank (Osborne, 1988).
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COnCLUsIOns

British Columbia contains a very large coal resource 
available for CBM exploration. However, much of this re-
source is in areas of fairly complex geology. Learning how 
to overcome the challenges resulting from the geology by 
exploration can be expensive. Sometimes, making better 
use of existing databases can reduce the cost.

The relative timing of deformation and the time at 
which the coal is the most susceptible (based on rank) to 
deformation is important. It affects the degree to which 
cleats form or are preserved in seams. Early deformation 
occurring when the rank is high-volatile bituminous may 
result in pervasive shearing of coal seams and limited de-
velopment of cleats. Deformation that occurs later, after 
coal maturation has progressed, may cause more limited 
damage to cleat systems.

The orientation of cleats and fractures can help in un-
derstanding the sequence of deformation and coalification. 
The main problem for the geologist may be remembering 
long-passed structural geology courses.

Coalfields in southeast British Columbia occupy the 
Lewis Thrust sheet and are partially over-ridden by the 
Bourgeau Thrust sheet. Coal may have attained maximum 
rank after thrusting and consequently may have experienced 
in-seam deformation related to the Lewis Thrust. Thrusting 
also may be responsible in part for the introduction of ther-
mogenic(?) CO2.

In the Peace River coalfield, deformation post-dated 
most of the coalification, and consequently the degree of 
in-seam deformation is variable and in places seams retain 
good cleating. Rank in the Peace River coalfield is more 
variable than it is in the southeast. This may indicate fluid 
movement that could be associated with lower gas contents 
and introduction of CO2. However, ash chemistry data col-
lected from existing exploration projects do not indicate 
extensive fluid movement but do indicate that some cleat 
systems are mineralized with calcite.

After all this, it may seem that there are more problems 
than challenges in British Columbia. However, we may 
have at least one possible advantage that our neighbours to 
the south do not have. Isostatic rebound may be responsible 
for strain within seams that has opened cleats and improved 
permeability. This, in conjunction with high-volatile coals 
that resist wetting, may provide low-pressure gas-saturated 
systems at moderate depth. 
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THE POTEnTIAL FOR CO2 sEqUEsTRATIOn  
 In bRITIsH COLUMbIA COAL sEAMs

by barry Ryan1 and Dave Richardson2

keywords: Carbon dioxide phase diagram, coal 
macerals, carbon dioxide isotherms, coal rank.

 InTRODUCTIOn

Most people accept that climate change resulting from 
human activity is a reality. The details of the causes and 
progress are much in dispute, but there is general consensus 
that increase in the concentration of carbon dioxide (CO2) in 
the atmosphere is one of the causes. The amount of carbon 
dioxide released when any fossil fuel is burned is dependent 
on the ratio of carbon to hydrogen in the fuel. This ratio is a 
maximum for coal and a minimum for natural gas (mainly 
methane, CH4), with oil having an intermediate ratio. The 
amount of CO2 produced per unit of heat (in this case 106 
BTU) for the various fossil fuels (Table 1) is a maximum 
for coal, but it is not zero for natural gas. The true impact 
of using the various fossil fuels requires an analysis of the 
efficiency of turning them into more useful forms of energy 
(often electricity or, in the case of oil, momentum). Natural 
gas and conventional oil reserves will be substantially de-
pleted in the next 50 years, leaving coal as the most readily 
available fossil fuel. Technology that uses the energy from 
coal while minimizing or eliminating the release of CO2 
to the environment  will become  critically important; this 
involves sequestering CO2 as a gas, liquid, or solid or in the 
adsorbed state on coal. 

TAbLE 1.  CARbOn DIOxIDE PRODUCED bY 
bURnInG VARIOUs FOssIL FUELs.

In recent years there has been a lot of discussion on the 
possibility of sequestering CO2 in coal seams or using CO2 
to aid in the recovery of coalbed methane (CH4). The basis 
of both these ideas is the fact that CO2 is more strongly 
adsorbed onto coal surfaces than is CH4. Once adsorbed, if 
temperature and pressure conditions do not change, then the 
CO2 is permanently sequestered. There are of course two 
concerns: firstly, pressure and temperature conditions must 
not change, and secondly and more importantly, there are 
limited pressure and temperature ranges over which CO2 is 
a gas. At higher temperatures and pressures, CO2 becomes a 
supercritical fluid, and under these conditions it is not clear 
whether it is adsorbed by coal, occupies the pore spaces 
(acting like a fluid with very low viscosity), or infuses into 
the coal matrix. Under these conditions it is probably not 
realistic to talk of sequestering the CO2, because it might 
be mobile.

Studies have looked at the potential to sequester CO2 in 
a number of areas. Pashin et al. (2003) studied the Black 
Warrior Basin; Bachu and Stewart (2002) and Hughes (in 
press) have studied the potential for CO2 sequestration in 
the Western Canadian Sedimentary Basin. These studies 
involve analysis of the coal basins and measurement of CO2 
isotherms from representative coal seams. This report is an 
initial study of the CO2 sequestration potential for coals in 
British Columbia. BC ranks fourth of the provinces in 
Canada in total greenhouse gas emissions but ranks eighth 
in terms of tonnes of CO2 per person per year (Figure 1). 
The province does not generate electricity by burning coal, 
so that the more obvious point sources of anthropogenic 
CO2 emissions are less readily identifiable in the province. 
In fact the largest sources of CO2 emissions are commercial 
and private transportation (Table 2); the easiest way for the 
province to reduce CO2 emissions may be to improve the 
efficiency of fuel consumption in diesel and gasoline en-
gines. Smaller point sources may be located close to coal 
deposits and it may be possible to sequester in coal seams 
some of the CO2 that they generate. Ideal candidates may be 
cement plants and natural gas processing plants, because 
they produce relatively pure streams of CO2. 

1resource development and Geosciences Branch, 
  B.C. Ministry of energy and Mines
2oil & Gas Titles,  B.C. Ministry of energy and Mines  
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The predominance of literature refers to the extraction 
of coalbed methane (CBM) from coal; this is not scien-
tifically correct as the gas extracted from coal is a mixture 
of methane, carbon dioxide, and other gases. The British 
Columbia government is adopting the term coalbed gas 
(CBG). The abbreviations CBM and CBG both refer to 
the commercial gas extracted from coal at depth. To avoid 
confusion with existing scientific literature, this paper uses 
the term CBM.

Figure 1. Total CO2  emissions and CO2  emissions per person for the provinces.
Data from Environment Canada 2000; Canada Greenhouse gas inventory 1990-1999.

TAbLE 2.  CO2 EMIssIOns bY sOURCE  
IN BC FOR 1999.

Data from Environment Canada 2001, 
Canada Greenhouse gas inventory 1990-1999.

sAMPLEs AnD sAMPLE LOCATIOns

 Samples for this study were collected from a number 
of formations and from a single seam to provide some in-
dication of the variation of CO2 adsorption with changes 
in rank, maceral content, and temperature. A number of 
samples were collected from the Gething Formation in 
northeast BC at the same location as samples collected for 
a previous study of CH4 adsorption characteristics (Ryan 
and Lane, 2002). Also in the northeast, two samples were 
collected from the Gates Formation at the Bullmoose Mine, 
which is now closed. In southeast British Columbia, one 
sample was collected from the Mist Mountain Formation. 
Two samples were collected from the Quinsam Coal mine 
on Vancouver Island. Tertiary coal deposits were represent-
ed by a drill core sample from the Princeton Basin.

The Gates and the Gething Formations, which are both 
Lower Cretaceous in age, are the two major coal-bearing 
formations in the Peace River coalfield in northeast BC. 
The formations outcrop extensively throughout the coalfield 
(Figure 2). Coal seams of economic interest in the Gates 
Formation occur exclusively south of the Sukunka River 
(Figure 2), and in the Gething Formation, mainly north of 
the Sukunka River. 

The Gething Formation overlies the Cadomin Forma-
tion (Table 3), therefore it is slightly younger than the Mist 
Mountain Formation, which underlies the Cadomin in the 
southeast BC coalfields (Table 4). The Gething Formation 
samples were collected from the Willow Creek property, 
located on the south side of the Pine River about 40 km 
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Figure 2. Outcrop pattern of the gething and gates Formations in the Peace River coalfield.
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TAbLE 3.  GEnERALIZED LOWER 
CRETACEOUs sTRATIGRAPHY.

west of Chetwynd (Figure 2). The Pine Valley Mining Cor-
poration plans to initiate mining in the formation at Willow 
Creek and has excavated a test pit. In this area, the Gething 
Formation has eight coal seams ranging in thickness from 1 
to over 5 m and numbered from 1 downwards from the top 
of the formation. Six samples were collected from Seam 7-
0 (Figure 3). The samples were collected from various loca-
tions in the seam, with the intention of representing a wide 
range of maceral composition. Samples were collected in 
the same area as the samples used in a previous methane 
adsorption study (Ryan and Lane, 2002).

The younger Gates Formation is separated from the 
older Gething Formation by the marine Moosebar Forma-
tion (Table 3). The formation hosts two major coalmines, 
both now closed. Western Canadian Coal Corporation pro-
poses to renew mining in the formation. There are some 
CH4 adsorption data available for the formation (Lamber-
son and Bustin, 1993) but no published CO2 isotherm data. 
Samples of Gates Formation coal (B Seam) were collected 
from the Bullmoose Mine and from the Western Canadian 
Coal Corporation property (J Seam). Coal in the Gates For-
mation is generally restricted to 4 zones that are numbered 
from A counting up section to D. However, convention 
at the Quintette Mine and properties in the vicinity is to 
number the basal seam as K and with letters decreasing up 
section. Consequently B Seam at Bullmoose and J Seam in 
the Quintette area occupy similar stratigraphic levels in the 
Gates Formation. 

The Mist Mountain Formation of Upper Jurassic to 
Lower Cretaceous age (Table 4) outcrops extensively in 
the Elk Valley and Crowsnest coalfields. The coal geol-
ogy of the Elk Valley coalfield is summarized by Grieve 

(1993) and, to a lesser extent, Ryan (2003) has summarized 
the CBM potential of the Crowsnest coalfield. Both these 
publications list many other useful references. EnCana has 
drilled 17 CBM holes in the Elk Valley coalfield and at the 
moment is operating two pilots. As a consequence there ex-
ists a lot of CH4 and CO2 isotherm data, which are not yet 
public. Dawson et al. (2000) have summarized public data 
available for the two coalfields. In this study, Dave Endicott 
and Pat Gilmar (Elkview coal mine) provided a sample of 
the basal seam (10 Seam) from the Mist Mountain Forma-
tion.

On Vancouver Island, Upper Cretaceous coals occur in 
the older Comox Formation in the Comox Coal Basin and 
in the younger Protection and Extension Formations in the 
Nanaimo Coal Basin. There are four seams in the Comox 
Formation; unfortunately, some papers number the seams 
from 1 at the base, counting up to 4 at the top, and some 
papers start at 4 at the base, counting down to 1 at the top. 
The Quinsam mine extracts coal from two seams in the Co-
mox Formation, the basal (1 Seam) and the third seam up 
section (3 Seam). Steve Gardner (chief geologist, Quinsam 
coal mine) provided samples of 1 Seam and 3 Seam.

There are a number of Tertiary coal basins in British 
Columbia; however, it is difficult to get fresh samples. 
John Hodgins of Connaught Energy provided a drill core 
sample from the Princeton Coal Basin. Four coal zones are 
contained in the Allenby Formation; the sample was col-
lected from the lowest zone, designated as the Black-Jack, 
Princeton, or Blue Flame zone.

TABLE 4.  gENERALIzED JuRASSIC-
CRETACEOuS STRATIgRAPHY, EAST 

kOOTEnAYs .
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Figure 3. stratigraphic section of the Gething Formation at the Willow Creek property (P.C. kevin James).
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sAMPLE PETROGRAPHY AnD RAnk 

Karst and White (1979), Kalkreuth and McMechan 
(1988), Kalkreuth et al. (1989), and Marchioni and Ka-
lkreuth (1992) have all discussed coal rank in the Gething 
Formation. Rank varies from semianthracite to high-vola-
tile bituminous. Along the outcrop belt in the foothills, the 
rank is high, in places reaching semianthracite. To the north 
and east it decreases to high-volatile bituminous. There is 
some evidence that outcrops at the western outcrop edge 
of the formation have lower ranks. Rank was established 
prior to deformation and variations are related to changes 
in the thickness of the collective Gething and post-Gething 
sedimentary package (Leckie, 1983).

The rank at Willow Creek, where the samples were 
collected, ranges from medium- to low-volatile bituminous. 
The rank of the 7-Seam samples is low-volatile bituminous; 
Rmax = 1.64% (Table 5). Ryan (1997) and Ryan and Lane 
(2002) discuss the petrography of Gething Formation coal. 
Coal from the formation is characterized by variable reac-
tives content and often low ash concentrations, which make 
it ideal for providing samples for studies investigating the 
influence of maceral content on adsorption of various gases. 
Reactive maceral contents range from approximately 80% 
to less than 50%. Samples (Table 5) have a high collodetrinte 

TABLE 5.  PETROgRAPHY AND mEAN mAxImum REFLECTANCE 
OF sAMPLEs AnALYZED FOR CO2 IsOTHERMs.

content, which contains fragments of non-structured inert 
macerals such as macrinite and inertodetrinite. Structured 
macerals, such as semifusinite and fusinite, are less com-
mon. Generally, compared to coals from the Mist Mountain 
Formation, there is less fusinite and semifusinite and conse-
quently less preserved cell structure; this limits the possible 
content of dispersed mineral matter, which often fills cell 
lumen in these macerals. Some of the collotelinite contains 
the eye-shaped slits characteristic of pseudovitrinite, the 
origin of which is discussed by Ryan (2002). 

The petrography of the three Gates Formation sam-
ples (Table 5) is similar to that of the Gething Formation 
samples, though the rank is lower (1.06% and 1.23%). The 
samples contain liptinite that is not present in the Gething 
samples, but they do contain pseudovitrinite that appears to 
be characteristic of most samples from the two formations 
collected from surface and at depth in drill holes. Lamberson 
et al. (1991) emphasize the importance of fires in forming 
inertinite in Gates coals. There is no obvious explanation 
for the variable and sometimes high content of inertinite in 
Gething coals. Gething coal swamps may have experienced 
more episodes of drying and a greater frequency of forest 
fires than did Gates swamps.

Grieve (1993) and others have studied the petrography 
of seams from the Mist Mountain. Rank varies from high-
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volatile bituminous to low-volatile bituminous. Generally, 
seams are characterized by variable and higher inert mac-
eral contents than are Carboniferous coals and are similar to 
Permian coals from Australia. They are similar in many as-
pects to coals in the Gething and Gates Formations, though 
they tend to contain more semifusinite and less macrinite 
than these formations. One of the more conspicuous differ-
ences is the near absence of pseudovitrinite.

The Upper Cretaceous coals on Vancouver Island are 
generally sub-bituminous to high-volatile A bituminous 
in rank. They are characterized by high vitrinite contents 
with moderate contents of liptinite and minor amounts of 
semifusinite. Psuedovitrinite is present but not common. 
They are less deformed than the coals in the Rocky Moun-
tain foothills and often well cleated, though sometimes the 
seams low in the section have carbonate coating on cleat 
surfaces.

There are a number of Tertiary coal deposits varying in 
size from Hat Creek, which could contain 30 billion tonnes 
of lignite and higher-rank coals, to Coal River, which may 
contain about 100 million tonnes of lignite. Coal rank varies 
from lignite at Coal River to medium-volatile bituminous at 
Seaton, near the town of Smithers. Most of the Tertiary coals 
are sub-bituminous to high-volatile C bituminous. Coals in 
the Princeton Basin are sub-bituminous (Rmax = 0.7%; 
Table 5) and characterized by a very high percentage of 
vitrinite, with minor amounts of liptinite. Mineral matter is 
finely dispersed in the vitrinite.

sAMPLE DATA

Fifteen samples were submitted for CO2 isotherm anal-
ysis (Table 6). The ash contents of the samples range from 
1% to 20% and are generally low. Moisture contents are in 
the range of 2.5% to 12% and generally decrease as rank 
increases. The exception is the J-Seam sample, which was 
collected from an exploration outcrop and probably con-
tains some oxidation. Most of the samples were analyzed 
at 25°C, but two were also run at 30°C. The Langmuir vol-
umes (dry ash-free [daf] basis) range from 34 to 58 cm3/g, 
though these values should not be taken as representative 
of the samples’ adsorption ability, because at pressures over 
about 7.4 MPa, CO2 is not a gas. Langmuir pressures for 
samples analyzed at 25°C range from 1.1 to 2.6 MPa, with 
a tendency to decrease as coal rank increases. The Lang-
muir pressures increase as temperatures of the isotherms 
increase.

CARbOn DIOxIDE PHAsE DIAGRAM 
AnD CO2 ADsORPTIOn POTEnTIAL

The CO2 phase diagram is well documented in terms of 
the boundaries between liquid, solid, and gas fields (Figure 

4).  However,  the  boundary  between  the gas and super-
critical fluid fields at high temperatures and moderate pres-
sures is less well defined and is probably represented by 
a zone. It is therefore difficult to determine the maximum 
depth at which coal can sequester CO2 by adsorption in con-
ditions where there is a high geothermal gradient. Figure 4 
assumes that the supercritical fluid is separated from gas 
by a horizontal line, implying no temperature sensitivity; in 
fact the line should probably have a negative slope. 

The vertical axis of Figure 4 is pressure, and conse-
quently, to plot a depth tract for a stratigraphic section onto 
the figure one must have both temperature and pressure 
gradients. Once this is done, the point at which the depth 
tract crosses the gas-liquid or gas-critical fluid phase lines 
can be determined. The pressure at this point is then con-
verted to a depth, based on the pressure gradient, and this 
is the maximum depth for CO2 sequestration by adsorption 
on coal. By selecting a number of geothermal and pressure 
gradient pairs, it is possible to construct a diagram  (Figure 

TAbLE 6.  CO2 IsOTHERM AnALYsIs REsULTs.
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5)  in which the x axis is the pressure gradient and the y axis 
is the geothermal gradient and the contour lines represent 
the approximate maximum depths for sequestration by ad-
sorption.

The area probably occupied by pressure and tempera-
ture gradients in BC coal basins is plotted into Figure 5, 
based on geothermal gradients for various coalfields in BC 
(Table 7). Generally, temperature data are available for 
holes drilled for oil and gas exploration. Often this is bottom 
hole temperature, so that an average temperature gradient 
is calculated assuming that the single temperature value is 

Figure 4. Carbon dioxide phase diagram.

representative. Temperature gradients range from 18°C/km 
to 36°C/km; this compares to gradients in the Black War-
rior Basin that range from 11°C/km to 22°C/km (Pashin and 
McIntyre, 2003). Pressure gradient information is not read-
ily available from drill holes. If there is a normal hydro-
static gradient, the pressure gradient varies slightly based 
on the salinity of the water and will increase from 0.009818 
MPa/m for fresh water to 0.00984 MPa/m for water with 
3000 mg/L total dissolved solids. In a lot of sedimentary ba-
sins, normal hydrostatic gradients do not apply. Gradients 
in parts of the Western Canadian Sedimentary Basin are as 
low as 0.005 MPa/m. In the Black Warrior Basin, gradi-
ents range from normal (.00984 MPa/m to as low as 0.004 
MPa/m and lower [Pashin and McIntyre, 2003]). In areas 
of complex structure such as northeast British Columbia, 
there can be considerable overpressuring, and hydrostatic 
pressure gradients can approach lithostatic gradients of 0.2 
MPa/m or more.

The maximum depth of sequestration is estimated us-
ing the contour lines in Figure 5. The effect of the tempera-
ture gradient is minimal for low pressure gradients, though 
it increases as pressure gradients increase. The depth tract 
depends on the interrelationship of geothermal and pressure 
gradients, and the depth at which CO2 becomes supercriti-
cal or liquid can vary from about 400 m to over 1000 m. At 
shallow depths, conditions are defined by a low geothermal 
gradient matched to a high pressure gradient. At maximum 
depths, conditions are defined by a high geothermal gradi-
ent and low pressure gradient. These conditions may allow 
for adsorption of CO2 at greater depth, but the increased 
temperature will greatly reduce the ability of coal to adsorb 
any gas. The window for potential CO2 sequestration is 
probably below 200 m and above a depth defined in part by 
the CO2 phase diagram. 

Figure 5. Diagram illustrating the approximate relationship between temperature and pressure 
gradients and the depth to the liquid or critical fluid fields for carbon dioxide.
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TAbLE 7.  TEMPERATURE GRADIEnTs In 
COAL bAsIns In bRITIsH COLUMbIA.

CARbOn DIOxIDE As A FREE GAs OR In 
sOLUTIOn In WATER OR As A sUPER-
CRITICAL FLUID

When CO2 is injected into seams, some of the CO2 
goes into solution in the water associated with the coal. 
Water associated with coal occurs in three forms, defined in 
different ways and given different names. In simple terms, 
the three forms may be referred to as free and mobile water 
in fractures, surface water loosely bound to coal surfaces, 
and structural water, which forms part of the coal structure. 
Surface water is the difference between equilibrium mois-
ture and inherent moisture. The amount of surface water 
depends on rank (Figure 6) and on the amount of porosity. 
The amount of CO2 that can be held in solution in water 
therefore depends on rank, porosity, and temperature and 
pressure conditions. The solubility of CO2 in water increases 
with pressure but decreases with temperature. There are nu-
merous sources of data describing CO2 solubility; unfortu-
nately, there are as many combinations of units as there are 

Figure 6. Air-dried, equilibrium, and free water versus rank

examples of CO2 solubility plots. The plots (Figure 7) are 
adapted from Jarrell (2002) and Rightmire (1984). Based 
on the interplay of geothermal and temperature gradients, 
the amount of CO2 held in solution ranges from about 25 
to 35 m3 gas in solution in 1 m3 water. The actual amount 
held in 1 tonne of coal depends on rank and water-filled 
porosity. For low-rank coals, the amount of CO2 in solution 
can range up to 8 cm3/g, and for higher-rank coals probably 
is not more than 1 cm3/g.

Below the critical point, CO2 is contained in the coal by 
adsorption, in part by solution in the interstitial water and 
as free gas. The amount of CO2 held in a free-gas phase can 
be estimated from the ideal gas law and ranges up to about 
8 cm3/g for 15% gas-filled porosity at a depth less than that 
equivalent to the critical point (Figure 8). Obviously the 
amount held by adsorption is much greater than that held in 
solution or as free gas for all ranks of coal.

The density of CO2 gas as it approaches critical condi-
tions is about 0.15 g/cm3. Once CO2 enters the supercritical 
phase, the density increases rapidly to about 0.7 g/cm3 (Fig-
ure 9) and maintains this value as pressure and temperature 
increase as predicted by normal hydrostatic and geothermal 
gradients. Density tends to stay in a narrow range above the 
critical point because of the opposing effects of increasing 
pressure and increasing temperature. The rapid change in 
density as conditions approach the critical point makes it 
very difficult to determine the adsorption characteristics of 
CO2 at temperatures approaching critical conditions. 

GEnERAL COMMEnTs REGARDInG 
ADsORPTIOn OF CO2 On COAL

As pressure increases, CO2 becomes a liquid or a super-
critical fluid as indicated by the CO2 phase diagram (Figure 
4). The diagram indicates the limited pressure-temperature  
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Figure 8. Potential free gas based on porosity assuming a normal hydrostatic  
gradient and a geothermal gradient of 25oC.

Figure 7. Plots of CO2 solubility versus depth and temperature; data from Jarell et al. 
(2002) and Rightmire (1984).
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field in  which  CO2  is  a  gas  and therefore, based on 
pressure and temperature gradients, defines the depth range 
through which CO2 can be sequestered by adsorption. The 
diagram is for pure CO2; the addition of other gases will 
change the field boundaries, probably increasing the size of 
the gas field in terms of pressure. This is important because 
it may not always be cost effective to obtain a pure CO2 gas 
for injection.

It is not reasonable to consider the Langmuir volume 
(adsorbed volume at infinite pressure) as a measure of the 
CO2 adsorption ability of a sample, because CO2 becomes 
a supercritical fluid at quite low pressures. It is therefore 
best to compare the adsorption of CO2 at a fixed depth and 
not at infinite pressure. In this study isotherms were run at 
25°C and 30°C, temperatures typically seen at depths of 
600 to 900 m in sedimentary basins in BC. The temperature 
at which isotherms are run combined with temperature and 
pressure gradients in an area combine to provide the specific 
depth at which the isotherm is predicting real gas contents. 
Adsorption data from a number of isotherms should be 
compared based on calculated gas contents at this depth.

Some of the earliest investigations of the CO2 adsorp-
tion capacity of coal were conducted by Ettinger et al. 
(1966). They recognized the stronger adsorption of CO2 
than of CH4 onto coal and suggested that the relative ad-
sorption of gases such as H2S, CO2, CH4, N2, and H2O is 
related to their liquefaction temperature. They also pointed 
out that there is an increased danger of mine outbursts when 
coals contain a higher proportion of adsorbed CO2. Levy et 
al. (1997) documented the difference in Langmuir volumes 
for nitrogen, methane, and carbon dioxide for isotherms 
measured on moist coal at 30°C. Working with Bowen Ba-
sin coals covering a rank range of high-volatile bituminous 
to low-volatile bituminous, Levy et al. (1997) found that 
the CO2/CH4 molar ratio for adsorbed gases decreased con-

Figure 9. Density of CO2 as a gas and in the supercritical 
phase; plots adapted from Bachu and Stewart (2002) and 
Pruess et al. (2001).

sistently from 1.82 to 1.37 as rank increased. They suggest 
that the greater adsorption of CO2 is probably related to the 
increased polar nature of the molecule compared to CH4 
(Levy et al., 1997).

Krooss et al. (2001) studied the adsorption behaviour 
of CO2 at high pressures and temperatures, in part above the 
critical point. They discussed the difficulty of interpreting 
experimental results above the critical point. The density of 
the adsorbed phase and of the phase occupying the void in 
the canister are both difficult to determine. They assumed 
a density of 1.028 g/cm3 for the adsorbed CO2. In addition, 
the coal probably swells, which makes it even harder to cor-
rect for the component of CO2 that is not adsorbed. Adsorp-
tion experiments do not generally confine the coal, because 
it is loosely packed as fine grains, and therefore they do not 
model the competing effects of matrix swelling and adsorp-
tion that occur in nature. In general, the results of Krooss et 
al. (2001) conform to Langmuir adsorption below the criti-
cal point, but above pressures of about 6 MPa (similar to the 
critical point pressure 7.47 MPa), results are inconsistent 
with normal adsorption. Even after data are corrected for the 
assumed volume of the adsorbed phase using a density of 
1.028 g/cm3, adsorption is negative. This probably indicates 
swelling of the coal and use of an overly large void space 
in the canister to correct for the non-adsorbed CO2 phase. 
As Krooss et al. (2001) state, it is difficult to interpret the 
results above the critical point and even more difficult to 
predict what they might mean for a seam at depth.

Larsen (2004) documented the solution of CO2 in coal 
over a wide range of pressure and temperature conditions 
extending below the critical point. Solution of CO2 causes 
coal to expand but also increases the plasticity of coal. 
These two effects are potentially devastating to the perme-
ability needed to inject CO2 into coal. The amount of CO2 
dissolved in coal increases as pressure increases and as rank 
decreases. At pressures equivalent to depths of 150 to 200 
m, about half the CO2 contained in medium- or low-rank 
coals is in solution (Reucroft and Sethurarman, 1987). The 
softening temperature of coal appears to decrease to about 
31ºC at the critical pressure (Figure 10), implying that the 
coal becomes a plastic solid above critical conditions of 
temperature and pressure.

The stronger adsorption of CO2 affects the relative rate 
of desorption of CO2 relative to CH4, and the CO2 content 
of produced gases generally increases over time. The effect 
is predicted by the extended Langmuir equation (Arri et al., 
1992).

InFLUEnCE OF RAnk AnD  
PETROGRAPHY On CO2 ADsORPTIOn

Adsorption of methane tends to increase as rank increas-
es, initially rapidly and then more slowly at high ranks, 
though the relationship of adsorption to rank for medium-
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volatile coals is less  well defined.   For example, coals 
from the Bowen Basin (Levy et al., 1997) have higher ad-
sorption capacities than coals of similar rank from the US 
(Levy et al., 1997). Some of the variation may be caused 
by variable maceral content in the samples. Despite the 
fact that many diagrams (Ryan, 1992) imply a consistent 
relationship between rank and adsorption ability for CH4, 
the reality is much more complicated.

Carbon dioxide adsorption capacity has a weak cor-
relation with rank, increasing at high rank, but there are 
indications that adsorption is higher for lignite and sub-bi-
tuminous coals than it is for bituminous coals. This is hinted 
at in the data from Gluskoter et al. (2003) and from data 
in this study (Figure 11). Volume data from Gluskoter et 
al. are plotted at 300 psi and as standard cubic feet per ton 
(scf/t, dry ash-free [daf] basis) so that data from this study 
(Figure 11) are recalculated to the same pressure. Gluskoter 
et al. (2003) do not specifically identify rank by reflectance 
so that some assumptions are made in incorporating their 
data into Figure 11. However, it is obvious that both data 
sets imply higher adsorption for low- and high-rank coals 
than for medium-rank coals. The present data set was gen-
erated at 25°C. The temperature of the Gluskoter et al. data 
set is not stated.

The adsorption behaviour of CO2 at low rank is dif-
ferent from that of CH4, and this probably relates both to 
the distribution of micro-, meso-, and macroporosity by 
rank and to the stronger polarity of the CO2 molecule com-
pared to the CH4 molecule. Rightmire (1984), Bustin and 
Clarkson (1999), and Levine (1993) have all summarized 
the distribution of porosity in coal (Figure 12). Total po-

Figure 10. Softening temperature of Lower Kittanning coal 
(89.6% C, dry ash-free) at increasing pressure; plot adapted 
from Khan and Jenkins (1985) in Larsen (2004).

rosity is a minimum for medium-volatile rank coals, and 
macroporosity decreases as rank increases. At low ranks, 
the increased mesoporosity allows CO2 to adsorb, possibly 
as a volume filling in  meso-sized pores,  whereas CH4 
with lower polarity forms layer adsorption in micropores. 
The selectivity of CO2 over CH4 is high, and the amount 
of CO2 adsorbed high, despite low rank. As rank increases, 
the amount of mesoporosity decreases, CO2 adsorption 
decreases, and CH4 adsorption increases. Consequently the 
selectivity for CO2 decreases. At high rank, the increase in 
microporosity causes increases in the adsorption of both 
CO2 and CH4 without a major increase in the selectivity 
for CO2. Determining the effective porosity distribution in 
coals is difficult because experiments are often not done 
on moisture-equilibrated coal at in situ pressures. Also, the 
structure of low-rank coals is less predictable than that of 
higher-rank coals, and this results in a wider variation of 
porosity distribution. It is therefore hard to predict the CO2 
and CH4 adsorption characteristics of low-rank coals. 

The selectivity of CO2 versus CH4 of coals decreases as 
rank increases but may increase again at high ranks. Data 

Figure 11. Carbon dioxide adsorption versus rank. Data 
from this study and from gluskoter et al. (2002).
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from this study include only CO2 isotherms, but in most 
cases CH4 isotherms exist for the coals from previous stud-
ies, so that it is possible to construct an approximate  plot of  
CO2/CH4 ratio  versus  rank  (Figure 13). Ratios in Figure 
13 are calculated at a pressure of 300 psi to conform to the 
data from Gluskoter et al. (2003), which is also reproduced 
in Figure 13. The ratio is very high (approaching 20) for 
low-rank coals and then decreases to a range of 1.5 to 2 for 
medium-rank coals. It might increase slightly in high-rank 
coals. For coals of all ranks, the volume ratio of CO2/CH4 
decreases as pressure increases (Gluskoter et al., 2003) and 
probably also as temperature increases.

It is important to recognize the difference between 
molecule-for-molecule replacement and weight-for-weight 
replacement when comparing the adsorption capacity of 
CO2 and CH4. If there is a one-for-one molecule replace-
ment, then 2.75 g of CO2 will replace 1 g of CH4 (the ratio 
of the molecular weights). In terms of greenhouses gases, 
one is interested in sequestering a weight of CO2, not a vol-
ume. The increased selectivity and adsorption of low-rank 
coals may make them better candidates for CO2 sequestra-
tion  than higher-rank  coals. 

Figure 12. Distribution of porosity in coal data; adapted from 
Rightmire (1984), Bustin and Clarkson (1999), and Levine 
(1993).

Figure 13. Plot of CO2/CH4 ratio (calculated at 
210 m equivalent pressure) versus rank. Data 
from this study from Gluskoter et al. (2003).
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This of course assumes that they are not already saturated 
with CO2. Low-rank coals have better diffusivity and should 
maintain permeability and accommodate matrix swelling 
better than do higher-rank coals. 

Macerals are not minerals and do not have defined 
crystal structures like minerals. However there are gen-
eralizations that hold about the different characteristics 
of macerals. Inert macerals have more mesoporosity and 
less microporosity than do reactive macerals (Harris and 
Yust, 1976; Gan et al., 1972). At constant rank, the effect 
of petrography on methane adsorption has been studied by 
a number of authors (Ryan and Lane, 2002; Lamberson 
and Bustin, 1993). Either there is no correlation or adsorp-
tion ability tends to increase as the percentage of reactive 
macerals increases. These studies were done on medium- or 
low-volatile coals. In British Columbia, many of the Tertia-
ry low-rank coals are composed, on a mineral-matter-free 
basis, of almost 100% reactive macerals, making it difficult 
(and less relevant) to study the effects of petrography on the 
adsorption characteristics of low-rank coals.

Studies of the maceral influence on the adsorption of 
CO2 are more limited. Gluskoter et al. (2002) presented 
data that indicate no correlation between inert maceral con-
tent and adsorption of CO2 for a range of 0% to 25% inerts 
in low-rank coals. In this study, a number of samples with a 
rank of 1.64% and varying petrography were analyzed (Ta-
ble 5), as were two samples (rank 1.06%) with somewhat 
different petrography. These were actually the same sample 
screened to different sizes to provide a partial concentration 
of vitrinite. The Gething Formation samples with Rmax of 
1.64% (Figure 14) are plotted on a total reactives versus gas 
plot, with the CO2 gas contents plotted as gas contents at 
210 m (300 psi) or as Langmuir volumes. The data indicate 
a weak negative correlation of gas content with increasing 
reactives content. This is the reverse of the situation for 
samples of the same coal analyzed for CH4 adsorption (Fig-
ure 15). One of the Gething samples (Table 5) has distinctly 

Figure 14. Plot of CO2 adsorption at different depth versus 
reactive content for the Gething Formation samples.

Figure 15. Plot CH4 and CO2 adsorption versus content for 
Gething Formatio samples. CH4 data are from Ryan and 
Lane (2002).

higher  ash than the other  samples, and it is  highlighted in-
the plot (Figure 14). It appears that the effect of petrography 
on CO2 and CH4 adsorption is different for high-rank coals. 
The CO2/CH4 ratio increases as the inert maceral content 
increases. This means that some of the Jurassic-Cretaceous 
coals of BC, which are characterized by moderately high 
inert maceral contents, may have improved ability to se-
quester CO2. At lower ranks it appears that CO2 adsorption 
does not vary much with maceral content, as indicated by 
the two samples (rank 1.06%) also plotted into Figure 14 
and by the Gluskoter data for sub-bituminous coals. 

Pure gas isotherms illustrate the ultimate replacement 
potential of CO2 for CH4. Unfortunately, they give no hints 
as to how to achieve this. The extended Langmuir equation 
predicts the ratio of adsorbed gases based on the mole ratio 
of gases in the free phase (Figure 16). For example, if the 
mole ratio of CO2 in the gas phase is 0.5, then  the mole  

Figure 16. CO2/CH4 mole fraction in gas and adsorbed 
phase; data from Arri et al. (1992).
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ratio in the  adsorbed phase will be 0.7, and this requires a 
mole ratio of 0.3 CH4 in the adsorbed phase and 0.45 in the 
gas phase. Figure 16 is coal- and temperature-specific but it 
does indicate trends as predicted by the extended Langmuir 
equation. Arri et al. (1992) found that the CO2 data had, 
at best, a moderate fit to curves predicted by the extended 
Langmuir equation. Crosdale (1999) analyzed the composi-
tion of adsorbed gas for increasing pressure steps for a gas 
phase of 52.9% CO2 and 47.1% CH4. The results do not 
conform to the extended Langmuir equation. The amount of 
CO2 adsorbed was, in agreement with a pore-filling model, 
influenced by the faster diffusion of the smaller CH4 mol-
ecule. The CH4 molecule was able to diffuse into the coal 
faster than the CO2 molecule and block or occupy adsorp-
tion sites. During desorption, as pressure drops, CH4 de-
sorbs faster, leaving an increased concentration of adsorbed 
CO2. Based on Crosdale’s work, increasing the pressure of 
CO2 in coal not desorbed of CH4 may not release as much 
CH4 or adsorb as much CO2 as is predicted by the extended 
Langmuir equation. If the coal is undersaturated with CH4, 
then it should be possible to predict CO2 adsorption based 
on a CO2 isotherm. The mechanics of getting the CO2 to 
permeate coal depends on permeability, and the adsorbtion 
of CO2 on coal depends on matrix swelling. If the coal seam 
has limited permeability, then CO2 flooding and adsorption 
may not be possible. 

Some of the early studies on CO2 adsorption were in-
terested in the potential of using CO2 for enhanced coalbed 
methane recovery (ECBMR). In this case, a coal with low 
CO2 selectivity is better than one with a high CO2/CH4 se-
lectivity ratio. In all cases for ECBMR, it is important that 
the recovered gas does not have a high CO2 component, 
as this adds to the costs of upgrading the gas to pipeline 
quality. In many situations ECBMR may not be practical 
because of low permeability and high concentration of 
CO2 in the recovered gas. The results of the Allison CO2 
injection project of Burlington are somewhat inconclusive; 
injection of CO2 certainly increased water production, in 
part probably because CO2 went into solution in the water, 
decreasing its viscosity. In low-rank coals this may have 
the effect of drying the coals, which would then increase 
their adsorption ability. In an ECBMR situation, this may 
mean production of water and temporary sequestration of 
CO2 and minimal release of CH4. When water re-enters the 
seam, adsorption ability may decrease, causing CO2 to be 
released. 

InFLUEnCE OF TEMPERATURE On CO2 
ADsORPTIOn

Any temperature increase below the critical tempera-
ture decreases the ability of samples to adsorb CO2. This 
effect has to be paired with a geothermal and pressure gra-
dient to attempt to construct real adsorption versus depth 

tracts. In this study, two samples were analyzed at 25°C and 
30°C (Table 6, Figure 17). The Langmuir pressures increase 
as the temperature increases. 

Figure 17. Plot of CO2 adsorption at different temperatures. 
Data volumes calculated based on a normal hydrostatic 
gradient and a geothermal gradient of 28°C/km with surface 
temperature of 5°C.

The same effect is seen for CH4 isotherms; however, the 
CO2 Langmuir volumes do not consistently decrease as 
temperature increases. When the CO2 gas contents are cal-
culated at the depth and pressure that correspond to the tem-
perature of the isotherm, the adsorption for the high-rank 
coals decreases as depth increases, and for the low-rank 
coals, the adsorption increases with depth (Figure 17). This 
is in a depth window of about 700 to 800 m. Higher-rank 
coals have lower Langmuir pressures, indicating curves that 
are steeper at the origin than are curves for low-rank coals. 
This, combined with the effect of increasing temperature, 
means that for low-rank coals, the adsorption still tends to 
increase with depth and temperature, whereas for high-rank 
coals, the adsorption decreases as depth and temperature 
increase. 

It is very important to construct adsorption versus 
depth tracts for different rank coals for the depth range that 
corresponds to temperatures below the critical temperature. 
The implication of Figure 17 is that it might be better to 
sequester CO2 in lower-rank coals at depth than to sequester 
it in higher-rank coals.

sEqUEsTERInG CO2 In bRITIsH  
COLUMbIA COALs

One of the most understated facts about sequestering 
CO2 in coal is that it can only happen by first displacing the 
CH4 already adsorbed by the coal. The coal may or may not 
be saturated with adsorbed CH4, but it will certainly have 
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some that will be released when the CO2 is adsorbed. On a 
weight basis, the amount of CO2 adsorbed is between 5 and 
30 times the amount of CH4 desorbed, calculated at a depth 
of 210 m (Table 8). The ratio of CO2/CH4 decreases as pres-
sure (depth) increases, though the situation is more compli-
cated when the effect of increasing  temperature is  factored 
in.  This  sounds  very favourable in terms of sequestering 
CO2; unfortunately the CH4 released is about 20 times more 
powerful as a greenhouse gas. Consequently, unless CO2 
sequestration is paired with CH4 recovery, there is likely 
to be, over the long term, a net increase in the release of 
greenhouse gases. 

TABLE 8.  THE RATIO OF CO2/CH4 ADsORbED 
On COALs OF DIFFEREnT RAnks.

Data calculated at a pressure of 300 psi, equivalent to a depth of 
210 m.

Many coals are undersaturated with respect to CH4 and 
CO2. In these cases, CO2 injected will initially be adsorbed 
without any release of CH4. The coal matrix will expand, 
decreasing permeability and making it even more difficult 
for CO2 to infuse coal and for CH4 to escape. In situations 
where the coal is partially desorbed of CH4 because of 
production, the pressure is reduced and there will be some 
matrix shrinkage, which may improve permeability. In this 
case, CO2 should be able to permeate coal and be adsorbed; 
however, because the coal is undersaturated with respect to 
CH4, there may not be an immediate release of additional 
CH4 as the pressure increases and the composition of the 
gas phase becomes more CO2 rich.

One of the best ways of locally sequestering CO2 is to 
inject it into abandoned or mature CBM wells. It is possible 
to use the CBM at site to generate electricity either by burn-
ing it or by using a fuel cell. If a relatively pure stream of 

CO2 is derived from these processes, then it can be injected 
back into the CBM well to be adsorbed on undersaturated 
coal or to replace CH4 on saturated coal. As an added ad-
vantage, the gas may be hot, which would increase the re-
lease of CH4. It is interesting to compare the amount of CO2 
produced by oxidizing or burning the CH4 produced from 
a well with the amount of CO2 that coal in the well could 
adsorb (Table 9). As an example, CO2 and CH4 isotherms 
for a medium-volatile coal are used (Bustin, 2001). The two 
isotherms run at 25°C indicate the actual adsorption condi-
tions at a depth where the temperature is 25°C (assumed 
to be 300 m). The adsorption amounts are therefore high 
for depths greater than 300 m and low for depths shallower 
than 300 m. However, the data do illustrate trends. The CO2 
derived from oxidizing the CH4 produced from one tonne 
of coal can be adsorbed onto about 0.5 tonnes. But based 
on estimating the matrix shrinkage caused by desorption of 
CH4 and expansion caused by adsorption of CO2, there will 
be about a 2% volume increase in the tonne of coal. These 
estimates are made assuming densities of the adsorbed 
gases and may change considerably, but it is probably valid 
to assume that there will be a matrix expansion.

Sequestration of CO2 is simpler if a pure stream of CO2 
is obtained. Natural gas processing plants can produce rela-
tively pure streams of CO2. Power plants and coal gasifica-
tion produce mixtures of N2, CO2, and other gases. How-
ever, a pure stream of CO2 can be obtained by trapping CO2, 
using CaO to produce CaCO3, and then liming the CaCO3 
in a separate reactor. The process can be self-sustaining in 
terms of CaCO3 or may require inputs of fresh CaCO3, in 
which case sequestration may require a location where coal 
and limestone are both available. The locations of the coal 
deposits in BC and brief descriptions of their size and CBM 
potential can be found in Ryan (2003).

British Columbia releases about 63.5 million tonnes 
equivalent of CO2 annually (Environment Canada, 2001). 
If this is assumed all to be CO2, it is possible to estimate 
the amount of coal that would be required to sequester it 
all (Table 10), and the amount is in the range of 100 to 200 
billion tonnes. This amount of coal is similar to the total 
amount of coal in the province above a depth of 2000 m 
(estimated to be about 250 billion tonnes). Sequestering 
CO2 in coal will only be applicable for very specific point 
sources.

Sequestering CO2 in coal is often discussed in the con-
text of coal-fired power plants. Spath et al. (1999) studied 
greenhouse gas emissions resulting from all aspects of gen-
erating electricity from coal. A present-day 360 MW power 
plant burns about 1.4 million tonnes of coal per year. About 
100 to 200 million tonnes of coal are required to sequester 
the CO2 produced (Table 11). It is probably unrealistic to 
envisage the CO2 produced from a power plant being se-
questered in the same coal resource that is providing coal 
to the power plant.
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TABLE 9.  COmPARISON OF THE AmOuNTS OF CH4 AnD CO2 ADsORbED 
OnTO A MEDIUM-VOLATILE COAL OVER A RAnGE OF DEPTHs.

TABLE 10.  THE AmOuNT OF COAL REQuIRED TO SEQuESTER THE 
CO2 PRODUCED In bRITIsH COLUMbIA In OnE YEAR.
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TAbLE 11.  THE AMOUnT OF COAL REqUIRED TO sEqUEsTER 
THE CO2 PRODuCED BY A 360 mw POwER PLANT.

One of the few places where it might be possible to 
sequester the CO2 generated by a power plant adjacent to 
the plant is in the Hat Creek area in south-central BC. This 
deposit was explored by BC Hydro as a possible site for a 
large power plant, and the area contains a large resource 
of lignite to sub-bituminous coal, which is estimated to be 
between 10 and 30 billion tonnes. Data from Gluskoter et 
al. (2003) indicate that sub-bituminous and lignite coals can 
adsorb about 10 cm3/g CO2 at intermediate depths (300 m). 
When this is compared to the amount of carbon in the coal, 
it is apparent that, for a tonne of coal burnt, the amount of 
CO2 produced is less than for high-rank coals and can be se-
questered in fewer tonnes of in situ coal. At Hat Creek, coal 
delivered to a power plant would be less than 30% carbon 
and would require less than 100 tonnes in situ to sequester 
the CO2 produced from 1 tonne burned. Because of the size 
of the Hat Creek resource, a power plant using 10 million 
tonnes per year for 25 years would require about 25 billion 
tonnes to sequester the CO2 generated. The sequestering of 
CO2 may also result in the recovery of CH4, which can be 
used in the power plant or sold as natural gas.

Isotopic studies of the C13/C12 isotopic ratios of CBM 
indicate that the gas is often a mixture of biogenic and ther-
mogenic methane. Biogenic methane may originate from 
early coalification or during uplift of the coal-bearing for-
mation. Generation of biogenic methane requires a consor-
tium of bacteria and a series of biochemical reactions that 
in part require H2 and CO2. This raises the possibility that 
injection of CO2, if associated with bacteria or nutrients, 
may stimulate generation of biogenic methane at the same 
time that CO2 is sequestered (Budwill, 2003). The best can-
didates for synchronous CO2 sequestration and generation 
of biogenic methane are low-rank coals at shallow depth. 
Deposits such as Coal River or Tuya River, as well as the 
much larger Hat Creek deposit, could be candidates.

COnCLUsIOns

The connection is made: climate change is at least in 
part related to increasing concentration of CO2 in the atmo-
sphere, and we are responsible for the most recent increase. 
The incentive to limit fossil fuel use or sequester the CO2 
produced by fossil fuel use is here and will not go away. 

Sequestration of CO2 in coal seams requires a clear 
understanding of the CO2 phase diagram and the implica-
tions for the maximum depth of sequestration. The maxi-
mum depth varies based on combinations of geothermal 
and pressure gradients but is generally in the range of 500 
to 900 m. Below this depth and in part above it, CO2 goes 
into solution in coal and causes an increase in plasticity and 
swelling (Larson, 2004).

It is essential to understand the CO2 and CH4 adsorp-
tion behaviour in coals of different ranks and for different 
combinations of temperature and pressure. The mole ratio 
of CO2/CH4 adsorption varies from over 10 for low-rank 
coals to under 2 for medium- and high-rank coals. The CO2 
adsorption is moderately high for low-rank coals, decreases 
for medium-rank coals, and then increases substantially for 
high-rank coals. The interaction of adsorption and selectiv-
ity of CO2 and CH4 means that for maximum CO2 seques-
tration with minimum production of CH4, one should use 
lignite, whereas for maximum sequestration of CO2 with 
maximum production of CH4, one should use a high-rank 
coal.

Sequestration of CO2 without collection of the released 
CH4 may result in a net increase in the emission of green-
house gases over time.

Actual sequestration of CO2 and release of CH4 is 
predicted by binary gas isotherms and may not obey the 
extended Langmuir equation. It will also be influenced by 
permeability, matrix swelling, and initial saturation. 
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Conditions of sequestration of CO2 in coal may best be 
applied to small point sources; for example, where CBM is 
being burned on site to produce electricity.

Most discussions of CO2 sequestration do not consider 
the implications of an impure gas stream composed of CO2 
and N2. Addition of N2 to the gas decreases the adsorption 
of CO2.
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 ULTRAMAFIC ROCks In bRITIsH COLUMbIA: 
DELInEATInG TARGETs FOR MInERAL sEqUEsTRATIOn OF CO2

by D. A. Voormeij1 and G. J. simandl1, 2

keywords: Co2 sequestration, ultramafic, mineral 
potential, serpentinite, dunite.

sUMMARY

British Columbia has favourable geology and excellent 
exploration potential to host the raw materials suitable for 
CO2 mineral carbonation, one of the methods considered 
for lowering atmospheric greenhouse gas levels. British 
Columbia has been situated on the active, west-facing Pa-
cific margin of continental North America for at least the 
last 530 million years and subjected to a subduction zone 
(accretionary) tectonic setting for the last 390 million years. 
Due to its tectonic history, BC contains numerous Alpine-
type and several Alaskan-type complexes, both types rich 
in Mg-silicates. Dunite zones within these complexes are 
currently considered as the most promising sources of raw 
materials for the mineral sequestration process, since they 
contain the most Mg by weight, the component necessary 
for binding with CO2 to form stable carbonates. In addition, 
stockpiles containing short-fibre chrysotile mined from ser-
pentine-rich zones in ultramafic complexes may provide a 
source of starting material, thereby simultaneously dispos-
ing of CO2 as well as other potentially hazardous materials. 
British Columbia’s ultramafic rocks were studied previ-
ously as possible hosts of base metals, precious metals, and 
gemstones. This study draws relevant information from 
that research and utilizes the database originally designed 
to evaluate mineral potential for the province. From this 
database, a map depicting dunite- and serpentinite-bearing 
ultramafic rocks has been produced. Several targets have 
been selected, relying on preliminary data, including min-
eralogy, geochemistry, potential size of the resource, acces-
sibility, and proximity to major CO2 point sources. These 
include the dunite zone of the Alaskan-type Tulameen 
Complex near Princeton and the Cassiar chrysotile tailings 
in northern BC. These targets are the subject of current de-
tailed research.

InTRODUCTIOn

A number of carbon dioxide (CO2) sequestration meth-
ods, including geological storage, ocean storage, and min-
eral sequestration, have been proposed worldwide, and 
methods conceivably applicable to BC were listed and re-
viewed by Voormeij and Simandl (2003a). Mineral carbon-
ation is considered to be the only method that truly disposes 

1 University of Victoria, voormeij@uvic.ca
2 British Columbia Geological survey Branch,
  george.simandl@gems2.gov.bc.ca

of CO2 on a geological time-scale and with minimum risk 
of leakage (Lackner et al., 1997; O’Connor et al., 2000). 
Although Ca-silicates (e.g., wollastonite) may also have 
potential for mineral carbonation (Wu et al., 2001; Kakiza-
wa et al., 2001), Mg-silicates are more common in high 
concentrations and as large deposits (Goff and Lackner, 
1998). Mg-silicates also contain more reactive material per 
tonne than do Ca-silicates (Lackner et al., 1997). The min-
eral carbonation concept is based on the natural weathering 
process of Mg-olivine (forsterite) and serpentine, which 
carbonate by the following reactions: 

Mg2SiO4+ 2CO2 → 2MgCO3+ SiO2  (1) 
[olivine] [magnesite] [silica]

Mg3SiO3(OH)4+ 3CO2 → 3MgCO3+2SiO2 + H2O (2)
[serpentine]  [magnesite] [silica]

This process is thermodynamically favoured in near-
surface environments, and its products are stable on a 
geological time scale. The concept was first proposed by 
Seifritz (1990) and considered in more details by Lackner 
et al. (1997), O’Connor et al. (1999; 2000), and Kohlmann 
and Zevenhoeven (2001; 2002). 

The mineral carbonation process, as considered in 
this paper, is envisioned in an industrial setting (ex situ). 
Geographical location, proximity to infrastructure, and the 
size of dunite and serpentinite resources and their physical 
and chemical properties are some of the important factors 
determining the potential viability of mineral sequestration 
in BC. Ideal sites should be located close to both the Mg-
silicate deposit and a major CO2 emission point source to 
minimize transportation costs of the CO2 and raw materi-
als. Geographic distribution of major stationary CO2 point 
sources in BC has been completed (Voormeij and Simandl, 
2003b). In order to match sinks to these point sources, areas 
with the potential to host raw material for mineral CO2 se-
questration need to be identified. Dunite zones of ultramafic 
complexes are preferred over the serpentinite zones, since 
they contain the most magnesium by weight. Serpentinite 
zones are more common and for this reason are also con-
sidered as candidates. Detailed methodology proposed for 
systematic evaluation of the ultramafic materials for use in 
mineral carbonation is outside of the scope of this study and 
is covered by Voormeij and Simandl (in preparation).
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Figure 1. IugS classification scheme for ultramafic rocks 
(after Le maitre, 1989). Ol-olivine; Opx-orthopyroxene; Cpx-
clinopyroxene. The general term “peridotite” is used when 
the olivine content is 40%–100%, whereas “pyroxenite” re-
fers to an olivine content of 0%–40%. For example, “dunite” 
is a peridotite containing 90%–100% olivine.

ULTRAMAFIC ROCks

Petrology and Mineralogy

Serpentine and forsteritic olivine are common silicates 
with high magnesium contents. There are three principal 
forms of serpentine: lizardite, antigorite, and chrysotile 
(Deer, Howie and Zussman, 1978), all with the approxi-
mate composition Mg3Si2O5(OH)4. The most abundant is 
lizardite, whereas the fibrous chrysotile is relatively rare. 
The latter is perhaps best known since it had many indus-
trial applications, including fireproof insulation, specialty 
paints, brake pads, and gaskets. (Virta and Mann, 1994). 
It has also been used extensively in construction materials 
such as cements and tiles. However, the use of chrysotile 
was severely curtailed due to health hazards associated with 
its use (Hamel, 1998), and is banned in several European 
countries. 

Olivine exists as a solid solution series between the Mg-
2SiO4 (forsterite) and Fe2SiO4 (fayalite) end members. The 
monomineralic rock of olivine is called dunite (Figure 1). 
Forsteritic olivine is currently the favoured mineral for the 
carbonation process because it does not require the energy-
intensive pretreatment that serpentine needs (Lackner et al., 
1997; O’Connor et al., 2000). However, research into op-
timization of energy used in the pretreatment of serpentine 
is ongoing (McKelvy et al., 2002; O’Connor et al., 2000). 
Furthermore, serpentine-rich rocks are more widespread 
than those rich in olivine. Thus both have to be considered. 
Some selected chrysotile-bearing stockpile sites are also 
investigated because, in addition to sequestering CO2, the 
mineral carbonation method may also aid in the disposal of 
unwanted asbestos waste (Huot et al., 2003).

ULTRAMAFIC COMPLExEs

Ultramafic complexes can be divided into three major 
categories: Alpine, Alaskan, and layered intrusive types. 
Their geographic distribution is restricted by tectonic 
setting, which also indirectly influences the physical and 
chemical characteristics of dunite and serpentinite rocks 
within these complexes. These characteristics include rela-
tive position of the dunite and serpentinite bodies, structural 
control, variation in mineralogy, and mineral composition. 
Table 1 lists well-documented examples of these categories 
and describes their geological setting.

Alpine-Type Complexes

Alpine-type ultramafics are the most voluminous and 
widespread of all ultramafic bodies (Coleman, 1977) and 
are interpreted as forming the basal part of an ophiolitic 
suite (Dewey, 1976 and Moores, 1982; 2002). A complete 
ophiolite sequence, tectonically emplaced over crystal-
line basement (Figure 2), consists of (from bottom to top) 
tectonic mélange, metamorphic sole, deformed mantle tec-
tonite, cumulate peridotite (alternately layered olivine and 
pyroxene), cumulate gabbros grading upwards into massive 
gabbros and plagiogranites, overlain and partially intruded 
by sheeted dike swarms, followed by pillow basalts, capped 
by deep-sea and/or pelagic or, in some cases, volcaniclastic 
turbidites, all overlain by shallow-water sediments. This se-
quence is thought to represent an analogue for oceanic crust 
formed at fast-spreading centres, as exemplified by the Juan 
de Fuca Ridge situated off the coast of BC.

Dunitic rocks of ophiolitic sequences are divided into 
two broad categories based upon their texture and petrog-
raphy: tectonite and cumulate. Dunites within the tectonite 
section generally occur as lenses within harzburgite or 
lherzolite, ranging from one metre to hundreds of metres in 
size. In most cases, the tectonite is gradational into the cu-
mulate sequence, where forsteritic olivine is the dominant 
cumulate phase (Coleman, 1977; Moores, 2002). Podiform 
chromitite is commonly associated with the tectonite zone; 
stratiform or thin chromitite accumulations are typical of 
the cumulate zone (Coleman, 1977). During the serpentini-
zation of the alpine peridotites, fibrous chrysotile veins and 
stockworks may be formed. Where chrysotile-filled frac-
tures constituted 3% to 10% of the rock and formed long 
fibres of high quality, it was economically mined (Hora, 
1999).

Alaskan-Type Complexes

Alaskan-type complexes (also called Alaskan-Ural, 
Uralian, and concentric or zoned complexes) are mafic and 
ultramafic intrusions. Their type locations are in a narrow, 
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Figure 2. Cross section of a “complete” ophiolite complex. Few ophiolite 
complexes contain all of these units; most contain only part(s) of the entire 
complex (source: moores, 2002).

TAbLE 1. CHARACTERIsTICs OF THE THREE MAIn TYPEs OF ULTRAMAFIC COMPLExEs 
COnTAInInG sIGnIFICAnT DEPOsITs OF DUnITE AnD/OR sERPEnTInITE. 
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TAbLE 2. OLIVInE COMPOsITIOn CHAnGEs 
FROM MG-RICH (FORsTERITE) TO FE-RICH 
(FAYALITE) FROM LOWER TO UPPER ZOnEs 
WITHIn LAYERED InTRUsIVE COMPLExEs.

north-trending belt, 600 km long, in southeastern Alaska 
(Irvine, 1967).Similar ultramafic bodies are found in belts 
along the central Ural Mountains of Russia (Irvine, 1987) 
and through the interior of BC (Findlay, 1963; Irvine, 1976; 
Clark, 1980; Nixon, 1990). Idealized Alaskan-type com-
plexes are characterized by the crude zonation of successive 
wehrlite, clinopyroxenite, and hornblende-rich lithologies 
around a dunite core (Irvine, 1987). In many of the well-
documented examples, any one of these zones may be miss-
ing or discontinuous (Nixon, 1990). Massive dunite cores 
consiting primarily of forsteritic olivine (Irvine, 1987) may 
be exposed over large areas, and in many cases dunite is 
well preserved.

Layered-Intrusive Complexes

Layered mafic-ultramafic intrusions are either sill-like 
(e.g., Stillwater) or funnel shaped (e.g., Skaergaard and 
Great Dyke). They are typically intruded into rifted cratons 
and may be associated with tholeitic flood basalt provinces. 
A good example of this is the Muskox intrusion, which is 
intimately associated with Coppermine River basalts (Bara-
gar, 1969; Kerans, 1983). 

As magma crystallizes and differentiates, cyclically 
layered sequences form. An ideal cycle consists of basal 
dunite followed upward by a harzburgite and an uppermost 
orthopyroxene layer (Naslund and McBirney, 1996). These 
cyclic units vary in thickness. For example, in the Bush-
veld Complex they are present on a millimetre scale (Eales 
and Cawthorn, 1996), at Great Dyke on a centimetre scale 
(Naslund and McBirney, 1996), and at Muskox intrusion on 
a metre scale (Irvine and Smith, 1967). Olivine composi-
tion in a typical layered ultramafic intrusion trends upwards 
in succession from forsterite-rich olivine towards fayalitic 
olivine (Table 2).

The layering is commonly laterally continuous for hun-
dreds of square kilometres (Eales and Cawthorn, 1996), and 
the ultramafic sequence can be up to several kilometres in 
thickness. For example, the Windimurra Complex has a 0.5 

km thick ultramafic section (Mathison and Ahmat, 1996), 
the Muskox intrusion has ultramafic layers that total 1.5 km 
in thickness (Irvine and Smith, 1967), and the Great Dyke 
has an ultramafic sequence several kilometres in thickness 
(Wilson, 1996). 

TECTOnIC sETTInG OF bC

Since the breakup of the Rodinia supercontinent, BC 
has been located on a continent-ocean boundary for at least 
530 million years (Monger, 1997). As a result of subduction-
related activity, which started approximately 390 Ma, the 
Canadian Cordillera is commonly described as an orogenic 
collage made up of intra-oceanic arc and subduction com-
plexes accreted to the craton margin and of arcs emplaced 
in and on the accreted bodies. The Canadian Cordillera has 
been subdivided into terranes (Figure 4), each consisting of 
characteristic assemblages (Monger and Berg, 1984). 

Assemblages within the Slide Mountain, Cache Creek, 
and Bridge River Terranes (Figure 4) are of oceanic affinity, 
representing the deformed sequences of ocean basins that 
closed in the Mesozoic during the accretion of offshore is-
land arcs to the North American craton. The Slide Mountain 
Terrane is composed of ultramafic rocks, gabbro, pillow 
basalt, and chert, which formed in a back-arc ocean basin 
(Figure 5). The ultramafic rocks in the Cache Creek and 
Bridge River Terranes are associated with a mélange of ma-
rine sediments with blocks, lenses, and slivers of ophiolitic 
origin, often in a serpentine matrix, representing an accre-
tionary/subduction complex (Figure 5). These oceanic-af-
filiated terranes contain numerous Alpine-type complexes 
(Evenchick et al., 1986). The Stikinia and Quesnellia Ter-
ranes are composed of arc-related volcanic and sedimentary 
rocks and coeval intrusions (Evenchick et al., 1986). BC’s 
Alaskan-type complexes are found in these terranes (Figure 
5) and represent the high-level magma chambers of Late 
Triassic to Middle Jurassic arc volcanoes (Nixon, 1990). 
There are no large layered intrusive ultramafic complexes 
known in BC, as they are believed to be restricted to an 
intra-cratonic tectonic setting.

ULTRAMAFIC ROCks In bC

Depicted in Figure 6 is the geographic distribution of 
ultramafic rocks in BC, with emphasis on those Alpine- and 
Alaskan-type complexes that contain known dunite and/or 
serpentinite zones. This map was derived from the database 
developed for a mineral potential assessment of BC (Kilby, 
1994) and was originally introduced in a BC Geological 
Survey Branch Geofile (Voormeij and Simandl, 2004).
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Figure 4. Distribution of major ultramafic-bearing terranes in British Columbia (based on gabrielse et al., 1991). The Alpine-
type ultramafic complexes are confined primarily to the Cache Creek, Slide mountain, and Bridge River oceanic-affiliated ter-
ranes, whereas the Alaskan-type ultramafic bodies are associated with the Stikinia and Quesnellia island-arc terranes.  

Figure 5. Simplified diagram depicting the different tectonic settings for the oceanic-affiliated, subduction-related, and is-
land arc terranes in British Columbia and the origin of their ultramafic complexes (based on monger and Journeay, 1994). 
NAC = North American Continent.
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Figure 6. Distribution of dunite and serpentinite-bearing rocks in BC. Alpine-type ultramafic complexes include: 1. Cogburn 
Emory zone, 2. Coquihalla Serpentine Belt, 3. Bralorne-East Liza, 4. Bridge River Complex, 5. Shulaps, 6. Chapperon group, 
7. mount Ida Assemblage, 8. Southern Cache Creek Complex, 9. Crooked Amphibolite, 10. Antler Formation, 11. Central 
Cache Creek Complex, 12. manson Lake Complex, 13. Blue Dome Fault zone, 14. Sylvester Allochthon, 15. Cassiar and 
mcDame, 16. zus mountain, 17. Northern Cache Creek Complex (includes Atlin and Nahlin Complexes). Alaskan-type ultra-
mafic complexes include: 18. Tulameen, 19. Polaris, 20. wrede, 21. Hickman, 22. Lunar Creek, 23. Turnagain. 
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Figure 7. Separating out the dunite and serpentinite zones associated with ultramafic rocks: A. Areas where ultramafic rocks 
are reported to contain dunite only. b. serpentinite only. C. Dunite and serpentinite are reported together.

The compiled geology used in Figure 6 has been cap-
tured in digital form at a scale of 1:250 000 by means of 
BC Geological Survey Branch Open File series releases 
(Massey, 1994; Schiarizza et al., 1994; Höy et al., 1994; 
MacIntyre et al., 1994; Bellefontaine and Alldrick, 1994; 
MacIntyre et al., 1995; Bellefontaine et al., 1995; Mihaly-
nuk et al., 1996; Schiarizza and Church., 1996). From this 
electronic database, units containing the words “dunite” 
and “serpent-” were extracted, thereby assembling a digital 
file of zones that contain the words “dunite”, “serpentinite”, 
“serpentinized”, or “serpentine” in their original descrip-
tion. Figure 6 shows the resulting zones. 

Extraction of areas that contain the terms “dunite” and 
“serpent-” from the database does not discriminate between 
minor and major amounts of dunite and/or serpentinite 
present. Thus, most of the zones are overestimates of actual 
area underlain by dunites and/or serpentinites. For example, 
Figure 6 shows a zone in southeastern BC, approximately 
120 km north of Nelson. This area appears approximately 
100 km long by 50 km wide on the map. However, a more 
detailed map (Figure 6, Inset 1) shows the presence of ser-
pentine-magnesite-talc related rocks only a few kilometres 
across (source: Read and Wheeler, 1977). Although the 
approach used to construct Figure 6 results in overestimat-
ing the areas underlain by ultramafic rocks, it is a preferred 
preliminary approach because large portions of BC have 
not been mapped in detail and may contain more ultramafic 
rocks than expected. Several potential dunite and serpenti-
nite tracts shown on this map are abruptly terminated along 
straight lines that correspond to map boundaries. This hap-
pens where a geological unit extends across two or more 
1:250 000 map sheet areas. This unit may have the same 
name on several of the mapsheets, but ultramafic rocks are 
not present in all of them. 

Our approach also delineated areas that contain ultra-
mafic xenoliths. For example, numerous zones within cen-

tral BC correlate to spinel peridotite xenoliths described by 
Canil et al. (1987), many of which are hosted in the alkali 
basalts typical of the Chilcotin Group plateau-lavas (Dostal 
et al., 1996). The olivine-rich xenoliths are not significant 
as a potential source of raw material for the ex situ mineral 
carbonation process. However, recent studies have shown 
the mineral-trapping potential of injected CO2 into deep 
saline aquifers located within thick sequences of flood 
basalt provinces (O’Connor et al., 2003). For this reason, 
the distribution of BC’s flood basalts that contain olivine 
xenocrysts and dunite xenoliths is included in Figure 6.

Ultramafic rocks containing dunite zones but not ser-
pentinite (Figure 7a) are not common. These zones are 
mostly restricted to Alaskan-type complexes. In contrast, 
ultramafic rocks containing serpentine but not dunite are 
relatively abundant (Figure 7b). As expected from the dis-
tribution of ultramafic rocks in Alpine-type complexes, du-
nite and serpentinite are commonly associated (Figure 7c).

Alpine-Type Complexes in BC

Most of BC’s Alpine-type complexes are located with-
in the Cache Creek, Slide Mountain and Bridge River Ter-
ranes. The Cache Creek Terrane forms a long narrow tract 
that extends within the Intermontane belt from southern BC 
to central Yukon Territory (Figure 4). The larger complexes 
of the Cache Creek Terrane include the Southern Cache 
Creek Ultramafic Assemblage in southwestern BC and the 
Nahlin Ultramafic Complex near Atlin, northwestern BC 
(Figure 6). The Slide Mountain Terrane forms a narrow, dis-
continuous belt extending 2000 km from southeastern BC 
to northwestern Yukon Territory (Figure 4). Alpine-type ul-
tramafics are located in the Antler Formation in central BC, 
the Redfern and Crooked Amphibolite in east-central BC, 
and the Sylvester allochthon in north-central BC (Figure 6). 
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The Cassiar and McDame asbestos deposits are located in 
Sylvester serpentinites (Figure 6). Zus Mountain, located in 
the Sylvester allochthon, is known to contain intact oceanic 
upper mantle and ultramafic cumulate material (Nelson and 
Bradford, 1993). Bridge River is a small terrane, situated 
near latitude 52oN, just west of the Cache Creek Terrane. 
The Bridge River Complex, with the associated Shulaps 
and Bralorne-East Liza complexes (Figure 6), the Coqui-
halla Serpentine Belt, and the Cogburn body are probably 
the southern extent of the Cache Creek Terrane (Schiarizza 
et al., 1997). 

Alaskan-Type Complexes in BC

In BC, Alaskan-type complexes are found in the Sti-
kinia and Quesnellia Terranes. However, only those with a 
recognized dunite zone are discussed, and their geographi-
cal distribution is given in Figure 6. Table 3 gives the major 
Alaskan-type complexes for BC that contain known dunite 
cores. Stikinia is the largest terrane in the Canadian Cordil-
lera; it extends more than 1700 km from eastern Alaska to 
south-central BC (Figure 4). The Hickman Complex is an 
Alaskan-type ultramafic within Stikinia. The Lunar Creek 
Complex is located on the boundary between Quesnellia 
and Stikinia Terranes (Figure 6). Quesnellia forms an oro-
gen-parallel belt that extends from south-central BC into 
the Yukon Territories (Figure 4). Complexes of the Alaskan 
type that are located in this terrane include the Tulameen 
(Figure 3), Polaris, Wrede, and Turnagain complexes. Tula-
meen is the largest Alaskan-type body in BC (Table 3).

Economic Potential of Ultramafic Rocks in BC

Up to now, BC’s ultramafic complexes were primarily 
of interest to economic geologists in terms of associated 
metals, traditional industrial mineral deposits, and gem-
stones. These complexes are known to host Cyprus-type 
massive sulphides (Höy, 1995), Au-quartz veins (Ash and 
Alldrick, 1996), silica-carbonate mercury deposits (Ash, 
1996a), podiform chromite (Ash, 1996b), stratiform chro-
mite (Nixon et al., 1997), talc and magnesite (Simandl and 
Ogden, 1999), chrysotile asbestos (Hora, 1999), nephrite 
jade (Simandl et al., 2000), vermiculite (Simandl et al., 
1999a), emeralds (Simandl et al., 1999b), and corundum-
group gemstones (Simandl and Paradis, 1999). Also, they 
are known to host platinum-group elements (Rublee, 1986; 
Evenchick et al., 1986; Nixon, 1990; Nixon, 1996; Nixon et 
al., 1997), Ti and Fe oxide deposits (Gross et al., 1999), and 
nickel (Hancock, 1990). Olivine may be used as a foundry 
and blasting sand (White, 1987) as well as a raw material 
in the manufacture of refractories (Henning, 1994). In the 
past, most of the complexes were assessed with these com-
modities in mind; however, should mineral sequestration of 
CO2 emissions become a reality, then these complexes will 

also become essential as sources of high-magnesia silicates. 
The synergy between the development of some of the tra-
ditional metal, industrial mineral, and gemstone commodi-
ties and magnesium silicates for CO2 sequestration may be 
possible.

TAbLE 3. sURFACE AREA OF DUnITE ZOnEs In 
ALAskAn-TYPE COMPLExEs. ARC-RELATED 

TECTOnOsTRATIGRAPHIC TERRAnEs WITHIn 
WHICH THEsE COMPLExEs ARE LOCATED: 

QN = QuESNELLIA; ST = STIKINIA. 

Targets for Mineral Sequestration of CO2

Figure 6 also marks two specific areas considered for 
detailed study as part of the M.Sc. thesis of the senior author: 
the Tulameen site and the Cassiar asbestos. The Tulameen 
site was chosen because it contains a well-exposed, large (6 
km2), relatively unserpentinized dunite body and is located 
within the vicinity of several major point sources of CO2 
(Voormeij and Simandl, 2003b). Cassiar asbestos tailings, 
currently owned by Cassiar Resources Inc., are investigated 
because the waste piles have potential as raw material for 
the mineral carbonation process, since the serpentine has 
already been milled and therefore may lower the seques-
tration costs. The site contains 5 457 000 tonnes of broken 
rock, 17 021 000 tonnes of tailings, and 48 millions of 
tonnes of in situ serpentine-rich rock (Budinski, 2000). The 
fibrous nature of this variety of serpentine, which is con-
sidered a health concern (Hamel, 1998), may be effectively 
destroyed during the mineral carbonation process. 

COnCLUsIOns

Should the mineral carbonation process be consid-
ered as a form of sequestering CO2 emissions in BC, an 
overview of locations of raw material within the vicinity 
of major CO2 point sources is an important parameter in 
conceptual modeling. The distribution of ultramafic rocks 
in BC, with emphasis on those complexes containing dunite 
and/or serpentinite zones, is depicted in Figure 6. Based 
on this map, less than 3% of BC’s surface is underlain by 
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ultramafic rocks containing dunite and/or serpentinite. Of 
this 3%, less than 1% corresponds to areas where dunite is 
reported without serpentinite, approximately 2% is related 
to areas where serpentinite occurs without dunite, and 1% 
of BC is underlain by ultramafic rocks where dunite and 
serpentinite are reported together. Because of the methodol-
ogy used to construct the map, surface areas corresponding 
to ultramafic rocks are overestimated.

Due to the subduction-related tectonic setting, Alpine-
type and Alaskan-type ultramafic complexes are more com-
mon along the western margin of North America than they 
are in, for example, areas located on the stable craton or 
passive margin. With this in mind, claims made by Goff et 
al. (1997) and Goff and Lackner (1998), in which they state 
that “abundant resources of Mg-rich peridotite [dunite] and 
serpentinite exist within the United states and many other 
countries”, should be questioned, and follow-up is needed.  

Ultramafic complexes may host a wide variety of 
economic minerals. Thus, the geographic distribution of 
dunites and serpentinites can be used as a metallotect in 
exploration for a variety of metallic, industrial mineral, and 
gemstone deposits. In a number of specific cases, serpen-
tine- and olivine-bearing rocks contain chromite, Ni, Co, 
and platinum-group elements. If these commodities can be 
recovered at profit as a by-product of mineral sequestra-
tion, then costs of the CO2 disposal may be substantially 
reduced. 
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