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Introduction

The Triassic section is the richest interval of the Western

Canada Sedimentary Basin (WCSB) with respect to vol-

ume of oil per volume of rock (Marshall et al., 1987). His-

torically, the Doig and the underlying Montney formations

were viewed as source rocks for other conventional reser-

voirs in the basin, mainly in other Triassic and Cretaceous

strata (Du Rochet, 1985; Creaney and Allan, 1990;

Riediger et al., 1990; Edwards et al., 1994). The Lower to

Middle Triassic Doig Formation of the WCSB extends con-

tinuously across northeastern British Columbia (BC) and

west-central Alberta (Figure 1). More recently, the Doig

Formation has been recognized as an important unconven-

tional reservoir for gas and natural-gas liquids (NGL), with

estimates of total gas in place ranging from 1.1 to 5.6 tril-

lion m3 (Walsh et al., 2006). However, little is currently

known about the unconventional portion of the Doig,

which being a relatively new play is much less studied and

understood than the Montney Formation. Basin-scale stud-

ies that focus on the entire Doig succession and the regional

variation in its properties are notably absent in the litera-

ture.

The goal of the ongoing research project reported herein is

to evaluate the potential of the Doig Formation through a

petroleum system analysis (PSA), with focus on the distri-

bution of producible liquids. The PSAis based on the quan-

tification and mapping of source-rock properties, charac-

terization of reservoir properties such as storage capacity

and producibility, and backstrip modelling of the basin to

reconstruct and determine the timing of thermogenic hy-

drocarbon generation, migration, expulsion and retention.

This paper presents preliminary findings on the aspect deal-

ing with the source-rock properties of the Doig Formation.

Organic matter type, abundance and level of thermal matu-

rity are the primary factors controlling the quantity and type

of hydrocarbons generated (Welte and Leythaeuser, 1983).

Combined with the spatial distribution of thickness, they

are the most fundamental properties for assessing the

potential of a source-rock reservoir.

Geological Framework

The Doig was deposited in the Middle Triassic, between the

Anisian and Ladinian, and is part of the Diaber Group with

the underlying Montney Formation (Figure 2). The sedi-

mentation in the Triassic of the WCSB is marked by a tran-

sition from carbonate-dominated intra-cratonic and pas-

sive-margin conditions, predominant during the Paleozoic,

to a siliciclastic-dominated relatively active embryonic

foreland basin. The structural elements that influenced the

distribution of the interval were the underlying Devonian

Leduc reef and the Mesozoic reactivation of the Mississip-

pian Dawson Creek graben complex (Marshall et al., 1987;

Davies, 1997). The Doig Formation consists of mudstone,

siltstone and subordinate sandstone, bioclastic packstone

and grainstone, deposited under marine conditions in envi-

ronments ranging from shoreface through offshore (Evoy

and Moslow, 1995). The Doig can be informally subdi-

vided into three units, as proposed by Chalmers and Bustin

(2012): the basal unit, Doig A, corresponding to the also in-

formal but widely used Doig Phosphate Zone (DPZ), com-

posed of organic-rich radioactive dark mudstone with com-

mon phosphate granules and nodules, and generally very

distinguishable in well logs by its high gamma-ray signa-

ture; the intermediate Doig B, primarily composed of me-

dium to dark grey argillaceous siltstone and mudstone in-

tercalated with localized sandstone; and the upper Doig C,

composed of relatively organic-lean siltstone and argilla-

ceous fine sandstone.

Methods

Cuttings samples from the Doig Formation were analyzed

for total organic carbon (TOC) and temperature of maxi-

mum rate of hydrocarbon generation (Tmax), as well as other

standard pyrolysis-derived parameters. Existing pyrolysis

data for the Doig in the public domain were compiled and

thoroughly reviewed for consistency. As opposed to public
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data, for which no pyrograms or signal quality indicators

were available, the data generated for this study was ranked

according to signal quality and thus served as high-confi-

dence control points, against which publicly available data

was then compared. Between the public data and the analy-

ses conducted for the purpose of this study, nearly 1500

data points from approximately 200 wells were used. The

TOC from pyrolysis was used to derive and calibrate con-

tinuous TOC logs from compressional sonic slowness and

resistivity well logs for all the wells. These logs were cali-

brated to the laboratory data to map the spatial distribution

of the average values in the sequence. Structural, thickness,
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Figure 1. Location of the Doig Formation, main structural elements and wells analyzed in the study area in northeastern British Columbia
and west-central Alberta. Abbreviations: DCGC, Dawson Creek graben complex; FSJG, Fort St. John graben.



average TOC and maturity maps were then created and in-

terpreted, with a focus on defining thick organic-rich areas

in the liquid-hydrocarbon–rich generation window.

Pyrolysis

A total of 252 cuttings samples from 24 wells distributed

across the entire extent of the Doig Formation were ana-

lyzed using the whole-rock pyrolysis method. The samples

were selected at an average vertical spacing of 10 m and

prepared as bulk rock samples (i.e., not high-graded toward

clay-rich fractions). This decision was made in order to

avoid overestimation of TOC, which is expected to have a

positive correlation with clay; however, the clear trade-off

was that the decision was made at the expense of a more

pronounced kerogen conversion (S2) peak, and hence a

better quality Tmax value. The analyses were performed us-

ing a HAWK™ instrument from Wildcat Technologies

with the standard pyrolysis method after Espitalié et al.

(1977). Pyrograms were individually reviewed and the Tmax

values were ranked in quality according to the intensity and

sharpness of S2. This resulted in the exclusion of 38% of

the data for the purpose of maturity assessment as they were

deemed unusable, due to being overmature or having low

TOC content. Almost 26% of the data were ranked as ‘poor’

and thus have a low degree of reliability; the remaining

36% of the data was ranked ‘good’ or better.

A total of 1200 pyrolysis analyses for 170 wells from the

public domain were compiled. Due to the unavailability of

pyrograms, these data points were reviewed for consis-

tency within each well and for regional agreement. From

these data, 12% were beyond a reasonable range expected

for Tmax (400 to 550 °C); another 28% were considered out-

liers due to either deviating more than 5 °C from the well

average or, in the case of wells with less than three data

points, disagreeing with the regional trend so as to create

bull’s-eye patterns on the map. The remaining data were in-

ternally and/or regionally consistent, and thus used in the

mapping.

Well-Log–Derived TOC

In regional studies involving a large number of wells, labo-

ratory TOC data is sparse relative to the large volume being

studied and therefore is of limited utility for regional map-

ping. Various methods have been developed for extrapolat-

ing laboratory data and creating a continuous record of

TOC through the entire wellbore using well logs. The most

commonly used logs are bulk density, compressional sonic

slowness, resistivity and gamma ray. Whereas the use of

sonic and density is based on kerogen having substantially

lower density than the mineral matrix, gamma ray works on

the assumption that organic matter has an affinity with ura-

nium. Because well logs are sensitive to various changes in

rock and fluid properties, and thus show non-unique re-

sponses, the most dependable methods for estimating TOC

rely on a combination of sonic or density with resistivity.

For the purpose of this study, two such methods were

tested, one described in Passey et al. (1990) and the other in

Carpentier et al. (1991), the latter also known as the

CARBOLOG® method. Their individual calculations and

assumptions differ slightly; however they both use sonic

and resistivity in tandem, relying on the slower acoustic ve-

locity of kerogen in less mature rocks and the increase in re-

sistivity with maturity due to generation of hydrocarbons,

which displace connate brine. The ÄlogR method proposed

in Passey et al. (1990) is computed in two steps: firstly, for

every depth, the separation between the sonic and resistiv-

ity curves, or ÄlogR, is calculated according to the equation

( )Δ Δ ΔlogR log
R

R
0.02 t tt

b

b=
⎛
⎝
⎜

⎞
⎠
⎟ + × − (1)

where Rt and Rb are the true formation resistivity and the

baseline resistivity in non-source, clay-rich rocks in

ohm⋅m, respectively; and Ät and Ätb are formation slow-

ness and baseline slowness in non-source, clay-rich rocks

in microseconds per metre (ìs/m), respectively. In this

study the values used for Rb and Ätb were 23 ohm⋅m and

171 ìs/m (52 ìs/ft.), respectively.

Secondly, TOC was calculated using the formula

( ) ( )
TOC logR 10

2.297 0.1688 LOM= × − ×Δ (2)
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Figure 2. Stratigraphic chart of the Triassic, illustrating lithostrati-
graphic and chronostratigraphic relationships of the Peace River
arch, northeastern British Columbia (after Golding et al., 2016). Ab-
breviations: Fm., Formation; Gp., Group; Olenek., Olenekian.



as a function of ÄlogR and level of maturity (LOM), which

in turn was calculated for all the wells as a linear function of

depth of burial. The calculated LOM values are between 2

and 8 with a median of 4.6.

The CARBOLOG® method TOC computation is also based

on sonic slowness and resistivity and can be represented in

a crossplot of sonic slowness on the x axis and the inverse

of the square root of resistivity on the y axis (Figure 3). The

volume of organic matter is calculated according to the dis-

tance between lines of equal TOC defined by three end

points. End members are defined as matrix, organic matter

and brine. Both matrix and organic matter points are as-

sumed to be infinitely resistive and thus lie along the x axis,

where y equals zero. The matrix point and the slope of the

0% organic matter line are determined by the distribution of

the data, which is naturally bound by a linear slope when

plotted as described. The projection of the line on the oppo-

site end of the pure-matrix point is the theoretical pure-

brine point. The lines of same organic-matter content are

then drawn parallel to, and equally spaced from, the first

line to a theoretical 100% organic-matter point on the slow-

velocity side of the crossplot, which is determined in an em-

pirical, iterative way.

The TOC is then calculated for each depth frame according

to their distance between the 100% matrix and organic-

matter lines in the Cartesian plane. Due to the difference in

density of mineral matrix and kerogen, the values calcu-

lated correspond to volume percentage and hence must be

converted into weight fraction as per the equation

TOC V
1

k
om

om

m

= ×
⎛
⎝
⎜

⎞
⎠
⎟ ×ρ

ρ
(3)

where Vom is the volume percentage of organic matter, ñom

and ñm are the densities of organic matter and mineral ma-

trix, set as constant values at 1.2 and 2.71 g/cm3, respec-

tively; and k is a unitless organic-carbon conversion factor,

with an empirically determined value of 1.25. The TOC cal-

culated by both methods was extrapolated to approximately

200 wells that had slowness and resistivity logs available

for the entire Doig interval, as well as pyrolysis laboratory

data, to assess the accuracy of the methods and adjust the

parameters where necessary. The parameters were adjusted

iteratively to minimize the difference between laboratory

and log TOC.

Mapping

Formation picks for the top and base of the Doig were ob-

tained from the database in geoSCOUT™ for approxi-

mately one thousand wells. Due to the time-consuming na-

ture of individually checking every well, quality control of

formation picks for the purpose of this study was limited to

repicking or deleting wells that caused bull’s-eye patterns

on the structural maps. Gross-thickness isochore maps were

then calculated between the top of the Montney and top of

the Doig. Grids of the average CARBOLOG® method TOC

values for the entire Doig interval in each well and Tmax

were created using simple regression kriging. The search

radius for each grid was determined through experimental

variograms at 25 km for TOC and 100 km for Tmax. The

larger radius for Tmax is due to the smoother trend in matu-

rity caused by the regional dip, relatively to the more ran-

dom nature of TOC distribution. The map boundaries are

the Doig subcrop edge to the northeast and the deformation

front of the Cordilleran foreland fold-and-thrust belt to the

southwest. Data in the deformation belt were not used at

this stage, as it would require structural restoration to their

original location relative to the undeformed portion.

Pyrolysis

The 80% confidence interval of TOC content for the Doig is

between 0.8% and 4.8%, with a median of 2% and a maxi-

mum of 14.7% (Figure 4). However, this maximum is from

the public data and may not be completely reliable since it

was not possible to obtain their raw files. The highest value

observed in the samples analyzed for this study is 8.6%.

There is a large range of values for the hydrogen index (HI),

spanning from nearly 0 to almost 500, over a wide range of

thermal maturity from immature to overmature (Figure 5).

This range of HI values for similar Tmax values through the

oil window suggests that multiple types of kerogen are

present in the Doig, from type II, through type II-III to

type III. In the samples analyzed for this study, which were
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Figure 3. Crossplot showing a graphical representation of the
CARBOLOG® method of total organic carbon (TOC) computation
(dashed lines) in terms of three end members (poles) according to
their compressional slowness and inverse of square root of resis-
tivity relationship (after Carpentier et al., 1991), using well-log data
from the Doig Formation, northeastern British Columbia and west-
central Alberta. Abbreviations: OM, organic matter; Rt, true resis-
tivity; Ät, compressional sonic slowness.



properly calibrated and quality checked, and hence carry a

higher degree of confidence, there was only type II-III and

type III kerogen observed. This observation differs sub-

stantially from other studies that found mostly type II

kerogen in the Doig (Riediger et al., 1990; Ibrahimbas and

Riediger, 2004; Walsh et al., 2006). Thermal maturity

within wells does not show any increasing trend with depth,

despite section thicknesses in excess of 300 m.

TOC Transform

Overall, both the CARBOLOG® method and the method

proposed by Passey et al. (1990) had acceptable results in

estimating TOC content, on average showing good agree-

ment with the laboratory data. The quality of the match was

assessed by subtracting the log-derived TOC value from

the laboratory-derived TOC (Figure 6). If the method was

completely accurate, the subtraction would be null. Due to

log resolution, depth shifts, imperfect assumptions, analyt-

ical errors and other factors, the subtraction results in a re-

sidual error. Although both methods employed to estimate

TOC from well logs use resistivity and compressional sonic

slowness, CARBOLOG® yielded superior results when

compared to the ÄlogR (Passey et al., 1990) method. The

median of the laboratory and log difference for the

CARBOLOG® and ÄlogR (Passey et al., 1990) methods

were 0.47 and 0.96, with standard deviations of 2.65 and

3.36, respectively (Figure 6). The larger average error and

higher standard deviation for the ÄlogR (Passey et al.,

1990) method is likely due to the fact that, unlike the

CARBOLOG method, it weights resistivity higher relative

to sonic and the resistivity logs have lower vertical resolu-

tion. Additionally, migrated hydrocarbons will tend to in-

crease the resistivity above the baseline in cleaner rock

types and hence result in erroneously high calculated TOC

(Figure 7).
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Figure 5. Hydrogen index (HI) versus temperature of maximum rate of hydrocarbon generation (Tmax) of pyrolysis data from
public domain and generated for this study of the Doig Formation, northeastern British Columbia and west-central Alberta,
colour coded by data source and sized by total organic carbon (TOC). Only data points that either presented a good quality
kerogen conversion peak (S2) or consistent Tmax values are shown.

Figure 4. Histogram and key statistical parameters of all total or-
ganic carbon (TOC) from the public data and samples analyzed for
this study of the Doig Formation, northeastern British Columbia
and west-central Alberta, coloured by intensity of the kerogen con-
version peak (S2). Abbreviations: n, sample size; P, probability.



Structure and Isochore

The top and base (top of the Montney Formation; Figure 2)

structures of the Doig Formation are subparallel and follow

the general southwest-trending dip of the Phanerozoic in

the basin (Figure 8). Aslight increase in dip angle is evident

south of a line defined by the southern edge of the Monias

and Progress oilfields. The dip of both top and base change

from 0.4° in the northeast portion of the basin, to approxi-

mately 0.7° through a slope 40 km wide following the re-

gional strike, and revert back to a gentler dip of 0.3° in the

distal part of the basin. This relatively steep-dipping slope
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Figure 7. Log plots of two wells (a and b) in northeastern British Columbia and west-central Alberta showing, from left to right on each well:
vertical depth below sea level (TVDSS), gamma ray (GR) in track 1, resistivity (RT) in track 2`, compressional sonic slowness (DTC) in
track 3, total organic carbon (TOC) in track 4. CARBOLOG

®
TOC shows good agreement with laboratory data (red circles) in both wells,

whereas the ÄlogR (Passey et al., 1990) method has a good match on well b, but largely overestimates TOC on well a.

Figure 6. Histograms of the difference between laboratory- and log-derived (lab-log) total organic carbon (TOC) values from both a) the
CARBOLOG

®
and b) the ÄlogR methods using data from the Doig Formation, northeastern British Columbia and west-central Alberta,

showing a symmetric and narrow distribution centred about zero. Abbreviations: n, sample size; Passey, ÄlogR (Passey et al., 1990)
method; St. dev., standard deviation.
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is interpreted as the paleoshelf break and likely represents

an important facies boundary between coarser-grained

shelf sediments to the northeast and finer-grained sedi-

ments to the southwest.

Asouthwest-trending linear feature of negative relief exists

between the Mica Creek and Progress fields. This feature is

approximately coincident with the Fort St. John graben

complex (Figure 1) and is associated with increased accom-

modation space, as evidenced by the thickening of the Doig

interval northwest of the Progress field (Figure 9). The

trough may have also served as a sediment conduit into the

deeper part of the basin showing anomalous thicknesses in

excess of 160 m immediately southwest of the trough,

around the vicinity of the Noel field in BC up to the border

with Alberta. The average thickness of the Doig interval is

84 m with an 80% confidence interval between 25 and

175 m. Other regions of anomalous thicknesses in excess of

240 m are located in the west-central part of the basin, in a

semi-circular shape around the Monias and Groundbirch

fields and thickening to the west, and in the northwest of the

Inga field.

The average interval TOC from CARBOLOG® has a back-

ground of 3% in weight, ranging from 1.2% to 7.5% in

weight (Figure 10). One of the areas with the highest aver-

age TOC coincides with the anomalous thickness on, and

immediately adjacent to, the depression associated with the

Fort St. John graben. This area is bounded on both sides by

regions of TOC lower than the background. Another area of

high TOC associated with a thick gross interval occurs on

and around the Sunrise oilfield, immediately east of the

Groundbirch field. Elevated average TOC values are also

observed with no association to increased thickness in the

relatively shallow dipping platform near the Altares,

Kobes, Inga and Buick Creek fields.

The maturity map reveals Tmax values from the early oil

window, using the zones for petroleum generation for

type II kerogen from Dow (1977) as a reference, in the east-

ern and southwestern portions of the basin, through con-

densate/wet gas, to peak dry gas in the western edge against

the deformation front (Figure 11). Approximately 76% of

the area is in the oil window, with 22% in the condensate/

wet gas and 2% in the dry gas window (Table 1). In terms of

gross rock volume within each region, the numbers are

slightly skewed toward condensate/wet gas and dry gas, as

the thickness increases westward, so that approximately

60% of the total rock volume is in the oil window, 34% in

the condensate/wet gas, and over 5% in the dry gas. Within

the southern portion of the basin, on the eastern side of the

Wapiti field, there is an area of increased maturity in the

peak oil window. There is a broad area in the west-central

region lying in the condensate/wet gas window, which

roughly coincides with the alignment of the Jedney, Inga,

Groundbirch and Sunrise fields.

Conclusions

The work presented here is based on a preliminary assess-

ment of source-rock properties and will serve as the foun-

dation for a PSA of the Doig Formation, incorporating an

evaluation of its reservoir properties and a reconstruction

of its thermal history through basin modelling. The data

provide insights for evaluating the additional potential of

currently developed areas as well as new prospects. The

combination of maturity and thickness maps suggests that

one third of the Doig gross rock volume lies within the con-

densate/wet gas window for type II kerogen. The vast ma-

jority of this area is in BC. By combining the isochore with

the average TOC map, total carbon thickness maps may be

calculated and used for further assessing hydrocarbon

prospectivity.

Ongoing work will improve the quality of the results pre-

sented in this preliminary update, as well as integrate these

data into a basin model. The picks for top and base of the

Doig will be more thoroughly reviewed for consistency,

improving the accuracy of the thickness maps. The DPZ top

and its correlative surface will be picked across the entire

distribution of the Doig, subdividing the mapping in two in-

tervals. This subdivision will highlight differences in thick-

ness and TOC distribution of the more organic-rich basal

interval. The log-derived TOC estimation for this work was

performed only in wells for which laboratory data was

available, so that the quality of the model could be checked,

and served as a proof of concept. Additional log-based

TOC methods will be evaluated, and the existing models

will be refined. With increased confidence in the models,

all wells with a minimum log suite will ultimately be used in

the mapping of TOC, resulting in a denser grid of data and a

TOC map with enhanced resolution and accuracy. Historic

production data will be integrated into the analysis and

cross-correlated with the maturity maps. Integrating the

production data will be particularly useful for the investiga-

tion of the influence of kerogen type on the type of hydro-

carbons generated. If there are multiple types of kerogen

present in the Doig, as pseudo-van Krevelen and Tmax ver-

sus HI crossplots suggest, they are expected to play an im-

portant role in the type of hydrocarbon generated and pro-

duced. In that case, kerogen type will have to be taken into

account when delineating liquid-rich areas, by means of

defining regional trends in the type of kerogen and

establishing correlations with lithofacies.
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