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Introduction

Reliable petroleum-system models require kinetic parame-
ters of the reaction induced by thermal decomposition of
kerogen into hydrocarbons to be calibrated to the source
rock (Peters et al., 2018). Formation-specific kinetic pa-
rameters for the Doig Formation are not in the public do-
main; therefore, any previous attempt to model the hydro-
carbon generation history would have required kinetic
analyses to be undertaken or reliance on analogue data,
both of which may produce erroneous results.

The Lower to Middle Triassic Doig Formation of the West-
ern Canada Sedimentary Basin (WCSB) extends continu-
ously across northeastern British Columbia (BC) and west-
central Alberta. Historically, the Doig and the underlying
Montney formations were viewed as source rocks for other
conventional reservoirs in the basin, mainly in other Trias-
sic and Cretaceous strata (Du Rouchet, 1985; Creaney and
Allan, 1990; Riediger et al., 1990; Edwards et al., 1994).
With the industry shifting the focus of development to un-
conventional reservoirs, the Doig Formation has been rec-
ognized as an important resource of gas and natural-gas liq-
uids. The Gas Technology Institute (Faraj et al., 2002)
estimated the total gas-in-place in the Doig Formation at
4 trillion m® (140 tcf), whereas Walsh et al. (2006) esti-
mated the total gas-in-place as ranging from 1.1 to 5.7 tril-
lion m® (40-200 tcf). A more recent study by the United
States Energy Information Administration (2013) esti-
mated 2.8 trillion m® (100 tcf) of gas-in-place for the Doig
Phosphate Zone alone.

This paper presents the results of the reaction kinetics pa-
rameter modelling for immature rocks of the Doig Forma-
tion source rock. The Doig kinetic parameters are com-
pared with those published for other North American shale
plays and the variability of activation energies is explained.
This study is part of a broader research project on the Doig
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Formation petroleum system and the results of the reaction
kinetics presented here provide the inputs required to pro-
ceed with the subsequent steps in modelling thermogenic
hydrocarbon generation across the basin.

Geological Framework

The Doig was deposited in the Middle Triassic, between the
Anisian and Ladinian, and is part of the Diaber Group along
with the underlying Montney Formation (Figure 1). The
sedimentation in the Triassic of the WCSB is marked by a
transition from carbonate-dominated intracratonic and pas-
sive-margin conditions, predominant during the Paleozoic,
to a siliciclastic-dominated, active embryonic foreland ba-
sin. The Triassic succession was deposited in a series of
three major third- or fourth-order transgressive-regressive
cycles (Gibson and Barclay, 1989; Edwards et al., 1994).
The interval from the Doig through the Halfway and Char-
lie Lake formations corresponds to the second cycle and the
phosphatic interval at the base of the Doig represents a con-
densed section formed during the initial transgression of
the second cycle (Gibson and Barclay, 1989).

The main elements that influenced the distribution of the
Triassic interval were the underlying Devonian Leduc and
Swan Hills reefs, and the Mesozoic reactivation of the Mis-
sissippian Dawson Creek graben complex (DCGC), which
includes the Fort St. John graben and the Hines Creek
graben. The DCGC formed in response to localized differ-
ential subsidence in the Peace River Embayment. The
DCGC faults continued to be active during the Triassic, im-
posing significant controls on the distribution of sediments
(Marshall et al., 1987; Barclay et al., 1990; Davies, 1997;
Eaton et al., 1999). The Devonian reefs exerted a topo-
graphic influence on Triassic sedimentation by controlling
facies changes (Davies, 1997), and may also have influ-
enced subsidence rates and, hence, thickness variation.

The Doig Formation consists of mudstone, siltstone and
subordinate sandstone, bioclastic packstone and grain-
stone, deposited under marine conditions in environments
ranging from shoreface through offshore (Evoy and
Moslow, 1995). The Doig can be informally subdivided
into three units, as proposed by Chalmers and Bustin
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Figure 1. Stratigraphic chart of the Triassic, in the subsurface of the Peace River area,
northeastern British Columbia and adjacent areas (after Gibson and Barclay, 1989;
Golding etal., 2015). Eustatic level based on Hardenbol et al. (1998). Abbreviations: Fm.,

Formation; Gp., Group.

(2012): the basal unit, Doig A, corresponding to the also in-
formal but widely referred to ‘Doig Phosphate Zone’
(DPZ), composed of organic-rich radioactive dark
mudstone with common phosphate granules and nodules
(the DPZ is generally readily distinguishable in well logs
by its high gamma-ray signature); the intermediate Doig B,
primarily composed of medium to dark grey argillaceous
siltstone and mudstone intercalated with localized sand-
stone; and the upper Doig C, composed of relatively or-
ganic-lean siltstone and argillaceous fine-grained sand-
stone. The DPZ is considered a good to excellent hydrocar-
bon source rock and an important source for many
conventionally hosted hydrocarbons in the basin, including
Triassic strata, such as Halfway, Charlie Lake and Doig
sands. Previous studies found type II oil and gas-prone
kerogen with total organic carbon content ranging from 1.8
to 11 wt. % (Riediger et al., 1990; Faraj et al., 2002; Ibra-
himbas and Riediger, 2004).

Material and Methods

Twenty-three samples were selected for reaction-kinetics
analysis through multiple heating-ramp open-system py-
rolysis. These samples cover a significant portion of the
Doig Formation subcrop area and a wide range of maturi-
ties (Figure 2), as well as all its stratigraphic subdivisions
(Figure 3). The samples were chosen from among more
than 440 analyses carried out on cuttings and whole-rock
core using the Rock-Eval pyrolysis method (Espitalié etal.,
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1977), based on sharpness and intensity of the kerogen con-
version peak, and a wide range of hydrogen index (HI) and
oxygen index (OI) values to capture all of the pseudo—van
Krevelen kerogen types identified (Figure 4). Samples
were classified in discrete kerogen-type categories based
on the pseudo—van Krevelen crossplot. Approximately
70 mg of powdered bulk rock (i.e., not concentrated kero-
gen) of each sample was pyrolyzed, using a HAWK® in-
strument from Wildcat Technologies, at 5°C, 25°C and
45°C per minute to 600—700°C, following an isothermal
plateau of up to 260-310°C to purge free hydrocarbons.
The pyrolysis curves were trimmed in the time domain and
the flame-ionization detector signal was baseline corrected,
smoothed, integrated and processed using the commer-
cially sourced Kinetics2015 software (GeolsoChem Cor-
poration, 2019). Reaction-activation energies and pre-ex-
ponential factors were modelled through a distributed-
reactivity method (Braun and Burnham, 1987; Ungerer and
Pelet, 1987) with a fixed activation energy (E) spacing of
1 kcal/mol, and an isoconversional method (Friedman,
1964; Vyazovkin and Lesnikovich, 1988), assuming a se-
ries of parallel first-order reactions in 0.01 conversion-
fraction increments, to determine the variation of activation
energy as a function of conversion.

Results and Discussion

Approximately half of the samples analyzed are of kerogen
type I, as determined by hydrogen- and oxygen-index evo-
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Figure 2. Location of wells from which samples were selected for reaction kinetics analysis in northeastern British Columbia and adjacent
area, against a backdrop of the Doig Formation thermal-maturity map (after Silva and Bustin, 2018) and main structural elements that influ-
enced the Triassic deposition (after Davies, 1997). Cross-sections shown in Figure 3 indicated by A—A’and B—B’. Abbreviation: Prec., Pre-

cambrian.

Geoscience BC Report 2020-02

67



Geoscience BC

‘Aes ewweb ‘Yo :uoneinaiqqy (g ainbi4 ur umoys ,g—g pue \/—Y 1O UoI11ed0|) So1}auly uonjoeal o) pazAjeue (siels moj|aAk) sajdwes ay} Jo uoneoo| ay} pue 6ioq ay)
J0 suolsiAlpgns alydesbijesys ayy Buimoys ‘wniep se uoljew.o- BloQg ay} jo doy sy yyim ‘eale Jusdelpe pue g ulajseaypou Ul sjjam jo (ay1ys Buoje) suonoas-ssouo olydelbiess ¢ ainbi4

Koauyuop

auleld ]
josung =

v Blog 5

g 6loq

| 00C1

0 blog ﬁM

0GL 1dvo 0]
o

0oV L

A

E-omm_
L
=

[0Sl 1dvo 0

q9

00/9M¥1-880-70-50/001

AYVANNOEG N XYOONIHD

| oss) -

0081 -

00/9MP0-v20-10-51/00L 00/9MS0-620-0L-0/00L
¢ m 33d33L TND QYVMOH 1V 13 T8ND
Kaujuopy 2 oz |
= ES IM =
auleld F
198UNg
1 ===
v Biog = — =
= = =
I 0022
g8 blog =__|
| 0022
5 610g .M
RemyjeH = .
051 _1dvo 0| = 0GL 1ave 0]
R) 49

0G) 1dvO 0]

[ o |

00/9ML0-1 L0-82-80/00)
ASIIa ¥31lvm3aail

00/9MO1-¥20-22-90/00L
MIOdONM MOOHHLYON

7/

00/9M01-810-22-€0/00L
SSIUO0Ud TIND

AT

[0St _avo_ 0
O

00/9MPL-180-€€-80/001

€

il

=

- 00EL

0Gl 1dv9 O]

= 19]

00/51-V-¥60 3-9¥0-4/002

F00LL

VOIN NOIRMNLNIA

TIVLY¥3AVEE TV 13 1090y

501

01 _1dvo

O

00/10-H-¥60 34-280-2/002
INVHA TAND

I 0561

0G) Idvo O]
[ o |

00/9M81-080-¥€-G1/00L
13ISNNS T13HS

00/L0-H-¥60 1-800-9/002

==

0S1 1dvo 0

i=B)

VEWN3AVZ TV 13 TAIND

1¥vadols M 1V 13 TdND

F 0SS

[0ST v
[ wo |

00/9M02-980-0-Z1/00L

| 0SS 1

M
:

0S5 1dvo O]

49

00/9MZZ-780-60-10/001
JIHOVLLY SOV

00/91-9-¥60 V-GL0-2/002

Womm

0G) 1dvo 0]
O

ANNOL TAND

F0SLL

0021

= osol

0ST_1avo 0
i-9)

00/21-V-¥60 r-€£.0-2/002
VONI S3H0dV

\

Geoscience BC Summary of Activities 2019: Energy and Water

68



Geoscience BC

(001 6 /OH Bw) |H

0§

00l

0st

002

0se

00€

0se

ooy

0sy

00s

09g

‘uogJeo ojueblo |ejo} ‘DO ‘xapul uabAxo ‘|O ‘uogiesolpAy ‘QH :suonelraigqqy (£00g) uasialad pue (//61)
mo(q Jaye ale sadA) uabolay Juaiayip 10} SMOPUIM uoljelauab usam}ag saliepunog "8}esuapuo pue |10 d)e| 0} dinjewwl wo.ly Buibuel ‘Ajunjew jo saalbap jo abues apim e 18A0D sajdwes ay |
‘sisAjeue soljouly uojoeal 1oy pajos|as sajdwes ay) 4o Jojdssolo ¥ | snsian (|H) xapul uabBoipAy By {1o]dssouo usjaraly uea—opnasd ‘Ya :||| 0} || sodA) uaboley jo uoneoynuap| f ainbi4

(001 B/0H Bw) zs

(Q.) xew .

09 SS¥ 0S¥ Svv OFP SEV

|

(D.) xew |, (001 6 /209 Bw) |0
o8y G/ Oy G9¥ 09 G5y 0S¥ Sv¥  OvF  GEF  OSF  Ggb Ok O0L 06 08 OL 09 0S Oy O 0Z Ol
: —
: o} 111 8dAL
{ m ®
i . =3 @
5 5| L
= = 81 8
(=] o W. ] M.
3 3 e i 3 o

0S

00l

oSt

00C

0sc

00¢

0se

007

0sy

00S

0SS

(001 6 /OH Bw) |H

69

Geoscience BC Report 2020-02



PN

Geoscience BC

lution paths, whereas one third is of type I1I. The remaining
are classified as type II/I11, due to either kerogen mixing,
contamination or high maturity causing points to plot too
close to the origin. The median value of the activation en-
ergy of all Doig samples analyzed ranges from 51 to
67 kcal/mol with a pre-exponential factor that varies from
5.3x 10" t02.7 x 10" (Figure 5). The correlation between
the median activation-energy and frequency factor is log
linear, with an r* 0f0.98. The activation-energy distribution
of kerogen type Il samples is noticeably narrower than that
of type III, with median values ranging from 53 to 63 kcal/
mol. The precision of the global kinetic parameters was de-
termined by repeated analyses of a standard sample. The
95% confidence interval (i.e., two standard deviations di-
vided by the median) is £1.2 kcal/mol around the median
activation-energy value of 55 kcal/mol, and within a factor
of 2 for the average frequency factor of 2 x 10",

There is a clear thermal-maturity influence on the activa-
tion-energy distributions, despite a scatter of up to 5 kcal/
mol for a given temperature of maximum rate of hydrocar-
bon-generation (Ty,.x) value (Figure 6). The correlation is
obscured due to variations in activation energies intro-
duced by mixture of kerogen types during deposition, and
possibly to cross-contamination between cuttings samples
of different depths containing different kerogen types.
Nonetheless, it is possible to distinguish two different
trends and generate linear regressions for kerogen types 11
(blue dashed line in Figure 6) and III (black dashed line in
Figure 6), with r* values of 0.49 and 0.22, respectively. The
lowest maturity samples analyzed in this study, for which
kerogen type can be determined with reasonable confi-

dence, fall between 438 and 439°C. By comparing the
extrapolated trends for kerogens type Il and type I1I to ther-
mally immature samples (i.e., lower than 430°C) from the
literature, there appears to be an inflection point in the de-
creasing activation energy, with decreasing maturity level-
ling off at approximately 435°C.

Due to a shift toward higher activation energies as thermal
maturation progresses, the standard deviation of the activa-
tion-energy distributions for each sample also has a posi-
tive correlation with Ty, values. Similarly to the regres-
sion of median activation energies, a distinct trend can be
generated for kerogen type I (Figure 7) and a less well-de-
fined trend for type I1I (Figure 7), with r* values of 0.54 and
0.25, respectively.

Based on the regression of median and standard deviation
values for different maturities, the median activation ener-
gies (E) and standard deviation (og) of lower maturity
type II (equations 1 and 2) and III (equations 3 and 4)
kerogens of the Doig Formation can be determined as a
function of Tmax according to the following equations:

Eqypenr = —108.98 + (0.37 X Ta) 1)
Ot ypeil = —38.53 + (0.0930 X Tra) @)
Eypen = —137.34 + (0.44 % Trnay) 3)
OEtypelll = 2714 + (00687 X Tmax) (4)

Based on the 435°C inflection point in the decreasing trend
of the median activation energy with decreasing maturity,
median values of activation-energy distributions are deter-
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Figure 5. Pre-exponential factor versus median activation-energy crossplot of all samples, and frequency distribution of all

activation energies classified by kerogen type.

70

Geoscience BC Summary of Activities 2019: Energy and Water



Geoscience BC

"(£002) uasiayed pue (£/61) moQ Joye aie sadA} uaboiay Juaiayip Joj SMOpUIM uofjelauab usamiaq saliepunog "uoiNquUISIP 8y} JO anjeA uelpaw ay} Jo ABiaus uop
-eAnjoe a|buis e se pajjo|d ale ejep ainjess) ‘Ajloaioadsal ‘suabousy ||| odA) pue || dA} Joj uoissalbal seaul ay) juasaldal saul| paysep 3oe|q pue an|g ‘sleq [eoilaA se abuel 9,08 ay} yim ‘uor}
-NQuISIp 8y} Jo anjeA ueipaw ay} se pajjo|d a.e sajdwes eale-Apn}s sy} wouy syulod ejeq sajdwes Ajlinjew Jamo| pJemo} saibisus uoneande Buisealoap jo puall ay) Buimoys (z10g ‘BuspioN
£200Z “1e 19 |IIH ‘G00Z ‘uuewsdalq ‘y00Z ‘UUBWNOSIQ PUB YUSBYIS 966 “|e 18 snung (y66) ‘O|qON pue Jeejabs]) uosuedwod 1oy 81njels}l| Wod) S300. You-usbolay Jayjo woly sejdwes
109[9S pue ‘elaq|y |BJjU99-}Sam pue Og ulsjseayiiou ul ease Apnys ay) wouj sajdwes uonewlo 6ioq ayj jo x4 sisAjoiAd [eag-100y snsian ABisus uonjeAnoe ueipaw jo j0|dsso.) "9 ainbi4

(D.) xew |

08¥y *7A 4 0Ly Sor 09¥ 1114 044 1°1%14 ocy 1A 4 0cy
cloe .m:wEozw‘hoow “leie - nwmoom ‘uueunpsIq ¥
‘$00Z 'UUBUPOBI] PUE HUBLOS, ‘9661 "B 18 SIUING_ 1661 'SIGON pue Jeeppbal

nediL gz ueoved [l

i mn;\_y I n._.w_m;m 18AIY uaslg) @ < .—:wc._mm _@

Sl edhL [ ¢[E0D ueleydisap ‘mmr , PAospOONA @ -
inodi ¢oleus uepleol  §& _.>EwEo_>_ i) xew : Iy - »
g — Jeueng A | too @ ("L.2€°0)+86'80L-=3 -~ .1

o~ - -

uaboiey uolewlo4 g af g

- g - -

1 ; *

“ * < L 4 <
_ - - A
1
: O 5 (g [ | ]

i i v . .
[ ]

1 L 4
1 [ 4
1
{ et
1
1
1 -

1
$ Xew = =
“ |® ("L « p¥ 0)#ve LE)-=3
1 oy
1 T 3 =
1 L)

! @

S > __
o | 3 .
@ €2 —
— = ,m . [ rM_ =
2 (o] Pal © *
L4 mAF = =
3| .*3 R )
24 - o o
oo > % = =
=1 - 1 D
@1 o @ -~
-‘ oY
e! o
i —0 =

1 L 4

: Pia

(A4
144
ov
114
0g
[AY]
14°]
9G
8g
09
29
¥9
99
89
0L
¢l

(jowy1eoy) ABiaus uoneanoy

71

Geoscience BC Report 2020-02



PN

Geoscience BC

E 5 3 s
= = = E
& 2 g
£ = = 8
© =
g 5 -. .+* 8
=~ @ L =
B : T
5 ) ® .-
5 ¢ oo i
> .-‘ -
5 -9 e ®
@ = * i -
2 3| O=27.14+(0.0887"T,.) X S PR
c .- ) ."
=] e
— e p——
§ 2 __.-" ‘_.-’. @ Tren

F Py ons @ Typewm

.=~ |0g=-38.53 +(0.0030*T,_)
1 . @ mpeul
420 425 430 435 440 445 450 455 460 465 470
Tmax (°C)

Figure 7. Crossplot of the standard deviation of the activation-energy distributions versus Rock-Eval pyrolysis Tmax Of
the Doig Formation samples from the study area in northeastern BC and west-central Alberta, showing the trend of de-
creasing standard deviations toward lower maturity samples. Blue and black dashed lines represent the linear regres-
sion for type Il and type Il kerogens, respectively. Boundaries between generation windows for different kerogen types

are after Dow (1977) and Petersen (2003).

mined to be 52 and 54.1 kcal/mol for immature kerogen of
types Il and I11, respectively. Conversely, the standard devi-
ations for immature type Il and type 1 are determined to be
1.93 and 2.75 kecal/mol, respectively. Based on these statis-
tical parameters, synthetic activation-energy Gaussian dis-
tributions were created for kerogen types II and III of the
Doig Formation (Figure 8).

The wider activation-energy distributions of kerogen type
IIT are not only evident on the discrete activation-energy
distribution histograms but can also be observed in the re-
action profile generated by the isoconversional kinetic
modelling. The isoconversional results are plotted as a sin-
gle activation energy for conversion rates from 10 to 90%
(Figure 9), since the first and last 10% values are often un-
reliable due to analytical noise in the data (Burnham, 2017).
This profile shows that for lower present-day maturity sam-
ples, predominant activation energies range from 40 to
58 kcal/mol at 10% conversion. These lower activation en-
ergies are associated with samples predominantly of
kerogen type I1I and are likely the product of the breaking
of C-O bonds, and possibly C—S bonds. Activation ener-
gies at 10% conversion for most lower present-day matu-
rity kerogen type Il samples are higher than 50 kcal/mol. At
50% conversion, lower maturity samples have activation
energies in the 48 to 60 kcal/mol range. Within this conver-
sion range, bitumen decomposition is probably the cause of
the narrower spread and large overlap between activation

72

energies of kerogen types Il and I11. At 90% conversion, the
high end of activation-energy distributions of type III
kerogen causes the spread of dominant activation energies
to increase again, ranging from 52 to 90 kcal/mol for low
present-day maturities. The results of this study suggest
that mixing between kerogen types II and III in the Doig
Formation translates into an early hydrocarbon-generation
window due to the low activation energies of type I1I. Fur-
thermore, the kerogen mixing extends the generation pro-
cess over a broader temperature range due to the combined
effect of the lower end of type Il activation energies and up-
per end of those of type III.

Ongoing Work

The work presented here will serve as foundation for a re-
construction of the Doig Formation thermal history
through basin modelling. The modelled kerogen activa-
tion-energy distributions for different types of kerogen will
be used as reaction-kinetics input for the model thermal-
maturation simulation, providing reliable source-rock—cal-
ibrated parameters, thus decreasing the uncertainty related
to timing and type of hydrocarbons generated across the
basin.
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Figure 8. Histograms of modelled activation-energy distributions of the Doig Formation, northeastern British Columbia and west-central Al-
berta, based on samples of varying degrees of maturity: Top, immature kerogen type Il; Bottom, immature kerogen type III.
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