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The Proterozoic Athabasca Basin in Canada is known for its world-class, high-grade uranium deposits developed
near the unconformity between the basin and the basement. The Douglas Formation in the upper part of the
preserved strata in the basin contains total organic carbon (TOC) of up to 3.56 wt.%. Previous studies of organic
mattermaturation and hydrocarbon inclusions indicate that oil and gas have been generated from this formation,
and that some hydrocarbons found in the unconformity-relateduraniumdepositswere derived from theDouglas
Formation. This study aims to evaluate how the oil and gas generation processesmay have affected thefluid over-
pressure development in the basin, and whether or not the hydrocarbons generated in the Douglas Formation
could migrate downward to stratigraphically lower intervals and eventually to the sites of mineralization near
the unconformities.We carried out a series of numerical experiments to examine fluid overpressures, flowdirec-
tions, temperatures, and oil and gas generation processes using a two-dimensional conceptual model derived
from a geologic cross-section from the basin center to the eastern margin. An additional 5 km strata were
added to current basin stratigraphy to account for observed paleogeothermal data. Variation studieswere under-
taken to account for uncertainties in the lithologies of the eroded strata, and the wide ranges of possible perme-
abilities of different lithologies and kinetic parameters of oil and gas generation. It is found that, if moderate
permeabilities are used in the modeling for each lithology (known as the base model), oil and gas generation
processes contribute little to the development of fluid overpressure, and fluid pressure in the basin is close to
hydrostatic regardless of whether or not hydrocarbon generation in the Douglas Formation is included in the
modeling. However, if permeabilities are assigned values one order of magnitude lower than in the base
model, significant fluid overpressures are developed in the eroded strata in the upper part of the model. In the
base model, oil generated in the Douglas Formation may migrate downward, driven by an overpressure zone
situated above the Douglas Formation, but gas migrates upward. In the low-permeability model, however, the
overpressures developed above the Douglas Formation are so high that both oil and gas generated in the Douglas
Formationmigrate downward. The numerical modeling results thus indicate that it is hydrodynamically possible
for oil and gas generated in the Douglas Formation to migrate to the base of the basin and reach the sites of the
unconformity-related uranium deposits.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

The formation of the world-class, high-grade uranium deposits re-
lated to the Early Proterozoic Athabasca basin in northern Saskatchewan,
Canada requires that large amounts of fluids flowed through the sites of
mineralization. It is generally agreed that the mineralizing fluids were
brines derived from the basin (e.g., Alexandre et al., 2005; Cuney
et al., 2003; Derome et al., 2005; Kyser et al., 2000; Mercadier et al.,
2012; Richard et al., 2011), but the driving forces for the basinal fluids
to migrate to the unconformity between the basin and the basement,
where uraniummineralization took place, are still not well understood
ghts reserved.
(Chi et al., 2011). Various fluid-flowmodels have been proposed or im-
plied for the Athabasca basin in previous studies, including large-scale
convection related to effects of the thermal gradient (Boiron et al.,
2010; Hoeve and Sibbald, 1978; Raffensperger and Garven, 1995) and
deposit-scale convection related to heat anomalies associated with the
high heat conductivity of graphite (Hoeve and Quirt, 1984), gravity-
driven flow (Alexandre and Kyser, 2012; Derome et al., 2005),
compaction-driven flow (Hiatt and Kyser, 2007), and deformation-
induced fluid flow (Cui et al., 2012). In order to evaluate these poten-
tial fluid flow models, and eventually use them to predict favorable
sites of mineralization based on the reverse engineering approach
(e.g., L. Zhang et al., 2011; Y. Zhang et al., 2011; Zhao et al., 2012a),
it is important to know the background fluid pressure and tempera-
ture of the basin, as they provide constraints on initial and boundary
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conditions. A previous study has shown that fluid overpressure caused
by sediment compaction was small in the Athabasca basin, and that
the fluid pressure within the basin was near the hydrostatic regime
throughout the sedimentation history (Chi et al., 2013). It was also
shown that the thermal profile of the basin was not disturbed by
the slow fluid flow related to sediment compaction (Chi et al., 2013).

Although the Athabasca basin is generally characterized by reddish
lithologies, which are poor in organic matter, the upper part of the
preserved basin stratigraphy, particularly the Douglas Formation, is
known to contain significant amounts of organic matter, with total or-
ganic carbon (TOC) up to 3.56 wt.% (Stasiuk et al., 2001). An average
vitrinite reflectance equivalent value of 1.4% Ro in the Douglas Forma-
tion suggests a maximum burial temperature of 160° to 200 °C, which
corresponds to the late oil to early dry gas zone of thermal maturity
(Stasiuk et al., 2001). Furthermore, oil inclusions have been identified
in the shales and siltstones of the Douglas Formation as well as in sand-
stones in the underlying formations (Stasiuk et al., 2001). It is widely
accepted that the generation of oil and gas, with accompanying volume
increase due to transformation of organic matter from solid to liquid or
gas, is one of the most important mechanisms causing fluid overpres-
sure, next to sediment compaction (Swarbrick et al., 2002), as demon-
strated for example by numerical modeling for the Paleozoic Anticosti
basin in eastern Canada (Chi et al., 2010) and the Paleozoic–Mesozoic
Ordos basin in northern China (Xue et al., 2011). In the case of the
Athabasca basin, however, it remains to be determined how the gener-
ation of hydrocarbons in the Douglas Formation may have affected the
fluid pressure regime and fluid flow pattern in the basin.

Hydrocarbons have been documented in many of the uranium de-
posits in the Athabasca basin, and their origins and roles in uranium
mineralization have been debated for a long time (e.g., Annesley et al.,
2001; Hoeve and Sibbald, 1978; Kyser et al., 1989; Landis et al., 1993;
Leventhal et al., 1987; McCready et al., 1999; Stasiuk et al., 2001;
Wilson et al., 2007). In the original unconformity-type uraniummineral-
ization model, Hoeve and Sibbald (1978) suggested that mineralization
took place when a uranium-bearing, oxidizing fluid from the basin
mixed with a reduced fluid from the basement near the unconformity,
with the reductant (methane) being derived from nearby graphite-rich
zones in the basement. Leventhal et al. (1987) and Kyser et al. (1989)
argued that the bitumen found in the oreswas not derived fromgraphite
based on the carbon isotope compositions of the bitumen and graphite,
and Leventhal et al. (1987) suggested that the hydrocarbons were
emplaced after uranium mineralization. Wilson et al. (2007) provided
biomarker evidence to indicate that at least part of the bitumen in the
ores was sourced from the Douglas Formation, and also suggested that
the bitumen postdates the ores and did not play any role in mineraliza-
tion. Putting aside the controversy about the relative timing of bitumen
andmineralization, it is of interest for this paper to examine whether or
not the hydrocarbons generated in the Douglas Formation could have
migrated to the basal part of the basin and the top of the basement.

Numerical modeling has been widely used to simulate fluid flow
and chemical reaction processes in various geological environments in-
cluding mineralization systems (e.g., Appold and Garven, 2000; Bethke
and Marshak, 1990; Cathles, 1981; Chi and Savard, 1998; Chi and Xue,
2011; Chi et al., 2006, 2011, 2013; Garven, 1985, 1995; Gow et al.,
2002; Hobbs et al., 2000; Ingebritsen, and Appold, 2012; Ju et al.,
2011; Lin et al., 2003, 2006, 2008, 2009; Liu et al., 2005, 2008; Norton,
1978; Oliver et al., 2006; Ord et al., 2002; Schaubs and Zhao, 2002;
Schmidt Mumm et al., 2010; Sorjonen-Ward et al., 2002; Xing et al.,
2008; Xue et al., 2010, 2011; Zhang et al., 2003, 2008; L. Zhang et al.,
2011; Y. Zhang et al., 2011; Zhao et al., 2008a) and geoenvironmental
systems (e.g., Awadh et al., 2013; Charifo et al., 2013; Khalil et al.,
2013; Mugler et al., 2012; Sung et al., 2012; Zhao et al., 2010, 2011,
2012b). The simulated numerical models have varied from generic
models (e.g., Zhao et al., 1997, 2004, 2007) to realistic geological con-
ceptual models (e.g., Liu et al., 2010, 2011; Zhao et al., 2008b). In
terms of simulating chemical reaction processes, the simulated system
can involve either single chemical reaction (e.g., Zhao et al., 2008c,
2008d,) or multiple complicated chemical reactions that take place in
real rocks (e.g., Alt-Epping and Zhao, 2010). Numerical modeling was
also used to simulate fluid flow, heat transfer and hydrocarbon trans-
port in sedimentary basins (e.g., Chi et al., 2010; Garven, 1989; Zhao
et al., 1999). As a result of this wide range of applications, numerical
modeling has now become an indispensable method for dealing with
a broad range of geoscience and geoenvironmental problems (Zhao
et al., 2009).

In this paper, numerical modelingwas carried out to examine the ef-
fect of hydrocarbon generation in the Douglas Formation on fluid pres-
sure and fluid flow patterns in the Athabasca basin, built on a previous
numerical modeling of fluid pressure related to sediment compaction
in the same basin (Chi et al., 2013). The potential for hydrocarbons to
migrate from the Douglas Formation to stratigraphically lower succes-
sions and the basement is evaluated, and the implications for uranium
mineralization are also discussed.

2. Geological setting

The Athabasca basin is a Paleoproterozoic to Mesoproterozoic basin
of mainly siliciclastic rocks resting unconformably on Archean to
Paleoproterozoic basement (Card et al., 2007; Jefferson et al., 2007;
Ramaekers et al., 2007). The western part of the basin is underlain by
basement rocks belonging to the Taltson magmatic zone and the
Rae Province, and the eastern part by the Hearne Province, which is
bounded in the east by the Trans-Hudson orogen (Fig. 1a). Both the
Rae and Hearne provinces are divided into different domains, of which
the Mudjatik and Wollaston domains underlie the eastern part of the
Athabasca basin, where the most important uranium deposits are situ-
ated (Fig. 1a). The basement rocks consist of Archean granitoid gneiss
and metasedimentary rocks (mainly in Rae) and metavolcanic rocks
(mainly in Hearne), overlain by Paleoproterozoic metasedimentary
rocks, which are divided into the Murmac Bay, Thluicho Lake andMartin
groups in Rae, and the Hurwitz Group and partly coeval Wollaston
Supergroup in Hearne (Card et al., 2007).

Theflat-lying, unmetamorphosed sedimentary rocks in theAthabasca
basin belong to the Athabasca Group, which is divided into the following
formations (from oldest to youngest): Fair Point, Read, Smart (may be a
distal facies equivalent to Read), Manitou Falls, Lazenby Lake, Wolverine
Point, Locker Lake, Otherside, Douglas, and Carswell (Fig. 1b; Ramaekers
et al., 2007). Most of these formations are composed of sandstone with
less than 5% of shale, except for the Wolverine Point Formation which
comprises quartz arenite with abundant mudstone in the lower part,
the Douglas Formation consisting mainly of mudstone and siltstone,
and the Carswell Formation comprisingmainly carbonates. The Douglas
Formation is characterized by thin-laminated, black, carbonaceous
mudstone and siltstone, with TOC ranging from b 0.25 to 3.56 wt.%
(Stasiuk et al., 2001), and an average TOC of 0.74 wt.%. Detailed subdi-
visions of the formations and their lithologies are described by
Ramaekers et al. (2007) and summarized in Chi et al. (2013).

It has been estimated that more than 5 km of strata may have been
eroded above the youngest preserved rocks in the basin, based on fluid
inclusion data from the Carswell structure and the Rumpel Lake drill
core in the central part of the basin, which suggest a paleogeothermal
gradient of 35 °C/km (Pagel, 1975). A similar estimate is also derived
from the maximum burial temperatures of 160o to 200 °C for the
Douglas Formation based on organic matter maturation (Stasiuk et al.,
2001), assuming a thermal gradient of 35 °C/km. However, the litholo-
gies of the eroded strata are unknown. The age and duration of sedimen-
tation in the basin has been loosely constrained to be from 1760 Ma
to 1500 Ma (Ramaekers et al., 2007), based on estimation of a ca.
1750 Ma age for onset of rapid erosion of the Trans-Hudson orogen
(Alexandre et al., 2009; Annesley et al., 1997; Kyser et al., 2000; Orrell
et al., 1999), a U–Pb age of 1644 ± 13 Ma for igneous zircon in a tuffa-
ceous unit in the Wolverine Point Formation (Rainbird et al., 2007),



Fig. 1. a) Regional geologic framework of the Athabasca basin (modified from Card et al., 2007); red dots indicate themore important unconformity-related uranium deposits; b) a cross-
section from the central part of the basin to the easternmargin (line a – a' in Fig. 1a) of theAthabasca basin (modified fromRamaekers et al., 2007),which is used as the basis of the physical
model for thenumericalmodeling; RD—Read;MF—Manitou Falls (b— Bird; r—Raibl;w—Warnes; c— Collins; d—Dunlop); LZ— Lazenby Lake;W—Wolverine Point; LL— Locker Lake;
O — Otherside; D — Douglas; Q — Quaternary.
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and a Re–Os isochron age of 1541 ± 13 Ma for carbonaceous shales
in the Douglas Formation (Creaser and Stasiuk, 2007). A major primary
uraniummineralization event is inferred to have occurred at ~1590 Ma,
based on LA-ICP-MS U–Pb dating of uraninite and Ar–Ar dating of syn-
mineralization illite (Alexandre et al., 2009). This age suggests that
the mineralization took place during sedimentation in the basin, before
the deposition of theDouglas Formation. However, a spectrumof ages of
uraninite younger than 1590 Ma has been reported, suggestingmultiple
uranium mineralization and/or uranium remobilization events during
and after sedimentation (Jefferson et al., 2007; Kyser and Cuney, 2008).

3. Study methods and inputs

In order to evaluate how the generation of hydrocarbons in the
Douglas Formation may have affected fluid pressure and fluid flow
patterns in the Athabasca basin, we carried out a series of two-
dimensional numerical modeling to simulate the distribution and evo-
lution of fluid pressure throughout the deposition history, and com-
pared the results of models with hydrocarbon generation and those
without hydrocarbon generation. We then calculated the impelling
forces for oil and gas to examine the potential directions of hydrocarbon
migration.

In a previous study by Chi et al. (2013), the effect of sediment com-
paction on fluid overpressure development, the most important among
all potential overpressure-generating processes (Swarbrick et al., 2002),
was simulated for the Athabasca basin using the program Basin2TM

(Bethke et al., 1993). However, Basin2 does not have a module for hy-
drocarbon generation. Therefore, in the present study we used the pro-
gram BsnMod, which was initially developed by Chi and Savard (1998)
and Chi (2001), based on the mathematical model of Bethke (1985),
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with a module for hydrocarbon generation being added by Chi et al.
(2010). Both BsnMod and Basin2 use the finite difference method to
solve related partial differential equations in a Lagrangian reference
frame, which remains fixed with respect to the subsiding medium
but moves through space. The finite difference grids are described in
terms of a curvilinear coordinate, in which the x axis is parallel to the
stratification and the z axis is vertical. Because the breadth of a sedimen-
tary basin is generally much greater than its depth, the two axes can be
considered approximately orthogonal (Bethke, 1985). This coordinate
system can easily model the lateral change of strata thickness, without
the need to use the finite element method which is commonly used to
handle complex geometry. In addition, it has the advantage of keeping
the x axis coincident with the maximum permeability, which is usually
along stratigraphy in unfractured sedimentary rocks (Bethke, 1985).
The governing equations (medium continuity, mass conservation, heat
conservation, and hydrocarbon generation) and the numerical proce-
dures are described in detail in Bethke (1985) and Chi et al. (2010),
and the salient points are summarized in the Appendix. The use of the
program BsnMod is described in Chi (2001), Chi et al. (2010) and Xue
et al. (2011).

The geological conceptual model, which needs to be constructed in
the first step of numerical modeling (Zhao et al., 2008b), is similar to
the one used in Chi et al. (2013), which is based on a west–east cross-
section compiled by Ramaekers et al. (2007). In this study, however,
only the eastern half of the cross-section was modeled (Fig. 1b), with
the left side being treated as a no-flow boundary. This treatment is
based on the assumption that the basin is approximately symmetrical,
and the central line represents a hydrogeologic divide. The strata in
the model are divided into the following hydrostratigraphic units:
1) Read (R); 2) MFb-l (MF for Manitou Falls); 3) MFw-1p; 4) MFw-s;
5) MFw-cr; 6) MFw-up; 7) MFc; 8) MFd; 9) Hiatus 2; 10) LZh (LZ for
Lazenby Lake); 11) LZc; 15) LZs; 12) LZl; 13) Wolverine Point (WP);
14) Hiatus 3; 15) Locker Lake (LL); 16) Otherside (O); 17) Douglas
(D); 18) Carswell (C); and 19) Eroded strata (E). The modeled cross-
section is divided into 10 evenly spaced columns, and the thicknesses
of the different units at different columns were measured from Fig. 1b,
and extrapolated where they are eroded at the top, except for the
Otherside, Douglas and Carswell formations, for whichmaximum thick-
nesses of 183, 300 and 500 m (Ramaekers et al., 2007), respectively,
were applied across the cross-section. The thickness of the eroded strata
at the top of the model is assumed to be 5000 m, and the hiatuses
Table 1
Lithology, time interval, thickness, and TOC of hydrostratigraphic units of the Athabasca basin

Unit Lithology⁎ End time (Ma) Thickness (m)

0 1 2

Distance from the left boundary (km) 0 24.1 48
Eroded strata 50% ss + 50% sh 1419 5000 5000 5000
Carswell 90% cn + 5% ss + 5% sh 1469 500 500 500
Douglas 30% ss + 70% sh 1541 300 300 300
Otherside 95% ss + 5% sh 1582 183 183 183
Locker Lake 95% ss + 5% sh 1602 153 118 93
Hiatus 3 100% ss 1642 1 1 1
Wolverine Point 40% ss + 60% sh 1644 268 282 296
Lazenby Lake LZ l 98% ss + 2% sh 1652 15 14 12
LZs 98% ss + 2% sh 1654 24 22 20
LZc 98% ss + 2% sh 1656 112 78 44
LZh 98% ss + 2% sh 1666 20 20 20
Hiatus 2 100% ss 1667 1 1 1
Manitou Falls MFd 97% ss + 3% sh 1669 180 224 268
MFc 99% ss + 1% sh 1689 95 79 63
MFw-up 97% ss + 3% sh 1694 92 92 92
MFw-cr 97% ss + 3% sh 1701 29 36 43
MFw-s 99% ss + 1% sh 1704 65 45 25
MFw-lp 99% ss + 1% sh 1706 126 155 184
MFb-l 99% ss + 1% sh 1720 71 79 87
Smart/read 95% ss + 5% sh 1727 126 153 179

⁎ ss = Sandstone, sh = shale, cn = carbonate.
correlating with documented unconformities within the stratigraphy
are represented by a thin layer (i.e., 1 m) of sediment. The start of
sedimentation of the Read Formation is set at 1727 Ma, and the end of
sedimentation of the Carswell Formation at 1469 Ma, following the
time constraints shown in Fig. 7 of Jefferson et al. (2007). Assuming
comparable sedimentation rates, a period of 50 Ma is assigned for the
deposition of the assumed 5 km of eroded strata, such that sedimenta-
tion was finished by 1419 Ma. The durations of deposition of individual
hydrostratigraphic units are interpolated from these ages as well as
the two ages obtained for the Wolverine Point Formation (1644 Ma)
and the Douglas Formation (1541 Ma), as discussed above. Each of
the hiatuses is assigned a duration of 2 million years. These inputs
(Table 1) are the same as those in Chi et al. (2013), except that the
Fair Point Formation was not included in this study because it is not
present in the eastern part of the basin. In addition, a TOC value of
0.1 wt.% was assigned to all units except for the Douglas Formation,
which was given a TOC value of 0.74 wt.% in accordance with the
average value calculated from the data of Stasiuk et al. (2001)
(Table 1). The input thicknesses were multiplied by a decompaction
factor in the calculation, such that the calculated total thicknesses
after compaction are equal to those shown in Table 1. An average
decompaction factor of 1.75 was estimated based on several try-
and-error runs. The lithologies of individual units are represented bydif-
ferent proportions of sandstone, shale and carbonate (Table 1), which
are based on the stratigraphic information presented in Ramaekers
et al. (2007).

The rock, fluid, and hydrocarbon properties used in modeling,
as well as the kinetic parameters of hydrocarbon generation and the
parameters in the porosity-depth and porosity–permeability relation
equations, all required as inputs in the BsnMod program, were adapted
from Chi et al. (2010) and are summarized in Table 2. The boundary
conditions are the same as those in Chi et al. (2013), except that the
left boundary is closed to fluid flow as it is considered as a symmetry
plane. The right and upper boundaries are open tofluidflow, and the bot-
tom boundary impermeable. The surface temperature is fixed at 20 °C,
and a heat flux of 71.8 mW/m2 is supplied from the base of the model,
which corresponds to the estimated thermal gradient of 35 °C/km. Vari-
ation studies were carried out by using different porosity–permeability
parameters, the sand–shale proportions of the top eroded strata, the
TOC contents, and the hydrocarbon kinetic parameters, as compared to
those in Tables 1 and 2.
as used in the numerical model.

TOC (wt.%)

3 4 5 6 7 8 9

.2 72.3 96.4 120.5 144.6 168.7 192.8 216.9
5000 5000 5000 5000 5000 5000 5000 0.10
500 500 500 500 500 500 500 0.10
300 300 300 300 300 300 300 0.74
183 183 183 183 183 183 183 0.10
91 91 87 86 83 78 70 0.10
1 1 1 1 1 1 1 0.10

273 250 240 230 220 200 170 0.10
11 10 10 10 10 10 10 0.10
18 15 15 15 15 15 15 0.10
45 45 48 50 48 43 40 0.10
15 10 10 10 10 10 10 0.10
1 1 1 1 1 1 1 0.10

275 282 271 260 250 230 200 0.10
50 37 40 42 43 47 50 0.10
88 84 72 59 64 67 60 0.10
65 86 66 45 20 0 0 0.10
25 24 31 38 18 0 0 0.10

125 66 53 40 20 0 0 0.10
90 93 63 32 52 46 20 0.10

138 96 84 73 35 0 0 0.10



Table 2
Parameters related to fluid and rock properties used in the modeling.

Parameter Value Unit Reference

Water properties
Thermal expansion coefficient α = 5.0E−4 (/oC) (1)
Compressibility coefficient β = 4.3E−10 (m.s2/kg or/Pa) (1)
Heat capacity Cf = 4.2E+3 (J/kg/oC) (1)
Heat conductivity Kf = 0.63 (W/m/oC) (2)

Rock properties
Density ρr = 2.7Ε+3 (kg/m3) (1)
Heat capacity Cr = 0.84E+3 (J/kg/oC) (1)
Heat conductivity Kr = 2.5 (W/m/oC) (2)

Hydrocarbon properties
Kerogen density ρk = 1.45Ε+3 (kg/m3) (3)
Oil initial density ρo = 9.0Ε+2 (kg/m3) (4)
Oil thermal expansion coefficient α = 7.0E−4 (/oC) (5)
Kerogen (type-II)-to-oil conversion
Pre-exponential factor for oil Ao = 2.92E+17 (/h) (6)
Activation energy for oil Eo = 215.2 (kJ/mol) (6)

Oil-to-gas conversion
Pre-exponential factor for gas Ag = 3.6E+16 (/h) (7)
Activation energy for gas Eg = 230 (kJ/mol) (7)

Porosities and permeabilities
Sandstone
Initial porosity ϕ0 = 0.40 No unit (8)
Irreducible porosity ϕ1 = 0.10 No unit (8)
Porosity-depth parameter b = 0.50 /km (8)
Permeability-porosity constant A A = 15 No unita (8)
Permeability-porosity constant B B = − 3 No unita (8)
Horizontal to vertical
permeability ratio

kx/kz = 2.5 No unit (8)

Shale
Initial porosity ϕ0 = 0.55 No unit (8)
Irreducible porosity ϕ1 = 0.05 No unit (8)
Porosity-depth parameter b = 0.85 /km (8)
Permeability-porosity constant A A = 8 No unita (8)
Permeability-porosity constant B B = −8 No unita (8)
Horizontal to vertical
permeability ratio

kx/kz = 10 No unit (8)

Limestone
Initial porosity ϕ0 = 0.40 No unit (9)
Irreducible porosity ϕ1 = 0.05 No unit (9)
Porosity-depth parameter b = 0.55 /km (9)
Permeability-porosity constant A A = 6 No unita (9)
Permeability-porosity constant B B = −4 No unita (9)
Horizontal to vertical
permeability ratio

kx/kz = 2.5 no unit (9)

References: 1) Bethke (1985); 2) Garven (1985); 3) Lee and Williams (2000); 4) Speight
(2006); 5) Jones (2010); 6) Pepper and Corvi (1995); 7) Pepper and Dodd (1995);
8) Harrison and Summa (1991); 9) Kaufman (1994);

a The permeabilities calculated from these A and B values are in darcies.
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4. Results of numerical modeling

The numerical modeling results for fluid overpressure, fluid flow
vectors, and oil and gas generation zones at the end of sedimentation
(1419 Ma), using the inputs from Tables 1 and 2, are shown Fig. 2. A
core zone of fluid overpressure is developedwithin the assumed eroded
strata (Fig. 2a), as was also observed in the study considering the effect
of sediment compaction alone (Chi et al., 2013). The maximum fluid
overpressure is 68 bars at a depth of 4067 m, where the calculated
fluid pressure is 438 bars, which is close to the hydrostatic value of
399 bars (assuming a water density of 1 g/cm3), and far from the
lithostatic value of 996 bars (assuming a rock density of 2.5 g/cm3).
The overall fluid flow pattern is characterized by upward and rightward
(toward basin margin) flow, but downward flow is indicated in the
strata immediately below the overpressure core, especially in the
Carswell and Douglas formations (Fig. 2b). Both the active oil and gas
generation zones are located within the top eroded strata by 1419 Ma
(Fig. 2c); the oil and gas generation within the Douglas Formation
was mostly completed (90%) from 1457 to 1450 Ma, and from 1445 to
1437 Ma, respectively (Fig. 3a). An experiment with TOC value of
0.1 wt.% assigned to all lithostratigraphic units (including the Douglas
Formation) produced similar results, with themaximumfluid overpres-
sure being 64 bars at a depth of 4067 m. The calculated fluid overpres-
sure values in the Douglas Formation at the basin center are only
slightly different (less than 1 bar) between the run with 0.74 wt.%
TOC for the Douglas Formation and the onewith 0.1 wt.% TOC, although
the higher TOC content helps to achieve the maximum overpressure
faster (Fig. 3b).

The above results indicate that there is little effect of oil and gas
generation on fluid overpressure development in the Athabasca basin
in the model using the default inputs specified in Tables 1 and 2,
which is hereinafter referred to as the base model for comparison.
Fluid pressures are close to hydrostatic values regardless of whether
hydrocarbon generation is considered or not. Whether or not and how
much higher fluid overpressures may be achieved under other condi-
tions are evaluated by variation studies, the results of which are de-
scribed below.

Because there is no record of the eroded strata at the top of the basin,
there ismuch uncertainty regarding its lithologicalmake-up. In the base
model, the lithologies of this unit are composed of 50% sand and 50%
shale. If the proportion of shale is increased to 80%, the maximum
fluid overpressure increases to 139 bars, which is considerably higher
than the base model (68 bars), but still low compared to the 582 bar
difference between the hydrostatic and lithostatic values at that depth
(3803 m).

It is well known that the permeability of a lithology may vary by
more than one order of magnitude, and that this can have a significant
impact on fluid overpressure evaluation (e.g., Chi et al., 2010; Harrison
and Summa, 1991). Variation studies were carried out with the perme-
abilities of sandstone, shale, and limestone set at one order of magni-
tude higher and lower than the base model, referred to as the high-
permeability model and the low-permeability model, respectively.
Thus, the permeability was varied from log kx = 8ϕ − 9 to log
kx = 8ϕ − 7 for shale, from log kx = 15ϕ − 4 to log kx = 15ϕ − 2
for sandstone, and from log kx = 6ϕ − 5 to log kx = 6ϕ − 3 for lime-
stone. The simulation results indicate that the overpressure values
attained in the basin center in the high-permeability model (Fig. 4,
curve a) are significantly lower than those obtained in the base model
(Fig. 4, curve b), with the maximum overpressure being so small (less
than 10 bars) that the fluid pressures are nearly equal to the hydrostatic
values (Fig. 4, curve a). The low-permeability model (Fig. 4, curve c),
on the other hand, produced fluid overpressures much higher than
the base model (Fig. 4, curve b); a maximum overpressure of 328 bars
was achieved at a depth of 5035 m (Fig. 4, curve c), which is half
the difference between the lithostatic and hydrostatic values at that
depth (740 bars).

The kinetic parameters of kerogen-to-oil and oil-to-gas conversion
can vary over a wide range of values (Pepper and Dodd, 1995; Peters
et al., 2006). Two sets of variation studies were carried out: one assum-
ing fixed oil-to-gas conversion parameters (Table 2) coupled with
varying kerogen-to-oil parameters, and the other assuming fixed
kerogen-to-oil conversion parameters (Table 2) coupled with varying
oil-to-gas conversion parameters. For the first one, a minimum value
of 3.11 × 1016/h for Ao and 209.2 kJ/mol for Eo, and a maximum value
of 5.48 × 1017/h for Ao and 230.1 kJ/mol for Eo (Peters et al., 2006)
were tested. For the second set, a minimum value of 3.6 × 1015/h for
Ag and 225.9 kJ/mol for Eg, and a maximum value of 1.08 × 1018/h for
Ag and 238.6 kJ/mol for Eg (Pepper and Dodd, 1995), were used. Simu-
lation results indicate that although the timing of oil and gas generation
changed with different kinetic parameters (Fig. 5a and b), the effect on
fluid overpressure development is very small. That is, the overpressure
values in the Douglas Formation at the basin center do not show any
discernible changes with different oil generation kinetic parameters
(Fig. 5c), and very small changes (less than 1 bar) were produced with
different gas generation kinetic parameters (Fig. 5d).



Fig. 2.Numerical modeling results of the basemodel (Table 1) showing a) contours of fluid overpressure (bars), b) fluid-flow direction (not to scale), and c) isotherms (°C) and oil and gas
generation zones at the end of sedimentation at 1419 Ma.
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Fig. 3.Numerical modeling results of the basemodel (Table 1) showing a) the time intervals of oil and gas generation in the Douglas Formation in the basin center, and b) the evolution of
fluid overpressure in the Douglas Formation in the basin center, as compared to a model with 0.1 wt.% TOC.
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Finally, a variation study with a TOC value of 3.56 wt.% (the maxi-
mum value reported in Stasiuk et al., 2001) being assigned to the
Douglas Formation was tested. The results indicate that the maximum
Fig. 4.Variation studies showing the profiles of fluid overpressureswith depth at the basin
center for three different permeabilities: a) permeabilities one order of magnitude higher
than the basemodel (Table 2), b) the basemodel, and c) permeabilities one order of mag-
nitude lower than the base model.
fluid overpressure in the Douglass Formation in the basin center
reached 4.8 bars, which is higher than that with a 0.74 wt.% TOC as-
sumption (3 bars, Fig. 3b) but still not enough for the fluid pressure
to deviate appreciably from the hydrostatic regime. Furthermore, the
simulation results indicate that increasing the TOC value of the Douglas
Formation to 3.56 wt.% does not have discernible effect on the maxi-
mum fluid pressure values attained within the eroded strata.

5. Discussion and conclusions

This paper has attempted to address two major questions regarding
hydrocarbon generation in the Douglas Formation in the Athabasca
basin, which are: 1) how much did the hydrocarbon generation pro-
cesses affect the fluid overpressure development and fluid flow pattern
in the basin? and 2) could the hydrocarbons generated in the Douglas
Formation havemigrated to the base of the basin andupmost basement,
as recorded in some uranium deposits? The numerical modeling results
presented above suggest that the hydrocarbon generation processes
in the Douglas Formation contributed little to the development of
fluid overpressure. In otherwords,fluid pressures in the basin remained
close to the hydrostatic values regardless whether or not oil and gas
were generated in the Douglas Formation, unless very low permeabil-
ities are assumed, especially for the assumed eroded strata at the top
of the model (Fig. 4). This lack of influence of hydrocarbon generation
on fluid overpressure development in the Athabasca basin, unlike
some other basins such as the Anticosti and Ordos basins (Chi et al.,
2010; Xue et al., 2011), may be related to the fact the majority of the
strata underlying the Douglas Formation are highly permeable (N 95%
sandstone), such that the overpressure caused by hydrocarbon genera-
tion in the Douglas Formation is easily dissipated.

image of Fig.�3
image of Fig.�4


Fig. 5. Variation studies showing the different hydrocarbon generation curveswith different kinetic parameters for oil (a) and gas (b), and the evolution curves offluid overpressure in the
Douglas Formation in the basin center for different kinetic parameters for oil (c) and gas (d).
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The modeling results indicate that the Douglas Formation has expe-
rienced the oil and gas generation stages, which is consistent with the
presence of oil inclusions and the Ro values confirming that the forma-
tion has been burial to the gas generation zone (Stasiuk et al., 2001). It
remains to be evaluated whether or not and under what conditions
the oil and gas generated in the Douglas Formation may have migrated
to the base of the basin. The downward migration of hydrocarbons is
decided by the vertical impelling force of hydrocarbons (EHC), which is
related to fluid densities and fluid overpressure (Ψ) as follows:

EHC ¼ ρW−ρHC

ρHC
g þ−1

ρHC

∂Ψ
∂z ð1Þ

where ρHC is the density of oil or gas, ρW is the density of water, and g is
gravity (Chi et al., 2010; Hubbert, 1953). The first term reflects the
buoyancy force, which is positive (upward), and the second term is
the impelling force caused by the fluid overpressure gradient, which is
positive if fluid overpressure increases with depth or negative if fluid
overpressure decreases with depth. The hydrocarbons will migrate
upward if the EHC value is positive, and downward if the EHC value is
negative.

Our numerical modeling results indicate that the maximum fluid
overpressure is located within the assumed eroded strata at the top
(Fig. 2a). Therefore, the fluid overpressure decreases with depth in the
lower part of the basin, and fluid flow (water) is downward (Fig. 2b).
In order to evaluate whether or not the hydrocarbons generated in
the Douglas Formation can flow downward, we need to calculate the
buoyancy forces for oil and gas and the impelling force caused by the
fluid overpressure gradient. The calculated densities of water, oil, and
gas in the Douglas Formation at the basin center are 0.90, 0.77 and
0.17 g/cm3, respectively. The buoyancy force for oil and gas is calculated
to be 1.7 and 42.1 m s−2, respectively. In the basemodel, themaximum
fluid overpressure is 67.5 bars at a depth of −4247 m, and the mini-
mum overpressure is 0.41 bars at the base (−7341 m). The impelling
force caused by the fluid overpressure gradient on oil and gas are
calculated to be −2.8 and −12.8 m s−2, respectively. Combining the
buoyancy force and the impelling force caused by fluid overpressure
gradient, the vertical impelling force of hydrocarbons (EHC) is therefore
−1.2 m s−2 for oil and +29.3 m s−2 for gas. In the variation study
with low permeabilities (Fig. 4, curve c), where a maximum fluid
overpressure of 328 bars was found at −5035 m, and a minimum of 4
bars at−7629 m, the impelling force caused by the fluid overpressure
gradient on oil and gas are calculated to be −16.2 and −73.4 m s−2,
respectively, resulting in an EHC value of −14.5 m s−2 for oil and
−31.3 m s−2 for gas.

The above calculations suggest that under the assumptions for the
base model, the oil generated in the Douglas will theoretically migrate
downward whereas the gas migrates upward. In the low-permeability
model, however, both oil and gas generated in the Douglas Formation
migrate downward, driven by the strong fluid overpressure developed
within the assumed eroded strata above the Carswell Formation. It is
worth noting here that minor evaporites have been found in the
Carswell Formation (Ramaekers et al., 2007), and the possibility of mas-
sive evaporites being developed in the eroded strata at the top of the
basin cannot be ruled out. In fact, the high salinities of fluid inclusions
found in quartz overgrowths in the basin (e.g., Pagel, 1975; Scott et al.,
2011) and in uranium deposits (e.g., Derome et al., 2005), especially
theCl/Br and δ37Cl analyses (Richard et al., 2011), suggest an evaporated
seawater origin for the basinal brines in the Athabasca basin. Evaporites
are known for their extremely low permeabilities, lower than shales
(Kaufman, 1994), and if they were indeed developed in the upper part
of the basin (now eroded), fluid overpressures may have been much
higher than previously anticipated (Chi et al., 2013), and downwardmi-
gration of hydrocarbons generated in the Douglass Formation would
likely be most viable.
Finally, although it is not themain topic of discussion in this paper, it
is worth mentioning that the timing of hydrocarbon emplacement in
the uranium deposits remains an unsolved problem. The fact that
solid bitumen crosscuts uraninite ores does not necessarily indicate
that hydrocarbon migration postdates mineralization, as argued for by
Leventhal et al. (1987) and Wilson et al. (2007). We suggest that even
if hydrocarbons were involved in mineralization (i.e., emplaced before
or during mineralization), they could remain as fluids after mineraliza-
tion and flow into fractures in the ores to become solidified as bitumen.
In addition, although the primary uranium mineralization age of
1590 Ma (Alexandre et al., 2009) is older than the estimated age of
the Douglas Formation (1541 Ma, Creaser and Stasiuk, 2007), a number
of younger ages of uraninite have also been reported (see Jefferson et al.,
2007; Kyser and Cuney, 2008). Therefore, it is not impossible for hydro-
carbons generated in the Douglas Formation to have migrated to the
sites of mineralization and played a role in uraniummineralization.

In conclusion, our numerical modeling results indicate that oil
and gas generation in the Douglas Formation has had minor effects
on fluid overpressure development and fluid flow patterns in the
Athabasca basin. If the 5 km of eroded sediment above the preserved
strata are assumed to be composed of 50% shale and 50% sand, and
the permeabilities are moderate (i.e., the base model), the fluid
overpressures developed within this layer are so small that the fluid
pressures are essentially hydrostatic. Despite this, thefluid overpressure
gradient is sufficient to drive oil generated in the Douglas Formation
downward, although gas migrates upward. In contrast, if the perme-
abilities are taken to be one order of magnitude lower than the base
model, fluid overpressures generated in the eroded strata are signifi-
cantly higher, and both oil and gas generated in the Douglas Formation
are driven downward. This study therefore confirms that it is hydrody-
namically possible that some hydrocarbons found in the unconformity-
related uranium deposits were derived from the Douglas Formation, as
suggested by biomarkers studies.
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Appendix A. Governing equations and numerical solution procedure

The governing equations describing sediment compaction (medium
continuity) (Eq. (2)), mass conservation (fluid continuity) (Eq. (3)) and
heat conservation (Eq. (4)), from Bethke (1985), Harrison and Summa
(1991), and Chi et al. (2010), are as follows:

∂
∂z vzm ¼ 1

1−ϕð Þ
∂ϕ
∂t ð2Þ

ϕβ
∂ψ
∂t −

1
ρ

� ∂
∂x

ρkx
μ

∂ψ
∂x

� �
þ ∂
∂z

ρkz
μ

∂ψ
∂z

� ��

¼ ϕβρvzm
1

1−ϕð Þ
∂ϕ
∂t þ ϕα

∂T
∂t þ qo þ qg

ð3Þ

½ρϕC f þ ρr 1−ϕð ÞCr �
∂T
∂t −

∂
∂x Kx

∂T
∂x

� �
− ∂

∂z Kz
∂T
∂z

� �
þ

∂
∂x ρvxC f T
� �

þ ∂
∂z ρvzC f T
� �

¼ −ρhf
∂ϕ
∂t

ð4Þ

where vzm is the settling velocity of the solidmedium, x is the horizontal
coordinate, z is the vertical coordinate, t is time, ϕ is porosity, β is the
compressibility coefficient of fluid, ψ is fluid overpressure, ρ is the den-
sity of fluid, kx is the horizontal permeability, kz is the vertical perme-
ability, μ is the dynamic viscosity of fluid, α is the thermal expansion
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coefficient of fluid, T is temperature, qo is the source term for oil gener-
ation, qg is the source term for gas generation, Cf is the heat capacity of
fluid, ρ r is the density of rock, Cr is the heat capacity of rock, Kx is the
horizontal heat conductivity, Kz is the vertical heat conductivity, vx is
the horizontal fluid flow velocity, vz is the vertical fluid flow velocity,
and hf is the enthalpy of fluid. The values of qo and qg in Eq. (3) are
related to density changes from kerogen to oil and from oil to gas as
follows (Chi et al., 2010):

qo ¼
dXo

dt
ρk

ρo
−1

� �
XkVb ð5Þ

qg ¼ dXg

dt
ρo

ρg
−1

 !
XkXoVb ð6Þ

where Xo and Xg are the fractions of oil and gas generated (out of the
total capacity for oil and gas generation, respectively), t is time, ρk, ρo
and ρg are the density of kerogen, oil, and gas, respectively, Xk is the
volume fraction of kerogen in sedimentary rocks, and Vb is the volume
of a finite difference block. Xo and Xg are related to the generation rates
of oil and gas as follows (Chi et al., 2010):

Xo ¼ 1− 1−Xo
p� 	
e−koΔt ð7Þ

Xg ¼ 1− 1−Xg
p

� �
e−kgΔt ð8Þ

where Δt is time interval between two time steps, Xop and Xg
p are the

fractions of oil and gas generated in the previous time step, and ko
and kg are the generation rate of oil and gas, respectively.

The governing Eqs. (2)–(4) are first transformed into a curvilinear
coordinate system, where the x axis is parallel to the stratification and
the z axis is vertical, and then converted into algebraic equations using
the finite difference method. The numerical procedure starts with an
initial sedimentary layer set at hydrostatic conditions, and proceeds
with the addition of a thin layer of sediment in each time step. For
each time step, the sediment compaction equation (Eq. (2)) is first
solved in conjunction with the following equations describing the rela-
tionship between effective depth and porosity (Bethke, 1985):

ϕ ¼ ϕ0e
zeb þ ϕ1 ð9Þ

ze ¼ zþ ψ−ψsc

ρsm−ρ
ð10Þ

where ϕ is porosity, ϕ0 is porosity on the surface, ϕ1 is the irreducible
porosity, b is a lithology-specific constant, ze is the effective depth,
Ψ is fluid overpressure, Ψsc is fluid overpressure on the surface, ρsm
is the density of fluid saturated medium, and ρ is fluid density. The
porosity is used to calculate the permeability using the following
relationships:

logkx ¼ Aϕþ B ð11Þ

kx
kz

¼ C ð12Þ

where kx is the horizontal permeability, kz is the vertical permeability,
and A, B and C are lithology-specific constants. The ϕ, kx and kz values
obtained from these calculations are then used to solve Eq. (3) to obtain
fluid overpressure (Ψ). Since porosity is dependent on the effective
depth (Eq. (9)), which is in turn dependent on fluid overpressure
(Eq. (10)), the sediment compaction equation (Eq. (2)) needs to be
recalculated using the updated fluid overpressure values. The iteration
between Eqs. (2) and (3) continues until the porosity values are con-
verged. The numerical solution then proceeds to solve the heat conser-
vation equation (Eq. (4)) to obtain the temperature values.When all the
governing equations (Eqs. (2)–(4)) are solved, a new time step starts. A
new layer of nodal blocks is created at the topwhen a target thickness is
reached after certain time steps. This procedure continues until sedi-
mentation terminates. The numerical simulation thus reconstructs the
evolution of the distribution of porosity, permeability, fluid overpres-
sure, fluid flow velocity, temperature, and fraction of oil and gas gener-
ated throughout the history of the sedimentary basin.
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