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Various fluid-flowmodels have been suggested for the formation of unconformity-type uranium deposits in the
Athabasca basin, including fluid flow driven by fluid overpressure, topographic relief, fluid density variation due
to temperature or salinity change, and tectonic deformation. In order to evaluate the fluid-flowmechanisms re-
sponsible for mineralization, it is necessary to know the distribution and evolution of fluid pressure during the
history of the basin. A numerical modeling study of the development of fluid overpressure due to disequilibrium
sediment compaction was carried out, and the results suggest that no significant fluid overpressure was devel-
oped in the basin throughout the sedimentation history. Fluid flow related to sediment compaction was very
slow and the temperature profile was undisturbed, implying that if compaction-driven flow was responsible
for mineralization, the sites of mineralization would not show a thermal anomaly. The development of near-
hydrostatic pressure regime in the Athabasca basin may have facilitated circulation of oxidizing fluids from the
shallow part of the basin into the basal part, favoring the formation of unconformity-type uranium deposits, as
opposed to other sedimentary basins where elevated fluid overpressures within the lower part of the basin
may have prevented downward infiltration of oxidizing fluids, limiting uranium mineralization to the upper
part of the basin.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

The Athabasca basin in northern Saskatchewan and Alberta hosts
theworld's largest high-grade uranium deposits, which are generally
located near the unconformity between late Paleoproterozoic to
Mesoproterozoic sedimentary rocks of the Athabasca Group and
Archean to Paleoproterozoic metamorphic rocks in the basement
(Jefferson et al., 2007; Kyser and Cuney, 2008). 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), although it is
uncertain whether uranium was derived from the basin (Fayek and
Kyser, 1997; Hoeve et al., 1980; Kotzer and Kyser, 1995; Kyser et
al., 2000) or from the basement (Cuney et al., 2003; Dahlkamp,
1978; Hetch and Cuney, 2000; Richard et al., 2010). Various fluid-
flow models related to uranium mineralization have been proposed or
implied in previous studies (Chi et al., 2011), including large-scale con-
vection related to thermal gradient (Boiron et al., 2010; Hoeve and
Sibbald, 1978; Raffensperger and Garven, 1995) and deposit-scale con-
vection related to heat anomaly associated with high heat conductivity
of graphite (Hoeve and Quirt, 1984), gravity-driven flow (Alexandre
and Kyser, 2012; Derome et al., 2005), compaction-driven flow (Hiatt
rights reserved.
and Kyser, 2007), and deformation-induced fluid flow (Cui et al.,
2012). Some of these models assume that the fluid pressure in the
basin was initially near hydrostatic (Cui et al., 2012; Raffensperger
and Garven, 1995), some implied significant overpressure (Derome et
al., 2005; Hiatt and Kyser, 2007), and some predict that the fluid pres-
sure at the site of mineralization may have fluctuated between under-
hydrostatic and near-lithostatic, either under a constant subhorizontal
compressional stress regime (Tourigny et al., 2007), or in response to al-
ternating compressional and extensional stress regimes (Cui et al.,
2012). Therefore, the fluid pressure regime (hydrostatic, lithostatic, or
intermediate) in the Athabasca basin during the history of sedimenta-
tion (1750 to b1541 Ma; Jefferson et al., 2007) remains unknown,
which significantly hinders our understanding of the fluid-flowmecha-
nisms responsible for uranium mineralization, as the time of primary
uranium mineralization (mainly from ca. 1600 to 1500 Ma; Alexandre
et al., 2009; Jefferson et al., 2007; Kyser and Cuney, 2008) largely over-
laps with sedimentation in the basin. This paper addresses this problem
through numerical modeling of the development of fluid overpressure
(the difference between fluid pressures and hydrostatic values;
Bethke, 1985) throughout the depositional history of the basin, using
the software Basin2 (Bethke et al., 1993). We choose to use Basin2 be-
cause it is best suited for addressing the problem of disequilibrium sed-
iment compaction (i.e., sediment compaction is hindered because pore
fluid cannot escape rapidly enough due to low-permeability), which is
the main cause of fluid overpressure in sedimentary basins (Swarbrick
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et al., 2002), and it can readily model the evolution of the basin with
time. Numerical modeling of fluid flow has become increasingly impor-
tant in understanding mineralization processes (Zhao et al., 2012), and
various numerical models have been investigated for a given minerali-
zation system, including unconformity-type uranium mineralization
(Cui et al., 2012; Oliver et al., 2006; Raffensperger and Garven, 1995).
However, it should be noted that the focus of this paper is on the fluid
pressure regime during sedimentation, not on modeling the process of
uranium mineralization. Nevertheless, the results of the present study
have important implications for fluid flow models related to uranium
mineralization, which are discussed in this paper.

2. Geological background

The Athabasca basin is composed of flat-lying Paleoproterozoic to
Mesoproterozoic sedimentary rocks of the Athabasca Group, under-
lain by strongly deformed Archean to Paleoproterozoic metamorphic
rocks in the basement (Jefferson et al., 2007). The unconformity
between the basin and basement is marked by a paleo-weathering
profile of variable thicknesses developed at the top of the basement
(Jefferson et al., 2007). Typically, uranium mineralization occurs in
basement rocks immediately below and in sandstones immediately
above the unconformity, although mineralization 10s to 100 s of me-
ters below the unconformity has been discovered.

2.1. Basement rocks

The basement rocks belong to, from west to east, the Taltson mag-
matic zone, the Rae Province, and the Hearne Province, the latter two
forming the Churchill Province and being separated by the Snowbird
tectonic zone (Fig. 1; Card et al., 2007). The Taltson magmatic zone,
considered to be the southern extension of the Thelon tectonic
zone, which separates the Rae Province from the Slave Province to
the west (Hoffman, 1988), is composed of a variety of 1.99–1.92 Ga
plutonic rocks intruding 3.2–2.14 Ga metamorphic complexes of am-
phibolite to granitic gneiss (Card et al., 2007). In Saskatchewan, the
Rae Province is divided into several domains including Beaverlodge,
Zemlak, Tantato, Lloyd, and Clearwater, whereas the Hearne Province
comprises the Virgin River, Mudjatik, Wollaston and Peter Lake
domains, which are bounded by the Trans-Hudson Orogen to the
east (Fig. 1; Card et al., 2007). Both the Rae and Hearne provinces in
Saskatchewan contain ca. 3.0 Ga granitoid gneiss and >2.6 Ga
metasedimentary rocks (mainly in Rae) and metavolcanic rocks
(mainly in Hearne), followed by Paleoproterozoic metasedimentary
rocks, which are divided into the Murmac Bay, Thluicho Lake and
Martin groups in Rae, and the Hurwitz Group and partly coeval
Wollaston Supergroup in Hearne (Card et al., 2007). Paleoproterozoic
metasedimentary rocks contain graphitic metapelitic units, mainly in
the lower part of the Wollaston Supergroup in the Hearne Province,
and in the Rae Province. Paleoproterozoic granitic intrusions with
ages similar to those in the Taltson–Thelon and Trans-Hudson
orogens are common in the Rae and Hearne provinces, respectively.

2.2. Sedimentary rocks in the Athabasca basin

The non-metamorphosed sedimentary rocks in the Athabasca basin
belong to the Athabasca Group, which is divided into the following for-
mations (from oldest to youngest): Fair Point, Read, Smart (may be a
distal facies equivalent to Read), Manitou Falls, Lazenby Lake, Wolver-
ine Point, Locker Lake, Otherside, Douglas, and Carswell (Fig. 1;
Ramaekers et al., 2007). The Fair Point Formation is mainly composed
of conglomerate and conglomeratic quartz arenite, with minor pebbly
mudstone. The Read Formation consists of conglomerate and quartz
arenite, with minor pebbly mudstone, and the Smart Formation of
quartz arenite, with local pebbly mudstone. The Manitou Formation is
composed of, from lower to upper, pebbly quartz arenite with >2%
conglomerate in the Bird Member (MFb), pebbly and non-pebbly
quartz arenite with >1% clay intraclasts in the Raibl Member (MFr),
non-pebbly and pebbly quartz arenite with >1% clay intraclasts in the
Warnes Member (MFw) (note: MFr and MFw are considered laterally
equivalent to MFb), quartz arenite and pebbly quartz arenite in the
Collins Member (MFc), and quartz arenite with >1% clay intraclasts in
the DunlopMember (MFd). The Lazenby Lake Formation consistsmain-
ly of quartz arenite, with siltstone and mudstone, and local conglomer-
ate, and the Wolverine Point Formation comprises quartz arenite with
abundant mudstone in the lower part. The Locker Lake Formation is
composed of conglomeratic quartz arenite, and the Otherside Forma-
tion of quartz arenite and pebbly quartz arenite. The Douglas Formation
consists of mudstone and fine to very fine quartz arenite, while the
Carswell Formation comprises carbonates including stromatolitic to
massive dolomite, stromatolite, and oolite with siliciclastic interbeds
(Ramaekers et al., 2007). The Carswell Formation was formed in mar-
ginal marine environments, the Douglas Formation in playa lakes or la-
goons, and the rest of the Athabasca Group were deposited in braided
river systems (Ramaekers et al., 2007).

The lithostratigraphic units are grouped into 4 sequences separat-
ed by major unconformities: sequence 1 comprising the Fair Point
Formation, sequence 2 of Read/Smart and Manitou Falls formations,
sequence 3 of Lazenby Lake and Wolverine Point formations, and se-
quence 4 from Locker Lake to Carswell formations (Ramaekers et al.,
2007). Based on the isopachs of the 4 sequences, the Athabasca
basin is divided into 3 subbasins: the Jackfish subbasin in the west,
where the Fair Point Formation (sequence 1) was deposited; the
Cree subbasin in the east, where sequence 2 is thickest; and the Mir-
ror subbasin in the mid-west, where sequences 2 and 3 are thickest
(Figs. 1 and 2; Ramaekers et al., 2007). Sequence 1 is only exposed lo-
cally in the west margin of the basin, sequence 2 mainly in the east,
and sequences 3 and 4 in the western part of the basin (Figs. 1 and
2; Ramaekers et al., 2007). The Douglas and Carswell formations
only occur around the Carswell impact structure (Fig. 1; Ramaekers
et al., 2007). Despite the overall west–east orientation of the Athabas-
ca basin (Fig. 1), a number of “troughs” developed during the deposi-
tion history of the basin are oriented southwest–northeast, which is
similar to the framework structures in the basement, suggesting mul-
tiple reactivations of the basement faults during the sedimentation in
the basin (Jefferson et al., 2007). Provenance and sedimentary struc-
ture studies indicate that the sediments were derived from the east
and south most of the time, except during the deposition of sequence
3, when the provenance was mainly from the south (Ramaekers et al.,
2007).

The sedimentation in the Athabasca basin is inferred to have started
after ca. 1750 Ma, based on a U–Pb titanite age of ca. 1752 Ma in the
Wollaston domain (Annesley et al., 1997), 207P/206Pb and U–Pb rutile
ages around 1750 Ma in the Mudjatik domain (Orrell et al., 1999), and
the rapid erosion of the Trans-Hudson Orogen at ca. 1750 as indicated
by Ar–Ar ages (Alexandre et al., 2009; Kyser et al., 2000). This age
may represent the maximum age of the Fair Point Formation, while a
younger age of 1740–1730 Ma has been suggested for the Manitou
Falls Formation (Alexandre et al., 2009; Rainbird et al., 2006). An age
of 1644±13 Ma was reported for igneous zircon in tuffaceous units in
theWolverine Point Formation (Rainbird et al., 2007), and a Re–Os iso-
chron age of 1541±13 Mawas obtained for carbonaceous shales in the
Douglas Formation (Creaser and Stasiuk, 2007). Microthermometric
studies of fluid inclusions in authigenic quartz in sandstones from the
Carswell structure and the Rumpel Lake drill core in the central part
of the Cree subbasin suggest a paleogeothermal gradient of 35 °C/km
and that more than 5 km of strata may have been eroded above the
youngest preserved rocks in the basin (Pagel, 1975). The ages of these
eroded strata are unknown, but they are likely older than the
1270 Ma mafic dikes (LeCheminant and Heaman, 1989) that cut the
Athabasca Group and basement rocks. Also unknown are the ages and
duration of the hiatuses between the different sequences.



Fig. 1. B— basement; FP — Fair Point; S/M — undifferentiated Smart and/or Manitou Falls; 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; C— Carswell; F–O— undivided Fair Point to Otherside formations. Dash line a–b indicates the
location of the cross section shown in Fig. 2.
Upper: location and regional geologic framework of the Athabasca basin (modified fromCard et al., 2007); lower: geologicalmap of the Athabasca basin (modified fromRamaekers et al., 2007).
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2.3. Uranium mineralization

Uranium deposits in the Athabasca basin occur near the unconfor-
mity with the basement and are associated with reactivated base-
ment faults that cut and slightly displace the unconformity and are
commonly but not exclusively graphite bearing (Jefferson et al.,
2007; Kyser and Cuney, 2008). The mineralization is in massive and
disseminated forms, and the average grade for all mined deposits is
2% U (with the highest grade of 22.28% U for the McArthur River
deposit), which is five times the average grade of 0.4% of the Australian
unconformity-related deposits (Jefferson et al., 2007; Kyser and Cuney,
2008). Some of the deposits are hosted in the sandstones of the
Athabasca Group above the unconformity, named egress type, and
some are in the basement below the unconformity, named ingress



Fig. 2. The location of the cross section in the basin is shown in Fig. 1. FP— Fair Point; S— Smart; RD— Read; MF—Manitou Falls; LZ— Lazenby Lake;W—Wolverine Point; LL— Locker
Lake; O — Otherside; D — Douglas; C — Carswell; Q — Quaternary.
A west–east cross section of the Athabasca basin (modified from Ramaekers et al., 2007).
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type (Jefferson et al., 2007). The ingress-type deposits are controlled by
steep to moderately-steep fractures and breccia zones, and character-
ized by relatively narrow alteration zones changing from
illite-dominated outward to sudoite-dominated, and by relatively sim-
ple ore minerals (mainly uraninite), whereas the egress-type deposits
have a flattened shape, bounded by extensive alteration zones changing
from sudoite-dominated outward to illite-dominated, and character-
ized by polymetallic ores with significant concentrations of Ni, Co, Cu,
Pb, Zn, andMo in addition to U (Jefferson et al., 2007). The most impor-
tant uranium deposits discovered so far are concentrated in the eastern
margin of the basin, especially along the northeast-trending transition
zone between the Mudjatik and Wollaston basement domains. The
major uranium mineralization event is inferred to have occurred
around 1590 Ma, based on LA-ICP-MS U–Pb dating of uraninite and
Ar–Ar dating of syn-mineralization illite (Alexandre et al., 2009), al-
though a spectrum of younger ages has been reported suggesting mul-
tiple uranium mineralization and/or uranium remobilization events
(Jefferson et al., 2007; Kyser and Cuney, 2008).
3. The physical model and modeling methods

A two-dimensional (2D) model, based on the west–east cross sec-
tion shown in Fig. 2, is constructed to represent the variation of sedi-
ment thickness across the basin, changes of lithologies between
different strata, and the duration of sedimentation (Table 1). The strata
are divided into the following hydro-stratigraphic units: 1) FPl (FP for
Fair Point); 2) FPb; 3) Hiatus 1; 4) Smart-Read (S-R); 5) MFb-l (MF
for Manitou Falls); 6) MFw-1p; 7) MFw-s; 8) MFw-cr; 9) MFw-up;
10) MFc; 11) MFd; 12) Hiatus 2; 13) LZh (LZ or Lazenby Lake); 14)
LZc; 15) LZs; 16) LZl; 17)Wolverine Point (WP); 18) Hiatus 3; 19) Lock-
er Lake (LL); 20) Otherside (O); 21) Douglas (D); 22) Carswell (C); and
23) Eroded strata (E). The thicknesses of the different units at different
localities were measured from Fig. 2, and extrapolated where they are
eroded, except for the Otherside, Douglas and Carswell formations, for
which a maximum thickness of 183, 300 and 500 m (Ramaekers et al.,
2007), respectively, was applied across the cross section. The hiatuses
are represented by a thin layer of sediments of only one meter, and a
thickness of 5000 m is assigned to the eroded strata above the Carswell
Formation. The input thicknesses are expanded by the Basin2 program
to account for the effect of compaction, with the factor of expansion
being determined by iterative calculation. The start of sedimentation
of the Fair Point Formation is set at 1750 Ma, as discussed above, and
the end of sedimentation of the Carswell Formation at 1469 Ma as
shown in Fig. 7 of Jefferson et al. (2007). A period of 50 Ma is arbitrarily
assigned to the deposition of the assumed 5 km of eroded strata, so the
ending time of sedimentation of the basin is 1419 Ma. The durations 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 between the four sequences is assigned a duration
of 2 million years. The lithologies of individual units are represented by
different proportions of sandstone, shale and carbonate, mainly based
on the data presented in Ramaekers et al. (2007). Rock porosity (φ) is
related to effective depth (ze) as described in Bethke (1985):

φ ¼ φ0e
−zeb þ φ1

where ϕ0 is porosity at deposition, ϕ1 is irreducible porosity, and b is an
empirical parameter. Permeability (k) is related to porosity by

logkx ¼ Aϕþ B

where kx is horizontal permeability, and A and B are lithology-dependent
constants. Vertical permeability (kz) is calculated from horizontal perme-
ability with the ratio being a lithology-dependent constant. The porosity–
depth and porosity–permeability relationship parameters are adopted
from Harrison and Summa (1991) for sandstone and shale and from
Kaufman (1994) for limestone (Table 2).

Variation studies were carried out to account for uncertainties of the
lithologies, location and duration of the inferred eroded strata, as well as
the influence of topographic relief. In the default model, the eroded
5 km strata, consisting of 50% sandstone and 50% shale, were deposited
after the Carswell Formation over a period of 50 Ma. Different lithologic
combinations (80% sandstone+20% shale, and 20% sandstone+80%
shale) and sedimentation duration (30 Ma) were tested in the variation
studies. Furthermore, a model with 5 km of strata (50% sandstone+50%
shale) being deposited between the Otherside and Douglas formations
from 1636 to 1590 Ma and subsequently eroded from 1590 to 1570 Ma,
followed by the deposition of the Douglas Formation, was examined to
simulate the situation of uranium mineralization (1590 Ma) coinciding
with maximum burial. A topographic relief of 500 m between the edges
and the center of the basin, or between the two edges of the basin, was
also tested to evaluate the influence of topography on fluid overpressure

image of Fig.�2


Table 1
Lithology, time interval, and thickness of hydrostratigraphic units of the Athabasca basin as used in the numerical model.

Unit Lithology End
time
(Ma)

Thickness (m)a

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Distance from the left
boundary (km)

0 5.6 34.8 48.8 63.8 84.5 102.7 121.0 137.4 214.7 264.8 317.9 369.5 396.1 417.4 431.6

Eroded
strata

50% ss+50% sh 1419 5000 5000 5000 5000 5000 5000 5000 5000 5000 5000 5000 5000 5000 5000 5000 5000

Carswell 90% cn+5%
ss+5% ah

1469 500 500 500 500 500 500 500 500 500 500 500 500 500 500 500 500

Douglas 30% ss+70% sh 1541 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300 300
Otherside 95% ss+5% sh 1582 183 183 183 183 183 183 183 183 183 183 183 183 183 183 183 183
Locker
Lake

95% ss+5% sh 1602 100 150 203 267 293 329 307 259 260 153 93 90 85 80 75 70

Hiatus 3 100% ss 1642 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Wolverine
Point

40% ss+60% sh 1644 35 35 89 106 115 121 111 123 155 268 296 250 230 210 190 170

Lazenby
Lake
LZ l 98% ss+2% sh 1652 30 30 34 59 63 65 63 54 45 15 12 10 10 10 10 10
LZs 98% ss+2% sh 1654 10 15 40 77 59 56 57 58 48 24 20 15 15 15 15 15
LZc 98% ss+2% sh 1656 100 112 150 261 234 232 269 240 233 112 44 45 50 45 40 40
LZh 98% ss+2% sh 1666 15 15 20 22 25 25 26 28 28 20 20 10 10 10 10 10

Hiatus 2 100% ss 1667 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Manitou
Falls
MFd 97% ss+3% sh 1669 0 0 0 0 0 0 0 0 32 180 268 282 260 240 220 200
MFc 99% ss+1% sh 1689 40 43 50 58 60 60 61 89 72 95 63 37 42 44 50 50
MFw-up 97% ss+3% sh 1694 0 0 0 0 0 0 54 54 71 92 92 84 59 68 66 60
MFw-cr 97% ss+3% sh 1701 0 0 0 0 0 0 0 0 46 29 43 86 45 0 0 0
MFw-s 99% ss+1% sh 1704 0 0 0 0 0 0 0 0 86 65 25 24 38 0 0 0
MFw-lp 99% ss+1% sh 1706 0 0 0 0 0 0 0 0 46 126 184 66 40 0 0 0
MFb-l 99% ss+1% sh 1720 10 15 78 59 49 79 51 69 44 71 87 93 32 72 21 20

Smart/
Read

95% ss+5% sh 1727 0 0 0 0 0 22 58 77 91 126 179 96 71 0 15 0

Hiatus 1 100% ss 1740 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Fair Point

FPb 97% ss+3% sh 1742 8 8 66 228 190 118 0 0 0 0 0 0 0 0 0 0
FPl 97% ss+3% sh 1746

1750
15 71 125 146 193 164 100 0 0 0 0 0 0 0 0

a Column number refers to those shown in Fig. 2; ss = sandstone, sh = shale, cn = carbonate.

12 G. Chi et al. / Journal of Geochemical Exploration 125 (2013) 8–19
and fluid flow. In order to evaluate the potential effect of early quartz
cementation in the Manitou Falls Formation on fluid overpressure devel-
opment, the unit of MFb-1 was assigned a lithology of 100% shale in a
variation model to simulate an aquitard in the lower part of the Manitou
Falls Formation, as proposed by Hiatt and Kyser (2007).

The left, right and upper boundaries are open to fluid flow, and
the bottom boundary is impermeable. The surface temperature is
fixed at 20 °C, and a heat flux of 71.8 mW/m2 (or 1.715 HFU) is sup-
plied from the bottom, which corresponds to a thermal gradient of
35 °C/km when an average thermal conductivity of 2.05 W/m °C
(or 0.0049 cal/cm s°C) for a sedimentary rock of 10% porosity is
used. Equations governing disequilibrium compaction, fluid flow
and heat transfer were solved with the finite difference method, as
described in Bethke (1985) and Bethke et al. (1993). Fluid salinity
is assumed to be a constant equivalent to that of seawater. Although
both continental and marine sediments were deposited in the
Athabasca basin and basinal brines were involved in uraniumminer-
alization, suggesting variable salinities, we are currently unable to
characterize the distribution of salinities in space and time. Fluid
density, viscosity, thermal expansion coefficient, compressibility
Table 2
Constants related to porosity and permeability calculations.

Lithology ϕ0 ϕ1 ba Aa Ba kx/kz

Sandstone 0.40 0.05 0.50 15 −3 2.5
Shale 0.55 0.05 0.85 8 −8 10
Limestone 0.40 0.05 0.55 6 −4 2.5

a b is in km−1, permeability calculated from A and B is in darcies.
coefficient, and heat capacity are related to temperature and pres-
sure and calculated using data and equations compiled by Phillips
et al. (1981), as elaborated by Bethke et al. (1993). The density and
heat capacity of the rock are calculated as the weighted (based on
porosity) average of the fluid and solid rock. The density of the
solid is fixed at 2.65, 2.74, and 2.75 g/cm3 for sandstone, shale, and
carbonate, respectively, and the heat capacity of the solid is a func-
tion of temperature (Bethke et al., 1993). The thermal conductivity
of the rock (K) is related to porosity (ϕ) by K=0.418 (−4.4 ϕ+5.35)
W/m °C (or (−4.4 ϕ+5.35)×10−3 cal/cm s°C; Bethke et al., 1993).

4. Results of numerical modeling

The numerical modeling results for the base model (with the inputs
outlined in Table 1) are shown as five snapshots (end of Fair Point, Man-
itou Falls, Wolverine Point, Carswell, and assumed eroded strata) in
Fig. 3. From Fair Point to Carswell, fluid overpressures are close to zero
(i.e., fluid pressures close to hydrostatic values), and fluid-flow vectors
are upward and toward both margins of the basin. At the end of the as-
sumed eroded strata, amaximumfluid overpressure of 32.5 barswas de-
veloped in the central part of the basin, causing downward fluid flow
below the overpressured core, although fluid flow elsewhere is still up-
ward and toward the margins of the basin (Fig. 3). However, the fluid
pressures in the overpressured core are only slightly above hydrostatic
values (Fig. 4). The maximum pore fluid factor (PFF=fluid pressure/
lithostatic pressure) is 0.43, only slightly higher than the PFF of hydro-
static systems (0.4), and much lower than that of lithostatic systems
(1.0). Maximum vertical fluid flow velocity was 0.0085 m/year, and
maximum horizontal velocity was 0.075 m/year. Isotherms are flat



Fig. 3. Numerical modeling results of the base model (Table 1) showing fluid overpressure (bars, color scaled), fluid-flow direction (not to scale), and isotherms (°C) at the end of Fair
Point (a), Manitou Falls (b), Wolverine Point (c), Carswell (d), and assumed eroded strata (e). No topographic relief is assigned on the surface.
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throughout the sedimentation history (Fig. 3), suggesting that the up-
ward and lateral fluid flow were not fast enough to disturb the thermal
profile of the basin (Bethke, 1985).

The fluid overpressures in the assumed eroded strata decreased to a
maximum of only 2.75 bars if the lithologies are approximated by 80%
sand+20% shale (as compared to the 50% sand+50% shale in the
base model) (Fig. 5a). On the other hand, themaximum fluid overpres-
sure increased to 55 bars if the lithologies of the assumed eroded strata
are represented by 20% sand and 80% shale (Fig. 5b). Reducing the
duration of sedimentation of the assumed eroded strata from 50 Ma
to 30 Ma also increased the fluid overpressures, to a maximum of
52.5 bars (Fig. 5c). However, none of these variation models have pro-
duced fluid pressures significantly above the hydrostatic values, with
themaximumPFF being less than 0.49. Furthermore, the fluid-flowvec-
tors and isothermpatterns (Fig. 5) are similar to those of the basemodel
(Fig. 3).

Assuming 5 km of strata (50% sandstone+50% shale) being depos-
ited between the Otherside and Douglas formations, rather than after
the Carswell Formation, produced similar fluid overpressure values
and patterns (Fig. 6b) as the base model (Fig. 3e). The main difference
is that in this modified model the maximum sediment thickness and
fluid overpressure were achieved before the sedimentation of the

image of Fig.�3


Fig. 4. Numericalmodeling results showing the fluid pressure–depth profile in the central
part of the basin at the end of sedimentation of the assumed eroded strata (same dataset
as Fig. 3).
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Douglas Formation, whereas in the base model these were achieved
after the Carswell Formation. The fluid overpressure dramatically de-
creased after the erosion of the assumed 5 km strata, followed by sedi-
mentation of the Douglas Formation (Fig. 6c).

Assuming a topographic relief of 500 m between the center and
edge of the basin significantly changed the fluid-flow patterns and
fluid overpressures, as shown by the snapshots for the end of the
Carswell Formation (Fig. 7a) and the assumed eroded strata (Fig. 7b).
Fluid flow is from basin margin toward basin center in the upper part
of the basin, although it is still from basin center toward the margins
in the lower part of the basin (Fig. 7). Fluid overpressures are signifi-
cantly increased (relative to the base model) by this topographic effect,
to a maximum of 65 bars at the end of the assumed eroded strata, and
downward fluid flow is associated with this fluid overpressure core
(Fig. 7b). Isotherms are not disturbed by the fluid flow, remaining
parallel to the surface topography (Fig. 7).

If a topographic relief of 500 m is applied between the eastern
(right) and western (left) margins, the fluid flow pattern becomes
significantly different from all previous models; fluid flows from right
to left at the end of the Carswell Formation (Fig. 8a), and mostly from
right to left at the end of the assumed eroded strata (Fig. 8b). An
overpressured core (maximum 32.5 bars) is also developed in the
central part of the basin, with associated downward fluid flow (Fig. 8).
Isotherms are parallel to the surface throughout the basin (Fig. 8).

In the variation model where MFb-1 was assigned a lithology of
100% shale to represent an aquitard, no perceivable effect on fluid
overpressure development is observed. The maximum fluid overpres-
sure was still 32.5 bars within the eroded strata, as in the base model
(Fig. 3).

In all the variation studies, the maximum PFF value is less than
0.51, which is still close to the value of hydrostatic systems (0.4),
and much lower than that of lithostatic systems (1.0). Therefore, the
fluid pressure system in the Athabasca basin approximates a hydro-
static regime even if more impermeable lithologies than what are
preserved in the basin are assumed or topographic relieves are in-
cluded in the models.

5. Discussion

5.1. Fluid overpressure development and fluid pressure regime

The numerical modeling results indicate that only minor fluid
overpressure was developed during the sedimentation history of the
Athabasca basin. The validity of this evaluation is discussed in this
section through examination of various mechanisms affecting fluid
pressure regime and uncertainties related to the modeling.

Fluid overpressure in sedimentary basins can be caused by many
mechanisms, including vertical deformation (compaction), horizontal
deformation, aquathermal expansion, smectite dehydration, smectite to
illite transformation, oil and gas generation, chemical compaction, hy-
draulic head from adjacent highland area, hydrocarbon buoyancy, and
osmosis due to salinity variation (Swarbrick et al., 2002). Various studies
have shown that among all these factors, disequilibrium compaction is
by far the most important, and hydrocarbon generation may contribute
to a lesser extent (e.g., Chi and Savard, 1998; Chi et al., 2010; Harrison
and Summa, 1991; Osborne and Swarbrick, 1997; Swarbrick et al.,
2002). The low fluid overpressure values in our numerical models are
most likely attributed to two factors, the abundance of sandstones or
scarcity of mudrocks and the low sedimentation rate, both facilitating
fluid escape from pore space without being overpressured (Bethke,
1985; Swarbrick et al., 2002). The scarcity of mud in Proterozoic conti-
nental sediments may be partly related to the lack of plants (Kyser,
2007). The aquathermal expansion effect has already been considered
in the Basin2 program, and its effect on fluid overpressure is known to
beminor (Bethke, 1985). The content of organic matter in the Athabasca
Group is generally low, with the highest TOC values being in the Douglas
Formation, which are generally less than 1.5% (Wilson et al., 2007). This
level of organicmatter concentration, togetherwith thematuration level
being below gas generation conditions (Wilson et al., 2007), suggests
that the contribution of hydrocarbon generation to fluid overpressure
in the Athabasca basin is likely small. Topographic relief can increase
fluid overpressure, as indicated by the model shown in Fig. 7, but the
fluid overpressure (maximum 65 bars) is still sufficiently small so that
the total fluid pressures are close to hydrostatic values. The effects of
smectite dehydration, smectite to illite transformation, chemical com-
paction and osmosis on fluid overpressure have all been shown to be
small compared to sediment compaction and hydrocarbon generation
(Osborne and Swarbrick, 1997; Swarbrick et al., 2002).

Although we have carried out variation studies to address uncer-
tainties on lithology and duration of the eroded strata, there are other
uncertainties or factors that may affect the calculation results and that
have not been considered in our numerical models, including the use
of 2D rather than 3D models, ranges of porosity and permeability
parameters, cementation and dissolution, lateral facies variation, and
thermoelasticity of the framework grains. The potential effects of
these factors on fluid overpressure development are further discussed
here. In general the use of a 2D cross-sectional model to simulate a 3D
basin is based on the assumption that the basin is symmetrical with re-
spect to the location of the cross section such that there is no net fluid or
heat flow across the cross section in the third dimension (i.e., in the di-
rection perpendicular to the cross section). Previous studies suggest
that a cross section running through the center of a basin, such as the
one we used in this study (Fig. 1), may approximately satisfy the re-
quirement of symmetry (e.g., Bethke, 1986; Harrison and Summa,
1991). The distribution of fluid overpressures predicted from this kind
of 2D modeling in the Gulf of Mexico basin matches well present-day
measurements (Harrison and Summa, 1991). Because parameters
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Fig. 5. Numerical modeling results showing fluid overpressure (bars, color scaled), fluid flow direction (not to scale), and isotherms (°C) at the end of sedimentation for different
lithologies and duration for the assumed eroded strata: (a) eroded strata consist of 80% sandstone and 20% shale for a duration of 50 Ma; (b) eroded strata consist of 20% sandstone
and 80% shale for a duration of 50 Ma; and (c) eroded strata consist of 50% sandstone and 50% shale for a duration of 30 Ma.
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Fig. 6. Numericalmodeling results showingfluid overpressure (bars, color scaled),fluid-flowdirection (not to scale), and isotherms (°C) at the end of theOtherside Formation (a), the end
of assumed 5 km strata that were deposited between Otherside and Douglas and subsequently eroded before deposition of Douglas (b), and at the end of Douglas (c).
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related to porosity-permeability relationships specific to the Athabasca
basin are not available, we have adopted parameters that aremore con-
servative than those typical of sediments in intracraton basins (Bethke
et al., 1993); specifically, we have used the same parameters as those
of the Gulf of Mexico basin (Harrison and Summa, 1991) and the Mari-
times basin (Chi and Savard, 1998), inwhich the permeability of shale is
one order ofmagnitude lower than those of average shale (Bethke et al.,
1993). Furthermore, the shale proportion (50%) assigned to the eroded
strata is much higher than most of the preserved strata, meaning that
we may have overestimated the fluid overpressure due to the low
permeability of shales in our default model. Such overestimation is
probablymore than enough to counteract the effect of neglecting lateral
facies variation (potentially higher proportions of shale toward basin
center than the equivalent unit near the basin margin). Chemical
processes can either generate porosity (dissolution) or reduce porosity
(cementation), which has not been considered in our default model.
Early quartz cementation has been recognized as an important diagenetic
process that may have led to the formation of diagenetic aquitards (Hiatt
andKyser, 2007; Kyser, 2007). Our variation studyusing shale to simulate
well-cemented sandstones in the Manitou Falls Formation suggests that
the existence of such diagenetic aquitards has little effect on fluid pres-
sure development. Furthermore, dissolution of framework grains may
have counteracted the effect of cementation. Finally, our model has not
considered the thermal expansion of the framework grains with increas-
ing temperature, referred to as thermoelasticity (Zhao et al., 1999).
Assuming a thermal expansion coefficient of 3×10−5/°C for the frame-
work grains (Zhao et al., 1999), the volume increase of framework grains
by thermal expansion from the surface (20 °C) to the base of theAthabas-
ca basin (315 °C) is 0.00885, which is two orders of magnitude smaller
than the change of porosity due to compaction (about 0.5). Therefore,
the effect of thermoelasticity on fluid overpressure development is
negligible.

In summary, our estimation of the fluid pressure regime in the
Athabasca basin being close to hydrostatic is possibly correct.
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Fig. 7. Numerical modeling results showing fluid overpressure (bars, color scaled), fluid flow direction (not to scale), and isotherms (°C) at the end of sedimentation of the Carswell
Formation (a) and the assumed eroded strata (b), assuming a topographic relief of 500 m between the edge and the center of the basin.
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Mechanisms that would potentially produce higher fluid overpressure
include hydrocarbon generation, cementation, clay mineral dehydra-
tion, lateral facies variation, and solid medium thermoelasticity, but
the effect of these factors on overpressure development is likely to be
small. On the other hand, the higher-than-normal proportion of shale
and the lower-than-normal shale permeability in our models suggest
that ourmodelsmay have overestimatedfluid overpressure. The overall
low sedimentation rate and abundance of sandstones in the basin are
the key factors leading to low fluid overpressure in the Athabasca
basin, although local high fluid overpressure may have resulted from
temporary and local high sedimentation rate and high shale proportion.

5.2. Implications for fluid flow models related to uranium mineralization

Although this study does not aim to directly model fluid-flow relat-
ed to uranium mineralization in the Athabasca basin, the study results
have important implications for such fluid-flow models. The formation
of the high-grade uranium deposits near the unconformity requires
large amounts of fluid flow through the sites of mineralization, which
may be driven by fluid overpressure, topographic relief, density
variation, and structural deformation (Chi and Xue, 2011). Fluid over-
pressure developed during sedimentation plays an important role in
determining the overall fluid flow regime. Fluid flow driven by topo-
graphic relief and fluid convection driven by density variation are rela-
tively easy to develop when the initial fluid-pressure system is near
hydrostatic; strong fluid overpressure in the basin tends to suppress
such fluid flow, although it has been shown that fluid convection is
still possible in overpressured systems under certain conditions (Zhao
et al., 2000). Themechanism of fluid flow related to structural deforma-
tion is also related to the fluid-pressure regime. In environments where
the ambient fluid pressure is hydrostatic (such as in epithermal
mineralization), fluid pressure may fluctuate between hydrostatic and
hypo-hydrostatic values in response to fracturing, and fluid flow may
be driven by the suction pump mechanism, whereas in environments
in the hydrostatic–lithostatic transition zone (e.g., mesothermal mi-
neralization), fluid pressure may fluctuate between hydrostatic and
lithostatic values in response to episodic fracturing (earthquakes) and
fluid pressure build up, as explained by the fault valve model (Sibson
et al., 1988).

The numerical modeling results presented above indicate that fluid
pressures in the Athabasca basin were close to hydrostatic values
throughout the sedimentation history. This suggests that fluid flow
driven by topographic relief (Alexandre and Kyser, 2012; Derome et
al., 2005) or convection related to fluid density variation (Boiron et al.,
2010; Hoeve and Sibbald, 1978; Raffensperger and Garven, 1995) are
both theoretically plausible. However, our modeling results do not
preclude other mechanisms including compaction-driven fluid flow
(Hiatt and Kyser, 2007) and fluid flow related to structural deformation
(Cui et al., 2012), because suchfluid flow systems can also be developed
in a near-hydrostatic background. Obviously, knowing that a fluid flow
mechanism is possible in the Athabasca basin is insufficient to deter-
mine if this fluid flow mechanism was responsible for uranium miner-
alization. Other studies other than numerical modeling of fluid flow,
such as measurement of basin-scale and deposit-scale thermal profiles
using fluid inclusions and other thermal indicators (e.g., Chi et al.,
1998; Leach and Rowan, 1986), and combined stress-fluid pressure
studies using fluid inclusion planes (e.g., Liu et al., 2011), are required
to discriminate these possible mechanisms.

Two other implications of the present study for uraniummineral-
ization in the Athabasca basin are related to the localization of
mineralization near the unconformity and the sources of the miner-
alizing fluids. The near-hydrostatic pressure regime in the basal part
of the Athabasca basin is favorable for oxidizing fluids from the
shallower part of the basin to flow downward to the unconformity
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Fig. 8. Numerical modeling results showing fluid overpressure (bars, color scaled), fluid flow direction (not to scale), and isotherms (°C) at the end of sedimentation of the Carswell
Formation (a) and the assumed eroded strata (b), assuming a topographic relief of 500 meters between the right and west edge of the basin.
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through various mechanisms including compaction-driven flow,
density-driven convection, and topography-driven flow. In contrast,
strong fluid overpressure in the lower part of a basin, such as in the
Gulf of Mexico basin (Harrison and Summa, 1991), would have
prevented oxidizing fluids from penetrating deep into the base of
the basin, thus limiting mineralization to the upper part of the
basin (Chi, 2011). The downward fluid flow associated with the
slightly elevated fluid overpressure in the assumed eroded strata
(Figs. 3 and 5) is favorable for driving basinal brines derived from
seawater evaporation in association with the Carswell Formation
down to the basal part of the basin, and then laterally to the sites
of mineralization toward basin margin, explaining the seawater
evaporation origin of the mineralization fluids (Mercadier et al.,
2012; Richard et al., 2011). The main difficulty of this model lies in
the timing of the development of the assumed eroded strata and as-
sociated fluid overpressure (after the deposition of the Douglas For-
mation at about 1541 Ma; Creaser and Stasiuk, 2007) relative to the
main phase of uranium mineralization (1590 Ma; Alexandre et al.,
2009). However, it is not impossible that uranium mineralization
started before maximum burial and then continued concurrently
with more sedimentation, as reflected by the wide range of isotopic
ages of uraninite (see Alexandre et al., 2009; Jefferson et al., 2007;
Kyser and Cuney, 2008).

6. Conclusions

Numericalmodeling offluid pressure in the sedimentation history of
the Athabasca basin indicates that the basin was near the hydrostatic
regime or only very weakly overpressured. This is largely attributed to
the sandstone-dominated lithologies of the basin and the prolonged
sedimentation time. The results indicate that various fluid-flowmodels
including compaction-driven flow, topographic relief-driven flow,
convection due to density variation, and fluid flow related to faulting
are all possible, a discrimination of which requires a better understand-
ing of the geothermal profiles across the basin as well as aroundminer-
alization districts and individual deposits. It is suggested that the low
fluid overpressure in the basal part of the basin may have been partly
responsible for the development of unconformity-type uranium de-
posits, as higher fluid overpressures would have hindered the circula-
tion of oxidizing fluids into the base of the basin and into the basement.
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