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RZsumAN CinZmatique et modZlisation pZtrolisre des zones externes des montagnes Rocheuses de
IOAIberta ~ IOouest de Calgalfy Cet article rZsume les principaux rZsultats dOune Ztude intZgrZe
utilisant les donnZes pZtrolieres de surface et de subsurface, rZalisZe avec les outils de modZlisation
pZtroliere rZcemment dZveloppZs IFR) le long dOun transect recoupant le front des Rocheuses
canadiennes de IOAlberta, entre Banff et Calgary.

Dans toutes cha’nes de montagnes, les compressions sont ~ IQorigine dOun important raccourcissement

tectonique, mais aussi dOimportants mouvements verticaux impliquant de fortes Zrosions. Dans un

premier temps, nous avons calculZ les profils dOZrosion, ~ partir de puits rZels ou fictifs, gr%.ce ~ une

modZlisation thermique avec le logiciel 1D Genex-Gentec. Ces profils ont permis de reconstruire la

gZomZtrie antZcompression du bassin flexural crZtacZ de IOAlberta. Dans un deuxisme temps, une

modZlisation cinZmatique et thermique directe du front des Rocheuses a ZtZ entreprise avec le logiciel 2D

Thrustpack. Elle a fourni :

P les gZomZtries du bassin depuis les stades prZorogZniques jusquOau stade actuel, en passant par le stade
du C bassin flexural E et les diffZrentes Ztapes de plissement et de chevauchement ;

P les fenetres de maturitZ des diffZrentes roches meres palZozosques et mZsozosques en considZrant un
transfert thermique purement conductif.

Ces gZomZtries ont ensuite ZtZ utilisZes comme conditions aux limites du logiciel Ceres pour modZliser

les mouvements et les pressions de fluides, ainsi que la migration des hydrocarbures et leur piZgeage dans

les anticlinaux.

Les rZsultats de cette Ztude amZliorent considZrablement notre comprZhension de la chronologie de la
genese et du piZgeage des hydrocarbures dans les rZservoirs grZseux du CrZtacZ, et surtout, dans les
rZservoirs carbonatZs du DZvonien-Carbonifere, ~ partir des roches meres du CrZtacZ et du DZvonien-
Carbonifere.

AbstractN Kinematic and Petroleum Modeling of the Alberta Foothills and Adjacent Forelant - West

of CalgaryN This paper summarizes the main results of an integrated study using surface and
subsurface geological data aifePOs basin modeling tools along a regional transect crossing the Alberta
foothills and adjacent foreland between Banff and Calgary.

Cretaceous subsidence history in the foreland and subsequent erosional profiles in both the autochthon
and the allochthon were computed using 1D Genex-Gentec modeling on both real and fictive wells,
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calibrated by means of maturity ranks of the organic matter. Subsequently, 2D forward kinematic and

thermal Thrustpack modeling was used to reconstruct:

b intermediate geometries of the foothills from its initial, preorogenic architecture (Mid-Cretaceous),
until Present, taking into account incremental Late Cretaceous-Paleocene deformation and thrusting,
as well as subsequent uplift and erosion;

b and maturity windows of potential Paleozoic and Mesozoic source rocks assuming purely conductive
heat transfers.

Geometric results of the Thrustpack forward modeling were ultimately used as intermediate boundary
conditions for a regional 2D fluid flow modeling using the Ceres software. Ceres was also used to derive
instant pore fluid pressures in potential reservoirs, and to compute the hydrocarbon migration and
charge of frontal anticline and buried duplex structures.

Results of the study help to better understand the timing of two petroleum systems accounting for the oil
and gas charge of Cretaceous sandstone reservoirs and Devonian-Mississippian carbonate reservoirs
from foothills prospects, from either Mesozoic, dominantly Cretaceous, or Devonian-Mississippian
source rocks, respectively.

INTRODUCTION deformational belt. It consists of Mesoproterozoic, Paleozoic
and Mesozoic strata from several different depositional
In the scope of the Subtrap (Subthrust Reservoir Appraisabasins that have been scraped off the under-riding North
Consortium,IFP initiated in 1996 a collaboration with a American craton and accreted to the over-riding Inter-
number of national and international oil companiesmontane terrane during Late Jurassic to Paleocene conver-
universities and research institutes to unravel the thermajence between them (Monger and Price, 1979; Price, 1981;
diagenetic and deformation evolution of subthrust carbonatdcMechan and Thompson, 1989; Price, 1994). The
and sandstone reservoirs in various foreland fold and thrugeological structure within the deformational belt is
belts around the world (Roure et al., 2000; Roure andominated by thrust faults, most of which are listric and
Swennen, 2002). For each of these Subtrap regionabrtheasterly or easterly verging. The thrust faults commonly
transects, surface and subsurface geological data were useltbw long bedding parallel detachments that are separated
to constrain the structural sections, and to calibrate bashy ramps along which the faults change stratigraphic level
modeling simulations, aiming at reconstructing the burial andbruptly (Figs. 1 and ;2Douglas, 1950; Ballet al., 1966;
temperature evolution of both reservoir and source rockBahlstrom, 1970; Fermor, 1999). The thrusts merge down-
horizons, thus providing key constraints on the P-Tward with a basal detachment that converges with the contact
conditions of the diagenesis, but also direct information obetween the sedimentary rocks and the underlying crystalline
the history of the regional petroleum systems. basement. The westward dipping basal detachment extends

This paper, based on a Canadian case Study performedmtp the Cordi”eran metamorphic core at mid-CI‘UStal |eVe|S
2000-2001 in collaboration with th®eological Survey of (€.9.Price and Fermor, 1985). The thrust faults generally cut
Canadain the scope of the Subtrap project, will focus on thé/P through the stratigraphic succession in the direction of
integrated methodology used for the study of petroleurflisplacement of the hanging wall and they generally
systems in tectonically complex areas. We shall describe hdkitapose older strata over younger, causing stratigraphic
the main structural results and petroleum history of théepetitions. The supracrustal cover has been vertically
Alberta foothills and adjacent foreland (Faure et al., 2002ahickened and horizontally shortened.
2002b; Benaouakt al., 2003; Schneider, 2003). Additional ~ The total horizontal shortening across the foreland thrust
results obtained in collaboration with the universities ofind fold belt is localized mainly on a small number of major
Leuven(Swenneret al., 2002a; Swenneet al., 2002b) and thrust faults with large displacement. One of the largest of
Cergy(Robionet al., 2004) on the deformation and reservoithese is the McConnell thrust, which forms the bounding
characteristics of Upper Paleozoic carbonate formations wilult of the Front range within this model (Fig. 3). Fault bend
be presented elsewhere. and detachment folding occurred in conjunction with the

thrusting and fold related strain varies along strike with
stratigraphically controlled changes in mechanical properties
1 REGIONAL GEOLOGICAL of the stratigraphic succession. In the southern foreland belt,
AND PETROLEUM BACKGROUND folds make a relatively small contribution to the overall
horizontal shortening, however, many thrust faults are folded
The Canadian Rocky Mountain foreland thrust and fold belvith underlying strata as a result of fault bend and
(Gabrielse and Yorath, 1992) is a northeastward taperindetachment folding. Thrusting and folding within the
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Synthetic map outlining the main structural subdivision of the North American Cordillera in southwestern Canada, and the location of the
studied transect.

northeastward tapering wedge of supracrustal rocks along therizontal compression to regional horizontal extension has
western flank of the North American craton increased itbeen inferred to mark the end of both thrusting and folding in
thickness by >10 km. The resulting tectonic load produced the foreland belt, and the flexural subsidence of the foreland
lithospheric flexure in which up to 8 km of Upper Jurassichasin (Price, 1994).
Cretaceous and Paleocene foreland basin sedimentsLate Paleocene-Middle Eocene and younger crustal
accumulated concurrently with the deformation (Price, 1973xtension and the uplift of mid-crustal metamorphic core
Beaumont, 1981; Mack and Jerzykiewicz, 1989; Pepetomplexes in the Omenica belt (Carr, 1992; Loreratai.,
1993). Foreland basin deposits were incrementallp001; Doughty and Price, 1999, 2002; Vanderhesjhal.,
incorporated into the thrust and fold belt as it expanded003) was accompanied by westward increasing erosional
toward the craton. exhumation of the Foreland thrust and fold belt and the
Late Cretaceous and Paleocene thrusting in the southeadjacent margin of the undeformed Interior platform. The
Canadian Rocky Mountains foothills and eastern Front rangéisickness of strata eroded increases westward from about
was associated with oblique, right-hand convergence betwe& km at the eastern edge of the fold and thrust belt (Magara,
the Intermontane terrane and the North American cratoh976; Hacquebard, 1977; Nurkowski, 1984; England and
(Price, 1994). In the south-central Canadian Cordillera, thBustin, 1986a; Issler et al., 1990; Majorowicz et al., 1990), to
oblique right-hand transpression was replaced by Late8 km in the southern portions of the Front range (Osadetz et
Paleocene to Middle Eocene right-hand transtension (Ewingl., 2003). Farther west, in the metamorphic core complexes
1980; Price, 1994) involving conspicuous east-west crustalf the Omineca crystalline bglFig. 1), isostatic uplift of
extension and the tectonic exhumation of mid-crustamid-crustal rocks is commonly >25 km, and the basal
metamorphic rocks, including Archean and Paleoproterozoigetachment of the Cordilleran foreland thrust and fold is
basement rocks (Carr et al., 1987; Parrish et al., 198&xposed locally at >2 km above sea level (Parrish et al.,
Doughty and Price, 1999, 2000). This change from regiondl988; Carr, 1992).
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Regional map outlining the location of the Canadian Subtrap transect with respect to the main thrust fronts. Tentative agenda of individual
thrust emplacement is also indicated.

Figure 3

Upper Cretaceous strata occur in the footwall of thef foreland petroleum occurrences. Petroleum resource
McConnell thrust along most of the eastern edge of the thrugariations along the Canadian Cordilleran foreland belt
sheet in southwestern Alberta (Price, 1994). To the south {Btockmalet al., 2001Fig. 1) show the important influence
Alberta and Montana the McConnell thrust transfers displacef thermo-tectonic history on petroleum resource potential.
ment to the Lewis thrust, which has similar footwall strati-In this study we examine the southern Canadian Cordillera to
graphic relationships (Price, 1962; Mudge and Earhart; 198@valuate the tectonic evolution of a prolific petroleum
Thus, along much of the Front range the McConnell angrovince, in which more than 900 billion cubic metters of
Lewis thrusts evidently follows a major footwall detachmeninitial in place raw gas have been discovered in >680 pools
zone within Campanian-Maastrichtian strata (Fermor angbid.). Our study was performed in the vicinity of Jumping
Price, 1987; Fermor and Moffat, 1992; Jerzykiewétal., Pound and Moose Mountain petroleum fields, large
1996). East of the Front range individual thrust sheets aratcumulations in the southern Canadian foreland belt.
duplex structures, like Moose Mountain, contain largeExtensive and continuing petroleum exploration in this
petroleum accumulations (Fermor and Moffat, 1992). region has provided a constrained model of the structure and

These relationships mean that the thermal histortectonic evolution (Bally et al., 1966; Fermor and Moffat,
described by the model is directly relevant to the analysit992).
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1.1 Location of the Cross-Section and Overall b In the foothills, the main outcrops belong to the innermost
Structural Style part of the Upper Cretaceous clastic sedimentary infill
of the former foreland flexural basin, which has been
The cross-section studied here is situated in Alberta, betweersubsequently accreted into the tectonic wedge. These strata
Calgary and Banff, and is approximately parallel to the are cut by numerous, steeply dipping imbricated thrust
Trans-Canada Highway (Figs. 1, 2 and Bis transect has  faults, which merge downward with regional detachments
been studied by a number of Canadian colleagues, the sectiotocated within the Jurassic-Cretaceous Fernie and
used in our project being already compiled from surface Kootenay formations and, ultimately, to a basal decol-
outcrops and subsurface data (wells, seismic profiles), andlement located near the base of Cambrian formations. This
was already accurately balanced by Price and Fermor (1985)implies that the Precambrian crystalline basement is not
Rocky Mountains belt and adjacent Canadian foreland can beinvolved in the foreland nor in the foothills deformation,
divided into four different parts. From east to west, they whereas Paleozoic carbonate formations of the former
comprise: passive margin constitute locally deeply buried antiformal
P The Interior plains (foreland autochthon), where the Stacks in the westernmost part of this domain, which have
stratigraphy remains undisturbed by the Laramide Orogeny.been proved productive in the Moose Mountain
Here, the youngest outcrops typically comprise the lower anticlinorium (Fig. 4).
part of the Paleocene or younger continental sediments Bf The Front ranges comprise several linear mountain ranges,

Oligocene or Plio-Quaternary age. each formed by steeply west-dipping homoclinal thrust
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Figure 4

Synthetic lithostratigraphic column of the Alberta foothills and adjacent foreland. Notice the dominantly carbonate sumicdssion
Paleozoic to Jurassic passive margin, and the overlying siliciclastic Cretaceous flexural sequence of the subsequent foreland basin.
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sheets made up of competent Paleozoic carbonates overlplatformal, carbonate lithofacies in the east, which grade
by a thin Permo-Triassic succession that is in turn overlaiwestward into more basinal, shaley formations (Fig. 4).
by Jurassic siliciclastic formations. The eastern limit of theSource rock intervals are best developed in the Mississippian
Front ranges is marked by the McConnell thrust, whicl{Exshaw formation, type Il OM) and the Jurassic Nordegg
places Middle Cambrian carbonates on top of Uppeformation (type Il OM) and Kootenay formation coals. The
Cretaceous sandstones (Belly River formation). Farthgsrimary carbonate reservoirs are found in the Mississippian
west(Figs. 2 and 3), more internal thrust fronts such as thearbonate ramp succession (Rundle group), but reservoirs
Exshaw, OLac des ArcsO, Rundle, Sulphur Mountain aatbo occur also locally in the Devonian carbonate ramp
Bourgeau thrusts occur. These faults are also interpretéBalliser formation). Onset of the foreland flexure and
to merge at depth into a common sole thrust located nedevelopment of the foreland basin with marine transgression
the base of the Cambrian succession, just above tleecurred during the Late Jurassic and Early Cretaceous
Precambrian crystalline basement. The western limit of thg-ernie formation-Kootenay group), after an episode of
Front ranges is marked by the Castle Mountain-Simpsoexposure and deposition of continental deposits. Numerous
Pass thrust. Towards the south, the displacement on tReurce rock intervals have been also identified in this
McConnell thrust decreases progressively until it finallydominantly siliciclastic formations,e. in the Mannville
disappears. As the McConnell thrust dies out, shortening @roup (type Il kerogen), and in the Cretaceous Alberta group
transferred to Livingstone thrust, whereas the Rundle thruftype 11 kerogen). Productive sandstone reservoirs are located
is linked to the Lewis thrust. The Bourgeau thrusin various Cretaceous horizons including the Viking,
constitutes the westernmost thrust of the Front ranges. Gardium and Belly River formations (Fig. 4).

can also be traced farther south to the northern end of the

Fernie basin Wher(_e its displacement is transferred to tI”fa Synorogenic Sediments and Dating

McDonald thrust (Fig. 3).

D The Main ranges form a structural culmination. Its eastern
part is dominantly composed of a thick succession ofynorogenic sediments are preserved only where they have
Cambrian carbonates and sandstones, which are intensivelyen incorporated into the allochthons. Unlike in Neogene
folded and cut by thrusts and normal faults. The eastefdediterranean thrust belts like the Apennines or Albanides, it
limit of the Main ranges corresponds to the predis almost impossible to detect piggyback basins in Alberta,
deformational limit of a Lower Paleozoic platform. There,due to the extensive syn- and postorogenic erosion that has
the thick shallow water Cambrian to Ordovician carbonateemoved up to 8 km, or more, of sedimentary succession
facies of the Front ranges are overthrust by deep watduring both the Laramide Orogeny and the regional post-
shale and limestone units of the Main ranges. An importamrogenic epeirogenic uplift and erosion.
change in the deformation style is associated with this Constraints on the time of individual thrust displacements
major facies change. Thus, thick competent carbonatere provided by the age of the youngest sediments still
dominated strata form massive thrust sheets in the Froptesent in the footwall strata, and by mapping cross-cutting
ranges, while in the thicker incompetent shales angklationships among the various thrust faults. Most inner and
argillaceous limestones, a penetrative cleavage developsdoter foothills thrust sheets have been offset or folded by
association with disharmonic folding. underlying, younger thrust faults. In some regions there are

cross-cutting intrusives, the age of which helps to constrain

1.2 Lithostratigraphy of Paleozoic the timing of the motion on individual faults (Fig. 3).

to Mesozoic Formations, and Distribution Maturity ranks of the organic matter and apatite fission
of Potential Source Rocks and Reservoirs tracks measured in allochthonous units and coeval thermal
modeling provide additional constraints on the timing of

The Alberta foothills and foreland are built on thetectonic uplift and erosional unroofing of individual thrust

Precambrian crystalline basement of the North Americasheets, especially in areas where other chronological markers

craton. Middle Precambrian formations of the belt superare lacking.

group are carried in a major allochthonous thrust sheet in the As already mentioned in the literature (Price, 1991, 1994),

southern part of the orogen, near the Canadian-United Statge sequence of thrusting was dominantly younging eastward

border, but northward these rocks are replaced by Uppaeross the studied transect, onset of the deformation being

Precambrian Windermere supergroup and Cambrian fottated as late Jurassic in the hinterland, thus accounting for

mations which occur in the most westerly thrust sheetge development of the Cretaceous foreland basin as a result

modeled in this Subtrap transect. of tectonic loading of the North American lithosphere,
Paleozoic to Jurassic formations record the protractegthereas the thrust front ultimately reached its present
evolution of the former western passive margin of the Norttocation during the Paleocene. Younger, Late Paleocene-

American continent, and are dominantly composed oMiddle Eocene ductile extension and normal faulting

of the Thrust Sequence
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developed in the hinterland, west of the transect (Carr, 1992nd coeval erosion and sedimentation, are indeed required
Lorencaket al., 2001; Doughty and Price, 1999, 2002;(Sassi and Rudkiewicz, 1999, 2000).

Vanderhegheet al., 2003). This postcompressional crustal However, compilation of an appropriate database and
deformation event had no direct impact on the architecture %rmatting of the initial section are required before
the Subtrap transect, although coeval asthenospheric rised@rforming any forward kinematic and thermal modeling.
the hanging-wall of the east-dipping subduction of the Pacifig:or instance, the structural section needs first to be compiled
oceanic lithosphere is likely to account for the postorogenigom existing surface and subsurface data (geological maps
uplift and erosion observed farther to the east in the Albergith strike and dips of well dated outcropping formations,
foothills, and even in the adjacent foreland autochthopelis data, seismic profiles, the interpretation of these being
(Burgess et al., 1997). ultimately converted from time to depth (implying a good
understanding of the subsurface velocity model). The
structural section has also to be balanced and restored in its
initial, preorogenic geometry. As a result, it is necessary to

Apart of the heavy oil accumulations found in the outer pagXtrapolate the information even in areas which are well
of the foreland autochthon (Athabasca sandstones) and 6fnstrained by the seismic or by the wells, as the forward
accumulated in reef related prospects of the foredeep, majghematic simulation requires an initial geometry where all
gas and condensate fields are found in Paleozoic carbonat@g active and future thrusts are connected at depth.
of the tectonic wedge, being inferred to have been In the case of this Canadian Subtrap transect, we greatly
predominantly sourced from Paleozoic formations which arbenefited from the structural expertise of Canadian
currently mostly overmature or in an advanced gas windowolleagues, the structural section already compiled by Price
in the foothills and adjacent foreland. Oil accumulations havand Fermor (1985) being in the appropriate format to almost
been found in shallower Cretaceous sandstone reservoirsditectly enter the modeling phase. Ultimately, as our
the foothills, inferred to belong to another petroleum systermbjectives were not to mimic the nature but rather focus on
linked to Mesozoic source rocks in the Alberta group, whiclthe incidence of burial on temperature evolution of the rocks,
have been locally buried down to the oil window. we decided to simplify significantly the internal deformation
of the Cretaceous formations in the foothills allochthon,
implying that we had also to balance this simplified structural
2 METHODOLOGY USED TO TRACE THE BURIAL section with Locace (Morretti, 1991) before undertaking the
AND THERMAL EVOLUTION OF POTENTIAL Thrustpack forward kinematic simulations (Figs. 2 and 5).

SOURCE ROCKS AND RESERVOIRS Backstripping and fluid flow modeling have been

i performed along the transect subsequently, using the Ceres
The integrated approach developed at f6iPthe petroleum  gq¢vare This allows the computation of the pore fluid

and reservoir appraisal of subthrust petroleum prOSpecr;@)?essure history in the Paleozoic reservoirs, as well as the
relies on the reconstruction of the burial and temperatulg,,qy of the hydrocarbon migration and oil and gas charge of
hlstor.y of potential source rocks an_d reservoirs (Roure ang ¢ mal prospects of the foothills. This step of the
Saﬁs" 1995). Kerogen transformation into hyclirocg_rbop %odeling was only made possible because we could use the
well as diagenesis (quartz cementation, dolomitizationnermediate geometries generated from the Thrustpack
carbonate dissolution) are controlled by specific kinetics, lu%odeling as target geometries for the backstripping. A
like any other chemical reaction, which are dependent Offgyaijeq technical description of this ulimate step for the

both time and temperature. Whether we want to predict thg, 1ation has already been published by Schneider (2003).
volume of hydrocarbon expelled from the source rocks or the

amount of secondary porosity developed by dissolution, or
conversely the amount of porosity reduction due to quanz HATA GATHERING
cementation, these values are directly linked to the time of

residence of a given source rock or reservoir at its pegks mentioned above, we did not have to compile extensive
temperature, which is usually also the stage when thgface and subsurface data, as the overall geometry of the
hydrocarbons were generated and the reservoir damageds@dctural section used for this study was already compiled by
instead enhanced (Roure et al., 2000). Price and Fermor (1994). Instead, we focused our data
1D burial and thermal history modelse( Genex) are gathering on specific information and data that were required
still useful to calibrate the subsidence and thermal evolutioto calibrate the thermal and petroleum system modeling. This
of the autochthon, but they are unsufficient to simulaténcluded the compilation of thermal and organic maturity
the tectonic duplication and lateral transport recorded idata of organic rich horizons, including parameters such as
the foothills, where 2D forward kinematic modele( Tmax,Roand heat flow values when available from the
Thrustpack), accounting for incremental thrust emplacemeriiterature and reports (Magara, 1976; Hacquebard, 1977;

1.4 Petroleum and Gas Occurrences
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Figure 6

Compressed structural section along the Canadian Subtrap transect, outlining the iso-vitrinite profiles derived from the study of both well
(foreland) and outcrop (foothills) samples.

Nurkowski, 1984; England and Bustin, 1986a; Issler et al., Approximately thirty new outcrop thermal maturity
1990; Majorowicz et al., 1990, 1999; Majorowicz andindications were made along the transect, in addition to the
Jessop, 1993; Snowdon, 1997). In addition, we compiled arapproximately twenty thermal maturity determinations made
considered bottom-hole and drill stem test temperature oecently in the Moose Mountain area (Ardic, 1993). In
pressure data, which are routinly collected from the dozens afldition, eight well profiles were studied in detail and the
wells drilled near the line of section. The data compilatiomesults of the Rock-Eval-TOC pyrolysis maturity parameters
was enriched by reservoir parameters determined for theere used to constrain estimates of paleogeothermal gradient
discovered petroleum fields like Jumping Pound and Moosaend eroded section (Benaouali, 2000; Figs. 6, 7 gnd 8
Mountain. The scientific team also studied additional outcrofinally approximately 100 petroleum well temperature data
and core samples for both petrographic characteristics relatpdints were considered in the region (10000 km)

to the paragenesis of reservoirs and for additional palesurrounding the studied transect. All of this complemented

thermometric analyses. and augmented an extensive regional thermal maturity data
0 Kootenay gp. Canmore coal basin
Type 11l
0 A
2
2
4

Cretaceous

Depth (km)
[}

Depth (km)
[«2)

8
8

10 v

Kootenay gp.

10 Type Il
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Fit of vitrinite data obtained by adding 8700 m of 0.0 04 08 1.2 16 20 24 28 3.2 3.6 4.0

sediment (before erosion) above the Canmore coal Vitrinite reflectance (%)

basin (Hughes, 1987).
Figure 7
Fictive well modeled with Genex in the Canmore Jurassic coal basin, currently accreted into the tectonic wedge. Modmuatifbacp

to 8.7 km of missing Cretaceous formations, which became eroded partly during the Late Cretaceous-Paleocene thrust emplacement, and
partly during postorogenic uplift of the Cordillera.
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Figure 8

Maturity ranks of the organic matter in the vicinity of the Moose Mountain antiformal stack. Top: regional map with location of outcrop
samples (Tmagquivalent of Rawitrinite, from Ardic, 1998, and Tmareasurements on samples, Faure et al., 2002a). Bottom: cross section
of the Moose antiformal stack with distribution of Tnpagfiles from well samples (Widdowson, 1993; Snowdon, 1997).
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set (Magara, 1976; Hacquebard, 1977; Nurkowski, 1984; After a long period of quiescence, tectonic subsidence

England and Bustin, 1986a; Issler et al., 1990; Majorowicz eesumed during the Cretaceous, foreland lithospheric flexure

al., 1990). then developing in the Canadian basin as a result of tectonic
loading in the hinterland.

Postorogenic unflexing and erosional unroofing are
4 FORELAND FLEXURE, EROSION, FORWARD recorded in the wells from the autochthonous foreland,

KINEMATIC AND THERMAL MODELING accounting for a progressive decrease of the burial during the
Cenozoic. This phenomenon is likely to occur also in the
4.1 Burial Curves foothills, where it is overimposed on earlier, synthrusting

episodes of uplift and erosion.

Burial curves have been computed with Genex for a number
of wells of the foreland autochthon, that reached Devonial
and Mississippian horizons (Figs. 7, 8 and 9). They recor
the main geodynamical events which affected the North
American craton and the Cordillera since the Cambrian. Erosional profiles have been computed by means of 1D

A strong increase of the subsidence rate is observegenex thermal modeling in the wells from the autochthonous
during the late Devonia(Fig. 10). This has been usually foreland, using Tmaand Ro values and BHT (Fig. 11).
interpreted as a far field effect of the Antler Orogeny, withThese profiles have been extended toward the hinterland
development of a foreland lithospheric flexure. Othewsing fictive wells in the main thrust units of the foothills and
interpretations would rather consider here a thermal evehinterland wheréfmaxor Ro values were also available in
(Osadetzt al., 2004), coeval with renewed rifting farther to either Mesozoic or Paleozoic formations, or both.
the south, that would have changed the thermomechanical Up to 8.7 km of missing Cretaceous formations have thus
equilibrium of the North American lithosphere at this stagebeen inferred in the vicinity of Canmore, based on the
without involving the need for any tectonic load ormaturity ranks of Jurassic coal measures of the Kootenay
lithospheric buckling in a compressional regime. formation (Figs. 7 and 11).

.2 1D Thermal Modeling and Construction
of the Erosional Profiles

No deposition of the
Pakaspoo fm.
-5

) . -10

Estimated with

1D thermal modeling
-15
Strong rate of subsidence after
the Wapiabi gp. deposition -20
-25
400 350 300 250 200 150 100 50 0
(km)
Pakaspoo Brazeau Belly River Wapiabi Blackstone Mannville
Figure 9

Prethrusting sedimentary thicknesses of the Cretaceous foreland basin, computed from 1D Genex thermal modeling.
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Figure 10

Typical subsidence curve of foreland wells, outlining an anomalous subsidence rate during the Late Devonian, Carbonéferdusassic
quiescence, onset of the flexural subsidence during the Cretaceous (as a result of tectonic loading in the hinterland), and Cenozoic unflexing
and uplift.
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Figure 11

Cumulative eroded thicknesses computed from 1D Genex thermal modeling along the transect. Part of the erosion in the foothills was coeval
with thrust emplacement, whereas all the erosion in the autochthonous foreland relates to postorogenic unflexing and uplift.

4.3 2D Forward Kinematic and Thermal Modeling assumed a constant heat flow value through times for the

subsequent 2D Thrustpack thermal modeling.
Erosional profiles and subsidence curves computed with

Genex have been used to reconstruct the initial thickness of
Cretaceous formations along the section, thus implementirlg MATURITY EVOLUTION OF POTENTIAL SOURCE
the geometry of the initial, preorogenic section on which ROCKS ALONG THE TRANSECT

forward Thrustpack kinematic modeling was ultimatel . ) . .
P 9 yOnce the forward kinematic and thermal simulations has

applied (Fig. 12a, b and 13 . . o .
prlied (Fig ) been validated against current distribution of maturity ranks

i It se(ims that Tma;rldtlso fvallfesdand” bgttombhole of organic rich samples and bottom hole temperatures, we
emperatures measured in the foreland wells have been U%%q“d analyze in detail the past and current distribution of

to calibrate the basal heat flow using 1D Genex S'mUIat'OnS'maturity windows with respect to the location of potential

The mean geothermal gradient fluctuates betweepospects and timing of their structural closures (Fig. 14a
21jakrtin the inner part of the foothills up to 36j&kim ;g b).
the more external part of the foreland crossed by the transect Although the Thrustpack thermal computation was per-

(i-e., in the Garrington field in the Interior plains). Theseiomeq using purely conductive heat transfers, it is assumed
values are similar to published values for Northern Albertg, e syfficient here and quite representative of the evolution
(Majorowicz et al., 1999). However, the change from a lowys 1oy permeability medium such as source rock intervals
geothermal gradient in the foothills to a higher gradient in thgnq the overburden, which are made up of dominantly shaley
central part of the foreland basin remains questionable, unlegsrizons. Temperature in the high porosity-high permeability
it relates to local cooling of the shallow carbonate allochthofeseryvoirs and nearby vertical fault conduits may account for
by means of meteoric water circulations. local discrepancies between the measured values in these
The mean temperature of Mississippian reservoir strata itvcks and the overburden, due to either rapid vertical escape
front of the foothills is close to 90;C. This value was theof hydrothermal fluids (higher temperatures in the pores
ultimate temperature target we used for the forward modtcompared to the overburden) or on the opposite, to the
eling. The top basement heat flow necessary to obtain a goddwnward circulation of meteoric fluids (lower temperatures
fit with the present-day temperature is about 40 m@¥am in the reservoir compared to the overburden).
This is similar to the heat flow computed with the present- Present distribution of the maturity windows was obtained
day temperature in the same region (Bachu and Burwastpite early in both the foreland and the allochthon, prior to
1991). As no rifting event affected the North Americanthe onset of postorogenic regional unflexing and erosion.
craton since the Cambrian, or eventually the Devonian, wehey thus reflect a frozen, fossil distribution, recent
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Figure 12a

Serial sections summarizing the successive evolutionary stages computed during the Thrustpack forward kinematic modeling, from the end
of the first flexural basin period (Upper-Jurassic-Lower Cretaceous) onward.
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Figure 12b

Serial sections summarizing the successive evolutionary stages computed during the Thrustpack forward kinematic modeling, from the end
of the first flexural basin period (Upper-Jurassic-Lower Cretaceous) onward.







































