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ABSTRACT

In the Cf'iltral Canadian Rocky Mountain thrust-fold bdt, three types of fust order

dér:olIements are outlined within or aiong the border of the present orogenic wedge: Ohe

basai iécollement, three intennediate or internai décollements and one upper décollement.

Sti'uctu:~,I. relationships suggest that each internai décollement is the resul t of one of the

successive forward shifts of early basal décollements to new positions wit'lin the

stratigraphic pile.

Two computer programs have been developed to analyze the propo.gation of

multiple thrust faults and their influence (':11 the geometry of a thrust belt. The computer

programs generate graphical simulations used to demonstrate a model of thrust

propagation and thmst belt deveIopment that fits current kncwledge about fault

propagation and can replace the thrust transfer zone coacepl

A structural analysis of meso:;caIe structures in !Wo thrust sheets indicates that a

thrust sheet consist of a series of elongated blocks separated by subtle brittle-ductile shear

zones along which diffl:rential motion occurred. These shear zones are oriented

perpendicular to the mean strike of the thrust faults.
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RÉSUMÉ

Dans la. chaîne .je montagnes des Rocheuses Canadiendes centrales, trois types ne

surfaces de chevauchement de premier ordre sont reconnus, en bordure ou à l'intérieur du

biseau orogénique actuel: un décollement basal, trois décollement internes et un

décollement supérieur. Les relations sTucturales font suggérer que chaque décollement

interne est le résultat d'un saut vers l'avant d'un décollement basal précoce, dans le

prisme sédimentaire.

Deux programmes infonnatiques ont été développés pour analyser la propagation

de multiples failles de chevauchement et l'influence de ces failles sur la géométrie d'une

chaîne orogénique. Ces programmes génèrent des simulations graphiques qui s0nt

utilisées pour démontrer un modèle de propagation de failles de chevauchement et de

développement d'une chaîne orogénique qui est confonne aux connaissances actuelles

concernant la propagation des failles et qui pennet de remplacer le concept des zones de

transfert de déplacement des chevauchements.

Une analyse structurale cie deux écailles de chevauchement du centre des Front

Ranges montre que des structures mesoscopiques, plus particulièrement des zones de

cisaillement fragile-ductile, ont permis le transport différentiel de blocs structuraux

allongés, et orientés perpendiculairement à la direction des failles de chevauchement,

pendant le mouvement et la propagation des mêmes failles.
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PREFACE

This research project was initiated in May of 1985 under the supervision of Dr.

Eric W. Mountjoy of McGiIl University. Dr. Mountjoy suggested the project based upon

his previc:us structural studies of the Rocky Mountains of the central Canadian Cordillera

(e.g. Mountjoy, 1960a, b; 1962, 1970, 1980). Three field seasons (1985-1987) were

spent mapping and studying the structure of the Rocky Mountain thrust-fo1d be1t in the

segment situ.lted between the Athabasca and the Brazeau Rivers. This thesis is a synthesis

of the author's observations and interpretations of thrust faults based on: 1) regional

mapping and the construction of structure cross-sections in the Rocky Mountain thrust

belt, 2) theoretical development and computer modeling, and 3) a structural ana1ysis of

field observations. In addition, a new geo10gica1 map at a sca1e of 1:100,000 of the

Athabasca-Brazeau area is presented here, which is a compilation based in part on

published and unpublished maps at a scale of 1:50,000 co-authored by the author of this

thesis (Douglas and Lebel, 1993; Mountjoy et al., 1992).

Responsibility for the content of this thesis rests with the author, except where

indicated in the text. Dr. Mountjoy's name will appear as a junior author on the

manuscripts of the papers that will be submitted for scientific publication, having served

as supervisor, editor and having assisted in the field during the tenure of this project. In

addition, Dr. Mountjoy contributed unpublished regional information and sorne mapping

from airphotos, particular1y in the Cadomin and Mountain Park areas.

THESIS FORMAT

The thesis is composed of five chapters. Chapter One is the general introduction 10

the thesis. Chapter Two, entitled 'Geometry and role of multiple thrust décollements,
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central Canadian Rody Mountains' summarizes the results of regional mapping and

compilation, and the construction of a series of structure cross-sections of the Athabasca­

Brazeau area. This indicates the location and kinematics of extensive thrust décollement

surfaces during the development of the Canadian Cordilleran Foreland thrust bell Chapter

Three consists of a theoretical approach to thrust belt development in a paper entitled:

'Numerical modeling of thin-skilllled thrust systems-Illsights 011 tlze propagation and

overlap offaults, witlz application to the thrustlold belt ofcentral Alberta'. The theoretical

approach is based on a simplified model of thrust belt evolution termed the 'overlap­

spreading simple shear mechanism'. This mechanism has been tested through two

computer prograrns developed by the author. These prograrns permit graphic simulations

of thrust faulting as seen in map view. The results of these simulations serve in tum to

explain several geometries commonly found on the geological map of a thrust bell. An

application of one of the computer programs is presented which reconstructs the map

patterns of thrust faults in the central Canadian Rocky Mountain thrust-fold belt, using

map length of major thrusts, and realistic rates of thrust propagation. Chapter Four,

entitled 'Mesofabric record ofstrain in large thrust sheets ofthe central Canadian Rocky

Mountains, Alberta' examines the mesoscopic fabric elements of two contiguous thrust

sheets. The results demonstrate that non-coaxial, rotational strain fields have been present

at the mesoscale, to allow for thrust emplacement, as expected by the overlap mechanism

described in the second pan of this thesis. The results of the study of the regional

structure presented in Chapter Two have been used to explain the structura! relationships

found by the structural analysis of Chapter Four. The general conclusions of the thesis are

derived from the more specific conclusions in chapters Two, Three and Four.

Chapters Two, Three and Four are written as preliminary manuscripts for journal

publication, and sorne repetition is unavoidable. A comprehensive reference Iist is

included at the end of the thesis. Cross-reference to figures and discussions used in the

different chapters has been used for sake of conciseness and to Iink the chapters. Ali the
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figures are grouped at the end of the thesis, separated with reference to chapter Two,

Three and Four. Four folded maps are included in the pocket. The computer prograrns

and code are on file in the Department of Earth and Planetary Sciences, McGill

University, cio Professor Eric Mountjoy and can be obtained from the author for a

nomimal fee.
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PURPOSE, PROBLEMATIC AND ORIGINAL CONTRIBUTIONS TO

KNOWLEDGE

The main subject of this thesis is the nature and origin of thrust transfer zones, in

particular the Nikanassin-Mieue-McConnell transfer zone that occurs in the central Rocky

Mountains thrust-and-fcld belt near Cadomin, Alberta (Dahlstrom, 1969, 1970). In order

to understand the possible mechanisms of displacement transfer between these thrust

faults, the analysis of the mesoscale fabric in relation to the macroscale structures was

carried out within the adjacent Nikanassin and Fiddle River thrust sheets.

Concurrently, the production of geological maps covering a wider area, at the scale

of 1: 50,000 co-authored by the author (Mountjoy, Price and Lebel, 1992; Douglas and

Lebel, 1993) has permitted the construction of a series of structure cross-sections to show

the relationships between the different thrusts in this transfer zone. Although the area of

study appeared ideal for such study because of the existence of the numerous exploration

wells yielding information on the deep (1-6 km below surface) geological structure of the

area, in the end, the cross-sections did not provide sufficient constraints to understand the

details of thrust displacement transfer. Hence, it became clear that the displacement

measured on one thrust fault could vary too significantly along strike (depending on the

projection that was done with the surface geology), to extrapolate precise theoretical

principles of thrust growth. One of the ultimate purposes of these structure sections was

to reliably graph the displacement measured at the surface along the main thrust faults.

However, more subsurface data are needed and a better answer to this question might be

obtained if oil companies were to release seismic profiles. The cross-sections show the

presence of important structures and relationships that are not evident on the geological

maps and help understand the three-dimensional geometry of the thrust bell. An

interesting conclusion from this research is the recognition in the region of early
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décollements which are cross-eut by later-formed faults rising from underlying

décollements.

The work of Scholtz et al. (1986) and WaIsh and Watterson (1988) on thrust fault

growth was critical in the approach that was taken in the later phase of this research. Since

analyzing the structure using conventional techniques did not provide sufficient

constraints to resolve the thrust transfer zone mechanism problem, a theoreticaI and

computer modeling study, building on the work of Elliott (l976a) was attempted. The

results provide a simp!ified concept of thrust belt development, made of a composite

mechanism. This composite mechanism provides a means of explaining how the non­

homogeneous displacement observed along each fault in a series of contiguous thrust

faults translates into the relatively uniform shortening observed aIong most thrust belts of

the world. The results of the meso- and macroscale structure anaIysis, obtained in the

early phase of this research, are better understood in the light of the theoretical and

computer modeling study. The major contributions of this study are:

1) Three types of décollements can be deduced from the current geometry of the Canadian

CordiIleran foreland thrust belt, namely basal, intermediate internai and upper

décollements, based on data from the Athabasca-Brazeau region and integrated with

regional information. An internai décollement is recognized by a layer-paraIlel giide

horizon that correspond to an extensive flat segment above a rarnp that links it to a portion

of the basai décollement situated further in the hinterland of the thrust belt. Many fault

imbricates emanate from an internai décollement. The internai décollement is underlain by

continuation of the basal décollement toward the foreland and overlain in most cases by an

upper décollement surface.

2) Overall, the shortening within the Mesozoic sequence in the Foothills is equivaIent to

th,lt in the PaIeozoic sequence. However, the IWo sequences have discrepancies in relative
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shortening when only short segments of the cross-sections are considered. Thus section

balancing using relative bed lengths must he done for the entire Foothills to produce valid

determinations of shortening amounts.

3) In the Athabasca-Brazeau region, six extensive layer-parallel glide horizons are

recognized: the Sassenach-basal Palliser formations, the Femie Group, the upper portion

of the Nikanassin Formation, the Blackstone Formation, the Wapiabi Formation and the

lower part of the Brazeau Formation.

4) Successive forward shifts of the basal décollement to new positions within the

stratigraphic pile 100 to the formation of internai décollements (sorne of which may be

cross-eut), folded by the stacking of thrust sheets of younger faults rising from deeper

and more northeastward décollements.

5) The upper mo~e forward segment of an early décollement appears to have been used as

a roof thrust during the development of deeper-seatOO duplexes (i.e. the Folding Mountain

and Luscar duplexes underlying the Blackstone décollement).

6) The abandonment and forward shift of basal décollements in the extemal part of the

Rocky Mountain belt appears relatOO to the development of the upper décollement and can

be explained by the Coulomb orogenic wedge mode!. The formation of the upper

décollement causOO increased friction along both the basal and upper décollement

surfaces that gradually raised the critical taper angle of the orogenic wOOge. RenewOO

internai deformation within the wOOge eventually 100 to a shift of the basal décollement to

rOOuce friction and allowOO for renewOO foreland accretion along a new basal décollement

until friction again built up sufficiently to cause another cycle of basal décollement

abandonmenL
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7) Two original computer programs (OVERLAP and THREE THRUSTS), that generate

graphical simulations, have served to demonstrate a model of thrust propagation and

thrust belt development that fits current knowledge about fault propagation.

8) The numerical model, used in the computer simulations, is based on an original

mechanism, a composite of two mechanisms: a) the spreading simple shear mechanism

applies a simple form of layer-parallel shear strain, symmetrical about the center of the

leading edge of a thrust fault to its lateral tips, that is subsequent 10 the lateral and forward

propagation and motion of a single thrust fault; b) the overlap mechanism is a conceptual

model that suggests at what moment an individual fault will propagate when it belongs 10

a group of thrust faults linked through a common décollement. The mechanism is an

analog of a local stress buildup and its eventual relaxation by slip on the single fault that is

best situated for this stress relaxation.

9) The computer simulations provide useful information about the behavior of multiple

faults:

(a) The number of faults and the positions of their nucleation points (their

density), and the rheology and consequent speed of fault propagation govern

the uniformity of the shortening along the thrust belt.

(b) The branch lines and hanging wall strain pattern of two intersecting thrust

faults can be used to trace back the thrusting sequence of the two thrusts.

(c) The OVERLAP computer simulations show that the shortening of a thrust belt

can be distributed more evenly by means of propagation of a large number of

small faults than by a few large thrusts.

(d) The THREE THRUSTS computer simulations also demonstrate that the fmai

geometry of a large thrust fault on a geological map leaves few clues about its
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origin, whether it was produced by the coalescence of multiple, en échelon,

thrust faullS or from only a single nucleation point.

10) The study of the geometry and spatial orientation of the meso[ca!e structures within

the Paleozoic Iithotectonic unit and along the strike of the Nikanassin and Fiddle RI'ier

thrust sheets of the Front Ranges shows that :

(a) A solution cleavage (S 1) is observed throughout the Nikanassin and Fiddle

River tbrust sheets, typically fanning around an axis parallel to the local fold

axis.

(b) In sorne domains, this fanning of the SI cleavage and the mean intersection

lineation between this cleavage and bedding is not parallel to the fold axis. This

is interpreted to result from the rotation of early folds just before sorne new

cleavage planes formed. A second cleavage (S2) is superimposed upon the

early fonne<! SI cleavage in sorne areas.

(c) Both wide and narrow shear zones mainly consisting of spaced, thin and long

en échelon veins are observed throughout the thrust sheets, and display a

statistical mode of vein set orientations nearly perpendicular to the mean map

trend of the thrust fault. These shear zones are subvertical and allest that layer­

parallel simple shear was an active deformation mechanism. Volume dilation

by the veins within these shear zones is considered to be balanced by the

solution of material coming from cleavage planes. Shear zones of opposite

dextra\ and sinistra\ sense have been observed ta intersect each other.

Il) The study of the mesostructures suggests a progressive strain history involving:

(a) The formation of early folds, probably related to the propagation of the thrust

faults (fault-propagation folds), together with the inception of sorne early

cleavage planes.
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(b) The continued lateral and forward propagation of the Nikanassin and Fiddle

River thrust faults and the consequent internai deforrnation within the thrust

sheets by layer-parallel simple shear through a series of dextral and sinistral

shear zones, sub-parallel to the transport direction.

(c) During the latest phase of deformation, the stacking of underiying thrust sheets

above Foothills thrust faults in sorne areas has caused the rotation of fold axes

and other mesoscale structures to a position oblique to the regional stress field.

This rotation explains the local transection of folds and early cleavage by later

forrned cleavage planes.
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PAPERS AND ABSTRACTS

Prior to the completion of this thesis, parts of this research have been published as

abstracts, or presented orally or as posters. The geological maps of Mountain Park and

Cardinal River areas have been published recently and are based on sorne field mapping

by the author (Mountjoy, Price and Lebel, 1992; Douglas and Lebel, 1993). The structure

cross-sections published with these maps were constructed by the author and are

reproduced herein at a larger seale with slight modifications. The information contained in

the above maps, structure cross-sections and abstracts is integrated into the o,~dy of the

thesis (see following list).

Abstracts

Lebel, D. 1986. Structure cross-section Cadomin area [poster]. Cordilleran Workshop,
Queen's University, Kingston, Ontario, January 1986.

Lebel, D. 1987. Geology of the Cardinal River area. Map and cross-sections [poster].
Cordilleran Workshop, McGill University, Montreal, Quebec, January 1987.·

Lebel, D. 1988. Structural analysis of a segment of the Central Eastern Front Ranges
east of Jasper, Alberta Cabs. and oral pres.]. Cordilleran Workshop, University
of Alberta, Edmonton, Alberta, January 1988.

Lebel, D. 1989. Structural analysis of a segment of the Front Ranges between Bow and
Athabasca Rivers, Alberta Cabs. and oral pres.]. Geological Association of
Canada-Mineralogical Association of Canada, Prograrn with ahstracts, Annual
Meeting, Montréal 1989.

Lebel, D. and Mountjoy, E.W. 1993. Structure of a segment of the eastem Front Ranges
and Foothills between Athabasca and Brazeau Rivers, Alberta Cabs. and poster].
Cordilleran Workshop, Queen's University, Kingston, Ontario. February 1993.

Lebel, D. and Mountjoy, E.W. 1993. Numerical modeling of thin-skinned thrust
systems-Insights on the propagation of faults and the thrust transfer zone
problem [abs., poster and oral pres.]. Cordilleran Workshop, Queen 's
University, Kingston, Ontario. February 1993.
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NOTES ON THE GEOLOGICAL MAP ()F THE ATHABASCA­

BRAZEAU AREA (SCALE 1:100,000)

The 1:100,000 geological map (Fig. 2.3) is a compilation with minor additions

that includcs parts or the w'cJ1e of five 1:50,000 NTS (National Topographie System)

she~ts (see insert on Fig. 2.3): Miette (83F/4, Mountjoy, 1960b), Cadomin (83F/3,

MacKay, 1929b; Douglas, unpublished; Lebel, unpublished; Langenberg and Fietz,

1990), Medicine Lake (83C/13, Mountjoy and Priee, 1976), Mountain Park (83C114,

Mountjoy et al., 1992) and Cardinal River (83C115, Douglas and Lebel, 1993). The map

follows the tectonic strike between latitude 52°45' and 53°15', near the Athabasca River to

the northwest. The extreme northeast portion of the Cardinal River area lies within the

Alberta Plains.

A large segment of the eastern part of Jasper National Park is included in the area

studied. The eastern boundary of the park crosses the geological map diagonally from

Pocahontas (in the Athabasca River valley). Highways 16 and 40 and branch roads from

them provide access to most of the study area. Apart from these roads, many seismic

trai1s and rough roads cut or constructed for oil exploration provide access by motorbikes

to otherwise remote areas. The morc: difficult areas of access lie within Jasper National

Park where vehicles are prohibited and traversing has to be done on foot, or by horse, or

helicopter.

PREVIOUS WORK

Allan and Rutherford (1924) made the fust reconnaissance geological map of the

area. The Cadomin, Mountain Park and Cardinal River areas were mapped in more detail

(1:63,000 scale) by MacKay (1929a, b, 1940a, b, 1943), who outlined the principal
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geologicaI divisions and carefully followed the coal beds. Hake et al. (1935, 1942) and

Sanderson (1939) described the stratigraphy and the structure of the Brazeau area and

outlined the folded thrust faults of the Cardinal River area. Other maps include the

regional geological map (1:1,000,000 scale) of NTS sheet 83 (Priee et al., 1977) and the

1:2,000,000 scale map by Wheeler et al. (1991). The regional stratigraphie framework

has been thoroughly reviewed, described and redefined in part by Mountjoy (1960a) in

the Miette and adjacent areas (Mountjoy, 1962). This work provided a stratigraphie base

for mapping the Mountain Park, Cadomin and Cardinal River areas, in addition to

numerous other detailed stratigraphie studies carried out since.

The rocks of the study area range from the Cambrian to the Tertiary (see insert for

stratigraphie relationships on Fig. 2.3). The Paleozoic rocks are dominated by platformal

carbonates that are dividable into: Middle and Upper Cambrian, Upper Devonian, and

Carboniferous. The Mesozoic-Cenozoic sequence consists of c1astic sediments that were

deposited in the foreland basin in front of the rising Cordilleran thrust belt (Priee and

Mountjoy, 1970, Underschultz and Erdmer, 1991), and dividable into four unconfonnity

bounded sequences: Triassic, Jurassic to Lower Cretaceous (?), Lower Cretaceous, and

Upper Cretaceous to Terti?.ry.

Cambrian strata were described by Mountjoy (1960a), Pugh (1971), Aitken et al.

(1972), Mountjoy and Aitken (1978) and Aitken (1989). The overlying Devonian

Fairholme reef complex and adjacent strata have been the subject of numerous studies

(Mountjoy, 1965, 1980a, 1989; Mackenzie, 1965a,b, 1967, 1969; Cook, 1972; Klapper

and Lane, 1988; Weissenberger and McIlreath, 1989; Shields and Geldsetzer 1992) due

to excellent exposures and the strong interest in these strata as petroleum reservoirs. The

Devonian Palliser Formation has been described by Mountjoy (1960a), and the

Carboniferous Rundle Group and Banff Formation measured and described by Mountjoy

(1960a) and Macqueen (1966, 1967). The Triassic Spray River Group was described by

Best (1958) and Gibson (1968), and the Jurassic Fernie Group by Frebold (1957) and
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Frebold et al. (1959). The Nikanassin Formation has been studied by Kryzca (1959) and

Gibson (1978), while the overlying Lower Cretaceous Cadomin Formation and Luscar

Group are described and discussed by McLean (1977), Schultheis and Mountjoy (1978),

Kilby (1978) and Hill (1980) and revised by McLean (1982) and by Langenberg and

McMechan (1985). A complete description of the overlying Alberta Group in the Cardinal

River area can be found in Stoll (1963). The Upper Cretaceous and Tertiary Saunders

Group (Brazeau, Coalspur and Paskapoo Formations), which forms the uppermost part

of the preserved stratigraphie sequence, has been described thoroughly by Jerzykiewicz

and McLean (1979) and revised by Jerzykiewicz (1985). An overview of the Cretaceous

sequences can be found in Stoll (1984).

No recent regional geological report covers the study area, but there are reports on

neighboring areas that provide pertinent stratigraphie and structural information (Douglas,

1956a, b, 1958; Irish, 1965). The Alberta Research Council recently published a report

and geological map of the Cadomin East map-area (Langenberg and Fic!Z, 1990).

Studies of the structural geology of the area include the early work by Hake et al.

(1935, 1942) and SandersC'n (1939), with additional interpretations by SCOIl (1951) on

the complex stack of folded faults that overlie the Brazeau thrust fault, often referred 10 as

the 'Brazeau structure'. Part of this structure was discussed by Douglas (1956a, 1958b).

Dahlstrom (1970), Jones (1971, 1982), Priee and Mountjoy (1970) and Priee (1981)

have presented regional and structural studies covering the Athabasca-Brazeau area. The

deformation affecting coal-bearing strata in the Lower Cretaceous sequence of the

Cadomin and Mountain Park has been discussed by Kilby (1978), Hill (1980) and

Charlesworth and Kilby (1980). Close to, or in the study area, the triangle zone has been

studied regionally by Jones (1982) and in detail by Charlesworth and Gagnon (1985) and

Charlesworth et al. (1987). Mountjoy (196Oa, 196Ob, 1992) has described the structures

affecting the Paleozoic Strata in the Mielle and adjacent areas. O'Brien (1960), Mountjoy
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(1962, 1980b), Ziegler (1969) and Jones (1982) have presented structure sections along

or near the Athabasca Valley.
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CHAPTER ONE

GENERAL INTRODUCTION

This thesis is written in manuscript-style. It is composed of three papers: chapters

Two, lbree and Four. Each chapter contains an abstract, an introduction, a main body

concerning previous work, methods, results and discussion of the results, and finally a

conclusion. The objectives of each chapter are briefly outlined below.

OBJECTIVES

1. Outline the structural geology of the central Rocky Mountain thrust-fold belt in three

dimensions and decipher the relationships between the various macroscopic thrust faults

and folds. This study a1so attempts to: a) calculate Lhe total shortening accommodated by

these structures across the Foothills thrust bell, and b) outline a regional kinematic model

of development for the eastern Front Ranges and Foothills thrust ber!.

2. Use computer simulations to: a) develop a numerical model that imitates the

propagation of individual thrust faults emanating from a décollement, and the effect of this

propagation on hanging wall strata, b) discuss the validity of this model in comparison to

the evolution of geologic structures, c) predict the effects and the timing of thrust

propagation within a thrust belt with multiple active thrust faults, c) attempt a computer

simulation of the central Rocky Mountain thrust belt, and d) discuss the model in relation

to the concept of thrust displacement transfer zones.
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3) Analyze the internai strain at the rnesoscopic and rnacroscopic scale within IWo large

thrust sheets of the Front Ranges of the Athabasca-Brazeau area and explain this strain in

relation to adjacent structures within a rnodel of progressive deforrnation.
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CHAPTER TWQ

GEOMETRY AND ROLE OF MULTIPLE THRUST DÉCOLLEMENTS,

CENTRAL CANADIAN ROCKY MOUNTAINS

ABSTRACT

Regional mapping, the study of data from deep petroleum exploration wells and

the construction of a series of cross-sections through the Athabasca-Brazeau portion of

the central Canadian Rocky Mountain thrust-fold belt outline three types of first order

décollements within or along the border of the present orogenie wedge: one basal

décollement, three intermediate or internaI décollements and one upper décollement. The

basal décollement changes geometry both laterally and toward the foreland and has two

ramps, one from the base of the stratigraphie pile to a slippage zone in the Devonian and

another from this flat to another flat in the Upper Cretaceous. InternaI décollements are

recognizOO by layer-parallel glide horizons that correspond to extensive flat segments

above ramps Iinking them to the part of the basal décollement situated behind in the more

hinterland area of the orogenie wedge. Like in the case of the basal décollement, many

fault imbricates emanate from the basal and internaI décollements. InternaI décollements

are underlain by the foreland extension of the basaI décollement and overlain in some

cases by an upper décollement surface. In the study area, six extensive layer-parallel glide

horizons are recognized. Successive forward shifts of the basal décollement to new

positions within the stratigraphie pile 100 to the formation of internai décollements, most

of which were cross-eut by younger faults rising from deeper and more northeastward

décollements. It is suggestOO that the formation of the upper décollement causOO and

thrust sheet emplacement increased friction along both the basal and upper décollement
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surfaces that gradually raisOO the critical taper angle of the orogenic wedge. RenewOO

internal deforrnation within the wOOge eventually 100 to a shift of the basal décollement 10

reduce friction and allowOO for renewOO foreland accretion along a new basal décollement

until another cycle of basal décollement abandonrnent occurrOO. The presence of several

internai décollements in the study area also signifies that conventional section balancing

using relative bed lengths must be done for the entire Foothills to produce valid cross­

sections.

INTRODUCTION

The Cordilleran foreland thrust-and-fold belt in the central Canadian Rocky

Mountains belt is a classical example of thin-skinned tectonics where the thrust belt is

imbricated above a basal décollement situatOO at or near the base of the sOOirnentary

package that was deposited on Precambrian crystalline basement rocks (Price and

Mountjcy, ! 970, Price, 1981). At the surface, thrust faults are observed to follow

p:uticular stratigraphic horizons (Douglas, 1950; Mountjoy, 1960a) but these horizons are

not always associated with an imbricated thrust system (Bower and Elliott, 1982) , like

décollements. Through the interpretation of subsurface structural features outlinOO with

seismic data and deep drill holes, it has also been observOO (Bally et al. 1966, Dahlstrom,

1970) that a middle or intemal décollement occurs in Jurassic strata, which separates the

upper and lower part of this sedimentary package. An upper décollement is situated along

the edge of the Foothills and is associatOO with backthrusts of the triangle zone (Jones,

1982). These décollements have been delineated on detailoo structure cross-sections of the

southern Canadian Cordillera, where the middle décollement is more predominant than the

the upper décollement (Price and Fermor, 1985). In the northern part of the Rocky

Mountains the upper décollement is represented by an extensive layer-parallel, west­

verging backthrust which overlaps most of the Foothills and hides underlying east­

verging thrust faults (Thompson, 1981, McMechan, 1985). Each of these décollements
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played a major role in the evolution of the thrust belt, but stilllitt1e is known about 1) the

exact location of these décollement horizons, and 2) their kinematic significance. This

paper: 1) outliiJes the presence of several stratigraphic horizons that served as

décollements, and 2) discusses the consequences of thrust propagation on the geometry

and kinematic history of these décollements.

Three types of décollements are recognized (Fig. 2.1), termed basal, internai and

upper décollements, and named according to the relevant stratigraphic horizons followed

by each. Typical exarnples are presented where a particular décollement links several

irnbricate thrust faults. These sets of thrust faults are referred to as thrust networks. This

.paper builds on the earlier research of Mountjoy (1%Oa) in the Miette and adjacent areas.

Field observations, mapping and the structure cross-sections presented here have

been used le decipher the three-dimensional character of the deformation and to delineate

the various stratigraphic horizons that served as décollements during the evolution of the

thrust bell

GEOLOGICAL FRAMEWORK

The Athabasca-Brazeau area, studied herein, is situated in the eastern Front

Ranges and Foothills of the Central Canadian Rocky Mountains, 50 km east of Jasper,

Alberta (Figs. 2.2 and 2.4). Resistant Paleozoic rocks crop out west of the Nikanassin

Range and mark the physiographic limit between the Front Ranges and the dominantly

Mesozoic-Cenozoic Foothills.

The Front Ranges and Foothills of this area are characterized by thrust faults

extending for severa! tens of kilometres, up to 400 km in the case of major faults like the

McConnell thrus!. A few major tbrust faults account for most of the shortening

(Mountjoy, 1960a). These faults generally dip gently southwest and have transported

rocks towards the nonheast, fonning a system of imbricate thrusts that scraped rocks
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from above the Precambrian crystalline basement, along a basal décollement during the

Laramide orogeny (see Priee, 1981 for a review).

In the Athabasca-Brazeau area, thrust faults are generally oriented northwest­

southeast (Fig. 2.4), which differs from the more northerly NNW-SSE trend observed

near the Bow River in southern Alberta. This progressive change in orientation between

the North Saskatchewan and the Brazeau Rivers, close to the central part of the Alberta

syncline, forrns a major reentrant or arc along the thrust belt (Fig. 2.2). The bedding dips

and structural style change substantially from the internal part to the external part of the

Rocky Mountain Belt, across the Main Ranges-Front Ranges boundary. Southwest of the

studied area, in the Main Ranges and Western Front Ranges, moderately dipping and

homoclinal thrust sheets contain thick Paleozoic and Neoproterozoic sequences. The

Neoproterozoic, Lower Cambrian and a thick sequence of Ordovician-Silurian rocks thin

and disappear northeastward, while Middle and Upper Cambrian strata thin substantially·

towards the Interior Platforrn. Along the northeastern edge of the Front Ranges, the

McConnell thrust fault juxtaposes Paleozoic rocks over the upper part of the Mesozoic

sequence. This thrust is the dominant structure west of Calgary, but northwestward it dies

out in the Miette area (Fig. 2.3, 2.4; Mountjoy, 1960a, b). The disappearance of this fault

is balanced by the appearance of a number of thrust faults (Miette, Nikanassin, Folding

Mountain thrusts) that transport Paleozoic strata to the surface further northeast in the

thrust belt, in the vicinity of the Athabasca River. In the Foothills to the northeast,

Cretaceous and Tertiary strata outcrop over a wide area (Fig. 2.4), and are deformed into

a complex set of imbricated folded faults (Hake et al., 1942; Scott, 1951; Douglas, 1956,

1958; Douglas and Lebel, 1993). To the southeast, close to the North Saskatchewan

River, the Foothills contain only a few thrust faults, which do not have numerous

imbricates.
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From southwest to northeast, major northeast-verging thrust faults crossing the

area comprise the Balcarres, Medicine Tent, Makwa, McConnell, Miette, Bighorn, Fiddle

River, Nikanassin, Grave Flats, Brazeau, and Ancoma thrusts (Fig. 2.3), in addition to

numerous second-order thrust faults branching from them. The Lovett thrust (or Pedley

thrust of Charlesworth and Gagnon, 1985) constitutes the edge of the thrust belt and is

southwest-verging (backthrust of the triangle zone).

DÉCOLLEMENT SURFACES

A décollement (or detachment) is a zone oImechanical weakness and slippage

above or below which deformation has occurred (Dahlstrom, 1970). The term

décollement is also commonly used to describe a geometric feature, the last or an

abandoned basal bounding surface ('basal décollement') of an orogenic wedge that

perrnitted advancement and internal deformation of the said wedge (Davis et al.• 1983;

Brown et al., 1992; Dechesne and Mountjoy, 1992, Hatcher and Hooper, 1992).

Commonly, a series of faults have propagated along and from such a zone to form an

imbricated thrust system, or network (Bally et al.• 1966; Boyer and Elliou, 1982; Surpe,

1985). In thin-skinned tectonics of the Canadian Rocky Mountains, the stacking of thrust

sheets is generally recognized to be the consequence of the advancement of a deforming

wedge (Fig. 2.1) above a basal décollement (Bally et al., 1966; Dahlstrom, 1970; Price

and Mountjoy, 1970; Ollerenshaw, 1978; Price, 1981; Price and Fermor, 1985). In this

paper, the term décollement refers to a geometric structure, an extensive sole thrust from

which numerous thrusts rise (basal décollement) or a roof thrust where thrusts merge

upwards (upper décollement). It is in general parallel to a particular stratigraphic level, but

rarnps may be present along il, to link it to the base of the stratigraphic pile (Fig. 2.1).

In the study area, the upper décollement (Jones, 1982) comprises a prominent

zone in Upper Cretaceous strata in which layer-parallel backthrust faults, associated with

the triangle zone, are situated along mest of the northeastern edge of the Cordilleran



•

•

8

foreland thrust belt (Priee, 1986). It is linked in the subsurface with the basal décollement

via east-verging blind thrusts (Fig. 2.1, Jones, 1982, Priee, 1986).

The term 'internai décollement' is designated for extensive layer-parallel glide

horizons, out of which numerous thrust faults rise and that occur within the deformed

sedimentary wedge in contrast to the basal and upper décollements that bound the wedge

(together with the topographie surface, Fig. 2.1). Intemal décollements rnay be present at

multiple stratigraphie horizons and may represent the remnants of abandoned basal or

upper décollements, or the location of roof thrusts (Boyer and Elliot!, 1982). Because

intemal décollements are mostly hidden in the subsurface, their exact location is difficult

to assess. In the southern Canadian Rocky Mountains, the Fernie décollement is usually

recognized by large discrepancies in total displacement (the Mesozoic sequence is more

shortened than the Paleozoic strata within segments of the Foothills; Bally et al., 1966;

Priee and Fermor, 1985) or a change in struciural style above and below il, or cross­

cutting fault relationships (BaHy et al., 1966; Boyer, 1992; Cooper, 1992).

Understanding the exact role of internal décollements in the evolution of thrust-fold belts

is important because they are extensive, although subtle structural features.

EFFECTIVE AND ABANDONED BASAL DÉCOLLEMENTS

The base of the deformed orogenie wedge is termed herein the effective basal

décollement, because it is the last décollement surface that was active when deformation

of the foreland thrust belt ceased. For most of the Front Ranges and Main Ranges, this

basal décollement is thought to be situated near the contact between the sedimentary cover

and the top of the Precambrian crystalline basement. The dip of the basement is very

shallow, changing only from about 1 to 1.5° under the Foothills and Front Ranges to

about 4° beneath the Main Ranges (Priee and Mountjoy, 1970; Cook, 1988). It is

generally recognized (Bally et al., 1966; Brown et al., 1992; Simony et al., 1980) that

this basement remained rigid and uninvolved in the thrusting east of the southern Rocky
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Mounlain Trench (Fig. 2.2). Westward, in the Shuswap Complex of the Omineca

crystalline Belt, and narth of Mica Dam in the Rocky Mounlain Trench, basement

complexes are present at the surface and are thought to represent slivers of the North

American craton involved in the east-directed thrusting during the late phase of the

development of the Rocky Mountains Foreland thrust belt (Read and Brown, 1981;

Okulitch, 1984; McDonough and Simony, 1988; Brown et al.• 1991, Brown et al.,

1992). Tectonic erosion of low-grade metamorphic coyer strala in the Eocene by crustal­

scale extension and uplift exposed these basement complexes within dome-shapcd

windows (Fig. 2.2). One of these windows is encircled by a crustal-scale décollement,

the Monashee Décollement tLat is thought to represent an early easterly verging and

westerly rooted basal décollement that acted mechanically as a ductile compressional shear

zone along which coyer rocks of the Selkirk allochthon were transported eastward until

the Late Paleocene (Carr, 1989). Because it is folded and exposed at the surface, the

Monashee Décollement is interpreted to have been abandoned after a shift of the basal

décollement to a deeper cruSlallevel, to explain the stacking of crystalline thrust sheets

into an antiformal duplex underneath the Monashee Décollement (Brown et al., 1986;

Brown et al., 1991). Similar décollement abandonment and downward shifting have been

interpreted by Dechesne arld Mountjoy (1992) in the western Main Ranges for the Fraser

River antiform, east of the southern Rocky Mountain Trench. In this case, thrust sheets

have also been slacked into an antiformal duplex, where each slice has a highly sheared

zone at the bottom, with strain decreasing in intensity upwards.

Although there is evidence that the basal décollement shifted downward 10 deeper

crustal levels through time to involve crystalline thrust sheel~ in the hinterland of the

Canadian Cordilleran thrust belt, only few authors discnssed such downward shift in the

stratigraphic pile of the foreland of the Cordilleran thrust belt (Bally et al., 1966; Boyer

and Elliott, 1982).



•

•

10

In the Front Range portion of the southwestern part of the Athabasca-Brazeau

area, the Colin, Rocky River, Balcarres, Medicine Tent and McConnell, Miette, Fiddle

River thrust sheets consistently contain Middle Carnbrian rocks at their bases (as noted by

Mountjoy, 1960a). A deep well near Mountain Park also encountered Cambrian rocks at

the base of the Nikanassin thrust (Fig. 2.6, section C-C'). These strata corne from near

the base of the sedimentary coyer, thus the basal décollement that is floor of the present

orogenie wedge beneath the Front Ranges must follow a zone near the top of the

crystalline basement east to the footwall cutoff where the Nikanassin thrust originates

(Fig. 2.6, section A-A').

While the basal décollement detached the sedimentary coyer from the Precambrian

crystalline basement for most of the area that usee! to be situated beneath the Main Ranges

and Front Ranges, it does not beneath the Foothills. In the Foothills, the basal

décollement in the Athabasca-Brazeau area evolved through two rarnps which

successively brought it up to different stratigraphie levels.

The first ramp cuts stratigraphy at a low angle and occurs southwest and under the

surface trace of the McConnell fault. Section A-A' (Fig. 2.6) shows the geonetry of the

tbrust belt between the McConnell thrust and the Lovett thrust, where an upward shift of

the basal décollement is observed through the stratigraphie package. Near the middle of

the section, structural constraints from a deep well (Shell Lovetl, 15-21-44-19 W5) show

that the Frasnian Fairholme Group is not invo1ved in the thrusting east of this well, while

Cambrian strata are brl.'ught high within the orogenie prism (near sea-Ievel on section A­

A') by the Nikanassin and Fiddle River thrusts. Thus the hanging wall cutoffs of these

thrust sheets demonstrate the presence of a ramp between the Cambrian and the Palliser

Formation further westward downdip along the basal décollement. Section balancing

using additional well control indicates that the ramp should be situated at a depth of 5.5

km below sea-Ievel about 25 km southwest of the McConnell thrust surface trace (Section

A-A', Fig. 2.6). This ramp cuts at low angles (about 2°) through all the Cambrian and
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Frasnian section over a distanee of more than 30 km. This is an estimated posi tion and

angle using cut-offs in the hanginging wall of thrust fault originating from this ramp and

the estimated dip of the basement of 4° west of the McConnellthrust surface trace, a dip

commonly used in regional cross-sections of the Rocky Mountains (Price and Mountjoy.

1970, Priee and Fermor, 1985) and in agreement with the CUITent knowledge of the depth

to basement further west under the Main Range.s based on seismic data (Cook, 1988).

Northeast of the frrst ramp, the décollement occurs near or within the Frasnian­

Famennian boundary unit, the Sassenaeh Formation or base of the overlying Palliser

Formation, for a distance of more than 50 km, beneath most of the Foothills to within just

a few kilometres of the triangle zone. From this point, the basal décollement fonns a

second but steeper ramp that merges with the upper décollement in the Upper Cretaeeous

Brazeau Formation. The Famennian Palliser FOi1lution has been eneountered within

several thrust sheets beneath the Foothills in other deep wells of the Athabasca-Brazeau

area (e.g. Gulf et al. 3-24-45-21W5, B.A. et al. 5-7-48-22W5), but no Frasnian strata are

involved in thrusting east of the Nikanassin thrust. The Sassenach Formation was utilized

because it is a thin weak layer situated between the rigid Fairholme and Palliser carbonate

units in this area.

In contrast, west of Calgary where the stratigraphic sequence is similar to that of

the Athabasca-Brazeau region, most of the Foothills are underlain by a basal décollement

that follows a layer-parailei zone within the uppermost Devonian Œxshaw Fm.) and basal

Mississippian (Banff Fm.) rocks (Price and Fermor, 1985). The basal décollement cuts

upward from the top of the crystalline basement to this higher thrust fiat through a ramp

situated about 15 km west of the McConnell thrust surface trace and 5 km below sea

level. This fiat is followed easlWard to the triangle zone where a steep ramp links itlO the

Upper Cretaceous strata of the upper décollement. It is thus interesting to note that, along

these two cross-sections of the Foothills, the effective basal décollement occurs at a lower
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stratigraphic position in the Athabasca-Brazeau region but both display a similar ramp-flat

geometry.

INTERNAL DÉCOLLEMENTS

The décollement at or near the Mesosoic-Paleozoic boundary portrayed on

numerous cross-sections of the Foothills of Alberta (Bally et al., 1966; Dahlstrom, 1969,

1970; Price and Fermor, 1985; Douglas and Lebel, 1993) represents an internal

décollement. In the study area, Mountjoy (l960a) recognized at the present erosion

surface, stratigraphic horizons which occur extensively next ta and parallel to thrust fault

surfaces (Table 2.1). Only sorne of these horizons are recognized as extensive

décollement horizons in the subsurface. In the Foothills of the Athabasca-Brazeau area,

evidence is presented for at least three different stratigraphic horizons representing internal

décollements. These are: 1) Femie Group, 2) Nikanassin Formation, and 3) Blackstone

Formation (see Fig 2.3 for stratigraphic positions).

In the southem Foothills, the Jurassic Fernie Group has been interpreted the

outward ponion of an early basal décollement affecting only the Mesozoic sequence

which is rooted through a ramp ta the basal décollement at the bottom of the sedimentary

pile, far to the southwest (Fig. 2.5; Bally et al., 1966). It has also been suggested that the

higher portion of this décollement was abandoned and cross-cut by underlying thrust

faults rising from the basal décollement. Cross-cutting fault relationships should he

expected to be observed in the field (Bally et al., 1966, Fig. 6) but to our knowledge, no

examples have been reponed in the literature up to now. In most cases the late faults

displacing Paleozoic rocks at depth appear to have followed earlier faults in their higher

segments through the Mesozoic strata (Bally et al., 1966, Price and Fermor, 1985).



13

• Projected at moderate depth
from geometty of folds and

Thrust Observed at present surface thrust sheets
Eastern Foothills
Brazeau Upper Cretaceous Blackstone Fonnaùon

Western Foothills
Folding Mountain Folding Mountain anticline Devonian Cairn or lower

Boule LU~êar. Upper Rundle Middle Cambrian?

Perdrix Lower Luscar Mount Hawk-Perdrix

Aslùar Mount Hawk-Perdrix Middle Cambrian

Mystery Lake Nikanassin. Upper Rundle, U:,per Rundle Group
Banff or lower

Drinnan Upper Rundle. Banff or lower Palliser Fonnation or lower

Nikanassin Lower Luscar. Nikanassin. Perdrix Fonnation or lower
Palliser fonnations

(associated Fiddle Cambrian Snake Indian Fm Cambrian Snake Indian
River fault) and base of Eldon Fonnation Fonnation

Frollt Ranges
Miette. McConnell Cambrian Snake Indian Fm. Cambrian Snake Indian

and base of Eldon Fonnation Formaùon

Table 2.1: Stratigraphie horizons which occur extensively next to and

paral1el to thrust fault surfaces in the Miette area (adapted frorn

Mountjoy. 1960 (a). Table l, p.18?)

•



•

•

14

In the Athabasca-Brazeau region, most deep-rooted faults appear also to have

followed the path of earlier faults in the Mesozoic and so there are few cases of cross­

cutting fault relationships at the present surface. Poor exposure in the Foothills of the

Mesozoic shaly horizons also limits the observation of such relationships. However,

cumulative evidence from three-dimensional reconstructions of the structural geometry of

the Foothills by means of surface mapping, cross-sections and the projection of deep

wells indicate that early basal décollements have been abandoned and were later cross-cut

or folded by later faults. These faults originated in the underlying and subsequent basal

décollement, and cross-cut what is now an internal décollement

The Fernie internai décollement

A group of thrust faults termed the Mountain Park tbrust network, situated near

Mountain Park, between the Nikanassin and McConnell tbrusts and that overlap the

Miette thrust (Fig. 2.3, 2.4), has been studied in detail by Kilby (1978, also Kilby and

Charlesworth, 1980; Charlesworth and Kilby, 1981), who demonstrated that significant

slip has occurred along each fault. On the basis of downplunge projections of coal

exploration drillholes and surface geology, the cumulative displacement of these faults has

heen estimated to he on the order of 8 km (Charlesworth and Kilby, 1981). It consists of

a set of thrusts, folded together about a series of sub-parallel axes with shallow plunges

towards the southeast, more or less parallel with the regional plunge of the Cardinal

syncline (Fig. 2.3,2.4). These imbricates are also internally deformed by folds and minor

faults that stacked coal beds within fold hinges (Kilby, 1978). As noted by these authors,

the Prospect and Drummond Creek thrust faults do not cut downsection substantially

southwest- and northwestward and are sub-parallel to the strata (Fig. 2.3). There is no

evidence that these faults might he rooted directly to the basal décollement because. when

followed along strike. none of them cross-cut any strata situated lower than the Femie

Group. except for the Miette thrust (Fig. 2.3). One explanation for this situation might he
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that these faults are simple 'out-of-syncline' thrusts related to the tightening of the

Cardinal syncline during the latest motion of the McConnell thrust situated immediately

above it to the southwest (Section E-E', Fig. 2.6). However, ail the faults of the

Mountain Park thrust network merge together in the Fernie Group and have a substantial

cumulative displacement, suggesting that they are rooted in an early, internai Fernie

décollement.

The geometry of the Miette thrust suggests that it has cut through the Fernie

décollement in the area situated near Mountain Park. The Miette thrust fault extends along

strike for close to 80 km, from the Cardinal River in the southeast, to northwest of the

Athabasca River. In the Miette area, its throw is important as it brings Cambrian strata to

the surface over Lower Cretaceous rocks. Southeastward, from the southeast corner of

the Miette map sheet, the stratigraphic displacement of the Miette thrust decreases

substantially until it only duplicates Jurassic strata in the Mountain Park area. This

dramatic decrease in stratigraphic offset can be explained by the presence of a footwall

ramp at depth as outlined on structure section 1-1' (Fig. 2.6). In the center of the study

area, the McConnell and Miette thrusts merge a few kilometres below sea-level (section I­

l', Fig. 2.6) and the Mielle and Nikanassin thrusts are part of a fault network linked

through a décollement situated near sea-Ievel, about 5 km above the crystalline basement.

This geometry places strong constraints on the manner in which other cross-sections to

the southeast can be constructed and interpreted. Although the southeastern segment of

the Miette thrust fault appears to be part of the Mountain Park thrust network, the

northward extension of the Mielle thrust allest to the fact that it is not part of the same

thrust network because it involves Paleozoic strata (Fig. 2.6, section F-F'). Following the

formation of the Mountain Park thrust network and the Fernie internai décollement, the

Miette fault appears to have propagated laterally southeastward into the Mountain Park

area. Thus, the Mountain Park thrust network appears ta be linked to an early décollement

that permitted the development of thrust faults only within strata situated above the Femie
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Group. An interpreted and simplified kinematic model explains the geometry and

evolution of these structures (Fig. 2.7).

The Fernie internai décollement is diffieult to observe in the field because the

Fernie Group is poorly exposed. It is inferred to follow a lever or a zone within the Fernie

Group and more eareful stratigraphic work should he able to show where stratigraphie

duplication occurs within the Fernie Group using its seven or more distinct fonnations.

Because of its dominantly shaly Iithology, the Fernie Group is a favored thrust glide

horizon in most of the Rocky Mountains (Douglas, 1950, Bally et al., 1966, Dahlstrom,

1970, Mountjoy, 1960b, Price and Fennor, 1985).

The Nikanassin internai décollement

ln the northeast part of the Athabasca-Brazeau area, there is good evidence that the

Nikanassin Fonnation has also been utilized as a décollement. Many thrust faults are

found to be parallel with strata within the Nikanassin Fonnation for large distances within

the Athabasca-Brazeau area (Fig 2.3). On structure section A-A' (Fig. 2.6) shortening

above the Nikanassin Fonnation is slightly higher (47.2% shortening measured from

restored bed lengths of the Cadomin Fonnation) than that in the older strata (44.1 %, from

restored base of Femie Group). This indicates that the section is not balanced or that some

slip along an intennediate décollement lOOk place so that more shortening occurred in the

higher stratigraphic leveI. Although solid geometric constraints from numerous deep wells

and surface geology support the interpretation of differing shortening values, the section

is not balanced is also plausible, sinee section construction within such a complex area is

difficult and subject to errors. However, the relative shortening values found above and

below the Nikanassin Fonnation are in agreement with cross-sections and a palinspastic

restoration of the southern Foothills (Priee and Fennor, 1985) that demonstrate that there

is no large difference in total shortening across the entire FoothiIls, from the Paleozoic 10

the Mesozoic.
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In contras!, when considered by segments, section A-A' (Fig. 2.6) shows higher

relative discrepancies in shortening measured above and below the Nikanassin Fomlation,

which cannot be explained by erroneous section balancing. For example, the displacement

found at the surface on the Nikanassin thrust and on the other fault splays to the northeast

(including the Bighom thrust) cannot be balanced with the large displacement of Paleozoic

rocks along the Nikanassin-Bighom sole thrust (~13 km). This discrepancy, found in

several segments of this cross-section, can be resolved by inferring the presence of a

décollement along the Nikanassin Formation across most of the Foothills of this area.

The Nikanassin, Fiddle River, Mielle and Bighorn thrusts emanate from a

common sole thrust situated between Cambrian rocks (hanging wall) and the Nikanassin

Formation (footwall) (Fig. 2.6, section H-H', G-G'). This sole thrust forms part of the

Nikanassin décollement which is situated between 1.5 and 5 km above the effective basal

décollement since it generally dips at a low angle southeast in the area situated between the

Nikanassin and McConnell thrust, following the plunge of the Cardinal syncline (Fig.

2.3, 2.4, structure sections 1-1' to A-A', Fig. 2.6). This higher décollement has to he

rooted via a ramp within the effective basal décollement west of the McConnell thrust

trace, te permit transport of Cambrian and younger strata.

Several observations point towards the interpretation that the Nikanassin

décollement has followed a horizon within the upper part of the Nikanassin Formation

over a large part of the Foothills of the study area.

1. In the Mielle area, near Sphinx Mountain, Mountjoy (1960a) outlined a

complex set of fault splays, rising from the Nikanassin thrust at the surface that are folded

by footwall structures. He also showed that the Nikanassin thrust follows a glide zone in

the Nikanassin Formation, for nearly 4.5 km. Furthermore, for a large segment along

strike, the Nikanassin thrust is floored by this unit, which indicates that the thrust has

followed a glide zone in this formation.
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2. Data from deep wells (Le. Imp. et al. 3-17-44-20W5, CPOG ThistIe 6-21-44­

20W5) and surface mapping indicates numerous imbrications within the Nikanassin­

Luscar stratigraphie interval in the footwall of the Nikanassin thrust along section A-A'

(Le. in the area between Nikanassin and Grave Flats thrust faults) and adjacent areas and

does not show any such repetition by thrust imbrications within Fernie Group or older

strata.

3. In the cross-section segment situated between the McConnell thrust and the

Nikanassin thrust (segment l, section A-A', Fig. 2.6), the cumulative shortening

estimated from bed lengths of the Lower Cretaceous and overlying rocks (e.g. Cadomin

Formation) is about two times shoner than that at the base of the the Fernie Group and

underlying rocks. The difference in shonening, on the order of 6.4 km, is mainly due to

the small displacements of faults at the surface within Cretaceous strata relative to the

large motion of Paleozoic strata at depth above the Nikanassin-Bighorn sole thrust. The

missing shonening is found nonheast of the Nikanassin thrust, along thrusts emanating

from the Nikanassin décollement. About 4 km of the missing shonening is found within

cross-section segment 2 betweenthe Nikanassin and Grave Flats thrust (section A-A',

Fig. 2.6). The remaining missing shonening within the Mesozoic sequence is found

funher nonheast within segment 3. The subsurface control precludes a direct link between

the Nikanassin décollement and the faults observed at the surface nonheast of the Grave

Flats within segment 3, because several faults rooted in the basal décollement intersect the

Nikanassin Formation and younger rocks. The cumulative shortening measured within

segment 3 is about 6.6 km greater within Cretaceous strata than within Triassic and

underlying Paleozoic rocks, mainly due to the large cumulative displacement of the array

of thrust faults merging with the Brazeau thrust fault (the 'Brazeau structure'). In segment

4, further nonheast, the relative shonening of the Paleozoic and Mesozoic match closely

(about 8.0 km of shonening). Thus the relative shonening observed within segment 3 for

rocks above the Nikanassin Formation is higher by 4.2 km relative to the missing
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shortening from segment 1 and 2, which corresponds to the overall difference in

shortening (~3%) measured between the Cadomin Formation and the base of the Femie

Group over ail section A-A'.

Thus, the relative discrepancies in shortening measured above and below the

Nikanassin Formation within the various segments of structure section A-A' add up to a

balanced cross-section. This geometry is interpreted to be the consequence of early

motion along the Nikanassin internai décollement that extended northeastward. ln the later

phases of the evolution of the thrust belt, the Nikanassin décollement was abandoned

through a shift of the basal décollementto the Devonian stratigraphic level, lower within

the sedimentary pile that led to the fault intersections interpreted on section A-A' (Fig.

2.6, segments 1,2,3, e.g. near the bouon of the CPOO Thistle 6-21-44-20W5 weil).

The Blackstone internai décollement

An intensely defonned zone in the Upper Cretaceous Blackstone Fonnation in the

Cadomin area, characterized by northeast-verging folds and thrusts was tenned the

'Blackstone detachment zone' by Hill (1980) and interpreted to represent a widespread

glide horizon separating the distinct structural blocks situated above and below it. Weil

exposed at the Luscar coal mines in the same area, the Lower Cretaceous strata below this

horizon (termed Blackstone décollement here), are considerably deformed and

characterized by tight folds and numerous mesoscale faults, whereas the overlying strata

observed downplunge to the southeast in the Cadomin syncline are relatively undeforrned.

A klippe of Mesozoic rocks, northeast of the Luscar thrust near the Mcleod River

comprises faults with observed cut-offs that suggest they are remnants of folded

northeast-directed thrusts (Hill, 1980). The present geometry suggests that these thrusts

were probably rooted along the Blackstone décollement. Section 1-1' highlights the

present geometry of this décollement as reconstructed from local and regional mapping.

The Blackstone décollement appears as the roof thrust to a complex set of imbricated
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thrusts at the surface and in the subsurface. The extent of the layer-parallel glide zone

within the Blackstone Formation is estimated to be a minimum of 5 km long

(perpendicular to strike of the belt), but likely was more than 10 km long, because it is

folded and plunges underneath the Brazeau syncline (Fig. 2.6, Section 1-1'). From

surface mapping, the Blackstone décollement does not appear to be cut by thrusts rising

out of the underlying basal décollement such as the Folding Mountain and Brazeau

thrusts. The structure underlying the Blackstone décollement of the Luscar area, between

the !Jrinnan and Brazeau thrusts is represented by two duplex structures, stacked on top

of each other (lower and upper duplex) and interconnected through intermediate faults

(section 1-1', Fig. 2.6).

The upper duplex comprises the faults and tight folds situated between the

Blackstone décollement (hanging wall of this duplex) and the Luscar sole thrust gliding

along the lower part of the Luscar Group (footwall of the duplex). This duplex appears to

continue towards the southeast, undemeath the Cadomin syncline. North of section 1-1',

the Luscar thrust merges with the Mystery Lake thrust which transports Paleozoic rocks.

This upper duplex is only about 4 km wide at the surface, between the Drinnan thrust

(southwest) and the Luscar thrust where it tapers off along section 1-1'. The base of this

upper duplex is situated in the Nikanassin Formation and thus is interpreted as an early

structure related 10 the Nikanassin décollement involving only Mesozoic strata.

The lower Folding Mountain duplex involves Paleozoic and Mesozoic rocks and is

situated directly under and f<llds the upper duplex or Blackstone décollement in the

segment that underlies the Brazeau syncline. The Folding Mountain, Mystery Lake,

Perdrix, Boule, Luscar and contiguous thrusts (Fig. 2.3, 2.4) form a network of

branching faults rising from the basal décollement that transports Paleozoic rocks. These

imbricate faults are exposed in a structural culmination in the Miette area where they are

oriented at a high angle to the strike of the Folding Mountain thrust (Mountjoy, 1960b).

Near Luscar, the Shell Fina Luscar 5-27-47-24 weil (section 1-1', Fig. 2.6, Fig. 2.3)
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indicates that Paleozoic strata are present near the surface. underlain by the Folding

Mountain thrust. The downplunge projection from the surface of the Perdrix and Mystery

Lake thrusts into section 1-1' outlines a duplex of Paleozoic rocks at depth, with the

Blackstone décollement as the roof thrust and the Luscar, Mystery Lake and Folding

Mountain thrusts as successive floor thrusts. The cumulative displacement of the Folding

Mountain duplex is close to 8 km at the Paleozoic level. Because the displacement

measured from unit cutoffs above the Blackstone Formation in the area between the

Brazeau syncline and the Luscar thrust is smaller (less that 1 km, constrained by the Shell

Fina Luscar weil and surface mapping), most of the displacement of the Folding

Mountain thrust has to emerge at the surface northeast of the Brazeau syncline. The

geology of the area underlying the Folding Mountain thrust in section 1-1' is uncertain, but

thrust faults observed in the Ammin Amoco Trapper 7-18-48-23W5 weil suggest that a

set of blind thrusts branches with the Folding Mountain thrust.

Link between the Blackstone décollement, the Folding Mountain duplex

and the upper décollement

Subsurface and surface data require that most of the displacement (>15 km) found

below the Blackstone décollement and additional displacements from other underlying

blind thrusts be found somewhere at the surface northeast of the Brazeau syncline.

Evidence is presented indicating that this displacement is Iinked to the upper décollement

and transferred 10 backthrusts of the triangle zone, northeast of the Brazeau thrust.

The difference in displacement between Upper Cretaceous strata and underlying

units occurs along much of the Foothills of the study area and was previously recognized

by petroleum geologists (Jones, 1982). Interpretations of the Folding Mountain thrust

network have changed with the evolution of ideas on thrust geometry (Fig. 2.8). Along

the At.habasca River valley, interpretations vary as to the amount of displacement of the

Folding Mountain thrust at the Mesozoic level. High displacements favored a simple
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structure (Webb, 1955; Mountjoy, 1960a) while low values and a folded thrust

interpretation were suggested by Jones (1971). Later, when a new weIl (Brule 6-6) was

drilled during gas exploration, it showed a considerable amount of displacement for the

Paleozoic rocks by the Folding Mountain thrust (= 5 km) butlittle displacement of the

overlying Upper Cretaceous strata. Folding the Folding Mountain thrust satisfies these

structural constraints by allowing it to eventually merge with a prominent southwest­

verging upper décollement or triangle zone (Fig. 2.8, Ziegler, 1969; Jones, 1982). The

presence of such a triangle zone had been recognized earlier (Mountjoy, 1960a, b) near

the Seabolt anticline (Fig. 2.3), and another one also occurs at the northeast edge of the

thrust belt (Lovett backthrust fault) in the Athabasca-Brazeau area (price et 01.• 1977,

Charlesworth et al., 1987). The interpretation illustrated on section 1-1' (Fig. 2.6) shows

that the early formed Blackstone décollement acted as a roof thrust during the formation of

the Folding Mountain and Luscar duplexes, since no important southwest-dipping and

northeast-verging faults occur at the present surface between ihe Luscar thrust and the

Lovell backthrust (the Brazeau fault has re1atively small disp1acement in this area). In

addition a number of blind thrusts have been encountered in wells situated within this

segment of the Cadomin map-area (e.g. Canoxy et al. 6-9-48-22 W5, B.A. et al. Kaydee

5-7-48-22W5, B.A. et al. Kaydey 14-12-48-23W5, Ammin Amoco Trapper 7-18-48­

23W5, Ammin AntIer 7-31-48-23W5). The interpretation shown follows those of Ziegler

(1969) and Jones (1982) with most of the missing displacement occurring at the present

surface within the Upper Cretaceous strata a10ng northeast-dipping and southwest­

verging thrust faults (Fig 2.8 (c». This implies that there is a system of 'blind' thrusts in

the subsurface that eventually merge with the southwest-verging fau1ts that are linked to

the upper décollement. Thus the raIe of the Blackstone internai décollement within this

system of blind thrusts has been two-fold, fust it acted as a décollement where a series of

northeast-verging thrusts developed undemeath the upper décollement, and second1y as a

roof thrust ta the Luscar and Folding Mountain duplexes.
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Recently published seismic data (Skuce et al., 1992) from near Edson more than

30 km northeast of the Lovett thrust, also show an intercutaneous wedge between the

Wapiabi Formation (roof thrust or upper décollement) and the Blackstone Formation

(basal décollement) with cumulative shortening of close to 2 km between these

stratigraphie levels. This indicates that the Blackstone Formation was still used as an

active décollement at the end of foreland defonnation.

THE UPPER DÉCOLLEMENT

As noted in the pre.loo'.s section, in the Cadomin area most of the displacement on

the Folding Mountain and Luscar duplexes, and other northeast-verging blind thrusts

situated below, has to occur on faults that emerge at the surface northeast of the Brazeau

thrust fault and be linked to the upper décollement of Jones (1982). In contrast, in the

Cardinal River area, as explained in the section pertaining to the Nikanassin internai

décollement, (Fig. 2.3, segment 1 to 3 of section A-A', Fig. 2.6, Douglas and Lebel,

1993), much of the displacement within the structures encountered along strike in the

thrust belt occurs at the surface within the stack of folded thrust faults associated with the

Brazeau thrust. However, northeast-verging blind thrusts have also been encountered in

deep wells, in the triangle zone (Gulf etai. 16-19-46-18W5 and B.A.Triad et al. 12-30­

46-18W5, segment 4 of section A-A', Fig. 2.6) and merge with the southwest-verging

Lovett backthrust. From these wells and surface geology projected on section A-A', the

location of the upper décollement appears to occur within the middle of the Brazeau

Formation. This is also in agreement with the presence of Brazeau strata at the present

surface within northeast directed thrust slices associated with the Brazeau thrust (Fig. 2.3,

section A-A', Fig. 2.6) and observations from the structure of the triangle zone in the

Foothills map-area, just north of the Cardinal River area (Charlesworth et al., 1987).

In the Miette area, Mountjoy (l960a, b) observed southwest-verging, northeast­

dipping thrust faults gliding within the Upper Cretaceous Wapiabi Formation (e. g. next
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to the Scabo!t anticline). Jones (1982, p.65) also suggested that the upper décollement lies

in the Wapiabi Fonnation. The Wapiabi appears as a reasonable location for a décollement

because of its shaly character which is susceptible to faulting. The change in stratigraphie

level of the upper décollement from the lower Brazeau Formation between the Cardinal

River and Miette areas appears to reflect the presence of a lateral ramp within the surface

of the upper décollement between the IWO areas.

Throughout the central and southern Rocky Mountain thrust belt, the upper

décollement occupies various stratigraphie levels but generally lies within Upper

Cretaceous strata (Priee, 1986; Priee and Fermor, 1985, Jones et al., 1992). From

detailed work around the Coal Valley mine in Foothills map area, at the northeast edge of

the forcland thrust belt. Charlesworth et al. (1987) also suggested that the location of the

upper décollement within the triangle zone has changed geometry and stratigraphie level,

within Upper Cretaceous and Tertiary strata. Sprat! et al. (1993) have also presented

evidence for a sunilar geometric transition within the same stratigraphie interval between

the Jumping Pound and Turner Valley areas of the southem Foothills.

In the Cardinal River area, northeast-verging and southwest-dipping faults that eut

through the Brazeau and Paskapoo Fonnations, are present at the surface northeast of the

Brazeau thrust. These faults indicate that part of the upper décollement was carried by

younger, deeper thrusts during the late stages of deformation. This event led to the

preservation of triangle zones under northeast-verging thrusts, such as the one observed

just north of the Cardinal Hills (Fig. 2.3; segment 4, section A-A', Fig. 2.6).

Jones (1982) suggested that a southwest-verging upper décollement may have

been active throughout the entire evolution of this segment of the Rocky Mountains. This

idea is further supported by the recognition of a number of blind thrusts undemeath the

Blackstone décollement. An upper décollement with a sirnilar geometry of numerous

northeast-verging blind thrusts has also been recognized in the Foothills of the northern

Canadian Rocky Mountains (Thompson, 1979, 1981, McMechan, 1985). However, the
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geometry outlined here and by Jones (1982) for the Athabasca-Brazeau area, where

several northeast-dipping, southwest-verging tbrust are obsetved, :nakes it also even

more plausible that the more advanced portions above the orogenic wedge (towards the

hinterland) of the upper décollement panel were successively abandoned through a

progressive process of imbrication toward the northeast of this upper décollement panel.

DISCUSSION

Shift and abandonment of décolIements

The presence of at least three extensive internai décollements at the Fernie,

Nikanassin and Blackstone stratigraphic levels ~10 km in length across the belt) between

the present basaI and upper décollements of the Foothills of the Athabasca-Bmzeau area is

symptomatic of a complicated kinematic history of emplacement of the foreland thrust

belt.

In the Cardinal River and Mountain Park areas, it appears that the basal

décolIement has shifted downward through the stratigraphie pile at least twice (Figs. 2.7,

2.9). First it shifted down and forward from its position within Fernie Group to a new

position starting just above the Precambrian crystaIline basement and rising up through a

ramp to a new fiat in the Nikanassin Formation (Figs. 2.7 (c), 2.9 (a, b)). Secondly it

shifted again from the Nikanassin Formation to the base of the stratigraphic section and

rose through a ramp to the present effective basal décollement in the Sassenach-basal

Palliser formation (Fig. 2.9 (c), section A-A', Fig. 2.6). This is demonstrated by the

presence of faults that cross-cut or cause folding of: 1) the Fernie internai décollement

(e.g. Miette thrust, structure cross-section F-F', Fig. 2.6) from above the Nikanassin

décollement, and 2) the Nikanassin internaI décollement (e.g. Grave Flat~ thrust, structure

cross-se';tion A-A', Fig. 2.6) f ..n above the Sassenach-basaI PaIliser basal décollement.

To the northwest, in the Cadomin and Miette areas, an additional décollement is

found, the Blackstone décollement, that is not substantiaIly cross-eut, but is folded over
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fault ramps situated above the Nikanassin and Sassenach décollements. From these

relationships, three interpretations of the Blackstone internai décollement are possible. It

represents: 1) an upper flat segment connected to the ancestr.J Fernie décollement; 2) :tn

upper flat segment of the ancestral Nikanassin décollement, or 3) a separate ancestral

décollement that was abandoned. It is difficult to assess the exact origin of this

décollement from the available data. However, most thrusts in the Brazeau structure of the

Cardinal River area follow long flats in the Blackstone Formation. Since these faults have

been interpreted to be linked to motion on the Nikanassin décollement, it is reasonable to

interpret the Blackstone décollement as a roof thrust to the duplex developed above the

Nikanassin décollement (Fig. 2.9 (b».

Model of décollement propagation, activity and abandonment

Most of the recent models of thrust belt development recognize that orogenic

foreland belts behave as a mechanical entity. The critically tapered Coulomb wedge model

presented by Davis et al. (1983), Dahlen (1984) and Dahlen et al. (1984) on the basis of

the early proposaI of Chapple (1978) and modified and developed further (Davis and

Engelder, 1985; Zhao et al. 1986; Dahlen, 1990) has found wide acceptance because it

provides a coherent explanation for the geometty and sequential propagation of thrust

faults in modern accretionary prisms and in foreland thrust belts. The model proposes that

thrusts propagate sequentially towards the foreland, until an overall critical taper is

reached. The whole wedge is subsequently transported along a basal décollement and

accretion of material occurs along the toe of the wedge that remains at critical taper. This

critical taper angle is defined by the surface slope of the wedge ~opography (a) and îhe

dip of the basal décollement (/3) (Fig 2.10 (a». The shape of the wedge varies with the

strength of the deforming material and the frictional strength of the basal décollement The

ove1'l'lJ taper angle might decrease and.:illow for further deformation within the wedge in

response to various factors. Increasing the basal friction increases the critical taper,
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whereas increasing the internai strength of the wedge material decreases the critical taper.

Other factors that affect the critical taper are pore fluid pressure, erosion (Beaumont et a/.,

1992), accretion of material at the base of the wedge and isostatic response to wedge

buildup.

Two categories of accreted material were separated by Platt (1986), frontally

accreted and underplated, distinguished by their effect on the behavior of the wedge.

Frontal accretion occurs in front and undemeath the toe of the wedge, further extending

the basal décollement. This causes a lowering of the laper angle in the loc area, that will

become sub-criticaI. Under sub-critical conditions, the wedge is expected to deform

intemally (Chapple, 1978) and thrust faults should be reactivated or formed behind the

leading edge of the wedge. Underplating occurs in the rear part of the wedge. Platt (1986)

suggested that underplating of rocks will cause the wedge to thicken so that the taper

angle will increase in such a way that extension will occur within the wedge.

The actual shape of the basal décollement is flal and low-dipping under most of the

Main Ranges and Front Ranges, but under the Foothills (near or at the toc of the Canadian

._- Cordilleran orogenie wedge), il displays a staircase geometty, with two ramps slightly

more inclined than the rest of the décollement. Because the basal décollement occurs along

the top of the Precambrian basement beneath most of the Main Ranges and Front Ranges,

with renewed motion during a new episode of thrusting, underplating at the rear of the

orogenic wedge would have 10 involve the basement. A crustal basemenl duplex would

likely form Iike the one underlying the Monashee Décollement. logelher with Ihe

consequent thickening in the rear of the orogenie wedge. In the Fooihills of the Ihrust

bell. the accretioll of thrust sheets tirst occurred along a basal décollement that ramped

from the base of the stratigraphie coyer to a long flat along the Jurassic Femie Group, in

the middle of the stratigraphie pile (Fig. 2.9 (a)). Later, in the Foothills, foreland

accretion has involved at least Iwo episodes of forwa.·,j relocation of the basal décollement

in the stratigraphic pile to a new position situated undemeath and ahead of its early
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position (Fig. 2.9 (a-c», flTst to another step involving a long flat in the Nikanassin

Fonnation and secondly to ils present geometry with a long flat within the Sassenach

Fonnation.

Dechesne and Mountjoy (1992, Table 1) have discussed possible contrais for the

abandonment of basal décollements, some of which apply ta the examples observed in the

Foothills, namely 1) erasion of topography and molasse deposition, 2) changes in the

mechanical properties of the basal décollement Molasse deposition due to the erosion of

the advancing orogenic wedge is known to have occurred during most of the development

of the foreland thrust belt (Bally et al., 1966; Price and Mountjoy, 1970). More than 4

kilometres of sediments have accumulated in the foreland basin from Middle lmassic to

Paleocene, when compression is thought to have ceased (Underschultz and Erdmer,

1991). More sediments accumulated in the Late Cretaceous to Paleocene. Although mast

of the foreland basin ·was deposited in front of the orogenie wedge, the forward

propagation of the leading edge of the thrust belt led to defonnation of the western part of

the foreland basin (Fig. 2.10 (a».

Intuitively, a model is proposed where the development of the upper décollement

might be related to the accumulation Ç!: 2 km thick) of sediments during the Late

Cretaceous and Paleocene (Fig. 2.10 (b, c, d». Backthrusting of those layers of

sediments onto the wedge will accentuate pore pressure within the wedge and increase the

critical taper angle. The wedge will in tum thicken and reach critical taper, with further

advance along the basal décollement, causing further backthrusting along the upper

décollement. The consequence of the development of an intercutaneous wedge

(Charlesworth and Gagnon, 1985) is that for each kilometre of propagation of the basal

décollement, an equivalent kilometre of advancement of material above the upper

décollement will occur towards the hinterland of the wedge. Because the basal

décollement connects with the upper décollement, the overaliiength of the décollement

surface bordering the wedge will increase, friction along this composite surface will also



•

•

29

increase and me critical taper angle will rise again. In consequence, additional internai

deforrnation will occur allowing the wedge to reach a higher taper angle and to cause

furÛler motion along the basal décollement. The gradual increase of me taper angle is

likely to yield an equivalent isostatic response, and hence to increasefl. Increasing basal

friction Ù1rough furÛler eJongation of mis intercutaneous décollement togemer wim me

increase offl is likely to cause décollement abandonrnent at me base of me wedge beca'Jse

me basal friction is like1y to be 10wer on a shorter ramer man a longer surface (Fig. 2.10

(c». In addition, me abandonment of me basal décollement to an underlying position in

the stratigraphy would lower mefl angle of me basal décollement and mus lower me taper

angle of the wedge to a critical value that allows for renewed tectonic accretion to the

wedge.

Active mrust faults in recent thrust belts are known to propagate very slowly

through rock bodies and by sudden steps, or slip events marked by earthquakes

(Berberian, 1982; Nabalek, 1985; Bombo1a\ds, 1992). It is thus reasonable to consider

that the forward and downward shift of a basal décollement through the stratigraphie pile

progresses in a similar manner. During this episodic process, a single fault will nuc\eate

in me footwall of the basal décollement and gradually propagate lûterally and towards the

foreland, similar1y to me current mode1s of thrust fault propagation (Ellis and Dunlap,

1988; Geiser, 1988; Walsh and Watterson, 1988). However, there is an apparent

contradiction between mis mode1 of crilical-taper wedge and the thrust model proposed

above for the Athabasca Foothills, requiring that the abandonment of the basal

décollement be concomitant with me abandonment of the upper décollement to relieve

friction along me wedge. Ear1y faults branching off from me older basal décollementto

forrn the new basal décollement are likely to merge upwards with the older basal

décollement and eventually cause motion along the frontal upper décollement. However.

fau1ts such as the Miette thrust or me Grave FIats thrust eut through the wedge and the

ear1ier formed basal décollement, and rise up to me topographic surface or the upper
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décollement (Fig. 2.10 (d)). The gradual fonnation of a series of imbricate faults along

the new décollement in this manner causes accretion of rnaterial from underneath the older

décollement and the eventual use of the older or a new upper décollement, without motion

along the older basal décollement (Fig. 2.10 (d)). Also intuitively, slight changes within

the delicate balance between critical and subcritical taper during the different stages of the

development of faults emanating from the new basal décollement, might cause these faults

to merge with the older basal décollement (then internal décollement). This would

renewed motion on this older fault plane.

Other faults propagating off the old basal décollement from other locations along

strike are likely to occur and would eventually coalesce together and contribute gradually

t(l the formation of a newer basal décollement. Since each fault need not follow the same

path to splay from the old basal décollement, it is likely that severa! different stratigraphic

levels would be used and that different basal décollement geometries might be observed in

the thrust belt as a whole. Two or more décollements might become active at different

stratigraphic levels along a thrust belt during a particular rime span. This is similar to the

synchronous model of thrusting of Boyer (1992) for the southern Canadian Rocky

Mountains, where a higher (here internal) décollement continues to deve!(\!' during the

same period that imbricates form from above the basal décollement. The various

décollements may continue 10 develop even if faults rise from the deeper décollement and

cross-eut the shallower décollement surface (s). Thus, during the evo!ution )f a mountain

belt, the relationships and displacement of various décollements may be complex. The

interpretation of the role of a particu!ar internal décollement can be difficult to assess,

unless a detailed three-dimensional framework of the thrust belt is reconstructed and

palinspastic res1orations made from which relative displacements can be determined.
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CONCLUSIONS

Three types of décollements can be deduced from the current geometry of the

Canadian Cordilleran foreland thrust belt, namely basal, intern1ediate internaI and upper

décollements, based on data from the Athabasca-Brazeau region and integrated with

regional information.

1) An internai décollement is recognized by a layer-parallel glide horizon that correspond

to an extensive fiat segment abave a ramp that links it to a portion of the basal décollemcnt

situated further in the hinterland of the thrust belt. Many fault imbricates emanate from an

internaI décollement. The internaI décollement is underlain by the continuation of the basal

décollement towards the foreland and overlain in most cases by an upper décollement

surface.

2) The basal décollement of the Front Ranges and Foothills changes both laterally and

towards the foreland. It has two ramps, one that cuts up section from the base of the

stratigraphic pile to a slippage zone in the Devonian, and another that cuts up section from

the Devonian to another fiat in the Upper Cretaceous.

3) Overall, the 3hortening within the Mesozoic sequence of the Foothills is equivalent to

that in the Paleozoic sequence. However, there are discrepancies in relative shortening

within the Mesozoic and Paleozoic sequences when only short segments of the cross­

sections are considered. Thus section balancing using relative bed lengths must be done

for the entire Foothills to construct valid cross-sections.

4) In the Athabasca-Brazeau area six extensive layer-parallel glide horizons are

recognized: the Sassenach-basal Palliser formations, the r:ernie Group, the upper portion

of the Nikanassin Formation, the Blackstone Formation, the Wapiabi Formation and

lower part of the Brazeau Formation.
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5) Successive forward shifts of the basal décollement to new positions within the

stratigraphie pile led to the formation of internai décollements, sorne of which may be

cross-eut, folded by the stacking of thrust sheets of younger fauits rising from deeper and

more northeastward décollements.

6) The upper more forward segment of an early décollement appears to have been utilized

as a roof thrust during the development of deeper seated duplexes (i.e. the Folding

Mountain and Luscar duplexes underlying the Blackstone décollement).

7) The abandonment and forward shift of basal décollements in the external part of the

Rocky Mountain belt appears related to the development of the upper décollement and can

be explained by the Coulomb orogenie wedge mode!. It is interpreted that the formation of

the upper décollement caused increased friction along the composite basal-upper

décollement surface that gradually raise<! the critical taper angle of the orogenie wedge.

Renewed internai deformation within the wedge eventually le<! to a shift of the basal

décollement downwards to a new basal décollement to reduce friction. This allowed for

renewed foreland accretion until friction again buiit up sufficiently to cause another cycle

of basal décollement abandonment.
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CHAPTER THREE

NUMERICAL MODELING OF THIN·SKINNED THRUST SYSTEMS·

INSIGHTS ON THE PROPAGATION AND OVERLAP OF FAULTS,

WITH APPLICATION TO

THE THRUST·FOLD BELT OF CENTRAL ALBERTA

ABSTRACT

Two computer programs have been developed to analyze the propagation of

multiple thrust faults and their influence on the geomeUy of a thrust belt. The computer

programs use algorithms based on currently known equations of fault propagation, to

generate graphicaI simulations. The simulations are used to demonstrate a model of thrust

propagation and thrust belt development that fits CUITent knowledge about fault

propagation. This numericaI model is based on two rnechanisms: 1) The spreading simple

shear rnechanism applies a simple form of layer-parallel shear strain symmetricaI about the

center of the leading edge of a thrust fault to its lateraI tips, that is subsequent to the lateraI

and forward propagation and motion of a single thrust fault. 2) The overlap mechanism is

a conceptuaI model that suggests when each fault might propagate when a group of thrust

faults is linked through a common décollement. The mechanism imitates a local stress

buildup and the eventuaI relaxation which takes place by slip on the fault best-situated for

this purpose.

The computer simulations provide useful information about the generation and

behavior of multiple faults. 1) The number of faults, the positions of their nucleation

points, and hence their density, the rheology and consequent speed of fault propagation

govem the unifonnity of the shortening along the thrust belt. 2) The branch lines and
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hanging wall strain pattern of two intersecting thrust faults can be used to trace the

thrusting sequence of two thrusts. 3) Computer simulations show that the shortening of a

thrust belt can be distributed more evenly by means of propagation of a large number ()f

small faults than by a few large thrusts. 4) Computer simulations also demonstrate that the

final geometry of a large thrust fault on a geological map leaves little clues about its

origin, whether it was produced by the coalescence of a series of en échelon thrust faults

or from only a single fault. The overlap mechanism is a more viable alternative to the

thrust transfer zone concept because it conforrns to CUITent knowledge about thrust fault

propagation.

A computer simulation shows that a simple kinematic model based on map length

and position of known thrust faults can imitate the curved fault map patterns of a segment

of the thrust-fold belt of central Alberta.

INTRODUCTION

In the last two decades, the extensive mapping of thrust belts has greatly advanced

the description and comprehension of thrust fault geometries. The deforrnation

mechanisms leading to the horizontal shortening and vertical thickening of a thrust belt are

divisable into three categories: low-angle overthrust faulting, folding, and layer-parallel

shortening. The interference and overlap of the structural features created by these

mechanisms render it difficult to construct a kinematic model of the deformation leading 10

a particular set of structures. Hence, much remains to be done to understand the

kinematics and deformation mechanisms that cause translation of large rock masses within

thrust-and-fold systems.

The thrust fault mechanism has been extensively studied, particularly the linkage

between individual thrusts in a thrust belt system, in attempts to explain why the

shortening measured a10ng a particular thrust belt remains relatively constant while

individual faults have finite width and varying displacements. Thrust transfer zones have
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been proposOO as a common deformation mechanism for thrust-fold belts. particularly for

examples from the Canadian Rocky Mountains (Douglas. 1958; Dahlstrom. 1969). A

thrust transfer zone is definOO as the zone of overlap between two thrusts. These thrust

faults are linkOO via a common underlying basal décollement. The observOO succession of

a series of thruSts with intervening overlap zones along t.:1~ strike of a thrust belt 100 to the

proposal that such thrust faults are correlative and delineate one or severallinkOO thrust

sets within the Rocky Mountain thrust belt (Dahlstrom. 1969. Fig. 14). The transfer zone

principle has since been usOO to explain the geometry of natural examples observed in

thrust belts (Price and Mountjoy. 1970; Brown and Spang. 1978; House and Gray, 1982;

Boyer and Ellion, 1982; Langenberg. 1985; Tysdal. 1986. Sanderson and Spratt. 1992).

It is usOO to expIain why shortening apparently remains more or less constant along large

stretches of thrust-fold belts, while faults have finite map lengths and show a progressive

lateraI decrease in their displacement.

However. the study of the final geometry of two neighboring faults or of a large

segment of a thrust belt does not give much insight about the history of fault propagation.

the timing of motion of the various faults relative to one another, and the sequence of

thrust belt development. Several studies highlight the importance of the slow and

progressive nature of the propagation of thrust faults (Elliou. 1976a.b, Scholtz et al.•

1986. Walsh and Watterson. 1988). The evolving nature offaults is of critical importance

to understand the linkage existing between adjacent faults during the formation of a thrust

bell Furthermore, the sequential model of thrust faulting (i.e. hinterland-to-foreland fault

development) is being challenged by theoretical models (Davis et al. 1983) and field

studies (Boyer. 1992). These models suggest a more complex history of faulting. where

faults situated in the hinterland may be reactivated, while other faults situated near the toe

of a defonning thrust wOOge are being formOO. In our opinion transfer zones. as usually

described. are a simplification of the more complex mechanisms that 100 to a particular

thrust geometry. Because thrust faults propagate spatially through lime, the en échelon
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overlapping of two neighboring thrus,ts should be considered as the consequence of fault

propagation rather than the reflection of an uncertain mechanism (e.g. the 'compensatory

mechanism' of Dahlstrom (1970)) of transfer of thrust displacements between two or

more faults.

This paper attempts to clarify how thrusts propagate and what effect the varying

amount of displacement along single thrust faults has on the geometry of a thrust-fold

bell. A simplified geometrical model of thrust propagation for the cases of a single or

three branching thrust faults, showing the effects of thrust propagation on the geometry

of a thrust belt is presented. The model is developed and generated by IWO computer

programs, TIlREE THRUSTS and OVERLAP, and ilIustrated with simulations of thrust

faults generated by these programs.

MODELS OF THRUST FAULT DEVELOPMENT

Three critical questions need to be addressed by models intended to portray the

evolution of a series of thrust faults in a thrust beh: 1) the manner by which asingle fault

will evolve (fault propagation), 2) the deformation that will be caused by a single fauh

(displacement l'alterns in the hanging wall), and 3) the critical factors controlling a given

rupture on a fault, in other words, why one fault will slip rather than another. By making

some simplifying assumptions about the deformation, it is possible to model sorne aspects

of the final deformation of thrust belts. Where the nucleation and slip events of the faults

are controlled, the first two questions are addrcssed, using the TUREE THRUSTS

computer program. The OVERLAP computer program addresses the third question and is

presented later.

Thrust fault propagation and displacement patterns

Various models have been proposed to explain the kinematic evolution and/or the

mechanics of a thrust sheet (Bie1enstein, 1969, Gretener, 1972), but only recently has
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thrust fault propagation become the subject of debate. OIder experimental models of thrust

fault geometrical evolution used preexisting fault planes (Rich, 1934). This is because

these features were assumed to develop a\most instantly at the beginning of fault motion.

Douglas (1958) proposed that thrust faults of the Rocky Mountain belt propagated

gradually both laterally and towards the craton. Elliott (1976a) proposed that a thrust fault

propagates radially from a point source, spreading sideways usually more rapidly than

forward. The 'Bow and Arrow Rule' was derived from this relationship, and states that

the maximum displacement of a thrust fault is a vector perpendicular to the center of the

chordjoining the thrust terminations in plane view. Elliott (l976a) also presented data that

suggested that the value of this maximum displacement of a thrust fault was directly

proportional to its map length. This hypothesis is now known to be a generalization of a

more complex situation where ail thrusts do not obey the rule, particularly because of

variations in rock rheology (Ellis and Dunlap, 1988, Walsh and Watterson, 1988, Cowie

and Scholz, 1992a, 1992b, Gillespie et al., 1992). Elliott (1976a) also observed that

thrust terminations were generally marked by folds which he interpreted to represent a

zone of plastic strain or a 'ductile bead'. He noted that these terminal folds are strongly

non-cylindrical and propagate just ahead of the sideways propagating thrust (i.e. that the

folds are f..ult propagation folds (Jamison, 1987; Mountjoy, 1992). Thus, the current

view is that thrusts develop relatively slowly and continuously, propagating through a

rock body during an extended period of time (Elliou, 1976a,b; Scholtz et al., 1986; Walsh

and Watterson, 1988, Bombolakis, 1992). This concept needs to be incorporaled into a

mechanism of thrust development that would explain tbe '1arying displacement gradients

observed alC,.1g neighboring and overlapping faults.

Gardner and Spang (1973) used experiments on clay cake models te obtain a better

understanding of the stress and strain relationship~ in areas of neighboring and

overiapping thrust faults. Using predeterrnined fault locations and extensions, they

modeled cases such as simple fault-fold transitions, multiple faulting and tear faulting.
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Their models showed rather simple relationships because they did not allow faults much

lateraI growth. Their model results showed fanning effects in the hanging wall of a thrust

from the middle of the fault (maximum displacement location) to its tip as the

displacement along the fault decreased A schernatic portrayal of the divergent flow lines

of such a fanning l~ffect is shown on Fig. 3.1 (b). This kind of displacement pattern

would lead to extension along the leading edge of thrust sheets. From field observations,

Coward and Potts (1983) showed a displacement gradient sirnilar te that iliustrated in Fig.

3.1 (c) for a major thrust fault from the Moine thrust zone, where large shear zones or tear

faults were found along the lateral sides of the thrust sheet This case is clearly unusual in

comparison to thrust-fold belts such as the C~nadiall Rocky Mountains where tear faults

are relatively minor but are locally important. Figure 3.1 (a) shows a case of parallel

displacement vectors of decreasing values from the center of the fault to its tips. This is a

type of heterogeneous simple shear (Ramsay and Huber, 1983) that can be accommodated

by a series of small faults or veins such as those described by Price (1967) and Lebel

(Chapter Four of this thesis). Hence, several patterns of displacement flow lines can be

visualized during the development of a simple thrust sheet, patterns which may be

recognized through the study of the internaI hanging wall defonnation (Le. brittle or

ductile defonnation elements: mesoscopic or macroscopic faults, veins, shear zones,

folds, see Chapter Four of this thesis). However, the results of such studies may be

difficult to interpret due to possible superimposed strain.

One important aspect which is neglected by all the models illustrated in Fig. 3.1 is

the effect of thrust propagation on the kinematic pattern of a thrust sheet. Recently, Liu

and Dixon (1991) and Dixon and Liu (1992) were able to simulate thrust fault propagation

using a centrifuge analogue mode!. Their results clearly show that significant layer parallel

shear strain due to lateraI fault propagation must be involved in the final state of a thrust

belt. Laboratory and field data from micro- to rnacroscopic faults, show that displacement

measured along the length of faults often shows a zigzag segmentation of gradients of
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decrease, but with an average gradient that tends toward a straight line (Cowie and

Scholz, 1992, Fig. 7, Walsh and Watterson, 1988, Dixon and Liu, 1992, Fig. 16), rather

than an elliptical curve o[ .:.isplacement suggested by theories of e!astic fracturing.

Thus, it is reasonab!e to set up a numerical model of thrust growth that is based on

a linear decrease of the displacement of the fault from its center to its latera! tip. Another

assumption of the model used herein is that the individual particles of material above the

thrust fault are ail transported parallel to the slip direction of the fault, as portrayed in Fig.

3.1 (a). Because of the various possible departures of natural strain patterns from this

model, this simplified model cannot be applied to al! cases of thrust sheet emplacement,

but rather should be used as a basis for comparison. As shown below, this modcllcads to

a better comprehension of the effects of lateral thrust propagation.

The spreading simple shear mechanism

Both numerica1 models presented here use the same defonnation mechanism that is

terrned 'spreading simple shear' in this paper. Although the end product generated by the

models I1Ùght be relatively uniform shortening along the thrust belt, the driving

mechanism is a series of translations of varying values, an adaptation of the simple shear

mechanism presented in Fig. 3.1 (a) (Fig. 3.2). The spreading simple shear mechanism

differs from ordinary simple shear since the width of the shear zone gradually increases as

the thrust fault spreads laterally.

The defonnation mechanism is based on simplifications from observations of

natural strain patterns observed in thrust sheets (Bielenstein, 1969; Coward and Potts,

1983; Coward and Kim, 1981; Elliott, 1976b; Ellis and Dunlap, 1988), and on the results

of analog thrust modeling (Dixon and Liu, 1992). It uses the equations of Walsh and

Watterson (1988) to translate the conceptual model into a workable mechanism. These

equations express the relationship between the width of a fault (W), its maximum

displacement (D, Fig. 3.la) and its rate of propagation (represented by a single variable,



•

•

40

k, representative of the rock rheology). Thus, these cq!lations permit to derive a thrust

fault propagation algorithm. Each fault nucleates from a predetermined point and evolves

in a series of steps corresponding to slip events. The suggestion of Elliott (1976a) that a

Iinear relationship exists l:o<:tween maximum displacement and fault width for any thrust

fault was contested by Scholtz et al. (1986) and Walsh and Watterson (1988) on the basis

of measurements of displacement made on faults observed in rocks of varying rheologies.

Rather, displacement appears to increase arÏthmetically relative to the fault width, with

each successive slip event (Walsh and Watterson, 1988) explaining the changing ratio of

width to maximwn displacement of natural faults. Cowie and Scholz (1992) have recently

contested the significance of the fault data presented by Walsh and Watterson (1988).

Rather, their data favor the hypothesis of a self-similar model of thrust growth (Le. each

displacement event reproduces the same width to maximum displace;ment ratio for a

particular thrust). Additional data from Gillespie, Walsh and Watterson (1992) rule out

the self-similar growth model but indicate that the exact value of the variable n in their

growth algorithm (Gillespie et al., 1992, see below) is uncertain. However, this

uncertainty is not sufficiently large to modify significantly the geometric simulations of

thrust growth presented here. Thus, n =2 is used (as in Walsh and Watterson, 1988)

because it yields a simple arithmetical algorithm of growth.

In the model presented here, the thrust sheet, driven by a given thrust fault,

deforms through the spreading simple shear mechanism that permits both forward and

laIeraI thrust propagation (Fig. 3.2). While the center of the fault propagates forward and

increases the displacement of the thrust sheet, the laIerai tips of the fault propagate

laterally. Immediately following the flfSt event of lateral propagation of the thrust tips, the

relative segments of the sheet lei! and right of the nucleation point (point xo, YO-Fig. 3.2a)

are displaced by a series of \<ectors decreasing in value with a mirror-plane of synunetry

from the center 10 both thrust tips. After cach new increment of fault slip, the value cf the

total displacement relative to the footwall measured along the thrusl trace is assumed to
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decrease linearly from the center of the fault (or initiation point) to the lateral tips (Fig.

3.2 (b»).

Walsh and Wallerson (1988) propo~cd an arithmetic growth model in which the

relationship between the width (W) and the total displacement (D) on a single thrust fault

is dependent upon rock rheology and is not linear but rather arithmetic (log-log), when the

total number of discrete Increments of displacement (slip events) is large,

W" =D· P «1), Walsh and Wallerson, 1988)

and where P is a constant dependent upon rock rheology and Il =2 (see above for

discul'sion). A s"ismic slip event u is the parameter usually used by earthquake

seismologisls to portray each Increment of displacement on a fault

On a fault growing according to the arithmetic growth model, with last increment

of displacement uN (amount of slip in a slip event) and with N slip l'vents, if successive

events u1 ' u2 ,u3, ... UN have a common difference, Q, and the tirst term is zero

«AI), Walsh and Wallerson, 1988)

when N is small. The maximum and total displacement (D) measured in the center of the

fault is the summation of all the Increments of displacements and is equivalentto:

D=N/2·(N-I)·Q ( (A2), Walsh and Wallerson, 1988)

•
Half of the distance (W) between the lateralthrust tips is labeled the fault radius

(R), and after a new Increment of displacement:

«AS), Walsh and Watterson, 1988)
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where k is a rheological constant k is related to P through:

( (A7), Walsh and Watterson, 1988)

In this model, a and k are fixed by the user so that the incremental values of D (D') and R

can be found easily:

(1)

The model is set in a xy reference frame. with the axis of shortening in the x

direction. The position of the new thrust trace (Fig. 3.2 (b» after each slip increment can

be determined easily relative to the footwall position of the nuc\eatirjnjJoint of the fault.

xOYO. by tracking the position of central point of maximum displacement and the lateral

fault tips before a new incremen' ol displacement (x 1YO' XOY1. XOY2)' Hence after a new

slip increment, the central point of maximum displacement x2 will be at

(2)

•

and the lateral tips will he at

YI' = yO • (k . uN ) and XO (3)

n' = yO + (k. uN) and XO (4)

Since the deformation mechanism is a form of heterogeneous simple shear,

displacement vectors are parallel to the x axis but of unequal1ength. By detennining 01
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and 02 ( Fig. 3.2 (b», the displacernent vector for each shear plane along the the thrust

width is found through

UN [y] =x" - x' (5)

where left of YO

x' =tan 01 . (Y-YI) (6)

x" =tan 02 . (y-YI ') (7)

and right of YO

x' =tan 01 . (Y2-Y) (8)

x" =tan 02 . (Y2'-Y) (9)

Naturally, the value of x' is set to 0 before each new slip incrernent, left of YI and right of

Y2·

ANALOG MODELS OF THRUST FAULTING

Although rnuch attention has been devoted to thrust belts, little study has been

done to determine the geornetrical implications of thrust propagation in three-dirnensions.

Analog sandbox and centrifuge rnodels have been used to simulate various kinds of

geological phenornena in three-dirnensions (Hubbert, 1937; Ramberg, 1981, Liu and

Dixon, 1991, Huiqi et al., 1992)). Sorne recent technical irnprovements allow better

observations of progressive deforrnation (e.g.: X-Ray tornography, Coletta etai., 1991).

However, because of the srnaller scale of these experiments and the rnaterial that is used,

their result~ do not answer ail the questions related to thrust belt developrnent. As

recognized by Hubbert (1937), scale rnodels using plaster, clay and now silicone putty or

honey should be carefully ccmpared to actual rocks because of the discrepancy :n

sttengths of materials and the irnposed acceleration of deformation cornpared ID the natural

case. Consequently, these models do not permit a quantitative correlation of the irnposed
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deformation rate with natural'y occurring geologicaI phenomena, or cannot easily simulate

the effects of a change in vaIue of rheolQgicaI variables on the shape of a fault or its rate of

propagation in a rock sequence. So far few experiments have been attempted to study the

effects of lateral fault propagation on neighboring faults, aIthough interfere'1ce effects

have been predicted by some (Coward and Kim, 1981; Ellis and Dunlap, 1988).

In much the sarne way as anaIog models, computerized modeling of thrust systems

or single faults has received considerable attention in the last decade (Jones and Linsser­

THRUSTBELT; Kligfield, Geiser and Geiser-GEOSEC-lü; Klapstein-FLTBND;

Wilkerson and Usdansky-FAULT; Usdansky and Groshong-THRUSTRAMP). These

programs have been designed with certain boundary conditions to observe the evolution

of a set of predetermined structures and the consequent geometric relationships (fault

stack, ramp-related folds, fault-propagation folds, ete.). These models have mostly been

devoted to the study of thrust belts as seen in cross-section, because of an interest to

replicate structures observed on seismic profiles acquired through petroleum exploration

(e.g. Jones et al., 1992). The same approach has been a useful way to check the vaIidity

of balanced cross-sections. However, numericaI models aIso have their limitations when

il. comes to modeling complex situations such as three-dimensional strain caIculations

related to the propagation of multiple coevaI faults.

The approach presented here uses an intermediate technique where the computer is

used ta perform iterative operations to simulate a thrust belt being shortened; ta do sa two

different programs have been developed to model two different aspects of the thrust belt

kinematics:

I-THREE THRUSTS simulates the deformation that one would observe in a

thrust belt (or a sandbox) with infinitesimally thin thrust sheets propagating individuaIly

without being constrained by physicaI barriers.
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2-0VERLAP simulates a thrust belt using a defonnation mechanism that pennits

an evenly distributed shonening while numerous faults are allowed to nucleate and

propagate.

Bothprograms use algorithms of fault growth based on the equations developed

by Walsh and Watterson (1988). They use the graphical output of the computer (a matrix

of pixels (square dots), or bitmap) as 8. means of keeping ttack of the defonnation,

imposing incrementai srrain md detecting special situations. Bitmaps have be~·.n used ;.0

the past to simulate detormation of single objects or multiple objects wilhin lill

homogeneous two-dimensional ride" (de Paor- STRAIN SAHPLER. McEachran.

STRAIN GRAPHIeS). The techJ'.iq~ ~ presented here differs in lb1t the graphical objects

(faults) direct the defonnation via a series of predetennined growth algorithms. Th" .

graphical output is also checked so that the simulation obeys a set of empirical rules,

which generates a graphie output that can be compared to geologic phenomena. Since

these rules generate scale-dependent simulations, the simulation can represent faults of

lateral extent at any scale ranging from several tens of mettes to several hundreds of

kilometres.

THREE THRUSTS program

The progra.'TI TUREE THRUSTS runs on an Apple Macintosh microcomputer.

The screen serve,. as the device on which the evolution of the numerical model is

followed. The screen view is an analog ~o what an observer wouId see if looking at the

surface ofa sandbox or centrifuge modellike the ones used by Gardner and Spang (1973)

and Dixon and Liu (1992) to simulate the evolution of a single or a series of thrust sheets.

The difference with the sandbox models resides in several boundary conditions. The

incrementai outputs portray. with simplifications. an accelerated simulation of what an

observer would see if looking from the air at a thrust belt with up 10 three coeval thrust
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faults. The thrust fauIts can be wU'ated anywhere within xy space and can be generated at

any seale. 'l'lie cons':ijuent simulation is seale-dependent.

Boundary conc!iiions

In addition to the assumptions set up within the spreaeting simple shear mechanism

of thrust faulting as explained above, several simplificatioas have been introduced in the

THREE THRUSTS computer mode! in order to generate simulations that can be easily

understood and compared. These experiments may lead eventually to more complex

models. The thrust sheets generated by the THREE THRUSTS model are assumed to be

inf; .•itesimally thin, so that no folds are generated either by ramping or over a

décollement, and that the effects of thrusting can be isolated. No compensatory

mech:iJ1ism is used to keep a unifonT! value of shortening along the thrust belt. In the

model, having one thrust situated nearer the foreland than another one is taken into

account so that the thrust pos;tior.~ed nearest the foreland deforms the hinterland ones

when there is ail overlapping of the fauIt~ (Fig. 3.3). The piggybat:k carriage of the

hinterland thrusts by the foreland thrust imposes layer-paraIIel shear strains. Overriding of

a foreland thrust by hinterland thrusts also needs to be properly sim!JI~ted, since no

assumptions are made about the sequence of thrusting and the individual tbrusts are

assumed to propagate synchronously. Hence, to get a three-dimensionai simulation. a

'hinterland' thrust is aIlowed to mask a 'foreland' tbrust as the former overrides a part of

the latter (Fig. 3.6). The imaginary material boundary surfaces of the model are defmed in

a manner similar to a sandbox model, with a lower plate, two opposite wails (the top and

bottom of the sereen, with the top wall converging towards the bottom), and the sides of

the sereen being modeled as free surfaces, as weil as the surface between the observer and

the sereen.

Contrary to a real sandbox-cl:l1!rif::ge model, the mobile rear boundary is not

modeled as a fIXed rectilinear panel but as a surface that follows the movements permitted
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by the propagation of the thrust faults. Because we are using a model of a thrust belt

where no mechanism of shortening other than thrust faulting is allowed (Le. no folding or

layer-parallel shonening), and because only a few active faults are present, the shortening

along the belt is not evenly disnibuted until substantial overlapping of the faults occurs.

This mobile rear boundary is used to observe the effect of thrust propagation on

predetennined structures. Another simple rule does not allow a foreland thrust to cut

through an overlying, hinterland thrust but only to merge. This eliminates the possibility

of abnormal or out-of-sequence faults, cross-eutting earlier thrusts.

Description of the computer simulations

The execution of the program can be started and interrupted at any time. A series

of lines with a spacing defined by the operator are drawn on the screen as strain markers.

An option pennits one to paste in any bitmap image as an alternative marker, or starting

pattern (e.g. an image generated from a previous simulation with locked thrusts). The

user can choose between one and three thrusts that can be active dming the execution of

the simulation. The default parameters that define the fault propagation rate can be

changed, that is the value of k and a (defined by Walsh and Watterson, 1988).

If three thrusts faults are set, the program frrst finds the location of the nucleation

points as selected by the user and then proceeds to rank them relative to their position

from the bottom of the screen (foreland). The lowermost one is Tl, (nearest the foreland

or of frrst rank), the one c10sest to the rear boundary is T3 (Fig. 3.3). The program will

not allow IWo thrust nucleation points to be placed on the same row of pixels. THREE

THRUSTS then proceeds to ca\culate and draw on the screen each slip increment, for

each fault, one fault at a time. Since the three thrusts are developing synchronously each

one slipping by minute increments, the crder in which each fault moves is not significant.

Arbitrarily, the program starts with the frrst increment of deformation on Tl, doing TI,

T3 in turn and then back to Tl, repeating this cycle until the user stops il. An alternate
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mode (manual mode) pennits one to choose a preferred fault to be activated by simply

clicking on il The program keeps track of each increment of faulting independently for

each fault Ce.g. in a three thrust scenario. the user might chose 10 activate TI a number of

times before the fmt slip on Tl. then make any choices with any of the three faults).

The fiist and subsequent increments of displacement on each fault are calculated.

together with new locations. using their maximum displacement center point and lateral

thrust tips. The model is scaled so that the rate of propagation of a fault is related to its

width according to the eqcations of Walsh and Watterson (1988), which describe natural

faults of various scales and rocks of various rheologies. The model outlined here is

mainly useful for faults of kilometre-scale lateral width. but various situations can be

modeled since any scale can be used for the simulations. The defaui •• value of the model is

100 metres per pixel (1 pixel = 1n2 inch). Hence in this case. each increment of

displacement of 100 metres or more is calculated at the center of the fault. the column of

pixels behind this point is displaced by an equivalent number of pixels. The incremental

displacement is then distributed with a linear deerease in value on each colum.-: of pixels

found left and right from the center of the thrust to the new tbrust tip where the

incremental displacement is ni! according 10 the spreading simple shear meehanism (Fig.

3.2).

The location of each pixel composing the leading edge of each fault, relative to the

reference grid, is kept in a positioning matrix (x-y coordinates) so that the strain effeet on

a hinterland tbrust being transposed piggyback by a frontal thrust is always tracked. A

hinterland thrust which has changed its position relative to the reference grid can thus be

deformed subsequently at its correet new location. Beeause each foreland thrust applies

incremental transport of varying value along strike onto overlapping hinterland thrusts.

the location of the affeeted hinterland thrust has to be followed independently from the

screen output, within the positioning matrix. The shape of a hinterland thrust trace will

change with the overlap and piggyback transport by a foreland thrust and will not
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conforrn to a simple bi-rectilinear V like the one shown for a single fault (Fig. 3.2). The

positioning rnatrix is thus used by the prograrn so that the same vectorial addition to each

pixel column behind the thrust trace is perforrned as if both fault segments were

rectilinear, thus neglecting the effect of shape change on the kinematics (Fig. 3.4). The

coordinates of the positioning matrix also allow the program to keep !rack of the axis of

lateral spreading of each thrust tip (Fig. 3.2a).

Special cases

Special situations are handled using test routines in order to prevent the moJe!

from producing graphical aberrations that would not be comparable to geologic

phenomena. When such special circumstances occur, the program follows corresponding

e.npirical rules. Th.ese empirical rules are derived from current knowledge of thrust fault

behavior in thrust-fold belts and have been determined while prograrnming, as answers to

problematic situations that happened as the code was being tested. Two special cases are

discussed below.

Special case 1: T3 thrust tip propagating ahead olT2 thrust tip

Because of the cumulative layer-parallel shear strain developed behind a

propagating foreland thrust fault (TI), the rear-most fault (or nearest the hinterland, T3)

within the strain zone will be deformed and may eventually grow to a position where one

of its tips will be ahead of a tip of T2 (Fig. 3.5 (c». To spot this situation, the program

always verifies if the new thrust tip of T3 occupies such a position relative to n. If so,

the program takes note and executes the subsequent deformations so that TI cames T2

piggyback (i.e. 1'2 will hide parts of T3 if it moves ""er it).



•

•

50

Special case 2: Intersecting thrust traces

During its evolution, a thrust fault may propagate into (or merge with) another

fault. In rhis case, THREE THRUSTS detects the situation and checks if the propagating

fault is in the hanging waIl or footwaII of the other one. If the propagating fault is situated

in the footwall, the image created on the screen will be a simulation of piggyback

thrusting and merging with the overlying fault, so the thrust trace will not cross-cut the

hanging wall fault (in cross-section this situation would appear as a duplex, Dahlstrom,

1970; Boyer and Elliott, 1982). The program takes note of the situation for aIl future

moves of both faults (Tl carries TI, Fig. 3.6 (a». Another special case may arise if the

propagating thrust (T2) has been sufficiently strained by Tl to occur ahead of the lateraI

tips of Tl (Fig. 3.6 (bl) (b2». In this case, the propagating fault TI cannot cut through

the intersecting fault Tl because it is constrained within the Tl thrust sheet and thus must

tear off the part of Tl situated to the right of the branch point, point X (Fig. 3.6 (b2) see

below for further disclJssion). TI then follows the former axis of lateraI thrust

pro;>agation of Tl (compare the growth of TI from Fig. 3.6 (b2) 10 Fig. 3.6 (b3».

Thrust simulations

Several interesting phenomeroa, important for understanding thrust belt evolution,

can be observed using the THREE THRUSTS program. Simplifications are inherent to

the computer model and observed features within the simulations can be correlated with

natural examples.

l-Straill reversai due to piggyback thrusting

Hanging wall strain during thrust propagation is an important kinematic

mechanism. During the developrnent of a thrust belt, a rock body may go through a series

of deformations related to the propagation and advance of lower thrust faults transporting

it in a piggyback manner. SOIr.e of the more important strain will be caused by layer-
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parallel shear strain within the thrust sheet, tenned 'piggyback longitudinal shear strain'.

For example, in Fig. 3.7 (a), the right side of the T2 thrust sheet undergoes sinistral

simple shear during an episode of thrust propagation and advancement, but this simple

shear strain is reversed by the dextral simple shear introduced by the propagation of the

left side of Tl (Fig. 3.7 (b) and (c)), a thrust faultcloser to the foreland that overlaps part

of TI.

Situations involving several thrust faults propagating within a common time span

would create complex kinematics and incremental strain histories in individual thrust

sheets. Clearly, hinterland thrust sheets should have undergone a long-lasting and more

complex strain history of layer-parallel shear than the foreland ones.

2-Kinematic interpretation oftitrust branch points

The !ine of intersection of two fault planes is tenned a branch !ine; the point of

intersection of the branch line on the topographic surface or the point of intersection of

two thrust traces on a geological map is tenned a branch point (Boyer and Elliou, 1982;

Hossack, 1983; McClay, 1992). Branch lines can originate in different manners in nature,

which has important implications for computer simulations inasmuch that thrust branch

points are in fact the more difficult aspect of thrust propagation to model numerically. The

meaning of tbrust branch points in nature or as projected on geological maps can be

uncertain and several interpretations can be given, depending on what we know about the

relative position of each fault (Boyer and Elliot!, 1982; Diegel, 1986).

In simulations of two neighboring nudeation points, situated close to the same y

axis, a variety of different types of branch points and thrust sheet behaviors are observed

depending on relative initial positions along the x axis and the sequence of thrusting. For

IWo thrust Tl and TI nucleation points, three sequences of thrusting can be simulated: 1)

TI formed before Tl (Fig. 3.6 (a)), 2) Tl fonned fust (Fig. 3.6 (b), and 3) the two

faults propagated synchronously (Fig. 3.6 (c».
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In case 1 (Fig. 3.6 (a)), where 1'2 propagates fJrst, the center part of 1'2 advances

ahead of the lateral propagation axis of TI and stops. The lateral propagation of Tl then

leads to a branch point where the right part of Tl continues to propagate under 1'2 to forrn

a duplex. Tl and 1'2 will then tend to become parallel, as Tl continues to propagate (Fig.

3.6 (a3)). The branch point will not move laterally during further propagation ofTl under

T2.

Case 2 (Fig. 3.6 (b)), where Tl propagates flfst, leads to imbrication of Tl by 1'2.

Tl overlaps the nucleation point of 1'2, and 1'2 is carried ahead of the right 111.eral tip of

Tl (Fig. 3.6 (bl)). Tnen, motion on 1'2 willlead to an initial branch point along the right

leading edge of Tl (Point X, Eg. 3.6 (b2)). Since 1'2 and Tl are at a high angle to each

other and emanate from the same décollement, T2 will gradually advance over Tl and

carry material that used to be part of Tl, right of the initial branch point between 1'2 and

Tl (Fig. 3.6 (b2)). The initial location of the material that was part of Tl and transported

as a part of the leading edge of T2 at the end of the simulation is shaded in Fig. 3.6 (b3).

In case 3 (Fig. 3.6c), thrusts Tl and 1'2 propagate synchronously, with alternative

slip events. In the simulation, the branch line moves gradually backwards relative to 1'2

and the branch point mo~es towards the center of Tl as the deforrnation progresses. Such

displacement of the branch line may be represented in the fJeld by wide shear zones

between natura! faults close 10 the branch point

Thus, computer simulations predicl differenl branch.line geometries and hanging

wall sheâl' strain for varying sequences of thrusting.

3-Kinematic model ofa large segment ofa thrust belt

The three-dimensional and complex nature of thrusl belts makes il difflcult 10

forrnulate a detailed kinematic model similar to the configurations of thrusts observed in a

thrusl bel!. In the same manner, a numerical simulation of thrust fauIting involving

hanging wall deforrnation becomes increasingly difficult to handJe as the number of faults
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involved increases. However, this computer model permits the generation of a sequcntial

model of classic foreland directed deformation with up to three simultaneous faullS in each

sequence of deformation. Tracking deformation with the use of screen markers is much

simpler than trying to plot and follow the complex trigonometrical calculations that are

needed to describe the effects of deformation of one thrust fault by another.

A sequential model of thrust belt evolution is made on the computer screen by

successively pasting in the result of incremental deformations along individual faults.

Thus the model can be used to simulate the evolution of a particular segment of a thrust

belt and from this obtain an incremental kinematic model of the deformation. A computer

simulation that approximates the kinematic model of the Front Ranges and Foothills of the

Canadian Rocky Mountains between the Athabasca and the North Saskatchewan rivers

(Fig. 3.8) is shown on Fig. 3.9. The construction of the model is straightforward and

leads to a surprisingly close approximation of the present pattern of thrust faults in this

area (compare Figs. 3.8 and 3.9 (e)).

The generation of a large thrust fault (width >5() km) using realistic a and k values

needs a substantial number of slip events (N)I,OOO), thus it was chosen in this case to

work with a sequential model Wil(lre only one fault was active at a time. This considerably

reduces the time required to achievc. the simulation. One feature of the THREE

THRUSTS computer program is that from a pre-set final thrust width of a particuiar

thrust fault, it calculates the results of all the numerous slip evenlS before any deformation

is shown on the screen. Therefore, using the width of a fault as measured from a map and

realistic rheological variables, a particular thrust fault can be generated rapidly. When a

fault has attained ilS desired width, it is then easy to increment the deformation of the area

by copying and pasting the bitmap result within a new simulation. The next simulation

starts simply by placing a new fault of a newly desired width in a new location further

toward the foreland of the pasted bitmap from the previous simulation (placing il behind
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the previously drawn faults willlead to out-of-sequence fault patterns, since the program

cannot recognize faults within pasted bitmaps).

To construct the series of simulations shown on Fig. 3.9, values of a and k were

kept constant for ail faults and were set according"to values suggested by Walsh and

Watterson (1988) for rock sequences of similar rheology to the Canadian Rocky

Mountain Front Ranges and Foothills (which consist mainly of clastic and carbonate

sedimentary rocks). The projection was set to 1:1,000,000, thus trying to image effects of

large thrust faults. At this scale, with the set a and k values, short faults (W<33 km) do

not have any effect on the simulation, because their maximum displacement is smaller that

353 mettes (1 pixel) and do not reach the critical value of 1 pixel for minimum translation

within the bitmap. The small faults shown in the simulation have oruy been set as markers

to fol1ow the deformation (e.g. sorne of the numerous faults located near Mountain Park­

Figs. 3.8, 3.9 (b». The width of each modeled fault was flrst measured on geological

maps of the area (Mountjoy, 1960a, Price et al. 1977, Mountjoy et al.• 1992, Douglas

and Lebel, 1993), then the progression of the deformation involving the formation of each

new fault was modeled. Only one fault was active at a rime. The faults were activated so

that the flfst faults occurred in the hinterland and the last ones in the foreland following a

c1assical foreland-directed progression of deforrnation. The top two Iines on Fig. 3.9 (a)

and subsequent drawings are used as reference lines showing the total shortening

accomplished a10ng each new fault.

The end-product (Fig. 3.9 (e» does not represent a realistic image of the

deformation but exemplifies a quantitative simulation. The displaced reference line in the

top part of Fig. 3.9 (e) is comparable to the McConnel1 thrust (MC). It shows, as do other

faults in the foreland (Iike the Nikanassin (NK), and other thrusts behind) a sigmoidal

shape related to the sinistral shear resulting from the consecutive development of the

numerous faults representing the Brazeau structure (Sanderson, 1939; Hake et al., 1942;

MacKay, 1940; Douglas, 1958b, Douglas and Lebel, 1993). Most faults exhibit this
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sigmoidal shape on the geological map (Fig. 3.8). Thus, Ille sim:Jlation provides a

kinematically plausible cx!'.lanation for the final general shape of the different faults. A

few faults like the Grave Flat thrust have a shape arod orientation considerably different

from the one generated by the simulation in the above mode!. However, if the fault is out­

of sequence, as suspected by the construction of a balanced cross-section of that area

(Douglas and Lebel, 1993; see Chapter Two, this thesis), il would explain the lack of

correlation with the computer simulation.

Another benefit of the above approach is to test whether the rheological variables

used in the simulation have realistic values. A comparison of the end-product with the

geological map shows that the mapped degree of the curvature of the various faults

described above is generally higher than what has becn generated by the mode!. This can

be explained in several ways: 1) several faults have not been included in the simulation

because they were not large enough to model, 2) folding was not taken into account, 3)

the slip pararneters are not valid, suggesting that different values should be used to permit

more displacement to be attained for a certain width of a fault, 4) the thicknesses of the

thrust sheets are not considered, 5) the simulation represents faults which are not subject

to erosion. Together, these points explain the discrepancy in fault curvature. Another

discrepancy is the total shortening in the simulation compared to that measured from the

Cretaceous Cadomin Formation, within the Foothills thrust belt. It is estimated to be

about 35 km on a cross-section close to the Brazeau river, as measured between the

McConnell thrust fault trace and the triangle zone Lovett backthrust fault (Douglas and

Lebel, 1993, see Chapter Two of this thesis). The above value is 3 times Iarger than the

shortening measured on our simulation for the same area. Becaus<: points l, 2, 4, and 5

cannot account for this discrepancy, it is thus clear that the slip values of these faults are

not correct and should be changed for more appropriate values. A rOügh estimate is to

increase the slip value a by a factor of 3 (to .006 m), that will give roughly a value of D
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three times larger for an identicallarge thrust (e.g. W=80 km. see equations AS and 1•

Walsh and Watterson. 1988).

4-Multip/efau/t origin o/major thrusts

Ellis and Dunlap (1988) suggested that a major thrust can be made up of a series

of coplanar smaller faults. which merge at certain points to form a larger fault. and

suggested that sorne fault bends can be interpreted to be merging points. However, Dixon

and Liu (1992) have pointed out that the sinuosity of thrust traces as observed in their

centrifuge model is not directly related to the displacement gradient measured along the

strike of the fault. In general. they observed a linear decrease in the displacement of a

thrust fault from its leading edge center to its tips, but also local variations showing that

departures from this simple relationship occurs (Dixon and Liu, 1992, Fig. 16b) which

they interpreted to reflect the presence of coplanar faults merging together to form a larger

through-going thrust

Figure 3.10 (& to c) provides a computer simulation of how three en échelon

thrust faults from a common décollement (Fig. 3.10 (a» can lead to a simple displacement

gradient at the back of the thrust belt (Fig. 3.10 (c» similar to that of a different

simulation for only a single thrust fault (Fig. 3.10 (d». There is no c\ear difference in the

final configuration of the thrust trace and shortening gradient for both simulations. The

case presented in Fig. 3.10 (a) to (c) uses a synchronous thrust sequence like that

illustrated on Fig. 3.6 (c). The right !ateral tips of T2 and TI stopped just short of the

leading edge of thrust Tl at the end of the deformatioll. so that no fault propagated

laterally to the right leading edge of the footwall thrust like in the case illustrated on Fig.

3.6 (b). Because the three thruSts are stacked one on top of each other, they give the

impression that they are a single fault. with only some small imbrications branching away

from the main thrust. Such fault trace geometry is common on geological maps and there

are few ways to distinguish between a single and a multiple fault origin of the hanging
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wall strain (e.g. several shear zone sets in the hanging wall, subparallel to the

displacement vectors and with opposing or cross-cutting relationships). Thus, when

reconstructing a large thrust belt using the final width of thrust faults as shown above

(Fig. 3.9), it must be kept in mind that sorne of the larger thrust faults might in fact be an

assemblage of severa! or even a m;Jltitude of smaller faults.

The overlap mechanism

A simplified model of thrust belt development, the 'overlap mechanism' can be

used to explain the relatively uniform shortening that occurs in different segments of

thrust-fold belts. As shown in the preceding sections, the lateral propagation of each

individual thrust fault along a thrust belt gradually leads to the overlap of sorne of the

faults. The piggyback layer parallel shear that is induced by individual thrusts faults on

other thrusts is the frrst part of <he composite mechanism leading to a relatively uniform

shortening in a thrust belt. The second part of this composite mechanism is the 'overlap

mechanism'. It explains how thrusts in a thrust belt can !Je viewed as an evolving system,

whcre a network of propagating thrust faults exists at ail times, but only the faults situated

in the best position to accommodate shortening wir slip and thus propagate even further

laterally.

Studies of present-day active thrust faults in New Zealand and Califomia show

that they propagate by means of local strain buildup, due to the inhomogenous shortening

along the thrust belt, and the eventual strain release through fault slip (Schwartz and

Coopersmith, 1984; Berryman and Beanland, 1991). Hence, in an area with a series of

faults that overlap each other in map view, the fault which is situated in the most critical

position will slip and propagate further laterally and towards the foreland. If there is no

fault placed in this critically strained area, a new fault will nucleate. This switching of slip

between one fault and another in a series of overlapping thrust faults is herein termed the
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overlap mechanism. A simplified computer model, the OVERLAP program, demonstrates

the applicability of this concept and mechanism.

OVERLAP program

The OVERLAP computer program was written as an anempt 10 show how a series

of thrusts propagate laterally and overlap each other, allowing one to observe the

structural evolution and continuous unifonn shortening of a thrust belt It was conceived

as a complement to the THREE THRUSTS computer program which does not illustrate

the overlap mcchanism. Several simplifications have been made to fonnulate a workillg

model.

Boundary conditions and description of the overlap mechanism

OVERLAP, in contrast to THREE THRUSTS, allows up to 50 thrust faults to

nuclt~..te and propagate within a thrust belt spanning 400 pixels in width and 50 pixels in

length (Fig. 3.11). However, the visual aspect of the model is similar to THREE

THRUSTS and the algorithrns used to control thrust propagation (values of 0 and W) are

the same as in the THREE THRUSTS program, so that the user can change the slip and

rheological factors a and k. OVERLAP does not permit the defonnation of the hanging

wall of each fault because of the increasing complexity of handling fault intersection and

longitudinal deformation as deformation proceeds (as demonstrated by THREE

THRUSTS). Instead, OVERLAP uses a histogram in the middle part of the computer

screen, that shows the amount of shortening at the rear of the thrust helt, evaluated in

pixels (Fig. 3.11). The viewer can observe at ail times the shortening resulting from the

motion of the different faults after each slip event The maximum value of 50 faults may

appear high but it was chosen to see if the parameters set by the user tend to generate a

large number of faults, or if only a few are necessary to achieve the desired shortening

along the thrust bell.
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In the computer model, the overlap mechanism is cor.ceived as follows. The

different values of shortening found along each pixel column and represented on the

histogram are used to search for the minimum value which \\-lU be the most favoured pixel

colurnn for future thrust movement. If a series of contiguous minimum values are found,

the program chooses the one situated midway between the next higher values of

shortening. When the minimum value of shortening is found. the program looks for a

thrust which overlaps the related pixel column. If there is one, the fault is allowed 10

move an additional slip event and propagate laterally to an extent govcmed by the

equations of Walsh and Watterson (1988). The shortening value of each pixel column is

incremented by adding the values caicuJated using the spreading simple-shear mechanism

(identical to the one used by the THREE THRUSTS program). The computer program

then loops and proceeds to find a new minimum value of shortening. If no f'ault :s found

overlapping the minimum shortening pixel cO\!Jlim, the program then procecds to create a

new nucleation point on the minimum pixel column and allows its first slip increment.

The location of this nucleation point along the pixel column is chosen randomly.

If the number oi thrusts reaches the arbitrary value of 50, the OVERLAP program

will no longer generate new nucleation points but rather looks for the c10sest thrust fault

in the event that none overlap the minimum pixel column. In order 10 limit the number of

new faults and to allow for the simulation of a certain stress buildup before a new fault

will nucleate, new thrusts are only generated if the minimum value of shortening is lower

than half the average shortening l1i the entire thrust belt. The program stops when the

arbitral}' value of 50 pixels (5 km) of average shortening is reached over the 5 km wide

thrust belt, or 50 % shortening.

Experimental results

The overlap mechanism described above provides a good model for transforming

the strain applied by a backstop within an imaginary sandbox into relatively uniform
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shortening in an algorithmically growing thrust belt Ali the test runs performed with this

model showed a relatively unifonnly distributed shortening (with local minor variations).

The highest variations in shortening (between 40% to 60% relative to an average

shortening of 50%) were observed in thrust belt simulations using hig:: propagation rates.

Several tests were run to determine the importance of the rheological and slip

factors on the final number of faults. These eX!Jeriments showed a number of interesting

features:

I-The number offaults needed for 50 % shortening depends upon the rapidity at

which these faults propJgatû laterally. if Lhe faults are slow to propagate as in hard rock

(e.g. a=0.OO2. k=1O.000). the number of thrusts needed will be high, rapidly reaching

the maximum allowed number of faults, whereas only 15 faults can accommodate the

same shortening uniformly if propagating at an unrealistically fast pace (Jess than 60 slip

events for a=220, k=10).

2-Abnormal results are produced particclarly in the- initial stages. When using slip

and rheological values comparable to natural cases (a=O.OO2, k=13.870), the faults are

very slow to propagate and the computer prograrn rapidly initiates the largest number of

possi"le faults, but not unifonnly, the faulls being concentrated in the left part of the

screen because the program scans for minimum values of shortening from left ta right

3-The locations of the nucleation points of faults along the thrust bell are important

because the area with the highest concentration of faults tends to show shorter individual

fault lengths (Fig. 3.11). This means that fanlt propagation is less favor,;:d in areas which

have a high density of faults.

To prevent abnormal thrust concentrations such as those described in point 2, and

to allow uniform shortening within the thrust belt siJnulation, the computer program

permifs 50 random nucleation or weakness points to be generated initially.
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DISCUSSION

The transfer zone mechanism (Dahlstrom, 1969, 1970) vs the overlap

mechanism

The thrust ttansfer zone mechanism of Dahlsttom (1969, 1970) has been used to

explain the phenomenon that although displacement on individual faults varies

significantly along sttike, the net displacement across the whole thrust belt remains the

same when measured from one cross-section to another. To explain this uniform

shortening within thrust-fold belts, he suggested that aIong the extteme lateral parts of

indiviàual thrusts, zones of exchange of displacement (ttansfer zones) occur with en

échelon, overlapping thrusts. Dahlsttom (1970) explained that the basaI décollement '.Vas

the mechanism linking the thrusts, and this remains vaIid. However, it is implicit from

this concept that thrusts were believed to show a decrease in their displacement mostly in

the portions overlapping other thrusts. In addition, paired en échelon faults within transfer

zones are assumed to have growli simultaneously (Dahlstrom, 1970, p.358).

In light of CUITent knowledge about thrust fault propagation, the thrust transfer

zone model is problematic, because it is difficult to explain how two faults that are now

contiguous and en é<::helon, and are assumed tt! have had a long history of lateral thrust

propagation, could have transferred their displacements when the nucleation points of the

faults were severaI hundreds of kilometres apart. For example, the CUITent positions of the

Miette and McConnell m.'1Ist faults (Fig. 3.8) suggest that they were linked by a transfer

zone (Dahlstrom, 1969, Fig. 14). The probable nucleation points of these thrusts are

situated in the center between the lateraI tips of the respective faults (Miette, near the

Athabasca River, McConnell near the Red Deer River) approxÏinately three hundred

kilometres apart. Thus, the overlap of the two faults should be envisioned as the

consequence of a graduallateraI extension, with the two faults overlapping in the latter
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stages of their development, if each fault is also assumed to evolve from a single fault or

point.

From our modeling, it 18 dubious that the thrust belt would have developed

without other overIapping faults being generated to take up compression in the area

between the early McConneIl and Miette faults. Other overlapping fauIts situateâ

immediately behind or ahead in the thrust belt can be regarded as contemporaneous with

the McConnelI and Miette thrusts over the long period of lateral thrust fault propagation.

For shortening to be evenly distributed along the thrust belt, it is clear from the

OVé:RL'AP computer simulations !hat many thrusts should be active during the evolution

of the belt, sorne of the more hinterland thrusts being rea"uyated while foreland thrusts

are being formed. Current knowledge about thrust fault activation also show that ail parts

of each thrust are not necessarely active during each slip increment as in the model

presented here. Future work should consider the cause of these variations and attempt to

construct a better model of thrust propagation considering this aspect

It is unclear from current field evidence if a large thrust like the McConneIl thrust

could have evolved from a single fault A multiple-fault origin, such as the one portrayed

on Fig. 3.10, might be a better model of the evolution of the McConneIl thrust and other

large thrusts, because the displacement on numerous early faults in the thrust belt should

be more evenly distributed than along only a few faults of large displacement The results

of the OVERLAP and lHREE THRUSTS computer simulations presented above, as weil

as experiments on analog models such as those of Liu and Dixon (1992), favor such a

modeI of thrust fault development.

During the development of a thrust bell, the displacement is not transferred or

exchanged be,;yeen pairs of faults, rather it is the individual fault that is initiated and

propagated through fault slippage when a sufficient stress occurs. Thus, overlap of two

or more faalts should be envisioned as the consequence of thrusts propagating throughout

the thrust bell, rather than a special mechanism that links IWo or a few individual faults. In
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light of this, zones of thrust overIap should be tenned 'overlap zones' and the misleading

tenn 'transfer zones' abandoned.

The composite mechanism comprising the overlap mechanism and the spreading

simple shear mechanism is comprehensive because it operates at ail times and throughout

the thrust belt, and confonns in most regards to current knowledge about thrust fault

propagation.

Consequences of thrust fault propagation

Layer-parallel strain along individual thrust sheets has been described by

Bielenstein (1969), Coward and Kim (1981), Coward and Potts (1983) and several

others. Complex strain patterns might be found not only at the frontal and lateral tips of

thrust faults but also within hinterland thrust sheets as a consequence of thrust

propagation and layer parallel simple shear strain imposed as the sheet was carried

piggyback above underlying thrusts. Microstructures observed within particular thrust

sheets sometimes show ambiguous kinematic indicators such as cross-eutting en échelon

shear veins of opposed shear sense (see Chapter Four of this thesis). Such ambiguous

indicators may have resulted from strain reversais due to layer-para11el shear strain applied

during piggyback thrusting.

As noted above, the initial location of the fau1t nuclealion point and the propagation

rate of the various faults in the active thrust zone will affect the geometry of the thrust

belt. In the case of thrust faults, among other things, the rheology of the rocks is a key

factor that will govern the number and spacing of the thrust faults. Other factors such as

pore pressure, thickness, and taper of the orogenic wedge are important and weil

described by !i.e critically tapered Coulomb wedge model presented by Davis et al.

(1983), Dahlen (1984) and Dahlen et al. (1984).

To improve the realism and comparative validity of the overlap mechanism, severa!

features need to be considered. For instance, if a thick rock package could be simuJated,
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the foreland propagation of thrust faults induced by the Tise of a hinterland of a thrust belt

could be modeled (the higher taper angle of Dahlen et al., 1984). This type of model

should account for ramping through a thick rock package, the formation of folds and the

eventual layer-parallel shear of various thrust sheets through stacking and piggyback

transport of thrust sheets as indicated in structure sections.

Although the overlap mechanism presented here was applied to thrust belts, it can

also be used to explain the distribution of extension faults during the evolution of an

e~tension belt (rift) since the factors leading to fault propagation are similar for normal

faults and thrust faults (Walsh and Watterson, 1988).

CONCLUSIONS

Two computer programs, with graphical simulatiolls, demonstrate a new model of

thrust propagation and thrust belt development that fi:s CUITent knowledge about fault

propagation. The new model is a composite of two mechanisms:

1) The spreading simple shear mechanism applies a forro of layer-parallel simple shear

strain symmetrical about the center of ihe leading edge of a thrust fault to ils lateral tips, as

the fault propagates laterally and forward.

2) The overlap mechanism is a conceptual model derived from computer simulations and

thrust fault theory that predicts when each fault might propagate when a group of thmst

faults are linked through a common décollement. The mechanism is an analog of local

stress buildup and its eventual relaxation by slip on a fault best-situated to accommodate

this stress release.

The OVERLAP program shows that thrust faults propagate laterally and do not

intentionally transfer displacement from one thrust to another; variations in displacements

along strike are the consequence of multiple thrust initiation sites. Thus, a composite

mechanism of the over1:lp and spreading simple shear mechanisms provic'es a better way
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of visualizing the evolution of thrust belts than the thrust transfer zone concept of

Dahlstrom (1969, 1970).

The computer simulations provide useful information about the behavior of

multiple faults:

1) the number of faults and the location of their nucleation points (their density), and the

rheology and consequent speed of fault propagation govern the uniformity of the

shortening along the thrust belt.

2) The branch lines and hanging wall strain pattern of two intersecting thrust faults can be

used to unravel the sequence of thrusting of the two faults.

3) The OVERLAP computer simulations show that shortening along a thrust belt can be

distributed more evenly by means of propagation of a large number of small faults than by

a few large thrusts.

4) The THREE THRUSTS computer 5:mulations also demonstrate that the final geometry

of a large thrust fault on a geological rnap leaves few clues about its origin, whether it was

produced by the coalescence of multiple, en échelon, thrust faults or from only a single

huIt.

TECHNICAL INFORMATION

The programs were written in the V.I.P. language (Visual Interactive

Programming, Copyright 1986, 1987 by Mainstay) and run on a Macintosh

microcomputer. Th~y are available from D. Lebel either as a Run-time file along with the

V.I.P. Run-time interpreter or as an ASen file. To obtain a copy please send $25.Cnd

for duplication and handling costs.
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CHAPTER FOUR

MESOFABRIC RECORD OF STRAIN IN LARGE THRJlST SHEETS OF

THE CENTRAL CANADIAN ROCKY MOUNTAINS, ALBERTA.

ABSTRACT

Thrust faults of the Rocky Mountain thrust-fold belt generally show a decrease in

displacement from the center of their rnap length to their lateral tips. Because of this, sorne

internai strain must de-,elop within the thrust sheets which pennits greater forward motion

of material situated in the central parts relative to the lateral ends of a thrust sheet: The

results of a structural analysis of the Nikanassin and Fiddle River thrust sheets of the

central Front Ranges show that within these thrust sheets mesoscale structures or fabric

elements (veins, shear zones, mesoscale faults), especially subtle brittle-ductile shear

zones, indicate the differential motion of elongated blocks oriented perpendicular to the

thrust fault mean strike. The blocks are separated by vein sets that fonn small shear

zones, which together with the obliquity of the SI cleavage to the regional folels, indicate

that progressive defonnation was non-coaxial. The enveloping surface of the different

calculated orientations of regional BI (bedding) fold axes along each thrust sheet shows

the sinusoidal shape of the thrust sheets, coincident with their mapped fault traces. This

anomalous shape is interpreted as indicating subsequent defonnation of the early formed

structures in the Nikanassin and Fiddle River thrust sheets, resulting from the varying

values of forward motion by piggyback transport above younger, underlying Foothills

thrust faults.
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INTRODUCTION

In Chapter Three of this thesis, sorne possible effects of forward and lateral

propagation of thrust faults carried piggyback by other propagating and underlying thrust

faults situated further in the foreland of thrust-fold belts were discussed. Such phenomena

may cause significant variations in strain along the width of thrust sheets. Sorne critical

questions for a geometric model of thrust fault propagation were also discussed: 1) the

manner by which a single fault evolves (fawt propagation), and 2) the deformation that is

caused by a sir.gle fault (displacement patterns in the hanging wall). This paper

surnrnarizes the results of a structural analysis of mesoscale fabric elements of two thrust

sheets of the Canadian Rocky Mountain tnrust-fold belt and provides sorne data and

answers conceming these questions. The study area, in the Front Ranges of the central

Rocky Mountains, is situated 60 km east of Jasper, Alberta, and straddles part of eastern

Jasper National Park an.à ,he adjacent area (Figs. 2.3, 2.4).

Mesofabrics or mesoscale fabric elements (1 cm to few mettes in size) include

planar structures sllch as bedding, cleavage, small faults (mesofaults), shear zones, veins,

joints, and linear structures such as intersection and stretehing lineations, and small foid

axes (Turner and Weiss, 1963; Hancock, 1985). The study of mesofabrics in thrust-fold

belts permits the analysis of stress and sttain patterns in local and regional structures and

provides important clues about the kinematics of folds and thrust faults (Muecke and

Charlesworth 1966; Price, 1967; Bielenstein, 1969; Siddans, 1977; Brown and Spang,

1978; Reks and Grey, 1983; Dunne, 1985; Marshak and Engelder, 1983; Wojtal, 1986;

Cooper, 1992, and others). These strul:tures are particularly useful in areas of low strain

containing few strain markers such as the Front Ranges and Foothills of the Canadian

Rocky Mountains.

The purpose of the study is to outline and compare the geometry and spatial

orientation of the mesofabrics in two adjacent thrust sheets of the Front Ranges, the
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Nikanassin and the Fiddle River thrust sheets to: (1) detemline the relations between

mesofabrics and regional folds and thrust faults, (2) evaluate the role of mesofabrics in

the strain history induced by thrust fault motion, and (3) detect any superimposed late

deformation.

STRATIGRAPHY AND REGIONAL STRUCTURE

The stratigraphy, structure and tectonic history of the foreland thrust belt of the

Canadian Cordillera in the central Rocky Mountains has been thoroughly described by

many researchers (Bally et al.• 1S66; Dahlstrom, 1970; Price and Mountjoy, 1970; Price,

1981). It involves a westerly thickening wedge of Proterozoic to early Cenozoic

sedimentary rocks deposited on the Hudsonian crystalline basement (Figs. 2.3, 2.4) and

deformed episodically from mid-Jurassic to the late Paleocene (Underschulz and Erdmer,

1992). These deformations resulted from the ~:cretion of a series of exotic temmes to the

Pacific Margin of North America (Monger et al., 1982). The Front Ranges and Foothills

of the foreland thrust belt represent the more extemal zonéS of deformation that were

deformed only during the latest Late Cretaceous to Paleocene compression. This

deformation event was caused by the advancement of an easterly tapered orogenie wedge

above a basal décollement, that formed a series of imbricated, intemally deformed thrust

sheets along the toc of this wedge, in the foreland. In this extemal zone of deformation,

the sedimentary coyer can be divided into two lithotectonic units with differing mechanical

propenies, the Paleozoic and Mesozoic-Cenozoic units (Figs.4.l, 2.4).

The Paleozoic lithoteetonic unit is largely composed of carbonates and has reacted

as a rigid, competent 'beam' during deformation through the development of simple thrust

sheets, underlain by low-angle thrust faults, and extending for tens to hundreds of

kilometres along the belt (Pricc and Mountjoy, 1970; Elliot!, 1976a). Prominent folds are

observed in thrust sheets of the Front Ranges adjacent to the North Saskatchewan River

(Douglas, 1956a) and in the Jasper segment of the Rocky Mountains (Mountjoy, 1960a,
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1960b, Mountjoy el al., 1992) and described and discussed in sorne detail recently

(Mountjoy, 1992). As discussed in the latter paper, in these areas, the Paleozoic

Iithotectonic unit changes from a single layer to a multi-Iayer due to the presence of Upper

Devonian off-reef shales in the middle .,f this sequence. In both areas, competent

Devonian lime3tones and dolomites of the Fairholme reef complex pass into off-reef

shales. This incompetent shale unit (~250 In thick) is sandwiched between two

competent carbonate beams comprising a lower beam of Middle and Upper Cambrian

carbonate and an upper beam of Upper Devonian strata (Palliser Formation, ~ 270 m

thick). Above this, the Carboniferous (Banff Formation and Rundle Group, ~ 500 m

thick) forms another multi-layer that favors the developrrent of folds.

The overlying Mesozoic-Cenozoic lithote{'tonic unit comprises incompetent shaIes,

f'x the most part with thin to thick-bedded sandstones, conglomerates and coaI beds, :hat

were deposited in the foreland basin situated ahead of the advancing Cordilleran orogenic

wedge. This thick sequence (~4 km) has been deformed into closely spaced lolds and

imbricates that crop out mostly in the Foothills. Exploration for oil and gas has delineated

numerous thrust sheets in the subsurface which display a simple geometry (Price and

Fermor, 1985; Fermor, 1993), similar to thrust sheets observed at the surface in the Front

Ranges. The disharmony in structuraI style and shortening measured within the two

lithotectonic units outlines the presence of one or more extensive décollements at the base

of the Mesozoic sequence in addition to the décollement at or near the base of the

sedimentary sequence (Bally el al., 1966; Jones, 1982; Price and Fermor, 1985; Lebel,

Chapter Two of this thesis).

The Nikanassin and Fiddle River thrusts

The Nikanassin and overlying Fiddle River thrusts are adjacent thrust sheets,

which are situated at the northeastem edge of the Front Ranges in centraI Alberta (Figs.

2.3, 2.4 and 4.2). Both are weil exposed and tU';; representative examples of Front Range
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thrust sheets because of their relatively simple structure. These thrust sheets also disp\~y

relatively homogeneous lithologies along strike, mainly of the Paleozoic and lowcr part of

the Mesozoic lithotectonic units, and therefore it can be assumed th:lt both thmst sheets

deformed in a comparable manner. In plan view, both fault traces are arcuate and thc

presence of folds at the extremities of the thrust sheets is typical of a number of faults in

the Front Ranges. These folds have been interpreted as classical examples of folds

propagating ahead of a laterally developing thrust fault bi Elliott (l976a, fault­

propagation foldô of Jamison, 1987).

The two faults emanate from il wide and relatively flat décollement near the base of

the Mesozoic sequence, situated above an underlying thrust sheet that glides in tum above

û'iC basal décollement of the orogenie wedge (Fig. 2.6, see Chapter Two, this thesis, for

discussion). The strueturally higher décollement transported Cambrian and overlying

rocks of the Nikanassin and Fiddle River thrust sheets along a layer-parallel glide zone

situate,(Î about 300-500 m above the base of the Mesozoic sequence (Late Jurassic-Early

Cretaceous Nikanassin Formation; Douglas and Lebel, 1993; Mountjoy et al., 1992;

Chapter Two, this thesis). At the surface the faults are separate near the Mcleod River but

merge in the northwestem part of the study area, near the Miette Hotsprings. The

Nikanassin thrust fault extends for 70 km towards the southeast and decreases in

displacement from its mapped center to both of its lateral tips. Its southeast tip overlaps

the northwest tip of the Bighom thrust fault which in turn increases displacement towards

the southeasl, and extends for a similar map length and glides along the same décollement

(in the Nikanassin Formation) as the Nikanassin and Fiddle River thrust faults (Fig. 2.4).

The Fiddle River thrust fault is shorter in map length (37 km) and terminatcs near the

McLeod River, close to the center of the Nikanassin thrust fault. The dip of the

Nikanassin thrust fault plane, near the surface, changes from moderate to steep in the

southeasl, near section C-C' (Fig. 2.6), to shallow dips west of Cadomin, steepening
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again near ;'s northwest tennination (Fig. 2.3). The steep dips appear to be the result of

rotation by underlyini; rolds and thrusts.

Cambrian strata are brought to the surface in the hanging wall of the FiddIe River

thrust fault near Luscar (Mount B~rry area) and were encountered in a weil, at th" base of

the Nilcanassin thru.t sheet (Aquit Mich 6-23-46-22W5). This thrust sheet exposes a wide

"",Id (1-5 km) of Paleozoic rCY-'ks, mostly homoclinal with little intemal deformalion (Fig.

2.3). The Nikanassin thrust sheet also contains mostly Paleozoic rocks but by contrast, is

narrower at the surface «:' km wide) and contains numerous splay faults anù folds.

Around Mounlain Park, in the higher portion of the Nikanassin thrust sheet, the Jurassic

and YOIJager hanging wall rocks are detached .from the Triassic and Paleozoic rocks and

imbricated in a $eries of folded thrust faults (Charlesworth and Kilby, 1982; Mountjoy et

al., 1992; Chapter Two, this thesis).

Folds are usually weIl exposed and are observed along most of the hanging wall of

the Nikanassin thrust fault. Most fold traces are sub-parallel to the local trend of the fault

and can be foIlowed for several kilometres before graduaI broadening and disappearing.

Sorne folds end abruptly against small faults or against the main thrust fault. Axial planes

are generally upright to overturned towards the northeast. Usually, folds are cylindrical,

concentric, and flexural-slip (Class 1folds, Ramsay, 1967).

In the southeastern portion of the Nikanassin thrust sheet, the tight and upright

Redcap anticline has a shallo'."! plunge toward the southeast. Further northwest near

Cadomin, the immediate hanging wall contains a tight asymmetric and overturned

southeast-phmging fold in the Paleozoic. This fold continues northwest across the

McLecJ River and becomes broader. Additional folds that are cut by minor fault splays

appear there (Fig. 4.3; section 1-1', Fig. 2.6). Further northwest, the overlying Fiddle

River thrust sheet is folded by these structures, which are responsible for the klippe of

Cambrian rocks near Mount Berry (Fig. 4.4). In the Miette area, near the intersection

between the Nikanassin and Fiddle River thrust faults, Mount.ioy (1960a) outlined a
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complex set of fault splays emanating from the Nikanassin thrust fault, that are folded by

footwall structures. In the northwest, east of the Miette Hotsprings, the combined

Nikanassin-Fiddle River thrust fault tem1inates in a fault-propagated anticline-syncline

fold pair (Figs. 2.3 and 4.2).

ln addition, the Nikanassin and Fiddle River thrust sheets have also been rotated

Ï.nto steeper dips by the motion of these thrust sheets along the underlying listric (concave

upward) thrust faults and the stacking of underlying thrust sheets (see section C-C', Fig.

2.6). This rotation has caused the development of a broad syncline. with its axial plane

inclined to the southwest (northeast-dipping) and outcropping just northeast of the Mielle

thrust (section 1-1', Fig. 2.6). Mountjoy (1960a, 19c;'1) observed and discussed rotated

thrust faults and falds towards the southwest within adjacent thrust sheets in the Mielle

area ('southwest overfolds '). The origin of these folds is identical to the broad inclined

syncline involving the Nikanassin and Fiddle River thrusts. The southwest overfolds are

interpreted as part of a single. progressive compression of the Front Ranges, and not the

result of separate phases of deformation (Mountjoy, 1992).

Minor thrust splays outline thrust slices of limited extent and thickness that are

mostly restricted to the immediate hanging wall or footwall of the major thrust faults.

Exceptionally, small duplexes were observed (e.g. Little MacKenzie Creek, 1 km wide.

400 m high, Fig. 3.6).

DATA COLLECTION

One hundred and sixty stations for mesofabric analysis were located along the

Nikanassin and Fiddle River thrust sheets. Since exposure is generally excellent, stations

were located using three criteria: (1) limited to the Paleozoic lithoteetonic unit. especially

limestone and dolomite lithologies, (2) wide distribution in the thrust sheets, and (3)

around Iimbs and hinges of folds, and away from the immediate hanging wall of the main

thrust faults. Data collection at each station consisted of three steps: (1) collection of
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orientation data, (2) mesostructural description, and (3) measurements of spacing and

thickness of veins in vein sets, stylolitic cleavage and spacing of joint sets.

Orientation data were collected by determining three or more measurements of the

orientation of each type of mesofabric. The description of mesostructures inc!uded

morphological character, relative ages, type and attitude of vein fitis, sense and amount of

displacement on mesoscale faults and shear zones. Also, the spacing of veins and joints

within sets was measured normal to the fractures. In ail, close to 1100 structural

measurements were made of bedding planes (~onventionally labeled SOl, two intersecting

cleavages, first and second phases (S 1 and S2), intersection lineations between bedcling

and cleavages (~, L~, L~), minor fold axes (BÜ, veins, minor faults, minor shear zones

and joints (Fig. 4.2, in pocket).

MESOFABRICS DESCRIPTION

Stratification (So) and mesoscopic folds (BI)

Stratification (or bedding) is the most prominent fabric element measured in the

field. Bedding orientations (Fig. 2.3) strike northwest and clip southwest in general, but

have a variety of attitudes depending on the occurrence of macroscopic (regional) folds

that plunge either northwest or southeast. Regionally, the stratification follows the

curvature of the thrust faults as determined from the orientation of the stratigraphie

contacts (Fig. 2.3). Mesoscopic folds (Et) are rarely observed, but generally conform in

orientation and structural style to the macroscopie folds.

Cleavage (S1 ) and intersection lineation (~))

First phase cleavage (S t) is dominated by disjunctive, spaced cleavages (powell,

1979; Engelder and Marshak, 1985) in non-folded areas of the Nikanassin and Fiddle

River thrust sheets. In carbonate units, 'sutured' (or 'stylolitic') and 'non-sutured'
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('solution ') cleavages (Wanless, 1979; Engelder and Marshak, 1985) were both

observed. The stylolites are usually Jess then 1 mm in amplitude, coalescing .nto discrete

planes of insoluble material that are generally spaced every 30 cm QI more (a 'weak'

s;:>acing, Alvarez et al., 1978). Stylolites and solution cleavage were observed throughou;

the thrust sheets, but with a closer spacing in the core of folds.

In the tighter cores of meso- or macroscale foIds, or next to faults, especially in

shaly units, often the spacing of c1eavage planes is reduced to less that 1 mm and can be

termed 'slaty' (Pcwell, 1979), but this slaty c1eavage is not widely distributed. ln these

zones and in most areas, cleavage is axial planar to folds, and c1eavage refraction and

fanning on the fold limbs was frequently observed (Fig. 4.5). In other areas, suc1l as

west of Cadomil1, c1eavage was observed to cross-eut fold limbs ('transected foIds').

The intersection lineation L~ between stratification (So) and the SI cleavage, is

defined by a simple Hne on either of these planes.

Second c1eavage (S2)

Rarely, a second cleavage (SZ) crenuiates the first c1eavage. The origin of this

c1eavage is not readily apparent although it appeared in sorne cases to be related to fauit

ramps as determined from field observations and cross-sections. Few measurements have

been obtained of this fabric, most of them showed nortlleast-southwest trends with

variable dips, almost perpendicular to SI. The best examples occur in the immediate

hanging wall of the Nikanassin thrust, near the radio antr.nna l'lest of Cadvmin. Not

enough Li and ~ intersection lineations were observed to make any relevant analysis.

Veins and shear zones

Veins filled with calcite cements were observed most often in carbonate

lithologies. Most vein sets are oriented approximately perpendicular to the regional fold
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axes and thrust faults. They occur in brittle-ductile shear zones as the consequence of

simple shear (Ramsay, 1980). In the area mapped, vein sets are grouped within three

types of shear zones: (1) narrow (5-30 cm) shear zones of en échelon veins of varying

thickness (~2 cm) (Fig. 4.7), (2) small conjugate shear zones with intersecting vein sets,

and (3) croad zones (~ 10 m) with long (1-3 ml, thin (1-10 mm), and widely spaced

(~ 30 cm) veins. This last type of vein set is not easily recognizable as part of a shear

zone, but extensive outcrops show that individual veins have slightly sigmoidal shapes

that are typical of narrower shear zones (Type 1). Few vein sets are strictly related to pUt""

extension, except for sorne rare axial planar veins observed in fold hinges (e.g. in

Domains X a~d XI, Fig. 4.2).

Overall, the average width of measured veins varied from 0.1 mm to 20 mm.

1"ean vein width is 1.8 ± 2.0 mm with a statistical mode in the class ranging from 0.9

and 1.4 mm and includes 55.9 % of the measurements. The average spacing between

veins in each set varies from 10 mm to 1 m, with. a mean spacing of 152 mm; the

statistical mode is in the class ranging from 50 to 70 mm and includes 21.5 % of the

mcasurements (Fig. 4.9). The majority of the vein sets has a spacing ranging between 10

and 70 mm.

On average, most veins show an extension of 1 mm per 40 mm of rock length

perpendicular to the vein set, which represents an extension of 2.5 %. This extension

OCCU1!-:d along the entire Nikanassin and the Fiddle River thrust sheets, perpendicular to

the transport direction.

Joints and mesofaults

Joints are abundant but only consistent ~els were measured in the field. If

slickensides were present on the fractures, they were classified as mescfaults (mesoscale

faults) and their relative motion recorded. Mesofaults are rare in the studied area and were
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not sufficiently numerous for a significant stereographie analysis. The more important

mesofaults are included on Fig. 4.2.

ORIENTATION ANALYSIS

Bielenstein (1969) studied the mesoseale structures cf the Rundle thrust shcet

situated in the Front Ranges of the southem Rocky Mountains near Banff, Albeita, a

thrust sheet comparable in geometry and map length to the Nikanassin. Inùividllal

bedding and cleavage rneasurements were plotted against their relative position along the

map trace of the Rundle thrust fault and a regression analysis was done to test for

\correlation. Results showed that there was a good and significant correlation between the

orientation of stylolitic cleavage, veins and various families of mesoscale faults at any

sample site and the position of the sample site along the Rllndle thrust sheet or in other

words that the thrust fault displayed a reglliar curvature (see Fig. 4.15). Only bedding

measurements showed a lack of correlation. Bielenstein (1969) interpreted these results as

indicating translation of the thrust sheet along divergent displacement trajectories,

resulting in extension of the Rundle thrust sheet perpendicular to the direction of forward

motion.

The results of regression analysis for sorne mesoscale fabric elements versus

distance along the Nikanassin and fiddle River thrust sheets are Iisted in Table 4.1.

Bedding orientations lack correlation with distance along the Nikanassin and Fiddle River

thrusts, similar to what ocr;urs in the Rundle thrust sheet In addition, cleavage and

Iineation orientations in the Nikanassin and Fiddle River thrust sheets also lack a

signific'1I1t correlation. This difference of mesoscale structures between the Nikanassin­

Fiddle River anu the Rundle thrust sheets is interpreted to he the consequence of

superimposed deforrnation on the initial tectonic fabrics due to the forward translation of

the Nikanassin and Fiddle River thrust sheets. Later phase, non-coaxial folds or

intersecting cleavages are good indicators of superimposed deforrnation. As shown below
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So NK 226 0.203

So FR 215 0.108

SI NK 108 0.172

SI FR 97 0.200

LO NK 64 0.2241

LO FR 62 0.1961

Table 4.1: Results of statistical analysis comparing individual mesos,Tuctural
:neasurements versus distance along the Fiddle River (FR) and Nikanassin

(NK) thrust sheets. (see Figs. 4.2 and 2.3). Sa: Bedding S,: First cleavage,

L~: intersection lineation between So and S,. n: number of measurements
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the geometric and kinematic relationships between cleavage and regional folds su!'gest

that later defonmtion rotated and moved the earlier mesoscale suuctures.

Conventionally, cleavage planes are considered to be sub-paralki to the XY plane

of the strain ellipsoid (X, Y and Z are the maximum, intCn11ediate and minimum

elongation directions, respectively) and are axial planar to folds. However, because a:tial

planar cleavage often fans around : fold axis, only cleavage planes whieh interseet a fold

hinge should be considered parallel to the XY plane. Quantitative strain evaluation in littlc

metamorphosed fold-and-thrust belts shows th.lt the X axis of the fnite strain ellipsoid is

usually oriented perpcndieular to the local fold axis (Reks and Grey, 1982) and average

fold axes ealeulated from orientation analysis of the mesoseale fabrics within eaeh domain

provide an estimate of the orientation of Y. The orientation of this axis in individual

domains is used here to evaluate the varhtions in finite strain a\ong the strike of the

studied thrust sheets. In folds with axial planaI' cleavage, mesoseale fabries sueh as

bedding, eleavage, intersection lineations, and minor fold axes ean be used to ealculate the

mean fold axis of a suuetural domain (Suppe, 1985, p.54). The orientation of the mean

fold axes of individual domains is ealculated here from stereographie 1t-diagrams (poles to

planes) and line projections from: (1) the pole to the oost fit t;l'eat eirele of poles to

OOdding (labeled Il: fold axis), (2) the pole to the oost fit great eirele of poles to the SI

c1eavage (laOOled al sUUetural axis), (3) the mean orientation of the intersection lineation

L~ (laOOled f.l suuetural axis). These three methods have been used eoneurrently to

detennine if cleavage fans are coaxial to folds. Ali these axes were ealeulated using a

eonventional stereographie computer program (Stereo 4.01"M, David B. MeEaehran), that

permits statistical ealculation of the oost fit great eircle of poles to planes and the mcan

orientation of lineations. In addition, rose diagrams were prepared for veins to relate the

orientation of the principal veia sets to the orientation of the finite strain ellipsoid.

Stereograms of the vein sets orientation were also prepared for each domain but only the

mean stretehing axes obtained from these diagrams are reported here since most veins
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showed subvertieal orientations. Insuftieie::' data were obtained in sorne "'omains for

analysis of ail types of mesofabries.

Overall, fourteen domains were delimited within the Nikanassin (Domains 1 te

VII. Figs. 4.2. 4.10) and Fiddle River (Domains IX to XIV) t;lï1,st sheets. Domain VIII

eorre':po;",dr. tu an :mbrieate fault slice unckrlying the Nikanassin thrust sheet near its

north'Ncs, cxtremity. Stïll(;lurai domains were seleeted ~" that they had relatively uniùJrm

plunge as delerrnined from field observations of the rnaeroscopie folds.

Stereographie diagrams

Maeroseopic rolds occur with:n the i'likanassin al::! Fiddle River thrust sheets. The

broad, southwest-inelined syncline discussed earlier and sorne other internai tighter folds

within the Nikanassin and Fiddle River thrus! sheets, ex~lain why the stereographie

diagram of So poles geilerally outlil1es a good to weak girdle distribution allowing for the

ealculation of BI (Fig. 4.10).

The mean ~rientation of the .':; i cleavage has becn ealculated for eaen domain where

JJere are suffieient data. SI cleavage strikes west-northwest to northwest in eaeh domain,

dipping northeast between 47" and 85° (Ta1:'le 4.1), generally making a signifieant dihedraI

angle (30 to 90°) to bedding that generally strikes northwest and dips southwest (Fig.

4.10). Fanning of cleavage is observed within most domaim, and for this reason the

stereographie projection of SI pales generally outlines a good to weak girdle distribution,

permitting the ealculation of the al axis (pole to the best fit great eircle of SI poles, Fig.

4.10). Diagrams ef the L~ intersection lineations generally show a single-point maximum

distribution, whieh is used to eaieulate the.1.1 axis (Fig. 4.10).

Rose diagrams

Rose diagrams of vein sets (Fig. 4.10) show that vein set orientations vary from

one domain to another and th::! two vein sets are dominant. Most veins are sub-vertieaI
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allù a north-northeast/south-southwest aoc vein set (approximately nonnal to fold axes) is

invariably preseilt, and a north-south to north-northwest/sout'l-southeast set is present in

,,;.)st domains. In addition, s'ô"Jeral other orientations oi vei" sets were measured within

the Jiffertnl domains that appear to be related to !t'cal structures because of their IOëal

distribution in the Nijrarl~~sin and the Fiddle RIver thru~: sheets. Rose diagrams of ail

vein set orientations (Fig. 4.11) show a statistical mode bctween 210" and 215° for the

Fiddle River 'hrust sheet, and between 2LJ5° and 210° for the Nikanassin thrust sheel. l1lC

strike of these vein sets are nead)' perpendicular to the average map trend of each thrust

sheet. Thus, the maximum horizontal extensi"" direction, represcnted approximatc.ly by

the direction perpendicular to !ne statistical mode of these vein sets, is close to being

parallel to the trend of the Nikanassin and Fiddle Riv"r thrust faults and at a right angle to

the transport direction.

Field observations of cross-cutt;ng veins suggest a chronology for the dominant

vein sets who;re the a-c vein set is older than the north-south sel. The north-south vein set

is associated wit:l northeast-southwest trending sinistral shear zones. 1llese sinistral shear

zones occur throughoti( the Nikanassin and Fiddle River thrust sheets (Fig. 4.2). Dextral

shear ;:cnes ,vere observed locaIly but have no systematic orient~tion, varying from

northwest-southeastto northeast-southwest (Fig. 4.2).

Synoptic diagrams

Synoptic diagrams of the BI fold axes, and the a] and t., structural axes of the

different dorroains of the Nikanassin thrust sheet (Fig. 4.12 (a, b, c), Table 4.2) reveal

that most structural elements plunge southeast in the southeastern part of the thrust sheet

and plunge northwest for those situated northwest of Domain IV (Fig. 4.10). The

calculated mean trend and plunge of ail B] fold axes (poles to great circle for bedding,

Fig. 4.12 (a» is [119.1 °/1.3°]. Most B] axes trend at a significant angle (up to 13°) from

!his mean trend of the B] axes or from the rnap trace of the Nikanassin fault The avemge



81

• al mean s} n (S,)
0

Domain B, n (So)
"" n (LI)

Nikanassin thrust shcct
1 124.6'1 5.6' 58 304.8'1 1.6' 303'/62' 18 123.2'1 9.6' 12
Il 286.4'1 5.2' 14 119.9'1 19.5' 319'/47' 7 120.1 '1 8.7' 7
III 121.3'1 8.1' 33
IV 132.4'1 13' 25 308'/85' 18
V 302.1 '1 5.5' 52 287.8'/4.1' 279'/47' 34 291.9'1 12.5' 16
VI 290.6'1 14.5' 35 304.8'10.1' 305'/69' 25 306.1 '1 7.2' 13
VII 29 275.1 '1 0.7' 96'/67' 7 276.9'1 5.9' 5
VIll 116.4"{ 7.2':1 29 292.2'1 28.6' 279'/69' 9 272.1'/9.1' 3

Fiddle River thrust shcct
IX 124'/8.7' 16 126.6'/7.4' 126'/ 89' 8 125.1 '1 7.7' 8
X 37 133'1 22.6' 318.8'/ 76.4' 19 129.1'/ 16.8' 14
Xl 276.8'1 6.5' 53 304'/70' 22 298.7'1 7.2' 13
XII 285.8'/8.1' 15 296.8'1 17.6' 292.1'/75.4' 7 296.8'1 8.3' 3
XIll 292.2'1 44.2' 36 290'/21' 156'/28' 11 282.6'1 28.1' 10
XlV 296.4'1 12.7' 29 297.4'/7.3' 128'/34' 8 304.9'1 15.8' 6

Table 1: 5ummary of calculaled mesofabric axes and mcan orientations for the Nikanassin and Fiddle

River thrust sheets (from Fig. 4.10). BI : Pole to bcst fit great circle to bedding poles; n (50): number of

bcdding mcasurements; al: Pole to best fit great circle 10 51 cleavage poles; mean SI: mean

orientation of the 51 cleavage; n (SI): number of 51 measlirements; "'1: Mean trend and plunge of the

intersection Iineations bctwcen 50 and 51; n (L~: number of lineations.

•
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trend of the Nikanassin thrust fault on the map is about Ilr, and about 115° for the

Fiddle River thrust fault, each estimated from the envelope of the sinuous trace of both

faults (Le. estimated from measured fault strikes).

The caIculated rnean trend/plunge of aIl the dl structural axes (pole to great circle

of SI cleavage) is [294.2°{2.4°], making a slighl angle in strike and plunge with the mean

BI fold axis. The "'1 structural axes (mean intersection lineation) generaIly fan close to

their relative dl structuraI axes on the stereograms (e.g. dl from Domain Il fans close to

"'1 from the same domain, Fig. 3.12 (b, c), Table 4.2) and have a similar mean

orientation for aIl domains (291.8°/2.8°), butmost differ from the the corresponding B(

fold axes.

From southeastto northwest, there is a change of orientation of the various types

of fold axes along the Nikanassin fault, but this change is not simple and graduaI. The

fold axes of the more southeastern domains generally make a dextraI (clockwise) angle

with the average fault trace, while the northwestern domains make a sinistral

(anticlockwise) angle. AIso, BI, dl and "'1 axes of the different domains of the Fiddle

River thrust sheet (Fig. 4.12 (e, f, g)) display the same geometry, where southeast

domains plunge southeast and norlhwestern domains plunge northwest and differ from

the average fau1t trace. There is a discrepancy in orientation between the BI fold axes and

the dl and "'1 structural axes. Together, the BI, dl and "'1 fold axes do notlie aIong a

great circle for both the Nikanassin and the Fiddle River thrust sheets (Fig. 4.12). The

pole to the mean orientation of ail vein sets was caIculated for each domain 10 estimate the

axes of longitudinal extension along the thrust sheets. On synoptic diagrams for the

Nikanassin and Fiddle River thrust sheetsdomains (Fig. 4.13 (a, b)), these poles display

a geographic variation in orientation similar to fold axes. The change in plunge and

curvature of the two thrust sheets occurs in the same area, near the Mcleod River. This

change does not coincide with a regional culmination since most folds observed in the
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thefootwall of the Nikanassin thrust fault plunge southeast, southeast of the Miette

Hotsprings (northwest tennination of the Nikanassin-FiddIe River thrust fauIt, Fig. 2.3).

Summary plots and discussion

Plots of the orientation of the calculated structural axes (BI. 01, and ti() and poles

to the mean vein sets for each domain of the Nikanassin and FiddIe River thrust sheets,

versus distance (d) of the domain from a common point origin, situated at the

northwestern tip of the Nikanassin-Fiddle thrust fauIt, are shown in Fig. 4.14. To

interpret these diagrarns properly, one must understand the relationship betwe;:n the angle

and distance along the arc of a circle (Fig. 4.15). Within a cartesian reference frame (xy

frame), the x coordinates of the arc of a circIe, with tangents orientea at a low angle from

the x axis (shaded area, Fig. 4.15) versus the relative orientation of these tangents plot as

a straight line (see shaded area, Fig. 4.15). The slope of this line is proportional to the

length of the ray between the center of curvature and the arc, and the sign of this slope

indicates outward or inward curvature (Fig. 4.15).

Visual observation of the plotted structural axes versus distance (Fig. 4.14)

pennits one to check that none display a linear relationship for the whole map length of

each thrust sheet. Sorne data points fall on a straight line or a line with unifonn slope (e.g.

Fig. 4.14 (a)), which represents a regular curvature of the structural axes for a specific

segment of the thrust sheet. Further along strike (d), other data points falI on straight Iines

with a differing slope, indicating that the structural axes of different segments of each

thrust sheet change in axis of curvature along strike. Overall, the broken Iines that tie the

data points suggest that the Fiddle River and Nikanassin thrusts sheets have changing

curvatures of structural axes along strike and that three to four consecutive and aligned

points (Fig. 4.14) represent segments of a thrust sheet with a constant curvature (Fig.

4.14 (a) to (d)),
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The comparative plot of the III fold axes for the domains of the Nikanassin and the

Fiddle River thrusts sheets (Fig. 4.14 (a)) shows that these axes follow a sinusoidal and

sub-parallel path when projected on the !Jorizontal plane (on the map), and have at least

one inflection point situated in the same region from the point of origin (d =30 to 45 km).

The northwest segment of the Fiddle River thrust sheet shows an open outward curvatllre

(center of curvatllre toward the foreland), as displayed by a low negative slope, an

observation which is in agreement with the general curved-outward shape of the present

falllt and fold mapped axial traces within the thrust sheet (Fig. 4.2). The central pan of the

Nikanassin thrust sheet displays a tight outward curvature in the area situated southeast of

the Mcleod River (d >40 km), and a tight inward cllrvature northwest of the Mcleod

River. Also, as outlined on the synoptic stereographic diagrams (Fig. 4.12 (a, d)), BI

axes vary in plllnge from southeast to nonhwest and this variation follows sinusoidal

paths of changing curvature for both thrust sheets (Fig. 4.14 (e)).

Models of thrust fault propagation, such as the Bow and Arrow rule (Elliott,

1976a) or based on observations of faults (Cowie and Scholz, 1992) indicate that thrust

faults display a generally inward curvature (curved toward the hinterland of the thrust

belt). If the Nikanassin and Fiddle River thrust sheets are presumed to have formed

initially with such an inward and regular curvature, their sinusoidal curvature and

subparallel inflexion points revealed by the BI fold axes and the regional along-strike

variation of these faults and mapped fold axial traces (Fig. 4.2) indicate that both thrust

sheets have been subject to a common overprinted deformation that modified their initial

curvature. The change in orientation of the BI axes suggests that the initial configuration

of each thrust sheet probably had a regular curvature that was later locally modified by the

superimposition of varying strain.

The SI cleavage axes and mean intersection lineations (dl, ....1) together with poles

to mean vein sets from domains of the Nikanassin and the Fiddle River thrust sheets are

plotted on Fig. 4.14 (b) to (d). A significant discrepancy appears between the regional
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eurvature of these elements and that of the BI fold axes (Fig. 4.14 (f, g». The relative al

and f.1 axes have the same orientation in the different domains and outline a broad inward

eurvalure of these axes along the thrust sheets (orientation generally inerease in absolute

orientation towards the southeast, Fig. 4.14 (b, e». This diserepaney with the BI axes is

in agreement with field observations of SI cleavage planes oblique to the local strike of

fold traees and fault planes and the local obliquity of the L~ lineation with the. local fold

axis. AIso, the trend of the pole ta the mean orientation of the vein sets tends to follow the

orientation of the al and f.1 axes rather than the BI fold axes. In domains where the SI

cleavage does not show very weil developed cleavage fans, stereographie diagrams show

that the mean orientation of SI does not eontain the BI fold axis (Fig. 4.10, e.g.Domain

XI).

In summary, in the Nikanassin and Fiddle River thrust sheets. there is a mismateh

between the regional eurvature of the al.fJ.I and the pole to mean veins sets with respr.ct

to the BI fold axes, and an obliquity of BI fold axes relative to the mean orientation of SI

eleavage. This mismateh ean be explained as indicating that regional folding was not

eoeval with cleavage formation (cleavage formed early or late), or that sorne kind of non­

coaxial deformation permitted the rotation of folds during a common deformation and

continued cleavage development.

Because cleavage has been observed in the field ta be closely related to folds (e.g.

eommon observation of eleavage fans), it is unlikely that cleavage formed later than the

defonn~tion that caused the folding within the Nikanassin and Fiddle River thrust sheets.

Recent studies conceming the timing of cleavage in thrust-fold belts indicates that

cleavage is initiated early during the development of these belts, and continues to develop

throughout the development of other structures (Marshak and Engelder, 1985). The

transecting relationship between cleavage and sorne particular folds has been observed

and discussed in several papers (powell, 1974; Stringer, 1975; Borradaile, 1978, Strïnger

and Treagus, 1980). Commonly, transected folds OCCUT where cleavage and folding are
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not precisely contemporaneous, and thus that each element is the result of different strain

fields, where the axes of deformation are different within each defonnation event or

gradually rotated during deformation (non-coaxiai strain history).

Other field observations suggest that sorne of the defornlation at the mcsoscalc

occurred within a non-coaxial progressive strain history. Steeply dipping shear veins and

associated shear zones within the Nikanassin and Fiddle River thrust shcets are cvidence

that sorne simple shear deformation occurred, oriented sub-parallel to the transport

direction. The interna! strain involved in permitting the translation of material within thcse

thrust sheets to the curved regiona! shapes described above, must occur at either the

rnesoscale or the microscopie scale. Mesoscopic vertical shear zones and mesofaults

oriented broadly northeast-southwest and verticaIly, more or less perpendicular to the

long axis of the thrust sheets are prime candidates for much of the accommodation of this

strain, because they are observed throughout the area. These structures allowed the

shearing of the thrust sheets into a large number of elongated sheared compartrnents with

centimetre displacements, of both dextral and sinistral sense that account for most of the

required interna! deformation. The observed intersection of shear zones of opposite sense

attest to the fact that the progressive defol111ation was non-coaxial. The material needed to

fill the numerous thin veins Iikely came from dissolution of material by other

transgranular strain (Groshong el al., 1984) during the continued formation of stylolitic

cIeavage in the carbonate units and/or grain-to-grain pressure solution.

The fact that relatively few mesofaults were observed in the field rdative to shear

veins indicates that brittie-ductile deformation (Ramsay, 1980) was the main type of rock

deformation within the Paleozoic sequence. The stretching of about 2.5% due to veins

perpendicular to the thrust faults provides another indication that these structures are an

important component of the strain partitioning between macroscale (major thrusts) and

microsca!e structures (dissolved grain boundaries). The internai deformation observed in
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the Nikanassin and Fiddle River thrust sheets is probably representative of other

Paleozoic thrust sheets in the Rocky Mountains.

Also, these faults have an anomalous trend relative to adjacent regional thrust

faults to the northeast and southwest (Fig. 2.4). The Miette thrust fault has a similar map

trend to that of the Nikanassin and Fiddle River thrust faults but the McConnell, Brazeau

and Folding Mountain thrust faults have a more northerly trend (up to 15°, Table 4.3)

from the other faults. From the regional map (Fig. 2.4), the mean strike of the thrust belt

and other important faults is sub-parallel to these last thrust faults (=125°), which

suggests that the Nikanassin, Fiddle River and Miette thrusts have been rotated as a

whole, counterclockwise, relative to this presumably initial orientation.

A regional sinistral shear, oriented paral!el with the observed shear zones

(northeast-southwest), and applied to the Nikanassin and Fiddle River thrusts of the Front

Ranges of the area could explain this rotation. A model of evolution and thrust fault

propagation of the Front Ranges and Foothills of the Athabasca-Brazeau area was

outlined in the Chapter Three of this thesis (Figs. 3.8 and 3.9), based on the measured

map lengths of the major thrust faults and simple approximations about the rate of lateral

and forward propagation of these faults. This model showed that a series of sinistral and

dextral shears, applied to hinterland thrust sheets developed during the successive

development of foreland thrust faults and piggyback thrust transport, produces a regional

geometry of fault traces with changing curvatures, similar to those observed in the studied

area. In particular, the regional orientation of the Nikanassin and Fiddle River thrusts

generated by the model are subjected to an important layer-parallel sinistral shear due to

the gradualdevelopment of thrust faults associated with the Brazeau thruSl. This study of

mesoscopic fabrics strengthens this model by showing that the Nikanassin and Fiddle

River thrust sheets were subjected to significant shear strains, aIong planes subparallel to

the transport direction. The exact reason explaining the development of the Brazeau
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Thrust fault

Nikanassin

Fidelle River

McConnell

Miette

Folding Mountain

Luscar

Brazeau

Map trend

1170 (297")

1150 (295")

1280

1200

1300

1130

1250
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Table 4.3 : Comparison of the avcragc trcnd of major Ihrusls mcasurcd in the

Athabasca-Brazcau arca (north of 52°{)()' N)
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Structure is unknown now, but future work dealing with the dt'tail of the subsurface

structural geology may reveal sorne particular cause (e.g. major thrust lateral ramp).

CONCLUSIONS

The geometry and spatial orientation of the mesoscale structures within the

Paleozoic lithotectonic unit of the Nikanassin and Fiddle River thrust sheets of the Front

Ranges show that :

(1) Solution cleavage (S il is observed throughout the Nikanassin and Fiddle River thrust

sheets, and fans around an axis parallel to the local fold axis.

(2) In sorne domains, the axis of fanning of the SI cleavage and the mean intersection

lineation between SI cleavage and bedding are not paraileI to the fold axis calculated from

bedding orientations. This is interpreted to resuit from the rotation of early folds just

before sorne new cleavage planes formed. A second cleavage (82) is superimposed upon

the early fonned SI cleavage in sorne areas and attest to the fact that the strain history is

complicated.

(3) Wide and narrow shear zones mainly composed of spaced, thin and long en échelon

veins are observed throughout the thrust sheets, and display a statistical mode of vein set

orientations nearly perpendicular to the mean map trend of the thrust fault. These shear

zones are subvertical and indicate that layer-parallel simple shear was an active

deformation mechanism in the thrust sheets. Because these shear zones are present

throughout the area, and not only close to folds, they are considered to have Oliginated

from the progressve emplacement of the thrust sheets. Volume dilation by the veins

within these shear zones is considered to be balanced by the solution of material along

c1eavage planes. Shear zones of opposite dextral and sinistral sense intersect each other.

The progressive strain history involves: (1) the formation of early folds, probably

related to the propagation of the thrust faults (fault-propagation foIds), together with the

inception of sorne early cleavage planes. (2) The continued lateral and forward
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propagation of the Nikanassin and Fiddle River thrust faults resulted in internai

deforrnation within the thrust sheets by layer-parallel simple shear through a series of

dextral and sinistral shear zones, sub-parallel to the transport direction. '1I:,1 (3) Ihc

stacking of underlying thrust sheets and piggyback transport above Foothills thrust faults

during the latest ph'lse of deformation, ill some areas rotated fold uxes und other

mesoscale structures to positions oblique to the regional stress field. This rotution

explains the local transection offolds and early c1euvage by later fonncd clcuvugc planes.
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CHAPTER FIVE

GENERAL CONCLUSIONS

The three papers presented in this thesis give new insights about the geometry,

kinematics and theory of thrust fauiting, in particular within the Athabasca-Brazeau area

of the central Canadian Rocky Mountaius.

Three types of décollements can be deduced from the current geometry of the

Canadian Cordilleran foreland thrust belt, namely basal, intennediate internaI and upper

décollements. Geological data and interpretations presented in Chapter Two suggest that:

1) An internai décollement is recognized by a layer-parallel glide horizon that correspond

to an extensive flat segment abave a ramp that links it to a portion of the basal décollement

situated further in the hinterland of the thrust belt. Many fault imbricates emanate from an

internai décollement. The internai décollement is underlain by the continuation of the basal

décollement towards the foreland and overlain in most cases by an upper décollement

surface.

2) The basal décollement of the Front Ranges and Foothills changes both laterally and

towards the foreland. It has two ramps, one that cuts up section from the base of the

stratigraphic pile to a slippage zone in the Devonian, and another that cuts up section from

the Devonian to another flat in the Upper Cretaceous.

3) When considered overall, the shortening within the Mesozoic sequence in the Foothills

is equivalent to that in the Paleowic sequence. However, the two sequences exhibit

discrepa'.1cies in relativê shortening when only short segments of the cross-sections are
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considered. Section balancing using restored bed Iengths is thus only applicable to the

whole of the Foothills.

4) In the Athabasca-Brazeau region six extensive layer-parallel glide horizons are

recognized: the Sassenach-Lower Palliser Fomlation. the Fernie Group, the upper portion

of the Nikanassin Formation, the Blackstone Formation, the Wapiabi Formation and the

lower part of the Brazeau Formation.

S) Successive forward shifts of the basal décollement to new positions within the

stratigraphic pile Ied to the formation of internaI décollements, some of which may be

cross-eut, folded by the stacking of thrust sheets of younger faults rising from deeper and

more northeastward décollements.

6) The upper, more forward segment of an early décollement appears to have been utilized

as a roof thrust during the development of deeper seated duplexes (i.e. the Folding

Mountain and Luscar duplexes underlying the Blackstone décollement).

7) The abandonment and forward shift of basal décollements in the external part of the

Rocky Mountai:t belt appears to be related to the development of the upper décollement

and can be explained by the Coulomb orogenic wedge mode\. lt is interpreted that the

formation of the upper décollement caused increased friction along the composite basal­

upper décollement surface that gradually raised the critical taper angle of the orogenic

wedge. Renewed internaI deformation within the wedge eventually led to a shift of the

basal décollement downwards to a new basal décollement to reduce friction. This allowed

for renewed foreland accretion until friction again built up sufficient!y ;0 cause another

cycle of basal décollement abandonment.

In Chapter Three, two computer programs demonstrate a mode! of thrust

propagation and thrust belt development that fits current knowledge about fault

propagation. This numerical model is based on two mechanisms:
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1) The spreading simple shear mechanism applies a sImple fomo of layer-parallel ohear

strain symmetrj~al about the center of the le,:"ing edge of a thrust fault ta ils lateral tips

that follows the lateral and fOlward propagation and mot;on of this single thrust fault.

2) The overlap mechanism is a conceptual model that predicts how and when each fault

might propagate when a group of thrust faults are linked through a common décollement.

The mechanism is an analog of local stress buildup anJ its eventual relaxation by slip on

the fault best-situated for this stress release.

The OVERLAP program shows th", thrust faults propagate laterally and do not

intentionally transfer displacement [rom one thru~t to another; v:>.riations in displacemen'';

along strike are the consequence of mnltiple thrust initiation sites. A cJmposite

mechanism of the overlap and spreading simple shear mechanisms provides a better way

of visualizing the evolution of thrust belts than the thrust transfeI zone concept of

Dahlstrom (1969, 1970).

The computer simulations providc lIsefu1 information about the behavior of

multiple faults:

1) the number of fauIts, the locations of their nucleation points, and hence their density,

the rheology and consequent speed of fault propagation govern the uniformity of the

sh0l1ening along the thrust belt.

2) The branch lines and hanging wall strain pattern of two intersecting thrust faults can be

used to trace back the thrusting sequence of two thrusts.

3) The OVERLAF ..:ümputer simulations show that shortening along a thrm:t belt can be

distribllted more evenly by means of propagation of a large nllmber of small faults than

few large thrusts.

4) The THREE THRUSTS computer simulations also demonstrate that the final geometry

of a large thrus! fault on a geological map leaves few clues about its origin, whether it was

prodllced by the coalescence of multiple, en échelon thrust faults or from only a single

nucleation point.
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The study, presented in Chapter Four. of the geometry and spatial orientation of

the mesoscale structures within the Paleozoic lithotectonic unit an,\ ;\Iong the strike of Ihe

Nikanassin and Fiddle River thrust sheets of the Front Ranges shows that :

(1) Solution cleavage (St) is observed throughout the Nikanassin and Fiddlc KiwI' thrust

sheets, most of the tir:," and fans around an axis parallel ta local fold axes.

(2) In sorne domains, the axis of fanning of the S, c1eavage and the mean intersection

lineation between S, cleavage and bedding are not parallel ta the fold axis ea\culated l'rom

bedding orientations. This is interpreted to result from the rotation of carly raids just

before sorne new cleavage planes formed. A second cleavage (S2) is superimposed upon

the early formed S1 cleavage in sorne areas and attest to the fact that the strain history is

complicated.

(3) Wide and narrow shear zones mainly composed of spaced, thin and long en échelon

veins are observed throughout the thrust sheets, and display a statistical mode of vein set

orientations nearly perpendicular to the mean map trend of the tbrust fault. Thcse shear

zones are subvertical and indicate that layer-parallel simple shear was an active

deformation mechanism in the thrust sheets. Because these shcar zones are present

throughout the area, and not only close to folds, they are con.,idered to have originated

from the progressve emplacement of the thrust sheets. Volume dilation by the veins

within these shear zones is considered to be balanced by the solution of lTIaterial along

cleavage planes. Shear zones of oppos:te dextral and sinistral sense intersect eaeh olher.

The progressive strain history involves: (1) the formation of early folds, probably

related to the propagation of the thrust faults (fault-propagation folds), together with the

inception of sorne early cleavage planes. (2) The continued lateral and forward

propagation of the Nikanassin and Fiddle River thrust faults resulled in internai

deformation within the thrust sheets by layer-parallel simple shear through a series of

dextral and sinistral shear zones, sub-pa.lllel to the transport direction, and (3) the

stacking of underlying thrust sheets and piggyback transport above Foothills thrust faults
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during the latest phase of deformation, in some areas rotated fold axes and other

mesoscale structures to positions oblique to the regionai stress field. This rotation

cxpiains the local transection of foids and early cleavage by later formed cleavage planes.
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Figure 2. 7: Schematic kinematic model of the Femie décollement (fd). Mounlain Park thrust

nctwork 1c.1ding to the fonnation of the Nikanassin décollement (nkd). (a): location of the

future Femie d~collcment; (b) motion along the Femie décollement pennits carly motion of

the McConnell thrusl (me) and the fonnation of the Mountain Park thrust network in front

(right); (c) renewed motion along the McConnell thrust caused the folding of the Femie

décollement in the Cardinal syncline (cs); the Femie décollement is then abandoned and a

new basal d~collement is fonned. from which the Miette (mi) and Nikanassin (nkt) thrusts

emana!e. The upper segment of thesc faults follow a fiat within the Nikanassin Fonnalion.

the Nikanassin décollement. M: Mesosoic cIastic rocks; P: Paleozoic platfonnal carbonates.
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Figure 2. 8 : Various interpretations of the Folding Mountain structure

Figure 2. 8 (A): Simple thrust fault-Webb (1955) and Mountjoy (1960'•• b)-(reproduced from Joncs

(1971).

Figure 2.8 (E): Folded thrust fault interpretation- Joncs. 1971-(reproduced from Joncs (1971).
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Figure 2. 9: Kinematic model of evolution of the Foothills thrust belt in the Brazeau area. (a)
Location of future Nikanassin d6collement (nkd) after the formation of the Fernie
d&:ollement (i. e. sec Fig. 2. 7). (b) Location of future Blackstone d6collement (bk) and
Brazeau thrust network (hz) in front of the propagating Nikanassin d6collernenl. (c) Motion
along the Nikanassin d&:ollement [lfst allows for motion of the Mielle thrust (mi) and
intersection with the Fernie d&:ollement, secondly motion on the Nikana~sin thrust (nkt),
and thirdty the formation of the Brazeau thrust network. The development of the upper
d&:ollement (UD) causes the eventual abandonment of the Nikanassin d&:ollement and the
shift to a new basal d&:ollement along the Sassenach Formation (00). Motion along the
Sassenach d&:ollement eventually led ta cross-cutting of the Nikana~in d&:ollernent (nkd)
by thrusls such as the Grave FIais thrust (gv) and the development of the Folding Mountain·
Luscar duplex. This final deformation event teads to the SlruClural gcomclry similar to
Section A-A' (Fig. 2. 6).
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Figure 2. la (next page) : Schcmatic model of evolution of the Cordilleran orogenie wedge in the

foreland thruSI bcll. (a) The rise of the orogenie wedge leads to the formation of a foreland

basin bcginning in middle Jurassic. a is the dip of lhe topographic slope of the wedge. 13 is

the dip of the basal décollement. (b) erosion of lhe orogenic wedge leads to molasse

deposition over the loc of the orogenic wedge. Further advancemenl of lhe wedge will cause

the formation of the interculaneous wedge under the upper décollemenl represented by the

plane of deposition. (e) Emplacement of the inlercutaneous wedge lcads to incrcase friction

along the basal and upper décollement surfaces and a consequent increase in critical taper.

The subsequent internai dcformalÎon will cause an isoslatie response to lhe incrcased wedge

weight thus increasing of 13. These combined factors willicad to abandonmenl of the older

bas.11 décollement and downward shiftto a new basal décollementlower in the stratigraphie

pile. (d) The propagation of the new basal décollemenl is graduai and is accomplished by

imbricate faults propagating sequentially (I~2~3). sometirnes through the older basal

décollemenl and overlying wedge.
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Figure 2.\0
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Model 1: Simple shear flow

Model 2: DiL'ergent flow lines

c

•

Model 3: Solid body translation
with lateral edges decoupling

Figure 3. 1 (a·e): Comparison bctween various possibilities of simple models of kinematic patterns

leading to a bow shape of a thrust faull in map view. These models negleel the effcct of

lateral lhrusl propagation. W is lhe thrusl widlh measured perpendieular to lhe line of

maximum displaeernent (D) of the thrusl fau!t (sec Walsh and WaUerson. 1988. Fig. 1) .

Here D is always eonsidered to bc in the center of W.
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Figure 3. 2: The spreading simple shear defonnation mcchanism during thrust fault propagation.

Figure 3. 2(a): Initial nucleation point aod nrst fault slip incremcnl. xOYO. the location of the fault

nucleation point; xIYO. location of the frontalthrust lip after the nrst slip increment; XOYt

and xon. location of the left and right lateralthrust tips aCter the nrst incremenl. The axes

of lateral fault spreading control the location of future left and right thrust lips. The

calculated location of the fronlalthrust tip and the location of the laterdl thrust tips control

the shape of the fault. and consequent hanging wall defonnation. The nrst increment of fault

slip applies two syrnrnetrical simple shear deformations on the hanging wall of the thrust.

dextral on the companment\eft of YO. sinistral on the right one.

Figure 3. 2(b): The spreading simple shcar rnechanism controls each increment of fault slip. xO, YI

and XO, Y2 • position of fault lateral lips before slip increment; xo. YI' and xo, n' new

positions of fault lateral tip; 01 and 02: angle betwccn the axis of laieraI fault spreading and

the frontal thrust center. beforc and after slip incremenl. Arrows in the upper part of the

ngure show the variation in val,," of the vectors of incremenlal slip. T1le rate of incremental

defonnalion is higher betwccn the old and the new lateral thrust tips becau:;c the fault is

assumcd to show a lincar dccrease in displacement from ils frontal center pointto its lateral

tips.
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J = 220.000000
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k= 10
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Simulation pausE'd J \'/aiting ...

. 1'" .

b

T = 3/3

u= 220

n= 2

J = 220.000000

t' = 220

k= 10

F= 4400

Simulai;ion p.auzed J 'Ilaiting ...

l
! ~·_----,......-----1-

r'--i---

................., ·········· ········1···..·..·· ..······

- -

c

T = 1/3

u= 660

n= 4
J = 220.000000

0= 1320

k= 10

v= 13200

Simulation paused l waiting ...

•

Figure 3. 3: Example of a THREE THRUSTS simulation. Tl 10 T3 are thrce thrusts ordered by

Iheir position relalive to Ihe foreland (Fig. 3 (a)); T is the eurrenUy active thrusl; a is the

arilhmelical growlh factor (sel by lhe user); k is the rheological constant (also set by the

user); n • current number of slip events of T; D • maximum 'lisplacement of T; W • total

width of T'; u •current incremental slip. D. W. u and a are in meters. The thick vertical line

represents the location of the schematic cross-section drawn on the extreme left. The

simulations are scale-dependent ln all figures. the forci and is at the botlom.
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----------
-:tt~:-

~ T2
------._-~-••--.:::::::::::::-- T2'

•

Tl

Figure 3. 4: Example of vectorial addilion of the incremental displacement on a non-rectiline:"

lhms!. Afler being subjecl lo asymmetrical layer-parallel sh= stmin by Tl, T2 tUl< been

deformed. From ilS r.ew position, TI advances to TI' through spreading simple shear. The

distribution of Ihe incremental displacement in the hanging wall of TI' (shown by the

displacement veclors in lhe upper part of lhe figure) conforms 10 the spreading simple shear

mechanism and is identicalto the one of a rcclilin= Olrusl (sec Fig, 3. 2).
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Figure 3. 5: Special gcometric case where one lip of a hinterland thrust (T3) propagates in front of

one tip of a foreland thrusl. Thrcc Ihrusts initially ranked Tl ta TI, from their position

relative la lhe foreland (5a) propagale la a new position on Fig. 3. 5b. Mter incremental

layer-parallel shear strain by Tl on T3, T2's left lateral tip becomes situated in a more

hinterland position than T3 right laIerai ûp (5b). Eventually, after more lateral propagation

from il.~ position on Fig. 3. 5c, TI will bccome a footwall fault of TI. In lum, the left part

of T2 will bc carried piggyback by bath Tl and T3. In a natural setûng, this phenomenon is

a gcomctrical necessity bu'. in the case of a computer simulation, a particular a1gorithm in

the program needs ta han,Jle the geometric switch bctween TI and T3 sa that T3 does not

eut through T2 while propagating. Rather TI will continue ta propagate underneath TI and

merge with TI la form a duplex where TI will bc carried piggyback.
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Figure 3.5
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Figure 3. 6: Comparison of the influence of the sequence of thrusting on the final gcomelry of a

thrust zone. Thrcc sequences of tbrusting arc represented, each staning with the same

location for the nucleation points of thrusts Tl and 1'2, slip pararneters and sc<Je, and ending

with equal numbcrs of slip events for cach fault (N=II). Figure 3. 6(a) sequence represents a

case with the hinterland 1'2 reaching its full width bcforc Tl stans to fonn. Figure 3. 6(b)

shows the opposite case. Point X on Fig. 3.6 (b2) shows the location of the initial :>ranch

point bctween 1'2 and Tl. Figure 3. 6(c) represents a case of synchronous thrusting where

Tl and 1'2 slip altematively umil N = Il. The gcomeuies of the simulaled Ibrust bclts at

the end arc sharply different although equivalent shortening disuibutions arc observed for the

thrce cases atthe back of cach thrust bclt (top of each graph, (a3), (b3) and (c3». BP, branch

point between the two thrust; BL, branch line; T (shaded area), tom part of Tl by the

propagation of 1'2.
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Layer-parallel
shear strain on
right side of T2

.................. ·······T'fi L ' ! ········r·····.. ········1·

........L........ i rr..~ .!.. _..
a

•

·········1·············..··~2··· "1"" ( ! !
11 j b

.........! ·······..l···· ···..·..··j···.. ·· ! ! !

········1·······.. 12."1"" ··::·:::·i········· .:.~ : ·········1·····..·· ········1

......) ) .!.. .i.:a ./.. ! c

Figure 3. 7: Reversed incremcntal strain pallern induced by two propagating thrust faults. Ailer

sinistral simple shear in the righl part of the hanging wall of TI induced by thrust

propagation and motion, the propar,alion of Tl leads to a dextral simple shear in the same

arca, although thc final strain pattern of 1'2's thrust sheet might :ead one to the conclusion

that no laycr-parallel shear deformation has occurred.
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Figure 3. 8: Map of the thrust faullS observed in the Canadian Rocky Mountains in the Athabasca­

Brazeau region. Thrust faults: Folding Mountain (FM), Lovell (Ln, Brdzeau (BZ), Mielle

(MI), McConnell (MC), Nikanassin (NK), Bighom (RH), Gra'" Aats (GV).
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BI:i, - t- MI
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-
-------------------------- -

B --- ~Ml-- -
~NK- FM

MC _- ....---,.;::;.,.
~~ "-~~- - MI

~~

..-...----.-..-.....Jl!:! ~~ =:~=::::
::;K..",.--- ---- """"', • FM

~-- ~

~ - --::. BZ

~
1 scale -- 10km--

T= 1/1 n= 1443 t>= 2080.806 v= 80002.16

u= 2.884 J= 0.002000 k= 13870 Simulation paused, wai\ing ...

Figure 3. 9: THREE THRUST simulation leading 10 an approximation of the map pattern obscrvcd

on Fig. 3. 8. See lexl for explanalion. Refer 10 Fig. 3. 8 for thrusllabels.
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Figure 3. ID: Example of two different simulations leading 10 a similar configurJtion of a (hrust

fault, using realistic a and k values. The flfst simulation (a-c) shows three faulLs which afler

nucleation and initial propagation (a), start to overlap each other, wherc the more foreland

ones carry the others piggyback (0). The piggyback longitudinal shcar strain on the hanging

wall thrust faulls eventually !eads ta their propagation toward and against the leading cdge of

the lowest thrust (c) and the conseq~ent fault coalescence. The second simulation (d)

generated with only one active fault leads to almost (he same final strain pattern as (c). The

lines drawn on the left are schematic cross-sections along the thick Hne near the center of the

diagram. The lincs on the cross-sections represent the relative fault length of each thrust

from ils initial breaking point ta ils leading edge,

•
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Figure 3. II: Example of OVERLAP simulation. The program generates new faults where the

shortening is the least if no other faults are close enough ta permit any shortening. The

shortening accommodated by the various faults situated in the upper part of the diagram is

represented in the middle part of the diagram by a histogram (H) of the cumulative

displacement of ail overlapping faults. T: carrent active thrust number; niT]: number of slip

events reached that T has undergone; Sumo n: sum of all n that occurred within the

simulation; a and k: slip and rheological variables (Walsh and Watterson • 1988); S. maxS

and minS: average. maximum and minimum value of shortening in pixels (1 square =1000

m) ; nb IhruSls: numbcr of thrusts within the bcll.
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Figure 4. i: Statigraphic column for the Athabasca-Brazeau segment of the F--,,[ Ranges,

reproduced from Mountjoy (1992). The subdivision of Ihe Fairholme Group (Cairn and

Southesk fonnations) are not shown, Sec Fig. 2. 3 for a complele stratigraphie column.
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Figure 4. 3: Macroscopic. upright anticlinal fold within the Nikanassin thmst sheet involving strala

of the Mississippian Pekisko (Mpk) and Shunda (Msh) formations. A minor backlimb

theust duplicates the Pekisko. View to the southeast from unnamed crock northeast of

Mount Luscar (UTM coordinates: 471900S, 5875000N)
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Figure 4. 4: Klippc of lhe foldcd Fiddle River theust shect exposcd on a ridge northeasl of Mount

Berry (on left horizon). vie",cd lowards the northwest from south of Cardinal River Mine

(view point at UTM: 470000E. 5877000N). Note low dips of Cambrian (C) strata al

Mount Berry. The k!ippe is eomposed of Cambrian Eldon Formation (Ccl). Folds within

the underlying Nikanassin theust sheet involving Mississippian Rundle Group (Mc) and

Triassic Sulphur Mountain Formation (TRsm) fold the Fiddle River theust fault
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Figure 4. 5: 51 Cleavage (5) fan in a lighl macroscopic anIiclinal fold northwest of Cadomin

Mountain. The 51 c1eavage is only parallel to the axial plane in the hinge area of the fold.

The c1cavage is slaty within the Banff Formation (Mbl) and Slylolitic within the Pekisko

Formation (!,lpk). This rold is in the ha.1ging wall of the Nikanassin thrust and is lraced for

nine kilomelers towiUds the northwe"t, across the McLeod River. View looking southcast

from viewpoint coordinates: UTM 4793000E, 5872200N.
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Figure 4. 6: Macroscale duplex al Little MacKenzie Creek. The sole thrust of the duplex is the

Nikanassin thrust (NK T.) and the roof thrust (R) follows a ramp in the Pekisko Fonnation

(Mpk) and a nat along the base of the overlying Shunda Fonnation (Msh). Strata of the

Shunda and Turner Valley and Mount Head fonnations (Mtrn) arc not affected by the

imbricates repcating the Pekisko and Banff (Mbf) fonnations. The Nikanassin thrust clirnbs

a law-angle footwall rarnp from the Nikanassin Fomation ta the Lower Cretaccous Cadomin

and Lower Luscar Group at this location. Vic\\' scuthcast from viewpoint at UlM 482600E,

5870600N. (Just northcast of the southeast tip of tht: Fiddle River thrust) .
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Figure 4. 7: En échelon calcite veins indicaling dextral shea;. aiong the axis of the hammer.

observed f:cquenlly within Paleozoic thrust sheets of the Athabasca-Brazeau region. The

shear p~H,e is orienlcd at [294190] ami i.lldividual veins trend approxiw.ately NNW, within

Palliser FUimation at Disaster Point west of Roc'., Miette (a1ong ü,e Athabasca River

valley). UTM 435300E. 5890500N.
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Figure 4. 8: Cross-cutting pressure-solution c1eavage planes within Mount Head dolomites in the

Redcap anticline. An carly sel of c10sely spaced (1-3 cm) stylolites (SI). axial planar to the

macroscopic rold. is cross-cut by a later set of en échelon shear veins (V) indicating sinistral

shear along a NE-SW axis. perpcndicular to the fold axis. A later c1cavage (S2) represented

by thick (1-5 mm) and spaced (30-40 cm) solution planes cross-culS both the veins and the

St planes. North is along an imaginary diagonalline lowards the upper right corner of the

photograph. UTM 461500. 5898500.
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% extension normal to vein set

Figure 4. 9: Frequency distribution of local extension from mcasured veins within the Nikanassin

and Fiddle Rive, thmst shccts.

% extension = average thickness of the veins per vein set! spacing of the veins X 100
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Figure 4. 11 (a, b): Rose diagrams of ail strikes of mcasured vcin sets (a: Nikanassin, b: Fiddlc

River thrust sheet),
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a Mean of Mean B ,
= [290.7'/11.9']
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= [294.2'12.4']
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•
Wulff Equal Angle Projections

Figure 4.12: Synoptie stereographie diagrams of all 61. 61. al axes for the different domains of

the Nikanassin (4. 12 (a. b, e) and Fiddle River (4. 12 (d. e. f) thrust sheets -- 61 : pole to

the best-fii gre~t-circle to 50 (bedding) pole,; al : pole to the best-fit great-eircle to SI

(c1eavage) poles: 61 : Mean lineation vector of the LOI intersection Iinealions. Domains are

labeled with arabic numbers rather than the roman numbers used e1sewhere in this thesls.
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Figure 4. 13: Synop!ic sterographic diagrams of ail poles 10 mean veins for the domains of the

Nikanassin (4. 13(a)) and Fidd1e River (4. 13 (h)) thmst shceL,.
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Figure 4. 14 (a)-(g): Plots of orientation of ea1culatcd structural axes (BI. a,. ",,) and poles ta the

mcan vein sets for each domain of the Nikanassin and Fiddle River thrusts. versus distance

(d, of the domain from a common point of origin s',:ua!ed at the northwestem tip of the

Nikanassin-Fiddle thmst fauIt. (a) trend of B, axes against distance; (h): trend of a, axes

against distance; (c): trend of "" axes against distance; (d): trend cf pole ta mcan vein set

pcr domain against distance; (e): plunge of B, axes against distance; (f): aU axes against

distance. Nikana,sin thmst shcet; (g): aU axes agains! distance. Fiddle River thrust sheet.

Sec text for interpretation.
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Figure 4. 15 - Variation of x coordinates for a circle within a cartcsian refcrence frame. The lower

plot shows a circle with unit radius. with points (white squares) situated along the arc of the

circ!e Utat has tangents (1) that make a low angle (a) with the x axis (in the shaded area). On

the upper graph. the coordinates of these points relative to the x axis p10tted against angle

from the x axis (e or a) as a straight line. A positive slope (line of white squares in the

shaded arca) indicate an inward curvature. a negative slope, an outward curvature. The slope

of this curve is proportionzl to the degree oi curvature. Compare with graphs of figure 4. 14

(.)-(g).




