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Abstract

Four detachments separate rocks with different structural styles and arnounts of
shortening in the study area within the central Alberta Foothills. The intensely deformed,
shaie-dominated Alberta Group is characterized by foreland-verging duplexes, faultpropagation folds, and pop-ups; whereas the deeper, older, more competent rocks are
deformed into larger fault-bend folded thrust sheets with fewer faults. Deep structures in
the Lovett River Triangle Zone are en échelon to those in the Brazeau River Triangle

Zone dong-strike to the southeast. The Pedley Thnist, upper bounding backthrust of the
Lovett River Triangle Zone, terminates in a fold to the southeast and a new upper

bounding backthrust at a higher stratigraphic level is interpreted in the Brazeau River
Triangle Zone, where the foreland-verging Ancona Thrust has ovemden the previous
upper bounding backthrust. A relict triangle zone is interpreted in the Pembina River
area in the hinterland. The Elk River area, in the foreland, contains structures that
represent initiation stages of triangle zone evolution.
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C'HAPTER ONE:

1.1

INTRODUCTION AND PREVLOUS WORK

Introduction
The purpose of this project is to develop a better understanding of the three-

dimensional geometry and kinernatic development of the structures found in and around
the triangle zone in the central Alberta Footnills. This study helps to elucidate the

initiation, development and abandonment of triangle zone structures throughout the
evolution of the fold and thrust belt, which should aid in better understanding and
prediction of structural styles and variations dong strike in other foothills areas where
data are more sparse.
The triangle zone is important because it is a snap-shot frozen in time of how
foothills structures evolve, at least during early deformation stages. The structures in this
Frontal region are less deformed and are often better imaged seismically than those M e r
into the hinterland. There has been significant progress made in the Iast ten years on the
understanding of geometry and evolution of triangle zones. How these structures relate to
or are later transformed into the more cornplex structures further to the hinterland, how
they vary dong strike, and how they initiate are al1 questions addressed in this thesis.

The study area is located in the triangle zone of the central Alberta Foothills
(Figure 1.1) at the leading edge of the Rocky Mountain Fold and Thrust Belt. It is
approximately 300 km northwest of Calgary, between the Athabasca and North
Saskatchewan Rivers, northwest of the town of Nordegg. It contains both the Lovett

River gas field in the Cardium Formation and the Cod Valley coal mine in the Coalspur

Study area

Figure 1.1. Map of Alberta (modified fiom Lebel, 1996) showing the location of the
study area at the leading edge of the fold and thnist belt between the North
Saskacthewan and Athasbasca Rivers just north of the town of Nordegg.

Formation. This is a good area to study geometry and evolution of triangle zone
structures because of dong-strike structural variation in the triangle zone, preservation of
a relict triangle zone interpreted in the hinterland, and presence of pre-triangle zone
structures interpreted in the foreland. In addition, less severe erosion has occurred in this
area compared to the triangle zone in the southem Alberta Foothills, leaving more

structures intact for examination. There is aiso a good quantity and quality of both
geological and geophysical data available to this project, making this an excellent area to
study the triangle zone.
This project is an integrated geological and geophysical s ~ d of
y the structural
geometry and evolution of the triangle zone, based on interpretation and integration of
seismic data, well data and surface geology. The background geology and previous work
done in the triangle zone in general as well a s in this m a , is sumrnarized in this chapter.
Chapter Two contains a discussion of seisrnic irnaging in this complexly stnicnired area
with extreme dips, as well as a description of the acquisition and processing of the
seismic data interpreted in this thesis. Integrated structural interpretations of seisrnic data

are descnbed in Chapter Three. Pdinspastic restoration of cross sections and interpreted
deformational history are discussed in Chapter Four. Conclusions of this shidy are
presented in Chapter Five.

1.2

Literature Review

1.2.1

Structural geolom of the triangle zone
The triangle zone of the Rocky Mountain Foothills Belt consists of aliochthonous,

thrust-repeated strata wedged between the para-autochthonous strata of the Alberta
Syncline and the autochthonous strata below (Gordy et al., 1977;Price, 1986;MacKay,
1991). The term "triangle zone" originated from recognition of this structure on seismic

data (Gordy et al., 1977). Seismic data has proven to be a very useful tool for interpreting
the geometry and role of the triangle zone in the development of the Roc@ Mountain

Fold and Thrust Belt. Figure 1.2 is a simplified schematic cross section from Jones
(1982) illustrating the basic geometry of an ideal triangle zone. The triangle zone may be
identified at the surface by the presence of a major backthnist and/or a change in vergence

of small-scde structures, from foreland-verging structures, characteristic of most of the
fold and thrust belt, to hinterland-verging structures at the Ieading edge (Jones, 1982;

Teal, 1983; MacKay, 1991). The basal detachment, or "lower bounding thrust", of the
Cordilleran orogenic wedge ramps upsection from Cambrian strata in the hinterland to
Cretaceous strata at the Ieading edge (Bally et al., 1966;Price, 1986). There are
regionally significant intemal detachments between uinist sheets that allow for
differences in shortening and structural style (Spratt, 1994). One such regionai
detachment exists in the Fernie shale that allows significant pre-shortening of the
Mesozoic and Cenozoic rocks

6
above the Pdeozoic rocks and separates broad, large thnist sheets of Paleozoic strata
from the smder-scale defornation in the Cretaceous rocks above (Bally et al., 1966).

1.2.2

EvoIution of the triangle zone

The general sequence of deformation in the Alberta Fold and Thmst BeIt is
interpreted to have progressed h m the hinterland to the foreland and shailow structures

are generally considered to be older than deeper structures. Jones (1982) discussed the
geometry of the structures at the leading edge of the fold and thrust belt in this general
area and proposed a mode1 for their evolution. In his model the lower detachment of the

fold and thmst belt ramps upsection to the foreland and merges with an upper detachment
to define a triangle zone wedge. The upper detachment in his model is a hinterlandverging detachment that is layer parallel (Figure 1.3). The intercutaneous wedge is
interpreted to form a passive roof duplex or an antiformal stack.
Charlesworth and Gagnon (1985) and Charlesworth et al. (1987) descnbed the
structures of the Cod Valley coal mine, in the core of the Lovett River Triangle Zone,

and proposed a slightly different mode1 for the evolution of niangle zone structures. In
their model, the thnist that c h e s the foreland-dipping panel in the triangle zone is a
backthnist that initiates at an angle to bedding rather than as a detachnent. Duplex
horses are added to the base of the wedge forming the typical antiformal stack observed
in the core of triangle zones (Figure 1.4).

Stage 2

Figure 1.4. Modified from Charlesworth and Gagnon's (1985) mode1 for the evolution of
intercutaneous wedges, or triangle zones. A backthmt initiates at an angle to
bedding and horses are added to the base of the structure creating an
antiformal stack-
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Figure 1.5 is a modification by Jones (1982) of an early cross section north of this
area by Ziegler (1969). Several hangingwall backthmsts are interpreted to emerge fiom
the main upper detachment. However, Charlesworth and Gagnon (1985) and

Charlesworth et al. ( 1987) interpreted the Pedey Thmst to be the "upper bounding
backthrust" of the triangle zone in this area The results of this thesis support both
models at different stages of developrnent of the triangle zone.
The main difference in the two models (Figures 1.3 and 1.4) is in the incipient
geometry and the common use of the term "upper detachment". In this thesis the terni
"detachment" refers only to thmst Bats that foilow specific stratigraphie horizons. The
main hinterland-verging backthnist that caries the foreland-dipping strata previously
terrned the "upper detachment" will be referred to as the "upper bounding backthnist" of
the triangle zone in this thesis and the lowest foreland-verging h s t will be referred to as

the "lower bounding thmst" rather than "lower detachment''.
Price (1986), Charlesworth et al. (1987) and Jamison (1993) discussed the
existence of a triangle zone throughout orogenesis and suggested that a new upper
bounding backthnist forms extemal to (or foreland of) an existing triangle zone. Skuce et
al. (1992) and Skuce (1996) descnbed passive roof duplexes in the Alberta Group rocks

up to 30km to the foreland of the triangle zone in central Alberta (Figure 1.6). These

structures are interpreted to represent structures that would exist at the time of initiation
of a new triangle zone. MacKay (1991) and Dechesne and Muraro (1996) discussed the
existence of relict triangle zones to the hinterland of the Turner Valley Triangle Zone
(Figure 1.7) and in the Benjiman Creek areas respectively. Davis et al. (1983), Dahlen et

Figure 1.7. A Relict Upper Detachment ( N D ) for the Highwood Structure is interpreted west of the Upper Detachment (UD)
for the m e r Valley triangle zone structure by MacKay (1991).

al. ( 1984s), and Jarnison (1993) have discussed criticai wedge theory for cohesive
Coulomb material and a critical angle (or Iimit) for the upper bounding backthnist of the
triangle zone beyond which the triangle zone becomes unstable and new faults are likely
to develop that may replace the existing bounding thrusts. This critical angle (or limit) is
also dependent on the mechanical properties of the rocks involved and on erosion rates
over the area.

1.2.3

Along-strike variation in the triangle zone
Recent studies in the triangle zone have attempted to describe and explain

structural variations dong suike. MacKay (199 1) demonstrated the en échelon nature of
the triangle zone between the Turner Valley and Highwood Stmctures. The stratigraphic
position of the toe of the triangle zone wedge, where the upper and lower bounding

thnists merge or become parallel, is generally in the Upper Cretaceous (MacKay et al.,
1994);however, how it varies along strike is not well understood. Soule (1993), Soule
and Spratt (1996), and Sukaramongkol(1993) described the influence of lateral ramps on
frontal structures which partially accounts for this variation along strike. In addition
Lawton et al. (1994a, 1994b, 1996). and Lebel et al. (1996) discussed the existence of
tectonic wedges bounded by forethrusts and backthrusts at more than one stratigraphic
level within the triangle zone. Liu and Dixon ( 1991) discussed variations in thmst
displacement and fold amplitude along strike. Lebel and Mountjoy (1995), by way of
cornputer modeling, found that the total arnount of shortening in the fold and thrust belt
could be maintained by having out-of-sequence motion on multiple thmst faults.

The stratigraphic sequence consists of Paleozoic passive continental margin
carbonates and Mesozoic and Cenozoic foreland basin fil1 siliciclastics with nurnerous
unconformities. There is a regional thickening of stratigraphic units to the west, as well

as a gentle regional dip to the West within the undisturbed rocks (Bally et al., 1966).
Regional stratigraphy is illustrated on Figure 1.8 from Lebel et ai. (1996). This schematic

diagram shows the stratigraphic relationships, facies and diicknesses of formations from
near basement Cambrian strata to the Tertiary rocks. Although many authors have

contributed to the current knowledge of stratigraphy in this region, this stratigraphic
summary is based rnainly on the legend of the GSC Cardinal River map (Douglas and
Lebel, 1993) which is just West of the snidy area.

The Cambrian through Mississippian beds are composed mostly of cornpetent
carbonate rocks. Rocks of Cambrian age do not crop out in the study area and are not
encountered in wells in the area. The upper part of the Cambrian Lynx Formation
outcrops further West and is descnbed by Douglas and Lebel (1993) as mottled,
rnicrocrystalline dolomite grading to dolornitic siltstone with common laminations and
chert nodules.

Devonian rocks also crop out west of the study area and are observed in several
wells in the area. The Leduc (or Cairn) Formation at the base of the Devonian section in

L

m Croup (Klul

Figure 1.8. Schematic stratigraphie chart (modified from Lebel et al., 1996). Carbonate
rocks deposited on the passive continental m a r e during Cambran to
Mississippian time dominate the lower part of the sequence. Siliciclastic
rocks of the foreland basin dominate the upper part of the sequence and
show more dramatic thickening of strata to the west. Regional detachments
found in the Foothilis are also shown, which are generally within the
relatively weaker shale units.
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the Fairholme Group is a competent reefd carbonate. It is massive to thick bedded,

medium crystalline dolomite with Amphipora and stromatoporoid beds as weil as
limestone and dolomitic Iimestone in the Iower part (Douglas and Lebel, 1993). The
Ireton (or Southesk) Formation is a thick, less competent, off-reef carbonate above the
Leduc Formation within the Faîrholme Group consisting of massive, crypto- to finely-

crystalline limestone, which is panly calcarenitic or dolornitic (Douglas and Lebel, 1993).
The Wabarnun (or Palliser) Formation at the top of the Devonian sequence is a thick
competent carbonate. It consists of thickly bedded and massive, mottleci, dolornitic
limestone. dense lirnestone and dolomite (Douglas and Lebel, 1993).
Deep wells in the study area penetrate thmst-repeated rocks of Mississippian age
that are nahird gas reservoirs. The Mississippian sequence consists of the thin Exshaw

shale which grades upwards into the Banff Formation which is a finely crystdline, thinIy
bedded limestone with argillaceous siltstone and chert (Douglas and Lebel, 1993). This
interval is structurally weaker and contains a well known detachment horizon or
prominent thnist fiat. The Rundle Group, which is a gas producing reservoir unit in the

study area, is a competent carbonate composed of limestone, argillaceous dolomite,
skeletal (crinoids) calcarenite and cherty limestone (Douglas and Jkbel, 1993).
Triassic, Jurassic and h w e r Cretaceous (Luscar Group) rocks present in wells in
the study area are not subdivided for the purposes of this study. This interval consists of

mixed rock types with varying environments of deposition; sandstones, conglomerates,
siltstones, mudstones, shdes and coals are present. Triassic and Jurassic rocks also
contain limestone and dolostone; these rocks thicken more significantly to the west than

IS
the other parts of the section (Douglas and Lebel, 1993). A regional detachment is known

to exist within the shde of the Jurassic Fernie Formation,
Upper Cretaceous rocks consist of the Alberta Group at the base of the sequence
which is dominated by highly incompetent, marine shales, and overlain by the Brazeau
Formation, which is a thick sequence of mixed facies continental deposits. The
Blackstone Formation (Iowermost Alberta Group) is a dark shde with minor argillaceous
Iimestone, sandstone and bentonite beds (Douglas and Lebel, 1993). This thick shale unit
is extremely incompetent structurdy and is often intensely folded and thnisted into
rnacro and rneso-structures (Workum, 1978). It contains an important detachment
horizon or zone (Lebel et al., 1996).

The Cardium Formation consists of one or two marine coarsening upward
sequences fiom the Blackstone shde to sandstone and conglomerate. It is also a reservoir
rock, although much thinner than the Rundle Group reservoir. Wells in the Lovett River
gas field are producing from fiactured, folded thmst sheets of Cardium Formation

sandstones. The Cardium Formation is a cornpetent bearn of sandstones and
conglomerates sandwiched between thick weak shales of the Alberta Group and is often
highly folded and thrusted.
Thick incompetent marine shales of the Wapiabi Formation abruptly overlie the
Cardium Formation and coarsen upwards into the fine-grained shoreface sandstones of
the Chungo Member. Unlike the Blackstone Formation. the Wapiabi Formation has

cornmon siltstone interbeds and sideritic concretionary layers. It also contains a regionai
detachment near the top of the shale below the Chungo Member sandstones.
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The Brazeau Formation in this region is a very thick continental sequence of

interbedded sandstones, conglomerates, siltstones and rninor coal seams. Individual beds

are not regionally continuous and stratigraphie position within this unit is often difficult
to determine in the field. This unit is encountered in ail wells in the area and is
widespread at the surface in the study area The Brazeau Formation consists of rocks of
varying structural cornpetencies, rnacro and meso-structures are often observed in the
field; however there is no specific detachment horizon identifieci within this sequence.

The Codspur Formation crops out in the study area and is present in hydrocarbon
exploration wells. The Entrance Conglomerate (or pebbly sandstone) marks the base of
this formation and cm be identified in the field approximately 200m below the prominent
Mynheer coai seam (the base of which marks the Cretaceous-Tertiary boundary). The
Coalspur Formation also contains interbedded sandstone, rnudstone and bentonite and is
capped by the thick Val d'Or coal searn (Douglas and Lebel, 1993). These coal searns are
thickened by thmsts and fol& in the core if the triangle zone and are mined by the Cod
Valley Mining Company (Charlesworth and Gagnon, 1985; Johnston, 1985; and
Charlesworth et al., 1987).
Tertiary aged strata of the Paskapoo Formation are dominated by sandstone but
also contain conglomeratic sandstone, shale and minor coai seams (Douglas and Lebel,
1993). The Paskapoo Formation is widespread at the present surface and is a relatively
thick competent sequence that is generally only broadly folded with minor faulting.
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1-2.5 Previous work in studv area

The Geologicd Survey of Canada published a regional (1:1,000,000)scale rnap
over the general area: Athabasca River map L 339A (Price et ai., 1977). Figure 1.9 is part
of that map which covers the area studied for this thesis. It is located in and around the
hiangle zone at the leading edge of the fold and thmst belt between the foreland-verging
structures of the Rocky Mountains and the broad shallowly dipping strata of the Alberta
Syncline and Plains. The Pedley Thrust, which is the upper bounding backthrust of the
triangle zone in this area, is mapped at surface in the northwest part of the study area
although this t h s t is not shown to continue to the southeast. The surface trace of the
foreland-verging Ancona Thnist ends against the Pedley Thmst to the north and is folded
into an anticline syncline pair to the south, in the Stolberg area There is no backthnist
mapped to the foreland of the Ancona Thrust but two foreland verging thnists, the
Brewster and Sylvester Creek T h s t s , are identified well into the foreland east of the
Stolberg area.

Coal exploration started early in the century in this area, with mining in the Coal
Valley area in the 1920's. Allan and Rutherford (1924) discussed the geology and coal
potential dong the Blackstone, Brazeau and Pembina Rivers and produced one of the
earlier maps and shallow cross sections. Early hydrocarbon exploration, staaing in the
1920's, found gas in the deeper Mississippian carbonate thmst sheets in the general
region of this study area, although many of the wells in the study area were uneconomic
at that time and remain shut in. Link (1949) published two interpretations over the

Imperid Coalspur well (Figure 1.10) based on seisrnic, well and surface data available.

Figure 1.9. Modified nom the Geological S w e y of Canada's Athabasca f i e r map:
1339A (Price, 1977), covering the regional geology for the study area.
The PedleyThnist is the upper bounding backthrust of the triangle zone in
the Lovett River area, however it is shown to disappear along strike to the
SE where it is replaced by the Ancona Thnist, which is a forethnist.

Figure 1.10. Modified from early cross sections in the area by Link (1949), showing the
opposing dips as well as forethnists and backthnists associated with the
triangle zone. The two possible interpretations shown are both based on
surface, well and seismic data available at the time.

Backthnisting, or underthsting, was interpreted in the shallow section and was
considered to occur only near surface. The deeper section was interpreted to be
dorninated by the more typical forethnists or overthrusting. Although backthrusts and
forethruts were recognized, how these structures were related was not clear. More m e n t
exploration in the triangle zone in this m a by Conoco Canada Limited has resulted in gas
production fkom the Cretaceous Cardium Formation sandstone which is foldeci and
faulted in the core of the triangle zone These traps were found as a result of improved

seismic imaging and improved economic value of smaller accumulations.

The area was partiy mapped by MacKay (1943) of the Geological Survey of
Canada and summarized in his compilation map; however most of his work was
concentrated further W e s t of the triangle zone. Jones (197 1) discussed folded thmsts in
the foothills belt and published a simplifed tectonic map of the StoIberg and Chungo

Creek areas. He ülustrated and discussed the presence of two forethnists well to the
foreland of the Stolberg structure; the Brewster and Sylvester Creek Thnists. His
interpretations were dominated by folded thnists rather than the more modern view of

triangle zone backthrusts. Later, more regional work by Jones (1982) resulted in passive
roof duplex interpretations in the triangle zone at the leading edge of the foothills belt as
well as in the Robb area to the north of this study area
Detailed shallow work in the Coal Valley mine, based on mine exposure and drill
holes, was conducted by Johnston (1985) and Charlesworth and Gagnon (1985) and lead

to their mode1 for the evolution of the triangle zone with a backthrust that initiated at an
angle to bedding. Skuce et al. (1992) and Skuce (1996) described smail duplexes,
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observed on seismic and well data, in the Alberta Group to the foreland of the Lovett

River triangle zone. Langenberg (1993) published a map and cross sections in the
Cadomin area just West of the study area and Douglas and Lebel (1993) published the
Cardinal River rnap which had a cross section that extended beyond the rnap into the

southem end of the Lovett RWer Triangle Zone. Seisrnic data were not available to the
authors at that time and the interpretation has been changed significantly as a result of the

present study.
Lebel et al. (1996) made many recent revisions to a regionai compilation rnap that
borders this study area and discussed the importance of décollements (or detachments)
and evolution of deformation. Figure 1.1 1 shows their interpretation of the triangle zone

just north of the Lovett River area The stmchrral style interpreted that section is sirnilar
to that interpreted in the Lovett River Triangle Zone in this thesis.

1.3

Data and software
Locations of data used in this study are shown on the map in Figure 1.12. The

study area was subdivided into four areas based on structural setting: the Loven River
Triangle Zone, the Pembina River Relict Triangle Zone, the Brazeau River Triangle Zone
and the Elk River Pre-triangle Zone. Surface geology map locations, seismic sections,
wells and cross sections are shown as well as geological sub-areas described in Chapter
Three.

The following software was used in this shidy: GMA Log-M for synthetic
seismogram construction, Photon SeisX for seismic interpretation, Tripod for cross

North of the Lovett River Triangle Zone
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Figure 1.11, Eastern end of a regional cross section modified from Lebel et al. (1 996) over the triangle zone just north of the
study area. Note the prominant detachments at the top of the Wapiabi Formation and within the Blackstone Formation.
The Lower Detachment ramps up section fiorn within the Mississippian Banff Formation in the hinterland to the
Blackstone Detachment in the foreland. There are several backthmsts interpreted in the hangingwall of the Pedley Thrust.

Figure 1.12. Study area base map showing wells, seismic sections, surface geology map locati

ing wells, seismic sections, surface geology map locations, balanced cross sections and sub-areas.

xoss sections and sub-areas.

24

section constmction, Midland Valley Move-On-Fault for depth conversion and cross
section balancing, GES Geographix for base map construction, Microsoft Word for wordprocessing, and Corel Draw for drafting.

1.4.1

Surface geology
Surface geology of the Lovett River and Pernbina River areas (Foothius rnap

sheet) discussed in this thesis was mapped mostly by Willem Langenberg of the Alberta
Geological Survey. Preliminary mapping on the Foothiils 150,000 map sheet of the
Alberta Geological Survey were made available to this study (Langenberg and LeDrew, in

prep.). Surface geology of the Brazeau River and Elk River areas was cornpiled dunng
the 1995 field season as part of this thesis.
The terrain in the sîudy area is gently rolling hills and is mostly covered in boreai
forest and muskeg. Consequently, there is limited outcrop. There are some ridge
outcrops in the Brazeau Formation near the Pedley Backthnist, but the main source of

outcrop is dong the river banks where fairly continuous sections are exposed. Only rocks
of the Brazeau, Coalspur and Paskapoo formations are exposed at surf'ace over most of
the study area It was comrnonly diffi~cultto determine where in the stratigraphic
sequence a particular outcrop belonged, because the lithologies and facies of these
formations are very similar. However, the Coalspur coal seams are good marker beds and

were useful in rnapping. Palynology studies on shale sarnples taken in the Foothills map
area help to confirm the ages of these rocks (Art Sweet, pers. comm.).

The large area covered by the Cod Valley open pit mine provides excellent
exposures, mainly of the Coalspur Formation. There are two prominent coal searns in the
Coalspur Formation that have been traced over much of the area by drilling for shallow
coal exploration.

1.4.2

Well data
Approximately 40 hydrocarbon exploration wells in the area were used for this

thesis. Early wells targeted deeper Mississippian reservoirs whereas recent wells have
targeted shallower Cretaceous reservoirs. Geophysical well logs and scout tickets
provided information about lithology, formation tops and fauits. Many of the wells were
deviated and deviation surveys and dipmeter logs were available for some of these wells,
which greatly aided the structura! interpretations.

Sonic logs from these wells were used to create synthetic seisrnograms to tie to
seisrnic data. Formation tops and thrust repeats were picked on well logs, using
published knowledge of stratigraphy and depths to formation tops. Synthetic
seismograms were created from sonic and density well logs and were then used to tie
stratigraphy to the seismic data. Correlations of formation thickness and reflection
character were used to interpret seismic data where there were no well data available.
Hydrocarbon wells in the study area that are not directly on seismic lines were projected
dong regional strike ont0 the seisrnic sections and cross sections.

1-4.3 Seismic data

Conoco Canada Limited made an extensive seismic data set over the area
available to the project. The seismic data used in this study consists of 16,2-Dseismic

sections covering approximately 225km in the central Alberta Foothills. Most of the

.

sections are in the dip direction (SW-NE) and are over highly stnictured areas in the
triangle zone with steeply dipping reflectors; in addition there are two strike (NW-SE)
sections. These data are extremeIy high quality, modem pre-stack time migrated seismic
sections. In the pst, hydrocarbon exploration in the Foothills concentrated on the deep
Pdeozoic carbonates, and as a result the Mesozoic and Cenozoic siliciclastics were not
well imaged seismically. These data are a result of more recent exploration interest in
shallower, smaller hydrocarbon traps consisting of Cretaceous sandstone reservoirs, such
as the Cardium Formation. The data were acquired and processed to better image the
shallower, more intensely defonned Cretaceous section and, as a result, abundant
reflectors in Mesozoic and Cenozoic strata have been imaged.

CHAPTER 'IWO:

2.1

SEISMIC IMAGING

Introduction
Correct interpretation of complexly structured subsurface environments is of

utmost importance in petroleum exploration and development. Much can be learned
about the structural style of potential hydrocarbon traps by studying these structures in the
field and using well and surface data in an area of interest. However, in many cases more

than one structural style of deformation is observed to exist in a single structural setting.
Rules have been developed for the construction of balanced cross sections (Dahlstrom,
1969); however often either folding or faulting can obey these rules and both can result in
the same arnount of shortening as well as honouring well information.

The requirement of interpreting the correct geometries of structures in the
subsurface dictates the need for the accurate imaging of these structures using reflection

seismology. However, imaging steeply dipping reflectors is not a simple task and both
data acquisition and processing considerations are important. Imaging of complex
structures is dependent not only on good steep dip migration algorithms but also on
acquisition parameters, complexity and accuracy of subsurface velocity anaiysis.
The main emphasis of this thesis is the structural interpretation of reflection
seismic data in the triangle zone, and integration of these interpretations with surface and
well geology. The acquisition and processing of these data was not part of the work
undertaken in this thesis. However, a brief description of those aspects of the data and
the effects they have on its interpretation are presented in the following discussion. The
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data are of varying vintages, ranging from one unrnigrated 12 fold section acquired and
processed in 1978, to the majority of prestack time-migrated sections with 30 fold,
acquired and processed from 1990 to 1994.
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Seismic data acquisition
The majority of data used in this study was acquired by Ventas Geophysical

Limited for Conoco Canada Lirnited in the 1990's and the acquisition parameters are
surnrnarized in Table 2.1:
Energy source
dynamite
Sample rate
2ms
Record Iength
4 seconds
3/120 Hz, notch out
Recording filter
9
Geophones per group
Group length
25m
,
gr ou^ interval
25m
1 Normal source interval 1 lOOm
1
1 Nominal fold
1 30
1
Configuration
3050-25-x-25-3050111
Traces
1- 122-x- 123-245
i

Table 2.1 Acquisition parameters for the majority of data used in this study.
Seismic imaging of complex structures is important in defining the geometries of
structures in the subsurface and acquisition design is a cntical step in the imaging
process. If steep dip data are not recorded or are aliased or distorted by poorly chosen
acquisition parameters then the traces recorded will not contain the data needed to recover
true dips through prestack migration.

The maximum dip (es) observable on seismic data is a function of frequency O,
velocity (V) and trace spacing (dx), and is given by (Yilmaz, 1987):

A trace spacing of 25m and an average velocity for the Cretaceous of 4 0 0 0 m / s were used
in the calculation. Law Frequency components image moderate dips but higher frequency
components may be aliased at steep dips. The dominant frequency of the data is 45Hz
which gives a maximum predicted dip of 63'. If the maximum frequency (70Hznotch
out) is used in the calculation a predicted maximum dip of 35' results; however dips as

high as 600 are observed on the actual seismic data in this thesis. Lower velocity intervals
will have Iower maximum obtainable dips: using 35ûûds (Blackstone shale) and 45Hz
gives a maximum dip of 5 1'.
Fresnel zone is a measure of the Iateral resolution (R) of seismic data, it is
dependent on the depth of the reflector, or two way time (t) and velocity (V) as well as
frequency (F)of data and is given by: R= ( ~ / 2 ) ( t / F ' ) (Yilmaz,
'~
1987). However,
migration of seismic data tends to coilapse the Fresnel zone to approxirnately the
dominant wavelength given by: )e-VIF

(Yilmaz, 1987). The lateral resolution of this data

is calculated to be approximately 8 h , given an average velocity of 4000m/s and a

dominant frequency of 45Hz. A dipping reflector must therefore be wider than 89m in
order to be imaged and srnall-scale folds with rapidly changing dips are not likely to be
imaged but may exist.
The length of the seismic section beyond each side of an area of interest controls
the aperture used in migration of the data. The apemire is therefore greatest in the center

of the seisrnic section and decreases toward the end of the iines. The maximum dip (Ba)
obtainable based on an average maximum aperture (A) of 50ûûrn at an average depth (2)
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of interest of 3Oûm is 5g0, which is given by the foilowing equation from Lynn and
Deregowski, 198 1; and Margrave, 1997:
(2) Ba= tan“(^ / 2)).
This predicted maximum dip is based on constant velocity; however greater dips are
obtainable if the effect of Nming rays is considered, which increases maximum dip
obtainable when the velocity function increases with depth as in this section (Larner et al.,

1989;Margrave, 1997).
The recording time (T) also affectsthe maximum dip (et) obtainable; the
relationship is given by the following equation from Lynn and Deregowski, 198 1;
Margrave, 1997:
(3) 0t = COSf(2Z / VT).

The recording time used in the data acquisition was four seconds, which gives a
maximum dip of 68"(using 4ûûûm/s and 3000m or 5500mfs and 4 0 m ) .

2.3

Seismic data processing
Most of these data were processed by Kelman Seismic Processing Company

Limited and the processing sequence is sumrnarized in Figure 2.1.

Demultiplex
Amplitude Recovexy: exponential gain cuve
Trace editing
Phase compensation: zerophase

J
Deconvolution: surface consistent spiking
Partial spectral whiting: 10-10Hz
Equalization

J
Refiaction statics:
GU,datum 1600111, weathering velocity 7621n/s, replacement velocity 3 5 0 0 d s

J
First pass residual statics:
Automatic surface consistent, correlation window 500-2800rns,max. shift +/-32ms
15 correlations per trace, 2 iterations

L
Velocity Analysis: constant percent moveout

1
Second pass residud statics:
Automatic surface consistent, correlation window 500-2800ms,max. shift +/-16ms
15 correlations per trace, 2 iterations

1
Apply mute pattern
Spike suppression

I

Prestack migration velocity analysis: constant percent rnoveout

1
Prestack migration: Kirchhoff time 89 degrees datum referenced,
to plotted weathering replaced surface, separately at shot and receiver

J
Stack
Filter: 1O/ 15-60/7OHz
îgure 2.1 Processing sequence for most data in this study.
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These data have been prestack time-migrated, which is considered to result in a
higher quality image with more coherent reflections than post-stack migration which
incorrectly assumes that the stack section represents a zero offset section (Yilmaz, 1987).
A Kirchhoff 89' migration was performed frorn a floating near-surface datum. This

algorithm should migrate correctly almost dl steep dips present in the data; however we
know fiom the discussion of acquisition that seismic energy from steep dips, above 60°,
were probably not recorded dunng acquisition. The Kirchhoff migration process is
considered good when steep dips and vertically and laterally varying velocities are present
and is therefore probably the best choice for the processing of these data.

Velocity analysis has been recognized as a very important process in obtaining
accurate subsurface images. These data are prestack time-rnigrated sections which are
migrated using imaging velocities, meaning those velocities that produce the best
migrated image. The velocity analysis was based on constant percent moveout which was
performed on C M . gathers to derive velocity-time functions. The high fold of the data

makes this process effective, but the process works best for shallow dips because it
assumes hyperbolic moveout to select the velocities that best flatten the events. Tlie data
were migrated at various percents of the stacking velocities and the migtation velocities
adjusted according to those that produce the best migraied results according to the
interpreting processor. The velocity field used reflects lateral and vertical variation of
seismic velocity in the subsurface, but the velocities are not the tnie seisrnic velocities for
the subsurface.
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Prestack depth migration usitig the true velocity field is required to correctly
image the structures in the subsuiface (Gray et al., 1996). However the true velocity
mode1 is difficult to determine and often in practice more coherent reflections are
achieved with prestack time migration which was the technique used to process this
dataset. The effect of variable velociv in the subsurface is therefore considered during
interpretation of this data Knowledge that these seismic data are biased toward
shallowly dipping reflectors, as opposed to steeply dipping events, is also used dunng the
interpretation of these data. Steep dips are here considered Iikely in areas on the seismic
sections where fewer discrete reflections are observed.

The pre-stack time migrations of the seismic data appear to have worked
reasonably well on most sections, diffractions are not evident and migration 'smiles' are
only present on the ends of the lines where the fold is low. LD2 in Chapter Three has
migration problems at the southwest end of the line where the geology is structurally
complex and steeply dipping. Reflectors as steep as 60' have been imaged on the seismic
data but there are places where energy is not as coherent and steeper dip and complex
structural deformation is suspected.

2.4

Anisotropy and lateral velocity variation
Lateral velocity variation is quite common in the Alberta Foothills and is

generally caused by thrust repeats of rock with different seismic velocities compared to
adjacent rocks. These lateral velocity variations are known to cause time pull up or push
down of deeper reflectors on time sections.
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Shaies are known to be anisotropic with respect to seisrnic velocity and varying
the dip of these units also causes lateral velocity variation. The velocity of seismic waves
traveling paralle1 to bedding can be upto 15%faster than those traveling perpendicular to
bedding in some shales (Banik, 1984). Faster seismic velocity of steeply dipping shales is

known to cause time structure on deeper horizontal reflectors (Leslie and Lawton, 1995;
Kellett and Lawton, 1995), as well as lateral mis-positioning of deeper structures
(Lawton, pers. comm).
Simple vertical depth conversions, used in the construction of depth sections in
Chapter Four, were performed on some of the seisrnic sections using Move-On-Fault
software and interval velocities detennined from well logs. The effect of velocity pull up
on tirne sections under thnist repeats of faster velocity rock were effectively removed.
Positive time structure under steeply dipping rocks in the core of the triangle zone were
not removed by this depth conversion process, which does not account for the effect of
velocity anisotropy. There was -2CKhn of positive structure remaining that may be
attributed to anisotropy or could possibly be reai structure at depth.

2.5

Effects of 3D structure on 2D data
Structures in the Foothills are known to Vary along strike and therefore have

bedding dips which are oblique to seisrnic sections recorded in an average dip orientation.

This causes problems for seismic data collected along a two dimensional line. Some of
the energy recorded for a dip section rnay originate out of the plane of the section. On a

2-D seismic section this energy will be incorrectly positioned. This problem does cause
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some distortion of reflectors in this data because of the dong strike complexity present.

This problem wouid be reduced by coliecting seismic &ta in a three-dimensional survey,
however 3-D data were not available to this project. This effect may be the cause of some
of the mis-positioned energy discussed in section 2.3 on processing but it is difficult to
recognize error in imaging associated with this phenornenon.
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CHAPTER THXUEE: INTEGRATED STRUCTURAL INTERPRETATIONS

3.1

Introduction
An interpretation of the structures at the leadhg edge of the fold and thnist belt in

the study area was undertaken using surface. well and seismic data. The study area was

broken d o m into four sub-areas based on structural settuig: Loven River triangle zone,
Brazeau River triangle zone, Pembina River relict triangle zone, and Ek River pre-

triangle zone. Figure 3.1 is a map of the study area showing the surface geology
interpretation and the four sub-areas as well as locations of wells, seismic data and
mapped areas. The triangle zone in the Loven River area was studied first because more

seismic and geological data were available at that locality. An understanding of
structures in that part of the triangle zone was necessary in order to evaluate the more
complex dong-strike variation to the southeast, where the backthmst which normally
defines the triangle zone was not mapped at surface.

3.2

WeD geology tie to seismic data
Stratigraphy and structure observed in wells in the area were very helpful in

developing the structural interpretations. Formation tops were identified on seismic

sections by correlation with synthetic seismograms createà from well log information.
All wells indicated on the interpreted sections were tied to seismic data with synthetic

seismograms, however only the synthetic seismogram for well6- 1-48-29W5is shown in

Figure 3.1. Study area geology map showing wells, seismic sections, surface geology map lc

:d cross sections and sub-areas.
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this section (Figure 3.2). Synthetic seismograms for two other wells in the Loven River

Structure are presented later in the interpretation section 3.3.
Weil 6- 1-48-1 9W5 (Figure 3.2) is a deep well located in a relatively undeformed

area in the foreland in front of the triangle zone; it was projected dong strike to tie with
the seismic data on line LD4.The fonnation thicknesses in this well are assumed to be
normal, undeformed thicknesses for units in the study area Both gamma ray and velocity
logs are displayed in order to illustrate the stratigaphy and lithology in the well. The well
logs have dnlling depths indicated but have been converted to a two way seismic time

scale using the velocity log, in order to tie the well data to the seismic data Average
interval velocities are indicated and were used in later depth conversion of seismic
interpretations.
A reflectivity series was constnicted fkom the velocity log and several synthetic
seismograms were created by convolving various types of wavelets of different frequency
bandwidths with the reflectivity series. The normal polarity synthetic seismograrn created
with an Omsby zero phase wavelet (5-IO-35-45Hz)
was chosen because it best tied the

seismic data Check shot data were not available to more accurately convert the well data
to a two way seismic time scaie; therefore, there may be minor errors in vertical
positioning of events on the synthetic seismograrn compared to the seismic data.

In Figure 3.2 low velocity spikes associated with the Val d'Or and Mynheer coal
seams in the Coalspur Formation produce strong troughs on the synthetic seismogram and
seismic data, giving a good correlation of well and seismic data. The Entrance
Conglomerate at the base of the Coalspur Formation is either a conglomerate or sandstone
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Figure 3.2. Well6- 1-48-19W5 tie to seismic line LD4 in the Lovett River area.
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and is characterized by a weak peak. It was picked based on depth below the Mynheer
coal seam (-200m) as determined fiom surface geology. The thick Brazeau Formation

has many strong reflectors that are oniy locally continuous on seismic data, and it is
therefore not subdivided.

The transition frorn sandstone to shale at the top of the Wapiabi Formation
produces a strong consistent event (trough) on the synthetic seismogram and seismic data
The Alberta Group, consisting of the Wapiabi, Cardium, and Blackstone formations

generally has low seismic reflectivity due to the lack of velocity contrast in the shale
dominated sequence. The sharp acoustic impedance contrast caused by the Badheart
siltstone marker in the Wapiabi shale and Cardium zone siltstone at the base of the
Wapiabi shale above creates a characteristic seismic response of two peaks with a weak
double trough between. The Cardium sandstone which is correlated on the seismic data
below the Cardium zone is a relatively weak peak. Although the Luscar Group has high
reflectivity on both the synthetic and real data, the amplitudes on each event vary. The
seismic data has a characteristic signature of three strong peaks. The top of the Luscar
Group is a strong peak on the synthetic seismogram but it is a weak peak on the seismic
data. The Triassic and Jurassic rocks have not been correlated separately in this study but
have lower reflectivity than the Luscar Group.
Rocks of the Mississippian Rundle Group are higher velocity carbonates and there
is a large impedance contrast with the overlying clastic rocks. This results in a prominent
peak on the synthetic seismogram (Figure 3.1) which is easily correlated to the processed
seismic data Carbonates in the Triassic intervai often cause the peak at the top of the
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Mississippian to be less obvious. The top of the Devonian Wabamun Formation is also
characterized by a peak on the seismic data, caused by the abrupt transition from the
Exshaw shale at the base of the Mississippian into the clean carbonates of the Devonian
Wabamun sequence. Other markers in the Devonian section include the top of the Ireton
shale (trough) and the top of the Leduc reefal carbonate (peak). Rocks of Cambrian age
were not penetrated in th& well but the two strong peaks at 2.6 and 2.65 seconds on the
seismic data tie on Figure 3.2 are characteristic markers at the top of the Cambrian
section.

3.3

Lovett River Tnmgle Zone

The Lovett River Triangle Zone contains the Lovett River gas field in the
Cardium Formation as indicated by the gas wells on Figure 3.3 and the Cod Valley open
pit coal mine in the Coaispur Formation also indicated on Figure 3.3. Six seismic
sections through the six wells in the Lovett River Cardium gas field are indicated on the
map (Figure 3.3). A discussion of the surface geology in this area is followed by a
subsurface interpretation integrating seismic, well and surface data.

3.3.1

Surface Geolorrv in Lovett River area

The Lovett River area is shown in Figure 3.3 on the Foothills map-genberg
and LeDrew, in prep.), completed jointly with me Alberta Geological Survey. The traces
of thrust faults, fold axes, and stratigraphie contacts mapped in this area are shown, as

well as the locations of seismic lines and wells used for this interpretation.

Figure 3.3. Foothills rnap of the Lovett River and Pembina River areas (modified fiom
Langenberg and LeDrew, in prep.) The Pedley Thmt runs down the center
of the Lovett River Triangle Zone. Note the highly deformed Coalspur strata
in the core of the triangle zone in the Coal Valley mine area. The Lovett River
Triangle Zone is flanked by the Entrance Syncline in the southwest and the
Alberta Syncline in the northeast. The Pembina River Relict Triangle Zone in
the southwest corner of this map; the Pembina Thrust is interpreted to be
folded like the strata in its hangingwall.
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Although actual surface dips and coal exploration wells were used for the interpretation
of the Foothills map in Figure 3.3 they are not illustrated on the maps and sections in this
thesis, however they will be present on the Foothills map (Langenberg and LeDrew, in
prep.) when published.
The Pedley Thmst is a northeast-dipping backthnist, interpreted to be the upper
bounding thnist of the Lovett River Triangle Zone (Charlesworth and Gagnon, 1985). Its
trace extends the entire length of the map in Figure 3.3 and it was mapped based on a
reversal in dip across the fault; strata West of the Pedley T h s t generally dip to the
southwest whereas strata east of it dip to the northeast. The fault surface is not obvious in
outcrop and its orientation is assumed to be parallel to the strata in the hangingwail at the
svrface in the Lovett River area according to seismic data Orientation of beds in the
hangingwdl of the Pedley Thmst Vary h m approximately 30%E in the northemmost

part of this rnap to 60%

in the southemmost part. This backthst and its hangingwall

strata are interpreted to be at or beyond the critical Iimit (not caiculated) of mechanicd
stability at its southeastern end because of the very steep (60') dips and a late stage
footwall splay.
Beds in the footwall of the Pedley T h s t are more variably deformed, with dips to
the southwest (hinterland) and smdler-scale, mostly foreland-verging folds and duplex
thnists occurring in the core of the triangle near the Cod Valley coal mine (Figure 3.3).
These outcrop-scale structures repeat and thicken the coal seams of the Coalspur
Formation (Charlesworth and Gagnon, 1985), making coal mining economic. As shown

in Figure 3.2, the Coalspur Formation contains two prominent coal seams, the Val d'Or at
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the top and the Mynheer in the rniddle (Langenberg, 1993). These marker beds have been
mapped by Coal Valley mine geologists based on mine exposure and shallow cod
exploration drilling, and these results have k e n provided to the Alberta Geologicai
Survey for the creation of the Foothills map sheet (Langenberg and LeDrew, in prep).
Figure 3.4 is a photograph from the Cod Valley mine (see Figure 3.3 for location). The
photograph is oriented paralle1 to regionai strike and shows a lateral ramp of a forelandverging duplex thnist. Figure 3.5 is a photograph, also from the Coal Valley mine (see
Figure 3.3 for location), of tight foreland-verging folds in a competent sandstone above
the Val d'Or coal seam. Figures 3.4 and 3.5 show two different styles of deformation in

the same units, emphasizing the need for accurate subsurface irnaging to resolve
structural detail. The Entrance Member, which is usually conglomerate or pebbly
sandstone at the base of the Coalspur Formation, is also used in rnapping and sometimes
forms ridges with good outcrop. However, it can be difficult to distinguish from other
sandstone and conglomerate units elsewhere in the stratigraphic sequence.

The Entrance Syncline is to the hinterland of the Lovett River Triangle Zone and
extends the length of the mapped area (Figure 3.3). It is cored by rocks of the Paskapoo
Formation and flanked by the Coalspur Formation. The Robb Thmst occurs in the
northeast corner of the map, and is a smaller backthrust in the hangingwall of the Pedley
upper bounding backthmst. Seismic data were not available over this thnist to determine
what stratigraphic level its detachment occurs in. The Reco Thnist, first recognized by
Charlesworth and Gagnon (1985) in the core of the triangle zone, carries a forelandverging duplex within the Coalspur Formation near the Coal Valley mine.

Figure 3.4. Lateral ramp of a forethnist within a duplex thickening the Val d'Or coal seam
of the Coalspur Formation in the Coal Valley coal mine in the core of the
Lovett River Triangle Zone.
8

Figure 3.5. Foreland-verging isoclinal fol& thickening the Val d'Or coal seam of the
Coalspur Formation in the Coal Valley coal mine in the Lovett River Triangle
Zone,
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The Ancona Thnist is a foreland-verging t h m t that was mapped by Jones (1971)
and Douglas and Lebel (1993) in the area to the south. It is present at the surface in the
southem corner of the study area but it is ovemdden by the Pedley T h s t further north.
The strike of the surface trace of the Ancona T h s t is slightly different from that of the
Pedley T h s t and it is interpreted to be older then the 1st movement on the Pedley

Thnist.

3.3.2

Subsurface interuretations in the Lovett River area
Six interpreted seismic lines (LD 1-LD6),oriented in the dip direction (locations

are shown on Figure 3.3) are described in this section. These dip sections are displayed
assuming an average velocity of 4000 d s , which resdts in approximately no vertical
exaggeration for Cretaceous units. but under-represents the thicknesses of the higher
velocity Paleozoic rocks. The traces of wells on or near seismic sections are included on
the figures and were used to constrain the interpretation. Deviated wells 14-14-47- 19W5

and 7-32-47-19W5,in the Lovett River Cardium gas field are displayed with synthetic
seismograms, velocity well logs and dip meter data. These and similar plots for other
wells were used to correlate prominent geological boundaries to the seismic data as well
as to assist the interpretation of fold and fault structures. Interpretations of strike sections
SLl and SL2 (see Figure 3.3 for locations) are displayed with an approximate vertical

exaggeration of two, making dips appear steeper than in reality. Actual seismic data are

not shown in these figures due to the propnetary nature of the data.
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The interpretation of each seismic section in the Loven River area is described in

the next section. Stnictural elements in the Lovett River Triangle Zone, which is

subdivided based on the detachment horizons and stratigraphie intervals between them
are also discussed. Variation dong strike, based on both the dip and strike sections

within the Lovett River Triangle Zone, is also described and discussed.

3.3.2.1 Seismic section descriptions in the b v e t t River area
Line LD 1 (Figure 3.6) is the northemmost dip oriented seismic section in the
Lovett River Triangle Zone over the 14- 1-48-20W5well (see Figure 3.3). There are
various detachment horizons, with different structural styles between them, interpreted on
this section. The lower bounding thrust ramps upsection from the Banff Detachment in
the hinterland to the TriassidJurassic Detachment in the core of the triangle zone and
again to the Blackstone Detachment in the foreland. The Mississippian to Luscar Group
strata carried on the lower bounding thrust forms a fault-bend-fold. The Alberta Group is
deformed by many small thnists that emerge from the Blackstone Detachment and merge
with the Wapiabi Detachment to form a hinterland-dipping duplex. The Cardium

Formation in the hangingwall of the Lovett Thmst is folded into an anticline and in the
footwall is interpreted to be folded into a syncline. The Pedley Thnist is the upper
bounding backthnist of the Lovett River Triangle Zone; it emerges from the Wapiabi
Detachment and ramps upsection to the hinterland through the Brazeau Formation. The
Ancona Thrust is diKerent from the other thnists in the Alberta Group because, rather

than merging with the Wapiabi Detachment, it offsets it.

Figure 3.6. Structural interpretation of dip oriented seismic section LD 1 through the 14-1 -48-20W5
well at the northern end of the
Lovett River Triangle Zone.
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The next section to the south is line LD2 (Figure 3.7) through well2-6-48-19W5,
which does not extend as far into the hinterIand as LD 1, and therefore the Entrance
Syncline is not observed. Reflections in the hangingwall of the Ancona Thmst appear to
be folded and the fault is interpreted below the folding where reflections appear to be
offset. Pop-up structures are interpreted within the Alberta Group that have minimal
offset on the b a c k h s t portion. The forethnists and backthmsts of these pop-ups rnerge

with the Wapiabi Detachment and do not offset the strata above this detachment. This
structural style is similar to the thmsts of the Alberta Group duplex on LD 1 (Figure 3-6).
Section LD3 (Figure 3.8) is another short section; it nuis through the 7-3247-

19W5 well which was sidetracked (Figure 3.9). The initial well was near-vertical and is
interpreted, based on drill sarnples and hole problems during drilling, to nin through
vertical beds in the Wapiabi Formation shale in the forelimb of the anticline in the h v e t t
Thrust sheet. The sidetrack of the well to the southwest later penetrated the Cardiurn
Formation near the crest of the anticline.

The deep control weIl6-1-48-19W5 described in section 3.2 plots on section LD4
(Figure 3.10) as does well 16-21-47-19W5
which is located in the Lovett River Cardium
gas field. Strata in the Lovett Thrust sheet on this section are less folded and are

stmcturally lower than on adjacent sections. Backthmst A is interpreted as a footwall
splay of the Pedley Thnist, which repeats and thickens the Wapiabi Formation. The 16-

2 1-47- 19W5 well confirms the thickened Wapiabi Formation, but dip rneter data were not
obtained for this well which also had hole stability problems while dnlling, interpreted to
indicate intense faulting in the weak shales. The strong trough, characteristic of the top of

Figure 3.9. Synthetic seismogram, velocity well log, and dip data with structural
interpretation for well7-32-47- 19W5 in the Lovett River Cardium gas field.
Note the original hole drilled through the forelimb in the shale above the
Cardium sandstone according to drill samples.

Cr,
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the Wapiabi Formation, is interpreted to be folded into an anticiine in the hangingwd of

Backthnist A. The strata in the hangingwall of the Pedley Thnist are dipping more
steeply here (609than M e r dong strike to northwest (309. A dislocation and time
stnicture observed below the Pedley Thrust maybe a deep fault, but it is more likely
caused by laterai velocity changes due to anisotropy in the steeply dipping shdes above.
There are strong foreland-dipping reflections on seisrnic Lines LD4 and LD5 (Figures 3.10

and 3.11) in the Wapiabi shde in the core of the ûiangle zone but weLi data suggest that
dip is to the hinterland. This energy is presumably mis-positioned and may be either out

of plane energy or just improperly migrated.
Section LD5 (Figure 3.1 1) covers the 14-14-47-19W5 discovery well (Figure
3.12) of the Lovett Rivet Cardium gas field. This well penetmted approximately 1OOm of

overtumed Cardium Formation sandstone as compared to the normal thickness of 1ûm.
Dip meter data and exaggerated thickness of the Cardium sandstone in the well (Figure
3.12) confirm an anticline with an overturned forelirnb in the tovett Thrust sheet at this

location. Stratigraphie dips in the well gradually change orientation downward in depth
as indicated in Figure 3.12. Strata in the hangingwall of the Pedley Thrust dip steeply
toward the foreland. Dips in the Wapiabi shde, in the footwall of the Pedley Thnist, are

part of the backlimb of the fold and dip to the foreland in the upper part but gradually

change orientation and becorne horizontal and then dip to the hinterland below the crest.
Dips indicated within the Cardium sandstone are interpreted to represent hactures nearly
perpendicular to bedding rather than bedding, which in interpreted based on the thickness
of the Cardium sandstone and its overturned signature on fogs to be near paraIlel to the

Figure 3.12. Synthetic seisrnograrn, velocity weii log, and dip data with structural
t
Cardium gas field.
interpretation for weil 14- 14-47- 19W5 hthe ~ o v e t River
Note that dips at the base of the well in the Cardium sandstone are of
fractures perpendicular to the bedding. Forelimb dips are parallel to the
weIl bore and therefore difficult for the tool to rneasure.
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well bore and have an approximate dip of 60°SW. The tight fold hinge is located near the
top of the Cardiurn sandstone where the dips change from 30°SW in the backlimb to
60°SW in the forelimb. Seismic reflections in the vicinity of the steeply dipping forelimb
do not image the steep dips known to be present.
The Blackstone Detachment is interpreted to be faulted in the core of the triangle
zone on section LD5 (Figure 3.1 l), rather than folded as it is on sections further dong
strike to the northwest. There is a dislocation and time structure on the deep reflections
beneath the steep Pedley Thrust, similar to that described on line on LD4 (Figure 3.10).
Its apparent sense of displacement is that of a reverse fault, which is not typicd of preexisting stnictures in the area; hence it is interpreted to be an artifact due to velocity
anisotropy.
There is a significant difference in the stnicturai interpretation of section L.05
(Figure 3.1 1) and section LD6 (Figure 3-13), which contains well 15- 12-47-l9W5 in the

Lovett Thnist sheet, and is the southernmost dip section over the Lovett River Triangle
Zone. Backthrust B is interpreted to offset the Cardium Formation by approximately
350m. This backthrust emerges from the Blackstone Detachment, similar to the pop-up
structures described on sections LD2 and LD3, but it has more displacement. The large
displacement on the Lovett Thnist on the other sections over the Lovett River Triangle
Zone appears to have been partitioned into two separate thrusts, L1 and L2, on this
section. Offset of the Blackstone Detachment by the deeper structure under the pop-up, is
interpreted to be greater on this section than on the other sections dong strike to the
northwest.
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Strike oriented seisrnic section LS 1 (Figure 3.14) is to the located foreland of the

Lovett River Triangle Zone (Figure 3.1). Laterai ramps of thmsts within the Alberta
Group duplex are interpreted to cut upsection dong strike to the southeast. Strata above
the Wapiabi Detachment are interpreted to have an apparent dip of 5OSE and Coalspur
Formation strata are interpreted to be slightly folded on the southeastem end of the
section. The top of the Luscar Group and deeper horizons are relatively Rat and
undisturbed over the entire length of the section.
There is significant structural deformation of reflectors on the other stnke oriented
section LS2 (Figure 3.14), which is located to the hinterland of the Loven River Triangle
Zone (FigureS. 1). The trend of the Ancona Thnist is oblique to this section and hence the
Ancona Thrust appears to rarnp up to the southeast, even though it is interpreted to lose
displacement to the northwest. There are numerous lateral ramps interpreted in the
Alberta Group, rnost of which rarnp up to the southeast. Two thnist repeats of Luscar to
Triassic/Jurassic rocks are interpreted to occur on this section and also on dip sections
that intersect this Iine, as descnbed earlier. Two major lateral rarnps are interpreted to cut
upsection to the southeast, through the Triassic, Jurassic and Lower Cretaceous Luscar
Group strata, on the southeastem end of this Iine. The Alberta Group to Paskapoo strata,
which have an apparent dip of approximately 3S0,are also interpreted to be faulted above
these lateral ramps resulting in a geometry similar to the triangle zone in the strike
orientation. These faults appear to cut through rocks of both the Alberta Group and the

Brazeau Formation but, due to lack of good dip oriented seisrnic data in this area, it is
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diff~cultto determine if these are forethsts or backthrusts, or just lateral ramps in the
shailow section associatted with the southem termination of the deeper structurai repeat.

3 -3-2-2Detachments

There is a detachment at the top of the Wapiabi shde of the Alberta Group that is
present regiondly. The upper bounding backthnist of the triangle zone, the Pedley
Thnist, emerges from the Wapiabi Detachment and ramps upsection to the southwest
through strata of the Brazeau Group. The lower bounding t h s t ramps up from a

detachment in the calcareous shale of the Banff Formation in the hinterland (southwest),
to a detachment within the TriassidJurassic sequence and ramps again to another
detachment in the Blackstone shale at the toe of the triangle zone. These detachments are
present throughout the study area and separate intervals with different structural styles
and which have different arnounts of shortening.

3 -3.2.3 Pedley nincsr (Wapiabi Detachment) - Brazeau to Paskapou strata
The upper bounding backthnist of the triangle zone, the Pedley Thnist, is a
prominent backthrust on d l of the dip lines in this area The Brazeau. Codspur and
Paskapoo strata where preserved in the hangingwall of the Pedley Thmst are parallel to it
and dip to the foreland (northeast) fonning the western limb of the Alberta Syncline.
Dips near the surface trace of the Pedley Thrust in its hangingwdl Vary from 30?NE in the

northwestern end of the Lovett River Triangle Zone to 60%

in the southeasteni end.

The Pedley Thrust emerges from the Wapiabi Detachment and is interpreted to ramp
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upsection to the southwest through the Brazeau Formation. The Brazeau beds in the
footwall are cut off against the Pedley T h s t , forrning a footwaU ramp (e.g. Figures 3.6
and 3.7). The hangingwd ramp, formed by the Brazeau Formation cutoffs above the
Pedley Thnist, is not present on the sections due to erosion; although the top of the
Wapiabi Formation above the Wapiabi Detachment is interpreted to be cut off against the
Pedley t h t If not eroded a large fault-bend-fold involving the Brazeau, Coalspur and

Paskapoo formations would have been present in the hangingwall of the Pedley Thmst.
Strike section LS 1 (Figure 3. I4), located east of the surface trace of the Pedley

Thrust is slightly oblique to the regional strike but also shows a slight southeast
component of dip of the strata in the hangingwdl. The Pedley Thmst is at the level of the
Wapiabi Detachment on this section. There is folding of the upper Brazeau to Paskapoo
strata on the southeast end of this line (Figure 3.14). This fold has an apparent
northwesterly vergence and is interpreted to be the northwest termination of a younger
upper bounding k s t , which cuts d o m to the southeast.
Strata in the footwdl of the Pedley Thmst generally dip to the hinterland
(southwest) and the eastem limb of the Entrance Syncline is present on the western end of
the longer dip seismic lines in the area (LD1, LD5, and LD6, Figures 3.6,3.11, and 3.13
respectively). Reflections from the Val d'Or and Mynheer coals on the southwest end of

LD5 and LD6 appear to dip unifonnly, although surface outcrops in the Cod Valley mine
(Figures 3.4 and 3.5) show that they are highiy deformeci on an outcrop scale. The
wavelengths of many of the structures observed at surface are below seismic resolution.
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Strike line LS2 (Figure 3.15) is to the hinterland of the core of the Lovett River
Triangle Zone. Brazeau Formation rocks above the Wapiabi Detachment show no dip on
this strike section near its center. However, reflections on the southeast end of the section

have an apparent dip to the southeast. It is interpreted that lateral ramps of two forelandverging thnists cut upsection to the northeast, dispIacing not only rocks of the Brazeau
Formation but also Alberta Group strata However, no dip oriented seismic iines are
avdable over these structures to c o n f i this interpretation.
On the dip lines that extend farthest to the southwest (LDI, Figure 3.6; LD5,

Figure 3.1 1; and LD6,Figure 3.13), the Ancona Thrust c m be interpreted clearly. It is a
foreIand-verging t b s t that does not sole out into a roof thrust in the Wapiabi shale but
rather cuts through the Brazeau Formation and appears to either merge with or get
truncated by the Pedley Thmst to the north. This thrust emerges to the surface in the
south (LM,Figure 3.1 1 and LD6,Figure 3.13) where it is M e r to the hinterland
(southwest) of the Pedley Thrust. The Ancona Thrust intersects the northwest end of
strike section LS2 (Figure 3.15) and, because it is oblique to the strike of the line, has an

apparent lateral ramp which cuts upsection toward the southeast end of the line.

3-3.2.4 Alberta Group duplexes

The detachment at the top of the Wapiabi Formation acts as a roof thmst for the
Alberta Group duplex or antiformal stack that forms the core of the triangle zone. On the
seismic interpretations, many of these thnists appear to have straight, relatively unfolded
cutoffs, although the seismic data rnay not accurately image srnall-scaie folding of strata
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near the faults. There are signifcant vanations in these structures dong strike, especially

in the number of thrusts and displacement on each thrust. Hence it is dificult to correlate
individual thnists between sections. There are many laterai ramps that separate thnist
sheets dong strike, as observed on the scrike sections (Figures 3.14 and 3.15). Many of
the lateral ramps in the Lovett River area dip to the southeast, although severai northwest

dipping lateral ramps are also observed on LS2 (Figure 3-15), West of the core of the
triangle zone. These lateral ramps are larger but similar in style to those observed in the
Coalspur Formation at the C o d Valley mine (Figure 3.4). There are two distinct
antiformal stacks involving Alberta Group rocks at the northwest end of the Lovett River

Triangle Zone, as shown on dip section LDI (Figure 3.6). The westernmost antiformal
stack is also present on strike section LS2 (Figure 3.15) at its northwesternmost end, and
there are several lateral ramps which cut upsection to the southeast.
The Alberta Group thrust sheet containing the Cardium Formation gas field is
carried on the Lovett Thnist, and contains a relatively large fold with a vertical to

overtumed forelimb, as indicated on sections LD3 and LD5 (Figures 3.8 and 3.10). The
interpretation here is controlled by wells 7-32-47- l9WS and 14- 14-47- l9WS (Figures 3.9
and 3.12). This fold is not imaged well on the seisrnic data because of steep local dips
and tightness of the fold. The 14- 14-47-19W5 well (Figure 3.12)dnlled through

approximately lOOm of Cardium sandstone in the overtumed forelimb of a fold which

dips approximately 60°SW and is nearly p d l e l to the well bore. The dipmeier data
show the folding of strata as well as the bedding-perpendicular fractures in the Cardium
sandstone. The 7-32-47l9W5 well (Figure 3.9) also drilled through the near vertical
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forelimb of the fold but ran within Wapiabi shaie and was later sidetracked to penetrate
the backlimb near the crest of the structure within the Cardium Formation reservoir.
Seismic data (Figures 3.7,3.8, and 3.1 1) show reflections imaging a fold but the vertical
forelimb is not apparent. Below this fold the seismic character shows poor coherency and
it is difficult to determine whether or not there is a footwall syncline, or if the strata are
relatively unstmctured. Reflection coherency may be due to locally variable dips of a
syncline, or to scattering of seismic energy by the hangingwall anticline. However a
footwall syncline of some scale is more probable from a structural viewpoint. Other
anticlines, similar to the one described, rnay exist but are not obvious from the seismic
data and cannot be interpreted in the absence of well control.

The geometry of the Lovett thnist sheet changes dramatically dong strike to the
southeast. It changes into a pop up structure on line LD6 (Figure 3.13). The backthnist

of the pop-up is rooted in the Blackstone Detachment and is observed to displace the
Cardium reflector on the seismic section (it has a heave of approximately 4ûûm). How
this transition occurs is not well understood but seisrnic data (not shown in this thesis)
between these two lines, as well as to the south of LD6.support the interpreted backthrust
creating the pop-up structure on line LD6 (Figure 3.13).
Another backthnist, labeled A, is interpreted in the Lovett River Triangle Zone. It
is a footwall splay of the Pedley Thrust which has thickened the Wapiabi shale section in

wells 16-21-47- l9W5 and 7-32-47-19W5 on seismic lines LD4 (Figure 3.9) and LD3
(Figure 3.8) respectively. It is interpreted to be a late feature that cuts up at a high angle
with significant displacement. This backthrust was not recognized by surface mapping
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and it is not clear from the seismic interpretation if it continues to the surface at a high

angle or if it flattens toward the hinterland and becomes the Reco Thrust.

3.3.2.5 Blackstone Detachment
A detachment interpreted in the Blackstone shale acts as the floor thmst for the
Alberta Group duplex. This detachment appears to be folded in the northwest and faulted
in the southeast by the emplacement of horses in the Lower Cretaceous Luscar Group and
the Paleozoic rocks below. The Blackstone shale is thinner above the Mississippian to

Luscar Group thrust sheet (Figure 3.6); this shale is mechanicdly very weak and probably
deformed extensively on small scale that is not resolvable on the seismic data.

Reflections within this unit are much Iess continuous in the structured area to the West
than in the unstructured foreland.

3.3.2.6 Mississippian through Luscar Group rocks
A large foreland-verging thmst, carrying Mississippian to Luscar rocks, creates a

broad fault-bend-fold in its hangingwall below the core of the Lovett River Triangle Zone
(Figures 3.6, 3.1 1, and 3.13). Many of the seismic sections in this area do not extend far

enough west to image this structure well and are complicated by end effects (especially
LD4, Figure 3.10). There is some velocity pull-up of later reflectors associated with
thrust repeats of these relatively higher velocity rocks (see LDI,Figure 3.6; LD5, Figure
3.1 1; and LD6,Figure 3.13).
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A detachment is also interpreted to exist within the lower Mesozoic rocks. It

separates Luscar Group stmta nom Mississippian strata below. Thmsts canying Luscar
Group rocks emerge from this detachment and merge with the Blackstone Detachment
above. This Triassic/JurassicDetachment also allows greater displacement and repetition
of the Luscar rocks compared to the Mississippian strata.
Strike section LS2 (Figure 3.15), to the hinterland of the core of the triangle zone,
shows two thrust repeats of the Luscar Group to Triassic/Jurassic strata over most of its
length. A major lateral ramp near the southeast end of the line cuts upsection from this
level, and thmst repeats of the Luscar Group to Tnassic/Jurassic rocks are not present in
the hangingwall of the lateral ramp.

3.3-2.7 Lower Bounding T h r u t and Autochthortous stmta below

The lower bounding thnist is equivalent to the Banff Detachment at the southwest

end of the dip Iines, and ramps up to the TriassiclJurassic Detachment below the Lovett
River Triangle Zone, and farther up to the Blackstone Detachment at the eastem end of
the dip lines. Eastward from there it continues parallel to the detachment in the Wapiabi
Formation well into the foreland. Rocks below the lower bounding thmst are
autochthonous and interpreted to be relatively flat with a gentle regional dip to the West.
There is time structure on the deeper events on ail dip sections under the
Mississippian to Luscar h s t repeats which is interpreted to be velocity bbpullup" due to
the higher seismic velocity of Mississippian to Luscar strata compared to the adjacent
shales of the Alberta Group. There is also time structure beneath the core of the triangle
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zone on some lines (e.g. LD4, Figure 3.10 and L M ,Figure 3.1 l ) and there is often a
dislocation of late reflections associated with it. As discussed earlier. it is not clear
whether or not this time stmchire is due to red structure in depth or if it is caused by
anisotropic velocity variation in the shales of the Brazeau Formation above. The steep
dip of Brazeau Group rocks in the hangingwall of the Pedley Thrust may be the cause of
the time structure below due to the faster bedding-parailel seismic velocity of the steeply

dipping shaies compared to the bedding-normal velocity of flat and shallowly dipping

rock West of the Pedley Thnist. The dislocation is directly below the surface location of
the Pedley Thmst, which is consistent with experimentai seismic data over an anisotropic
thmst sheet mode1 (Leslie and Lawton, 1996). However. if it is red structure in depth
then it could be either a preexisting normal fault or alternatively a high angle reverse
fault resulting from reactivation of a pre-existing nomai fault during compressional
tectonics. If indeed it is pre-existing structure, then it may have influenced the location of
thmst ramps in the triangle zone and may also be a potential hydrocarbon target.

Time structure observed at the southeastern end of srrike section LS2 (Figure
3.15) is interpreted to be largely the result of pull up associated with the thrust repeat of

Triassic, Jurassic and Luscar strata- However the steeper dip of the rocks above may also
contribute to the time anomaly.

3.4

Pembina River Reüct Triangie Zone
The Pembina River area is located to the southwest or hinterland of the Lovett

River Triangle Zone (Figure 3.1) and is interpreted here to be a relict triangle zone. One
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dip oriented seismic section PD 1 (Figure 3.16) was interpreted over this structure and its
location, dong with weUs used to constrain the interpretation, are shown on Figure 3.1.

3 -4.1 Surface geolow in the Pembina River area
A relict upper bounding backthnist of a earlier hiangle zone is interpreted to exist
and is named in this thesis as the Pembina T h t . This fadt has not yet been identified

in outcrop and its existence is based mostly on the interpretation of seismic data (Figure
3.16). This fauk runs through an extremely thick sequence of Brazeau Formation rocks

in both the hangingwd and footwail at the surface making it not obvious in outcrop. In
this way it is similar to the Pedley Thnist of the Lovett River Triangle Zone, although
outcrop dips clearly show folding in the hangingwall strab into an anticline-syncline pair
with a wavelength of 2.Skm.
The çurface expression of the Lovett River Triangle Zone is a broad anticlinal
structure that is outlined by opposing dips at d a c e of the Brazeau, Coalspur and

Paskapoo formations. The surface trace of the Pedley Thrust, the upper bounding
backthnist of the Lovett River Triangle Zone, was determined by the change in dip
direction of strata and refined by projecting this thnist to the surface fkom interpretations

of seismic data. Rocks of the Brazeau Formation outcrop in both the hangingwail and

footwail of the Pedley Backthnist (Figure 3.1). The trace of the interpreted Pembina
River Relict Triangle Zone upper bounding backthnist also nuis through a large generally
anticlinal structure in the Brazeau, Coalspur and Paskapoo formations.

Figure 3.16. Structural cross section PD1 in depth through the Pembina River Relict Triangle Zone. This section is based on surface
geology, wells and seisrnic data.
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In addition to the interpreted relict upper bounding backthrust there is another
backthnist, the Mercoal Thmst (Figure 3.1) which is recognized at d a c e within the
Brazeau Formation. The Mercod Thnist was mapped in the area to the northeast by
Langenberg (1993). It displays minor offset on a splay that cuts the Coalspur Formation.

3 A.2

Subsurface interpretation in the Pembina River area
Section PD 1 (Figure 3.16) is a depth-converted interpretation of a seismic section

through the large anticlinal structure interpreted as the Pembina River Relict Triangie
Zone, which is very similar in structural style to the Lovett River Triangle Zone. Alberta
Group rocks f o m a duplex with thrusts emerging f b r n a floor t h t at the Blackstone
Detachment and merging into a roof thnist at the Wapiabi Detachment. The main
difference between the Pembina River and Lovett River structures is that there are more
Paleozoic thnist sheets with greater displacement in the Pembina River area.
Emplacement of the deeper structures in the Pembina River area caused more
deformation in the rocks above, including the Pembina Thnist, which is folded into an
anticline-syncline pair. This folding is evident fkom surface dips as well as seismic
reflections.
The Mercoal Thnist is interpreted to be a backthnist that is mapped at surface

above the Pembina River area. This thnist is interpreted on seismic data to emerge fkom
the Blackstone Detachment, rather than the Wapiabi Detachment into which the Pedley
Thrust soles. It is interpreted to be a late accommodation backthnist rather than the upper
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bounding backthrust of a relict triangle zone, because it offsets the Wapiabi Detachment

and has signifcantly less displacement on it relative to the Pedley Thmst.
Paleozoic thrust sheets have more displacement in the Pembina River area and
have uplifted the rocks above to a higher level, resulting in more severe erosion of the
relict triangle zone structures than in the Loven River triangle zone, as well as folding of
the relict upper bounding backthrust. This interpretation of a folded relict upper

bounding backthmst is similar to MacKay's (199 1) interpretation of a Relic Upper
Detachment for the Highwood Structure shown in Figure 1.7.

3.5

Brazeau River Triangle Zone

The Brazeau area, which is dong strike to the southeast from the Lovett River
Triangle Zone,is on the boundary of four 1:50,ûûû map sheets. The Foothills rnap
(Figure 3.3) (Langenberg and LeDrew, in prep.) to the northwest was discussed in the
previous two sections. The northeast corner of the Cardinal River map (Douglas and
Lebel, 1993) covers part of this area The dip measurements from the Cardinal River map

were used in this interpretation; however, the projection of fault traces has been updated
to be consistent with the seismic interpretation presented below. A small section d o n g

the Brazeau River, southwest of the Lovett River Triangle Zone, on the Blackstone
1 : 5 0 , 0 map sheet was mapped as part of this project (Figure 3.17).

Three dip oriented seismic sections (BD 1, BD2, and BD3,) were interpreted in
this area, which tie the structures seen here dong strike to the more typical triangle zone
at Lovett River in the northwest. These seismic lines locations are shown on Figure 3.1.
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3.5.1

Surface Geologv in the Brazeau River area
The Pedley Thmst is interpreted to terminate in an anticline-syncline pair and

backthmst splay dong strïke to the southeast (Figure 3.1). Paskapoo Formation rocks are
interpreted at surface, southeast of this plunging fold pair, based on seismic data
interpretations and paiynology, but the Brazeau Formation is interpreted to outcrop
northwest of it. This is a new interpretation for the surface geology in this area and is
based largely on dip oriented seismic sections BDI, BD2, and BD3 (Figures 3.18,3.19,
and 3.20 respectively) in the Brazeau River area and strike oriented seismic sections LS 1
and W2 (Figures 3.14 and 3.15) in the Lovett River areê In addition, this interpretation

is supported by dip data fiom the Cardinal River map (Douglas and Lebel, 1993), that
define a southerly plunging syncline and anticline, dthough the contacts and faults were
not interpreted to be folded on the original map.

The detailed map over the Brazeau River area (Figure 3.17) shows many foreland-

verging thnists and folds that exist in the area of the Ancona Thnist, here termed the
Ancona Thmst zone. The strata generally dip very steeply with vertical to overturned
hangingwall anticlines and footwall synclines developed in association with some of the
thmsts. Seismic section BD3 (Figure 3.20) supports the southwesterly dip and foreland
vergence of these faults. There is a reversal in general facing direction of strata on either
side of the Ancona T b s t , similar to the typical triangle zone geometry. Most beds to the
hinterland of the Ancona Thmst dip and face to the southwest whereas the beds on the
foreland side of the Ancona T h s t dip and face to the northeast. The Ancona Thrust
zone is interpreted to have overridden the upper bounding backthmst (labeled "previous

Figure 3.19. Structural interpretation of the dip oriented seimic section BD2 through the Brazeau River area over the new upper
bounding backthrust.
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upper bounding backthrust" on the seismic sections) of the triangle zone. Steeply dipping
outcrops of the Val d'Or and Mynheer cod seams in the footwall of the Ancona T h s t

zone were observed dong the river. In addition, a coal searn ( A m thick) was observed to
crop out dong the river further east and is interpreted to be coal of the Coalspur
Formation in the hangingwall of the new upper bounding backthrust.

3.5.2 Subsurface interpretation in the Brazeau River area
Sections BD1 and BD2 (Figures 3.18 and 3.19) are on trend with the Lovett River
Triangle Zone and cross the new upper bounding backthnist (Figure 3.1). Section BD3
(Figure 3.20) is slightly more to the hinterland and does not cross the new upper
bounding backthrust, but does cross the Ancona Thrust zone and the deeper Paleozoic
structures in the hinterland.

3 -5.2.1 New upper bounding backthmst

A new upper bounding backthrust is interpreted on seismic sections BD1 (Figure

3.18) and BD2 (Figure 3.19). This new upper bounding backthwst is northeast or

foreland of the Ancona Thmst zone and is at a higher stratigraphic level than the Pedley
Thrust to the northwest, which is flat in the Wapiabi Formation. The new upper
bounding backthmst occurs in the upper part of the Brazeau Formation on section BD2
(Figure 3.19) and is slightly higher, in the Coalspur Formation, on section BD 1 (Figure
3.18). This backthrust is also shown on the northeast corner of the Cardinal River map
(Douglas and Lebel, 1993) but was interpreted by them to be a continuation of the Pedley
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(or Lovett) Thmst. Seismic sections BD 1 (Figure 3.18) and BD2 (Figure 3.19) show
clearly that this backthrust is ramping upsection dong strike to the northwest and is
therefore not the sarne fault as the Pedley Thrust. The folding on the southeastern end of

strike section LS 1 (Figure 3.14) is interpreted to be related to the termination of this new
upper bounding backthmst dong strike to the northwest.

3.5.2.2 Brazeau to Paskapoo rocks

Seismic reflections on line BDl (Figure 3.18) define a broad anticline in the
Brazeau to Paskapoo rocks above the forethrust, labeted LBT 1, between the Ancona
Thrust zone and the new upper bounding backthmst. This anticline is also indicated on
the map in Figure 3.1 and is interpreted to be related to the termination of the Pedley
Thrust which is not evident on this section. Coalspur Formation rocks are also
interpreted at surface and have an apparent dip to the southeast on the southeasteni end of

strike section LS2 (Figure 3.15). On section BD2 (Figure 3.19) in the Brazeau River
area, the Paskapoo Formation is interpreted at surface between the Ancona Thmst zone
and the upper bounding b a c k h s t and is dipping to the foreland.

3 -5.2.3 Previous upper bowiding backthmst

The projected location of the surface trace of the previous (or old) upper bounding
backthmst (Figures 3.19 and 3.20) is not on strike with the Pedley Thmst in the Loven

River area, but rather is further into the hinterland. It is not interpreted to be the same
fault as the Pedley Thmst. It is not clear whether the Ancona Thnist is cut by the Pedley
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Thrust in the Lovett River Triangle Zone, or if it merges with it. If the Ancona Thrust is
cut by the Pedley Thmst then movement along it occurred before the fast movement on
the Pedley Thrust. However, it is younger than the last movement on the previous upper
bounding backthnist in the Brazeau area because heie the Ancona Thrust cuts it. This
difference in the timing of these upper bounding backthmsts in the two areas and the
lateral offset in their trends is evidence that they are two different faults. Alternatively.
there may be a lateral ramp in the Pedley Thmst, similar to the fault carrying
Mississippian to Luscar strata, that joins it with the previous upper bounding backthnist
in the Brazeau area. This alternative interpretation is considered unlikely and the Pedley
Thrust is interpreted to die out into a fold pair along strike to the southeast, as illustrated

on the map in Figure 3.1.

3 S.2.4 Alberta Group structure

There are fewer thrusts and less displacement in the Alberta Group on sections

BD 1 and BD2 (Figures 3.18 and 3.19) compared to the Lovett River area. However,
section BD3 (Figure 3.20), which is further into the hinterland, has many thrusts in the
Alberta Group most of which emerge from the Blackstone Detachment and merge into
the Wapiabi Detachment. An antiformal stack of Alberta Group rocks, containing the

Cardium reservoir, is interpreted in the core of this structure. Seisrnic refiections in this
area are less coherent, suggesting steeply dipping and folded strata, which is supported by
the surface data (Figure 3.17). Three of the thrusts in the Ancona Thrust zone are
interpreted to cut through the Wapiabi Detachment and the previous upper bounding
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backthrust. The eastemmost thrust in the Ancona Thrust zone is interpreted to be a late
thrust that connects with the deeper thrust carrying Paleozoic rocks and offsets the

Blackstone Detachment.

3.5.2.5 Deeper Lower Mesozoic and Paleozoic structure

Rocks as deep as the Devonian Palliser (or Wabamun) Formation are involved in
thrusting in the Brazeau area (Figure 3.20). This deep structure is sirnilar to the deep
structure in the Lovett River area and also has a detachment in the Triassic/Jurassic
sequence. However, the structure varies significantly in the shallow section where these
deep thrusts continue upsection and cut through the Wapiabi Detachment and previous
upper bounding backthrust. Paleozoic and Luscar Group rocks are not camied on thnists

as far into the foreland on section BD3 (Figure 3.20) as in the Lovett River Triangle
Zone. This observation supports the interpretation of a lateral ramp cutting these units
out at the southeastern end of the Lovett River Triangle Zone, as interpreted on strike
section LS2 (Figure 3.15). The deep structure in the Brazeau River area is interpreted to

terminate against a lateral ramp to the northwest and is therefore en échelon with the deep
structure in the Lovett River area as discussed in Chapter Four.

3.5.2.6 Lower bounding Thncsts

The lower bounding thrust (LBTI) cuts through the Wapiabi Detachment in the
Brazeau area and merges with the new upper bounding backthnist. This lower bounding
thrust is interpreted to have approximately 1200m of displacement and is quite steep
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where it cuts through the Brazeau Group on section BDl (Figure 3.18). On section BD2

(Figure 3.19) there appears to be less displacement on two separate thnists (LBT!and
LBT2) that merge with the new upper bounding thnist.

3.6

Elk River Pre-triangle Zone

The Elk River area is in the relatively undisturbed foreland approximately 23 km
east of the Brazeau River and Lovett River areas. It is shown on the map of the thesis

area in Figure 3.1 and is considered to represent the initial stages of development of a
new triangle zone to the foreland of the Brazeau River Triangle Zone. Foreland-verging
t h s t s , namely the Brewster and Sylvester Creek Thnists, were recognized by Jones

(1971) in the area east of the Stolberg structure (see Figure 1.9), which is dong strike to
the southeast from the Elk River area described here. The thnists interpreted in the Elk
River area are interpreted to be the extension of these thnists dong smke to the
northwest.

3.6.1

Surface eeoloq in the Elk River area

Figure 3.2 1 shows detailed surface geology mapped dong the Eik River. The
Coalspur Formation is brought to the surface on what is interpreted to be the northwestern
extension of the Brewster Thmst of Jones (1 97 1). Dips in the hangingwall become
steeper (fiom tOOSWto 86OSW) toward the trace of the Brewster Thrust which is a highly

fractured interval about 6m wide. Facing direction was difficult to determine but vague
cross-bedding in the sandstone units and fining-upward sequences indicate that
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probably all of these beds in the hangingwall of the Brewster Thnist are the right way up.
The Sylvester Creek T h m t is also interpreted to be a highly fractured interval. A
hangingwall anticline is interpreted based on a change in dip direction fiom 87OSW to

73%.

Beds in the footwall of this f a d t are folded into an open syncline and then

become horizontal M e r to the est.

3.6.2 Subsurface intemretation in the Elk River area
Seismic data were not available directly over the section mapped dong the Elk
River. However, an old, unmigrated section was available from line ED I (Fi~gure3.22)

12km along strike to the northwest. This section is displayed with a vertical exaggeration
of 2, making the angles of faulu and bedding appear slightly steeper than in reality. The
thnist that brings the Coalspur Formation to sUTface on this section is interpreted to be the

Brewster Thmst. The Sylvester Creek h s t is not observed on this seismic line and is
interpreted to have died out dong strike northwest of the Elk River area The Brewster
Thnist flattens at the base of the Coalspur Formation to the hinterland. A backthrust
splay fkom it cuts upsection tu the hinterland, forming a bowl type structure similar to a

popup. There is less displacement on the backthnist than dong the forethrust. The bowl
structure in the Coalspur Formation is above and slightly to the foreland of the duplex in
the Alberta Group. This duplex is not only similar to the duplex described along strike to

northwest by Skuce et al. (1992) but is aiso similar to the duplex structures described
elsewhere in the triangle zone in this thesis. The strata of the Bmeau to Paskapoo
formations are folded into an open anticline over the stnicturally thickened smta within

Figure 3.22. Structural interpretation of the dip orientated seismic section EDl in the Elk River Pre-triangle Zone area if the foreland
-23kms NE of the Triangle Zone.
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the Alberta Group duplex. There is no obvious iinkage, observed on the seismic section
(Figure 3-22},between the thnists in the Alberta Group duplex and the Brewster Thmst
above in the Coalspur Formation. However, the reflections in the Brazeau Formation are
slightly distorted indicating that defonnation below the resolution of the seismic data
probably exists. These smail-scale structures may be referred to as "penetrative strain";
this interpretation is supported by the presence of mes0 and macro-structures observed in

this interval in outcrop in other locations in the Foothills (Spratt, pers. corn.).

CHAPTER FOIJR:

PALINSPASTIC RESTORATION AND

DEFORMATIONAL HETORY

4.1

Introduction
Four dip onented cross sections were constxucted, using wells, surface data and

seismic data, and palinspastically restored in order to elucidate the relationships between
each of the areas described in Chapter Three narnely: Lovett River Triangle Zone,
Pembina River Relict Triangle Zone, Brazeau River Triangle Zone, and Elk River Pretriangle Zone. Palinspastic restoration not oniy helped to veriQ the admissibility of the
cross sections, but also helped with the interpretation of deformational history and
mechanisrns of deformation. hcations of these cross sections AA', BB',CC', and DD'

are shown on Figure 3.1, dong with locations of seismic sections and well data used in
their construction. This chapter provides a better understanding of initiation, growth and
abandonment of the triangle zone throughout the evolution of the fold and t h s t belt in

central Alberta.
These cross sections were constructed by first plotting the surface dips (not
shown), stratigraphie contacts and faults on a topopphic profile. Wells near each line of
section were projected dong-strike ont0 the sections dong with depths to formation tops

and thrusts. Integrated interpretations of seismic data (see Figure 3.1 for names and
locations) over each section were depth-converted using Move-On-Fault and interval
velocities estimated from the 6- 1-48- 19W5 velocity log (Figure 3.1). There is good

agreement between surface, well and seismic interpretations over most of the cross
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sections; although wells that were projected over long distances (e.g. up to 5 km) were
interpreted to be iess reliable, especidly for the sshallower, smaller structures, than the
interpretation of seismic data.
Long-wavelength time structure, interpreted on seismic data in Chapter Three to
be caused by velocity pull-up related to thnist repeats of faster velocity rocks
(Mississippian to Luscar Group strata), was largely removed during depth conversion.
However, apparent sudden changes in time structure under steeply dipping Alberta Group

and Brazeau Formation strata in the triangle zone was not removed by the simple depthconversion process used, which does not account for velocity anisotropy. This residual
time structure on the deeper events was interpreted to be a velocity efiect rather than real
structure, therefore the interpretations of the cross sections were rnanually edited to yield

planar, gently dipping horizons for the deeper section.

4. I

Cross section descri~tions
The northemmost cross section AA' (Figure 4.1). which runs through the triangle

zone dong smke to the northwest from the Lovett River Triangle Zone, is located on
Figure 3.1. It is approximately 21km long and is very similar in structural style to the
Lovea River Triangle Zone. Interpretation of the seismic data over this section was not
presented in Chapter Three. Cross section BB' (Figure 4.2) is much longer (3 lkm) and
covers both the Pembina River Relict Triangle Zone and the Lovett River Triangle Zone.

The third cross section, CC' (Figure 4.3), which is aiso 21km long, runs through
the southem end of the Lovett River Triangle Zone and contains both the Lovett River

Figure 4.2. a) Cross section BB' through the Lovett River Triangle Zone and the Pembina River 1
b) Palinspastically restored section BB'.

h e Lovett River Triangle Zone and the Pembina River Relict Triangle Zone.

rtion BB',

le Zone.
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and Brazeau River deep Paleozoic structures. The seismic data (Figure 3.9) presented in

Chapter Three over this cross section did not extend far enough into the hinterland to

image the deep Brazeau River structure in the Paleozoic rocks. The interpretation of that

structure on this cross section is based on well data and reflections from an older seismic
section (not shown).

The southenunost cross section DD' (Figure 4.4) is 38km long and covers both
the Brazeau River Triangle Zone and the Eik River Pre-triangle Zone. It was constructed
using the interpretation of seismic sections BD3, BD2, and ED I (Figures 3.20.3.19, and
3.22 respectively), even though BD3 and BD2 are not directly over the line of section and

are offset in the strike orientation (see Figure 3.1). Although cross section DD' is Ionger
than cross section BB' it is mostly over the relatively undisturbed foreland.

4.2

Palinspastic Restorations
Paiinspastic restoration was conducted assurning that flexural slip was the

principal mechanism of deformation active dunng the deformation of these rocks. This
approach did not remove al1 folding on the cross sections and fault-propagation folding is
interpreted to be another mechanism of deformation contributing to the some of the
shortening. The anticline with the vertical to overtumed foreiimb in the core of the
Lovert River Triangle Zone is interpreted to be a fault-propagation fold. This and other
folds that could not be restored completely using flexural slip were restored using the
numerical slip option under flexural slip, and flattening (or unfolding) of the horizon

manuaily. This

Figure 4.4. a) Cross section DD' through the Brazeau River Triangle Zone and the Elk River Pi
b) Palinspastically restored section DD'.

~ughthe Brazeau River Triangle Zone and the Eik River Pre-Triangle Zone.
:d section DD'.
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approach was used because the tip scrain (fault-propagation) option is useful only for
forward modelling rather than for reverse modelling or restoration.
Overall, Move-On-Fault software yielded good results for the restored sections.
The lack of smoothness in the restored sections is due to minor adjustments necessary in
the interpretation; however, structures not resolved with the data available are also a

contributing factor. Noticeable thinning of the strata carried above the Wapiabi
Detachment in the area of the upper bounding backthnist, is seen on cross sections AA'
and DD' (Figures 4.1 and 4.4 respectively). This was avoided in the hangingwall of the
Pedley Thrust on sections BB' and CC' (Figures 4.2 and 4.3 respectively) by moving it
out of the section to the foreland until al1 other faults were restored; however the opposite
problem then occumed, and thickening resulted. The restoration program does not allow
simultaneous movement on more than one fault, which is what is interpreted to occur
with the foreland-verging thnists and the upper bounding backthnist. The thinning of
strata, as indicated on the restored sections in Figures 4.1 and 4.4, is interpreted to be an
accumulation of errors in the program during restoration of deeper faults. The thickening
(Figures 4.2 and 4.3) that resulted when strata were removed from the section and later
replacecl is also mysterious.
Fault angles for restored fault traces relative to bedding are between 10' and 25'

for rnost forethrusts, although the faults in the Ancona T h s t zone in the Brazeau River
area have steeper angles (-504 relative to bedding. This fact supports the interpretation

that faults in the Ancona Thmst zone are Iate and therefore cut through already rotated
beds in the hangingwall of a previous upper bounding backttuust. The backthmsts are
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dso generally steeper than the forethmsts, with the upper bounding backthmsts k i n g

-30' whereas other backthrusts dips range between 30' and 6S0. with an average dip of
-40". The reason for this with respect to the upper bounding backthmsts may be related

to the gentle (2'-39 dip of the strata toward the hinterland on the undeformed sections.

The steeper dips determined for the other backthnists probably indicate that they are
indeed late structures which cut previously tilted s t r a t a

4.2.1
Numerous detachments (Wapiabi, B lackstone, Triassic/Jurassic and Banff), allow
for varying amounts of shortening and number of h s t s between cross sections. Percent
shortening and total length change on horizons between detachments as well as average
values are summarized on Table 4.1. Percent shortening of a particular horizon is

calculated by: %S=((Xo-Xi)/Xo))lOO%,where & is the length of the horizon before
shortening and Xi is the length of the horizon after shortening and total length change is
simply &-Xi.

DD',
Avg.
28km
,
38km
21km
21km
31km
2695, 33%'
29%,
37%,
40%,
1Okm 9.3km
6.3h 11.3km 9.7km
26%,
15%'
12%,
Luscar
28%.
47%,
7km
2.6km 13.9km 5.9km 5 . k
24%,
Mississippian
1O%,
24%'
5 1%,
9%,
3.3km 6.6km
2.3krn 15.8km 5.lkm
17%,
28%,
Average
17%,
45%,
31%.
3.7km 13.7km 6.9h , 6.3km 7.6km
Table 4.1 : Percent shortening and total length change by horizon between detachments on
each cross section.
Section
line length
Cardium

AA',

BB',

CC',
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The average shortening is 28%; however, it varies significantly between cross
sections and detachments, mainly because the sections are of varying Iengths and
locations relative to structures. Separatingthese areas (see dividing iine on Figure 4.2)
gives an
Luven
(AA')
29%

Area

T

Lovett

Lovett

Brazeau

Pembina

(BB")

Elk

(Dm

(CC')
(DDT)
(BB')
Cardium
40%
47%
26%
52%
5%
Luscar
0%
12%
28%
15%
21%
83%
16%
Mississippian
10%
22%
9%
95%
0%
17%
1.7%
Average
21%
30%
24%
77%
Table 4.2.
Percent shortening by horizon for each area on the cross sections.

Avg.

33%

26%
25%

28%

Section BB' (Figure 4.2), through both the Lovett River Triangle Zone and the
Pembina River Relict Triangle Zone, has more shortening than any other section because
it includes the more advanced structures in the relict triangle zone.
The southemmost section in the Lovett River area (CC', Figure 4.3) is the same

length as the northemmost section AA', but it has much more shortening on ail horizons.
Section CC' contains structures present in both the Lovett River area and the Brazeau
River area, which is not ody farther along strike to the southeast, but it is also more to the
hinterland,
Although section DD' (Figure 4.4)' which covers both the Brazeau River and Elk
River areas, is much longer than sections AA' and CC' over the Lovett River area, it has

about the same percent of shortening per horizon as section AA'. This is partly because
most of section DD' is in the relatively unstructured foreland where there is less
shortening. Structures are interpreted to be more advanced along saike to the southeast
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and if section DD' only covered the Brazeau River Triangle Zone, and did not extend
over the E k River area. it would probably have percents shortening similar to, or greater
than, section CC'.

Another interesting observation is that on sections AA', CC', and DD', over the
triangle zone and pre-triangle zone, the shortening increases upward across detachrnents.
On the more hinterland section BB', which extends over the Pembina River Relict

Triangle Zone,shortening decreased upward across detachments. This is related to the
fact that deeper strata are involved in thnisting further West, supporting the interpretation
that deeper structures occur Iater than shallow ones. Where cross sections terrnhate
influences how well the bed lengths balance. Furthemore, the presence of numerous
detachments, like in this area, make bed length baiancing vdid oniy for beds between
detachrnents,
The shortening increases upward over the triangle zone with noticeable changes
across detachment surfaces. Shortening also varies a l m g strike within the triangle zone.
Percent shortening in the triangle zone increases from 17%on the northernrnost section
AA' to 3 1% on section CC' in the Loven River area. Shortening is predicted to increase

on the southeastemmost section DD' in the Brazeau River area (not cdculated over the
Brazeau River area alone), where structures are interpreted to be more advanced than in
the typical triangle zone in the Lovett River area
The arnount of shortening above the Wapiabi Detachment is difficult to estimate

because of erosion and the inability to properly image small-scale structures on seismic
data. The Brazeau Formation has about 10% less shortening than the Coalspur Formation

on restored section DD' (Figure 4.4), which is stnicturally not viable. This may be
explained by the presence of small-scale structures (or penetrative strain) in the Brazeau
Formation, which are interpreted to occur, for example, between the bowl structure in the
Coalspur Formation and the duplex in the Alberta Group in the Elk River area. These
structures were not interpreted on the seisrnic data although a slight disturbance of
reflections in that area is observed (Figure 3.22).

4.3

Defonnational Bistory
Al1 four cross sections are displayed, aligned in the strike orientation, in Figure

4.5 such that each stmcturai area can be compared. A triangle zone geometry is

interpreted to have existed at the frontal edge of the fold and thmst belt within the study

area throughout orogenesis. Structures are interpreted to have developed earlier in the
hinterland than in the foreland, as well as earlier in the shailow section than in the deep
section. The Pembina River Relict Triangle Zone is interpreted to have forrned first.

Most of the structures in the Brazeau River Triangle Zone are interpreted to have formed
next, followed by the much of the Lovett River Triangle Zone. Thrusts in the Ancona

Thrust zone are interpreted to be out-of-sequence faults which developed late in the
deformationai history. The new upper bounding thmst and the incipient triangle zone
structures in the Elk River Pre-triangle Zone also are the most recent structures.
The Pembina River Relict Triangle Zone in the hinterland has greater shortening

on deeper horizons and therefore that part is interpreted to have forrned before the Lovett
River Triangle Zone. Both the Deep Brazeau Structure and the Deep Lovett Structure are
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present on cross section CC' (Figure 4.5); however the Deep Brazeau Structure is not
present on cross sections BB' and AA' and is interpreted to terminate northwesteriy in a
lateral ramp, simiiar to the one that cuts out the Deep Lovett Structure to the southeast
(Figure 3.15). The Lovett River and Brazeau River areas are roughly dong saike from
each other in an en échelon geornetry, with the Brazeau River structure slightly to the

hinterland of the Lovett River structure (Figure 4.5). This, combined with the fact that
there appears to be more shortening over the Brazeau River area (if eastem half of section
over the relatively undeformed Elk River area is not included) than in the Lovett River
area, suggests that much of the deformation in the Brazeau River area occurred before

deformation in the Lovett River area The previous upper bounding backthrust in the
Wapiabi Formation in the Brazeau River area is interpreted to have rotated beyond its

criticai limit of stability and was ovemdden by the Ancona Thnists. This is interpreted to
have occurred Iate in the deformational history of the Brazeau River area because these
thrusts cut through both the Wapiabi Detachment and the previous upper bounding
backthnist. This backthnist in the Brazeau River area is to the hinterland of the Pedley
Thmst in the Lovea River area and is interpreted to be an earlier thrust. The new upper
bounding backthnist at the base of the Coalspur Formation is interpreted to have forrned,

dong with the pre-triangle zone structures in the EIk River area around the same time as
the late Ancona Thrusts.
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4-3.1

Lovett River Triangle Zone
The Alberta Group duplexes and the Pediey Thrust, or upper bounding backthmst,

are interpreted to have developed early in the defomational history of the Lovett River

Triangle Zone and probably resembled the Elk River Pm-triangle Zone at the time of
initial deformation. Initiation of the Lovett River Triangle Zone is interpreted to be
synchronous with the emplacement of the Paleozoic thrust sheets in the Pembina River

area The deep structures in the Mississippian to Luscar strata are interpreted to be later
because they fold the fault and strata above as well as cause steepening of the Pedley
Thmst. The Blackstone Detachment is folded and mimics the shape of the underlying
thmst sheet in the northem end of the Lovett River Triangle Zone, but is faulted by it in
the southem end. The Ancona Thrust cuts the Wapiabi Detachment in this area and it is
unclear whether it is cut by the Pedley Thmst or if it merges with it. However, it
definitely does not cut the Pedley Thmst in the Lovett River Triangle Zone. The Ancona
Thnist is a late feature in the Brazeau River area since it cuts the previous upper bounding

backthmst. However, it may have been synchronous with late deformation in the Lovett
River area Backthnists in the Lovett River Triangle Zone, that cut the Wapiabi
Detachment, are interpreted to be structures that formed late, probably in response to the
steepening of the Pedley Thmst by the emplacement of the deeper thnist sheets. Other
backthrusts that merge with the Wapiabi Detachment and fonn pop-up structures, are
interpreted to have formed in the normal defomational sequence.

The detachment at the top of the Wapiabi shaie is present regionally and foms the
upper detachment described by Jones (1982), described for his mode1 of the evolution of

1O3

the triangle zone. The Pedley T h s t is Iayer parailel over much of its length, but was
observed in Figures 3.6,3.7,and 3.1 1 to ramp through the Brazeau Formation in its
footwall. It has an approximate 2 5 O angle to bedding in its footwall on the restored cross
sections in Figures 4.1,4.2, and 4.3. This supports Chariesworth and Gagnon's (1985)
model for the evolution of the triangle zone which has a backthrust that initiates at an
angle to bedding. However, their model does not explain the Elk River stmchual
interpretation or Skuce's Cardium duplexes, which gives support to Jones' (1982) model.

4.3.2 Pembina River Relict Triangle Zone

Duplex structures are interpreted to have developed in the Alberta Group in the
Pembina River area dong with the Pembina Thmst, or relict upper bounding backthrust,
early in the deformational history of this area Partial emplacement of Paleozoic thrust
sheets in the Pembina River area is interpreted to have occurred next, causing folding of
the Blackstone Detachment and strata above it, as well as uplifting these rocks. At that

time, the Pembina River area probably resembled the present day Lovett River Triangle
Zone. The Pembina River Relict Triangle Zone has a second deeper Paleozoic thrust
sheet which also carries Devonian rocks. This thnist sheet is interpreted to have been

emplaced late in the development of this structure and caused uplift, folding and erosion
of the faults and strata above, decreasing the chance of preserving and recognizing the
relict triangle zone geometry. The Mercoai Thrust is a backthrust in front of the Pembina
River Relict Triangle Zone which is interpreted to be a late backthmst that developed in
response to the emplacement of the Paieozoic thmst sheets rather than the upper
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bounding backthnist of the Pembina River Relict Triangle Zone. There is much less
displacement on this thmst; the Cardium Formation cutoffs have only approximately
300m of displacement whereas an upper bounding backthrust would have much more

displacement, approximately 3 to 4 km on the Pedley Backthrust in the Lovett River area
(Figure 4.5).

4.3.3 Brazeau River Triangle Zone

Many of the structures in the Brazeau River area are interpreted to have developed
earlier than those in the Lovett River area because this area is more to the hinterland and

has more shortening (excluding the Elk River area). The last movement in the Brazeau
River area, dong the Ancona Thrust zone and deep Paleozoic ihnist sheet, are interpreted
to be synchronous with the last deformation in the Lovett River area and the formation of
the Elk River Pre-Triangle Zone. The Ancona Thmst zone cuts the previous upper
bounding backthrust that emerges from the Wapiabi Detachment. This backthst is
interpreted to have rotated to beyond the critical limit of stability and was abandoned and
ovemdden. A new upper bounding backthrust at the base of the Coalspur Formation is
interpreted to have formed to the foreland of the previous triangle zone, late in the
deformation of this area.

4.3.4

Elk River Pre-triangle
Zone
The Elk River area is interpreted to represent the structural geometry of the

initiation stage of developrnent of a triangle zone because it is a relatively unstmctured
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area located about the same distance to foreland of the The Lovett River Triangle Zone as
the relict triangle zone is to the hinterland. The interpretation of this area is similar to the

passive roof duplexes described by Skuce et al. (1992)- except deformation is also
observed in the upper units, and is therefore considered to be slightly more advanced*
Srnall-scale structures, beyond the resolution of the seismic data, are interpreted in the
Brazeau Formation between the Alberta Group duplex and the bowl structure in the
Coalspur Formation. Results of balancing aiso require shortening in this interval.

The interpretation in this area supports Jones' (1982) model with layer parallel
detachments, or Skuce's (1996) layer-parailel shortening model. Charlesworth and
Gagnon's (1985) rnodel with a backthnist at an angle to bedding is favored in the triangle
zone but not in this area. This suggests that Jones' (1982) model is appropriate for the
early development of triangle zone structures but probably develops a backthnist, similar

to Charlesworth and Gagnon's (1985) model, at some later stage rather than continue
movement on an upper detachment that is being folded as deformation progresses beneath
it. The Pedley Thnist is interpreted to have developed above a simi1a.r duplex in the
Alberta Group in the Lovett River area which then dlowed the triangle zone to develop

into the structure we observe today.

CHAPTER FIVE:

5.1

CONCLUSIONS

Sub-area comparison summary
The following table summarizes the important observations made about each sub-

area discussed in this thesis and is a usehl com~arisontool.

Lovett River Area

,

Brazeau River Area

C h s i c Triangle Zone geomecry with HW shatit panllcl to
UBB but FW cutoEs o b m e d
Pcdiey Thnist is the Upptr Bounding Backthrrist (UBB).
UBB stœpens to criticai limit of stabiiïty & taminates dong
stxike to SE in fold pair.
FoonvrilI baclcthrust splay of UBB observai.
Lovett Deep Swchut is foreland of and en échelon with
Bmeau Decp Stmcturr,
Detilchmmts is the Wapiabi. Blackstont, TriassidJursissic,
and Mississippian Banff srna
b w e r Bounding T h t (UT) emcrgcs h m the Miss.
stnta.
Shortcning varies dong strike h m 17% 0 to 30% (SE).

Pembina River Area
Relict Triangle Zanc.
Rclict Uppu Bounding Backthrust (RUBB) folded.
Mercoal Thnist intcrprcted as a late backthnrst in HW of
RUBB &cf it foldcd and locked.
C o d by two Palcomic ihnist shcets.
is the Wapiabi. Bhckstonc. TriassidJunssic,
Dctil~hment~
hiississippian Banff. and Devonian strata
bwcr Bounding Thrust (LBD cmcrgcs h m the Dcv. stnta.
Shontning around 77%.

Table 5.1.

5.2
1.

Decapitnttd Triangle ïonc.
Ancona ninist is a h W forcthnist that cuts the Prcvious
Uppcr Boundùlg Backthnrst (PUBB).
PUBB is mtattd beyond ifs criticai b i t of stability, but is
not intcrprtted to be the P d e y Thrust
B w u D a p Structure is hinterland of and en échelon with
Loven D a p Structure.
Dttsichmaits is the Wapiabi. Bhchtone. Tririssic/lunssic.
and Miissippian Banff s t n m
Lower Bounding Thnist (LBT)
emefgcs from the Miss.
smm
ShortMing around 24%-

Elk River Area

*

Incipicnt or Re-magie Zone.
No Uppm Bounding Biickthnist. but Iayer p d c l
demctmcnt.
Bowl or Pop up structure in shallow sectionDuplex at the Cardium level and 'pcncative s a i n ' above.
No Paicozoic structuri~sapparent.
Detachrncnrs is the Wapiabi. Blackstone, and Coalspur
smm
h w e r Bounding Thnist (LBT) in the Bkkstone Formation.
Shorttning mund 2%.

Summary and comparison of each sub-area in this thesis.

List of conclusions
Reflections as steep as 60' are imaged with the seismic data presented in

this thesis, aithough steeper dips are known to exist based of surface and well geology.
Areas described in this study with poor reflection coherency are interpreted to be
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intensely defomed and steeply dipping. Fol& or dipping reflectors which are l e s
than 89m wide are beyond the resolution of this seismic data

Four detachments are interpreted in the relatively weaker stratigraphie
units: Banff, Triassic/Jurassic,Blackstone, and Wapiabi. These detachments separate
rocks with varying structural styles and amounts of shortening.
The Pedley Thrust is the 'iipper bounding backthnist" of the Lovett River
Triangle Zone. It emerges from the Wapiabi Detachment and cuts through the Brazeau
Formation, in its footwall, supporting Charlesworth and Gagnon's (1985) mode1 for
the evolution of the triangle zone. Late backthnists in the core of the triangle zone are
interpreted to have developed in response to the steepening of the Pedley Thnist,
especially in the southeastem end of the Lovett River Triangle Zone, where it is
interpreted to be at its critical limit of stability.
The shde-dorninated Alberta Group, between the Blackstone and Wapiabi
detachments, is intensely defomed by foreland-verging duplex t h s t s , faultpropagation folds, and pop-up structures.
5.

There are fewer faults interpreted in the more comptent Paleozoic and
Luwer Cretaceous rocks,below the Blackstone detachment. The deformation of these
rocks, into Iarger fault-bend folded thrust sheets, is interpreted to have occurred later
than most of the defonnation above because ssata and structures above are folded and
faulted by these structures.

6.

Structure observed on seismic sections below the lower bounding thnist is

generally interpreted to be time pull-up related to thnist repeats of fast velocity rocks
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in the Luscar to Banff sequence and to steeply dipping anisotropic shales in the
triangle zone above dislocation anomalies.

The triangle zone changes aiong strïke to the southeast in the Brazeau
River area where the Pedley Thnist is interpreted to temiinate into a southeasterly
ptunging anticline and syncline.
A new upper bounding b a c k t h t is interpreted in the Brazeau River area

at a higher stratigraphie level and ramps upsection to the northwest from the upper part

of the Brazeau Formation to the middle of the Coalspur Formation. The previous
upper bounding backthnist is interpreted to have rotated beyond the critical limit of
stability and has been replaceci by a new upper bounding backthrust to the foreland.
Deep structures in the Lmea River area end aiong strike to the southeast
against lateral ramps and deep structures in the Brazeau River area are interpreted to
end dong strike to the northwest against lateral ramps, creating an en échelon

geometry to these structures.
1O.

The Ancona Thnist is a foreland-verging thrust that is rooted in the

Paleozoic rocks and cuts through the Wapiabi Detachment and previous upper

bounding backthnist in the Brazeau River area It is therefore interpreted to be late in
the sequence of events in the Brazeau River area.
11.

Many of the structures in the Brazeau River area are interpreted to have

developed earlier than those in the Lovea River area because they are more to the
hinterland and bave been eut by the Ancona Thnist which is in turn cut by the Pedley
Thnist in the b v e t t River are&
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A relict triangle zone in interpreted in the Pembina River area, which is

12,

sunilar to the Lovett River Triangle Zone to the foreland, but has a folded relict upper
bounding backthmst, narned the Pernbina Thmst.
13.

Structures in the Elk River area to the foreland of the triangle zone are

interpreted to represent pre-triangle zone structures. A bowl, or popup. type structure
is interpreted in the Coalspur Formation above and slightly to the foreland of a small
duplex in the Alberta Group. Smd-scale structures are interpreted in the Brazeau
Formation that transfer the movement fiom the duplex to the Coalspur structures. This
geometry supports Jones' (1982) mode1 for the evolution of the triangle zone in its
early stages.
14.

Percent shortening increases upward across detachrnents in the niangle

zone but decreases upward in the relict triangle zone, due to the increase in deeper
deformation fûrther to the hinterland.
15.

Percent shortening increases toward the hinterland and dong strike to the

southeast in the triangle zone, where the Brazeau River area is in a late stage of
development.

16.

Flexurai slip is interpreted to be the dominant mechanism of deformation

active during defonnation of this area; however fault-propagation folding is also

interpreted to occur, especially in the Alberta Group.
17,

Backthrusts are generally steeper relative to bedding than forethrusts and

out-of-sequence faults. such as the Ancona Thrust, are also steeper relative to bedding
on the restored sections.
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