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Preface

The foothills and mountains of Alberta contain most of
the province's exportable coal resources. For this
reason, the Alberta Research Council has been
developing techniques that provide a basis for the
establishment of exploration targets. From detailed
studies of deformed coal-bearing strata of the Grande
Cache area, a detailed geological map and cross sec-
tions were constructed. It is anticipated that the tech-
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Abstract

Deformed coal-bearing strata of the Grande Cache area were
studied to obtain techniques that could be used in exploration
and development of the Smoky River coal field and other coal
fields of Alberta’s foothills and mountains. The strongly folded
and thrusted, exposed rocks of the Grande Cache area can be
divided into three thrust sheets—the Syncline Hills, Mason,
and Muskeg thrust sheets. The oldest rocks are marine and
non-marine strata of the Jurassic/Cretaceous Nikanassin For-
mation. The Lower Cretaceous Luscar Group includes a thin
basal conglomerate (Cadomin Formation), a predominantly
non-marine sandstone and shale unit that locally contains coal
(Gladstone Formation), a shallow marine shale and sandstone
unit (Moosebar Formation), and an upper non-marine sand-
stone and shale unit that contains thick commercial coal
seams (Gates Formation). The thick coals of the Gates Forma-
tion were probably deposited on a coastal or delta plain. That
formation is overlain by marine shales of the Albian/Cenoma-
nian Shaftesbury Formation, largely marine sandstones and
shales of the Dunvegan Formation, and marine shales of the
late Cenomanian Kaskapau Formation. These strata are com-
plexly deformed by the Laramide Orogeny, between early
Campanian and late Eocene. The deformation proceeded from
southwest to northeast. It is estimated that the main deforma-
tion in the Grande Cache area took place at the end of the
Paleocene.

Shortening of these rocks, estimated from balanced down-
plunge cross sections, averages 31 percent. This shortening is
accomplished by folding and faulting. Folds in the area are
generally of the chevron variety, caused by shortening of a
multilayered sequence of alternating competent and incompe-
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tent strata, where the thickness of the competent layers is fair-
ly constant. The folds are cylindrical and maintain their shapes
over distances of up to 2 km along the trend. However, at their
tapering ends, they are conical. The majority of faults are
southwest-dipping thrusts, displaying ramps that cut up strati-
graphic section and flats that are parallel to bedding. Close
connection between thrusting and folding is shown by fault-to-
fold displacement transfer. The deformation model for the
Grande Cache area is a series of fold-thrust structures with
cylindrical chevron folds, which become conical at their taper-
ing ends.

Incompetent material, such as coal, has flowed into dilation
zones, which develop in the hinges of chevron folds. Another
process of structural thickening of coal is duplex thrusting,
where the roof thrust is the top and the floor thrust the bottom
of the coal seam. Both structural situations are important coal
exploration targets in the Grande Cache area. The rank of the
coals, as determined by measuring mean maximum vitrinite
reflectances, ranges from medium to low volatile bituminous.
The rank data indicate that the degree of coalification was
largely established during burial from Albian to late Paleocene
times, before folding and faulting started.

Most joints are extensional with preferred orientations that
conform to regional patterns of foothills and plains. They pro-
bably result from erosional unloading and uplift. Other joints
show effects of compressive stress across the fracture plane,
as indicated by slickensides. Some of these can be related to
the regional movement picture of the fold and thrust belt;
others are probably a result of gravitational sliding of blocks in-
to valleys after erosional unloading and resulting uplift.

Structural position is an important factor in the mine-
ability of coal in Alberta’s foothills and mountains. For
this reason, the Alberta Research Council, in co-
operation with the University of Alberta and the Geo-
logical Survey of Canada, has studied deformed coal-
bearing rocks in the foothills of the Grande Cache
area. Some of the results of the studies have been
published recently in scientific journals (Langenberg,
1984 and 1985; Langenberg and McMechan, 1985;
Kalkreuth and Langenberg, 1986). The purpose of this
publication is to integrate findings from those studies
into a general description of the geology of the Grande
Cache area. On a detailed geological map and nine
cross sections (figures 1 and 2, in pocket) are the loca-
tions of coal seams and information that define modeils
for coal exploration in the Grande Cache area and
other regions of Alberta’s foothills and mountains.

Study area

The study area is located in west-central Alberta, be-
tween latitudes 53°55’ and 54°03’N, and longitudes
119°01’ and 119°15’'W. The area forms part of the
Grande Cache (NTS 83E/14) and Copton Creek (NTS
83L/3) mapsheets and covers approximately 140 km2.
Direct access to the area is obtained through Highway
40, which connects Hinton with Grande Cache. This
highway extends toward the offices and plant facilities

of Smoky River Coal Limited near the center of the
study area. From there, several well-maintained mine
property roads and a forestry road result in easy ac-
cess to most corners of the study area.

The area consists mainly of forested mountains.
However, some of these mountains reach altitudes
higher than 1800 m. Consequently, they often extend
above timberline and have little or no vegetation on
rocky peaks. Topographic relief is greatest and bed
rock exposure best on mountain slopes adjacent to the
Smoky River, an antecedent river flowing north-
eastward. Additional outcrops are found on exposed
ridges, along tributary streams of the Smoky River,
and at coal mining sites. The area is situated on coal
leases held by Smoky River Coal Limited. Conse-
quently, permission should be obtained from that com-
pany before entering the area.

Previous work

Outcrops of thick coal seams are evident at many
localities along the Smoky River; hence, the presence
of coal in the area was likely known to the earliest
travellers. Short reports by MacVicar (1917, 1920) pro-
vide the first documentation of coal occurrences.
Later, MacVicar (1924) published a more extensive
report on the Smoky River area, which included a geo-
logical sketch map and data on coal quality. He cor-



related the coal-bearing strata of the Smoky River with
the coal-bearing Kootenay Formation of southern
Alberta. Several coal claims had been staked at that
time along the Smoky River and Sheep Creek.

McEvoy (1925) briefly described the coal-bearing
sections, large structural features, and the quality of
the coal near the Smoky River. MacKay’s (1930)
description of the stratigraphy and structure of coal
fields in the vicinity of Jasper Park included a short
section on the Smoky River coal field, extending
stratigraphic nomenclature from the Cadomin area
toward Grande Cache.

Thorsteinsson mapped the geology of the 15-minute
quadrangle that is now referred to as Grande Cache
East (83E/14 east half). His results were combined with
work to the west by Irish and published as the Grande
Cache mapsheet (Irish and Thorsteinsson, 1957). Irish
(1951 and 1955) also mapped areas to the east (Pierre
Greys Lakes mapsheet), and to the north (Copton
Creek mapsheet), respectively. He then published a
bulletin that summarized the geology of the northern
foothills of Alberta (Irish, 1965).! Pearson (1960)
analyzed coal from adit samples obtained along the
Smoky River and from an outcrop along Sheep Creek.

Winder (jn Landes, 1963) reported on detailed
geological mapping, using information from outcrop
and shallow drill holes on the coal leases held by Mcin-
tyre Mines Limited. His report included geological
maps at a scale of 1:15 840. That exploration led to the
opening of coal mines, and, in 1970, the first shipment
of clean metaliurgical coal from the Grande Cache
area.

In a review article on the structural geology of the
eastern margin of the Canadian Rocky Mountains,
Dahlstrom (1970, his figure 36) used the Sterne Creek
Anticline on Hells Creek as an example of a box fold. A
regional geological map, compiled by Mountjoy (1978),
extends to the Grande Cache area. McLean (1977,
1982) studied the Lower Cretaceous along the

1 The northern foothills extend from the Athabasca River to the British
Columbia-Alberta border.
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foothills, including the Grande Cache area and he in-
troduced several new lithostratigraphic units.

General geology

The Grande Cache area is situated in the Inner Foot-
hills2 of the Rocky Mountains fold and thrust belt. In
this area, the Inner Foothills are bounded on the south-
west by the Rocky Pass Thrust and on the northeast by
the Muskeg Thrust (Mountjoy, 1978). Because of a
general northwesterly plunge of Paleozoic carbonate
rocks, the Inner Foothills are much wider along the
Smoky River than along the Athabasca River.

The Inner Foothills in the Grande Cache area are
characterized by exposures of Upper Jurassic and
Cretaceous clastic rocks. They are outcrops of a
1200-m thick succession that was deposited in a
molasse basin (Eisbacher et al., 1974). The lowermost
unit is the Nikanassin Formation. It is overlain by the
Luscar Group, which is about 550 m thick and contains
the thick economic coal seams. The rank of this coal
ranges from medium to low volatile bituminous. The
top of the succession comprises the Shaftesbury, Dun-
vegan and Kaskapau formations.

Strata in the region are complexly folded and cut by
numerous thrust faults. The main deformation took
place between early Campanian and late Eocene and
is thought to have proceeded from southwest to north-
east (Bally et al., 1966; Price, 1981). It is estimated that
it reached the Grande Cache area during the Paleo-
cene (Kalkreuth and McMechan, 1984). The major
thrusts (e.g., the Cowlick, Syncline Hills, Mason and
Muskeg thrusts) are rooted in a common floor thrust at
the top of the Precambrian basement, which is
estimated to be at a depth of 5500 m below sea level
(Mountjoy, 1978). The shortening accomplished by
folding and thrusting is about 30 percent, and fault-to-
fold displacement transfer has been documented
along the Mason Thrust (Langenberg, 1985).

2|n this publication, the Inner Foothills are defined as that area of the
foothills that has a predominance of Lower Cretaceous rocks at the
surface; the Outer Foothills show a predominance of Upper
Cretaceous and Paleocene outcrops.

Fieldwork was done by C.B. Wrightson in 1978, and by
C.W. Langenberg in 1981, 1982 and 1983, to gather
data on the stratigraphy and structural geology of the
study area. The area between Mt. Hamell and Grande
Mountain was mapped by Wrightson as part of the re-
quirements of the degree of Master of Science at the
University of Alberta (Wrightson, 1979).

To analyze the relationship between structural
events and coal rank, samples were collected by C.W.
Langenberg and W. Kalkreuth from laterally con-
tinuous coal seams, and their mean maximum vitrinite
reflectances were determined. This petrographic work
was performed at the Institute of Sedimentary and
Petroleum Geology in Calgary.

Three sources of information about the geology of
the area were used. They are outcrops, drill holes and

underground mine plans that show the location of ex-
ploited coal seams. Information from these sources
was collected using data sheets that were formatted to
be processed by the computer package TRIPOD
(Charlesworth et al., 1987).

Outcrop data

Structural and stratigraphic data were collected in the
field by finding exposures along traverses, plotting
their positions on aerial photographs and recording
lithological observations at each locality. The term out-
crop is used in this bulletin for the locality of individual
exposures. In addition, certain stratigraphic marker
horizons were followed on the ground and on stereo-
scopic pairs of photographs. The surface traces of



stratigraphic marker horizons and faults were mapped
on the aerial photographs and then transferred with
the outcrops to a base map. These traces were
continually modified throughout the investigation as
more information became available and as knowledge
of the structure and stratigraphy improved.

The aerial photographs and enlargements were ob-
tained from Alberta Energy and Natural Resources.
Smoky River Coal Limited supplied detailed
1:6000-scale topographic base maps. The grid system
on these maps is the 3 degrees Universal Transverse
Mercator grid, which will be referred to as the 3TM
grid. This map projection is one of the provincial stan-
dard projections and is similar to the standard 6
degrees Universal Transverse Mercator projection
(UTM). The 3TM grid is centered on the 120°W meri-
dian (figure 1). On the original base maps, the grid is
rectangular with about 300-m (1000-ft) spacing, and
the topographic elevation is represented by contours
of about 3-m (10-ft) intervals.

The eastings and northings of outcrops were record-
ed from the base maps using an engineer’s scale, and
the elevation was estimated from the nearest 10 foot
contour. Outcrops were numbered consecutively.
Altogether, 2200 outcrops were visited; 800 by Wright-
son in 1978 and the remainder by Langenberg in 1981,
1982, and 1983. At each outcrop, the following litho-
logical information was recorded on the formatted data
sheets: rock type, grain size, sorting, weathering, bed
thickness, color, kind of fossils present and type of
sedimentary structures observed. A note was made if
rock samples were collected or if a photograph was
taken. Some space was available on the data sheets to
make additional comments or draw a sketch of the out-
crop.

Five main types of mesoscopic structural elements
were measured and recorded (if present) at each out-
crop: bedding, cleavage, folds, faults and joints. The
pitch of slickenside striae on bedding, faults or joints
with a sense of relative movement was recorded. If
folds were present, the trace of the axial plane was
also recorded. In general, these measurements were
taken within an area of about 10 m2, although, in the
case of a fold or a fault, a larger area was sometimes
sampled. If possible, at least five repeated measure-
ments of planar bedding were taken on different bed-
ding planes at each outcrop.

Drill hole data

Data were collected from a total of 335 selected drill
holes. These holes were selected from all drill holes
completed in the area before 1984, Drill holes not in-
cluded are largely from areas where the coal has been
mined out. The locations of collars of the drill holes
used in this study are shown on figure 3 (in pocket).

All drill holes were numbered consecutively, but the
numbering used by Smoky River Coal was also re-
corded for reference. At each drill hole, the geographic
location, orientation, stratigraphic horizons intersected
and depths to these horizons were recorded.

For most drill holes, the 3TM coordinates were
available; however, for many drill holes in the active
mining areas, the so-called McEvoy grid was used.
This grid is paraliel to the McEvoy Anticline and makes
an angle of 27.15728° with the 3TM grid. The origin of
the McEvoy grid has coordinates of 18 967.6 m east
and 5 989 087.3 m north in the 3TM grid. A FORTRAN
computer program was written to convert McEvoy
coordinates into 3TM coordinates.

Several drill holes deviate substantially from being
straight. For these holes, the orientation of the drill
hole was measured at regular intervals (often every 15
m (50 ft)). On the data sheets, the trend of the drill hole
and its deviation from the vertical were recorded
together with the depth at which these measurements
were taken.

The stratigraphic horizons used in this study were
generally those picked by the Smoky River Coal geolo-
gists. Their selections were based on geophysical logs
and drillers’ reports. For a minority of the holes, core
descriptions were used to pick stratigraphic boun-
daries more accurately. The majority of the horizons
were from coal seams and were numbered from 1 to
11, according to the numbering system introduced by
Landes (1963). However, if other stratigraphic
horizons could be recognized they were entered in the
data base as well.

Underground mines

Detailed plans of seven underground mines in the
study area were made available by Smoky River Coal
Limited in 1983. These are the Nos. 2-4, RT2-4, 5, 9A
and 9G mines, which are all situated along the No.4
coal seam, and the Nos. 2-11 and RT2-11 mines,
which are situated along the No.11 seam. All mines are
now worked out, except No.9A and No.9G.

The locations of the mines of the No.4 seam, as of
July 1983, are shown on figure 3 (in pocket). Nos. 2-11
and RT2-11 mines are situated above Nos. 2-4 and
RT2-4. On these detailed mine maps, the contours in
feet above sea level of the top of the coal seam are
shown, based on underground surveying. A grid with
150-m spacing was selected to collect elevation data of
the coal seam from these maps. The coordinates and
the elevation of the coal seam at the grid nodes were
recorded as outcrops without orientation measure-
ments. These underground exposures were numbered
in a range outside the numbering of regular outcrops
to easily differentiate these two types of outcrop.
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Stratigraphy

Some 1200 m of late Jurassic to late Cretaceous clas-
tic sediments are present in the study area (figure 4).
The formations and members are discussed separate-

ly.

Nikanassin Formation

This formation was introduced by MacKay (1929a and
b), but no type section was described. Some 400 m of
Nikanassin sandstone and shale are exposed in the
Syncline Hills Thrust sheet. In the Mason and Muskeg
thrust sheets, only the top 120 m of the formation is ex-
posed. The gradual contact with the underlying Fernie
Formation is not exposed in the study area.

Lithology
The upper 160 m of the formation is non-marine, as in-
dicated by plant remains, carbonaceous shale and thin
lenticular coal seams. Marine trace fossils
(Scalarituba, Diplocraterion, Skolithos, Gordia and
Planolites, G. Pemberton, pers. comm., 1982) and
crinoids indicate the marine origin of the lower part of
the formation.

The lower, marine part consists predominantly of
medium to very thick bedded orange-gray weathering

Kaskapau Formation
Dunvegan Formation 50m
8
c
©
€ 150 m
2 Shaftesbury Formation
@
O
Mountain Park Member
160m
Gates
Formation
a
c Grande Cache Member 156 m 3
8 O
S 5
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Sandstone and shale interbedded

Figure 4. Simplified columnar stratigraphic section of study
area with position of coal seams Nos. 1-11.

sandstone, interbedded with minor amounts of shale,
silty shale and shaley sandstone. The upper, non-
marine section consists of thin to thick bedded gray
and orange weathering sandstones. Interbedded with
the sandstone are gray and dark gray (sometimes car-
bonaceous) shales, silty shales, shaley sandstones
and, in some places, thin coal seams. Some beds con-
tain wood fragments and plant debris. Ripple cross-
stratification is fairly common.

The Nikanassin is disconformably overlain by the
Cadomin Formation of the Luscar Group. Using the
method described by Cruden and Charlesworth
(1966), bedding orientations on both sides of the con-
tact were measured at six localities to determine the
angularity of the disconformity and the dip direction of
Nikanassin strata in Cadomin times. At two localities,
there was no significant angularity. Apparent
angularities of 28°, 22°, 9° and 8° were observed at
the other localities with inferred dip directions for
Nikannassin strata in Cadomin times of N293°E,
N321°E, N72°E and N90°E, respectively. It is con-
cluded from the variation in angularity and dip direc-
tions that the contact is not angular and that the ap-
parent angularities suggest an irregular erosional sur-
face with cross bedding. This is also indicated by
Cadomin channels cutting into the Nikanassin Forma-
tion. However, it cannot be excluded that some folding
took place before deposition of the Cadomin Forma-
tion.

Age

The crinoid Pentacrinus from the lower, marine part
suggests a late Jurassic age for this part of the forma-
tion. Irish (1965) reports Lower Cretaceous plants from
the upper part of the formation, found in an area south
of the Athabasca River.

Luscar Group

The Luscar Group (Langenberg and McMechan, 1985)
comprises 555 m of sandstone, shale, and lesser con-
glomerate and coal, deposited in predominantly non-
marine environments. The type section is along the
railroad tracks near Cadomin. Sections 81-1, 81-2 and
81-4 of the Grande Cache area (appendix A) were
designated as reference sections for the Luscar Group
(Langenberg and McMechan, 1985). Nomenclature for
the Luscar Group and equivalent strata is shown in
figure 5.

The strata in the Grande Cache area are readily sub-
divided into formations consisting of a basal con-
glomerate (Cadomin), predominantly non-marine
sandstone and shale (Gladstone), marine shale and
sandstone (Moosebar), and non-marine sandstone,
shale and coal (Gates).

Cadomin Formation

The formation was introduced by MacKay (1929a and
b), but no type section was described. However, Cado-
min can be considered the type area. For an extensive
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Figure 5. Stratigraphic nomenclature for parts of the Lower Cretaceous in the northern and north-central Alberta Foothills and

northeast British Columbia.

description of the Cadomin Formation, the reader is
referred to McLean (1977).

The Cadomin Formation is more resistant than near-
by beds; thus, it outcrops more extensively and has
been the key to unravelling the structure in many areas
of the foothills. The conglomerates of the Cadomin
Formation have been one of the most useful strati-
graphic markers in the foothills, particularly during ear-
ly coal exploration. Once the conglomerate is ac-
curately mapped and the relative position of coal to the
conglomerate is known, it is possible to locate and
trace coal seams (MacKay, 1930). For this reason
some early workers called the Cadomin the *‘coal con-
glomerate.”

Lithology

In the study area, the Cadomin Formation is up to 45 m
thick. It comprises a lower conglomerate, a middle
sandstone and an upper conglomerate. The clasts of
the conglomerate are generally of pebble size, averag-
ing 1 to 3 cm in diameter; however, they also range
from coarse sand to boulders as much as 30 ¢m in
diameter. The clasts are generally subrounded to well
rounded and consist mainly of chert and quartzite.
Most of the chert is white, gray or black, but some
characteristic pale green pebbles occur. The con-
glomerate beds are generally gray, although the sand
matrix is commonly brownish gray.

Carbonaceous material occurs in small lenses of
coalified plant fragments. Along the Smoky River, a
40- to 80-cm thick coal seam occurs in this formation at
the top of the lower conglomerate (section 81-2 of ap-
pendix A). The sequence of a lower and upper con-
glomerate with a middle sandstone unit is characteris-
tic of the Smoky River area. The lower conglomerate
tends to be coarser and to have more green chert
clasts than the upper conglomerate. The middle sand-
stone unit is generally fine to medium grained with
abundant cross bedding. Minor amounts of shale are
also present.

Depositional environments

McLean (1977), in a regional study on the Cadomin
Formation, concluded that a long period of pedimenta-
tion accompanied the deposition of the sediments. Ex-
tensive areas covered by a single thin bed of con-
glomerate are interpreted as the remnants of the pedi-
ment surface, whereas thicker conglomerate and
sandstone sequences are interpreted as alluvial fans.
The Cadomin Formation in the Grande Cache area
forms part of the Smoky River alluvial fan (McLean,
1977).

Age
The age of sedimentation of the Cadomin Formation is
estimated to be Neocomian-Albian (Stott, 1968).



Gladstone Formation

The Gladstone Formation was introduced by Mellon
(1967). Its type section is in southern Alberta along the
Gladstone Creek west of Pincher Creek. MclLean
(1982) extended the delineation of the formation into
the northern foothills. The best sections of the
Gladstone Formation in the study area are along the
Smoky River (e.g., sections 81-1 and 81-2, appendix A;
they are reference sections for the Luscar Group).
The Gladstone Formation is correlative with the
Gething Formation of northeast British Columbia
(Stott, 1968). That formation is characterized by the
presence of thick (more than 1 m) coal seams, while
such are generally absent in the Gladstone Formation.
Langenberg and McMechan (1985) proposed that the
change in nomenclature occurs at the Kakwa River.

Lithology

In the Grande Cache area, the Gladstone Formation is
represented by 115 m of fining-upward sequences of
sandstone, shale and minor coal. The contact with the
underlying Cadomin Formation is gradational; by con-
trast, the contact with the overlying Moosebar Forma-
tion is abrupt.

The majority of sandstones are lithic arenites. Their
matrix consists of quartz, carbonate or clay minerals.
Detrital grains found in thin section are mainly quartz,
chert and carbonate, but other rock fragments are pre-
sent. Potassium feldspar is absent or present in only
minor amounts, and plagioclase is never encountered.
This latter feature makes the Gladstone sandstones
distinctive from the stratigraphically higher sandstones
of the Gates Formation, which contain detrital plagio-
clase.

The gray colors of fresh sandstone originate from
chert and quartz grains. Brownish weathering shades
result from iron oxide, generally in the form of limonite,
produced by various alteration processes. Limonite
forms rims around most grains. Most sandstones are
well cemented and show diagenetic quartz and car-
bonate overgrowth on their grains.

Depositional environments

The lower part of the Gladstone Formation has well-
defined fining-upward sequences with relatively thin
mudrock intervals, which are interpreted as braided
river deposits of the Platte type (Miall, 1977). Along
Sheep Creek, pebble conglomerates are present in
this part of the Gladstone Formation. The upper part of
the formation contains shallow marine bivalves (Pro-
tocardium), marine trace fossils and possibly slightly
brackish water foraminifera. These observations agree
with the estuarine environment proposed by McLean
and Wall (1981) for the upper Gladstone Formation
north of the North Saskatchewan River.

Age
Microfossils indicate an early Albian age for the upper
part of the formation (McLean and Wall, 1981).

Moosebar Formation

The Moosebar Formation was defined by MclLearn
(1923). Its type section is along the Peace River Canyon
in British Columbia (Stott, 1968). McLean (1982) ex-
tended the term Moosebar into the northern and north-
central foothills of Alberta as a member of his Malcolm
Creek Formation. Langenberg and McMechan (1985)
elevated the Moosebar Member to a formation in Alber-
ta, based on its mappability.

Recessive weathering and the dark gray marine
shales in the lower part make the Moosebar Formation
one of the more-distinctive units in the Lower Creta-
ceous succession of the northern and north-central
foothills. It can be easily recognized as far south as the
Clearwater River. The contact with the underlying
Gladstone Formation is abrupt, while the contact with
the overlying Torrens Member of the Gates Formation is
gradational.

Lithology

A good section of the Moosebar Formation is found at
section 81-1 (appendix A), which is easily accessible
along the railroad. Here it is 60 m thick, while in section
81-7 the formation is 63 m thick. The dominant lithology
in the lower part of the Moosebar is marine dark gray
shale. Some ironstone and bentonite layers are in-
terbedded with the dark shales. The bentonites can pro-
bably be correlated with those described from the
Moosebar Formation in northeastern British Columbia
(Spears and Duff, 1984; Kilby, 1985). They are most
likely of volcanic origin.

Some of the shales in the lower part of the Moosebar
have a characteristic greenish hue. This has been
ascribed to the presence of glauconite (McLean, 1982,
his pg.12). However, in samples from the present study
area, the only green mineral present in thin sections of
greenish shales is chlorite. Thus, it is concluded that
the greenish color of shales in the lower part of the
Moosebar is a result of the presence of chlorite.

Interbedded layers of generally fine-grained sand-
stone and shale are present in the middle and upper
part of the formation. Those in the upper part of the for-
mation form two coarsening-upward sequences, and
hummocky cross-stratification is common. The top of
the highest coarsening-upward sequence is the Tor-
rens Member. These sequences can probably be cor-
related with the Wilrich A and B cycles of Cant (1983).

Depositional environment

Burrows and traces of a marine, deposit-feeding fauna
(G. Pemberton, pers. comm., 1982) and the presence of
foraminifera indicate a shallow shelf setting (see also
McLean and Wall, 1981). This is furthermore indicated
by the hummocky cross-beds that indicate storm wave
activity in a shallow marine environment below average
wave base.

A good description of sedimentary structures, fossils
and depositional environments of the Moosebar Forma-
tion in the north-central foothills of Alberta is provided
by Taylor and Walker (1984). Although their reference
section at Crescent Falls is about 250 km southeast of
Grande Cache, depositional environments deduced



from sedimentary structures, microfossils and trace
fossils are similar.

Age

Based on foraminifera (appendix D), an age of early Al-
bian can be assigned to this formation (see also
McLean and Wall, 1981).

Gates Formation

The Gates Formation (Stott, 1982) is represented by a
345-m thickness of sandstone, shale and coal. Its type
section is along the Peace River in British Columbia.
However, two reference sections at Dokie Ridge and
Bullmoose Mountain (sections 60-9 and 60-5 in Stott,
1968) are more typical of the sequence in the foothills.
Section 81-4 (appendix A) is a good reference section
for the Gates Formation in the northern foothills of
Alberta (see also Langenberg and McMechan, 1985,
their figures 7 and 8). Another good section was created
in 1986 by highway construction northeast of the mine
plant; however, the top of the formation is not exposed
in this section.

In the Grande Cache area, the Gates Formation can
be divided into three members—the Torrens, Grande
Cache and Mountain Park members.

Torrens Member

The type section of the Torrens Members is near Mount
Torrens, which is close to the border of Alberta and
British Columbia (McLean, 1982). The contact between
the Moosebar Formation and the Torrens Member of
the Gates Formation is gradational and is placed at the
base of the first massive sandstone bed, above which
few or no shales occur.

Lithology

The Torrens Member is, in most sections, about 30 m
thick (sections 81-1 and 81-7, appendix A) and consists
of fine-grained sandstone that often shows parallel
laminations. However, some cross-bedding is present,
and pebble conglomerate beds form part of the member
in minor amounts. Burrows of a marine suspension
feeding fauna are present in distinct layers, and one
outcrop contains a bed of oyster (Ostrea sp.) shells. The
sandstones are generally lithic arenites. However, lithic
wackes are also present (nomenclature of Dott, 1964).
Detrital grains, determined in thin section, are mainly
quartz, chert, feldspar (including plagioclase), car-
bonate and other rock fragments.

The matrix of the sandstone commonly constitutes
more than 10 percent of the rock. It can be clay
minerals, micaceous minerals, organic material or
quartz. The gray color of fresh sandstone results from
the presence of chert and quartz grains. The typical
gray-orange weathering color results from the presence
of iron oxide, generally in the form of limonite. Most
sandstones are well cemented and show diagenetic
quartz and carbonate overgrowth on their grains. These
overgrowths may have prevented the formation of an
extensive matrix. Brown siderite freckies are probably
of local origin, formed through breakup and resedimen-

tation of siderite-rich muds in penecontemporaneously
deposited sandstones, as suggested by Mellon (1967).

Depositional environment

The Torrens Member represents a relatively high
energy shoreline environment from wave base to slight-
ly above sea level. Consequently, the coarsening-up-
ward sequence is caused by a prograding beach com-
plex (McLean, 1982).

Age

No fossils useful for age determinations were found, but
the gradational contact with the Moosebar Formation
suggests an early Albian age.

Grande Cache Member

The Grande Cache Member was introduced by McLean
(1982). The type section is a bulldozer cut in the Cowlick
Thrust sheet, 750 m southwest of the trace of the
Cowlick Thrust on the Smoky River. A good reference
section is No. 81-4 (appendix A).

The Grande Cache Member is characterized by thick,
economic coal seams. All lower Cretaceous coal mined
in the central and northern Alberta foothills has come
from the Grande Cache Member. These economically
viable coal seams (within the Luscar Group) were one of
the main reasons to retain the term Luscar as a group
name for Lower Cretaceous coal-bearing strata in the
north-central and northern Alberta foothills
(Langenberg and McMechan, 1985).

The boundary between the Grande Cache Member
and the overlying Mountain Park Member is placed at
the base of the first prominent sandstone unit with an
abrupt basal contact above the highest major coal seam
in the Grande Cache Member (McLean, 1982, his

pg.15).

Lithology

Five complete sections of the Grande Cache Member
were measured (appendix A, sections 81-3, 81-4, 81-5,
81-6 and 81-8). The thicknesses range from 145 m to
162 m, with an average of 151 m. Shale and fine-
grained sandstone are the main constituents of this
member, besides coal. Sandstone above the No. 4 coal
seam (known as Super 4 Sandstone) changes facies
laterally and locally, shales occur in this interval (for ex-
ample section 81-3, appendix A). The numbering of coal
seams (figure 4) is according to Landes (1963). Higher
up in the section, fine- to medium-grained channel
sandstones are present, especially in the interval be-
tween Nos. 10 and 11 seams.

The sandstones are similar to those of the Mountain
Park Member; however, the Grande Cache Member
shows a higher percentage of fine-grained sandstone.
These sandstones are generally lithic arenites, al-
though lithic wackes are present. Detrital grains are
mainly quartz, chert, feldspar (including plagioclase),
carbonate and rock fragments. Volcanic rock frag-
ments were probably derived from west of the Rocky
Mountain Trench (Leckie, 1986). Brown siderite
freckles are found, especially in the channel sand-
stones. The gray color of fresh sandstone resuits from
the presence of chert and quartz grains, whereas the



gray-orange weathering color (typical for Gates sand-
stones) results from the presence of iron oxide, general-
ly in the form of limonite. Limonite coats many of the
detrital grains. The matrix comprises clay minerals,
micaceous minerals (including chlorite), organic
material and quartz. The matrix may have formed by
breakdown of unstable detrital particles, such as
volcanic debris (a process suggested by Pettijohn,
1975). Other lithic sandstones have a pervasive dia-
genetic quartz or carbonate cement.

Remnants of conifers and ferns are present through
the whole member. Good specimens of such remains
can be collected in the open pit mines of Smoky River
Coal Limited in the overburden material of the No. 4
coal seam (the Super 4 Sandstone). Figure 6 shows two
examples of fossil plants from this horizon. Although
flowering plant remains have been reported from the
Gates Formation in northeastern British Columbia
(Stott, 1968, his pg.76), none were found in the Grande
Cache area.

Nos. 4 and 10 coal seams are the only laterally con-
tinuous seams in the study area. A 5-cm thick tonstein
parting occurs in the upper part of No. 4 coal seam. No.
11 seam is absent in the Syncline Hills Thrust sheet
(section 81-8, appendix A). No. 3 seam, which occurs
immediately above the Torrens Member in the Syncline
Hills Thrust sheet, is expressed as (locally coaly) car-
bonaceous shales in the Mason and Muskeg Thrust
sheets. Some shell layers immediately above the No. 3
coal seam (and its carbonaceous shale equivalents) are
laterally continuous. Bivalves from these layers include
Unio douglassi and Murraia naiadiformis (C.R. Stelck,
pers.comm., 1982). The latter bivalve is indicative of
brackish water conditions.

Depositional environment

Shallow, brackish marine conditions are substantiated
by microfossils from the shales associated with the shell
layers above the No. 4 seam (appendix D). Microfossils
indicative of shallow, brackish marine conditions are
also found in shales above the No. 4 and No. 10 seams.
A marine trace fossil assemblage was found in the foot-
wall rocks of the No. 4 seam. Coal associated with a
shallow, brackish marine fauna points to a low-energy,
coastal or delta plain environment behind shoreline
deposits (see also McLean, 1982). The trough cross-
bedded sandstones in fining-upward sequences with
erosional bases in the upper part of the member are in-
dicative of the presence of fluvial channel deposits.

Age

From the occurrence of ostracods (Cytheridea bonac-
cordensis), the age of the Grande Cache Member is
estimated to be early Albian (J.H. Wall, pers. comm.,
1982).

Mountain Park Member

This lithostratigraphic unit was defined as a formation
by MacKay (1929a,b) in the Mountain Park area. No
type section was described. McLean (1982) presented
two reference sections—one along Malcolm Creek just
across the Smoky River from Grande Cache, and the
other along Wabiabi Creek. Another good, accessible
reference section is available along the railroad across
from the mine plant (section 81-4, appendix A).

The mappability of the Mountain Park Formation has
been a problem in certain areas, and, for that reason, it
was reduced to member status by Langenberg and
McMechan (1985). The boundary with the overlying
marine shales of the Shaftesbury Formation is abrupt
and is marked by a pebble conglomerate bed.

Figure 6. Fossil plants from the sandstone overlying the No. 4 coal seam. (a) Nilsonia canadensis (b) Elatides sp.



Lithology

Three complete sections of the Mountain Park Member
were measured (appendix A; sections 81-3, 81-4 and
81-8). The thicknesses range from 156 m to 193 m, with
an average of 174 m. A fourth section was measured
(appendix A, section 81-5), although its total thickness
could not be determined because the top of the member
was covered. However, it was measured to be at least
153 m thick at this locality. The thickest section (193 m
in section 81-8) is in the most westerly location. This
may indicate that the member thickens to the southwest
(McLean, 1982, his pg.19). There are also indications
that the member thins towards the northwest (Richard
Dawson, pers. comm., 1987).

The Mountain Park Member is characterized by very
fine to medium-grained, grayish orange weathering
sandstones. They occur in thick to massive beds, with
abruptbases and adecrease in grain size upward. They
are often cross-bedded and generally show scour sur-
faces at the base, typical for channel sandstones. Be-
tween the sandstones are units of shale, or interbedded
shale and sandstone that contain minor thin coal
seams.

Sandstones of the Mountain Park Member are gen-
erally arenites, but lithic wackes are also present. They
are microscopically similar to the sandstones of the
Grande Cache Member. A description of detrital grains,
matrix and cement is found in the lithology section of
the Grande Cache Member.

Siderite freckles are pervasive in the medium-
grained Mountain Park sandstones. They were mapped
as Upper Freckled, Lower Freckled and Sub Freckled
sandstone by Landes (1963). The Lower Freckled
Sandstone is generally the basal sandstone of the
Mountain Park Member. But in other cases, a sand-
stone from the Grande Cache Member, between Nos.
10 and 11 coal seams, was picked as the Lower Freck-
led sandstone. Because it can be expected that chan-
nel sandstones are not laterally continuous, this ter-
minology is not recommended. However, the fining-
upward sandstones (generally medium grained near
the base) can be mapped for certain distances. They
are shown as ‘mappable sandstone bodies’ on figure 1.
In most sections, four or five fining-upward sequences,
from medium-grained sandstone to shale and minor
coal, can be distinguished. Another distinctive feature
of the Mountain Park Member is the presence of
greenish to olive-gray weathering sandstone. Thin sec-
tions show that this greenish color is from chlorite
grains, which may be of volcanic origin (Mellon, 1967).
Fine-grained sandstones with quartz cement near the
top of the member have characteristic reddish brown
weathering colors, resulting from the presence of biotite
and limonite. The presence of dark, olive-green and
brick-red weathering colors in sandstones overlying the
coal-bearing sequence in the Cadomin area was one of
the main reasons for the introduction of the Mountain
Park Formation (MacKay, 1930, his pg.1310). Although
the colors in the Grande Cache area are not as vivid as
in the Cadomin area, their similarity is a good indication
of equivalent beds.

Depositional environment

Thick, fining-upward sandstones are interpreted as
fluvial channel deposits laid down by meandering
streams. The intervening finer-grained sediments are
considered floodplain deposits (McLean, 1982). Near
the top of the formation, some marine trace fossils are
found, together with possibly brackish bivalve fossils
(Elliptio sp.). This may indicate an estuarine environ-
ment, signalling the advance of the Boreal Sea.

Age

Angiosperm pollen recovered from the upper 50 m of
the Mountain Park Member along Maicolm Creek have
affinities to the microflora from the Hulcross and
Boulder Creek Formations of northeastern British Col-
umbia and indicate a late Middle Albian age (A.R.
Sweet, Geological Survey of Canada, Calgary, unpubl.
rept., 1982).

Shaftesbury Formation

About 150 m of dark gray marine shale belonging to the
Shaftesbury Formation (Irish, 1965) are present in the
study area. The base of the formation is marked by a
pebble conglomerate bed that often shows large wave
ripples. The age of the formation is late Albian to early
Cenomanian (Stott, 1968).

Dunvegan Formation

Brown to reddish weathering quartzitic sandstones with
interbedded shale and thin coal seams above the
Shaftesbury shales define the largely marine Dunvegan
Formation (Stott, 1982). The type section of this forma-
tion is at Dunvegan, Alberta. In the Grande Cache area,
the formation is about 50 m thick, as estimated from
cross sections (figure 2), although at the Syncline Hills
the thickness is 85 m (see also Irish, 1965, pg.164). The
sandstones are lithic arenites with predominantly detri-
tal quartz and chert grains and a quartz cement. Mica-
ceous and argillaceous rock fragments occur only in
minor amounts. Feldspar grains were not encountered.
Specimens of Inoceramus athabaskensis have been
recovered from these sandstones. The formation has
been assigned a Cenomanian age based on the occur-
rence of such fauna and a distinctive flora (Stott, 1982).

Kaskapau Formation

Dark gray marine shales above the Dunvegan Forma-
tion belong to the Kaskapau Formation (Irish, 1965).
Only the lower part of the formation is present in the
study area. Because of internal folding, a thickness
cannot be determined. The lower part of the formation,
in which a specimen of Dunveganoceras was found, is
late Cenomanian in age (Irish, 1965).

Stratigraphic thickness of coal
seams

Economically, the viable coal seams (figure 1) have
been found only in the Grande Cache Member of the
Gates Formation. The Nos. 4 and 10 coal seams are the
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only laterally continuous seams in the area. Thick-
nesses in outcrop of the economically viable coal
seams were tabulated (appendices A and C); additional
information, obtained from drill holes, is summarized
in the following descriptions.

No. 3 seam

This seam is present only in the Syncline Hills Thrust
sheet. From the limited exposure and drilling, it can be
estimated that the thickness ranges from 1.5 mto3 m. It
is expressed as (locally coaly) carbonaceous shales in
the Mason and Muskeg thrust sheets. The carbon-
aceous shales have a very conspicuous signature on
geophysical logs and form a useful marker horizon. It
should be noted that this zone is referred to as No. 3
seam in Smoky River Coal Limited reports of the No. 9
Mine area north of Sheep Creek (Richard Dawson,
pers. comm., 1987).

No. 4 seam

This coal seam is the most extensively exploited and ex-
plored coal seam of the area and is laterally continuous

Structural geology

over the study area (figure 3, in pocket). Its thickness
ranges from 4 m to 7 m, with an average of 6 m. In the
Mason Thrust sheet its thickness decreases east of
61 000 E (east of Goat Cliffs), because of a 2-m thick
shale split. This split results in two 1.5-2 m thick seams.

No. 10 seam

This seam is also laterally continuous over the study
area. It is 2 m to 5 m thick, averaging about 3 m. The
greater thickness is generally found in the Goat Cliffs
area southeast of the Smoky River.

No. 11 seam

This seam is present only in the Muskeg and Mason
thrust sheets. It generally consists of an upper and
lower seam (appendix A). The cumulative thickness
ranges from 1.5 m to 5 m, individual seams being from
0.5 m to 4 m thick.

Geological maps, cross sections and structure contour
maps form a model depicting the geometry of the de-
formed rocks. Litho-stratigraphic formations and
members described in the stratigraphy section are the
building stones of this model. Prominent macroscopic
structural elements are four major thrust faults: from
southwest to northeast, the Cowlick, Syncline Hills,
Mason and Muskeg thrusts (Irish and Thorsteinsson,
1957; see also figure 1). As a result, the area can be
divided into thrust sheets, where a thrust sheet is de-
fined as a rock mass that is thrusted over another rock
mass. Each thrust sheet is named after the thrust fault
over which it moved. Consequently, the study area
comprises parts of the Syncline Hills, Mason, and
Muskeg thrust sheets (figure 7). Other prominent struc-
tural elements are macroscopic foids (figure 1). They
are, from southwest to northeast: Sterne Creek An-
ticline (Irish and Thorsteinsson, 1957); Two Camp
Creek Anticline, Fox Creek Syncline and Syncline Hills
Syncline (Landes, 1963); Susa Creek Anticline (Irish
and Thorsteinsson, 1957); Flood Mountain Syncline
and Westridge Anticline (new names); and McEvoy An-
ticline, Winder Syncline, Barrett Anticline and Muskeg
Anticline (Landes, 1963).

Cross sections and shortening

In folded terrains, the downplunge projection method
can be used to construct cross sections. The study area
has to be divided into domains, within which folding is
considered cylindrical. The procedure is as follows (see
also Charlesworth et al., 1976). The area is, by trial-and-
error, divided into the smallest number of subareas
within which folds appear cylindrical, and the orienta-
tion of the fold axis in each subarea is calculated from
bedding plane measurements. The cylindricity of the

folds in each subareais statistically tested. On the basis
of these tests, subareas are grouped or subdivided into
cylindrical domains. This procedure resulted in 60 do-
mains being identified for the Grande Cache area
(figure 7 and appendix B).

The concentration parameter K for these domains, as
calculated from repeated orientation measurements of
bedding, ranges from 129 to 366, with an average of
213. This parameter is needed in the test for co-
planarity. Cylindricity is most times rejected with this
test; however, with the F-test for coaxiality it can be
shown that the domains are cylindrical. This indicates
that the values of K underestimate total roughness er-
rors and are too high for use in the co-planarity test
(Charlesworth et al., 1976, his pg.56). Consequently,
the F-test for coaxiality was the main test used for deter-
mining the cylindrical domains.

In some areas, lack of outcrop prevented the use of
bedding orientations for establishing domains.
However, information from drill holes was used to find
the direction of the fold axis in these areas. A trial-and-
error method was used in combination with interactive
graphics. Various plots with different fold axis direc-
tions were produced until certain stratigraphic horizons
(mainly coal seams) lined up in a coherent manner on
the cross section. Examples of these areas are domains
48, 49, 50, 53 and 60 (figure 7 and appendix B).

Trends and plunges of the best fitting cylindrical fold
axes of the 60 domains were plotted (figure 7). The fold
axes generally trend southeast, with shallow plunges
either to the southeast or northwest. The average fold
axis (assuming a spherical normal distribution of the 60
directions) is plunging 1 degree in direction N124°E.
Piunge variation in the Muskeg Thrust sheet defines a
dome-shaped culmination along the Barrett Anticline
near Sheep Creek. Variation in the fold axis orientation
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Figure 7. Map showing the domains within which folding is statistically cylindrical, together with the orientation of the fold axes.

The domains are listed in appendix B.

of the Susa Creek Anticline is shown by domains in the
Mason Thrust sheet. The domains in the Syncline Hills
Thrust sheet are largely a result of changes in geometry
of the Sterne Creek Anticline along its trend.

The domain boundaries shown on figure 7 are by no
means the only possible solution. Folds change
geometry along their trends, and, for that reason, cylin-
drical domains should not be wider than approximately
2 km. Where more information is available, the
geometry is shown to be better constrained and the do-
mains tend to be narrower in the trend direction. For ex-

ample, in the area northwest of Sheep Creek, where
large open pit mines, underground mines and many
drill holes exist, the domains are only 1 km wide.
Originally, domain boundaries were chosen where a
change in geometry was apparent from the preliminary
map. Afterwards, these boundaries were adjusted and
refined. Other natural domain boundaries are areas
with a lack of information. An example is the valley of
the Smoky River, where Quaternary sediments conceal
bedrock for up to 1 km along the general trend.
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Once the area was divided into statistically cylindrical
domains, downplunge cross sections were obtained by
the TRIPOD computer package (Charlesworth et al.,
1976; Charlesworth et al., 1987). Elliott (1983) em-
phasized the importance of using downplunge projec-
tion in the construction of balanced, retrodeformable
cross sections. The geological map (figure 1) is based
on computer plots of orientation of bedding in outcrop,
location of drill holes and traces of stratigraphic hori-
zons transferred from aerial photos. Construction of this
map required a continuous interaction between down-
plunge cross section and map. Both map and cross sec-
tions had to be mutually consistent. The map was com-
pleted after cross sections of all individual domains
were examined.

Nine cross section lines were chosen, which are
shown on figure 1 (in pocket). Data points in domains
situated near the section lines were projected down-
plunge along their respective fold axes from their loca-
tion onto the plane of section. On resulting plots, the
stratigraphic units and faults were drawn as shown in
figure 2 (in pocket). The sections were completed to an
elevation of 500 m, based on stratigraphic thicknesses
and the model of flexural slip folding. Section HH’ was
extended downward to -750 m, based on a seismic sec-
tion made available by Shell Canada Limited.

One of the most striking features of the cross sections
are chevron folds with relatively straight limbs and nar-
row hinge areas. Chevron folds can be expected where
regularly bedded sequences of alternating competent
and incompetent layers are shortened (Ramsay, 1974).
The competent sandstone layers have a constant thick-
ness throughout the structure and the ratio of layer
thickness to limb length is less than 1 to 10. The compe-
tent layers form buckles resulting from concentric
folding (Ramsay, 1967; Dahlstrom, 1970). This sug-
gests that the deformation in sandstone is mainly taken
up by shear parallel to the layer boundaries. This pro-
cess of flexural slip is substantiated by the occurrence
of slickenside striae on bedding planes, which are
oriented approximately perpendicular to the fold axis.
The incompetent layers show thickening in the fold
hinge areas by simple shear, which results in dishar-
monious folding. This type of folding is closer to a simi-
lar fold model. Coal thickened in this way forms explora-
tion targets in the area (see section on structurally
thickened coal).

Because the predominant process of folding in the
foothills is considered to be flexural slip (Dahlstrom,
1970), the deformation in the plane of the section is
plane strain. In this type of folding, the bed length in the
original and in the deformed cross section is the same.
In fact, the bed length measured around the fold at dif-
ferent stratigraphic levels remains the same, so that
bed lengths balance. The sections (figure 2) can be re-
stored to an unstrained state, which shows that they are
balanced (Dahlstrom, 1969). We can now use well-con-
strained horizons to calculate the amount of shortening,
where shortening is defined as original length of section
minus present length, divided by the original length
(Hossack, 1979). The best constrained horizon is the
top of the No. 4 coal seam as a result of exploration and
exploitation. Dahlstrom (1969, pg.754) emphasized

that shortening should be calculated on only one
horizon because of possible disharmony between
horizons. The cross sections (figure 2) show that dishar-
mony indeed occurs.

The shortening was calculated between the Muskeg
and Cowlick thrusts. Displacement along the Cowlick
Thrust was not included because it is considered to be
part of shortening of the Cowlick Thrust sheet, which is
outside the map area. Some uncertainty exists about
displacement along the Muskeg Thrust, because no
marker horizon can be matched across the fauit. Based
on cross sections by Irish (1965) and Mountjoy (1978), a
minimum displacement of 1 km along this fault was in-
cluded in the reconstruction of the original length of
Sections DD’, EE’, FF’ and GG” (table 1). The original
length of the top of No. 4 coal seam was measured with
a planimeter. The present length of the section can be
measured with a ruler. The amount of shortening of nine
cross sections of figure 2 are shown in table 1. Because
erosion of the banks of the Smoky River is fairly deep
along Section FF’, the top of the Cadomin Formation
was used as a shortened horizon for this section. Sec-
tions AA’ and BB are restricted to McEvoy and Barrett
Anticlines, and show less shortening than the other sec-
tions. Section CC’ does not cross the Muskeg Thrust. If
1 km of shortening by the Muskeg Thrust is added, the
shortening of Section CC’ would be 29 percent.

For four cross sections through the Muskeg, Mason
and Syncline Hills thrust sheets (Sections DD’, EE’,
FF’ and GG "), shortening ranges from 28 to 33 percent
with an average of 31 percent. Assuming that this longi-
tudinal strain occurs perpendicular to the trend of the
foothills in a northeast direction and no strain takes
place along the trend of the foothills, maximum exten-
sion would be taking place in a vertical direction. This is
expressed by thickening of the section. These strain
directions are known as the principal axes of finite strain
X, Y and Z (Ramsay and Huber, 1983), which are paral-
lel to the principal strains of values e4, e; and ez (where-
by ey=e,=e;). Consequently, in the Grande Cache
area, X is vertical, Y is parallel to the trends of the folds,

Table 1. Shortening in the Grande Cache area as calculated
from cross sections using the top of No.4 coal seam as
reference horizon.

Original Present
Section length length Shortening
(km) (km)

AA’ 4.2 3.6 14%
BB’ 5.5 4.4 20%
cCc’ 12.6 9.6 24%
DD’ 15.2* 10.2 33%
EE’ 14.9* 10.2 32%

FF’ 15.2* 11.0 28%*
GG” 17.8* 12.1 32%
HH"’ 9.1 6.4 30%

1M 2.5 1.7 32%

* These lengths include 1 km of shortening along the Muskeg Thrust,
which had to be added to the original length.

+ For section FF’, the top of the Cadomin Formation was used as
reference horizon because the level of erosion is deep along this sec-
tion.



and Z is perpendicular to both X and Y. The shortening
in the Z direction is 31 percent. This means that a unit
length is reduced to 0.69. Because of plane strain, the
extension in the X direction is 45 percent (unit length is
thickened to 1.45). Consequently, the finite strain ellip-
soid has axial ratios of 1.45:1.00:0.69. Thus the X:Z
strain ratios are 2.1:1.

Other estimates for shortening in the Rocky Moun-
tains are available, but they were calculated on much
longer cross sections. For example, Thompson (1981)
calculated 30 percent shortening for the whole foothills
belt in northeastern British Columbia, while Price and
Mountjoy (1970) calculated 54 percent shortening for
the southern Canadian Rocky Mountains. The average
shortening of 31 percent for the Grande Cache area has
to be included with determinations on shortening of a
complete cross sections through the Rocky Mountains
along the Smoky River to estimate shortening of the
northern Alberta Rocky Mountains.

Structure-contour maps

Additional information about the structure of the area
can be obtained from structure-contour maps. No. 4
coal seam is the thickest seam of the area; therefore,
the top of this seam was selected as the horizon to be
contoured. The three main sources of information are
available to prepare structure-contour maps of No. 4
seam (i.e., outcrop data, data from underground mines
and intersections in drill holes). This information is
shown in summarized form on figure 3 (in pocket). The
best information is present along the McEvoy and Bar-
rett anticlines.

In areas where no mining has taken place and where
drilling is scarce or absent, there were insufficient data
points for contouring. The cylindrical fold model was
used to generate a set of inferred elevation points on the
coal seam in those areas that are shown to form cylin-
drical domains (Wrightson et al., 1979). The computer-
based procedure is as follows. On the profiles (cross
sections perpendicular to the fold axes) of the cylin-
drical areas, the coal seam is drawn and digitized. A
model of the coal seam is generated by moving a line
parallel to the fold axis of the domain through the profile
of the coal seam. The elevation of the modelled coal
seam is calculated at the nodes of a square grid. In the
present example, a grid with 150-m spacing is used.

For computational purposes, the rectangular grid is
generated first. Grid points with zero elevation are pro-
jected parallel to the fold axis onto the plane of the pro-
file. These projections are performed numerically by
rotating axes (Charlesworth et al., 1976). X and Y are
the coordinate axes in the profile plane, where X is
horizontal and Y perpendicular to X, and B is the
distance along the Y axis between projected grid point
and the digitized profile of the coal seam. If the plunge
of the fold axis is P, then the elevation of the modelled
coal seam at the grid point is B/cos P. These elevation
points of the coal seam are added to a computer file
containing positional data from outcrops and drill holes.

It should be realized that data generated from the pro-
file are only as good as the model they are based on.
Folds are statistically cylindrical in the established do-
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mains and generally maintain their geometry over
distances of up to 2 km along trend. However, they can
be expected to deviate from an ideal cylindrical fold.
Consequently, the modelled surface should be ad-
justed when additional drill hole or mining data become
available. Care should be taken that points from the pro-
file are not projected over too great a distance.

Areas where modelled elevation points were ob-
tained comprise the northeast limb of the Barrett An-
ticline, the area northeast of underground No. 5 Mine,
the northeast limb of the Two Camp Creek Anticline, the
southwest limb of the Sterne Creek Anticline on Mt.
Hamell and the general area of the Sterne Creek Anti-
cline on Grande Mountain.

In the area north of underground No. 2-4 Mine, the
hinge of the Barrett Anticline was projected 1 km north-
westward while points on its limbs were projected over a
distance of up to 2 km. Additional elevation points were
obtained by projecting a profile of the Barrett Anticline
on Sheep Creek southeastward. A gap was kept be-
tween the modelled grid points because the geometry
of the Barrett Anticline along Sheep Creek differs from
that along Smoky River (compare Sections DD’ and
EE’, figure 2). This gap is necessary to smooth con-
tours between the cylindrical domains 11 and 23 (figure
7). The profile of the No. 4 seam in the Barrett Anticline
southeast of the Smoky River was projected 1 km south-
eastward. Because of the absence of drill holes and
because of the conical nature of the folding, the
modelled elevation points are highly speculative in this
particular area.

Very few drill holes are available in the Flood Creek
and Flood Mountain area; therefore, the contours that
are shown should be considered tentative. Similarly,
the contours on Grande Mountain should be con-
sidered tentative. In the Goat Cliffs area, no structure
contours are shown because of the complicated struc-
ture and lack of drill hole data. Similarly, near the
Muskeg and Fox Creek anticlines, insufficient explora-
tion data are available to warrant any structure con-
tours.

Both hand-made and machine-contoured maps were
produced. Machine contouring was done by the SUR-
FACE Il Graphics System (Sampson, 1975). SURFACE
Il produced unrealistic contours near the map edges
and in areas with gaps in the data points, where it tend-
ed to produce closed contours. These contours were ig-
nored in the final presentation of figure 3.

The structure contours of the top of No. 4 coal seam,
as shown in figure 3, very clearly outline the geometry of
this horizon. Individual folds can be followed along their
trend for considerable distance. Their plunge is shown
by the intersection of the contours with the fold axes.
Some of these folds will be discussed in greater detail in
the next section.

Cylindrical and conical folds

The folds can generally be classified as chevron folds,
as discussed earlier. The Barrett Anticline is a promi-
nent chevron fold and extends for a considerable dis-
tance along its trend, both on the surface (figure 1) and
in the subsurface (figure 3). The fold is well exposed on
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Figure 8. Overview of the Barrett Anticline, which is a chevron
fold. T=Torrens Member, 4 =No. 4 coal seam, GC = Grande
Cache Member, MP = Mountain Park Member.

the northwest side of the Smoky River (figure 8). The
Torrens, Grande Cache and Mountain Park members
are exposed in the cliff, while the Moosebar and Glad-
stone formations are exposed in the lower slopes.

The structure contours (figure 3), and cross sections
BB’,CC’,DD’, EE’, FF’ and GG” (figure 2), show the
variable geometry of the Barrett Anticline. The fold is
not present along Section AA’; only a slight flexure ex-
ists. On Section BB’, the fold is well defined and is
plunging to the northwest. Near Section CC’, the fold in
No. 4 seam reaches its highest elevation at 4500 feet
(1372 m), marking a culmination. East of here, the

plunge is southeastward. The fold gradually tightens
toward the southeast, as shown by narrowing of the
structure contours. Along Section EE’, the shortening
in the Barrett Anticline using the No. 4 seam as datum
horizon, is 28 percent. Southeast of section EE’, the
fold opens up, as shown in Sections FF’ and GG”, and
by the widening of contours. Along Section GG”, there
are two gentle anticlines (exposed along the Smoky
River) instead of the one prominent anticline elsewhere.
The shortening of No. 4 seam horizon is only 10 percent
in this part of the cross section. Although these chevron
folds are generally cylindrical, they do not persist for
long distances but taper out, as shown by the Barrett
Anticline and other folds in the area. At their tapering
end, folds can be expected to be noncylindrical (Dubey
and Cobbold, 1977).

The tapering can be studied in a little more detail
because of good exposure of the Barrett Anticline on
both sides of the Smoky River. On the northwest side of
the Smoky River, the fold forms part of domain 11, and,
on the southeast side of the river, it is part of domain 1
(figure 7). Using the methodology of Kelker and Lan-
genberg (1982), the folds were tested for conicity.
Although folding of the Barrett Anticline in domain 11 is
shown to be statistically cylindrical, the normals or
poles to the bedding can also be fitted to a cone with a
half apical angle of 85 degrees (figure 9a). This test of

‘conicity is valid because the limbs show some cur-

vature. Chevron folds with perfect straight limbs would
not be susceptible to this procedure. Consequently, the
folded surfaces in domain 11 fit a cone with a half apical
angle of 5 degrees. The cone is closing toward the
southeast. This is based on 38 stations where five
repeated measurements of the bedding were taken.

Barrett Anticline

Cone axis

Cylindrical axis

Cone axis

Cylindrical axis

(b)

Figure 9. Equal area projections of poles to bedding in the Barrett Anticline: (a) in domain 11 and (b) southeast of the Smoky River
in domain 1. The best fitting small circle (conical model) is shown by a solid curve, the best fitting great circle (cylindrical model) is
shown by a dashed curve.
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Figure 10. Equal area projections of poles to bedding in the
Winder Syncline near Sheep Creek. The best fitting great cir-
cle (cylindrical model) is shown by the dashed curve.

Thus, a total of 190 bedding plane measurements is
used in the fitting procedure. The mean precision
parameter K of the individual stations (assuming
spherical normal distributions for the five repeated
measurements) is 235. This value of K is used in a
statistical test, which indicates that the small deviation
from the conical surface can be attributed to small inac-
curacies in measurements of the 38 mean bedding
orientations. Another statistical test shows that the con-
ical model can be accepted with 95 percent confidence
over the cylindrical model. The cone axis is plunging 4
degrees in direction N307 °E. The stereoplot shows that
conical folds with small apical angles may easily go un-
noticed without the numerical approach.

The Barrett Anticline on the southeast side of the
Smoky River forms part of the statistically cylindrical do-
main 1 (figure 7). However, the poles to the bedding
measured in 19 stations (19 mean bedding orientations
from a total of 95 measurements) can also be fitted to a
cone with a half apical angle of 83 degrees (figure 9b).
The mean precision parameter K in this area is 258, and
the statistical test shows that the conical model is ac-
cepted with 90 percent confidence over the cylindrical
model, but not with 95 percent confidence. The lower
degree of confidence is probably caused by the relative-
ly few mean bedding orientations (i.e., 19). It follows
that the folded surface fits a southeasterly closing cone
with a half apical angle of 7 degrees. The cone axis is
plunging 4 degrees in direction N307°E. There is good
agreement on the orientation and tightness of the cone
on opposite sides of the river (figure 9). Consequently,
the geometry represents the tapering end of a cylin-
drical fold, where the folding is conical. Still further to
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the southeast, the Barrett Anticline is predicted to ter-
minate. However, this cannot be verified because of the
disharmonious nature of shales above the Gates For-
mation southeast of Section GG ”. At the termination, in
the northwest between Sections AA’ and BB, the Bar-
rett Anticline is probably also conical, but because of
limited exposure, this cannot be verified with orienta-
tion data.

The Winder Syncline extends from Section FF’ to
Sheep Creek. It is plunging southeast in the No. 5 Mine
area and slightly northwest in the vicinity of No. 2-4
Mine area. This northwesterly plunge can be expected
in connection with the nearby conical Barrett Anticline,
which has a southeasterly plunging hinge and a north-
westerly plunging cone axis (figure 9). On Sheep Creek,
the Winder Syncline is well exposed and is close to an
ideal cylindrical fold, plunging 8 degrees towards
N126°E (figure 10). Northwest of section CC’, the
Winder Syncline is split into two synclines with an in-
termediate anticline. The northern syncline changes
from a southeastern to a northwestern plunge near Sec-
tion BB’ before terminating. The southern syncline pro-
bably terminates just east of Section AA’, but insuffi-
cient data are available to substanstiate this.

Another major fold that extends for a considerable
distance is the McEvoy Anticline, which can be followed
from the No. 9 Mine area to the Smoky River. The lar-
gest open pit mine in the area is along this anticline (No.
9 Mine). The overburden and No. 4 coal seam have
been stripped, exposing the footwall of No. 4 seam over
a large area. This footwall probably forms one of the
largest exposed single folded surfaces in the world.
Natural erosion generally tends to result in cross sec-
tions through folds, where individual surfaces are only
exposed over a limited area. However, the stripping
operation offers structural geologists a unique oppor-
tunity to observe and measure a single folded surface
over about 2 km2 (figure 11).

The orientation of the footwall of the No. 4 seam was
measured in 29 stations spread out over domains 47, 54
and 55 (figure 7). At every station, five repeated
measurements of bedding were taken. The 29 mean

Figure 11. Exposure of the footwall of the No. 4 coal seam
along the McEvoy Anticline in the No. 9 Mine. The view is along
the fold axis in southeastern direction.
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bedding orientations are shown in figure 12, which
clearly indicates the cylindrical nature of the fold. The
normalized eigen values are 0.8917, 0.1075 and
0.0008, and the eigenvector related to the minimum
eigenvalue is dipping 2 degrees in direction N300 °E.
This is the direction of the best-fitting cylindrical fold
axis. All the tests show that this is an ideal cylindrical
fold. The fold can be predicted to extend for a certain
distance northwestward of the study area. Toward the
southeast, the McEvoy Anticline is decapitated by the
Mason Thrust (Sections DD’ and EE’). Across the
Smoky River, the McEvoy Anticline cannot be cor-
related with certainty with any of the numerous folds
present in that area.

The next fold of interest is the Westridge Anticline.
This fold can only be recognized between Sheep Creek
and just east of Section DD’. It has disappeared along
Section EE’. From the contours on figure 3, it is shown
that the anticline is plunging southeastward in the area
southeast of section DD’ and is plunging northwest in
the area northwest of section DD’. Consequently, the
Westridge Anticline is doubly plunging and forms a cul-
mination. The Westridge Anticline has reasonable ex-
posure northwest of Section DD’.

The orientation of bedding was measured in several
stratigraphic horizons, including the No. 4 coal seam.
These measurements defined domain 26 (figure 13). A
test for conicity shows that the normals to the bedding
can be fitted to a cone with a half apical angle of 81
degrees. Consequently, the folded surfaces in domain
26 fit a cone with a half apical angle of 9 degrees. The
cone axis is plunging 18 degrees in direction N299°E,
and the hinge line, which is the cylindrical axis, plunges
4 degrees in direction N300°E. The cone is closing
towards the southeast. This geometry is supported by
the fact that the Westridge Anticline is not present along
Section EE’. The syncline between the Westridge and
McEvoy anticlines terminates in the same general area.
This example shows that a conical fold explains the ter-
mination of individual cylindrical folds along their
trends.

The Two Camp Creek Anticline is a well-defined
structure along Sections CC’ and DD’. However, it is
not present along Section EE’. There is good exposure
of the fold in domain 32. The stereoplot of figure 14
shows 20 mean bedding orientations of the fold in the
western part of domain 32. The best fit cylindrical fold
axis (as estimated from eigenvectors) is plunging 18
degrees in direction N130°E. However, a better fit is
made to the data using a cone with a half apical angle of
77 degrees. As with the Barrett Anticline, a statistical
test shows that the conical model is accepted with 90
percent confidence over the cylindrical model, but not
with 95 percent confidence. it follows that the folded
surfaces fit a southeasterly closing cone with a half
apical angle of 13 degrees. The cone axis is plunging 3
degrees in direction N127°E. The closing of the cone
toward the southeast explains why the Two Camp
Creek Anticline is not present along Section EE".

Sterne Creek Anticline extends from the slopes of Mt.
Hamell toward Grande Mountain across the Smoky
River. It is doubly plunging at the level of the No. 4 coal
seam on Mt. Hamell, forming a slight depression. On

McEvoy Anticline

Cylindrical axis

Figure 12. Stereoplot showing the orientation of the footwall of
the No. 4 coal seam in domains 47, 54 and 55. The cylindrical
fit (great circle) is shown by the dashed curve.

Westridge Anticline

Cylindrical axis
% Cone axis

Figure 13. Stereoplot showing the orientation of the poles to
bedding along the Westridge Anticline in domain 26. The con-
ical fit is shown by the solid curve and the cylindrical fit by the
dashed curve.
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Figure 14. Stereoplot of the orientation of the poles to bedding
along the Two Camp Creek Anticline in domain 32. The conical
fit is shown by the solid curve and the cylindrical fit by the dash-
ed curve.

Grande Mountain, it is plunging slightly eastward. At
Sheep Creek, the fold has terminated, and the main fold
is the Two Camp Creek Anticline. From Grande Moun-
tain, the fold extends for about 30 km southeast (Irish,
1965), indicating its cylindrical character.

It is concluded that a good deformation model for this
part of the foothills includes cylindrical chevron folding,
with conical folds at the tapering ends.

Fold-thrust structures

The four major thrust faults in the area are, from south-
west to northeast, the Cowlick, Syncline Hills, Mason
and Muskeg Thrusts (figure 15). The Mason Thrust is
very well exposed in domain 10 where the No. 4 coal
seam is thrusted over the No. 11 seam (figure 15c),
defining a ramp as shown on section EE’. Other good
exposures are above the No. 5 underground mine along
the railway southeast of the Smoky River, where the
thrust forms the boundary between domains 1 and 3.
Here, the thrust forms two thrust surfaces with a 30 m
thick thrust slice in between. The thrustis aramp in both
the hanging wall and the footwall. Between domains 1
and 4, itis largely a flat bedding plane thrust, except far-
ther east where it forms a ramp through Dunvegan
sandstones in the footwall (figure 1). In this area, the
fault is again defined by one (and sometimes two) 20-m
thick thrust slice.

From the information shown in figure 15¢ and from a
downplunge cross section, the displacement along the
Mason Thrust in domain 10 is measured to be 150 m.
The shortening by folding between the Mason Thrust
and the northeast limb of the Barrett Anticline, as esti-

17

mated using the No. 4 seam as datum horizon along
Section EE’, is 20 percent or 550 m. These numbers
add up to a combined shortening of 700 m, or 25 per-
cent.

Across the Smoky River, in the western part of do-
main 1 between the Mason Thrust and the northeast
limb of the Barrett Anticline, the shortening by folding is
estimated from the No. 4 seam to be 10 percent or 210
m. Displacements along the Mason Thrust are ob-
served from the separation of the No. 4 coal seam (see
Section GG”) and amount to 500 m. The combined
shortening is estimated as 710 m, which is in good
agreement with the shortening obtained from the other
side of the river.

About 750 m east of Section GG ”, the displacements
along the Mason Thrust are estimated to have in-
creased to 1000 m by movements along flat bedding
plane surfaces. These observations indicate that there
is a close connection between thrust displacement and
folding in the footwall. A decrease in shortening by
folding is compensated by an increase in fauit displace-
ment. Changes in the amount of shortening by folding
are accomplished by conical folds as described in the
previous section. These changes are reflected by
changes in the amount of thrust displacement and are a
result of fault-to-fold displacement transfer (Dahlstrom,
1969; Gardner and Spang, 1973). It is concluded that
folding of the Barrett Anticline and faulting of the Mason
Thrust was contemporaneous.

Another indication of fault-to-fold displacement trans-
fer is given by the continuation to depth of the Mason
Thrust. At the surface of Section HH’, there is about
1000 m of displacement along the Mason Thrust and its
splay. The displacement along the thrust increases to
3000 m or more at the top of the Paleozoic, as shown by
a seismic section in this area (information made
available by Shell Canada Limited). In the relatively
rigid carbonates, very little folding occurs; shortening is
mainly by thrusting. This is also shown on cross section
2 of Mountjoy (1978). This situation is similar to that des-
cribed along the Turner Valley Thrust, where
diminishing fault displacement is likely compensated
by increased shortening due to folding (Dahlstrom,
1970, pg.359; Williams and Chapman, 1983). The
displacement along the Muskeg Thrust decreases from
1000 m in the study area to O m at its termination 30 km
to the southeast. Consequently, the transfer may be
part of a fault-to-fold-to-fault displacement transfer bet-
ween the Mason and Muskeg thrusts.

Along Section DD’, the shortening by folding be-
tween the Mason Thrust and the northeast limb of the
Barrett Anticline is 15 percent or 480 m. The displace-
ments along the Mason Thrust have decreased to 20 m.
The rest of the shortening is apparently taken up by the
McEvoy and Westridge anticlines in the hanging wall of
the Mason Thrust. The Mason Thrust is inferred to ter-
minate just west of section AA’. Consequently, it does
not extend as far northwest as suggested by lIrish
(1965). In domain 10, the Mason Thrust cuts downsec-
tion and then upsection in the direction of displacement
of the hanging wall as it crosses the McEvoy Anticline
(see section EE’). That is, it decapitates the McEvoy
Anticline, although there are problems making the



Figure 15. Exposure of the major thrust faults of the area. (a) Cowlick Thrust below Mt. Hamell, which places Nikanassin Formation on top of Mountain Park Member and
Shaftesbury Formation. (b) Syncline Hills Thrust along railroad, which places Grande Cache Member on top of Shaftesbury Formation. (c) Mason Thrust in domain 10. The
traces of the No. 4, No. 10 and No. 11 coal seams of the Grande Cache Member are indicated. (d) Muskeg Thrust along Sheep Creek, which places Torrens and Grande

Cache members on top of Kaskapau Formation.




cross section completely balanced at this locality. This
indicates that folding was present before the initiation of
the Mason Thrust in this particular area. Once the fold
became locked, shortening was accomplished by the
Mason Thrust. Additional folding may have occurred
after thrusting, as shown by the curved nature of the
Mason Thrust along section EE’. These observations
point to contemporaneity of folding of the McEvoy An-
ticline and faulting of the Mason Thrust.

Folds with related thrusts are termed fold-thrust
structures (Chapman and Williams, 1984) and are a
common feature of foreland fold and thrust belts. Simi-
lar structures are described as fault-propagation folds
by Suppe (1985); however, this term implies that the
folds are secondary structures that form in response to
faulting. The term fold-thrust structure is used in the
Grande Cache area because it emphasizes that folding
and thrusting are roughly contemporaneous.

Williams and Chapman (1983) describe back thrusts
in examples of fold-thrust structures. Back thrusts are
fairly common in the Grande Cache area on a mesosco-
pic scale (see next section) and five are found on the
scale of the 1:15 000 map (figure 1). One is located in
the core of a prominent anticline north of the Flood
Mountain Syncline at 61000 E and 5984000 N. Two are
located on the western slopes of Grande Mountain at
56300 E, 5978800 N and at 57100 E, 5977700 N. A
fourth is present on the north limb of Two Camp Creek
Anticline at 54300 E and 5983400 N; and the fifth is near
the hinge of the Susa Creek Anticline.

The deformation model for the Grande Cache area
can now be extended to include fold-thrust structures in
areas where thrusting occurs.

Mesoscopic structural elements

Mesoscopic structural elements are useful in describ-
ing the geometry of deformed rocks. In this section, they
will be described under the headings of bedding, folds,
cleavage, faults and joints. Slickenside striae are some-
times present on planar structures such as bedding,
faults or joints. Their orientations are plotted on stereo-
nets together with a portion of the great circle which
passes through the pole of the shear surface and the
slickenside stria. Where the sense of relative movement
is determined, the direction of relative motion of the
hanging wall is shown by an arrowhead. The normals to
the planes defined by slickenside stria and normal to
shearplane are referred to as slipnormals (sometimes
called axes of slip) and are also shown on these plots.
Together, the orientations of shearplanes, slickenside
striae and slipnormals give a movement picture of the
deformation.

Bedding

Bedding was measured in almost all outcrops visited.
Generally, five repeated measurements of bedding
were taken. Figure 1 (in pocket) shows the orientation of
bedding (estimated from the mean bedding orientation)
of a representative number of outcrops. From the re-
peated measurements, a precision parameter K for the
cylindrical domains was calculated. The values of K
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Bedding Striae
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Figure 16. Stereoplot showing the orientation of all measured
slickenside striae on bedding (N = 42), the bedding on which
they are present and the slipnormals (axes of slip).

range between 129 and 366, with an average of 231 (ap-
pendix B). They indicate relatively little roughness on
the bedding planes.

Slickensides were observed on bedding planes in 42
stations, seven of which showed the sense of relative
movement. The sense was determined where slicken-
side straie, which are generally formed by fibrous
calcite, show accretion steps. The orientation of
slickenside striae, the bedding on which they occur
and the slipnormals are shown in figure 16. The slip-
normals show a preferred orientation parallel to the
average fold axis of the area, which is plunging 1
degree in direction N124°E. Of seven stations where
the sense of movement is known, five show that the
hanging wall moved up relative to the footwall. These
observations are consistent with a flexural-slip model
of folding around axis N124°E/1° and a movement
direction of N30°E with shallow plunge. Four axes of
slip deviate from this direction. They may represent
younger movements, as indicated by an outcrop with
two superimposed directions of slickensiding. In this
outcrop, the older direction shows a horizontal axis of
slip near the average fold axis. The younger direction
has a 40 degrees plunging axis of slip in direction
N268°E. These younger movements may be related to
erosion and resulting stress release, with possible
sliding into the valleys.

Folds
Mesoscopic folds are present in many outcrops. They
are minor folds in the cores or limbs of macroscopic
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folds. Figure 17a shows the preferred orientation of
104 mesoscopic fold axes from the whole study area.
The highest concentration (over 15 percent per 1 per-
cent area) of orientations is centered around
N124°E/1°, which is the average fold axis calculated
from the macroscopic fold axes in 60 cylindrical do-
mains (listed in appendix B). Because of a slightly
skewed distribution, the average of the 104
mesoscopic fold axes is plunging 2 degrees in direc-
tion N116°E.

In 57 outcrops, the axial plane of these mesoscopic
folds was measured (figure 17b). Both northerly and
southerly dipping axial planes are present, which is the
same pattern as shown by the macroscopic folds (see
cross sections of figure 2).

Cleavage

A spaced cleavage was found in one location, just
above the Mason Thrust in domain 10. It is axial planar
to a mesoscopic fold in a shaley sandstone.

Faults

All 29 mesoscopic faults measured were reverse
faults, which show the same movement pattern as the
major thrust faults of the area. The majority of these
faults are south dipping (figure 18), but northward dip-
ping back thrusts are also present. Three of these back
thrusts are north dipping reverse faults in the south
limb of the McEvoy Anticline, with 3-10 cm displace-
ments. Faults with striae (N=8) have slipnormals
parallel to the average fold axis of the area (figure 18),
showing that the mesoscopic faults conform to the
fold-thrust structures described in the previous sec-
tion.

Fold axes

N

(@)

Joints

At most outcrops, the orientation of two to three joint
sets was measured, generally in sandstone. They were
selected after a brief visual inspection of all joints in
the outcrop. The joints are generally perpendicular to
bedding. This does not imply that the joints necessarily
formed prior to tilting of beds, but attests to the control
that sedimentary stratification exerts over develop-
ment of joints. Consequently, the preferred orientation
of joint sets have only significance in structurally sim-
ple areas (i.e., in individual limbs of macroscopic
folds). For this reason only two areas will be discussed
with regard to joints: the area of the Barrett Anticline in
domains 11 and 23, and the south limb of the McEvoy
Anticline in domains 47, 54 and 55.

The orientation of 89 joint sets together with the mean
bedding orientation in the north limb of the Barrett An-
ticline (figure 19a) clearly shows that most joints are
perpendicular to bedding and that there are two pre-
ferred orientations—one dipping steeply northwest and
the other dipping southwest. The south limb (figure 19b)
has 48 joint sets, which are generally perpendicular to
bedding and which have two (possibly three) preferred
orientations. One is dipping steeply northwest and
southeast, the other is dipping 40 degrees toward the
northwest.

To get a better appreciation of the preferred orienta-
tions, the joints were represented with respect to bed-
ding rotated to horizontal around its strike. For this pur-
pose the area was divided into four sub-areas,
representing the north and south limb in domains 11
and 23. In these four sub-areas, the mean bedding
orientation was calculated, and all joints were rotated
around the mean bedding strike in such a way that bed-

Axial planes

(b)

Figure 17. Contoured stereoplots of mesoscopic folds. (a) fold axes (N = 104), contours at 2, 5, 10 and 15 percent per 1 percent
area. (b) axial planes (N =57), contours at 1, 3, 5 and 10 percent per 1 percent area.



Mesoscopic Faults

I Striae

x Pole to fault o Slipnormal

Figure 18. Stereoplot showing the orientation of all measured
mesoscopic faults (N = 29), slickenside striae (N = 8) and slip-
normals (N = 8).
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ding became horizontal. All 137 rotated joint sets were
plotted together (figure 20a). About 90 percent of the
joint sets lie within 20 degrees of being normal to bed-
ding. Some of the deviation from normality can be at-
tributed to variable bedding orientations in the limbs of
this chevron fold. The north limb of the Barrett Anti-
cline is not completely straight (figure 9).

Because the rotated joints are near vertical, they can
be displayed in a two-dimensional rose diagram. The
rose diagram is smoothed by a technique developed by
Ramsden (1975). In this diagram, every measurement
is represented not by a spike but by a bell-shaped
curve. The shape of this curve is controlled by the preci-
sion parameter k of the von Mises density function (Mar-
dia, 1972). Consequently, k is used as a smoothing
parameter. The larger the value of k, the spikier the re-
sulting curve will be.

The value of the smoothing parameter k was obtained
by taking repeated measurements of joints belonging to
the same set. This was done for 20 different sets in 20
different outcrops. An overall precision parameter of 35
was estimated from these measurements, and a rose
diagram was drawn from the results (figure 20b). Clear-
ly, two preferred orientations of jointing are significant;
one parallel to the fold axis, and the other, which is
slightly more prevalent, perpendicular to that direction.
A similar pattern is shown by 13 joint sets measured on
the south limb of the McEvoy Anticline in the footwall of
the No. 4 coal seam (figure 21). The most prominent
direction strikes perpendicular to the fold axis and the
other direction strikes roughly parallel to the fold axis
(which is N302°E/4°).

Joints Barrett Anticline

North limb

Mean bedding
b 4

(a)

South limb
N

Mean bedding
X

(b)

Figure 19. Orientation of joints of the Barrett Anticline in domains 11 and 23. (a) north limb with contours at 2, 5and 7 percentper 1
percent area for a total of 89 joints. (b) south limb with contours at 2, 5 and 7 percent per 1 percent area for a total of 48 joints.
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Rotated Joints Barrett Anticline (N = 137)

(b)

Figure 20. Orientation of 137 joints of the Barrett Anticline in domains 11 and 23 with the bedding rotated towards horizontal. (a)
equal area plot of poles to joints. Diagram shows that most joints are within 20° of being normal to bedding. (b) smoothed rose
diagram of the strikes of the joints. Smoothing parameter k = 35. The circle represents a uniform distribution.

These directions are probably regional directions of
jointing resulting from erosional unloading and uplift as
indicated by similar preferred orientations in the central
Alberta foothills (Currie and Reik, 1977) and in the
plains (Babcock, 1974). The similarity of these orienta-
tions is significant because it constitutes field evidence
that uplift and erosion are important processes in form-
ing regional joint patterns (Currie and Reik, 1977, pg.
1227). Most of the systematic joints are extensional, oc-
curring in orthogonal systems. Their extensional nature
is indicated by the occasional presence of plumes and
rib marks on the joints. These observations suggest that
most joints did not form with any significant compres-
sive normal stress acting across the fracture surface.

Occasional compressive stress across the fracture
plane is indicated by slickensided joint surfaces. The
orientation of slickenside striae on 17 surfaces
distributed over the whole study area is displayed in
figure 22. They show a significantly different movement
pattern from that defined by the slickenside striae on
bedding and on faults that are displayed in figures 16
and 18. The slipnormals (axes of slip) of the slickensid-
ed joints do not indicate a maximum. If we assume that
the deformation was homogeneous, then the slicken-
side striae are traces of the direction in which the area
moved. To determine this direction, the common line is
found that is contained by all planes defined by each
slickenside stria and the associated normal to the plane
on which shear took place (Cruden, 1971). So the slip-
normals should lie on a great circle and the pole to this
great circle is the movement direction. The orientation
of this pole is calculated with an eigenvalue method.

Joints McEvoy Anticline
N

Bedding

Figure 21. Orientation of joints in the south limb of the McEvoy
Anticline in domains 47, 54 and 55 (N = 13). The mean bedding
orientation is shown by the solid curve.
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Figure 22. Stereoplot showing the orientation of slickenside
striae on joints (N = 17), the joints on which they are present
and the slipnormals (axes of slip). The solid curve represents
the best fitting plane (great circle) through the slipnormals,
which is perpendicular to the slip direction.

Although the great circle is not well defined, its pole is
plunging 47 degrees in direction N192°E (figure 21b).
This movement direction cannot be easily correlated
with the regional deformation responsible for the
macroscopic structure, which has a movement direc-
tion of N30 °E with a shallow plunge. Itis suggested that
this particular deviating movement pattern is caused by
sliding after erosional unloading and uplift. During ero-
sion, sliding can occur toward the valleys as a result of
gravitation. This is indicated by several shear joints
whose hanging wall moved downward (shown by sense
of shear direction in figure 22). Because the orientation
of slickensided joints is similar to extensional joints, it is
concluded that slickensiding resulted from later
stresses across these joint surfaces sufficient for fric-
tional sliding. However, most likely some of the slicken-
sides on joints may represent movements related to
folding and thrusting. This applies especially for the
ones whose slipnormals conform with those of bedding
planes and faults.

Structurally thickened coal

Structurally thickened coal can be found in several
places in the study area. It forms important exploration
targets for open pit mining. Presently, there are two
structural positions identified where thickening oc-
curs—in fold hinges resulting from dilation and in fold
limbs resulting from duplex faulting. These two situa-
tions will be discussed separately. Coal pods along fold
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hinges have been known and explored for many years.
Coal pods resulting from duplex thrusting have only
been recognized recently.

Dilation in fold hinges

The prominent deformation process of the Grande
Cache area was flexural slip folding, which resulted in
chevron folds. Dilation took place at the fold hinges. The
incompetent layers, such as coal, flowed into these dila-
tion zones, with the resulting structure being similar in
geometry to a saddle reef.

If a thick competent layer is present in a generally
even bedded sequence, the dilation in the hinges is
relatively large. This is the case with sandstone overly-
ing No. 4 coal seam (Super 4 sandstone), which is
thicker than other nearby sandstone layers. In the case
of a thick overlying competent layer, the dilation is
larger in an anticline than a syncline (Ramsay, 1974, his
figure 7). Consequently, more thickening of coal can be
expected in anticlines than in synclines in the Grande
Cache area.

The dilation zone can be filled in two ways: either by
flow of incompetent material (i.e., coal) into the void, or
by hinge collapse. In the Grande Cache area, a com-
bination of these two processes occurs. Good ex-
amples of hinge dilations are exposed in the open pits
(No. 9 Mine) northwest of Sheep Creek.

At the western end of the main open pit (50600 E
-5990000 N) on the crest of the McEvoy Anticline, the
No. 4 coal seam is thickened to 10 m from a normal
thickness of about 6 m (figure 23). It has, however, not
completely filled the dilation space, and, as aresult, the
hinge has collapsed; this is indicated by steeper dips
(up to 55 degrees) of overlying sandstone compared to
the footwall (about 25 degrees). The sandstone overly-
ing No. 4 seam forms what has been called a bulbous
hinge structure (Ramsay, 1974, pg.1745). These
bulbous structures have been formed in plasticene
model experiments. Limb thrusts in this exposure are
another result of the hinge collapse.

Another good exposure of hinge dilation is on the
northeast limb of the McEvoy Anticline, where a sub-

Figure 23. Structural thickening of No. 4 coal seam and ac-
companying hinge collapse along the McEvoy Anticline in the
No. 9 Mine, resulting from hinge dilation in a chevron fold.
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Figure 24. Structural thickening of No. 4 coal seam and ac-
companying limb thrust along a subsidiary anticline in the nor-
theast limb of the McEvoy Anticline of the No. 9 Mine, resulting
from hinge dilation in a chevron fold.

sidiary anticline-syncline pair of No. 4 seam is mined.
No. 4 seam coal is thickened in the anticline (figure 24)
by flow of coal into the dilation zone. A limb thrust has
developed to compensate the folding of the extra thick
layer above No. 4 seam (Ramsay, 1974, pg.1745). This
minor thrust terminates at the level of the No. 6 seam,
and its curved nature shows that it was folded after
thrusting. The geometry of this fold is equivalent to the
decapitated McEvoy Anticline in domain 10 as describ-
ed in a previous section. However, the size of the struc-
ture is smaller. Consequently, this anticline is a fold-
thrust structure.

Duplexes
A duplex is an imbricate thrust system where each sub-
sidiary thrust joins two common thrusts, an upper roof

(@
Figure 25. Structural thickening by duplex thrusting. (a) duplex formed by structural repeats of No. 4 coal, shale and siltstone in

the northern limb of Flood Mountain Syncline, 2 km southeast of Smoky River, Station 35. (b) dupiex confined to the No. 4 coal
seam, resulting in three times normal thickness, in an exploration pit north of Sheep Creek.

thrust and a lower floor thrust. A good discussion of
duplexes has been recently provided by Boyer and
Elliott (1982). Charlesworth and Gagnon (1985) give an
example of duplexes in a coal seam of the Outer Foot-
hills at Coal Valley (Alberta), where the seam has been
thickened to 20 times the stratigraphic thickness.

A good natural exposure of a duplex in the Grande
Cache area is at 59500 E-5984300 N. Coal is exposed
over a 20-m thick interval between competent sand-
stones of the footwall and hanging wall of the No. 4
seam. There are many shale intervals between. The
thickest coal interval is 2.7 m. In addition, there are two
1 m thick coal intervals and at least 11 intervals with
coal 0.1-0.7 m thick. A prominent orange weathering
siltstone in the shale intervals is repeated three times by
imbricate faulting in the lower part of the exposure
(figure 25a). This indicates that the coal intervals are
also structural repeats of the same seam. The roof
thrust of this duplex is in shale below the overlying
sandstone, and the floor thrust is in the shale above the
underlying sandstone. These thrusts dip 65 degrees
southwest. At 60215 E-5983280 N, 10 m of continuous
No. 4 seam coal is exposed on the north limb of the
Susa Creek Anticline, indicating that it may have been
thickened in a duplex. Both roof and floor thrust must be
dipping northeastward, because bedding is oriented in
this direction.

Early in 1986, a man-made exposure of a duplex in
the No. 4 coal seam was completed for exploration pur-
poses by Smoky River Coal Limited at 50750 E-5986930
N. Because little exposure was present before the re-
cent exploration, the area was left unmapped.

Exposure in the pit (figure 25b) shows that No. 4 seam
is thickened three times to 20 m. Coal contains folds
and faults indicating that the thickening is tectonic. A
slight angular relationship between coal zone and
overlying sandstone shows that the roof thrust is at the

(b)



top of the coal zone. The floor thrust is assumed to be at
the bottom of the coal zone. Nearby drilling showed the
presence of rock wedges near the base of the duplex,
indicating that the floor thrust is locally situated below
the base of No. 4 coal seam (Richard Dawson, pers.
comm., 1987). The floor and roof thrusts dip 50 degrees
and 60 degrees northeast respectively, indicating that

Coal rank
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they are backthrusts. This movement pattern is con-
firmed by minor northeast-dipping upthrusts in the

hanging wall sandstone.

Because duplexes have only been recognized re-
cently in the Smoky River coal field, they may become

the major exploration target in the near future.

Data collection

As part of the present study, laterally continuous coal
seams from the Grande Cache Member were sampled
to study in detail the relationship between structural
events and coal rank as indicated by mean maximum
vitrinite reflectance. In descending order, the seams
sampled were No. 11, No. 10 and No. 4 seam (figure 4).
In addition, some of the less continuous seams of the
Grande Cache Member (Nos. 3, 6, 7 and 8) were
analyzed, as were minor seams collected from the over-
lying Mountain Park Member and from the underlying
Nikanassin Formation.

Full seam channel samples were collected from coal
seams that were completely exposed. In some in-
stances, channel samples represented upper, middle
and lower portions of the same seam; they enabled in-
vestigation of vertical reflectance variations within the
seams. Grab-samples were taken from partly covered
seams and represent variable coal seam thicknesses.

Most of the 157 coal samples were collected from an
area straddling the Syncline Hills Thrust in the south
and the Muskeg Thrust in the north (figure 26). In addi-
tion, a few reference samples were collected at Grande
Mountain and Victor Lake to the south and at the No. 9
Mine (McEvoy Anticline) and Copton Creek to the north-
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Figure 26. Distribution of coal sample localities with station numbers in part of the study area (from Kalkreuth and Langenberg,
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Figure 27. Distribution and reflectance data of coal samples outside the area shown infigure 26 (from Kalkreuth and Langenberg,

1986).

west (figure 27). For the interpretation of regional reflec-
tance changes, averaged values were used for those
locations where reflectances had been determined on
upper, middle and lower portions of the same seam.

Two sets of samples were taken at decreasing dis-
tances from the Mason Thrust. For these samples, the
bireflectance (Rmax-Rmin) and the ratio Rmax/Rmin
were determined from the mean values of maximum
and minimum reflectance measured on randomly
oriented grains. For coals, which are thought to have
uniaxial negative reflectance indicatrices, the ‘“‘true”
minimum reflectance can only be determined on
samples cut perpendicular to bedding. Therefore, the
minimum reflectance determined in the present study
represents not the ‘‘true” minimum but a value in-
termediate between the true maximum and minimum
(Levine and Davis, 1984).

Rank determination

Rank was determined by calculating the mean and
standard deviation of the maximum vitrinite reflectance
in oil (see Bustin et al., 1983). American Society for

Testing and Materials (ASTM) rank classes were obtain-

ed by using the maximum reflectance limits published
by Davis (1978). The results have been published
previously (Kalkreuth and Langenberg, 1986). In the
present publication, the results are summarized and all
reflectance data, ASTM rank classes and locations for
all samples are listed (appendix C).

Mean maximum vitrinite reflectances range from
1.29 percent in the Mountain Park Member of the Gates
Formation to 1.75 percent in a coal from the Nikanassin
Formation. In terms of ASTM rank classes, these values
indicate medium to low volatile bituminous rank for all
coals.
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Figure 28. Regional reflectance variations in the lower Grande Cache Member (including the Nos. 3, 4, 6, 7 and 8 seams) and in

the Nikanassin (NIK) Formation (from Kalkreuth and Langenberg, 1986).

Vitrinite reflectances in seams from Nikanassin
Formation

Two coals from the Nikanassin Formation were ana-
lyzed. They were collected at the same location from an
uncertain stratigraphic position in the hanging wall of
the Mason Thrust. The reflectances of 1.62 and 1.75
percent (the latter value is shown on figure 28) indicate
that both samples are low volatile bituminous coals.

Vitrinite reflectances in No. 3 seam, Grande Cache
Member, Gates Formation

Three samples were analyzed. The mean maximum vit-
rinite reflectances range from 1.41 percent at Victor
Lake (figure 27) in the south to 1.68 percent near Mount
Hamell (in the southwestern part of figure 28). The data
are too sparse to allow any regional interpretation.

Vitrinite reflectances in No. 4 seam, Grande Cache
Member, Gates Formation

A total of fifty-five samples were analyzed. The mean
maximum reflectances range from 1.33 percent at Vic-
tor Lake (Station 1002, figure 27) to 1.70 percent in a
seam in the contact zone of the Mason Thrust (figure
28). The reflectance data indicate low volatile bitu-
minous coals for most of the samples. Detailed samp-
ling of upper, middle and lower portions of No. 4 seam at
five locations indicate that there is a considerable scat-
ter of reflectance values within one seam at one loca-
tion. In general, there is a trend to a slight increase of
reflectance values as one moves from the top of the
seam toward the bottom (Kalkreuth and Langenberg,
1986). This variation has to be included in the interpre-
tation of regional rank changes, where data are often
obtained from grab samples whose position in the coal
seam is not clear.
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Figure 29. Regional reflectance variations in the upper Grande Cache Member (Nos. 10 and 11 seams) and in the Mountain Park

(MP) Member (from Kalkreuth and Langenberg, 1986).

The regional rank variation of the No. 4 seam bet-
ween the Syncline Hills Thrust and Muskeg Thrust in-
dicates no significant difference with respect to its posi-
tion in the thrust sheets (figure 28). Only locally might
the reflectance of a sample at the contact to the Mason
Thrust have been increased slightly to 1.70 percent.
There is, however, a trend to somewhat lower reflec-
tance values in the Mason Thrust sheet toward the
southeast, in the order of 0.06 percent (averaged). The
slight differences in reflectances can easily be ex-
plained by slight differences in former depth of burial.
Using the coalification gradients (% Rmax/100 m)
determined in the study area (figure 31), it would only re-
quire approximately 50 m less overburden in the south
to account for the lower reflectance values.

Vitrinite reflectance in Nos. 6, 7 and 8 seam, Grande
Cache Member, Gates Formation

Thirteen coal samples were analyzed from the thin,
laterally inconsistent No. 6, 7 and 8 seams (figure 28).

The reflectance values range from 1.34 percentin No. 8
seam, collected in the southeast, to 1.54 percentin No.
6 seam, from Smoky River No. 8 Mine north of the
Smoky River. The sparse data and the discontinuity of
the seams allow no regional interpretations.

Vitrinite reflectances in No. 10 seam, Grande Cache
Member, Gates Formation

Thirty-two samples were analyzed from the No. 10
seam (figure 29). Between the Syncline Hills Thrust and
Muskeg Thrust, the reflectance values range from 1.35
to 1.53 percent, indicating that most samples are
medium volatile bituminous coals. Low values (1.35
percent, 1.38 percent and 1.40 percent) are found in the
southeastern part of the area, again indicating a pos-
sible decrease in depth of burial. The trend to lower
values toward the south is also supported by a sample
collected at Grande Mountain (1.35 percent at Station
1010, figure 27). By contrast, the highest reflectance on
No. 10 seam was determined on a sample collected at
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Table 2, Optical properties of vitrinite from No.11 seam at and close to Mason Thrust (station 313)*.

Distance from

Bireflectance

Station Sample Mason Thrust Rmax Rmin Rmax/Rmi Anisotropy  Rrandom
P pt (%) @)  Fmagimind R Rmin) (%)
313 367/83 0.00 1.60 1.20 0.40 1.34 1.40
313 368/83 0.30 1.53 1.18 0.35 1.29 1.35
313 369/83 0.00 1.58 1.23 0.35 1.29 1.40
313 370/83 1.75 1.55 1.29 0.26 1.20 1.42
313 371/83 3.00 1.52 1.18 0.34 1.29 1.35

* Coordinates 58954 E, 5985489 N.

the McEvoy Anticline of the No. 9 Mine (1.57 percent,
figure 27). At three locations, the No. 10 seam was
sampled in detail to study the vertical reflectance varia-
tions within the seam. As in the case of the No. 4 seam,
there is a trend to slightly higher reflectances toward the
lower part of the seam.

Vitrinite reflectances in No. 11 seam, Grande Cache
Member, Gates Formation

Forty-seven coals from the No. 11 seam were analyzed.
The reflectance values range from 1.32 percent in the
southeast to 1.57 percent in a sample in direct contact
with the Mason Thrust. Apart from this locally increased
reflectance value, no apparent change in reflectances
appears to occur from one thrust sheet to the other
(figure 29). The rank of the coal is medium volatile bitu-
minous. Slight differences in reflectances from samples
close to each other can be expected if one considers the
vertical reflectance variations within the seam at the
same location.

Two sets of samples from the No. 11 seam were taken
at varying distances from the Mason Thrust. The data
suggest that, locally, the mean maximum reflectances
are substantially increased in samples at the contact of
the fault (table 2). With increasing distances from the
contact zone, the mean maximum vitrinite reflectances
decrease rapidly in the order of 0.06 percent Rmax
within the decimetre or metre range. Similar observa-
tions were reported by Bustin (1983) from the southern
Rocky Mountains in British Columbia, where anoma-
lously high reflectances were restricted to narrow films
adjacent to shear zones of thrust faults.

It cannot yet be determined whether the increase of
reflectances at the contact is due to frictional heating,
as suggested by Bustin (1983), or due to preferential
orientation of aromatic, graphite-like lamellae in coal,
as suggested by Levine and Davis (1984), or a combina-
tion of both. The latter authors suggested that max-
imum reflectance and the degree of anisotropy in tec-
tonically disturbed coals is related to aromatic, gra-
phite-like lamellae, which develop preferentially in the
direction of minimum compressive stress. The few
measurements of maximum and minimum reflectances
and the calculation of bireflectance and anisotropy for
the set of samples in the contact zone to the Mason
Thrust show a weak trend of increasing anisotropy in
the coal with decreasing distance to the thrust (table 2).
Current investigations on oriented samples at and near
the thrust zones are aimed to give a better insight into
the effects of tectonic stress upon vitrinite reflectance.

Vitrinite reflectances in seams from Mountain Park
Member, Gates Formation

Five coals from the Mountain Park Member of the Gates
Formation were analyzed. The reflectance values
range from 1.27 to 1.35 percent (figure 29). The data are
too sparse to allow regional interpretations.

Vertical rank changes within seams

Preliminary observations suggest that vertical rank
changes within seams are related to differences in
petrographic composition of the samples and are also
influenced by varying degrees of weathering. Weather-
ing tends to decrease the vitrinite reflectances of these
coals by up to 0.1 percent (Marchioni, 1983). In general,
the reflectances increase from top to bottom of the
seam. The vertical rank variations may explain minor ir-
regularities in reflectances across the study area
because samples were collected from various positions
within the seams.

Relationships of coal rank to
deformation

Previous work on coal rank in and near the study area
(Hacquebard and Donaldson 1974; Kalkreuth and
McMechan 1984; Ting 1984) suggests that the rank of
the coals was established prior to folding. Kalkreuth and
McMechan (1984) showed that coal rank in the Inner
Foothills northwest of Grande Cache has been largely
controlled by former depth of burial and by the timing of
the Laramide deformation. This is in contrast to results
from coalification studies by Pearson and Grieve (1985)
to the south, where, in the Crowsnest Coalfield, a sub-
stantial amount of coalification was post-orogenic.
The relationships between rank and folding are il-
lustrated by two cross sections (figure 30). The cross
sections were selected from those of figure 2 (in pocket)
on the basis of available nearby rank data. The pro-
jected reflectance data from Nos. 4, 10 and 11 seamsiin-
dicate that rank is independent of structural position.
The iso-reflectance iines run parallel to the bedding of
the folded strata, indicating pre-folding coalification.
This is evident particularly in the Barrett Anticline (sec-
tion EE’) and at Goat Cliffs (section GG”), where no
substantial reflectance changes occur in samples col-
lected from hinges of synclines and anticlines, despite
more than 1100 m of vertical relief in their present posi-
tion. This is also evident from a coal sample collected
from the thickened hinge of the McEvoy Anticline (sta-
tion 1012, figure 27), which shows a regional reflec-
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Figure 30. Cross sections, modified from Kalkreuth and Langenberg (1986), illustrating relationship of coal rank to deformed
strata (E-E’ and G’-G”in figure 1 denote lines of sections). (a) data from the Nos. 10 and 11 seams. (b) data from the No. 4 seam.

tance value of 1.65 percent; consequently, the rank has
not been affected by the deformation to any large ex-
tent. The rank of the seams is clearly a function of their
stratigraphic position. Therefore, No. 4 seam exhibits
the highest reflectances, No. 10 seam intermediate and
No. 11 seam the lowest reflectances.

Because the coalification pattern of No. 4, No. 10 and
No. 11 seams shows no substantial change in rank from
one thrust sheet to the other (figures 28 and 29), it can
be concluded that coalification of the seams was estab-
lished before thrusting started. However, it should be
realized that, during coalification in the Grande Cache
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area, overthrusting was taking place farther to the west.
This thrusting and resulting uplift caused the westward
decrease of thermal maturation as documented by
Kalkreuth and McMechan (1984).

The relationships between stratigraphic depth and
coal rank are illustrated in four coalification profiles,
which are based on measured stratigraphic sections
(figure 31). In all profiles, the reflectance values in-
crease regularly with increasing stratigraphic depth.
Rank in these coals is apparently a function of former
depth of burial and has not been overprinted by subse-
quent coalification. Differences in coalification gra-
dients may be due to differences in paleogeothermal
gradients. The similarity of coalification gradients in the
study area (figure 31), ranging from 0.11 to 0.17 %
Rmax/100 m, suggests that similar geothermal gra-
dients occurred throughout the area. Kalkreuth and
McMechan (1984) assumed, on the basis of measured
and calculated reflectances, a paleogeothermal gra-

Concluding remarks

dient of 2.7°C/100 m for the study area, which is similar
to the present day geothermal gradient. Using this gra-
dient, the maximum temperatures for the base of the
Gates Formation, obtained at the time of maximum
burial, would be approximately 170°C based on an
overburden of 5500 m and an average annual surface
temperature of 20°C.

Based on the coalification pattern of No. 4, No. 10 and
No. 11 seam, it can be concluded that the coal rank was
largely established during burial between Albian and
late Paleocene times (from 100 Ma to 60 Ma ago), be-
fore folding and thrusting started. However, locally in
the footwall of the Mason Thrust, mean maximum vitri-
nite reflectance and bireflectance have been increased
above regional values. Deformation in the Grande
Cache area resulted in displacement and uplift of strata
at the end of the Paleocene, after which rapid erosion
started. These events essentially ended coalification of
the Lower Cretaceous coals of the Grande Cache area.

A detailed map and cross sections of the Grande Cache
area depict a deformational model that comprises a
series of fold-thrust structures with cylindrical chevron
folds, which become conical at their tapering ends. This
model can be used for exploration in the Grande Cache
area and may well be applicable in other areas along
Alberta’s deformed beit.

Dilation in hinges of chevron folds resulted in thicken-
ed coal. In the case of a thick, overlying competent unit,
such as the sandstone on top of the No. 4 seam, dilation
is larger in an anticline than a syncline. Consequently,
in the Grande Cache area, more structural thickening
can be expected in anticlines than in synclines. This
conclusion is supported by the location of existing open
pits, which are generally situated along anticlines.
Thickening of coal by duplex thrusting is sometimes
present in the limbs of folds. It is not yet understood why
it forms in some locations and not in others. The recog-
nition of displacement transfer between folds and
thrusts may assist in finding locations of coal seams.

The geometric solution of an area is the foundation of
any good geological work (Dahlstrom, 1970). Numerical

techniques, such as described in this bulletin, are
strong tools for unravelling the geometry of deformed
rocks. Most of these techniques are now part of the
TRIPOD software (Charlesworth, et al., 1987). This
methodology has been successfully applied by the staff
of Smoky River Coal Limited, substantially adding to
their coal reserves (R. Dawson, pers. comm., 1986).
The availability of a microcomputer version of TRIPOD
has greatly added to the applicability of this software.
Because they are relatively new techniques, they are
not yet widely used; however, the future will almost cer-
tainly see increased use.

Detailed studies in the Grande Cache area have
greatly added to understanding the geometry of the
foothills strata and made it possible to start looking at
coal quality parameters (coal rank data in particular).
Similar studies of coal-bearing strata are needed for
other parts of the deformed belt to properly develop
Alberta’s coal resources.
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Appendix A. Stratigraphic sections of the Grande Cache area.

Locations are shown on Figure 1 (in pocket).

Legend
. Trough U
- Sandstone Cross-Bedding U Burrows
g Ripple ~
] shale — N\ R stratified >~ Pelecypod hells
o]
[ X» _— i i
o Conglomerate —_—  Parallel Laminations ")-r Roots
E Coal A Hummocky
—— Cross-Stratification
Section 81-1
Cumulative Unit Thickness Description
Thickness (metres)
Grande (metres)
Cache 147 8 6 Carbonaceous shales, dark gray with minor
Member 141 ironstone layers. Some conspicuous layers
with pelecypod-shells.

7 28 Fine-grained sandstone, grayish orange

Torrens weathering, very thick-bedded with parallel
taminations. In lower part some burrowed

Member layers, indicative of a suspension feeding
fauna.

113——

6 17 Interbedded very fine-grained sandstone and
shales. Sandstones show hummocky cross-
stratification. Some burrows.

96 5 13 Coarsening upward succession with
medium-grained sandstone on top; lower
down very fine-grained sandstones with

83 minor shale. Some parallel laminations.

Moosebar
Formation

4 36 Dark gray shale, some ironstone layers.
Toward top interbedded very fine-grained
sandstone and shale. Sandstones show
hummocky cross-stratification. Burrows
are indicative of a deposit feeding fauna.

47

3 20 Sandstones, very fine-to medium-grained,
grayish orange weathering. Trough cross-
bedded. At the top some shales and at the
very top a 10 cm thick coal seam.

27

Gladstone 2 16 Interbedded fine-grained sandstones and

Formation shales. Burrowed. Ripple cross-stratification.
Two thin coal seams; the upper one 20 cm
thick.

i 1 iR Fine-grained sandstone, moderate reddish
brown weathering. Thick-to very thick-bedded.

0 Some shale interlayers. Some minor coal

seams and a 10 cm thick chert conglom-
erate layer.
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Section 81-2

Cumulative Unit
Thickness

Thickness Description
(metres)

(metres)

139

Gladstone
Formation

Cadomin
Formation

Nikanassin Formation

21

20

22

3

15

18

12

Interbedded very fine-to fine-grained sand-
stones and shales. Trough cross-bedding,
some extensively burrowed layers. Two

30 cm thick coal seams. A 5 cm thick chert
pebble congiomerate.

Fine grained sandstones, grayish orange
weathering. Trough cross-bedded. Some
minor shale.

Interbedded fine-grained sandstones and
shales. Sandstone pale reddish brown
weathering. Two minor coal seams, the
lower one 20 ¢m thick.

Fine-grained, ripple cross-stratified sand-
stone. Light brown to moderate reddish
brown weathering. Some minor shale.

Interbedded pebble conglomerate and
medium-grained sandstone, cross bedded.

Fine-grained sandstone, cross-bedded.
Minor shale. A 40 cm thick coal seam at
bottom.

Pebble and cobble conglomerate. Very thick
bedded.
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Appendix A. (continued)

Section 81-3 (bottom)

Cumulative
. Thickness
Mountain Park Member (metres)
.......... 208
#11 seam
192 ——
o 164 ——
#10 seam

138 ——

Grande Cache 118
Member
100
#4 seam n—
46
Torrens 30
Member
17—
Moosebar
Formation

Unit

Thickness
(metres)

Description

10

16

28

26

20

18

29

25

16

13

17

Shale and very fine-grained sandstone. A2m
thick coal seam (#11 seam). At the bottom
of this unit 2 1 m thick coal seam.

Medium-grained very thick-bedded sand-
stone, pale brown weathering. Trough
cross-bedded. At bottom same fine-grained
sandstone.

Interbedded fine-grained sandstone and
shale. Coal 1.5 m thick (#10 seam).

Shale and a 1 m thick coal seam. At the
bottom fine-grained cross-bedded grayish
orange weathering sandstone.

Carbonaceous shale with ironstone and in-
terbedded very fine-grained shaly sand-
stone and shale.

Dark gray shale, in places carbonaceous.
At bottom 1 m thick fine-grained grayish
orange weathering sandstone.

Shale, fine-grained sandstone and coal (3m
thick - #4 seam). Sandstone below coal is
burrowed. Pelecypod shells at 3 m from
base.

Fine-grained sandstone and interbedded
shale and sandstone.

Medium- and fine-grained sandstone. Very
thick-bedded, moderate brown weathering.
Parallel laminations and some cross-
bedding.

Interbedded shales and very fine-grained
sandstone with hummocky cross-
stratification.



Appendix A. (continued)

39

Section 81-3 (top)

Cumulative
Thickness

Shaftesbury Formation (metres)
380

358 ——

340 ——

314 ——

Mountain Park
Member

271

233 ——

223 ——

Unit

Thickness Description

(metres)

208
Grande Cache Member

17

16

15

14

13

12

11

22

18

26

43

38

10

15

Fine-grained moderate reddish orange
weathering sandstone, ripple cross-
stratified.

Interbedded fine-grained sandstone and
shale, in places carbonaceous.

Medium-grained pale yellowish orange
weathering sandstone. Very thick-bedded,
ripples and trough cross-bedding. Scouring
into unit 14 with an ironstone conglomerate
at the base.

Interbedded fine-grained sandstone and
shale. Near the top 5 m thick massive
trough cross-bedded sandstone, which is
thick-bedded.

Medium-grained pale yellowish orange
weathering sandstone, very thick-bedded,
through cross-bedded. Scouring into unit 12
with an ironstone conglomerate at the base.

Interbedded very fine-grained sandstone
and shale. Minor ironstone.

Medium-grained pale yellowish orange
weathering sandstone, very thick-bedded
and cross-bedded.
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Appendix A. (continued)

Section 81-4 (bottom)

Cumulative
Thickness Unit

Thickness Description
{metres)

Mountain Park Member  (Metres)

#11 seam

#10 seam

Grande
Cache

Member

#4 seam

Torrens Member

16

24

1

19

28

13

Shales and coal, minor very fine-grained
sandstone. Composite thickness of coal
45 m (#11 seam).

Fine-to medium-grained sandstone, trough
cross-bedded. Pale brown weathering. Rip
up clasts and ripple cross-stratification in
lower part.

Shales and 1.5 m of coal exposed
(#10 seam).

Fine-grained shaley sandstone, minor
medium-grained sandstone. Yellowish gray
weathering. Ripple cross-stratification.

Gray shales, some fine-grained rippled
sandstone. A 40 cm thick coal seam at top.

Fine-grained sandstone, moderate yellowish
brown weathering. Ripple cross-stratified.

Dark gray carbonaceous shale and coal.
5 m thick coal bed (#4 seam). At 5 m from
base,conspicuous pelecypods layers.
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Section 81-4 (top)
Cumulative

Shaftesbury Thicl;ness

Formation (metres)

—_— = 301
276
254
235

Mountain

Park

Member

196 ——

Grande Cache Member

Unit

Thickness
(metres)

Description

14

13

12

1

10

25 Fine-grained sandstone, ripple cross-
stratified. Reddish brown weathering. Some
burrowing in a zone with gastropod and
pelecypod fossils.

22 Interbedded fine-grained sandstone and
shale. Sandstone ripple cross-stratified. At
top, shale and minor coal (coal up to 20 cm
thick).

19 Fine-to medium-grained sandstone. Grayish
orange weathering. Trough cross-bedding.
Scour surface at bottom.

39 Fine-grained sandstone, shaley sandstone
and shale. Sandstone show ripple cross-
stratification. Light olive gray weathering.
Scour surface at bottom. Near top,1 m thick
coal and shaley coal.

23 Medium-to fine-grained sandstone and
shale. Sandstone ripple cross-stratified and
grayish orange weathering.

9 Shale and minor sandstone. A 40 cm thick
coal seam at the top.

19 Fine-to medium-grained sandstone. Trough
cross-bedded. Moderate brown weathering.
Scouring into Grande Cache Member at
bottom.
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Appendix A. (continued)

Section 81-5 (bottom)

Thickness
(metres)

Description

Cumulative Unit
. Thickness
Mountain Park Member (metres)
—_ 156
6
#11 seam 145
5
#10 seam
121
4
Grande Cache
Member 80
3
Jd 49
2
#4 seam
27
1
0

Torrens Member

11 Gray shale and coal. The lower of the two
coal seams is 1.5 m thick (#11 seam).

24  Fine-grained dark yellowish orange
weathering sandstone, shale and coal. The
coal is 2.9 m thick (#10 seam).

41 Fine-grained sandstone, shaly sandstone
(light brown and dark yellowish orange
weathering) and shale. Sandstone medium
bedded and ripple cross-stratified. Near bot-
tom 50 cm thick coal seam.

31 Fine-grained light brown and dark yellowish
brown weathering sandstone, ripple cross-
stratified. Medium to thick bedded.

22  Largely covered unit of fine-to medium-
grained sandstone, shale and coal (50 cm
exposed of #4 seam). Sandstone below
coal is burrowed.

27  Largely covered unit of shale. At 6 m and
10 m from bottom pelecypod shells.
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Section 81-5 (top)

Cumulative
Thickness
(metres)

—— 309

303

265 ——

259 ——
Mountain Park
Member

226

205

187

156
Grande Cache Member

Unit Thickness Description
{metres)

13 6 Fine-grained moderate reddish brown
weathering sandstone, ripple cross-
stratified. Some gastropod and pelecypod
casts.

12 38  Fine-grained light olive-gray weathering
shaly sandstone and shale. In the middle
medium-grained very thick-bedded sand-
stone (5 m thick).

11 14 Medium-grained moderate yellowish brown
weathering sandstone. Trough cross-
bedded in very thick beds.

10 25  Fine-grained light olive gray weathering rip-
pled shaly sandstone and shale.

9 21 Medium-grained moderate yellowish brown
weathering sandstone. Trough cross-
bedded in very thick beds.

8 18 Shale and fine-grained ripple cross-stratified
sandstone, pale yellowish brown weather-
ing.

7 31 Medium-grained grayish orange weathering

sandstone. Trough cross-bedded in very
thick beds. Some ironstone pebbles at the
bottom of troughs.
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Appendix A. (continued)

Section 81-6

Cumulative

) Thickness
Mountain Park Member (metres)

147

#11 seam
—— 116

#10 seam
85

Grande Cache

Member
— 61
#4 seam 34
14
0

Torrens Member

Unit Thickness Description

(metres)

6 31
5 31
4 24
3 27
2 20
1 14

Medium- to fine-grained light brown
weathering sandstone. An ironstone pebble
conglomerate at the bottom. Some shales
and a 2 m thick coal seam at top (#11
seam).

Shale and interbedded fine-grained sand-
stone and shale. Trough cross-bedded
grayish orange weathering fine-grained
sandstone at bottom. Near top 2.5 m thick
coal (#10 seam).

Shale and dark yellowish orange weather-
ing shaly sandstone, medium-bedded.

Fine-grained medium- to thick-bedded sand-
stone. Trough cross-bedded. Ripple cross-
stratification. Grayish orange weathering.

Very fine-grained bioturbated gray sand-
stone and shales. At top coal seam of
which 2 m is exposed (#4 seam).

Dark gray carbonaceous shale. At 5 m from
bottom pelecypod layers.



Appendix A. (continued)

45

Section 81-7

Thickness Description

(metres)

Cumulative Unit
Thickness
Grande Cache (metres)
Member 95 7
92
81
Torrens 5
Member
63 4
48 3
41
Moosebar
Formation 2
18
;
0

Gladstone Formation

3
1

18

15

23

18

Gray carbonaceous shales with pelecypod
layers.

Very fine- and fine-grained sandstone and
shaly sandstone, ripple cross-stratified.

Some trough cross-beds, light brown weathering.

Fine-grained light brown weathering sand-
stone, very thick-bedded with parallel
laminations. Some burrowed layers and a
20 cm thick chert pebble conglomerate.
Very fine- and fine-grained shaly sandstone
at top. Interbedded very fine sandstone and
shale at bottom. These sandstones show
hummocky cross-stratification and some
burrows.

Light brown weathering fine-grained shaly
sandstone with a lot of carbonaceous
material. Some pelecypod shells at 47 m.

Shale and interbedded grayish orange very

fine-grained sandstone and shale.

Medium gray and light olive gray weather-
ing shale with some ironstone.
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Appendix A. (continued)

Section 81-8 (bottom)

Cumulative
. Thickness
Mountain Park Member (metres)
147
119
#10 seam 98
78 ——
Grande Cache
Member
58 ——
#4 seam
25 —
#3 seam 0

Torrens Member

Unit Thickness Description

(metres)

24  Very fine-grained grayish orange weather-
ing shaly sandstone, shale and minor
ironstone.

4 Fine-grained light gray weathering shaly
sandstone with parallel laminations.

23  Shale, interbedded shale and fine-grained
sandstone, limestone and coal. The coal
(#10 seam) is 4.3 m thick and has a shale
split.

18 Interbedded fine-grained moderate yellowish
brown weathering sandstone and shale. At
bottom carbonaceous shale and 1.5 m thick
coal seam.

20  Very fine-grained pale yellowish orange
weathering sandstone with parallel lamina-
tions. At bottom 75 cm thick coal.

33  Very fine-grained rippled dark yellowish
orange weathering sandstone. At top
medium-grained sandstone, at bottom 5 m
thick coal (#4 seam).

25  Fine-grained and very fine-grained sand-
stone, shale and 1.5 m thick coal (#3
seam). Above coal are pelecypod layers.
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Section 81-8 (top)

Cumulative
. Thickness
Shaftesbury Formation (metres)

340

319 ——

304

Mountain Park
Member

234

207 ———

192

175

" 147

Grande Cache Member

Unit Thickness Description
{metres)

17 21 Interbedded fine-grained moderate brown
weathering sandstone and shale.

16 15  Fine-grained very light gray weathering
sandstone with parallel laminations. At bot-
tom very fine-grained shaly sandstone.

15 14  Fine-grained shaly sandstone and shale.

14 24  Fine-grained moderate yellowish brown
weathering sandstone. Trough cross-
bedded in thick beds.

13 32  Interbedded fine-grained dark yellowish
brown weathering sandstone and shale.

12 12  Fine-grained sandstone and shaly sand-
stone. Trough cross-bedded and grayish
orange weathering.

11 15  Interbedded fine-grained light olive gray
weathering shaly sandstone and shale.

10 15  Fine-grained sandstone and minor shaly
sandstone, pale yellowish orange weather-
ing. At the top shales with minor ironstone
and minor discontinuous coal (30 cm thick).

9 17 Very fine-grained shaly sandstone, shale
and two coal seams (60 and 70 cm thick).

8 28  Medium-grained very light gray weathering

sandstone. Trough cross-bedded. At top
some orange weathering sandstone, at bot-
tom a thin ironstone pebble conglomerate.
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Appendix B. Listing of domains, fold axes, eigenvalues and test statistics.

Fold axis
Domain N Minimum Maximum K F-test
Trend Plunge eigenvalue / N eigenvalue /N
1 124 4 73 0.0159 0.7421 230 0.72
2 118 1 39 0.0101 0.6802 205 0.46
3 129 14 32 0.0218 0.6504 160 3.85
4 109 6 66 0.0137 0.5963 229 1.89
5 295 10 62 0.0111 0.8322 206 0.50
6 297 5 69 0.0147 0.5250 271 1.1
7 104 4 42 0.0252 0.6135 176 1.91
8 302 10 26 0.0182 0.6798 184 1.53
9 295 5 38 0.0181 0.5976 183 2.90
10 118 1 41 0.0127 0.7063 215 0.59
11 125 3 44 0.0067 0.5940 236 1.54
12 121 1 36 0.0216 0.6799 182 0.08
13 301 1 10 0.0152 0.5557 - -
14 119 2 20 0.0177 0.7759 307 3.12
15 124 4 43 0.0184 0.6665 201 0.12
16 123 1 36 0.0345 0.6266 209 0.70
17 117 3 37 0.0267 0.6406 183 1.00
18 299 9 28 0.0267 0.5566 137 4.39
19 304 6 29 0.0067 0.7612 208 1.58
20 118 4 20 0.0420 0.5463 - -
21 120 3 22 0.0245 0.7282 219 1.58
22 321 2 21 0.0341 0.6516 169 0.43
23 122 5 46 0.0057 0.6743 216 2.27
24 123 9 59 0.0207 0.5671
25 124 8 9 0.0465 0.6702} 168 1.24
26 300 4 20 0.0178 0.7768
27 126 7 25 0.0221 0.8060 210 1.89
28 125 1 21 0.0169 0.6665 174 0.07
29 133 9 38 0.0123 0.5483 207 2.75
30 128 5 39 0.0099 0.6165 179 2.05
31 130 6 33 0.0117 0.6607 - -
32 127 16 39 0.0110 0.6547 - 1.12
33 320 o] 56 0.0160 0.8889 - -
34 316 2 80 0.0167 0.5340 - 1.00
35 119 7 44 0.0274 0.6577 - 0.58
36 123 2 31 0.0046 0.8192 - 2.02
37 314 1 26 0.0285 0.5601 - 0.96
38 309 0 8 0.0171 0.7297 - -
39 311 0 103 0.0228 0.7737 - -
40 312 5 19 0.0097 0.6353 - 1.60
41 316 2 19 0.0249 0.7216 - -
42 143 7 18 0.0145 0.6139 - 0.89
43 134 4 97 0.0087 0.7597 - 2.94
44 148 11 30 0.0302 0.6475 - 4.03
45 134 0 80 0.0137 0.8468 - 1.97
46 308 4 22 0.0049 0.6069 - 0.82
47 299 2 25 0.0120 0.7693 306 1.33
48 118 3 - - - - -
49 300 3 - - - - -
50 300 3 - - - - -
51 300 3 13 0.0723 0.6513 - 0.12
52 120 4 11 0.0195 0.5127 154 2.53
53 110 5 - - - - -
54 297 1 24 0.0117 0.7712 - 0.23
55 302 3 37 0.0061 0.6512 366 1.15
56 299 4 21 0.0123 0.6114 185 0.01
57 304 2 14 0.0213 0.6045 129 1.39
58 122 5 8 0.0350 0.9072 267 2.53
59 295 3 10 0.0262 0.7072 160 2.57
60 303 5 - - - - -

N - number of stations (generally 5 repeated measurements of bedding were taken at each station)
K - concentration parameter of the Fisher distribution calculated from stations where repeated measurements of bedding were taken
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Appendix C. Coal rank data

Vitrinite reflectances, ASTM rank classes, locations and thicknesses, for No. 3 and No. 4 coal seams

Maximum Reflectance (%)

Station Seam Thickness Sample Type ASTM rank Easting Northing
(m) Mean ] N
9-1 4 4.00* 505/83 ¢ 1.68 0.06 50 Low volatile bituminous 55388 5989225
35 4 2.70 381/83 c,u 1.52 0.05 50 Low volatile bituminous 59500 5984297
35 4 0.70 380/83 c,u 1.53 0.06 50 Low volatile bituminous 59500 5984297
35 4 1.00 379/83 c,m 1.47 0.03 50 Medium volatile bituminous 59500 5984297
35 4 1.00 378/83 c,l 1.54 0.04 50 Low volatile bituminous 59500 5984297
35 4 0.50 377/83 ¢l 1.62 0.05 50 Low volatile bituminous 59500 5984297
42 4 2.05* 375/83 g,s 1.60 0.05 50 Low volatile bituminous 58842 5984553
51 4 ¥ 530/83 g 1.57 0.04 50 Low volatile bituminous 60183 5984376
57 4 0.95 338/83 c,u 1.54 0.04 50 Low volatile bituminous 60198 5986165
57 4 1.70 339/83 c,m 1.60 0.06 50 Low volatile bituminous 60198 5986165
57 4 215 340/83 ¢, 1.62 0.06 50 Low volatile bituminous 60198 5986165
61 4 *-- 344/83 g,m 1.53 0.06 50 Low volatile bituminous 60673 5986363
63 4 1.15 345/83 c,u 1.53 0.06 50 Low volatile bituminous 60801 5986455
63 4 3.00 346/83 c,m 1.53 0.05 50 Low volatile bituminous 60801 5986455
63 4 1.35 347/83 c,l 1.57 0.04 50 Low volatile bituminous 60801 5986455
235 4 * - 528/83 ¢ 1.55 0.06 50 Low volatile bituminous 60414 5984105
281 4 *-- 397/83 ¢ 1.51 0.04 50 Low volatile bituminous 60137 5983446
293 4 *-- 399/83 g 1.53 0.04 50 Low volatile bituminous 60216 5983279
294 4 - 398/83 ¢ 1.55 0.06 50 Low volatile bituminous 60195 5983325
300 4 - 396/83 ¢ 1.52 0.06 50 Low volatile bituminous 60305 5983474
354 4 Y- 518/83 g.m 1.47 0.08 50 Medium volatile bituminous 60424 5982940
364 4 8.00* 510/83 ¢ 1.53 0.05 50 Low volatile bituminous 59759 5983041
372 4 7.00* 511/83 ¢ 1.53 0.06 50 Low volatile bituminous 59436 5983108
439 4 * e 354/83 g,m 1.58 0.05 50 Low volatile bituminous 59018 5985790
524 4 1.10 444/83 c,u 1.63 0.05 50 Low volatile bituminous 56678 5984336
524 4 2.14 445/83 c,m 1.45 0.06 50 Medium volatile bituminous 56678 5984336
524 4 5.25 446/83 c,l 1.57 0.06 50 Low volatile bituminous 56678 5984336
565 4 2.00* 547/83 g,u 1.58 0.03 50 Low volatile bituminous 57251 5986394
572 4 3.00* 540/83 g 1.52 0.04 50 Low volatile bituminous 56991 5986583
596 4 1.00* 452/83 g,u 1.57 0.06 50 Low volatile bituminous 57930 5986357
603 4 1.30* 451/83 g,m 1.66 0.05 50 Low volatile bituminous 58659 5986738
613 4 0.30* 486/83 g,u 1.51 0.04 50 Low volatile bituminous 60975 5988015
618 4 *-- 487/83 @ 1.54 0.04 50 Low volatile bituminous 61094 5988244
639 4 2.00* 481/83 g,l 1.58 0.04 50 Low volatile bituminous 58842 5987476
662 4 2.70* 479/83 c,u 1.53 0.05 50 Low volatile bituminous 58732 5987506
662-1 4 1.00* 480/83 c,u 1.59 0.05 50 Low volatile bituminous 58787 5987489
709 4 *e- 529/83 ¢ 1.62 0.05 50 Low volatile bituminous 60256 5984227
736 4 *-- 504/83 g 1.65 0.04 50 Low volatile bituminous 56031 5986964
743 4 *-- 536/83 g 1.65 0.05 50 Low volatile bituminous 55364 5986778
758 4 - 499/83 ¢ 1.65 0.04 50 Low volatile bituminous 55778 5987973
780 4 6.00* 502/83 g 1.69 0.04 50 Low volatile bituminous 54486 5987089
783 4 *-- 503/83 g 1.70 0.04 50 Low volatile bituminous 54644 5987378
828 4 2.50 491/83 c,u 1.55 0.06 50 Low volatile bituminous 56617 5989061
828 4 0.50 492/83 c,u,s 1.62 0.05 50 Low volatile bituminous 56617 5989061
828 4 1.30 493/83 c,m 1.62 0.05 50 Low volatile bituminous 56617 5989061
828 4 0.30 494/83 c,l,s 1.62 0.05 50 Low volatile bituminous 56617 5989061
828 4 0.90 495/83 c,l,s 1.61 0.05 50 Low volatile bituminous 56617 5989061
859 4 *-- 500/83 ¢ 1.66 0.06 50 Low volatile bituminous 55754 5988915
938 4 ¥ 501/83 g 1.59 0.04 50 Low volatile bituminous 55157 5986952
989 4 - 700/83 g 1.60 0.05 50 Low volatile bituminous 53428 5983254
999 4 3.00* 468/83 @ 1.69 0.06 50 Low volatile bituminous 42351 5990975
(Copton Creek)
*.. seam partly covered g - grab sample u - upper portion S - standard deviation
** _ severely weathered ¢ - channel sample m - middle portion N - number of measurements

s - sheared coal | - lower portion
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Appendix C. (continued)

Vitrinite reflectances, ASTM rank classes, locations and thicknesses, for No. 3 and No. 4 coal seams

Maximum Reflectance (%)

Station Seam Thickness Sample Type ASTM rank Easting Northing
(m) Mean S N
1000 4 hE 549/83 g 1.40** 0.09 50 Medium volatile bituminous 59924 5977789
(Grande Mtn)
1001 4 7.48 462/83 ¢ 1.63 0.06 50 Low volatile bituminous 51739 5989130

(McEvoy Anticline)

1002 4 1.40* 467/83 ¢ 1.33** 0.08 50 Medium volatile bituminous ~ 60320 5973400
(Victor Lake)

1012 4 6.00* 698/83 ¢ 1.65 0.05 50 Low volatile bituminous 50592 5989941

(McEvoy Anticline)
988 3 - 699/83 ¢ 1.68 0.07 50 Low volatile bituminous 53422 5983309

1003 3 1.25* 466/83 ¢ 1.41 0.05 50 Medium volatile bituminous 60350 5973409
(Victor Lake)

1011 3 *e- 548/83 ¢ 1.52 0.04 50 Low volatile bituminous 59771 5977707
(Grande Mtn)
*-- - seam partly covered g - grab sample u - upper portion S - standard deviation
** - severely weathered ¢ - channel sample m - middle portion N - number of measurements

s - sheared coal | - lower portion

Vitrinite reflectances, ASTM rank classes, locations and thicknesses, for Nos. 6, 7 and 8 coal seams, Grande Cache
Member, and some coals collected from overlying Mountain Park Member and underlying Nikanassin Formation

Maximum
Reflectance (%)

Station Formation/ Thickness Sample Type ASTM rank Easting Northing
Seam No. (m) Mean S N
11 NIK 0.40 372/83 ¢ 1.75 0.05 50 Low volatile bituminous 58610 5985266
11 NIK 0.20 373/83 ¢ 162 0.06 50 Low volatile bituminous 58610 5985266
55 GC No.8 0.76 402/83 ¢ 1.50 0.05 50 Low volatile bituminous 60107 5986147
66 MP 1.00 352/83 ¢ 1.27 004 50 Medium volatile bituminous 61051 5986604
67 MP 0.40 351/83 ¢ 1.29 0.03 50 Medium volatile bituminous 60987 5986577
236 GC No.8  *-- 527/83 g 1.51 0.04 50 Low volatile bituminous 60451 5984175
301 GC No.8  *-- 395/83 g 1.50 0.04 50 Low volatile bituminous 60375 5983425
353 GC No.8 0.50 519/83 g 1.34 0.07 50 Medium volatile bituminous 60463 5982956
373 GC No.8 0.75 512/83 ¢ 140 0.05 50 Medium volatile bituminous 59341 5983114
373 GC No.7 0.75 513/83 ¢ 1.48 0.04 50 Medium volatile bituminous 59341 5983114
373 GC No.6 0.60 514/83 ¢ 1683 0.05 50 Low volatile bituminous 59341 5983114
373 GC? 0.50 515/83 ¢ 1.39 0.05 50 Medium volatile bituminous 59341 5983114
624 MP 0.60 490/83 g 1.37 0.06 50 Medium volatile bituminous 59436 5988762
633 MP 0.60 534/83 ¢ 1.35 0.04 50 Medium volatile bituminous 56787 5987324
634 MP 0.50 535/83 g 1.33 0.04 50 Medium volatile bituminous 56729 5987013
743-1 GC No.7 0.15 539/83 ¢ 1562 005 50 Low volatile bituminous 55364 5986778
7431 GC No.6  0.40 538/83 ¢ 1.54 0.04 50 Low volatile bituminous 55364 5986778
1006 GC No.8 0.50 456/83 ¢ 1.58 0.06 50 Low volatile bituminous 51771 5988926
(McEvoy Anticline)
1006 GC No.7 0.40 457/83 ¢ 1.67 0.06 50 Low volatile bituminous 51771 5988926
(McEvoy Anticline)
1006 GC No.6 0.60 458/83 ¢ 166 0.05 50 Low volatile bituminous 51771 5988926
(McEvoy Anticline)
GC - Grande Cache Mbr ¢ - channel sample S - standard deviation
MP - Mountain Park Mbr g - grab sample N - number of measurements

NIK - Nikanassin Fm *-- - seam partly covered
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itrinite reflectances, ASTM rank classes, locations and thicknesses, for No. 10 coal seam

Maximum Reflectance (%)

jtation Seam Thickness Sample Type ASTM rank Easting Northing
(m) Mean S N
49 10 *-- 531/83 g 1.40 0.04 50 Medium volatile bituminous 60122 5984471
64 10 *-- 348/83 g 1.43 0.05 50 Medium volatile bituminous 60875 5986501
214 10 - 385/83 g 1.44 0.04 50 Medium volatile bituminous 60116 5983891
217 10 2.00* 386/83 ¢ 1.44 0.05 50 Medium volatile bituminous 60259 5983757
219 10 1.00 392/83 c,u 1.39 0.05 50 Medium volatile bituminous 60439 5983672
219 10 2.40 391/83 ¢, 1.43 0.05 50 Medium volatile bituminous 60439 5983672
222 10 1.00* 393/83 ¢, 1.45 0.04 50 Medium volatile bituminous 60552 5983608
238 10 *-- 526/83 ¢ 1.41 0.04 50 Medium volatile bituminous 60450 5984266
245-1 10 *o- 523/83 ¢ 1.35 0.05 50 Medium volatile bituminous 60856 5983986
303 10 - 400/83 g 1.38 0.04 50 Medium volatile bituminous 60472 5983303
315 10 *-- 374/83 g 1.51 0.06 50 Low volatile bituminous 58918 5985510
322 10 - 341/83 ¢ 1.41 0.04 50 Medium volatile bituminous 60152 5986092
350 10 *-- 520/83 ¢ 1.40 0.05 50 Medium volatile bituminous 60618 5983065
368 10 0.45 508/83 c,u 1.42 0.05 50 Medium volatile bituminous 59835 5982788
368 10 0.10 507/83 c,m 1.42 0.04 50 Medium volatile bituminous 59835 5982788
368 10 2.70 506/83 c,l 1.45 0.05 50 Medium volatile bituminous 59835 5982788
374 10 *-- 516/83 g 1.43 0.06 50 Medium volatile bituminous 59262 5983090
523 10 ¥ 443/83 g 1.48 0.05 50 Medium volatile bituminous 56595 5984242
569 10 4.00* 546/83 @ 1.47 0.04 50 Medium volatile bituminous 57104 5986586
571 10 ¥ 541/83 g,u 1.47 0.06 50 Medium volatile bituminous 57019 5986549
571 10 1.50 542/83 g, 1.43 0.04 50 Medium volatile bituminous 57019 5986549
602 10 - 450/83 g,u 1.48 0.05 50 Medium volatile bituminous 58738 5986869
653 10 2.75 469/83 ¢ 1.45 0.06 50 Medium volatile bituminous 58631 5987391
661 10 2.20* 482/83 c,m +| 1.44 0.05 50 Medium volatile bituminous 58659 5987589
664 10 *-- 485/83 ¢ 1.46 0.05 50 Medium volatile bituminous 59747 5987314
748 10 *-- 537/183 ¢ 1.42 0.06 50 Medium volatile bituminous 55187 5986726
825 10 3.30 497/83 c,m 1.50 0.05 50 Low volatile bituminous 56714 5989018
825 10 1.10 496/83 c,l 1.53 0.04 50 Low volatile bituminous 56714 5989018
1007 10 1.40 453/83 c,u 1.59 0.06 50 Low volatile bituminous 50505 5989763
1007 10 1.80 455/83 c,l 1.56 0.05 50 Low volatile bituminous 50505 5989763
(McEvoy Anticline)
1008 10 1.20 463/83 ¢ 1.54 0.05 50 Low volatile bituminous 50755 5989584
(McEvoy Anticline)
1010 10 *-- 550/83 g 1.35 0.05 50 Medium volatile bituminous 59954 5977994
(Grande Mtn)
*_ . seam partly covered g - grab sample | - lower portion S - standard deviation

s - sheared coal

¢ - channe!l sample

m - middle portion

u - upper portion

N - number of measurements
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Appendix C. (continued)

Vitrinite reflectances, ASTM rank classes, locations and thicknesses, for No. 11 seam

Maximum Reflectance (%)

Station Seam Thickness Sample Type ASTM rank Easting Northing
(m) Mean S N

18.1 11 1.25 358/83 c,u 1.44 0.04 50 Medium volatile bituminous 58997 5985531
18.1 11 1.15 357/83 c,u 1.38 0.05 50 Medium volatile bituminous 58997 5985531
18.1 11 0.20 356/83 c,m 1.42 0.05 50 Medium volatile bituminous 58997 5985531
18.1 11 0.75 355/83 ¢l 1.46 0.05 50 Medium volatile bituminous 58997 5985531
18.2 1 1.30 362/83 c,u 1.50 0.04 50 Low volatile bituminous 58997 5985531
18.2 11 1.10 361/83 c,u 1.46 0.04 50 Medium volatile bituminous 58997 5985531
18.2 11 0.20 360/83 c,m 1.42 0.06 50 Medium volatile bituminous 58997 5985531
18.2 11 1.30 359/83 ¢l 1.49 0.04 50 Medium volatile bituminous 58997 5985531
48 11 hEs 6§32/83 ¢ 1.38 0.04 50 Medium volatile bituminous 60122 5984489
65 11 1.50 349/83 c,u 1.42 0.07 50 Medium volatile bituminous 60957 5986562
65 11 1.00 350/83 ¢c,l 1.44 0.05 50 Medium volatile bituminous 60957 5986562
72 11 0.40 343/83 c,u 1.45 0.04 50 Medium volatile bituminous 60149 5986062
72 11 0.68 342/83 ¢, 1.42 0.05 50 Medium volatile bituminous 60149 5986062
215 11 0.45 382/83 c,u 1.40 0.05 50 Medium volatile bituminous 60131 5983928
215 11 0.40 383/83 c,m 1.40 0.04 50 Medium volatile bituminous 60131 5983928
215 11 0.50 384/83 ¢, 1.39 0.05 50 Medium volatile bituminous 60131 5983928
216 11 1.25 387/83 c,u 1.40 0.04 50 Medium volatile bituminous 60268 5983791
216 11 1.50 388/83 ¢l 1.40 0.04 50 Medium volatile bituminous 60268 5983791
216 11 0.40 389/83 ¢l 1.36 0.05 50 Medium volatile bituminous 60268 5983791
216 11 1.00 390/83 c,l 1.38 0.04 50 Medium volatile bituminous 60268 5983791
223 11 ¥ 394/83 g 1.39 0.04 50 Medium volatile bituminous 60594 5983587
239 11 - 525/83 ¢ 1.37 0.04 50 Medium volatile bituminous 60518 5984291
245 11 *-- 524/83 g 1.39 0.04 50 Medium volatile bituminous = 60862 5983965
246 11 - 522/83 ¢ 1.356 0.05 50 Medium volatile bituminous = 60853 5983907
305 11 h 401/83 ¢ 1.34 0.04 50 Medium volatile bituminous 60533 5983315
321 11 1.20 353/83 g,m 1.40 0.05 50 Medium volatile bituminous 59954 5986062
349 11 *-- 521/83 gl 1.32 0.04 50 Medium volatile bituminous = 60704 5983078
369 11 - 509/83 g 1.38 0.04 50 Medium volatile bituminous 59841 5982755
375 11 * 517/183 ¢ 1.36 0.06 50 Medium volatile bituminous 59223 5983035
570 11 ¥ 544/83 ¢ 1.43 0.05 50 Medium volatile bituminous = 57080 5986626
570 11 h 545/83 @ 1.43 0.05 50 Medium volatile bituminous 57080 5986626
584 11 h 543/83 ¢ 1.40 0.05 50 Medium volatile bituminous 57132 5986790
601 1 1.24 448/83 c,u 1.39 0.05 50 Medium volatile bituminous 58448 5986839
601 11 0.95 449/83 ¢, 1.50 0.05 50 Low volatile bituminous 58448 5986839
623 11 1.40 488/83 c,u 1.39 0.04 50 Medium volatile bituminous 59604 5988890
623 11 0.85 489/83 ¢,l 1.41 0.05 50 Medium volatile bituminous 59604 5988890
654 1 1.15 470/83 c,u 1.43 0.04 50 Medium volatile bituminous 58583 5987412
654 1 0.15 472/83 ¢, 1.42 0.04 50 Medium volatile bituminous 58583 5987412
659 11 1.40 483/83 c,u 1.34 0.05 50 Medium volatile bituminous 58586 5987644
659 11 0.30 484/83 ¢, 1.41 0.05 50 Medium volatile bituminous 58586 5987644
769 11 *e- 498/83 g 1.46 0.04 50 Medium volatile bituminous 56367 5987692
1009 11 1.50 459/83 g,u 1.54 0.10 50 Low volatile bituminous 50565 5989647

(McEvoy Anticline)

*— - seam partly covered

g - grab sample
¢ - channel sample
s - sheared coal

u - upper portion
m - middle portion
| - lower portion

S - standard deviation
N - number of measurements
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Fauna species Formation/Member Easting Northing
Dunveganoceras sp. Kaskapau 57848 5982151
Inoceramus athabaskensis Dunvegan 57430 5987635
Elliptio sp. Mountain Park 56525 5987699
Unio sp.
Lioplacodes bituminus Mountain Park 59357 5982383
Unio douglassi Grande Cache 60216 5983117
Murraia (?)
Murraia naiadiformis Grande Cache 58637 5984571
Unio (?)
Murraia naiadiformis Grande Cache 57348 5983712
Unio douglassi
Ostrea sp. Torrens 58061 5990006
Protocardium sp.
Melania sp. Gladstone 58516 5985105
Eupera onesta
Pentacrinus sp. Nikanassin 50335 5985184
Flora species Formation/Member Easting Northing
Ptilophylum sp. Grande Cache 63173 5982953
Elatides curvifolia
Elatides sp.
Pityophyllum nordenskjoldi Grande Cache 56855 5986570
Nilsonia canadensis

Stratigraphic Distance from
Trace fossil species Formation/Member section base of section
Teichichnus sp.
Palaeophycus sp.
Thalassinoides sp.
Lockeia sp.
Rhizocorallium sp. Gladstone 81-2 122 m
Muensteria sp.
Diplocraterion sp.
Arenicolites sp.
Planolites sp.
Skolithos sp.
Diplocraterion sp.
Palaeophycus sp. Gladstone 81-1 13 m
Skolithos sp.
Planolites sp.
Arenicolites sp.
Skolithos sp. Moosebar 81-1 75m
Planolites sp.
Arenicolites variabilis
Diplocraterion sp. Torrens 81-1 120 m
Teichichnus sp.
Skolithos sp.
Diplocraterion sp. Mountain Park 814 282 m

Skolithos sp.
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Appendix D. (continued)

Stratigraphic Distance from

Microfossil species Environment Formation/Member section  base of section
Foraminifera:
Hippocrepina (?) sp. Shailow Grande Cache 81-8 115 m
Miliammina (?) sp. brackish marine
Miliammina (?) sp. Shallow Grande Cache 81-3 83 m
brackish marine
Ostracoda:
Cytheridea bonaccordensis Shallow Grande Cache 81-3 48 m
Loranger (?) brackish marine
Cytheridea bonaccordensis Shallow Grande Cache 81-1 142 m
Loranger brackish marine
Foraminifera:
Saccammina sp. Marine Moosebar 81-3 40m
Haplophragmoides sp.
Haplophragmoides sp.
Gaudryina tailleuri (Tappan) Marine Moosebar 81-1 51m
Discorbis norrisi Mellon and Wall
Haplophragmoides sp.A. Marine Moosebar 81-1 81m
Haplophragmoides sp.A.
Dentalina sp. Marine Moosebar 81-1 107 m
Saracenaria trollopei Mellon and Wall
Hippocrepina (?) sp. Possibly fresh Gladstone 81-1 11m
Thecamoebians: to brackish
Thecamoebian (?) A marine
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