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LITHOSTRATIGRAPHY OF THE
UPPERMOST CRETACEOUS (LANCE)
AND PALEOCENE STRATA
OF THE ALBERTA PLAINS

ABSTRACT

In Alberta relatively undisturbed nonmarine Cretaceous and Paleocene strata are preserved
as a westerly dipping homoclinical wedge of sediment east of the Rocky Mountain Foothills,
analogous to the molasse facies bordering the European Alps. This report describes the
lithology of the uppermost Cretaceous and Paleocene beds overlying a thick widespread
volcanic ashfall (Kneehills Member of the Edmonton Formation) which was deposited 65
million years ago. The post-Kneehills strata of the Alberta Plains are of considerable interest,
for during their deposition thick beds of coal were formed, the Rocky Mountains began to
emerge and dinosaurs became extinct.

The nomenclature of the post-Kneehills strata is revised by placing the lower boundary of
the Paskapoo Formation at the top of the Kneehills Member of the Edmonton Formatior in
central Alberta and by lowering the base of the Ravenscrag Formation to the top of the Battle
Formation in southeastern Alberta. The redefined Paskapoo and Ravenscrag Formations thus
become equivalent to the Willow Creek Formation of southwestern Alberta and now include
the Lance-equivalent beds and the Cretaceous - Tertiary transition. Evidence is presented to
show that the Porcupine Hills Formation is much more extensive than formerly mapped and
that it overlies the Paskapoo Fommation in the vicinity of the Bow River. This discovery dates
the thrust-folded foothills structures as an intra-Paleocene event.

Analysis of the cross stratification in the post-Kneehills strata indicates that a significant
change in paleoslope took place between the deposition of the Paskapoo and Porcupine Hills
Formations. A shift in the source area from a dominantly volcanic terrain in the interior of
British Columbia in late Cretaceous and eardy Paleocene time to a dominantly sedimentary
terrain in northem Montana during late Paleocene time is postulated to account for the change
in detrital composition of the sandstones with time.

Most of Upper Cretaceous and Paleocene sandstones are subgreywackes or greywackes.
Sandstones of the Paskapoo and Ravenscrag Formations are composed of detrital quartz, chert,
volcanic and non volcanic rock fragments, and minor amounts of clastic carbonates. The heavy
mineral assemblage is dominated by first-cycle grains of euhedral biotite, zircon, apatite,
epidote and hornblende. Most common among a rich and varied series of intergranular
authigenic minerals are clay minerals (montmorillonite, chlorite, kaolinite), zeolites
(clinoptilolite) and carbonates (calcite). However, the bulk chemical composition of these
sandstones is remarkably uniform, the most notable feature being the high alumina content and
the predominance of soda over potash.

The Porcupine Hills Formation sandstones are composed of detrital quartz, chert,
nonvolcanic rock fragments and clastic carbonates. The heavy mineral assemblage is a residual
suite of small abraded grains of zircon, tourmaline and apatite. In contrast to the Paskapoo and
Ravenscrag Formations, only three common intergranular mineral cements are present; quartz
kaolinite and calcite. The bulk chemical composition of the Porcupine Hills Formation
sandstone is characterized by a low alumina and high lime contents, and the predominance of
potash over soda.
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INTRODUCTION

In the Plains of central and southern Alberta, the upper part of the Cretaceous
and the overlying Paleocene sections consist of a thick succession of nenmarine
strata which has been divided into a number of mappable units. In the southern
Plains and adjacent Foothills three formational units are recognized on the basis of
differences in gross lithology. However, in the central Plains, where exposures are
generally poor, and the gross lithology of the beds is more similar, the only
subdivision of the near-surface bedrock succession that can be consistently made is
based upon the presence of a thin but widespread tuffaceous, bentonitic interval 20
to 50 feet thick, variously known as the “mauve shale”, or “member D” of the
Edmonton Formation (Ower, 1960). Thin silicified layers of diagenetic origin
within this interval have been called the “Kneehills tuff” (Sanderson, 1931), it is
for this reason that the unit is referred to as the Kneehills Member in this report.

This report deals with the lithology of the strata overlying the Kneehills
Member in the Alberta plains (Fig. 1). The distribution of these strata is shown on
Map 32 (in pocket). The largest area underlain by these rocks covers 36,000 square
miles marginal to the Rocky Mountains on the southwest, extending from a few
miles below the Intemational Boundary northward for a distance of about 500
miles to latitude 55 degrees. It varies in width from a few miles in the south to
about 140 miles in north-central Alberta, narrowing to zero again near the
Alberta-British Columbia boundary in the north. Outliers of correlative strata are
f--ind in the Hand Hills in east-central Alberta and in the Cypress Hills straddling

Alberta-Saskatchewan boundary 40 miles north of the United States border.

The post-Kneehills stratal of the Alberta Plains have a homoclinal structure,
dipping 30 feet per mile to the west beneath a land surface sloping at an average of
10 feet per mile to the east (Figs. 2, 3). The strata thus form a wedge of sediment
which thickens uniformly to the west to where it is abruptly cut off by thrust
faults. West of this boundary Mesozoic and Tertiary strata are deformed into a
complex series of thrust-folded structures which form a belt about 25 miles wide in
front of the Rocky Mountains. In subsequent discussion the area underlain by the
homoclinal strata is referred to as the Plains and the disturbed belt is called the
Foothills.

The post-Kneehills strata of Alberta are of considerable economic and academic
interest, for during their deposition thick beds of coal were formed, the Rocky
Mountains began to emerge and dinosaurs became extinct. This last-named fact has
encouraged geologists to search for the Cretaceous-Tertiary boundary within these
strata and has resulted in a great deal of confusion between time units and rock
units in this succession of beds. It is one of the objectives of this study to redefine

The term “post-Kneehills” as used in this report encompasses the extensive uppermost
Cretaceous and lower Tertiary rock units of the Alberta plains, but not the several Tertiary
units, largely gravel, capping the Cypress and Hand Hills, and other similar erosional
remnants.
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the boundaries of the rock units above the Kneehills Member in conformity with
the code recommended by the American Commission on Stratigraphic
Nomenclature (1961). The other objective is to relate changes in lithology within
the succession of beds to the emergence of the Rocky Mountains.

Sampling Locations

Most of the sandstone samples for this study were taken from outcrops of
post-Kneehills rocks south of the Athabasca River (Map 32). Only two samples
were obtained from the area north of this river. The large area underlain by
post-Kneehill rocks south of the Athabasca River has been divided for convenience
into smaller areas to facilitate discussion of the petrographic data in relation to the
local stratigraphy (Fig. 1). The Edmonton area includes the upper parts of the
North Saskatchewan and Athabasca River drainage basins. Similarly, the Red Deer
area covers the upper part of the Red Deer River drainage system, and the Calgary
area the upper part of the Bow River drainage basin. The Porcupine Hills area
includes all the post-Kneehills strata of the Plains south of the Calgary area and is
dominated by the Porcupine Hills, which rise to an elevation of nearly 6,000 feet
adjacent to the Foothills. The Cypress Hills area refers to the high plateau area in
southeastern Alberta and adjacent Saskatchewan underlain by strata of late
Cretaceous and Tertiary ages. The locations of the outcrop samples are listed in
appendix B. In addition to the geographic coverage obtained through outcrop
sampling, stratigraphic control was provided by a core drilling program. Two
coreholes were drilled in central Alberta to depths of 507 and 1,000 feet,
respectively, and additional core material was obtained through damsite
investigation surveys.

The first corehole was drilled in 1965 to a depth of 507 feet; it is located on a
high bedrock ridge 32 miles southwest of Edmonton, near the northwest end of
Wizard Lake (Map 32). The drill entered the Kneehills Member at a depth of 321
feet and penetrated another 180 feet into the Edmonton Formation. The well was
drilled to provide information on the Edmonton-Paskapoo contact and to obtain a
suite of rock samples across the inferred location of the Cretaceous-Tertiary
boundary for palynological examination. A list of sample locations from this well is
given in appendix B and a lithologic log in appendix C.

The second corehole is located on an outcrop of the Porcupine Hills Formation
about 9 miles north of the City of Calgary (Map 32) and was drilled to get
information on the boundary between the Porcupine Hills and Paskapoo
Formations. Unfortunately, this boundary was not crossed before the projected
depth of 1,000 feet was reached; data from logs of nearby oil wells indicate that the
hole finished approximately 600 feet above the Kneehills Member. A list of sample
locations for this well is given in appendix B and a lithologic log in appendix C.

Some core recovered from a series of shallow holes drilled during the
preliminary investigation of a potential damsite on the McLeod River was made
available to the Research Council by the Water Resources Division of the Alberta
Department of Agriculture. These holes were drilled in the valley of the McLeod
River, 11 miles southwest of the town of Whitecourt (Map 32). Locations of
samples are given in appendix B and the lithologic logs in appendix C.
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Previous Work

The foundation of our knowledge of the geology of the uppermost Cretaceous
and Paleocene strata in the Alberta Plains was provided by the publication of G.M.
Dawson’s (1883) observations on the geology of the Bow and Belly Rivers region in
southwestern Alberta. Soon after R.G. McConnell (1885) published a remarkably
accurate map of the Cypress Hills area, which included a cross section of
post-Kneehills strata known today as the Frenchman, Ravenscrag, and Cypress Hills
Formations. As settlement progressed and more accurate topographic maps became
available, a series of detailed geological surveys were made of the southern Plains of
Alberta and Saskatchewan. The results of these surveys are reported in publications
of the Geological Survey of Canada by Dowling (1917), Williams et al. (1928),
Williams and Dyer (1930), Fraser et al. (1935), Russell and Landes (1940), and
Furnival (1946). The most recent account of the geology of this region is given in
the Guidebook to the Cypress Hills area prepared for the Fifteenth Annual Field
Conference of the Alberta Society of Petroleum Geologists (Zell, 1965; Crockford
and Clow, 1965; Irish, 1965). An interpretation of the structural relationships
between the strata of the Plains and Foothills in southern Alberta based on
geophysical and drilling data is given by Bossort (1957).

In central Alberta where the glacial drift is thicker, outcrops less numerous and
formation boundaries more obscure, slower progress has been made. In 1887, J.B.
Tyrrell published a geologic map and a full description of the sedimentary strata of
central Alberta. Subsequent field mapping in this area was conducted mainly by
members of the Department of Geology, University of Alberta, and results
published in reports of the Research Council of Alberta and the Geological Survey
of Canada (Allan, 1919; Rutherford, 1928, 1939a, b, c; Allan and Sanderson,

1945).

Since the discovery of the Leduc oilfield in central Alberta in 1947, many
hundreds of wells have been drilled through nonmarine upper Cretaceous and
Tertiary strata. In spite of this activity, few samples or cores of these strata are
available for study, and little attention has been given to these rocks by oil company
geologists. However, many electric and radioactivity logs of the beds below well-
casing depths of approximately 600 feet are available and, from these, it is possible
to establish that the Kneehills Member exhibits a characteristic response on the
mechanical logs which can be recognized in wells over most of the Plains area. On
this basis, using the Kneehills Member as a marker bed, Elliot (1960) and later Irish
and Havard (1968) constructed structure contour maps which show that the Upper
Cretaceous and Tertiary strata in front of the Foothills are preserved in a thrust-
faulted, homoclinal structure (Fig. 2). At the same time Ower (1960) re-examined
the classic outcrop sections of the Edmonton Formation along the Red Deer River
in east-central Alberta and divided the formation there into five members which he
correlated via intervening subsurface sections with exposures along the North
Saskatchewan River. Some of the units he defined have been included on
preliminary maps of the Plains area prepared by the Geological Survey of Canada
(Irish, 1967; 1968 a, b, c). Campbell (1962) also has discussed the boundaries of
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the Edmonton and Paskapoo Formations in central Alberta, basing his findings
partially on subsurface data.

The western boundary of the Tertiary strata of the Plains has been mapped in
detail at a number of places by the Geological Survey of Canada (Hume, 1931,
1942, 1949; MacKay, 1939; Hume and Hage, 1941; Hage, 1945; Lang, 1947; Irish,
1947; Douglas, 1950; Erdman, 1950).

Comprehensive accounts of the geological history of the Upper Cretaceous and
Tertiary rocks of Western Canada are given by Williams and Burk (1964) and Taylor
et al. (1964).

Correlations between nonmarine rocks of Late Cretaceous and Tertiary age of
Western North America have been based largely on vertebrate remains. The results
of studies of vertebrate fossils in the Cretaceous-Tertiary strata of Western Canada
are found in publications of Russell (1926a, 1928, 1929a, 1930a, b, 1932b, 1940,
1948, 1951, 1957, 1965a), Simpson (1927), Sternberg (1947, 1950, 1951),
Clemens and Russell (1965), and Lillegraven (1969). Freshwater invertebrate
fossils also are abundant in the Upper Cretaceous and Tertiary rocks of Alberta,
but they are of less stratigraphic value than the vertebrates. Nevertheless, large
invertebrate fossil collections have been made and numerous publications on this
subject are available: Whiteaves (1885, 1887), Russell (1926b, 1929b, 1931),
Warren (1926), and Tozer (1953). Freshwater algal and ostracode fossils in the
Willow Creek and Porcupine Hills beds have been studied by Germundson (1965).
Fossil leaves and plants have been identified by Berry (1926, 1935) and Bell (1949).
Recently, palynological investigations of strata at or near the Cretaceous-Tertiary
transition in central Alberta have been made by Srivastava (1967) and Snead (1969).

Little has been published on the petrography of the Cretaceous and Tertiary
rocks of Alberta. Lerbekmo (1964) studied the distribution of heavy minerals in
the Edmonton Formation outcrops along the Red Deer River valley and found
hornblende and epidote to be rare below and abundant above the Kneehills
Member. In the strata above the Kneehills Member epidote and hornblende were
absent from the lowermost 100 feet (below the Ardley coal); epidote only was
present in the next 100 feet or so of strata, and both epidote and hornblende were
abundant in the sandstones above the upper Ardley coal. Lerbekmo (op. cit.) noted
that the first appearance- of epidote in this section coincided approximately with
the Cretaceous-Tertiary time boundary, however, the more extensive data collected
for this report (Fig. 20) suggest that the distribution of epidote and hornblende in
the basal post-Kneehills strata is more erratic than previously suspected. The heavy
minerals in equivalent strata in Saskatchewan were studied by Fraser et al. (1935),
and some features of the authigenic cements of the Alberta sandstones were
investigated by Carrigy and Mellon (1964). Recently, Nelson (1968) made a
petrographic study of the St. Mary River, Willow Creek and Porcupine Hills
sandstones in the Gulf Spring Point 24 well. Radiometric age dating of the
Kneehills Member has been attempted by Ritchie (1960) and Folinsbee et al.
(1961, 1965).



CRETACEOUS-TERTIARY LITHOSTRATIGRAPHY 7

Studies of the economic potential of post-Kneehills rocks are included in
reports of the Canada Department of Mines and the Research Council of Alberta.
The suitability of the sandstones for building purposes was investigated by Parks
(1916), and the clay resources of the Cypress Hills area were surveyed by Crockford
(1951). Reports on the coal resources within the post-Kneehills strata of the Plains
have been published by Pearson (1959, 1960), Campbell and Almadi (1964), and
Campbell (1967). In the Foothills, partly correlative strata were mapped by Allan
and Rutherford (1923, 1924) and Rutherford (1925, 1926, 1927, 1928).

The groundwater potential of areas underlain by the Porcupine Hills and
Paskapoo Formations has been evaluated by Farvolden (1961), Meyboom (1961),
Jones (1962), and Téth (1966, 1968).
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STRATIGRAPHY

Terminology

The first subdivision of the Upper Cretaceous and Tertiary strata of the
Alberta Plains was made by G.M. Dawson (1883). Dawson gave the name “Porcu-
pine Hills series” to the massive crossbedded sandstones with scattered shaly
layers that outcrop in the Porcupine Hills of southern Alberta, naming the under-
lying beds which outcrop extensively in the plains surrounding the Porcupine
Hills the “Willow Creek series” (Table 1). Both series, together with the underlying
“St. Mary River series”, were correlated with beds of Laramie age in western
United States.

In central Alberta, Tyrrell (1887) proposed the name ‘Paskapoo series” for the
beds overlying the “Edmonton series”, placing the lower boundary of the Paskapoo
series at the top of the “big coal seam™ which outcrops in the Red Deer River valley
about the middle of range 24, west of the 4th meridian, and in the North
Saskatchewan River valley near Goose Encampment in range 4, west of the Sth
meridian. Tyrrell based his subdivision of the strata on the thesis that the
Edmonton beds are a coal-bearing series containing dinosaur remains, and therefore
of Cretaceous age, whereas the overlying Paskapoo series is non-coal-bearing and
non-dinosaur-bearing, and therefore Tertiary in age. Tyrrell correlated the Paskapoo
with Dawson’s Porcupine Hills and Willow Creek series and all but the lowest 700
to 900 feet of the St. Mary River series.

One of the most useful contributions to the Upper Cretaceous stratigraphy of
the Alberta Plains was the recognition of a widespread volcanic “ash> bed in the
upper part of the Edmonton Formation (Sanderson, 1931). Sanderson traced this
bed, which he called the Kneehills tuff, from the vicinity of Drumheller to Ardley
in the Red Deer River valley and also recognized it in the Cypress Hills, 160 miles
to the southeast. The “tuff” is hard, microcrystalline, siliceous bed or beds seldom
more than 9 inches thick intercalated among bentonitic brown shales at the top of
Allan and Sanderson’s (1945) “middle member” of the Edmonton Formation.

Allan and Sanderson (1945) divided the Edmonton outcrops along the Red
Deer River valley into three informal members: an “upper member”, with a
thickness of 200-240 feet, extending from about 100 feet above the “big coal
seam” of Tyrrell (1887) to the top of the dark shale carrying the Kneehills tuff;a
middle member, with a thickness of 300 feet, extending from the top of the dark
shale to the top of the Drumheller marine tongue; and a “lower member”, 600 feet
thick, which includes all of the strata between the top of the Drumheller marine
tongue and the marine Bearpaw shale.

It was not until 1960 that the Edmonton Formation was re-examined in the
field and subdivided into five members (Ower, 1960). In this subdivision a
“Kneehills tuff zone” is defined and called “member D”; this unit comprises the
dark bentonitic shale enclosing the tuff, as well as locally intercalated basal white
shales and shaly sandstones. That part of the Edmonton Formation above the zone
and below the Paskapoo Formation is called “member E” (Table 1). Members A to
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C are found below the tuff zone and need not be considered further in this report.

In the Cypress Hills of the southem Plains, the Laramie beds of McConnell
(1885) were named the Ravenscrag Formation by Davis (1918), which
subsequently was divided into upper and lower units (Fraser et al., 1935). Furnival
(1946) proposed the name Battle Formation for the dark brown bentonitic shales
of the upper unit containing the Kneehills tuff of Sanderson (1931) and suggested
the name Frenchman Formation for the lower Ravenscrag of Fraser et al. (ibid).

The history of the terminology of post-Kneehills strata in the Alberta Plains is
summarized in table 1.

In the Foothills and western Plains regions, where the Kneehills marker bed has
not yet been recognized, only a rough approximation of the strata equivalent to the
post-Kneehills beds of the central Plains can be made. In the central Foothills they
were called the Saunders Group by Allan and Rutherford (1923). However,
apparently no literature exists to support the application of the name “Saunders
Group” to strata along the Embarras and McLeod Rivers, as shown on the 1951
geological map of Alberta (Geol. Surv. Can., 1951). This usage appears to be a
compromise in the resolution of an error in earlier mapping of this area
(Rutherford, 1928) in which the strata in question were placed in the Edmonton
Formation. These rocks are now known to belong to the upper part of the
Paskapoo Formation.

Descriptions of Formations

Southwestern Alberta

St. Mary River Formation

The St. Mary River Formation lies between the marine Bearpaw Formation and
the nonmarine Willow Creek Formation, outcropping in southwestern Alberta in
the St. Mary and Oldman River valleys. It is 1500 feet thick on the Oldman River in
the Plains, and 2,500 feet thick in the Foothills to the west. The formation consists
of alternating greenish sandstones and siltstones. The sandstones are
medium-grained, massive rocks with a calcite cement, and the siltstones are soft and
poorly bedded. The moliuscan fauna is distinctive, indicating deposition in fresh
and brackish water environments (Russell and Landes, 1940).

The St. Mary River Formation is correlated with the pre-Kneehills portion of
the Edmonton Formation by Tozer (1956). Tozer also found the Whitemud- and
Battle-equivalent beds of the Cypress Hills section in the St. Mary River Formation
outcrops on the Oldman River and subsequently placed the upper boundary of the
formation in the Plains at the top of the Battle-equivalent beds.

Willow Creek Formation

The Willow Creek Formation outcrops in the southwestern Alberta Plains from
the Alberta - Montana border north to township 14 (Map 32). It consists of inter-
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bedded bentonitic shale and soft sandstone.The lower part of the formation is
predominantly. shale with sandstone beds becoming more numerous and thicker in
the upper part. The bentonitic shale contains small white calcite concretions and is
mottled with a red coloration, giving the outcrops a characteristic appearance which
serves to distinguish them from the overlying and underlying formations. The lower
boundary of the Willow Creek Formation is placed by Tozer (1952) at the top of
Kneehills - equivalent (or Battle - equivalent) beds discovered by him in the Oldman
River valley near the center of Sec.25, Tp. 10, R. 25, W. 4th Mer. The upper
boundary with the Porcupine Hills Formation appears to be transitional due to the
similarity in lithology between sandstones above and below the assumed boundary.
Structural and geophysical data, however, suggest that the contact is
disconformable.

The Willow Creek beds have been deformed along the axis of an asymmetrical
synclinal structure, with steeply dipping beds on the west side of the Porcupine
Hills and gently dipping beds on the east side of the Hills (Fig. 3). Bossort (1957)
cites geophysical and drilling data to show that the Willow Creek beds are cut bya
low angle thrust plane which does not enter the overlying Porcupine Hills
Formation (Fig. 3, Sec. J-K); this supports the field evidence of Douglas (1950)
which showed an erosional contact between these two formations.

The thickness of Willow Creek strata as measured in outcrop varies from 4,135
feet in the Foothills on the west side of the Alberta Syncline (Tozer, 1953), to
1,200 feet on the flat-lying eastern limb (Russell and Landes, 1940). About 3,300
feet of Willow Creek strata were penetrated in the Gulf Spring Point 2 —~ 4 well
drilled near the axis of the Alberta Syncline; 2,600 feet in the B.A. Willow Creek
5—12—-14-30 well drilled 25 miles to the north; and over 2,000 feet in the Qilwell
Operators ef al. Nanton 8-28—16—29 well on the eastern limb. The well data does
not support the contention of Douglas that the Willow Creek Formation thins
rapidly to the north but suggests that it occupies a distinct structural basin, which is
separated from the more northerly and larger structural basin occupied by the
Paskapoo Formation. The sill or platform separating the two basins is in the
Calgary-Bow River area where the Willow Creek-equivalent beds are thinnest
(Map 32, Fig. 2). However, the change in lithofacies from Willow Creek to Paskapoo
aspect seems to take place south of the structural divide, being evident in outcrops
in the vicinity of the town of Nanton.

According to Tozer (1953), the Willow Creek Formation in the Foothills has
two distinct molluscan faunas: the lower beds contain a Lance (uppermost
Cretaceous) fauna and the upper beds contain a Fort Union (Paleocene) fauna. On
the east side of the syncline, the lower Willow Creek beds are devoid of molluscan
fossils.

Russell (1932a) believed the Willow Creek Formation to be thinner on the east
side of the Alberta Syncline and the upper Cretaceous-equivalent beds missing there
because no dinosaur remains had been found in the lower part of the formation.
Later, Russell (1965b) attempted to reconcile the data by postulating a period of
erosion between the deposition of the St. Mary River and Willow Creek beds.
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However, both problems seem to have been resolved, the first by the drilling data
mentioned above which indicates that the Willow Creek beds do not thin
appreciably in an easterly direction, and the second by the discovery of dinosaur
remains in the Willow Creek - equivalent beds in Montana, on the east side of the
syncline (Russell, 1968).

Porcupine Hills Formation

The Porcupine Hills are a prominent topographic feature in southwestern
Alberta rising from the Plains at an elevation of 3,300 feet to a maximum elevation
of 5,800 feet. Qutcropping extensively in these hills is a series of crossbedded
sandstones and calcareous bentonitic shales called the Porcupine Hills Formation.
In the Gulif Spring Point 2—4 well, located near the southern end of the hills at an
elevation of 4,793 feet, the boundary between the Porcupine Hills and Willow
Creek Formations was intersected at an elevation of 3,000 feet. In the B.A. Baysel
5—12--14--30 well, toward the northern end of the hills, the boundary is estimated
to be at an elevation of 2,983 feet. In R.C.A. Corehole 66—1, 9 miles north of
Calgary, the base of the formation is below 2,975 feet. The maximum preserved
thickness of the formation is probably in the order of 3,000 feet, but because the
upper boundary is an erosion surface, the original thickness cannot be determined.

Structurally, the Porcupine Hills beds form an asymmetrical syncline with 25
degree dips to the east on the western limb and low dips to the west on the eastern
limb (Fig. 3). The boundary between the Willow Creek and Porcupine Hills beds is
discussed in the preceding section; the evidence favors an erosional contact of
undetermined magnitude.

In the type area the Porcupine Hills beds contain abundant freshwater
molluscan remains of Paleocene age, which have been correlated with a similar
assemblage in the upper part of the Paskapoo Formation by Tozer (1956). Dawson
(1883) believed the beds in the Porcupine Hills to be equivalent to those
outcropping in the Bow River valley near Calgary, whereas Tozer (1956) arbitrarily
defined all Paleocene beds north of township 13 in western Alberta as Paskapoo,
thus obscuring the true relationship between the Porcupine Hills and Paskapoo
Formations. The recognition of the extension of the Porcupine Hills Formation to
the area north of Calgary means that a reassessment of the paleontological data in
this area will be necessary, for many of the vertebrate fossil localities in the vicinity
of Calgary (Russell, 1929a) formerly assigned to the Paskapoo will now be in the
Porcupine Hills Formation.

Southeasterm Alberta

Frenchman Formation

The name Frenchman was given by Fumival (1946) to a crossbedded,
medium - grained, sandstone unit, containing ZTriceratops remains, which is
lithologically distinct from the overlying Ravenscrag beds in Saskatchewan. In
Alberta no lithologic distinction between Frenchman- and Ravenscrag-equivalent
beds is possible and the name should not be used for the lower Ravenscrag
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succession. There is an extensive unconformity at the base of the formation which
brings these beds into contact with the Battle, Whitemud and Eastend Formations
in different areas (McLearn, 1928).

Ravenscrag Formation

The Ravenscrag Formation outcrops in the Cypress Hills plateau of
southeastern Alberta, where it consists of buff and grey, medium-grained,
crossbedded sandstone. This lithology contrasts with the fine-grained, silty,
carbonaceous beds of ‘the type area on Ravenscrag Butte in southwestern
Saskatchewan. In Alberta the Ravenscrag Formation contains molluscan remains of
Paleocene age (Russell and Landes, 1940; Russell, 1965a).

Cypress Hills Formation

A bed of conglomerate capping the Cypress Hills plateau in Alberta and
Saskatchewan has yielded vertebrate remains of early Oligocene age (Cope, 1891;
Lambe and Osborn, 1902; Lambe, 1908; and Russell, 1934). The bed is relatively
thin (50 to 100 feet) in Alberta but thickens to 250 feet or more to the east in
Saskatchewan (Vonhof, 1965). The Cypress Hills Formation rests unconformably
on the Ravenscrag Formation.

West-Central Alberta

Edmonton Formation

The Edmonton Formation underlies a large area in the central Alberta Plains,
being best exposed along the North Saskatchewan River in the vicinity of the City
of Edmonton, and along the Red Deer River valley in the vicinity of Drumheller.
The formation varies in thickness from 1,100 to 1,700 feet, consisting of fresh- and
brackish-water, fine-grained sandstones and silty shales, thick coal seams, and
numerous bentonite beds. Siderite nodules and siderite-cemented beds are
abundant, and the formation is renowned for its dinosaur remains. The lower
boundary of the formation is diachronous and transitional with marine shales of the
Bearpaw Formation, but the upper boundary with the lithologically similar
Paskapoo Formation is poorly defined. Ower (1960) has divided the Edmonton
Formation into five members labelled from A at the base to E at the top of the
formation. The only units of Ower that are of concern here are members C, D
and E,

The term Kneehills Member is applied to the 20 to 50 foot thick unit of black
to brown, mauve-weathering tuff and tuffaceous shale called member D by Ower
(1960), underlain by the white-weathering, light grey, argillaceous sandstones of
member C, and overlain by bentonitic sandstones and greenish bentonitic shales of
member E (Table 1). The unit is most widely recognizable on electric logs by its
prominent smooth, lower than average resistivity curve, which contrasts with the
higher resistivity of the usually accompanying sandstones.

“Kneehills tuff” was the term applied by Sanderson (1931) to the thin hard
silicified tuff bands that are distributed through the poorly indurated tuff and
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tuffaceous shale of the Member; on the other hand Irish and Havard (1968) applied
the term “Kneehills Tuff zone” to encompass both the dark tuff and tuffaceous
shale unit and the underlying whitish argillaceous sandstone. Recognition of the
volcanic ash nature of the Kneehills Member verifies its isochronous character and
also accounts for its extremely wide distribution in the Alberta Plains region.

Both the overlying member E and the underlying member C contain sandstone
units and bentonitic shales, as well as thick coal seams in many places. Member E
contains the extensively developed Ardley Coal interval, and the lower part carries
triceratopsian vertebrate faunas.

The upper boundary of the Edmonton Formation has been only obscurely
defined; the resolution of this problem is essential for the clarification of the
post-Kneehills stratigraphy of the Alberta Plains. Tyrrell (1887) placed the
boundary between the Paskapoo and Edmonton Formations at the “big coal seam”
on the North Saskatchewan and Red Deer Rivers, but subsequent work (Campbell,
1962) has revealed the presence of a rather diffuse coaly interval in this part of the
section, and identification of the “big coal seam” is not always possible. This
difficulty is even more pronouced to the south, on the Bow River, where coal seams
are absent from apparently equivalent strata.

When mapping the Red Deer and Rosebud sheets in east-central Alberta, Allan
and Sanderson (1945) used six physical criteria to separate the Edmonton from the
Paskapoo Formation. They are:

(1) the widespread distribution and uniformity of Edmonton strata;

(2) the abundance of bentonite in the Edmonton Formation and absence of
it in Paskapoo strata;

(3) the minutely and locally conglomeratic nature of the basal Paskapoo
sandstone and its highly oxidized condition at the contact with the
Edmonton Formation;

(4) the lower 300 feet of the Paskapoo Formation is composed
predominantly of coarse quartzose sand, whereas the Edmonton is
uniformly fine grained and the sands are feldspathic;

(5) the Edmonton strata weather in rounded slopes, whereas the Paskapoo
(coarse-grained basal sandstones) form sheer cliffs;

(6) the color and degree of induration (or lithification) are different.

Using these criteria, Allan and Sanderson (1945) described the
Edmonton-Paskapoo contact as a disconformity. However, Ower (1960)
re-examined the localities listed by Allan and Sanderson where the disconformable
contact could be observed and concluded that there is no evidence of widespread
erosion of the Edmonton Formation beds before deposition of the Paskapoo
Formation. Subsurface correlations (Elliot, 1960) also indicate that there was
continuous deposition in the western Plains during late Cretaceous and Paleocene
times.

The writer agrees with Ower’s conclusion that there is no major single period of
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erosion within the postKneehills strata of the westemn Plains. The many minor
disconformable contacts in these strata are typically associated with fluviatile
continental sedimentation, in which channeling precedes deposition in an otherwise
continuous succession, and the significance of these minor disconformities has been
exaggerated. None of the six criteria for differentiating the Paskapoo from the
Edmonton, listed by Allan and Sanderson (1945) has proved to be reliable for
mapping purposes, it is for this reason that previous workers have failed to find a
consistent lithological boundary between the Paskapoo Formation and the
post-Kneehills portion of the Edmonton Formation.

The Edmonton Formation ranges in age from late Campanian through
Maestrichtian.

Paskapoo Formation

The Paskapoo Formation, which overlies the Edmonton Formation in central
Alberta, comprises a series of nonmarine sandstone, bentonitic shales, lignites, and
conglomerate. It outcrops extensively in the area adjacent to the Rocky Mountain
Foothills and forms the surface bedrock over a large area of the western Plains
north of the City of Red Deer. The thickness varies from zero at the erosional edge
in the Plains to 3,000 feet adjacent to the Foothills belt. The upper boundary of
the formation is an erosion surface.

The Paskapoo Beds are preserved in an asymmetrical syncline or modified
homocline (Figs. 2, 3). Steeply dipping Paskapoo strata have been observed at many
places adjacent to the Foothills, but only low westerly dips are present over most of
the Plains region.

The formation contains an abundant freshwater molluscan fauna together with
fossil plants and mammalian vertebrate remains of Paleocene age.

Hand Hills Formation

A rock unit consisting of dark shales, marl, and thin conglomerate beds similar
in appearance to the Cypress Hills Formation occupies a small area on the summit
of the Hand Hills east of the City of Drumheller. Russell (1957, 1958) collected a
horse bone from these beds which suggests a Pliocene age for this deposit.

Cretaceous-Tertiary Boundary

Geologists working in the Alberta Plains have hoped that the
Cretaceous-Tertiary boundary would coincide with a marked discontinuity in the
strata, above which the only vertebrate remains would be mammalian and below
which they would be dominantly saurian. Similarly, paleobotanists have hoped that
the Cretaceous-Tertiary boundary would be marked by a significant change in the
floral succession.

Allan and Sanderson (1925, 1945) believed that they had found such an

unconformity in the post-Kneehills succession of central Alberta, but the existence
of a widespread break in sedimentation at this level has not been confirmed by later
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workers. There is no doubt, however, that a major change in the fossil fauna and
flora takes place within the Willow Creek Formation of southern Alberta and
within the upper part of the Edmonton Formation (as defined by Allan and
Sanderson) of central Alberta. During the time interval covered by the deposition
of these formations, dinosaurs became extinct and mammals became dominant.
Support for an hiatus in the fossil record was given by Russell (1932a) who noted
that no Lance (late Cretaceous), Puerca (early Paleocene), or Torrejon (middle
Paleocene) fossils had been found in Alberta to that time. Subsequently, a Lance
fauna was identified in strata above the Kneehills Member in the Red Deer River
valley (Stemberg, 1947). This same interval has since yielded a rich Lance
mammalian fauna (Clemens and Russell, 1965; Lillegraven, 1969) but convincing
evidence of vertebrate faunas of early and middle Paleocene ages is still missing in
the Alberta Plains (Russell, 1965a). Faunas of the Clarkforkian stage (late
Paleocene) are well represented in Porcupine Hills Formation-equivalent beds
around Calgary (Russell, 1929a). Recently, (Fox, 1968), a fossil mammal jawbone
of probable Middle Paleocene (Torrejon) age was found in core from R.C.A. well
66-1 at a depth of 720 feet (elevation 3255 feet) also in Porcupine Hills
Formation-equivalent strata.

Tozer (1953) could find no break in sedimentation at the inferred level of the
Cretaceous-Tertiary transition on the Oldman River in southern Alberta, although
he postulated an unconformity between the Edmonton and Paskapoo Formations
on the Bow River because of the absence of Lance-equivalent vertebrates in the
lower 300 feet of the post-Kneehills strata. Campbell and Almadi (1964), who did
extensive shallow drilling for coal in this area, found no evidence of a widespread
unconformity between the Edmonton and Paskapoo beds and suggested that the
absence of saurian remains might be due to a change in environment, for the coal
seams so characteristic of this interval in the Red Deer River valley also are absent.
The sandstones in this section on the Bow River are rich in volcanic detritus and
contain detrital epidote and hornblende as do Lance-equivalent beds on the Red
Deer River. However, the age of these strata and the presence of a post-Kneehills
unconformity in the succession along the Bow River valley must remain
problematical until fossil evidence is unearthed.

Recent work on the microfloral assemblages of the Edmonton and basal
Paskapoo beds in central Alberta has thrown new light on the position of the
Cretaceous-Tertiary boundary and the nature of the contact between the two
formations.

In R.C.A. Corehole 65-1, which was drilled 32 miles southwest of the City of
Edmonton, Snead (1969) delineated three microfloral zones. The lowest zone,
below the Kneehills Member, is Cretaceous (Maestrichtian); the uppermost zone,
above the Ardley coal interval, is Paleocene in age. The beds between the Kneehills
Member and the top of the Ardley coal interval (Lance - equivalent) constitute a
transitional microfloral zone which carries both Cretaceous and Tertiary forms.
Srivastava (1967), who studied this middle zone in the Red Deer valley, found a
prolific microflora representing pteridophytes, gymnosperms, and angiosperms and
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an abundance of Aquilapolienites.

The large number of volcanic ash beds in post-Kneehills strata are favorable to
the establishment of a chronology based on age determinations by radioisotope
methods. The age of the Lance - equivalent beds at a number of localities has been
estimated by the geochronology group at the University of Alberta (Folinsbee et
al, 1961). The results of this work are summarized by Folinsbee et al. (1965), who
estimate that the last ceratopsian dinosaur in Alberta died 64*1 million years ago.

An alternative placement of the Cretaceous-Tertiary boundary at the end of the
Paleocene is advocated by Patterson (1965).

Proposed Revision of the Post-Kneehills Stratigraphic Nomenclature

It is evident from a review of the literature that there is considerable difficulty
in correlating the nonmarine uppermost Cretaceous and Paleocene rock units in
various parts of central and southern Alberta on the basis of existing formational
boundaries. The major difficulties associated with this problem are:

(1) the similarities in gross lithologies and the lack of widespread marker
beds, as demonstrated by the controversy over the position and nature of
the Edmonton-Paskapoo contact in the central Plains and the difficulties
involved in tracing the formational units in southwestern Alberta north
of the Bow River; and

(2) the scarcity or lack of diagnostic fossils in many parts of the succession,
and hence the difficulty in defining the Cretaceous-Tertiary boundary
with respect to rock units.

Detailed evaluation of the paleontological problems, including the position of
the Cretaceous-Tertiary boundary, is outside the scope of this report, but the
problem of defining and correlating rock unit boundaries can be partly overcome if
it is accepted that the top of the Kneehills Member is the natural position for the
upper boundary of the Edmonton Formation in the central Plains (Table 2). It is
widely accepted that the Kneehills Member and the equivalent Battle Formation in
southeastern Alberta are parts of a single, widespread volcanic ashfall, and hence
time equivalents (Irish and Havard, 1968). It is also widely recognized that the
Kneehills Member is the only marker bed in the uppermost Cretaceous succession
that can be used for surface and subsurface correlation throughout the Alberta
Plains (Fig. 3). By placing the upper boundary of the Edmonton Formation at this
level, the St. Mary River Formation of southwestern Alberta becomes the
equivalent of the Edmonton Formation of central Alberta, and the lower boundary
of the Paskapoo Formation in Central Alberta coincides with the lower boundary
of the Willow Creek Formation of southwestern Alberta. Similarly, the lower
boundary of the Ravenscrag Formation of southeastern Alberta should be lowered
to the top of the Battle Formation and the name Frenchman Formation restricted
to the Saskatchewan portion of the Cypress Hills plateau.

Evidence is presented in subsequent sections of this report to show that the
Porcupine Hills Formation, which overlies the Willow Creek Formation in
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E. J. W. Irish (1970) proposed raising the Edmonton Formation to group status and
lowering the top of the Edmonton Formation to conform to the Paskapoo
Formation as defined in this Bulletin. In summary the Edmonton Formation as
used here is equivalent to the Edmonton Group (ibid.), the Kneehills Member is

equivalent to the Battle Formation (ibid.) and the Lance-equivalent beds of the
Paskapoo Formation are equivalent to the Scollard Member of the Paskapoo
Formation (ibid.). Recent nomenclature changes for the post-Kneehills strata have
been summarized by the author in an earlier publication (Carrigy, 1970).
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southwestern Alberta, also overlies the Paskapoo Formation on the Bow River.
Unfortunately, insufficient outcrops exist north of the Calgary area to map a
precise boundary between the Porcupine Hills and Paskapoo Formations, and the
northern extent of the Porcupine Hills Formation (Map 32) remains problematical.
In outcrops the Porcupine Hills Formation is characterized by calcareous siltstones
and hard, lenticular, crossbedded calcareous sandstones. The Paskapoo siltstones are
by contrast noncalcareous and highly bentonitic, and the Paskapoo sandstones are
softer and more massive. Nevertheless, considerable field experience is necessary to
recognize the differences between these formations, and petrographic studies of
thin sections of the sandstones are needed to confirm the field observations.

A summary of the proposed revision of the correlation and nomenclature of
the postKneehills strata of the central and southern Alberta Plains is given in table
2. With the boundary changes suggested in table 2, the Cretaceous-Tertiary
transition takes place within the lower parts of the Paskapoo, Willow Creek, and
Ravenscrag Formations. The available evidence suggests that the change in flora and
fauna takes place within a continuous succession of sedimentary strata and is not
marked by any catastrophic event or widespread unconformity. The revised
nomenclature, with the lower boundary of the Paskapoo Formation at the top of
the Kneehills Member (Battle Formation), is used throughout this report.
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CROSS-STRATIFICATION

Regional studies of the dip directions of foreset beds in cross-stratified
sandstone units within a formation can provide useful information about the
currents that carried the sand, the direction of sediment transportation, and the
paleoslope of the surface on which the sedimentary strata accumulated. When
directional data are summarized and mapped, this information can be combined
with changes in sandstone grain size and mineral composition to provide valuable
clues as to the source of the sediments and the conditions that prevailed during the
geological history of an area.

In the post-Kneehills succession of the Alberta Plains, only the Porcupine Hills
Formation has a sufficient number of cross-stratified sandstone beds to allow a
regional analysis of paleocurrents. In this unit it is uncommon to find a sandstone
bed without crossbedding, with the result that it is possible to obtain dip-direction
measurements at most Porcupine Hills Formation outcrops (Pl. 1, Fig. 1.
Unfortunately, cross-stratification is not a common feature of sandstones in the
underlying Paskapoo and Willow Creek Formations, and although some outcrops of
the Ravenscrag Formation are cross-stratified (P1. 1, Fig. 2), there are too few of
them to make possible a regional analysis of late Cretaceous paleocurrents in central
and southern Alberta. Nevertheless, the pre-Porcupine Hills formations seem to
show a pattern of dip directions that indicates that a significant change in
paleoslope took place during deposition of post-Kneehills strata.

In the Porcupine Hills Formation the sets of cross-strata have a curved lower
boundary and contain foreset beds with concave surfaces. Numerous sets
commonly are present within each outcrop (PL. 1, Fig. 1) and are probably best
described as medium scale trough-type (McKee and Weir, 1953). The sandstone
bodies in which the crossbedding occurs are lenticular in cross section, suggesting
deposition in well-defined channels. The sandstones are interbedded with siltstones
in which the repeated presence of thin fossiliferous, carbonaceous beds containing
freshwater gastropods is suggestive of deposition on a fluviatile floodplain covered
by numerous shallow lakes.

The Paskapoo and Ravenscrag cross-stratification is developed within thick,
friable, coarse-grained sandstones. The crossbedding is commonly on a larger scale
(PL. 1, Fig. 2) than in the Porcupine Hills Formation but outcrops in which the
cross-stratification can be measured are not as numerous. In the sandstone units of
the Paskapoo Formation, the lower surface is commonly ergsional, whereas the
other boundaries are ill-defined, sandstone grading laterally and vertically into silty
beds. Thin quartzite conglomerate beds of limited lateral extent may be present
within the sandstone bodies. Outcrops of sandstone reaching thicknesses of 50 to
60 feet and extending over distances of a mile or more are not uncommon. Thick
coal seams are interbedded with and sometimes cut by channels filled with
sandstone. In the lower part of the Paskapoo Formation, thick sandstones directly
overlie the coal seams at a number of localities. The environment during the
deposition of the Paskapoo is envisaged as an extensive subsiding swampy plain cut
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by broad drainage channels.

The dip - azimuth direction and slope of the cross-stratification for each
formation were measured at several stratigraphic levels at each locality. To get as
uniform a geographic coverage as possible, a sampling plan was adopted whereby no
more than 50 readings were taken per locality, and seldom more than 10 readings
per outcrop made up of one or two readings per set of cross-strata. All
measurements for strata tilted more than 10 degrees were restored to the horizontal
by use of a stereographic net. The 1,155 measurements were coded for calculation
of the vector means by computer. The vector means of the dip - azimuths were
calculated for each locality and for each formation.

The direction of the paleoslope deduced from 864 individual measurements at
19 localities for the Porcupine Hills Formation is 28 degrees and indicates a source
for the sediment in a direction just west of south. The estimated paleoslope
direction for the Paskapoo Formation derived from 140 measurements at five
localities is 108 degrees and suggests a westerly source for the sediment of this
formation. For the Ravenscrag Formation, in which only 51 measurements were
made at two localities, a northwesterly source for the sediment is postulated. The
mean paleocurrent direction for each locality is shown on figure 4, and a
summation of the directional data for each formation is stiown on figure 5.

Histograms showing the dip slope frequencies of the foreset beds in the
cross-stratified units of the three formations are shown in figure 6. The mean dips
range from 21.3 degrees in the Porcupine Hills Formation to 16.6 degrees in the
Paskapoo Formation. The average for the Paskapoo Formation is less than the range
of 18-25 degrees for crossbedded sandstones reported by Potter and Pettijohn
(1963, p. 79). Dips of the foreset bedding apparently in excess of the angle of
repose for sand ( 32°) are more numerous in the Porcupine Hills Formation than in
the Ravenscrag or Paskapoo Formations. This may be due to some error in
estimating the degree of rotation required to bring the beds back to the horizontal
and to neglect of correction for tectonic dips up to 10 degrees.

In summary, the Paskapoo and Ravenscrag Formations, which are correlative
on the basis of other evidence, show similarities in paleocurrent direction, the mean
direction of sediment transport being to the southeast. In contrast, the mean
direction of sediment transport for the Porcupine Hills Formation has a strong
northern component, which change in direction coincides with a marked change in
sandstone composition at this level, as described below. The Paskapoo and
Ravenscrag sandstones also show lower mean crossbedding (plane) dips, although
the seemingly higher dip values for the Porcupine Hills sandstones may be due to
errors in correcting for tectonic dips.
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FIGURE 5. Distribution of dip-azimuth directions of cross-stratification in the Porcupine
Hills, Paskapoo and Ravenscrag Formations.
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PETROGRAPHY
Sampling and Analytical Procedures
Sampling

A total of 260 sandstone samples of post-Kneehills strata were collected and
prepared for petrographic study, 89 from outcrops and 171 from corehole material.

Initially, sandstone samples were taken only at locations where crossbedding
measurements were obtained. In the Porcupine Hills Formation outcrop area of
southwestern Alberta this procedure provided adequate coverage, but in the central
and northern Plains, where outcrops are confined mainly to the deeper river valleys
owing to heavy vegetation and thick glacial drift, all sandstone outcrops regardless
of cross-stratification were sampled. Some of the sandstones collected in these areas
are finer grained than desired for thin section study. Even if these limitations were
ignored, it soon became obvious that the main objective of the study could not be
achieved by outcrop sampling, and two coreholes were drilled to obtain samples for
information on the vertical variability in sandstone composition.

The first of these was drilled in 1965, in Sec. 8, Tp. 48, R. 27, W. 4th meridian,
about 32 miles southwest of the City of Edmonton, to a depth of 507 feet. The
hole transected the basal beds of the Paskapoo Formation and upper portion of the
Edmonton Formation, including the Kneehills Member. The second corehole was
drilled in 1966 in Lsd. 2, Sec. 25, Tp.26, R.2, W. 5th meridian, about 9 miles north
of the City of Calgary, to a depth of 1,000 feet. The hole started and finished in
beds correlated with the Porcupine Hills Formation, the base of the cored section
being estimated at about 600 feet above the top of the Kneehills Member at this
locality. In addition to material from these two coreholes, 943 feet of core in the
lower beds of the Paskapoo Formation was obtained from nine closely spaced wells
in Sec. 33, Tp. 57, R. 13, W, 5th meridian on the McLeod River, about 100 miles
northwest of the City of Edmonton. In all, the total length of core sampled is 2,267
feet; descriptions of the wells are given in appendix C. All sandstone intervals in the
cored sections were sampled, those exceeding 10 feet in thickness being sampled at
5 -t0 10 - foot intervals.

The location of all samples are listed in appendix B, and the sampling localities
are shown on Map 32. Of the 260 samples collected, 79 outcrop samples and 44
core samples were selected for detailed petrographic analysis. The geographic and
stratigraphic distribution of these samples is given in table 3. Although the
distribution of samples among formations is uneven, a sufficient number of samples
has been collected to establish the main features of the sandstone composition for
each stratigraphic unit and to separate on the basis of sandstone composition the
Paskapoo Formation from the Porcupine Hills Formation in the Calgary area.
However, additional sampling is needed to establish the position of the boundary
between these two formations in the Red Deer area.
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Table 3. Geographic and Stratigraphic Distribution of
Analysed Post-Kneehills Samples

Porcupine Hills Calgary Red Deer | Edmonton | Cypress Hills
. Area Area Area Area Area
Formation

A B A B A B A B A B
Porcupine Hills 15 3 29 13 3 - - — - -
Paskapoo - - 10 3 14 2 47 13 - -
Willow Creek 4 — - - - - — — - —
Ravenscrag - - - - |- — - _ 1 1

A — Petrographic Analyses
B — Chemical analyses

Analytical Techniques

Most samples were thin sectioned and examined under the petrographic
microscope. All of the thin sections were scanned systematically to get an estimate
of their grain size and composition, many were stained with Alizarine Red-S to
distinguish calcite from dolomite (Friedman, 1959) and with sodium cobaltinitrite
to identify potash feldspar grains (Chayes, 1952).

The point-count technique used to determine composition is a modification of
the procedure outlined by Griffiths (1960); briefly, it consists of identifying the
grain or constituent under the crosshair at predetermined intervals. The main
purpose of point-counting a thin section of sedimentary rock is not to determine
the “mode” or relative proportions of minerals present but to get information
about the proportions of particles or grains derived from similar source rocks. It is
only in the estimation of the amounts of certain monomineralic constituents such
as cements or diagenetic minerals that the technique approaches the objective of a
modal analysis. It is seldom necessary to count between one and two thousand
points per sample, as is commonly done in the modal analysis of igneous rocks
(Chayes, 1956), to get a sufficiently precise estimate of the “composition” of a
sedimentary rock. In fact, 200 randomly distributed “points™ are considered
sufficient to estimate the relative abundance of the operational entities with a view
to identifying source terrains and to classifying sandstones as belonging to one or
other of petrographically dissimilar stratigraphic units. The results of the
point-count analyses are given in appendix D, table 12.

Even though most of the sandstone samples collected are friable and easily

disaggregated, any estimate of the grain size based on sieving would give a high
percentage of clay or “matrix” because of the ubiquitous presence of clay mineral
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cements. Estimates of the grain size were therefore made on thin sections under the
microscope. Two grains of each of the four most common framework constituents
(i.e. the transported elements) in each sample were measured under the microscope.
To ensure some degree of randomness in the measurements, a procedure was
adopted whereby the size of onme grain of each of the four constituents was
measured in turn as it came under the crosshairs. When one measurement had been
made on each constituent, the sequence of measurements was repeated. The grain
size estimates derived by this method have been found to be sufficiently precise to
be used for comparative purposes. The average of the eight measurements in each
thin section is the figure given under “grain size™ in table 12.

In addition to being thin sectioned, each sandstone was disaggregated and
washed through a sieve with 62-micron openings. The heavy mineral fraction was
separated from that portion of the sample retained on the 62-micron sieve, and the
—2-micron fraction of the sample passing the 62-micron sieve was used to make
oriented clay slides for X-ray identification of the clay minerals. The Paskapoo
sandstones are easily disaggregated in water, but many of the Porcupine Hills
Formation sandstones require treatment with dilute acetic acid before they can be
broken down.

The heavy mineral separation was made with tetrabromoethane (s.g. = 2.95)
and the heavy grains were mounted in aroclor (r.i. = 1.6) for identification. Each
grain mount was examined under the petrographic microscope and the nonopaque
heavy minerals identified. No attempt was made to make quantitative estimates of
the proportions of heavy minerals in each slide, but thorough searches were made
for certain index minerals such as epidote and hornblende, which appear to be
absent from the Porcupine Hills Formation heavy mineral suite.

The clay slides were scanned three times to get X-ray diffractograms of the
untreated, glycolated and heated states. The heat treatment consisted of placing the
sample in a furnace at 550° C for 30 minutes. The clay minerals were identified
from the reactions of their basal spacings to the ethylene glycol and heat
treatments. No attempt was made to identify clay mineral species or to make
quantitative estimates of their relative proportions. If zeolite peaks were present on
the X-ray diffractograms, or if zeolites were identified in thin sections, a separation
in a liquid of specific gravity of 2.3 was made, and the identification was confirmed
by analyzing the lighter fraction in an X-ray powder camera.

Grain Size

To get an unbiased estimate of the proportion of sandstone and siltstone in the
Paskapoo and Porcupine Hills Formations, the grain size of samples taken from all
available core material was measured in thin sections. Frequency histograms
constructed from this data (Fig. 7) show that the Porcupine Hills Formation is
comprised of 21 per cent fine-grained sandstone, 59 per cent very fine grained
sandstone, and 20 per cent siltstone, whereas the Paskapoo Formation is 10 per
cent medium-grained sandstone, 24 per cent fine-grained sandstone, 40 per cent
very fine grained sandstone, and 26 per cent siltstone. An unusual feature of both
formations is the virtual absence of beds of original clay-size sediment, that is,
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FIGURE 7. Percentage grain-size distributions of sandstones and siltstones from the
Porcupine Hills and Paskapoo Formations, as de termined from thin sections.

“shale” or “mudstone”. Thin beds of bentonite composed of montmorillonite
account for most beds that might be described in the field as “shale”.

The mean size of the sandstone samples selected for petrographic analysis is
0.19 mm for the Paskapoo Formation and 0.15 mm for the Porcupine Hills
Formation. The geographical distribution of the average grain size of individual
samples is plotted on figure 8 and gives no indication of any consistent difference in
average grain size between sandstones of the two formations.

The grain size distributions of each of the five types of the framework grains
show a marked difference between formations (Figs. 9, 10) but small differences
within each formation. The only effect of composition on grain size is the slight
difference in both formations in mean grain size between quartz, feldspar, and
clastic carbonate grains on the one hand and the chert and rock fragments on the
other hand. These data show that sorting during transportation has had no
measurable effect on composition and that diagenesis subsequent to deposition has
had little effect on the grain size of the framework constituents.
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Composition

During the petrographic examination of the sandstones, the operational
definitions listed below were adopted to divide the components of the rock into the
minimum number of mutually exclusive entities sufficient to establish the
mineralogical or petrographical composition of the textural elements of the rock.
The textural elements — grains, matrix and cement — are used in the sense of
Krynine (1948), and in many rocks a mineral may be present in all three textural
elements. For example, in the Paskapoo Formation sandstone the clay minerals
chlorite and montmorillonite are commonly present as altered volcanic grains, as a
detrital interstitial clay matrix, and as chemically precipitated cement.
Distinguishing among the textural elements in such a rock requires considerable
experience; errors in assignment are often unavoidable. In deciding whether
metasomatic replacement of grains has taken place, it is useful to recall that cement
plus matrix should not exceed the original amount of intergranular pore space,
which rarely exceeds 30 per cent of the total rock volume in an unconsolidated
sand.

Detrital Constituents

Detrital grains are distinguished by their “form” or “shape”, which is usually
indicative of some abrasion during transportation. Contacts with other grains are
sharp and well defined for the rigid grains, but some micas and plastic grains (such
as clay pellets and glauconite) may be bent or squeezed into the surrounding pore
space by intergranular pressure subsequent to burial. In some rocks plastic grains
may be so numerous as to form a groundmass or “matrix” between the more rigid
grains, a condition which reduces permeability and inhibits cementation.

Quartz and Quartzite

Because monocrystalline and polycrystalline grains of quartz exhibit similar
behaviour during sediment transportation and diagenesis, it is convenient to treat
them together as an operational entity and to refer to them collectively as
“quartzose grains”. Quartz grains are defined as clear grains with low birefringence,
very low relief, lack of cleavage, and undulose or sharp extinction. Quartzite grains
are coarsely crystalline aggregates of quartz with patchy extinction. These grains
also are referred to as polycrystalline quartz.

Slightly less than one third of the detrital material of the sandstones in the
post-Kneehills rock units in Alberta is comprised of quartzose grains. In the
southwestern part of the province the Willow Creek and Porcupine Hills Formations
average 33 and 32 percent quartzose grains respectively, whereas the Ravenscrag
and Paskapoo Formations of southeastern and west-central Alberta, respectively,
contain 30 per cent each. The variation in percentages of quartzose grains within
individual formations is large but the variation between formations is small (Fig.
11).

The grain-size distributions of the quartzose grains in the Paskapoo and
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Porcupine Hills Formation sandstones are shown in figures 9 and 10. As expected,
the quartzose grains show ranges and frequencies of sizes similar to those of their
respective detrital fractions and to those of the other detrital constituents.
Although insufficient samples are available to allow similar diagrams to be
constructed for the size distribution of quartzose grains in the Willow Creek and
Ravenscrag Formations, they probably are similar to that of the Paskapoo. It can be
seen from table S that there is a significant negative correlation between the
percentage of quartzose grains and “grain size” in the Porcupine Hills Formation,
indicating that the finer grained sandstones are more quartzose than the coarser
grained sandstones although no such correlation is present in the Paskapoo
Formation sandstones.

The shape of the quartzose grains is a function of size. In all of the fine-grained
and most of the medium-grained sandstones the quartzose grains are angular. Only
in a few of the coarsest (medium-grained) sandstones is there any evidence of
abrasion, although overgrowths on some of the monocrystalline grains in the
Porcupine Hills Formation rocks appear to have grown on rounded cores. Taken as
a whole, the quartzose grains in the post-Kneehills sandstones of Alberta show little
evidence of rounding.

Blatt and Christie (1963) have demonstrated that polycrystallinity and
undulatory extinction in quartz are not reliable indicators of the provenance of a
sedimentary rock. Nevertheless, the relative proportions of monocrystalline and
polycrystalline grains may provide some evidence as to the maturity of the
sandstones and might prove useful for correlation among post-Kneehills strata. The
number of quartzose grains showing a polycrystalline habit is obviously dependent
on the size of the grains. The first requirement is that the grains must be larger in
size than the individual crystals in the mosaic; thus it is to be expected that the
larger the grain size the higher will be the percentage of polycrystalline grains. To
get some idea of the proportions of polycrystalline grains in the post-Kneehills rock
units and the relations of these proportions to grain size, 50 quartzose grains were
classified in at least one fine- and one medium-grained sandstone from each
formation where possible. The results of this sampling are shown in table 4, from
which it can be seen that the Paskapoo Formation sandstones have the highest
proportion of polycrystalline quartz grains.

Chert

Chert is microcrystalline quartz. It has an abrasion resistance about equal to
that of quartzose grains but is more soluble and chemically reactive during
diagenesis. Little difficulty is experienced in distinguishing chert from fine-grained
quartzose grains, but some finely crystalline volcanic detritus (felsite) may be
included in this class. Detrital chert is given the status of an operational entity
because of its characteristic appearance in polarized light, which enables it to be
easily identified in thin sections and because of its value as an indicator of
provenance.

Many varieties of chert have been recognized in sedimentary rocks, but in the
post-Kneehills strata of Alberta the commonest form has a microcrystalline habit
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Table 4. Percentages of Quartz showing Polycrystalline Habit
in Post-Kneehills Sandstones

Number
Formation of Medium Fine
Samples Sand Sand
Porcupine Hills 4 41 12
Paskapoo 6 64 35
Willow Creek 2 - 17
Ravenscrag 2 28 15

which gives “pinpoint extinction” under crossed nicols. Other varieties, present in
smaller amounts, have a spherulitic or fibrous habit (chalcedony) or contain relict
fossil structures. Many of the chert grains have dolomite rhombs embedded in.
them, and some grains have been partially replaced by carbonate minerals.

Sandstones of the Porcupine Hills Formation show a significant negative
correlation between chert and clastic carbonate grains, but in the Paskapoo
Formation sandstones chert does not appear to be highly correlated with any other
constituent (Table 5).

On the average, chert is about three times as common in the detrital fraction of
the Porcupine Hills sandstones than in the Paskapoo sandstones. The average
frequency percentage of chert in the Porcupine Hills sandstones is 21.6 per cent
whereas the Paskapoo sandstones average 6.9 per cent. However, differences in
chert content between individual samples is large (Fig. 11), and the geographic
distribution appears to be independent of formation boundaries (Fig. 12). Thus,
chert is most common in the post-Kneehills strata of southwestern Alberta, where
the Willow Creek Formation sandstones average 32.3 per cent and the Porcupine
Hills Formation sandstones 30 per cent chert. In the Calgary area the Porcupine
Hills Formation averages only 18 percent whereas the Paskapoo Formation in this
area averages 10.3 per cent.

Because chert has a slightly lower specific gravity (2.60) than quartz, its average
grain size is slightly greater than that of the quartzose grains but the distribution of
sizes about the mean as shown in figures 9 and 10 is essentially the same as for the
quartzose grains. Table 5 shows that the percentage of detrital chert in most
samples is highly correlated with size, particularly in the Porcupine Hills Formation
where coarser-grained sandstones are composed of as much as 50 per cent chert,
whereas the finer-grained sandstones carry as little as 5 per cent. This relationship is
illustrated in figure 13 and can be compared with a similar diagram for the
Paskapoo sandstones (Fig. 14).

The chert grains in all of the post-Kneehills sandstones are predominantly
angular, although some abraded grains are found in the coarser-grained sandstones.
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Feldspars

Although feldspars are present in the post-Kneehills sandstones as mictolites
and lath-shaped phenocrysts in volcanic rock fragments as well as individual
feldspar grains, only the single crystal form is included in the point counts of this
entity. This restriction simplifies the operational procedure by reducing the
decision making to a minimum and increases the precision of the data, but the
actual quantity of feldspars in some sandstones may exceed the amount reported
under this heading by a considerable amount.

Single grains of feldspar are present in the detrital fraction of most sedimentary
rocks, the amount depending on the composition of the source rocks and the
subsequent depositional and diagenetic history of the raw detritus. Although
feldspar grains have an abrasion resistance similar to that of quartzose grains during
transportation, in certain high energy loci of deposition, such as beaches, they tend
to break up much more readily than quartz. Thus, many marine sandstones are
distinctly more quartzose than contiguous nonmarine (fluvial) sandstones.
Similarly, feldspars are more prone to alteration and replacement during diagenesis,
reacting with pore solutions to form various types of secondary clay minerals,
zeolites, and carbonates.

In spite of this propensity to mechanical breakup and chemical replacement,
the amounts and types of feldspars in sandstones can be used within limits to
interpret the composition and distribution of source rocks. In particular, the habit
and type of feldspars present in a sandstone can be valuable indicators of igneous
source rocks. For example, a high potash-feldspar (orthoclase) content suggests an
acid plutonic (granitic) rock source, a high anorthite content a basic source rock,
and the presence of sanidine and oscillatory zoned feldspars, a volcanic rock source.

The specific identification of feldspars in sediments is difficult because of the
wide range in size, the wide variation in composition, and the high degree of
alteration. Staining with a sodium cobaltinitrite solution (Chayes, 1952) helps to
distinguish between potash and plagioclase feldspars, but the method is not always
effective due to the presence of alteration products. Also the ratio of potash to
plagioclase feldspar can be estimated rather crudely by counting the number of
feldspar grains showing no twinning or simple twinning as distinct from grains
showing multiple lamellar (albite) twinning but the results of such counts are quite
inaccurate in many cases. No special effort has been made here to identify the types
of potash and plagioclase feldspars present although a few refractive index
measurements and the high soda content in the chemical analyses of the Paskapoo
sandstones suggest that most of the plagioclase in that formation is a high soda
(albite) variety.

In the post-Kneehills sandstones the feldspar grains are commonly angular
cleavage fragments; only S per cent show any evidence of rounding. About half of
the feldspar grains show well-developed cleavage traces and about half of the grains
have been altered in some way. The most common form of alteration gives a cloudy
appearance to the grains in thin sections which is probably due to incipient
serjcitization or kaolinization. Other grains are altered to chlorite or zeolite, but
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there is little evidence of replacement by calcite cement. In general grains showing
albite twinning are fresher in appearance than untwinned grains.

The average proportion of feldspar grains in the detrital fraction of sandstones
from the Paskapoo, Ravenscrag, and Willow Creek Formations is fairly constant at
about 10 per cent, which contrasts with an average of only 2.6 per cent in the
Porcupine Hills Formation sandstones. The total feldspar content is one of the
features which distinguishes the Porcupine Hills Formation from older formations,
as indicated in figure 11. With few exceptions samples containing less than 5 per
cent feldspars fall in the area mapped as Porcupine Hills Formation (Fig. 15).

Because of the relatively small number of feldspar grains counted, only the
total feldspar contents of the samples are given in table 12. However, cursory
examination of the distribution of feldspar types suggests both geographic and
stratigraphic variation in the proportions of untwinned (potash) and twinned
(plagioclase) feldspar exist in the post-Kneehills strata. In southwestern Alberta
(Porcupine Hills and Willow Creek Formations) potash feldspar is dominant,
whereas in west-central (Paskapoo Formation) and southeastern Alberta
(Ravenscrag Formation) plagioclase is more common than potash feldspar. Also, in
west-central Alberta the upper Paskapoo Formation sandstones appear to have a
higher proportion of potash feldspar than the lower Paskapoo sandstones. These
generalizations are based on rather limited evidence; it will require much more
sampling and detailed study of the feldspars in these rocks to confirm these
observations.

The average grain size of feldspars in the post-Kneehills sandstones is similar to
that of the quartzose grains (Figs. 9, 10), but in contrast to the quartzose grains
there is no correlation between sample grain size and feldspar content. This absence
of correlation must be due to the relatively small percentages of feldspar grains in
the detrital fraction and to the large variation in feldspar content between samples.

Also, unlike the quartzose grain content the feldspar content of the
post-Kneehills sandstones is not highly correlated with that of any other detrital
constituent (Table S) and in fact, the only petrographic entity with which feldspar
content shows a moderate degree of correlation (r=0.519), is the distribution of
calcite cement in the Porcupine Hills Formation sandstones. The significance of this
relationship is obscure but it does indicate indirectly that feldspar is not being
replaced by calcite in this formation.

Rock Fragments

The presence of abundant rock fragments in a sandstone is considered to be a
sign of “immaturity” and is one of the features commonly used for sandstone
classification. Feldspar and rock fragments are referred to collectively as labile
constituents and are used by Pettijohn (1957) in defining greywackes as those
sandstones containing more than 25 per cent labile constituents and more than 15
per cent interstitial “matrix”. Sandstones containing more than 25 per cent labile
constituents and little or no matrix are called subgreywackes by Pettijohn (op. cit.)
and lithic wackes by Gilbert in Williams e al. (1954).

The term rock fragments is, like most other terms used in point-counting
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petrographic entities, a convenient label. In this case it is applied to a group of
sandstones grains of heterogeneous mineral composition and texture, specifically
excluding monomineralic rock fragments such as chert, quartzite, and clastic
carbonates. Because of the variety of source rocks contributing to this category, the
problem is to devise a minimum number of groupings that will have sufficient
genetic significance and that will be applicable to all of the post-Kneehills
sandstones. The most basic and perhaps the most useful subdivision of rock
fragments is to classify them as sedimentary, metamorphic and igneous. Even this
elementary objective is not always attainable and nongenetic, but mutually
exclusive classes, may become an operational necessity.

Rock fragments are derived from source rocks by erosion and may be of local
or distant origin. On the one hand those derived from a distant source will be from
rocks most resistant to weathering and abrasion and thus not representative of the
less resistant source rocks. Detrital material of local origin on the other hand is
commonly incorporated into the sandstones before it is lithified and the original
granular form is destroyed by compactive forces which squeeze the plastic grains
into the interstitial space between the rigid grains to form a groundmass or
“matrix”. This phenomenon is perhaps more common than is generally recognized
(Melion, 1967) and is certainly recognizable in some of the post-Kneehills
sandstones.

For the post-Kneehills sandstones a twofold subdivision of the rock fragments
into volcanic and nonvolcanic classes has been adopted to facilitate point-counting
and to provide a basis for stratigraphic subdivision. The percentages of the two
types of rock fragments in the post-Kneehills sandstones are given in table 12.

Volcanic rock fragments (P 2) are recognized by the abundance of aligned
feldspar laths, by the presence of subequant feldspar phenocrysts in a felsitic
groundmass or by complex feldspathic intergrowths. Some grains of volcanic origin
have been altered to montmorillonite or chlorite and can be easily misclassified as
“matrix” whereas other cryptocrystalline grains (felsite) may be confused with
chert. Nonvolcanic rock fragments include siltstones composed of quartz grains
embedded in a clayey groundmass. Low rank metamorphic rocks — slates and
phyllites — are probably represented by grains of foliated micromica with varying
amounts of quartz. Opaque or cryptocrystalline grains with microlamination are
classed together with the siltstones as sedimentary rock fragments. Others, without
lamination, are classed simply as nonvolcanic rock fragments.

Volcanic rock fragments are most common in the Ravenscrag and Paskapoo
Formation sandstones, where they comprise about 10 per cent of the detrital
grains. In the Porcupine Hills and Willow Creek Formation sandstones, volcanic
rock fragments are rare, averaging less than 1 per cent of the detrital grains in the
Porcupine Hills sandstones and less than 2 per cent in the underlying Willow Creek
sandstones. The differences in volcanic detritus content between the Paskapoo and
overlying Porcupine Hills sandstones has considerable stratigraphic value in the
Calgary and Red Deer areas but is of little value in differentiating the Porcupine
Hills and Willow Creek Formations in the Porcupine Hills area (Fig. 16).

The percentage of volcanic rock fragments shows significant correlations with
the percentages of quartzose and clastic carbonate grains in the Paskapoo
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sandstones and with clastic carbonates in the Porcupine Hills sandstones (Table 5).
The correlations are negative and may in part be due to the use of percentage data,
from which it follows that an increase in the proportion of one constituent involves
a concomitant decrease in the percentage of one or more of the other detrital
constituents.

Nonvolcanic Rock Fragments are second only to quartzose grains in
abundance. In the Paskapoo and Ravenscrag sandstones, the nonvolcanic rock
fragments average close to 30 per cent, whereas in the Willow Creek and Porcupine
Hills sandstones they average about 20 per cent. The geographic distribution of
nonvolcanic rock fragments content (Fig. 17) does not follow the formation
boundaries but resembles the regional northern and southern lithofacies pattern
displayed by the distribution of volcanic rock fragments and chert.

In addition to differences in the total nonvolcanic rock fragment contents of
the post-Kneehills sandstones, the ratio of sedimentary to metamorphic rock
fragments shows marked variation between formations of equivalent stratigraphic
position. For example, in southern Alberta grains of sedimentary origin outnumber
those of metamorphic origin by a ratio of 5 to 1 in sandstones from the Willow
Creek Formation, whereas in west-central Alberta the stratigraphically equivalent
Paskapoo Formation sandstones contain two metamorphic grains for every
sedimentary rock fragment. Within the Paskapoo Formation there is an wpward
increase in thé number of metamorphic grains as evidenced by the high
metamorphic rock fragment content of the Paskapoo Formation sandstones near
the Foothillls. The relative abundance of sedimentary, metamorphic and volcanic
contributions to the rock fragment content of the post-Kneehills sandstones can be
summarized as follows:

Paskapoo Formation: metamorphic > volcanic > sedimentary
Ravenscrag Formation: volcanic > sedimentary > metamorphic
Willow Creek Formation: sedimentary > volcanic > metamorphic
Porcupine Hills Formation:sedimentary > metamorphic > volcanic.

The average grain size of the rock fragments in the Paskapoo and Porcupine
Hills sandstones is slightly greater than those of the quartzose and feldspar grains,
the size distribution being similar to that of the chert grains (Figs. 9, 10). The
fragments show little evidence of abrasion, and many of the softer grains have been
squeezed by compactive forces. As a result they occupy much of the interstitial
pore volume, thus reducing the overall porosity and permeability of the sandstones.

Clastic Carbonates

Included in this class are fragments of limestone and dolomite which were
transported and deposited together with the other detrital constituents of the
sandstones. The minerals calcite and dolomite, which make up the bulk of the
clastic carbonate grains, are relatively soft and soluble and therefore are rarely
found in the detrital fraction of sandstones that have been through more than one
depositional cycle.
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Carbonate grains are easily identified in thin sections by the change in relief on
rotation of the slide, extreme birefringence, and perfect rhombohedral cleavage.
Although parallel lamellar twinning is diagnostic of calcite, considerable difficulty is
experienced in distinguishing between single grains of calcite and dolomite in thin
sections, and staining is recommended for ease of identification in point-counting
(Friedman, 1959). For this study the thin sections were stained with Alizarine-Red
S, which gives calcite crystals a red coating and leaves the dolomite crystals clear.
The small amount of siderite also believed to be present in the sandstones, was
counted as dolomite. The clastic carbonate contents of the sandstones are reported
as one entity (CO3) in table 12.

In the post-Kneehills sandstones clastic carbonate grains are mainly present as
polycrystalline aggregates or as single rhombohedral cleavage fragments (P1. 3, Fig.
2; PL 4; PL. 8, Fig. 2). Most of the carbonate grains have been abraded and, in
contrast to the other detrital grains, show varying degrees of rounding.

Carbonate grains are most abundant (17%) in the uppermost post-Kneehills
sandstones of southwestern Alberta (Porcupine Hills Formation) and least abundant
in the lowermost post-Kneehills sandstones of southeastern Alberta (Ravenscrag
Formation). In central and southwestern Alberta sandstones from
Ravenscrag-equivalent beds (Paskapoo and Willow Creek Formations) average 5 and
7 per cent clastic carbonate respectively.

The geographic distribution of clastic carbonate grains in the post-Kneehills
sandstones shows a general increase in amount from east to west and from north to
south (Fig. 18). There appears to be no marked change in clastic carbonate content
at the formation boundaries but an increase in the volume of clastic carbonate from
the oldest to the youngest strata is evident. This increase is illustrated by the well
data (Fig. 11) which shows a low but erratic distribution in the lower part of the
Paskapoo Formation in R.C.A. Corehole 65-1 and a uniformly higher percentage in
the Porcupine Hills Formation in R.C.A. Corehole 66-1. Concomitant with the
increase in total clastic carbonates is an increase in the number of limestone
fragments. For example, in the lower Paskapoo sandstones dolomite grains are
twice as abundant as calcite grains, whereas they are about equal in number in the
Porcupine Hills sandstones of southwestern Alberta and the upper Paskapoo
sandstones of central Alberta.

The percentage of clastic carbonate grains shows a significant positive
correlation with pore space in sandstones of the Porcupine Hills Formation and
significant negative correlations with the percentages of rock fragments and
volcanic rock fragments in sandstones of the Paskapoo Formation (Table 5). The
correlation between clastic carbonates and pore space may be geologically
significant, but the negative correlations with the rock fragments in the Paskapoo
sandstones probably arise from use of percentages in the analyses.

The grain-size distributions of the clastic carbonate grains in the Paskapoo and
Porcupine Hills Formation sandstones (Figs. 9, 10) are similar to those of the
quartzose grains. However, in the Porcupine Hills Formation the clastic carbonate
content of the sandstones shows a significant negative statistical correlation with
grain size (Table 5) which indicates that clastic carbonates are on the average more
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abundant in the finer-grained sandstones than in the coarser-grained sandstones.
This correlation should be compared with the high positive correlation between
chert content and grain size in the same formation. If it is assumed that chert and
clastic carbonates are derived from the same source rocks, then it can be deduced
from these correlations that the chert fragments were sorted out and deposited in
coarser-grained sands than the limestone and dolomite fragments.

Micas

Detrital micas are not commonly present in large quantities in sandstones; thus,
they are regarded as accessory minerals. Micas occur in a variety of forms in
sedimentary rocks, but for point-counting purposes they are defined as
monocrystalline flakes which in transverse section have an elongated shape, perfect
basal cleavage, and high birefringence. A threefold subdivision into colorless,
brown, and green varieties is convenient, the colored flakes exhibiting pleochroism
with maximum absorption parallel to the cleavage. These subclasses do not have
strict mineralogical relevance, but they are believed to approximate to muscovite,
biotite, and chloritized biotite. In heavy mineral separations the colored varieties
(biotite) sink and the colorless varieties (muscovite) float, thus lending some
substance to the belief that different colors denote different micaceous minerals.

Because of their flaky habit micaceous minerals exhibit a different hydraulic
behaviour to the other detrital minerals, which results in accumulation of thin
micaceous layers at the water sediment interface. These layers become the bedding
planes in sedimentary rocks. In a sandstone, mica flakes have two dimensions
significantly greater than the other detrital grains and because of this they are
commonly deformed by differential intergranular pressures and squeezed into
pores. Kink banding induced by extreme pressure is frequently encountered in
deformed biotite flakes in sandstones.

Micas in sedimentary rocks can be derived from granites, or schists, in which
case they are transported to the site of deposition by water, or they can be derived
from volcanic ejecta, in which case they may be airborne most of the way to the
site of deposition. Mica of pyroclastic origin is mainly biotite and is recognized by
its hexagonal outline and inclusions of apatite. Water-transported mica commonly
has a rounded or ragged shape.

In the post-Kneehills sandstones all three colored varieties of mica are present.
The colorless and brown mica flakes have a fresh appearance, whereas the green
variety shows alteration products and may represent the first stage in the alteration
of biotite to chlorite. Between 10 and 20 per cent of the biotite flakes in the heavy
mineral grain mounts exhibit hexagonal faces, which suggests that they are of
volcanic origin.

Because of the small amounts of micas present and their erratic distribution
within sandstones due to sorting, only total mica counts are shown in table 12. The
stratigraphic distribution of micas is shown in figure 11 from which it can be seen
that they are most abundant in the Paskapoo Formation and least abundant in the
Porcupine Hills Formation. The average mica content of the Paskapoo and Willow
Creek Formation sandstones is 1.5 per cent, and the Porcupine Hills Formation
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FIGURE 19. Sample frequency distribution of heavy minerals in sandstones of the Porcupine
Hills and Paskapoo Formations.

sandstones average less than 0.5 per cent. Some sandstones in the lower part of the
Paskapoo Formation contain as much as 8 per cent mica, and in these the flakes are
more equidimensional in transverse sections due to greater thickness. Insufficient
data are available to map the distribution of the varieties of detrital mica but
preliminary counts on a number of thin sections indicate that brown mica is the
most common variety in the Porcupine Hills Formation, whereas green and brown
varieties predominate in the Willow Creek and Ravenscrag Formations and colorless
and brown varieties in the Paskapoo Formation.

Heavy Minerals

Accessory ‘“heavy” minerals (s.g. >2.9) are a minor constituent in sandstones,
but because of their widespread distribution and their resistance to erosion and
abrasion, they are useful for identification of source rocks and for stratigraphic
correlation. The assemblage of heavy minerals in a sedimentary rock is ultimately
derived from igneous and metamorphic rocks and is concentrated by a process of
sorting, based on weight and size, in the finer sand-size fraction. The first cycle of
erosion of an igneous rock releases a suite of stablé and unstable heavy minerals in
the form of cleavage fragments and single crystals; however, after passing through
several cycles of erosion only a few resistant stable minerals remain.

The high specific gravity of heavy minerals causes them to be concentrated by
currents into depressions and along bedding planes. This erratic distribution within
a sandstone body makes fluctuations in the proportions of heavy mineral species
difficult to interpret; nevertheless, heavy mineral assemblages can be of great
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assistance in correlation and provenance studies when used in conjunction with
other petrographic data.

The most common nonopaque heavy minerals in each formation of the
post-Kneehills stratigraphic units are listed below in alphabetical order:

Porcupine Hills Paskapoo Willow Creek Ravenscrag
Apatite Apatite Apatite Apatite
Biotite Biotite Biotite Biotite
Chlorite Chlorite Chlorite Chlorite
Chloritoid Chloritoid Epidote Epidote
Garnet Epidote Garnet Garnet
Rutile Garnet Sphene Hornblende
Sphene Hornblende Tourmaline Rutile
Staurolite Kyanite Zircon Tourmaline
Tourmaline Rutile Zircon
Zircon Spherie

Tourmaline

Zircon

There is little difference in the minerals present in the four formations except
for the absence of epidote and homblende from the Porcupine Hills Formation
sandstones. However, examination of the nonopaque heavy mineral fractions of the
post-Kneehills succession shows that two distinct suites are present. The Porcupine
Hills Formation heavy mineral suite is characterized by abundant, well-rounded
zircon, tourmaline, and apatite, whereas the Paskapoo Formation suite is
dominated by euhedral biotite, zircon, and apatite together with epidote and
hornblende. The Porcupine Hills suite is comprised of resistant, second-cycle, stable
heavy-mineral grains, and the Paskapoo suite is an unstable assemblage derived from
a volcanic source.

Apart from the difference in habit and abundance of nonopaque heavy minerals
common to both suites, the most significant difference is in the distribution of
epidote and hornblende. A bar diagram showing the sample frequency distribution
of heavy minerals in sandstones of the two formations is shown in figure 19.
Epidote is present in 46 of 53 sandstones from the Paskapoo Formation but in only
6 out of 40 sandstones from the Porcupine Hills Formation. Similarly, hornblende
is present in half of the Paskapoo Formation sandstones and absent from all of the
Porcupine Hills Formation sandstones.

A map showing the distribution of epidote and hornblende (Fig. 20) based on
outcrop samples, indicates how closely the distribution of these two minerals
corresponds to the formation boundaries established by field lithologic criteria. One
notable feature is the presence of an interval containing both hornblende and
epidote near the eastern outcrop in central Alberta. This interval coincides more or
less with the projected outcrop area of post-Kneehills Edmonton Formation strata
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(member E of Ower, 1960)! but it appears to be insufficiently defined for use as a
formation boundary. The area underlain by sandstones containing only epidote
corresponds to known outcrops of the Paskapoo and Willow Creek Formations, and
the area in which both epidote and hornblende are absent corresponds to the area
of outcrop of known or suspected Porcupine Hills Formation beds. Several
sandstone outcrops along the western boundary of the Plains region adjacent to the
disturbed belt contain epidote and hornblende; these are believed to be
Paskapoo-equivalent beds brought to the surface on the western limb of the
syncline (Fig. 3).

Hornblende and epidote are both present in the Ravenscrag Formation of
southeastern Alberta, suggesting a correlation with the lower Paskapoo beds as
defined here.

Another feature of the post-Kneehills heavy mineral suites is the variation in
the amounts of zircon. Zircon is rare in the Paskapoo and Ravenscrag Formations
of central and southeastern Alberta but abundant in the Willow Creek and
Porcupine Hills Formations of southwestern Alberta. In addition to the difference
in amounts there are variations in the proportions of three varieties of zircon (Table
6). Paskapoo Formation sandstones yield mainly small colorless, idiomorphic
crystals whereas the Willow Creek and Porcupine Hills Formation samples yield
zircons that are mostly well rounded. The idiomorphic zircons are derived probably
together with the associated biotite and hornblende from pyroclastic debris, and
the rounded zircons are undoubtedly from a sedimentary source rock, having
passed through several previous cycles of deposition.

Table 6. Percentages of Zircon Varieties in Post-Kneehills Sandstones

Zircon variety (%)
Formation Nonrounded
Rounded Idiomorphic Nonidiomorphic
Paskapoo 21 55 24
Willow Creek 41 22 37
Porcupine Hills 51 29 20

1Scollard Member of the revised Paskapoo Formation (Carrigy, 1970)
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Matrix

Krynine (1948) used the term “matrix” to describe fine-grained detrital
constituents deposited within the granular framework of a sedimentary rock. In
conglomerates the matrix is sand-sized material, in sandstones the matrix is silt-sized
material, and in siltstones the matrix is clay-sized material. Matrix is thus a relative
textural concept and is independent of the composition and absolute size of the
framework grains. Prior to the usage of the word in the above context by Krynine,
“matrix” was defined in Webster’s Dictionary as “something within which
something else originates, takes form or develops or is embedded”. The word is
derived from the latin mater (mother) and implies growth within or birth from.
Igneous petrologists use the term in the dictionary sense to describe the groundmass
of a porphyry. Carbonate petrologists have used the term in both senses; for
example, Plumley et al (1962) defines matrix as the material in which any
sedimentary particle is embedded. However, Folk (1962) uses the term “micrite” to
refer to the matrix of a carbonate rock, and Leighton and Pendexter (1962) have
suggested using the word matrix for the interstitial material, whether this interstitial
material be smaller grains, lime mud, or cement. It is obvious from the foregoing
examples that the usage of the term matrix has not been standardized, and the
introduction of the word into sedimentary petrology as a textural term by Krynine
in a manner completely foreign to its etymology is to be regretted. Nevertheless,
the word is now generally accepted by sedimentary petrologists as a textural term
and has been incorporated into the nomenclature of sedimentary rocks (Pettijohn,
1957: Crook, 1960).

Even if the definition of matrix given by Krynine is accepted, considerable
practical difficulty is experienced in deciding what to call matrix during a
point-count analysis of a thin section. Griffiths (1960) has discussed the problem
and proposed that the term be used to describe those constituents not readily
classifiable during point-counting. He concludes that the class name
“miscellaneous” is more correct and less misleading. Unfortunately, such a solution
to the problem does not help in understanding the processes leading to lithification
of sandstones, which often is one of the objectives of a petrographic examination.
Cummins (1962) has pointed out that the origin of the “paste” or “matrix” is the
key to the “greywacke problem” and has argued that the matrix of greywackes
must be the result of post-depositional alteration of “normal” detrital material.

In view of the confused state of the terminology used to describe the
interstitial material in sedimentary rocks, it is pertinent to examine the sequence of
events which lead to the lithification of “clean” and “muddy” sandstones. All sands
when deposited have a high proportion of voids or pore space which is occupied by
water in “clean” sands or mud (finer sediment) in “dirty” sands. But even the
muddiest of sands has considerable void space when dried. In clean sands with
strong rigid grains, the initial pore space may be filled subsequently by a chemically
precipitated mineral cement bearing no chemical similarity to the surrounding
grains, or the pore space may be destroyed by simultaneous solution at the grain
contacts and precipitation of chemically similar cements in the adjacent voids.
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However, if some of the grains of sand are plastic, compaction after burial may
squeeze these grains into the surrounding voids. Or, if the rock has a heterogeneous
mineral composition, some of the chemically unstable grains may be altered to
plastic minerals and then squeezed into the voids on burial. In a muddy sand the
interstitial clay or silt particles of near colloidal dimensions may migrate to nearby
grain surfaces and be adsorbed onto them or they may be dissolved in circulating
water. Alternatively, they may remain unaltered within the pores to be admixed
with a later deposited mineral cement.

It is not difficult to identify a mineral cement in a sandstone if it has optical
properties distinct from those of the grains, e.g. carbonate cement in a quartz
sandstone. Recognition of quartz cement in a quartz sandstone and calcite cement
in a calcarenite are more challenging problems, although relatively simple compared
with the task of deciding what to call “matrix” in a poorly sorted sandstone
containing volcanic rock fragments altered to chlorite and montmorillonite with
quartz, chlorite, montmorillonite, and zeolite cement. After examination of many
greywacke-type sandstones, and bearing in mind that clay mineral cements are
common (Carrigy and Mellon, 1964), the writer has concluded that the
intergranular void space in sandstones may be reduced or destroyed in one of the
following ways:

(a) by primary deposition, such as by sand in gravel, and by organic matter
and clay in siltstones;

(b) by squeezing of plastic grains between rigid grains due to intergranular
pressure after burial;

(c) by chemical alteration of rigid grains to plastic minerals, which are
subsequently deformed by intergranular pressures;

(d) by growth of one or more mineral cements in the voids (the crystal size
of minerals is rarely an indication of an early versus a late origin for the
intergranular mineral);

(e) by simultaneous solution at grain contacts and precipitation in adjacent
voids;

(f) by metasomatic replacement of the original interstitial material by
another mineral or minerals;

(g) by recrystallization of the original interstitial material into larger crystals
of the same mineral.

How to distinguish among the effect of these processes is a problem analogous
to unravelling the paragenesis of mineral crystallization in igneous and metamorphic
rocks, and progress will depend, firstly, on the recognition that a problem exists
and, secondly, on the accumulation of records of careful petrographic studies of
thin sections of sedimentary rocks. In particular, re-examination is urgently
required of the “matrix” of so<alled “greywackes” to determine if possible what
processes have resulted in the lithification of this group of sandstones. It is
conceded that in many sandstones the origin of the interstitial material will remain
problematical, but undoubtedly in many others, techniques exist for determining
the nature and sequence of lithification processes.
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In this report, the term matrix is used only where it is not possible to identify
the interstitial clay-size material as a mineral cement on the basis of compositional
and textural criteria such as intergrowth relationships. This situation arises generally
in the finer-grained rocks. In most of the sandstones, the interstitial clay minerals
possess a distinct layer structure analogous to the infilling of a vug, the mineral
paragenesis being determined by the order of deposition outward from the grain
boundary toward the center of the void. Voids containing one, two and even three
mineral layers are not uncommon in these rocks (Carrigy and Mellon, 1964) (e.g.
Pl 5).

Cements

Quartz

Quartz cement as overgrowths in optical continuity with clastic quartz grains is
common in the Porcupine Hills and Willow Creek Formation sandstones and
uncommon in the Paskapoo and Ravenscrag Formation sandstones. The
overgrowths commonly develop crystal faces but do not grow large enough to
reduce significantly the porosity of the rocks. No estimate of the quantity of
secondary quartz has been made because of the difficulty in determining
grain-overgrowth boundaries.

Overgrowths on quartz grains are common in quartzose sandstones, and most
petrographers agree that they are one of the first cements to be precipitated. In the
Porcupine Hills and Willow Creek sandstones quartz overgrowths appear to have
preceded all other cements. There is no evidence of corrosion or replacement by
calcite, and many grains have crystal faces in contact with the calcite cement (P1. 6,
Figs. 1, 2).

Calcite

Calcite is the most common mineral cement in the post-Kneehills sandstones.
Scattered calcite-cemented layers from a few inches to a few feet in thickness are
found in many apparently massive sandstones beds. In the Paskapoo and
Ravenscrag Formations, sandstones are either friable or completely cemented with
calcite, partial cementation being rare, whereas calcite cementation in nearly all
Porcupine Hills and Willow Creek Formation sandstones is incomplete.

Calcite cement is present as small anhedral crystals in most sandstones (PL. 7,
Fig. 1). In some of the coarser-grained sandstones calcite cement is in optical
continuity over areas of several square millimeters. The numbers of crystals formed
during cementation may be related to the number of seed crystals available. In
those sandstones containing a high proportion of clastic carbonate grains, minute
cleavage fragments may have been relatively common providing many nucleation
centers for the simultaneous growth of numerous small crystals. In sandstones free
of calcite, widely spaced growth centers probably developed spontaneously,
allowing fewer but larger crystals to grow. Most of the calcite cement is not in
optical continuity with clastic calcite grains which suggests that the larger grains do
not act as growth centers for calcite crystallization. Also, the clastic grains show no
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evidence of corrosion, indicating that they are not being dissolved and
reprecipitated as cement.

In some sandstones calcite has developed as fan-shaped, radial crystal aggregates
which show spherulitic extinction (Pl. 7 Fig. 2). In these samples calcite is very
abundant (39 per cent) and metasomatic replacement is evident. It is possible that
this structure is characteristic of replacement cements; similar structures are
observed in anhydrite that replaces dolomite (Carozzi, 1960, p- 435).

In the Porcupine Hills Formation sandstones, the amount of calcite cement
shows a significant positive correlation with feldspar content (Table 5), the
geological significance of which is not evident. In the Paskapoo Formation calcite
content shows a significant negative correlation with nonvolcanic rock fragments,
which association may indicate preferential metasomatic replacement of this
material in this formation. Significant negative correlations with montmorillonite
cement and pore space indicate that most of the calcite is being deposited between
the grains.

Calcite shares the intergranular space in these sandstones with clay mineral and
zeolite cements and there is no textural evidence that would indicate a consistent
paragenetic relationship to the other pore-filling minerals. It is probable that calcite
cementation and metasomatism were active throughout the entire post-depositional
history of these sandstones.

Kaolinite

Kaolinite is a white, alumino-silicate clay mineral commonly formed at
relatively low temperatures and pressures from the alteration of feldspars and
micas. Also, kaolinite can be precipitated from circulating formation waters in the
pores of sandstone, forming a true chemical cement. It is surmised here that the
abundance of authigenic kaolinite cement in the post-Kneehills sandstones of
Alberta is related to the breakdown of volcanic (pyroclastic) glass, which process
released an excess of alumina and silica into the formation waters.

Authigenic kaolinite is recognized in thin sections of sandstones by its
microcrystalline habit and low birefringence. It resembles superficially
microcrystalline chert but differs from chert in having a higher refractive index than
Canada balsam and higher relief. The optical identification of kaolinite in these
rocks has been confirmed by X-ray microcamera patterns taken in situ and by X-ray
powder patterns of clay mounts (Carrigy and Mellon, 1964).

Authigenic kaolinite is most common in the Porcupine Hills Fommation
sandstones, although patches of interstitial kaolinite can be found in most
post-Kneehills sandstones (e.g. Pl. 8, Fig. 1; P1. 5, Fig. 3). The average authigenic
kaolinite content of the Porcupine Hills Formation sandstones is 2.5 per cent,
which is about four times the average content of the Paskapoo Formation
sandstones (0.6%). The stratigraphic distribution of authigenic kaolinite in cored
sections of these formations is shown in figure 11.

The distribution of kaolinite appears unrelated to detrital sandstone
composition (Table 5), being found in rocks rich in volcanic detritus and in rocks
low in volcanic detritus. With respect to cements it is commonly associated with
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authigenic quartz and calcite, but also fills the central portions of pores lined with
chlorite in some sandstones. The textural evidence from these rocks indicates that
kaolinite is the last clay mineral to be precipitated in the pores, being preceded by
montmorillonite and chlorite in every case where both are present.

Chlorite

Chlorite is a green iron- and magnesium-rich, alumino-silicate mineral known to
be stable at elevated temperatures and pressures. Authigenic chlorite is present in
microcrystalline form in the post-Kneehills sandstones as a secondary replacement
of volcanic rock fragments and as a fibrous growth in the pores. In thin sections
chlorite is recognized by its light green color and low birefringence and by its
refractive index, which is greater than that of Canada balsam. The optical
identification has been confirmed by X-ray microcamera patterns taken in situ and
by X-ray powder patterns of clay mounts (Carrigy and Mellon, 1964). No data on
the chemical composition of the chlorite is available.

Authigenic chlorite averages about 0.8 per cent by volume in the Paskapoo
Formation sandstones and is virtually absent from the Porcupine Hills Formation
sandstones. Authigenic chiorite and montmorillonite where present in the same
sandstones tend to be physically separated; if one is present in altered volcanic rock
fragments the other forms the pore lining or vice versa. Where very abundant,
chlorite may form a continuous groundmass or “matrix”’ which shows compaction
features that indicate that it is one of the early diagenetic minerals. Chlorite-lined
pores may be filled with kaolinite or calcite (P1. 5, Fig. 2), but many are empty (PL.
5, Fig. 1).

Montmorillonite

Montmorillonite (sersu lato) is a greenish iron magnesium alumino-silicate clay
mineral with readily exchangeable calcium and sodium cations. It is characterized
by its expandable lattice and high sensitivity to water. Formed from the breakdown
of volcanic glass, montmorillonite is common throughout the post-Kneehills
succession, in which it is found as bentonite beds, in bentonitic siltstones, and as a
cement in sandstones. The stratigraphic distribution of montmorillonite in
sandstones from cored sections of the post-Kneehills formations is shown in figure
11.

In the postKneehills sandstones montmorillonite is present as an alteration
product of detrital volcanic grains and as a pore lining. The pore lining takes the
form of a thin fibrous film, yellowish-brown to green in color, with “pin point”
extinction and moderate Dbirefringence (first order yellow). The optical
identification has been verified by X-ray microcamera and staining techniques
(Carrigy and Mellon, 1964).

The average montmorillonite content of the Paskapoo sandstones is 6.1 per
cent, and of the Porcupine Hills sandstones, 2.4 per cent. The montmorillonite
content in the Porcupine Hills sandstones shows no correlation with variation in
composition, grain size, or pore space (Table 5) but in the Paskapoo sandstones
shows a significant negative correlation with grain size, which supports the
observation that montmorillonite forms the groundmass in many fine-grained rocks.
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The negative correlations with calcite and pore space in the Paskapoo sandstones
support the textural evidence that most of it is present interstitially and not as an
alteration product of detrital grains.

Zeolites

Clinoptilolite (KaNaj [AlSi7038] . 6H20), the silica rich variety of
heulandite, has been identified as a cement in sandstones from the Paskapoo
Formation at five localities in west-central Alberta. In addition to its presence as
continuous cement, small crystals of clinoptilolite are found in most of the
Paskapoo sandstones.

Clinoptilolite is recognized by its low refractive index (1.478) and by its low
birefringence. Small crystals of it can be easily confused with authigenic potash
feldspar. The optical identification has been confirmed by X-ray powder patterns
and chemical analyses of purified samples.

The literature on zeolites in sedimentary rocks has recently been reviewed by
Hay (1966), from which it is evident that clinoptilolite is a common alteration
product in the diagenesis of tuff but has not been widely recognized in less volcanic
sediments by North American petrologists. In the United States clinoptilolite in
sandstones has been described by Spotts (1964) and Wermund and Moiola (1966),
and the authigenic heulandite described by Gilbert and McAndrews (1948) in
sandstones from California undoubtedly would now be called clinoptilolite.

In west-central Alberta clinoptilolite cement is found in sandstones from the
McLeod River damsite cores (Tp. 57, R. 13, W. 5th Mer.), 100 miles west of
Edmonton, in the Red Deer River valley (Tp. 39, R. 27, W. 4th Mer.), in the
Wintering Hills (Tp. 26, R. 21, W. 4th Mer.), in southern Alberta at Hammer Hill,
(Tp. 23, R. 23, W. 4th Mer.), and at two localities in the Bow River valley (Tp. 21,
Rs. 26 and 28, W. 4th Mer.) near Calgary. At all of these localities clinoptilolite is
associated with montmorillonite. In sample MRD-1- 40 from McLeod River
Corehole No. 1 randomly oriented, fibrous crystals completely fill the centers of
voids lined with montmorillonite (Pl. 9). At Hammer Hill north of Stobart (sample
773), a few crystals of fibrous clinoptilolite are present in otherwise empty pores
lined with montmorillonite. In sample 897A, from the Red Deer River valley, the
intergranular area is filled with single crystals of clinoptilolite. In other parts of this
sandstone, clinoptilolite has replaced the groundmass of volcanic rock fragments
and has grown in some of the feldspar grains and filled up all cracks. Sample 886,
from the Bow River valley, contains an interstitial groundmass composed of an
intimate mixture of clinoptilolite and montmorillonite. In this thin section it
appears that the clinoptilolite is replacing the montmorillonite. In sample 774, from
the Wintering Hills, kaolinite and clinoptilolite are found together in the central
area of montmorillonite-lined voids (P1. 10), but unfortunately no clear textural
evidence exists as to the paragenetic relationship between these two constituents.

The meager data available on the distribution of clinoptilolite cement in the
Paskapoo Formation sandstones suggest that it is more common in porous
sandstones close to the outcrop face than in the main sandstones body. It is clearly
unrelated to hydrothermal activity but does seem to be confined to rocks with a
high proportion of volcanic detritus. The available evidence suggests that the
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transformation from volcanic glass to montmorillonite to clinoptilolite has taken
place in these rocks at or near the surface at low temperatures and pressures.

Pore Space

Inasmuch as the post-Kneehills rocks of Alberta are poorly lithified, pore space
is of considerable value in assessing the potential of these rocks as aquifers or oil
reservoirs. Although every effort has been made to minimize the loss of interstitial
material during the preparation of the thin sections (by impregnation and dry
grinding) some overestimation of the true porosity is to be expected, and the
figures given in the petrographic tables should be regarded as maximum values for
the pore space. The stratigraphic distribution of pore space is given in figure 11.

Miscellaneous

This category includes unidentifiable rock fragments, heavy minerals, opaque
minerals, vegetable matter, and so on. In some fine-grained rocks this class is
assigned a high proportion of the constituents, in which case it is an indication that
the limits of identification by light microscope are being approached.
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PLATE 8

FIGURE 1. Relationship between calcite (Ct) and kaolinite (K) cements occupying adjacent
pores as seen in a thin section of a Porcupine Hills Formation sandstone. Sample
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FIGURE 2. Dolomite rhombs (Dol) surrounded by quartz overgrowths (0) in a thin section
of a Porcupine Hills Formation sandstone in R.C.A. Corehole 66-1. Sample S-35.
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PLATE 9

Clinoptilolite (Z) occupying central areas of pores lined with montmorillonite
(arrows) in a thin section of a Paskapoo Formation sandstone from McLeod River
Damsite Corehole No. 1. Sample MRD-1-1-40.
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PLATE 10

Thin section showing kaolinite (K) and clinoptilolite (Cl) in two pores of a
Paskapoo Formation sandstone. Sample 774B.
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Microfaunas
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Lower pelagic
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Miliammina manitobensis.

agglutinated

dominantly pelagic

mixed agglutinated and
calcareous benthoniec

+ Jeletzky (in Stott, 1963, Table IV)
* Composite section
Author's terminology used for
Wapiabi Formation in the
upper Wapiti River area of n.e. B.C.
Stott's terminology used for
pre-Wapiabi beds on Little Berland

River of northernm Alberta

FIGURE 4. Regional correlation of the
Upper Cretaceous with stratigraphic positions
of microfaunas superimposed.




































