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ABSTRA.CT 

The Cretaceous Bearpaw formation in the South Saskatchewan 

River valley is a 900-foot sequence of mudstones interlayered with several 

thin sandstone units. The diversified mineralogy of these sediments re

flects a complex depositional history, in which sedimentary, volcanic, 

and metamorphic source rocks all supplied detritus. A sedimentary source 

is suggested by the abundance of detrital chert and by the occurrence of 

rounded grains of tourw~line and zircon in the sandstones. Volcanic 

rocks supplied montmorillonite, sanidine, and hexagonal biotite flakes. 

Further evidence of a volcanic source is found in the recurrence of thin 

bentonite seams in the succession of sediments. A metamorphic source is 

indicated by a distinctive suite of metamorphic minerals in the heavy 

mineral residues. 

The postulated source areas of the sediments are all to the 

west of the Bearpaw depositional basin. The sedimentary source rocks 

are believed to have occupied the site of the Purcell and Selkirk Moun

tains in British Columbia. A.cti ve volcanoes in t.restern }fontana probably 

supplied the volcanic detritus. The metamorphic source area was most 

likely the Shuswap terrane in British Columbia. Transportation of detritus 

from the source areas to the site of deposition was mainly by water, but, 

almost certainly, some of the volcanic material was wind-borne. 

The results of the mineralogical studies have proved to be of 

little use in stratigraphic zoning of the Bearpaw formation. 
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INTRODUCTION 

Purpose and Scope of Investigation 

In 1959, members of the Geology Department of the University of 

Saskatchewan, with the support of the Saskatchewan Research Council, be

gan an intensive investigation of the Bearpaw formation where it crops 

out in the South Saskatchewan River valley. Stratigraphic and paleon

tological studies were completed early in 1961, and provided a framework 

for the present study, which augments knowledge of the formation by 

furnishing mineralogical data. 

The present study was undertaken partly to determine whether 

mineral zone-boundaries might be established within the formation. If 

it could be shown that certain mineral assemblages characterize strati

graphic intervals of the Bearpaw, then this information, when used in 

conjunction with lithological and paleontological evidence~could be 

useful i.n effecting otherwise difficult correlations. But the primary 

objective of this study has been to provide more information on the 

location and nature of the source areas of the Bearpaw sediments. It 

has long been recognized that the source for all Montanan sediments lay 

somewhere to the west of the depositional trough. The precise provenance 

and depositional history of Bearpaw sediments, however, has never been 

ascertained. 

Any investigation of Bearpaw sediments in the South Saskatchewan 

River valley is complicated by lack of continuous exposure, and also by 

the fact that the sediments are almost flat lying. Numerous scattered 

outcrops of the formation exist, but continuous exposures commonly span 

less than 50 feet of the 900-foot thick formation. Thus, a major problem 
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was to obtain a complete section of the Bearpaw· from which the mineral

stratigraphic sequence could be established. This investigation is 

based on a composite succession, the lower half of which crops out in the 

river valley, the upper half of which was obtained from the cores of 

structure test holes drilled in or near the area under study. The 

stratigraphic position ·of these cores previously had been established, 

partly on the basis of their microfauna! content. The location of the 

area of study is indica ted in Figure I. 

Mineralogical studies have involved the identification of the 

light (including clay) ahd heavy minerals present in the sediments. 

Mechanical analyses have been included in the investigation in order 

to determine more prec-isely the kinds of sediments present. Some 

attention has also been given to textural features of the sediments. 

Previous Investigations 

The stratigraphy and paleontology of the Bearpaw formation ih 

the South Saskatchewan River valley have been studied in some detail by 

Evans (1961) and North (1961), and these studies include a review of all 

previously published literature dealing with the formation. The Bearpaw 

formation was divided by Evans and North into five members, and these are 

used in this thesis. 

Previous mineralogical investigations have been limited mainly 

to the work of Byrne and Farvolden (1959), who studied the clay mineralogy 

of the Bearpaw sediments in southern Alberta. Radioisotope ages of biotite 

and sanidine in Bearpaw bentonites of Alberta have been reported by 

Folinsbee et al (1961). 
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GEOLOGIC SETTING 

Paleogeographic Context 

The \'Vestern Canadian Interior Plains region occupies the site 

of what was, in Cretaceous time, a broad depositional trough,extending 

in width from the present Rocky Mountains to east of the Manitoba 

escarpment (Fig. 1). In the later half of the period, the trough was 

occupied by a great epicontinental sea, the Pierre seat extensions of 

which at times reached as far as the Arctic Ocean and the Gulf of 

Mexico. Sediments deposited therein were derived from a rising border

land to the west. Recurrent uplifts of this landmass and subsequent 

erosion caused considerable movement of the shoreline, and at times the 

sea was confined to the eastern half of the trough. These periodic trans

gressions and regressions of the sea are recorded in the sedimentary 

record, and southwestern Saskatchewan, occupying an intermediate position, 

received sediments transitional between the predominantly non-marine 

deposits of the west and the marine deposits of the east. 

The pattern of sedimentation resulting from the effects of 

the rhythmic earth movements of Upper Cretaceous time is :.illustrated 

in Figure 2, which is a diagrammatic cross section through the sediments 

of the southern part of the Prairie Provinces. Greatest inundation occur

red in early Upper Cretaceous time, when marine muds of the Colorado 

group accumulated extensively over the Plains area. Although the source 

area was relatively stable at thiw time, it was not entirely so, and 

uplifts are recorded by the influx of the coarser clastics forming thin 

sandstone tongues. 
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The Montanan epoch began in late Santonian time with pronounced 

uplift in the source area and eastward advance of marginal alluvial 

plains. The sea retreated to the east, until, with sudden subsidence of 

the trough and a reduction in the supply of detritus, the sea transgressed 

rapidly back over the alluvial plain deposits. The time interval to 

follow was marked by several of these regressions and transgressions, 

until the Pierre sea finally withdrew completely from the Canadian 

Plains in late Maestrichtian time. The resulting sedimentary pattern 

is one of intertonguing wedges of fine-grained marine sediments and 

coarser-grained non-marine sediments. 

Sedimentation occurred mainly in the regressive phases, and 

the lower contacts of the non-marine wedges are appreciably diachronous 

in accordance with the slow withdrawals of the sea. On the other hand, 

the transgressions were rapid, and the upper boundaries of the non

marine wedges are essentially time constant (Russell, 1939). 

The increased grain size of the sediments and the replacement 

of marine by non-marine conditions toward the west clearly indicates 

that the source of sediments lay in that direction. While the Canadian 

Shield to the east cannot be entirely overlooked as a possible source 

area, its contribution probably was negligible. The vast accumulation 

of comparatively coaitse detritus could only have come from a lofty landmass, 

repeatedly uplifted and subject to rapid erosion. 

The Bearpaw Formation 

The Bearpaw formation is a marine wedge lying between the non-
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marine Belly River and St. Mary River formations and their equivalents, 

and representing the last major advance of the Pierre sea. Unlike 

earlier marine invasions, this one was gradual at first, and non-marine 

Belly River sedimentation was still going on in Alberta while Bearpaw 

marine muds were accumulating in Saskatchewan. But when the shore line 

reached the Alberta-Saskatchewan border, the invasion became rapid and 

from there westward the Belly River-Bearpaw contact is not diachronic to 

any marked degree. The upper contact, however, is strongly time

transgressive as the bulk of Bearpaw sedimentation took place during slow 

withdrawal of the sea. 

The Bearpaw formation is exposed in the South Saskatchewan River 

valley, where it consists essentially of dark grey, poorly indurated 

mudstones. The sequence is about 900 feet thick and is interrupted at 

several intervals by friable sandstones. The formation has been divided 

by Evans (1961, p. 8) into five members, the rock types of which are 

illustrated diagrammatically in Figure J. 

The basal Beechy member is about 250 feet thick, and consists 

of three mudstone units separated by poorly consolidated, impersistent 

sandstones. The member rests on Oldman (upper Belly River) sediments 

with a somewhat gradational contact, recording the transition from non

marine to marine conditions. West of the area, the contact is more 

abrupt, and banded sandstones, shales and lignites are overlain by 

blocky mudstones of the Bearpaw. 

The Ardkenneth member is a light-grey, friable sandstone unit 

about 70 feet thick. 'Ihe overlying Snakebite member consists of 250 
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feet of dark-grey mudstones containing several bentonite seams and nodule 

horizons. It grades upward into the Cruikshank member, a 40-foot unit of 

light-brow~, poorly consolidated sandstone. 

The uppermost unit of the sequence, the Vermilion member, does 

not crop out in the river valley, but its thickness has been estimated 

from borings to be about 250 feet. It consists predominantly of dark

grey mudstones, which pass, with gradational contact, into the buff

colored sandstones of the overlying Eastend formation (an equivalent to 

part of the St. Nary River formation). 

Bentonite seams are not confined to the Snakebite member, but 

are recurrent throughout the Bearpaw section. In the river valley, 

the most persistent are those of the Snakebite member, but farther west, 

in the vicinity of the Cypress Hills, they are well developed in the 

equivalent position of the Beechy member and have been useful in estab

lishing correlations between the river valley and the Cypress Hills 

(Evans, 1961, p. 11). 

In bulk lithology, Bearpaw sediments are massive, and, with 

few exceptions, show little evidence of fissility or bedding. Their 

poorly consolidated nature may result partly from leaching and weathering 

at the surface, since cored samples ordinarily appear more coherent than 

those of outcrop. 
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SEPARATION PROCEDURE 

General Remarks 

Figure 4 is a flow· diagram illustrating the steps involved in 

the procedure followed in the mechanical and mineralogical analyses of 

Bearpaw sediments. The circles refer to what the samples are, and the 

rectangles refer to the treatment they received. Techniques used in the 

identification of minerals are not elaborated on here, but are discussed 

in later sections. 

The method of mechanical analysis used in this study is one that 

has been adopt-ed . by the Saskatchewan He search Council in studies of 

glacial tills. The grade lirr~ts of the size fractions used are those of 

the United States Department of Agriculture, and are similar, but not 

identical to the grade limits of the ~vent worth scale. A comparison of 

the scales is tabled below: 

Grade Limits 
(vJ'entworth) 

1 - "~ mm 
1 1 
z-ifmm 
t - 1/8 mrn 
1/8 - 1/16 mrn 
1/16 - 1/256 mm 

Less than 1/256 mm 

Coarse sand 
Medium sand 
Fine sand 
Very.fine sand 
Silt 
Clay 

Grade Limits 
(U.S. Dept. of Agric.) 

1 -1 mm 
t- t mm 
t - 1/10 mm 
1/10 - 1/20 mm 
1/20 - 1/500 mm 
Less than 1/500 mm 

The terms ttsand", nsilt 11 and uclayn, when used without qualifi-

cation, have both grain size and compositional implications. To avoid 

confusion, the term ttclay-size fractionn will be substituted for nclaytt 

when used to denote particle size only. The terms nsand 11 and "siltu 

likewise will be replaced with nsand-size fractiontt and ~tsilt-size 

fraction" when size only is implied. 



- 11 -

No attempt was made to divide the clay-size fraction into its 

coarse, medium, and fine components. The silt-size fraction is lost in 

the analysis and therefore no subdivisions are made. Further separations 

were carried out on the sand-size fraction when it was the dominant con-

stituent of the sample (as in sandstones). 

Sampling and Initial Treatment 

Field samples of Bearpaw sediment were collected from outcrops 

in the South Saskatchewan Hiver valley. A reasonably fresh sample was 

recovered by trenching 6 to 18 inches below the outcrop surface. Absence 

of calcareous foraminifers in these samples indicates that the weathered 

zone extends considerably beyond this depth, but the effect of weathering 

on the mineralogy of the sediment must be of little significance. 

The samples, each in excess of 100 grams, were air-dried, 

crushed to pass through a 2 mrn sieve and then oven-dried for at least 

' 0 5 hours at a temperature not exceeding 110 C. Each sample was then 

carefully mixed and weighed into two equal portions of exactly 50 grams 

(the samples were analysed in duplicate). Each 50-gram sample was trans-

ferred to an 800 ml beaker, to which 400 ml of distilled water and 5 ml 

of deflocculating agent (sodium hexametaphosphate) were added. The samples, 

after thorough stirring, were allowed to slacken overnight. 

Disperson of Clays 

Each sample, after soaking overnight was transferred from the 

beaker into the agitation cup (milk-shake cup) and agitated for a period 

of time on a milk-shake mixer. Sandy samples, low in clay-size material, 
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only required from 6 to 8 minutes agitation to disperse the clays. 

Samples of mudstone, high in clay-size material, required about 15 

minutes for dispersion. 

From the agitation cup, the sample was transferred carefully 

to a sedimentation cylinder with the aid of a wash bottle so that no 

material was lost. 'I'hen, with a Bouyoucos hydrometer floating in the 

suspension, distilled water was added until the level came up to the 

1130 ml line on the cylinder. 

Determination of Clay-Size Fraction 

Accurate timing was extremely important in this procedure, and, 

to obtain consistent results, a stopwatch had to be used. 

A stirring device, consisting of a perforate metal disk at the 

end of a thin rod, was lowered into the sedimentation cylinder and 

stroked rapidly a few times to bring all the material up into suspension. 

At the instant stirring ceased, the stopwatch was started. Exactly two 

hours later a reading was taken with the hydrometer, which had been 

lowered into the suspension about 30 seconds early to allow it enough 

time to come to a steady reading. This reading determines the percen

tage of clay-size material in the sample. 

The hydrometer and cylinder are manufactured by the Taylor 

Instrmnent Company especially for mechanical analyses, which are based 

on the different settling velocities of different size particles in a 

liquid, and the hydrometer measures an average of all densities from 

the top of the suspension column to the base. The hydrometer has been 
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calibrated, from standards of known clay-size content, to record the 

percentage of clay-size material directly. 

Calibration of the hydrometer is for a temperature of 67°F and 

the observed reading must be corrected to this temperature. An approxi-

mate correction, which was used, is 0.2 units of graduation on the hydro-

meter for every 1°F above or below 67°F. If above, the correction is 

added. The corrected hydrometer reading is divided by the weight of the 

original sample and multiplied by 100. This gives the percentage of the 

clay-size fraction. 

Preparation of Clay Slides 

Following hydrometer measurements, the next step in the analysis 

was to obtain a sample of the clay minerals in suspension. After a 

period of about 8 hours had elapsed, a 50 ml sample of the suspension 

was drawn off from a depth of 10 em below the surface (the siphoning tube 

was actually withdrawn 3 em to allow for the cone of siphon). According 

to Stokes' law, the clay particles from this depth will be less than 2 

microns in diameter. 

A portion of this sample was then poured carefully onto a glass 

slide and allowed to evaporate to dryness. In cases where the suspension 

was very thin, it was necessary first to concentrate the sample, either 

by allowing it to stand for some time, or by centrifuging the clay parti-

cles down, and then decanting some of the cle~r, supernatant liquid. As 

the suspension evaporated, the clay minerals became orientated so that 

their basal cleayage was parallel to the surface of the slide. Identifi-
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cation of the clay minerals could then be made by X-ray diffraction. 

Determination of Sand- and Silt-size Fractions 

The sand-size material that had accumulated at the bottom of 

the sedimentation cylinder was separated from the silt- and clay-size 

material by washing on a 300 mesh wire cloth sieve. The recommended 

procedure for washing is first to pour through the suspension of silt and 

clay; then add more water to the cylinder and shake up the sand and silt 

on the bottom; allow it to settle for about 10 seconds then pour the 

suspension through the sieve. This operation was repeated for at least 

one-half hour, until the supernatant liquid became perfectly clear a 

few seconds after shaking. The remainder of the sediment consisted of 

sand essentially free of silt and was transferred onto the sieve with the 

aid of a wash bottle. After another brief washing, the sand-size frac-

tion was transferred to a porcelain evaporating dish, dried and weighed. 

The weight of the fracti~n divided by the weight of the original sample 

(50 gm) and multiplied by 100 gives the percentage of the sand-size 

fraction. 

The sand was next separated on a set of sieves into the follow-

ing sizes: 

Particle size interval 

2.0 - 1.0 mm 
1 .. 0 - 0.5 mm 
0.5 - 0.25 nun 
0.25 - 0.1 mm 
0.1 - 0.05 mm 

U.S. Standard Sieve No. (meshes/inch) 

18 
3.5 
60 

140 
300 (pan) 
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The sieves were stacked on a Ro-tap shaker, the sand-size 

fraction was put in the upper sieve, and agitation was continued for 

about 20 minutes. The portion retained on each sieve was weighed and 

recorded. The mechanical analysis of the sample was then essentially 

complete. The percentage of the silt-size fraction,which was lost in 

the analyses, was determined by subtraction (silt= 100 - % sand -

Jb clay). 

Heayy Mineral Separations 

Tetrabromoethane, with a specific gravity of 2.96 at 20°C, was 

used as the heavy liquid medium to isolate the heavy minerals in the 

sediment. The separations were made in a centrifuge machine, which 

requires much less time than in stationary, separatory funnels. The 

main disadvantage of the centrifuge method is in working with a small 

volume of material. Often it was necessa~ to run several samples of a 

sand in order to obtain a sufficient quantity of heavy minerals. 

Only the finersand fraction (0.1 - 0.2.5 mm diameter) was 

chosen for study. The reasons for this were tl:..J"o-fold: firstly, for 

all the sandstone samples the bulk of the sand and also the greatest 

variety of minerals falls within this fraction; secondly, determinations 

under the petrographic microscope can be made conveniently with grains 

of this size. 

A one-gram sample of the sand was poured into a .50 ml centri

fuge test tube and the test tube filled with tetrabromoethane. An 

International Centrifuge machine was used and four samples were centri-
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fuged simultaneously at a velocity of 1800 rpm for about 10 minutes. 

The liquid was then stirred briefly to release any trapped minerals and 

spun again for another 10 minutes. A fairly clean separation resulted 

from the re-run. Heavy minerals remained at the bottom of the test tube 

and were frozen in place, while light minerals, floating in the liquid 

above, were poured off. Freezing was accomplished by inserting the tip 

of the Pyrex test tube into liquid nitrogen. After the light minerals 

were poured off and caught on filter paper, the liquid at the bottom 

could be thawed out and the heavies recovered, also on filter paper. 

A plastic wash bottle filled with acetone aided in the transfer of 

"heavies" from the test tube to the filter paper. The heavy liquid 

remained uncontaminated and could be re-used for further separations. 

The heavy and light minerals were stored in glass vials, to 

be mounted later for microscopic identification. 

Preparation of Thin Sections 

It is difficult to make normal thin sections of Bearpaw mud

stone, because of its friable nature and fineness of grain. A slice of 

the dark, argillaceous material must be ground extremely thin to permit 

passage of light, but in doing so the texture can be disrupted or des

troyed. 

In an effort to overcome this problem, an attempt was made to 

impregnate the mudstone with a binding medilun. The method that was tried 

has been applied successfully to soils by the Soils Department of the 

University of Saskatchewan, and involves the use of an organic compound 

known commercially as Castolite. 
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Fragments of the mudstone were placed in porcelain crucibles 

and covered with the liquid Castolite to which a hardening agent had 

been added. The crucibles were then placed in a vacuum chamber and 

left for a period of one hour in a vacuum of about 26 inches of mercury. 

Success of the method depends upon air be~ng evacuated from the pore 

spaces of the sample and replaced by the Castolite. Following thist 

the Castolite was allowed to harden in a fume cupboard for about four 

days, then cured in an oven at 82°C for another four days. Appropriate 

sections were then cut from the Castolite cast and ground down in the 

normal manner of thin section preparation. 

Although the above method is applicable to soils and porous 

sediments, it was not entirely successful on the marine mudstones of 

the Bearpaw formation. The sediment is too impermeable to be impreg

nated easily. However, the Castolite did help to hold the material 

together by its confining nature and permitted the otherwise difficult 

sectioning of small fragments. Thin sections were obtained in Which 

textural features can be recognized. 
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HECHANICAL ANALYSES 

This section includes the presentation and evaluation of data 

from the mechanical analysis of Bearpaw sediments. The size classifi

cation used in this study follows the system of the United States De

partment of Agriculture. Sand-size particles are from 2.0 to 0.05 mm 

in diameter, silt-size particles from 0.05 to 0.002 mm in diameter, and 

clay-size particles less than 0.002 rum (2 microns) in diameter. 

The sand-silt-clay ratios of 52 samples selected from the 

Bearpaw formation have been plotted in their relative stratigraphic 

positions in Figure 3. The samples span only the lower two-thirds of 

the formation. Those from the uppermost Vermilion member were not 

available in sufficient quantities for mechanical analyses. 

The triangular diagram of Figure 5 shows graphically the 

relationships between the three grades in Bearpaw mudstones. Divisions 

of the triangle follow the scheme proposed by Shepard (1954) for the 

textural classification of marine sediments. The scattering of points 

in the triangle indicates that a precise definition of the argillaceous 

sediments is not possible. For this reason, the sediments are herein 

called m1dstones, following Twenhofel's (l937t p. 98) reco~nendation. 

For many years, the Bearpaw mudstones were called shales, but their lack 

of fissility in the field invalidates this term. 

Figure 6 is a selection of cumulative curves showing the particle 

size distribution within Bearpaw sandstones. These curves have been 

drawn from a limited number of points, which are, however, sufficient to 

outline the shape of the curves in the sand- and silt-size ranges. The 
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distribution of sizes within the clay-size fraction is unknown, hence the 

corresponding part of the curves has been dotted. 

It can be seen from inspection of the curves that the clay-size 

fraction always exceeds the silt-zize fraction. The clay-size fraction 

probably does not contain rnany particles smaller than 0.1 microns, there-

fore the curves should have reached, or approached very close t~the 100 

per cent quartile at the 0.1 micron co-ordinate. If the curves are to 

approach the 100 per cent quartile, then second inflection points are 

necessary, or, in other words, the particle size distribution must be 

bimodal. IA!bether this bimodal distribution is real depends, of course, 

upon the accuracy of the hydrometer method of determining the clay-size 

fraction. In several samples however, the excess of clay over silt is 

sufficiently large to necessitate the existence of a second mode. Assum-

ing that the hydrometer method used in this study is accurate, and that 

clay particles are mostly larger than 0.1 microns, the Bearpaw sandstones 

have a bimodal distribution, and this can best be explained by mixing of 

materials deposited by different processes of sedimentation. Further 

explanation will be offered in a later section • 

.A remarkable feature of some of the mudstones of the Beechy 

member is the existence of peculiar clay pellets in the sand-size fraction. 

These pellets are mostly ellipsoidal in shape, but spherical and dis-

coidal forms are also common. They are commonly grey in color and consist 

of aggregated silt and clay particles. It was first suspected that they 

were merely fragments of mudstone that had not been sufficiently agitated. 

Closer examination has shown, however, that they are probably discrete 

entities, to be treated as components of the sand-size fraction. The 
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reasons for thinking thus can be summarized as follows: 

(1) They are resistant to disaggregation. 

(2) Some of them are ironstained, rarely only around the 

outside while the inner zone remains an unaltered, grey, 

clayey material. 

(3) They only occur as sand-size particles (0.1 to O.J mm in 

diameter). 

(4) They do not occur throughout,but are mainly restricted to 

the lower part of the Beechy member. 

(5) They can be seen in thin sections. 

The origin of these pellets is not known. They could be particles 

derived from nearby areas where layers of mud had been exposed to sub

aerial weathering and dessication. Such an origin has been postulated 

by Allen and Nichols (1945) for intraformational mud pellets, and seems 

likely for the Bearpaw pellets, in view of the close proximity of the 

Belly River alluvial plain. Possibly, however, they were formed during 

some disturbance of beds on the sea bottom, by wave action, bottom currents, 

or organisms, or by gentle accretion of clay and silt floccules. '\J\Jnatever 

their origin, their presence in the mudstones may have introduced a slight 

error in the mechanical analyses, since some may have been destroyed dur

ing agitation. However, the size of the pellets agrees with their observed 

size in thin section, and the error introduced is probably less than other 

errors inherent in the method. 

The high silt content of Bearpaw mudstones is a feature that 

deserves special mention and is one that is certainly not evident from 

examination of the field samples. It can be seen from Figure 3 that silt-
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size particles commonly comprise as much as 50 per cent of the mudstone. 

Mechanical analyses have no value as a means of distinguishing 

different sandstones in the Bearpaw, since they all have similar particle 

size distributions. 
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Figure 5. Textures of Bearpaw mudstones . 
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LIGHT HINERALS 

Hineral Identification 

The bulk of each Bearpaw sand sample falls within the fine sand 

fraction (0.25- 0.1 mm in diameter). Nearly all minerals to be found in 

the formation are common to this fraction, making it a convenient size 

range in which to study light as well as heavy minerals. For these 

reasons, only the fine sand fraction was used for the quantitative study 

of light minerals. The procedure followed is illustrated schematically 

in Figure ?. 

Initial microscopic examination of the light minerals showed 

the main constituents to be quartz, feldspar, chert, and glauconite. In 

immersion oil of refractive index 1.528, and under the petrographic 

microscope, the bulk of the feldspar was seen to be sadie plagioclase. 

A lesser amount of K-feldspar stood out in strong negative relief in 

this oil, and its percentage of the total sample was determined at this 

stage by a count of approximately 200 grains. 

The relative proportions of certain minerals couJ_d be determined 

under the binocular microscope. Although quartz and feldspar were in

distinguishable from each other, glauconite and chert could be readily 

identified. Glauconite occurs as spherical, green, earthy pellets. 

X-ray powder photographs taken of the pellets confirmed the visual identi

fication based on their morphology. Chert grains are dark grey or black 

in color and occur as subangular to subrounded fragments. In transmitted 

light, they are seen to be microcrystalline ag[~rega tes. "~".J11en X-rayed, 

they yield only a quartz diffraction pattern. Identifications under the 
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binocular :microscope, thus confirmed, were the basis of a quantitative 

deterrrQnation of the relative proportions of quartz plus feldspar, chert, 

and glauconite. These determinations were made by spreading a portion of 

the sample over a small grid and counting the number of grains in each 

square to a total of about 200. 

The refractive indices of the sodic plagioclase were determined 

in immersion oils to be very near those of quartz, indicating that the 

plagioclase is oligoclase. All plagioclase grains are glassy clear, and 

those showing neither twinning nor cleavage are identical in appearance 

to quartz grains. In order to obtain an estimate of the proportion of 

plagioclase to quartz, an X-ray diffraction method was used. 'i'i'eakly 

magnetic glauconite was first removed in the Frantz isodynamic separator, 

and a diffraction pattern was taken of the remaining non-magnetic fraction. 

A comparison of the intensities of the strongest quartz and plagioclase 

reflections with the intensities of the same reflections in patterns from 

vJeighed mixtures of quartz and albite afforded a quantitative estimate of 

the proportion of plagioclase to quartz (plus chert). The estimate is 

probably subject to errors of about "±:10 per cent of the amount present. 

From these quantitative estimates, the absolute percentage of 

each of the five constituents could be determined. The percentages of 

chert, glauconite, and K-feldspar were determined directly from grain 

counts, and the remainder is quartz plus plagioclase. Knovring the per

centage of chert, and the proportion of plagioclase to quartz plus chert, 

the individual percentages of quartz and plagioclase were readily cal

culated. The relative proportions of the five constituents in all the 

fine sand samples are plotted in Figure 8 to illustrate the variation in 
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proportions in each succeeding sample. ;ihe accompanying diagrammatic 

section of the Bearpaw formation, abbreviated to show only the sandstone 

units, relates each sample to its stratigraphic position. 

It can be seen ffom Figure 8 that K-feldspar is the least 

abundant of the five constituents. The K-feldspar constituent actually 

comprises two distinct mineral species; sanidine, which is glassy clear, 

and orthoclase, which is cloudy. Sanidine was identified by its small 

optic axial angle (28 to 36 degrees); orthoclase by its larger optic 

axial angle (52 to 84 degrees), and by the fact that it was shown to be 

monoclinic in X-ray diffraction patterns. To make these identifications, 

the K-feldspar first had to be concentrated from the fine sand fraction 

in a mixture of tetrabromoethane and carbon tetrachloride, mixed to a 

specific gravity of 2.60. Sanidine and orthoclase floated in this Inix

ture 1'Jhile the other constituents sank; the float was recovered for 2V 

measurements on the universal stage, and for X-ray diffraction patterns. 

The proportions of lit;ht minerals in the fine sand fraction 

are not representative of the whole sand. Composition varies slightly 

with grain size, so that, generally, glauconite and feldspar are more 

abundant in the very fine sand fraction. In the medium sand fraction 

glauconite is absent and the proportion of feldspar is too small to mea

sure. This decrease in total feldspar content is accounted for mostly 

by decrease in plagioclase, because K-feldspar (orthoclase plus sanidine) 

is the dominant feldspar in the medium sand fraction. Chert is less abun

dant in the very fine sand and more abundant in the medium sand. 

Although the above observations apply to sandstones, it is in

teresting to note that the sand-size fractions of mudstones, "'Jhich consist 
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predominantly of very fine sand, are mineralogically similar ·to the very 

fine sand fractions of' sandstones. Both have quartz as the main con

stituent, with appreciable amounts of glauconite and very small amounts of 

chert. In mudstones, however, the feldspar content is rarely more than 

10 per cent, and K-feldspar exists only as a trace. 

In many of the samples of both mudstones and sandstones, the 

very fine sand fractions contain angular fragments of a colorless mineral 

with birefringence so low that it appears almost isotropic. The frag

ments resemble, and_ "\-Jere first suspected to be, volcanic glass shards, 

but X-ray identification showed them to be heulandite. Heulandite is 

more abundant in the silt-size fractions of the few samples fr-om. which 

this fraction was studied. The mineral is probably authigenic. 

Visual estimates of particle shape have been made, and indicate 

that, in general, quartz and feldspar grains are angular in the very fine 

sand, angular to subangular in the fine sand and subangular to subrounded 

in the medium sand. Chert is subangular to subrounded in all size frac

tions in which it occurs. Sphericity of the grains averages from 0.4 

to 0.7, increasing with increasing grain size. 

Evaluation of Data 

The important features of the light mineral data from Bearpaw 

sediments can be summarized as follows: 

(1) Fresh sanidine is present, along w~th cloudy orthoclase, 

and occurs in all size fractions of the sands. 

(2) Fresh plagioclase is the dominant feldspar in sands and 

considerably outweighs the K-feldspar. 
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(3) Chert is a major constituent in all Bearpaw sands .. 

Sanidine is a high temperature feldspar undoubtedly originating 

in volcanic rocks, which probably contained plagioclase as well. Sanidine 

is a readily alterable mineral, yet all of the grains in the Bearpaw 

sands have a very fresh appearance, suggesting that they were derived 

from a poorly consolidated volcanic source rock with little or no decom

position of the feldspar during its erosion from the rock. Much of the 

plagioclase probably came from the same source. Plagioclase is an im-

portant constituent of most plutonic igneous and metamorphic rocks, and, 

as will be sho~m in a later section, metamorphic rocks did supply heavy 

minerals to the Bearpaw formation and therefore could have contributed 

some plagioclase. All of the plagioclase grains, however, are fresh, in 

contrast with the cloudiness of orthoclase grains which possibly did come 

from a plutonic source. It is therefore consistent to conclude that the 

bulk of the plagioclase came, with the sanidine, from agglomerates, tuffs 

and breccias accumulating around volcanic vents. This conclusion does not 

conflict with the ideas of Folk (1961, p. 80), who points out that ortho

clase and microcline are generally the most abundant feldspars in sedi

ments, and then goes so far as to say, without explanation, that, 11if a 

formation contains more plagioclase than K-feldspar, suspect a volcanic 

sourcen. 

Evidence of an additional source for Bearpaw sediments is 

suggested by the presence of chert grains in the sands. Chert commonly 

originates as a chemically-precipitated sedimentary rock, usually associated 

with carbonate rocks, but also found as bedded chert. It may also occur 

associated 1.-.'i.th lavas and tuffs, but volumetrically this is a less import-
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ant occurrence. Its abundance as detrital grains in the Bearpaw sands 

suggests an older sedimentary source. 

The other minerals in the Bearpaw sands, quartz and glauconite, 

have not yielded any useful information, either on a qualitative or 

quantitative basis. It can be seen from Figure 8 that quartz is the 

most abundant mineral in the sands, but quartz grains have not been care

fully studied and no genetic significance has been attached to them. 

Sedimentary and volcanic sources might both have contributed qu~rtz. 

Glauconite pellets probably formed diagenetically on the floor of the 

Bearpaw sea. 

The only significant variation in the light mineral compositions 

of the sands is the increased proportion of the plagioclase in the 

Cruikshank member (see Fig. 8). This may be a useful aid in distinguish

ing the member from lower sandstone units of the Bearpaw. 
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HEAVY 1IDTERALS 

Method of Study and Identification 

The procedure for separating heavy minerals has been described 

(p. 15). The heavy separates, upon recovery, were stored in glass vials, 

to await mounting for microscopic identification. Some of the samples 

were mounted immediately in araclor (R.I. = 1.66), but identification of 

most minerals was found to be impossible without a knowledge of their 

refractive indices. Permanent mounts therefore proved unsatisfactory and 

oil immersion techniques were used. 

Because of the limited amount of material available, it was 

necessary to adopt a technique whereby the same sample could be immersed 

successively in oils of different refractive indices. The technique 

used was to first immerse the sample in a desired oil on a glass slide 

and cover it with a glass cover plate. Substitution of a different oil 

could be accomplished by carefully absorbing the oil from beneath the 

cover plate ~dth a piece of tissue, and then flushing the grains' with a 

volatile solvent (acetone or xylene). The next oil could then be in

troduced around the edges of the cover plate. It was possible to repeat 

this operation several times without losing too many grains, providing 

care was taken in extracting the oils. If they were absorbed too quickly, 

much of the sample was lost. 

Refractive indices proved to be the most useful and diagnostic 

propert~- for identifying heavy minerals. Cleavage, when developed, was 

an aid in identification, but clea¥age is seldom well seen in detrital 

minerals due to effects of abrasion. Other optical properties such as 
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interference colors, mineral colors, pleochroism, and dispersion provided 

valuable clues, but thewe properties are strongly dependent on grain 

thickness and orientation. Because many of the biaxial "heaviestt have 

large axial angles, optic signs were difficult to determine. Only for 

a few grains could optic signs be used in identification. 

In all of the samples studied, biotite is by far the most abun

dant mineral. Indeed, it commonly comprises 85 per cent or more of the 

separate, and thereby renders quantitative studies virtually useless. 

To obtain a representative number of grains of the other non-opaque 

IT~nerals, it would have been necessary to count at least 1000 grains. 

The writer felt that the best approach to the problem was to segregate 

the biotite from the sample and study the remaining non-opaque minerals 

qualitatively. This was accomplished by repeatedly sliding the sample 

from one piece of smooth finished paper to another, each time leaving 

some biotite clinging electrostatically to the paper. After several 

repetitions, the remaining sample was essentially free of biotite. 

However, chlorite and muscovite were also removed in the process. There

fore, prior to the separation of micaceous minerals, an initial count of 

100 grains was made, recording only biotite, muscovite, chlorite and 

"other non-opaques". The relative proportions of these constituents are 

expressed as percentages for each sample. Opaque minerals and authigenic 

barite coatings on quartz grains were not recorded in the count although 

they are abundant in some samples. Their distribution and relative 

abundance seems to be largely a function of weathering. Pyrite, absent 

in outcrop samples, notably increases the proportion of opaques in the 

unweathered core samples. The distribution of barite is very irregular. 
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The remainder of the heavy min~ral separates, which were grouped 

in the initial count as nether non-opaquesn, could be studied much more 

effectively after the superabundant biotite had been removed. The study 

of these minerals was mainly qualitative, but rough estimates of their 

relative frequencies are given by means of freq~ency numbers from 0 to 5 

and are plotted in the form of a histogram in Figure 8. 

I~~uneralogy 

The following account is limited to describing some of the 

general features of heavy minerals that occur in Bearpaw sands, and 

discussing the probable parentage of each mineral. Detrital minerals 

tend to acquire peculiar characteristics for a particular sediment and 

a knowledge of these can be a valuable aid to their rapid identification. 

Positively identified minerals are listed in Figure 8. Certain 

very rare minerals were not identified, and are omitted from the list. 

The minerals are discussed in their order of abundance. 

Biotite is found in the Bearpaw formation as two contrasting 

types. The most common is a brown variety, occurring as irregular 

cleavage flakes, although a number of grains show· well developed, 

hexagonal outlihes. Nuch less abundant, but nevertheless present in 

all samples, is a bright-reddish-orange biotite. This variety has 

slightly higher refractive indices than the brown biotite and the optic 

axial angle is appreciably· greater, approaching 30 degrees. Biotite is 

an important constituent of many kinds of igneous rocks, and of meta

morphic rocks, and therefore as a detrital mineral it can have a 

variable parentage. 
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Chlorite is a major constituent of all the heavy mineral samples, 

and occurs as pale green cleavage flakes with interference color of dark 

ultra-blue to almost black. It is an important mineral in low grade 

schists, but is also present as an accessory in igneous rocks. 

Nuscovite is present as thin, colorless, basal plates exhibiting 

light grey interference colors. Although not as abundant as biotite and 

chlorite, it is present in most samples, and co~nonly comprises about one 

per cent of the separate. Both igneous and metamorphic rocks can be 

sources of muscovite. 

Common hornblende occurs as elongate cleavage fragments with 

irregularly fractured ends. Commonly the grains lie on the (110) cleav

age to display inclined extinction and light and dark green pleochroism. 

Less commonly, they rest on a (100) parting to yield an off-centered 

optic axis figure. Hornblende is sporadically distributed in the lower 

sands of the Bearpaw formation, but becomes the dominant constituent of 

the non-platy frqction in the upper Cruikshank member. Igneous rocks are 

possible sources of hornblende but the mineral is especially common in 

metamorphic rocks of intermediate grade. 

Tourmaline is most easily recognized by its intense pleochroism 

from pale yellow to dark brown. Other colors less frequently observed 

are pale to dark greens and blues. Tourmaline is generally abundant in 

the lovJer sands of the Bearpaw, but is sparse in the higher Cruikshank 

member. The grains are about e·qually divided into well rounded and sub

hedral prismatic forms, both of which occur together. The well rounded 

grains probably have passed through more than one cycle of sedimentation 
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and most probably were derived from a sedimentary source rock, whereas 

the subhedral grains more probably were derived directly from igneous 

or metamorphic source rocks. 

Epidote is typically light-yellowish-green and faintly pleo

chroic. The grains are irregular and somewhat rounded with a fractured, 

glassy surface. Cleavage is not apparent in the grains, but many probably 

lie on (001) cleavage surfaces, because they yield off-centered optic 

axis figures in which anomalous interference colors denote strong dis

persion. The birefringence of epidote is generally high, but varies 

to some extent with compositional changes within the epidote group; 

some grains are of clinozoisite. The distribution of epidote is erratic, 

even within the same sand members of the Bearpaw formation. It is absent 

from the sand of the Beechy member t except in the lov·rermos t part. In 

the Ardk:enneth member, it is abundant in some samples and absent in others. 

All of the Cruikshank sand samples contain epidote. Clinozoisite and 

epidote are common in metamorphic rocks of lo-vr and medium grade. 

Sphene is identified chiefly by its extreme birefringence and 

dispersion. Extinction is lacking in many grains, and anomalous inter

ference colors are observed in grains the optic axes of which are nearly 

vertical. Most of the grains are 1..rell rounded and their high refractive 

indices (~== 1.9) impart a somewhat translucent appearance. They are 

pale brownish- or greenish-yellow and may be faintly pleochroic. Sphene 

is abundant in the lo"t\l"er sands of the Bearpaw but exists only as a trace 

in the Cruikshank member. It is a cormnon accessory mineral in granites, 

intermediate igneous rocks, and metamorphic rocks such as gneisses, 

schists and marbles. 
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Garnet grains observed in the sediments are generally colorless, 

but some have faint bluish and pinkish tints. The grains are irregular 

in shape and void of crystal faces. High relief, conchoidal fractures 

and their isotropism help to identify them as garnet. Surface of grains 

are glassy and show no trace of etching. Garnet is erratically distri

buted in the Ardkenneth sand. It is present throughout the Beechy sand, 

but sparse in the Cruikshank sand. Garnets may be derived from igneous 

rocks, but are much more abundant in metamorphic rocks of intermediate 

to high grade. 

Chloritoid is common in the lower sands of the Bearpaw but rare 

in the upper Cruikshank member. The identification is by no means positive, 

but is based on comparison with Hellon 1 s (1956, p. 35) description of 

the mineral, and on one poor X-ray powder photograph of hand-picked grains. 

Chloritoid is not a common detrital mineral, therefore a brief description 

of its observed properties is in order. It occurs as tabular greenish

grey fragments with irregular outlihes, which are ridden with tiny in

clusions to the extent that some grains are nearly opaque. The grains 

present a cryptocrystalline appearance under crossed-nicols, and 1jJill 

not yield interference figures. Refractive indices are between 1.72 and 

1.73 and the birefringence is very low. Chloritoid originates in 

metamorphic rocks. 

Andalusite exhibits the characteristic of nblushingn slightly 

on rotation, fron1 colorless to pale pink. Negative elongation and 

parallel extinction help to identify the mineral in grains showing cleav-

age. Host grains are irreg-ular in shape, glassy, subangular, and with 

conchoidal fractures. Andalusite is present in most of the Bearpaw sands, 
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although in small quantities. Metamorphic rocks, particularly contact

metamorphosed shales, are possible sources. 

Rather randomly scattered through the section is a mineral be

lieved to be a pyroxene belonging to the diopside-augite series. Most 

grains of this mineral are nearly colorless but some have faint bluish 

and greyish tinges. Pitting and etching is prominent on the grain 

surfaces. The shapes are irregular, generally rounded, with no apparent 

cleavage, but all grains appear to rest on a flat surface which is oblique 

to any principal optical direction and -wnich may be a (110) cleavage. 

Diopside and augite are important constituents of many kinds of igneous 

rocks, especially of the basic types, and may also be found in gneisses, 

schists and contact metamorphic rocks. 

Actinolite resembles hornblende and can best be differentiated 

by its lower refractive indices ( ~ ::::: 1.64). The grains, less strongly 

colored than hornblende, are pale green or pale bluish green and may be 

faintly pleochroic. 

Grains, similar to those above but colorless and having lower 

refractive indices ( (3 ::::: 1. 62), are identified as tremoli te. Actinolite 

usually accow~anies hornblende in the Bearpaw but tremolite is very rare. 

These two minerals are com.rnon in low and medium grade metamorphic rocks. 

Aoatite is colorless or very pale blue, and always occurs as 

well rounded grains. It is seen only rarely in the samples and has a 

haphazard distribution. 

Kyanite appears commonly as pale blue, elongated grains showing 

low birefringence. It is easily recognized where the three cleavages are 

well developed. Kyanite is rare in the Bearpaw sediments. Its probable 

source would be an area of high grade regional metamorphism. 
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Lawsonite is colorless and shows well-developed pinacoidal and 

prismatic cleavages. Ilost of the grains rest on a ( 001) surface to yield 

an acute bisectrix figure. This mineral -was seen in only three samples, 

and was undoubtedly derived from metamorphic rocks. 

Glaucophane is diagnosed by its marked pleochroism in blue and 

violet. It is randomly scattered through the Bearpaw, but occurs only 

as a trace. This mineral undoubtedly originated in low or medium grade 

metamorphic rocks. 

Staurolite is characterized by its pleochroism from pale to 

golden yellow, and by its low birefringence and high refractive indices 

( ~ = 1. 7'+5). The grains are irregular and fractured. Staurolite is very 

rare in the Bearpaw. Nedium to high grade metamorphic rocks are its 

probable source. 

Zircon grains are mostly rounded prismatic crystals. They are 

colorless, but their high refractive indices (UJ= 1.94) give them a 

greyish "shado-wyn appearance. Zircon is very rare in the fine sand 

fractions. It is abundant, however, in the next smaller, very fine sand 

fraction of the samples. Zircon originates as an accessory mineral in 

ir;neous rocks and pegmatites. but the rounded grains of the Bearpaw 

sandstones probably came from older sediments. 

Summary of Significant Observations 

(1) The majority of heavy minerals form a distinctly meta

morphic assemblage. 
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(2) Tourmaline occurs partly as well rounded grains and 

partly as subhedral crystals. Most of the zircon grains 

are rounded. 

(3) Biotite greatly outweighs all other constituents of the 

heavy mineral f'raction. 

(4) Zircon is limited, by its original crystal size, to the 

very fine sand fraction and hence is rarely recorded in 

the fine sand fraction of samples. 

(5) Hornblende floods the non-micaceous fraction of the 

heavy minerals in the Cruikshank member, but is much less 

abundant and in some cases absent in other sandstone units. 

Other non-micaceous minerals are rather haphazardly dis

tributed. 

Evaluation of Data 

The light mineral study has shown that both sedimentary and 

volcanic rocks were sources of Bearpaw sediments. The heavy mineral 

study reveals yet a third source for the sediments - a metamorphic 

terrane. 

Kyanite and staurolite are specified (see, for example, Berry 

and Nason, 1959, p. 553) as products of medium to high gracte, regional 

metamorphism, and rrn.1st therefore have come from a metamorphic terrane. 

The same source is implied for lawsonite and glaucophane, actinolite and 

tre:nolite, and epidote and clinozoisite. Hinerals such as biotite, 

chlorite, hornblende, and garnet are also important constituents of 
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metamorphic rocks. and, although not specifically diagnostic, they too 

probably came from a regionally metamorphosed terrane. 

Rounded grains of tourmaline and zircon are probably reworked 

from older sediments. Subhedral grains of tourmaline may have come from 

the metamorphic source. 

The great abundance of biotite in the heavy mineral separates 

is not unusual but rather to be expected, considering the fact that 

biotite schists and gneisses were probably abundant in the metamorphic 

source area. However, many flakes, particularly the smaller ones, 

have hexagonal outlines and were probably constituents of crystal tuffs. 

The larger hexagonal flakes were no doubt transported by water, but the 

smaller ones might have been wind-borne. 

Differential sorting might explain the deficiency of zircon in 

the fine sand fraction in contrast to its abundance in the very fine sand 

fraction. Zircon has a high specific gravity (4.7) and, during trans

portation, would tend to be deposited before equal-sized grains of 

lighter minerals. Very fine grains of zircon would therefore be concen

trated with somewhat larger grains of lighter minerals. 

The heavy minerals have only limited usefulness as a means of 

correlation. No particular mineral nor suite of minerals is confined to 

particular zones in the Bearpaw formation. The flood of hornblende in 

the non-micaceous heavy minerals of the Cn1ikshank sandstone is considered 

to be a means of distinguishing this member from other sandstones. 
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CLAY MINERALS 

Hineral Identification 

X-ray diffraction patterns have been obtained for the clay-si~e 

fraction of 80 samples of the Bearpaw formation. Orientated mounts of the 

clays were prepared in the manner previously described (p.13), and 

scanned, using CuKoc radiation, before and after treatment with ethylene 

glycol. The patterns obtained show that montmorillonite comprises the 

bulk of the clay minerals in both mudstones and sandstones. Illite is 

present in smaller amounts, w"i th still smaller amounts of kaolinite and/ 

or chlorite. 

Hontmorillonite shows a considerable range of basal spacings 

(from 10l to 15A) and obscures the illite peak in diffraction patterns. 

How·ever, treatment of the sample with ethylene glycol expands the mont-
0 0 

morillonite to 17.5A and reveals a weak illite peak at the 10A position. 
0 0 

Reflections at 7A and J.5A are very weak. and no special attempt was 

made to determine whether they belong to kamlinite or chlorite, or both. 

The problem seemed of little significance. 

Relative proportions of clay minerals could not be determined 

accurately by any method known to the writer. All that may be said is 

that montmorillonite greatly dominates the clay fractions of all samples. 

Evaluation of Data 

Nontmorillonite is a common clay mineral, but rarely does it 

dominate the clay mineral suite, and then only in sediments formed under 
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exceptional conditions (Boswell, 1952). Its do.m.nance in the Bearpaw 

formation is believed to be due to extensive volcanic activity in one of 

the postulated source areas. 

The Bearpaw section contains several thin, but persistent, seams 

of bentonite. Five of these seams were sampled, and aLl but one were found 

to consist almost wholly of montmorillonite. One bentonite seam consists 

of nearly equal proportions of montmorillonite and fresh glass shards. 

All contain tiny hexagonal flakes of biotite and small amounts of silt

size, clear, feldspar fragments, some of which are K-feldspar and probably 

sanidine. Bentonite is generally considered to have formed from altera

tion of wind-borne volcanic ash (Grim, 1953, p. 361), and this mode of 

origin is consistent with the mineralogy of the Bearpaw bentonites. In 

this connection, Folinsbee et al (1961, p. 354) believe that biotite and 

sanidine fragments found in Cretaceous bentonites in Alberta are constitu

ents of wind-borne volcanic ash. If the constituents of bentonites re

present altered volcanic ash, a reasonable deduction would be that the 

same minerals in the Bearpaw mudstones and sandstones also originated, 

at least in part, from volcanic dust falls. 

Grim (1953, p. 363) believes that the alteration of volcanic ash 

takes place contemporaneously with its accumulation, or very shortly 

thereafter. But whether the montmorillonite in the Bearpaw bentonites 

formed in situ is a matter of doubt. It seems equally plausible that, 

in some cases at least, the alteration could have taken place before 

sedimentation (possibly in the volcanic craters themselves), and that 

wind-borne montmorillonite fell on the Bearpaw sea as such. This 

would explain the coexistence of entirely unaltered glass shards and 
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montmorillonite in one bentonite seam. It was thought that, if alteration 

took place in situ, at least some of the remaining shards should be in a 

state of partial alteration. No trace of volcanic glass shards was found 

in any of the other bentonite seams, indicating either that alteration 

in situ was complete, or that no glass fell with the montmorillonite. 

It is doubtful that volcanic dust falls were'the only source 

of Bearpaw clay minerals. The illite fraction, which is substantial 

in some samplest certainly could have been transported by water from a 

sedimentary source (argillites). Streams draining the volcanic source 

area also probably carried some montmorillonite. Weathering of feldspars 

may have contributed some clay, although probably not much, since only 

the orthoclase grains showed any sign of weathering. But a sizable 

portion of the montmorillonite probably accumulated as volcanic dust 

falling on the Bearpaw sea. At times the proportion of water

transported sediment to dust falls was so low that, in places, nothing 

but bentonite was deposited; at other times water-borne sediment was 

dominant, and mixed with volcanic dust to form montmorillonitic mud

stones and sandstones. 
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DISCUSSION OF PROBABLE SOURCE AREAS 

It is apparent from this study that the Bearpaw sediments in 

southwestern Saskatchewan were derived from three radically different 

kinds of source rocks; (1) sedimentar.y, (2) volcanic, and (3) meta

morphic, and probably in that order of importance. These three source 

rocks apparently occupied three corresponding source areas, all located 

to the west of the Pierre seaway, and all supplying sediment more or less 

simultaneously. 

A sedimentary source is suggested by appreciable quantities of 

detrital chert and the occurrence of rounded grains of tourmaline and 

zircon in the sandstones. This source was possibly located on the site 

of the Purcell and Selkirk mountains, an area known to have been up

lifted in Bearpaw time. Quartzites, argillites and limestones of Pre

cambrian and early Paleozoic age probably were the rock types being 

eroded, and the derived detritus, which included grains of chert, tour

maline, zircon and probably also quartz and clay minerals, was being 

carried into the Bearpaw sea by streams draining the landmass. This 

landmass, uplifted during the Nevadan orogeny, has for years been con

sidered as the principal source for all Cretaceous sediment in the 

Canadian Interior Plains. 

Evidence of an active volcanic source is given by several fea

tures of the sediments; (1) the abundance of montmorillonite, (2) the 

presence of fresh sanidine, and (3) the dominance of fresh plagioclase 

over K-feldspar. There is also direct evidence in the form of the re

current bentonite seams in the Bearpaw formation. One of these benton-
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ites was found to contain glass shards, all were composed mainly of mont

morillonitic clay, and all contained tiny hexagonal flakes of biotite. 

Bentonite seams have been observed elsewhere grading laterally into 

volcanic ash (Sanderson, 1931), and there seems little doubt that the 

Bearpaw bentonites also have a volcanic origin. 

The nearest know~ areas of volcanism in Bearpaw time occupy 

much of the western half of 11ontana, and are centered mainly around the 

area intruded by the Boulder batholith, where thick remnants of volcanic 

flm..rs and pyroclastics have been assigned a late Cretaceous age (Nci·'lannis, 

1955, p. 1412). These rocks have been correlated with part of a series 

of agglomerates, tuffs and breccias mapped as the Livingston volcanics 

(1-fc}'lannis, ibid.), which are extensively developed in another possible 

source area along the north front of the Beartooth Mountains. Volcanic 

activity apparently began in this area in Judith Hiver (Belly River) 

time, and Stow (1946, p. 684) concludes that it was "more or less con

tinuous from at least Judith Hiver into Lennep [Post-Bearpa~ time 11
• 

The Livingston formation has been dated by plant fossils and grades 

laterally into Judith River, Bearpaw, Lennep and Lower Lance formations 

(Parsons, 1958, p. 37). Another area in west central Nontana, which has 

been quoted by Folinsbee et al (1961, p. 352) as a possible source, is 

at the northern end of the Big Belt lVIountains , where the Adel }:iountain 

volcanics were extruded from the Three Sisters plug (Lyons, 1944, p. 470). 

There are additional occurrences of extrusive rocks in western 

Montana, all of which can be considered to occupy possible source areas. 

Volcanic centers farther south, and the volcanic archipelago (Eardley, 

1951, p. 62-68) held to exist along the Pacific Coast, might also have 
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been a source for Bearpaw volcanic minerals, but these areas are con

siderably removed from the Bearpaw basin, and the most likely source is 

the nearest one in western l•fontana. 

The Livingston volcanics were erupted from many small vents 

(Parsons, 1958, p. 37) as, most probably, were all the volcanics in 

1vJontana. For this. reason the rock compositions are quite variable, 

even ~v.ithin one locality, and range from andesitic to rhyolitic. 

Plagioclase is an abundant constituent of the volcanics at all 

localities and sanidine is reported from several. It has been concluded 

therefore that, in Bearpaw time, western l·'lontana was studded with vents 

thrmdng out great quanti ties of volcanic dust. Nuch of this dust 

settled on the Bearpaw sea, giving rise to bentonites and enriching the 

stream-derived sediments in montmorillonite. At the same time, erosion 

of the lava flows and pyroclastic debris accumulating around the vents 

was contributing grains of sanidine and plagioclase to the coarser detritus 

that was being intermittently washed into the sea. 

The influx of detritus from a metamorphic source area, although 

probably not great, was nevertheless significant at times, and is clearly 

indicated by the presence of several diagnostic minerals in the heavy 

mineral suite. Of these, kyanite and staurolite are probably the best 

indicators and point to an area of medi~~ to high grade, regional meta

morphism. Derivation of these minerals from metamorphic aureoles of 

granitic stocks in the Purcell and Selkirk l1ountains is unlikely, partly 

because of the small area occupied by the aureoles. Furthermore, some of 

the minerals, such as kyanite, staurolite, lawsonite, glaucophane, and 

chloritoid are not reported in the aureoles (Little, 1960; Hice, 1937, 
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1941). It seems necessary therefore to look elsewhere for the meta-

morphic source. 

The heavy minerals of metamorphic parentage are all of sand

size and all rather angular. The majority are classed as rel~tively 

unstable minerals, accordine; to Pettijohn's (1941) order of stability, 

yet none of them show any sign of alteration or decomposition. This 

w·ould seem to rule out the Canadian Shield as a possible source area, 

since it appears to have remained a low-lying craton in Upper Cretaceous 

time. It is not considered to have been capable of supplying anything 

to the Bearpaw basin, except possibly small amounts of very fine, de

composed material. The source area of Bearpaw metamorphic minerals 

would need to have been uplifted to some extent, and erosion, mainly by 

mechanical weathering, would need to have been fairly rapid. 

An area 11hich appears to meet all the requirements of a meta

morphic source for Bearpaw sediments is the Shuswap terrane of British 

Columbia (see Fig. 1). Shuswap rocks are a regionally metamorphosed 

assemblage of sedimentary and volcanic strata. 'rne type area is 

located behind the Selkirk H01.mtains, but the rocks have great areal 

extent, especially to the north. Jones (1959, p. 131) has noted the 

occurrence of Shuswap-like rocks near the Big Bend of the Col1unbia 

River, lying immediately adjacent to the Rocky Nountains and therefore 

open to the depositional trough in Bearpaw time. This general area, 

where the :Honashee Hountains are truncated by the Hocky Hountain Trench, 

is considered to be a likely source of most of the Bearpaw heavy minerals. 

Elsewhere in the Shuswap terrane, the rocks appear to have been isolated 

from the depositional trough by the uplifted barrier of the Selkirk and 
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Purcell l\1ountains. £1egionally metamorphosed rocks are also extensively 

developed farther north (the :.~Jolverine complex) and could have supplied 

sediment additional to that from the Honashee massif. 

The locations of' the three source areas discussed in the fore

going paragraphs are shown in Figure 1 ~~th respect to the location of 

the area of study (shaded). In view of the limited extent of this area 

of study, the conclusions regarding source areas must be considered as 

only tenta~i ve. They could, hm-vever, be tested. If the interpretations 

are correct, then farther to the southwest, toward the postulated location 

of the volcanic source, increased proportions of volcanic material 

(montmorillonite, glass shards, sanidine, hexagonal biotite flakes) 

should be observed in the sediments. Similarly, approaching the sedi

mentary soarce area to the west, an increase in the proportion of sedi

mentary to volcanic constituents should be observed, with a concomitant 

increase in the amounts of heavy minerals fromthe sedimentary source 

(rounded tourmalines and zircons). 1·1etamorphic minerals should also be

come more abunclant, and more varietal, tm·mrd the postulated metamorphic 

source, which is close to the sedimentary source. 
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