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Abstract A;
he Tower Steepbank River i§.1ocated in the surface-miheable

area of the Athabasca'oi]veands. ‘The whole of tne Mchrray '
Formatiion, which averages SO.Metres in thickness,lis well exposed
in cutbanks of the 60 meétre deep river valley. The study area
covers /twelve outcrops ;ithin a distance-of 5.5 km. X

‘A facies ana]ys1s of this small outcrop area in the Ath basca
01l sands reveals five un1ts in the McMurray Formation. The/
Lower Member of coarse sandstone or conglomerate, is confined to
1oca1 eroshonal lows' and so]ut1on co]]apse depressions on the
Devonian 11mestone sur}ﬁge. This is overlain by fine grained,
trough- cross-bedded fluvial sands gf'the'Midd?e A gember with
on]y isolated wedges of ]aminated overbank deposits preserved.

The Middle B Member makes up the bulk of the~total th]ckness
of the formation and codsists of decimetre to metre bedded sands
separated by thin partings of silt and c]ay. Tubulgr clay-walled
burrows up to 5 mm in diameter and asymmetrical ripple marks are
the most‘common structures. Bedding in this member has depositional’
s]bpes of 10 to 15 degrees,'resemb11ng very large scale cross- bedd1ng
These beds, called delta foresets by Carrigy (1971) are interpreted
to be epsilon cross-bedding, formed by lateral accretion on point <
bars of large (20 metre deep) migrating ‘channels.

- The Upper A Member is composed of hor1zonta11y bedded fine sand °*

and silt, generally laminated to b10turbated Loca]]y present are

]enses of coal and a sma]]er scale version of epsilon cross- beddwng
A
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(2 metreé\thtck). A tidal flat envirénment is indficated. The Upper
\ ;
B Member is composed of dark grey bioturbated sj

y

is erosional’ and palynological evidence indi

ty sand. .The base
S ’
tes a marine environ-

the first truly marine
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Y

P

\
ment. This rrgmber is be].ed to represe
sediments of the Clearwater SransgresgAfon. Above the McMurray
Formation ]1e the glauconitic, si¥fy sands of the Wabiscaw Member,

Clearwater Forma;ipm\
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CHAPTER 1

IN Lgmumom

Purpose

The McHurray Formation of the Athabasca area displays a wide
range of lithologies dnd a complex arrangement of Tithofacies.
“Clark. and Blair (1927, p. 727 tound that "there is no system to
theisuccos;ion of rich aﬁd Tean bituminous sand beds in sections
thraﬁgh ihc Sana }5rmdtion. The formation is composed of a hap-
naggkd aséortmenﬁ ofj]enses of vnri3b1e material." Ansley and
'Bfngmeiér (1963, p.55), in a study of;bcdding continuity within
Jthe formatlon, found “that there is an extreme variation laterally,
and d]ff]CUlty is oxph11enncd in trac1ng thin beds even at 200
foot centers This emphas1zes~thg difficulties in corrnWszon
and facies ana]ys1s by subsurface data where only one- d1mens1ona]
(V%ftha])ucontFO1 is ava1]ab]e. The present study is based on
‘ cibSe]y spaﬁed targe bu@crops;.permntt1ng both vertical and
lateral control of Jac{és Ehéngés. ;

The.purpose'of_thjs study : to gain an understanding of the'
facie%npatterné'in thé McMuPray,kor;ation bylmaking a detailed facies
apalysis of a s@a]lvpgtcrqp_areé in the Athabasca oil sands. With

e 3 .

an understanding of the facies patterﬁs in the outcrop area, an

'qihferpretation v debosftionat‘environments can be made. Models

Q™
. 1Y

- for the geometry and depos1t10na1 environments of the facies w1th1n

the McMurray Formation may a1d in 011 sand mihing and in situ

oy .

4

recovery by allowing prediction aviay from outcrops and drill holes

of ﬁ@c4es—depehdqgt variables such as-0il saturation and permeability.
g z _

1



Location and Access

The study area is the valley of the lower.Steepbank River,
Twp. 92 Rge. 9 W4M, in the plains of northeast Alberta (Fig. 1).
The Steepbank River enters~the east side of the Athabafca River
35 km north of Fqrt ‘tcMurray, directly across from the.Great
Canadian 011 Sands plant. |

The Steepbank River has eroded a valley 60 metres deep into
the plains, producing many good exposures at its cutbanks. Jhe
portion of the river valley studied is 5.5 km long (straight
Tine distance) and consists of outcrops 1 through 12 as shown on
Figure 2. Some of the outcreps are very large - up to 300 metress
in length. along the river. Most outcrops expose complete or |
nearly complete éections of the McMurray Formation. Because‘of
its excellent exposure, the Steepbank River va]lex'was chosen for
this study. : *\\

Access to the study area is possible by;heiicopter, as many
landing sites are available in the Steepbank River v- /. Access
is also possible by boat across the Athabasca River “rom t: e
Great Canadian 0il Sands plant, followed by a walk o .5 :~ to
the Steepbank River by way-of the ctsared trail to gpe «randoned
Petrofina airstrip (Fig. 2). When river level is high, the lower
reaches of th Steepbank are navigable by small boats.

Becéuse of the relatively small study area, a permanent camp
was set Qp near the migﬂ%g of the_study area and access to the

‘P’ﬁutcrops each day was by fopt.

ro
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Stratigraphic Setfing

The formations outcropping in the study area are the McMurray ‘
and\C]earwater Formations of the Lower Cretaceous Mannville Group
1y1ng unconformably on the: Moberly Member of the Upper. Devon1an

Waterwxys.Format1on (Fig. 3).

‘

Thé Devonian limestone crops out ‘in the downstream portion of
\
the area\but farther upstream it is below river level. The Clear-

water Formation, represented by the g]aucon1t1c sand of the Wabiscaw

Member, is’ verx recessive and only the_basal one or two metres- is
commonly wel] exposed. Ly1ng between the 11mestone and the g]aucon-
itic sand, the McMurray Format1on 0il %ands form the bu]k of the

sections.

<

The Prainie Evaporite Formatton in the Steepbank River area

Ties at about 0180 metres below river level. &This estimate is

based on extrapolation from the Bear Rodeo No. 2 and Bear Vampire

No. 2 Wells (Fi%. 1).

¢ \ il v
\ '

\ | .

AY
i
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'FORMATIONS

PERLOD ATHABASCA AREA LITHOLOGY
Quaternary ' Gravel and Sand
Qr/~ Clearwater Shale and
31 51° Formation Sandstone
Sl & ‘Wabiscaw Glauconitic
Lower | @ > Member » Sandstone
Cretaceous =l (| McMurray 0i1-impregnated
gl ¢ Formation quartzose sands
o]l O
=| . :
Moberly
Member
Waterways Christina Shale and
Formation Member shaly limestone
(Beaverhili Calm t alternating
Lake Fm) Memb;r ‘With limestone
§_ ’ - |Firebag
= Member
; . . Limestone and
Devonian Slave Point Formation dolomite
. ‘ : Halite, anhydrite,
= Prairie Eyaporite . gypsum.and
0| TS5 Formation dolomite
3| 5w «
o ; Meth)-/ -Reefa]_
=2 Formation dolomite

FIGURE 3. Stratigréphic setting in the
" Athabasca 0171 sands area (from Carrigy,
. 195%a, 1973a and Norris, 1973)
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Previous Work

t c . i

‘ Early descriptions of the Athabasca oil sands were given by
Bell (1884) and McConnel (1893) who undertook reco%na1ssance
mapping exped?%&ons for the Geological Survey of Canada McLearn
(1917) named and def1ned the McMurray Formation. S.C, E1ls of the
Mines Branch studied the extent of the oil sands ana the
possibi]ifies for commeraia1~development (E]ls, 1926).!

) Extens1ve dr1111ng was carr1ed out by the Federal Government
from 1942 to 1947 for eva]uat1on of 0il 5and deposits. Much of
this drilling was in the §teepbank aréa{Awhich was considered a
potential site for a mining operation'(Government of Canada, 1949).
Hume (1947) made geoiogica} interpretations from the .results af
this drilling.

The most comprehensive report on the geo]ogy of the McMurray
area is by Carfigy (1959a) who designated two type sections for
the McMurray Formation, one outcrop and ane subsurface. ‘Carrigy
has also done detailed work on the Méﬁurray Formation including
~studies on grain size (Carrigy 1959b, 1966), the relationship of
clay content to oil saturat1on (1962), the petrology of the Lower
Member (1963a) d1fferent1at1ng the McMurray and Clearwater
Formations (1963b), paleocurrent analysis (1963c), sedimentary
structures (1967), and environmental interpretations (1971).

Defai]ed heavy mineral analysis of the McMurray Formation has
been carried out by Mellon (1955, 1956). The heavy minerals have

also been studied by €arrigy (1963a, 1963b, 1966).

/7



-
The micropaleontology of the McMurray and Clearwater Formgtions
has been studied by Mellon and Wall (1956) and the palynology by

Singh (1964) and Vagvolgyi and Hills (1969)

q
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Methods of Investigation -

', Field Work

At Teast one sectien from each of the twelve outcrops, except
outcrop 8, was measured with a Jacob's staff and described in detail.
Characteristics described include lithology and kexture, scale of
bedding, sedimentary structures and trace fossils, weathering
charécteristics, and 0il saturation. Pa]eoeurrent measurements
were made with a brunton compass. Lithologic samples were taken
at changes in Tithology and generally at least every 6 metres of
vertical section..where sand beds were’separated by thin partings
of silt and eha]e, samples were taken of 01l sand only.

Laboratory Analysis

Samples ehosen for analysis were largely from two sections
which heve good exposure from at or near the base of the McMurray
Formation to the Clearwater Formation. In addition, a number of
samples were chosen from other secf{ens for more complete Tithologic
coverage. Laboratory analysis of the field samples was carriedgput
- in the following steps: |
1. The 0i1 content of 49 samples was determined by soxhlet
extraction. ]Qspsamples were weighed before and after
removal of the Bi], and the weight percentage of 01l
was determined by difference.
2. Heavy mineral separation. was accomplished by the use of
the heavy Tiquid tetrabromoethane (speeific grav{ty v
2.965). The heavy minera]s were slide mounted 1in :

Aroclor (refractive index 1.66) for‘petrographicvaﬁa1ysis.



Grain size analyses were performed using seives at 1/2 ¢

jntervals, pipetting the clay and silt fraction.

Clay smears for x-ray diffraction analysis were prepared

by pipetting the -2 micron fraction, allowing the water

>

to evaporate until the clay was semi-solid; and smearing

the clay o a glass slide.

10



Geoldgical History

In the Athabasca oil sands area

A

» Subaerial erosion during the
Pennsylvanian, Permian,

Triassic and Jurassic Periods produced an
irregular topography of Devonian limestone (Mart1n and Jamin 1963).
Solution of the underlying Prairie Evaporite Formation (

salt and
anhydrite)

Caused collapse structures to form in the WaterWays

Formation. The resu]t is a ser1es’bf waves

in the Devon1an
surface with amplitudes of 15 to 30 metres and wavelengths of 0.1

to 1.5 kilometres (Carrigy, 1959a).

During pre-Cretaceous time, the Devonian Strata were tilted

to the west, producing d1ps of about 2.8 metres per k1]ometre
(Martin and Jamin, 1963). The erosion surface thus truncates pro-
gressive]y younger Devon1an rocks to the west.

The history of the McMurray and Clearwater Format1ons is one
of a marine transgress10n As the Cordilleran orogeny occurred 1in
the west and the Coast Range mounta1ns rose,

&
the MacKenzie River
Valley and northern A]berta areas- sank

» @allowing the borea] sea to
penetrate southward (Stelck, 1967).

As base Tevel rose, the rivers
from the east dropped their loads in the. Tows on the Devon1an

erosion surface, such that the thickness of the’McMurray Formation
s inversely related to the ‘elevation of the Devonian surface
(Hume, 1949). wWith a continued rise in sea Tevel, the Athabasea
area became an epicontinental sea.

Post-Cretaceous tilting has resulted in an additional 1 to 1 3

metres per kilometre de to the west (

Martin and Jamin, 1963). Saline

11



springs in the oil sands area and the présence of post-Cretaceous
collapse, as indicated by the Bitumount basin, suggests that |
solution of the Prairie Evaporites is still occu<ring at present

(Carnigy,‘1959a). ) .

12
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CHAPTER 2
STRATIGRAPHY AND SEDIMENTOLOGY

Waterways Formation

The outcropping Devonian rock in the study area is the Moberly
p Member of the Waterways Formation. It is a buff to greenish yellow

rubbly Timestone with occasional resistant beds up to 3 metres thick.
The resistant beds are often fossiliferous, containing abundant
stromatoporoids, brachiopods, and bryozoa. The fossils in this
member have been recorded by Norr{s (1963). | |

There are two forms of relief on the Devonian surface one
.structural and one erosional. On the 1arge scale, a gent]y
undu]atlng relief results from the so]ut1on of the underlying
ETk Point evaporites. Bedding is seen to d]p at'lgk angles,
indicating Structural deformation (Fig. 4). On a more local scale,
relief of more than 20 metres can occur within a hor1zonta] d1stance
of 50 metres. This rugged, often steep-walled relief results from
erosion of the 11mestone in pre-Cretaceous time. Sink§ in the 1ime-

stone_and evidence of collapse (see Lower Member, McMurray Formation)

sugdests hat the Devonian surface had karst features.

The Jelevation of exposed limestone varies from about 277 metres
above/sea Tevel on outcrop 3 to approximately 258 metres on
outcrop 4 where it disappears below river level. It is present in
most of the downstream outcrops and absent in those farthest

upstream.. The ]gst exposure upstream occurs between outcrops 8 an509.

N
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Figurel4.x

€

Deformation 'waves' in limestone, outcrop 3 (Teft

foreground). Solution of the underlying Elk Point
evaporites has resulted in col apse of the Degonian
Timestone. The overlying McMuryay Formation does nct
usually show any sign of deformdtion.

14



Large-scale collapse of limestone in post-McMur{ay time is

indicated by formation heights on outcrop 11 and driTl hole data
* ¥

(see Chapter 2, outcrop 11).

Generally, the DevonianyCretaceous uﬁconformity is a sharp
B contact between 11mestohe and 011 sand, but a well developed red
paleosol is present on the Jlimestone at outcrop 1. Red clay
soil, composed of the 6¥1dized in§oiub]e impurities tontained

\F the limestone, is a common feature of modern lTimestone land- ,

5

scapes.
‘e

.o
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~ McMurray Formation

McLearn (1917) defined the McMurray Formation as the freshwater
sandstbne\under1ying the wideébread green sand of the basal Clear-
water Formation. In the present study, the first presence of
glauconite over trace amounts is taken as the base of the Clearwatar
‘Formation (Wabiscaw Membef). though it is now known that the Upper
McMurray carries ‘a marine fauqa (Mellon, 1955; Singh, 1964;
Vagvolgyi and Hills, 1969). The Upper McMurray and Clearwater
Formations have been dated on the basis of this microfauna as
Middle Albian. Dating the Tower parts of the formatibn has proven
difficult due to the poor microfaunai content, but the whole of
the McMurray Formation is probably Middle A]bian (Vagvo]gyi and
Hills, 1969).

| The type section for the McMurray Formation as designated. by
Carrigy (1959) is 5 km north of Fort McMufray on the east side of
the river (Sec. 5, Twp. 90, Rge. 9 W4 Mer.)i A supplementary
subsurface type sectioh, Socony-Vacuum Exploration Company Hole
No. 27 (Sec ./ ~ 91, Rge. 10, W4 Mer.) was also named by
Carrigy (1o ne Fig. 1).

The thesis covers a short stretch of outcrops which, at least
superficially, resemble the type section of the McMurray Formation.
Carrigy (1959a) divided the formation into three members - a Lower
Member of conglomerates and a coarse—grained sand, a Middle Member
of Very fine to fine sands, and an Upper Member of hori;onta]]y
bedded sands and silts. He also recognized within the Middle

Member two different units - medium-grained sand thewght to be
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’

ef point bar origin, and fine-grained sand in beds with
depositional dip (Carrigy, 1966, Table 5).

In the present report, Carrfgy's Middle Member is divided
into two units; Carrigy's ‘medium sand’ becomes the Middle A
Member anq‘the ‘fine sand' is called the Middle B Member. The
* Upper Member is also divided into two units, an Upper A Member
Qf horizontally bedded sandstones and siltstones, and an Upper
B Member which is a characteristic harker bed of dark, structure-
less, very argillaceous 0i] saﬁd.

The pre-McMurray detrital beds (Carrigy, 1966) are not

exposed along the Steepbank River.

»
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Figure 5. Local stratigraphy of the Athabasca 0il
sands outcrop area (Carrigy, 1959a) and
the Steepbank River valley. In this report,
the Middle and Upper Members have each been
subdivided into two units. For simplicity
in the text, these are referred to as the
Middlie A Member, Middle B Member, Upper A
Member and Upper B Member. .



1. Lower Member

‘Genera1 Litﬁo]ogz

N & The Lower Member of the McMurray Formation is genera]iy com-
posed of conglomerates and sandstones OVerlying the Devonian

°limestone, filling in depressions on the pre-Cretaceous erosion
surface (Figs. 6, 7). This member is character1st1ca]1y white to
Tight grey in color compared to the black, fine- grained sands of

. the overlying M1dd]e A Member. Bedding varies from wel] developed,

with large sca]e Planar cross-bedding, to virtually massive, with

no apparent sedimentary structures.

Besides the typical light grey coarse sandstone and conglom-
erate there are a variety of other ]itho]ogies Lenses of red-
brown conglomerate are found 1nt°rbedded with grey to brown sand-
stones .~ In places, red-brown cong]omerate is composed almost
ehtire]y of,d1sc—shaped c1ay ironstone concretions 2 to 10 cm
in dfametér. ‘Elsewhere, grey shale overlies grey coarse sand-
stone and conglomérate which, in places, contdins large white
clay clasts. |

Sedimentary Structures

Large scale (decimetme to metre thick sets) planar cross-
bedding is common in this member{ the foresets of which are often
composed of laminae of varying grain size.

Within the coarse sand in one location-(outcrop 4) are 'pipes’
which have apparently collapsed downward and been filled by the
overlying shale (Fig..8), indicating up to 2 metres of vertical

movement. The bedding also <hows 'waves' of 15 to 20 metres



Figuré' 6.

Base of Lower Member, outcrop 1. At the top of
the hammer is the base of the coarse-grained Lower
Member sands of the McMurray Formation, overlying
red paleosol of the Devonian limestone.

20



Figure

L

Lower Member in lows on the Devonian surface. In

the Teft foreground is the Lower Member at the down-
stream end of outcrop 4. Two hundred metres farther,
the limestone at the base of outcrop 3 (light area,
right of centre) outcrops to a height of 25 metres
above river level.

N

21
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wavelength and up to 2 metres amplitude. This structure is probably

too small to have been caused by so]ution'of the evaporites 160

metres below. Limestone outcrops nearby indicéte the unconformity

is close to the surface. These structures aré interpreted to have

been cgused by fhe solution and collapse of the underlying 1imestone.
I'n another location (outcrop 8), a 20 metre wide 'hole' in the

limestone is filled with sands of the Lower Member (Fig. 9). The

inclined sides of the depression show a drop in elevation of 7

- metres within a distance of a few metres. This_steep-sided depression

may-have been a Sink ho]e in the karst landscape of the pre-Cretaceous

surface.
Texture

The Lower Member is characterized by its coarse grain size, poor
sorting, and high clay content (Fig..lo).

The grain size of this member is the most varijed of any member,
ranging from-conglomerate, ééntaining pebb]eé and boulders, to clay,
Medium to coarse sand is the most common grain size, with 6 to 10%
clay content.

Carrigy (1959b) divided the McMurray Format1on sands into three
classes on the basis of sieve analysis and outcrop exam1nat1on
Class I (coarse-medium- sand) is composed of the conglomerates and
sands of .the Lower Member and is defined as follows:

1. Maximum grain size greater than 1 mm,

2.> Median diameter no£ Tess than 0.13 mm (3 p).

3.  More than SQ%Aof the sample by weight coarser than 0.074

<

mm (3.75 ).

23



Figure 9.

Lower

Limestone

McMurray  Formation

Middle A Member

Member

Lower Member sands f
. Surface, outcrop 8.

-

i11ing a sink in the-Timestone
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The five samples analyzed from the Lower Member for this report

fall within these limits.

4
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2. _Middle A Member

General Lithology.

Overlying the Lower Member of the McMurray formatfon is the
Middle A Member, a generally thick bedded (0.5 to 1.5 metre) fiqe
‘grained 0il sand with no shale partlngs between the beds. The
bedding is basically horizontal and can be obscure in fresh, ojl
rich sections. The Lower part of this member almost always Has
high o1l saturation, often appearing black and mass1ve Higrer
in the member, oi] saturation often drops, resu]t1ng_1n light -
grey o1l sand with more prominent sedimentary structures.

In one location (outcrop 7), a wedge of. sha]y siltstone is
present beneath and adjacent to the massive sands of the Middle
A Member. This fine grajned unit is composed of laminated sand,
silt, and clay with no sign 5f burrows. It has apparently ;een

channeled into by the overlying cil sands.

Sedimentary Structures

A characteristic feature of the Middle A Member is the presence
of Targe.scale trough cross-bedding (Fig. 11). Using the terminology
of A]]en (1963) ’]arge sca]e cross-stratified units are those whjch
are more than 5 cm thick. Thé troygh sets are ueually 30 cm to 1
metre thick, but can be Up to 2 metres thick and 6 metres across in a
section normal to flow. Sets of cross-strata often have shale rip-up
clasts along the bSEé Because very high oil saturations are common
in this member, the structure is often obscure.

The treegh cross-bedding predom1nates in the lower part of the

member, with ripple bedding common near the top, in the poor]y

saturated sands.
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. ' . .
Figure 11. Large scale troughﬁcross—Beddjng, Middle A 1“ . ‘

. Member, autcrop 5. . ¥
) ; ~
: "
) &; ‘> ",\/7‘ —
Figure 12 Paleocurrent rose diagram for Middle A Member
(blank) ang Middle g Member (stippled). -
Mean = 306°, s = 45”, 43 measurements, -
. f ~
. L .
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PaTeocurrent, tion, as indicated by ss-bedding in this
member and the Middle B Hember, is calculate © te e 306° azimuth
(Fig. 12) with a standard deviation of 45"

Ip;ﬁq&g

Thouqgh the sands of the Middle A Member tend to be somewhat
coarser than those of the Middle B Member, overlap doeg occur and
the two generally cannot be distinguished on the basis of Eexture.
Théy both lie within Carrigy's Class Il fine to very fine sands;
with few exceptions. The definition of Class IT sands s as
follows:

1. Max imum size.less than 0.3 mm (1.75 9).

>

2. Median size 0.18 to 0.09 mm (2.5 to 3.5 Q).

(&%)

Aore than 80. of the sample greater than C.074 mm

(3.75 9).

The Middle A and 8 Members are .ne best sor:ed saﬁds in the formation
and all Tie within a relatively small range of vaiues for both mean
grain size and sorting {Fig. 18). Clay content is very low - 0.5%

to 1.5° for the samp]és‘ana1yzed.

Medium to very coarse grained sands are Tocally present in this

member, often associated with abundant carbonaceous materians



3.__Middle B Member

General Lithology

This member comprises the bulk of the formation thickness in
most outcrops. One to six decimetre thick 0il sand beds are
separated by thinner (0.5 to 10 cm) intérbeds of grey shale or

Silt. This stratification is very well defined and dips at angles

up to 12 degrees, resembling very IargeLsCa1e cross-bedding (Fig. 13).

Bedding generally becomes fhinner highe in the sectﬁbn. The top
of the ﬁembef is often reddish in color.

Especially in the zone of contact, sands of the Middle B Member
are essentié]]y indistinguishable from Middle A Member sands. The

only truly diagnostic feature of the Middle B Member is the presence

of the very large scale cross-beds.

-

Epsilon Cross-stratification

Perhaps the most conspicuous featuré of the McMurray Farmation
as a whole 1% the inc]ineﬁ bedding of this member. These beds,
called delita foresets by égrrigy (1971), meet the requirements
of A]]en's,(1963) definition ofygpsilon crOszstratification,
namely: 4

1. AImoSt'invariably large 1nfséa1e.

-

2. Underlain by a planar erosion surface.

3. Cross-strata i the set discordantly over]ie the bounding
surface.
4. Lithologically heterogeneous cross-strata.

¢ The first criterion for epsilon Cross-stratification is

always met as ‘sets' are generally 10 to 20 metres in thickness.

—_
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Figure 13.

Outcrop 3. Limestone at the base of the outcrop s
overlain by Middle A Member 0i] sand. The dipping

°~s in the centre of the outcrop are epsilon cross-
strata, the point bar deposits of large meandering
channels. At the top of the outcrop lie the
horizontally bedded san¢: ~f the Upper A and B Members.

31



The second and third criteria are not apparent in all sections but,
as figures 13 and 33 show, a planar basal erosion surface is present,
With the epsilon Cross-strata overlying hor1zonta1]y bedded 0i1 sand.
The basal erosion surface is not marked by concentrations of coarse
detritus, but this could be due to a Jack of available sediment
coarser than;fine sand. . For the discoraant nature of the cross-
strata to be dpparent, the section face must be in a favourable
position relative to the strike of the cross- -strata, preferably
at 90 degrees.
Wright (1959) predicted the possibility of snch a structure
and epsilon cross-stratification was first recognized and
described by Allen (i965a). .Since then, descriptions have bren
given b& Moody-Stuart (1966), Beutner et al. (1967), Allen and
Friend (1968), Steidtmann (1969), Allen (1970a), Cotter (1971),
Land (1972); E11iot (1976), and Karl (1976). Allen (1965a) con-
cluded that the structure is formed by lateral accret1on on the
inner bank or point bar, of a channel meander bend. ~ Erosion
in the tha]weg of the stream creates the erosion surface at
the base of the epsilon set. Accretlon Occurs on the sloping
surface of the point bar, each bed representing a time surface
(Fig. 14). Heterogeneous beds are a result of variations in
current velocity and d1scharge AT] later authors have supported
this 1nterpretat1on to the extent that ep5110n Cross-stratification
1S now ‘considered diagnostic of 1atera] accret1on in meandering
channels. f ' ‘ )
Where the true dip of epsilon Cross- stratfficat.on can be

determined, measurement of paleocurrent structures indicates

32
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flow which is approximately at -ight angles to the dip of the beds. -
Measurements were made on ripple marks on outcrop 3, where the true
dip of the epsilon bede can be estimated to within 5 or 10 degrees
as 35° azimuth. True dip direction was determined for ten different
ripple sets. The mean of these measurements is 303° with standard

- deviation of 239, A1l ripple foresets dipbin approxiﬁate1y the

same direction. The section in which the ripples were mefsured is
almost parallel to the strike of the epsilon cross- -bedding such that
the beds appear hor]zonta1 and r1pp1es are seen in transverse section.
Around the corner from this exposure, and at about 90 degrees to it,
the apparent dip of bedding is approximate]y true dip. Here: smaller
channel scours are seen in transverse section, 1nd1cat1ng current
flow riormal to the dip of the epsilon cross-strata (Fig. 15).

| The thltknesses of the epsilon sets in this area are the -
largest that'have been described,‘moét studies reporting thicknesses
of from two to ten metres. If teejthickness and width of epsjlon
Cross- strat1f1cat1on sets are known, it 15 possible to est1mate.

the size of the pa]eochanne](%oody Stuart, 1966). The height of =
the eps110n cross-stratification set represents the depth of the
channel at bankfull stage. The horizontal equ1va1ent of the 1enoth
of a s1ng]e bed measured parallel to true dip from the top of the
epsilon set.to its base represents the width of the point bar. In
Figure 16, 75 metree isvthe horizontal measurement of the point

bar surface.

Allen (1966) estimated the size of lateral bars in low sinu-

0sity streams to be two-thirds the channel width. This ratio

34
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Ugper A
Member

y
L]

Middle

Member

Figure 15. Epsilon cross-stratification, outcrop 3. Channeling
s most extensive in longitudinal sections of epsilon
bedding such as this. The base of the triangular
covered area, right centre, is a snarp erosional
surface. The base of another channel can be seen at
left centre. A thin ironstone bed is present at the
top of the epsilon cross—strata.
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Figure 16,

Paleochannel parameters, outcrop 3.

Knowing the thickness (d) and dip of epsilon
cross-stratification, the point bar width (1)
and bankfull width (w) of the paleochannel
can be estimated. See text for discussion.



was ased by Moody-Stuart (1966) to represent the size of the point
bar in a meandering stream. Cotter (1971) reviewed the studies of
modern point bars and found the distance from inner bank to the
thalweg of the channel. to be about 0.6 to 0.8 the channel width.
Cotter therefore also used the twa-thiﬁds relationship as an
approximation.

Outcrop 3, as well as having excellent exposure,.ie the only
outcrop where the true dip direction of the épsilon cross—beds
can be estimated. Therefore; it is used as a model.

The thickness of the cross-strata set is 16 metres, which
therefore approximates the depth of the paleochannel. The length
of a single bed cannot be seen parallel to dip, but as the dip
of bedding is apr- ox1mate];‘12 , the 1en§th of a bed, measured ‘
hor1zonta1]y, is 16 m/Tan 12° or about 75 metres (Fig. 16),
representfng the width-of Ehe point bar. If the relationship
used by Moody-Stuart and Cotter holds for the channel represented
here, it was on the order of 1.5 75 or 110 metres wide.

Leeder (1973) plotted bankfull depth aga1nst bankfu]] width
for 57 modern meander1ng rivers of a wide ¥ange of sizes, and |
calculated the regression line and 95¢ confidence Timits for the
scatter of points. Bankfull depth and width were found to be
not closely dependent variabfes with the hegu]t that scatter,
and therefore standard deviations, are high;# For a channel 16
metres deep, the width of the channel, with-a 95% confidence
lTevel, is between 70 and 3400 metres. A stream 16 metres deep
and 110 metres wide, as previously ca]cu]ated thus c]ear]y
falls within the rea]m of v1ab1]1ty, although toward the lower

o

f
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Timit of the width range."

The apparently low width/depth ratio of this paleochannel is
a result of the reTative]y high dip of the point bar surface; that
is, the ebsi]onrcrossfbeds. Allen and Friend (1968, p. 54) fouﬁd :
tha§ "the surface dips of most modern point bars are genéra]]} 50
low that they would nbt be distinguishable as lateral deposits in
ordinary exposures." In studying a number of mbdern poin% bars,
Allen (1970) found dips of accretion slopes that were over 4°
for only two very sma]1‘streams. This is apparently due to the
fact that as a stream becomes larger, the dip of the accretion
slope becomes smaller, just as channé] width increases faster
than channel depth. In the geo]ogic,recofd, epsilon cross-
stratification is seemingly not common but, where present, dips
are genera]]y 49 to 15° (Allen, 1965; Moody-Stuart, 1966) and
up to 20° or 22° (Beutner et al., 1967; Allen and Friend, 1968).
In this study area, althgugh dips of up to 25° can be found in
small channels within the main channe],'the_dip 6f epsilon cross
beds is generally 10° to 15° Eeeder (1973) plotted point bar
slope againstvsize of‘channel for e]eveﬁ reported examples of
epsilon cross-bedding. He notes that dips of up to 129 are
still poss?b]e for rivers up fo 20 metres in depth.

The channels of the Steepbank River area appear to have
had a low width to depth ratio, as ind{tatedAby the high angle
of dip of the epsilon crqss—beds. The narrow channel may be
partially a result of the naturé gf the bank material. .Lebpo1d
et al. (1964) pofnt out that channels with cohesive, silty banks

are narrower than those with sand banks. DOrilling in the Steep-
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bank River area has shown that areas where silt and clay comprise

most of the thickness of the McMurray Formatfon 11e-difect]y
adjacent to tﬁe Steepbank River'ya]]ey. Th}s suggests that the'
channels of the Middle B HMember were erodiné into this fine-
grained material, resulting in deep, narroﬁ Channels. Sch&mm
(1968) states that the shape and sinuosity of channels is most
dependent on Ehg,ﬁypeﬂef—load‘being ;ranspo#ted. Large suépénded
]oads<%évéﬁf a deep, sinﬁous channel, while Targe bed .loads create
a shallow channel and a straight course. The widtﬁ/depth ratio
Of this McMurray paleochannel is indicated to be less than 10,
shggesting a 1arge]y.suspended load and sinuous coarse. The
normal 1oad of the channel was probably largely silt and clay,
while the sands weré probably 1ntfoduced as bed load duf%ng
-tjmes of flood. |

Other authors, not§b1y Cotter (1971), have analyzed paleo-
f]dw parameters such as channel sinuoesity, meander length, and
discha;ge on the basis of epsilon cross-bedding but the lack
of more def}nife knowledge of channel width would make the
validity of such numerical calculations questionable. .

Other Sedimentary Structures

A ubiquitous structurelin this member is sma]i scale
(1 to 3 cm) cross-laminations. These-are asymmetrical ripple
marks occurring within the sand beds of the unit, often com-
prising the comp1éte bed. Due to the unconsolidated nature
of the deposit, ripple marks can only be seen 1in cross-section,
never on bedding p]énes;' The three-dimensional shape, there-

fore, cannot be seen. Small-scale asymmetrical ripple marks



/

indicate a current in the Jower flow regime, just able to move
grains a1Qng'(A1]en, 1965a). The sediment was apparently affected
solely by a unidirectional paleocurrent With flow approximately
parallel to the strike of the epsilon cross-strata.

A]ong with the ripple bedding is occasional medium scale
cross-bedding 5 to 15 cm thick. Large scale troygh C(pss-beds
(30 ;o 60 cm.thick) are present in some outcrops in the Middle B
Member, but are not typical. They genérai]y‘occur in zones of

o
v

greater scour, in channels within a channel.

i

Biogenic Structures '

This member 1is characterizea by burrows 1 to 15 mm wide aﬁd
usually é to 4 cm long. The burrows are cylindrical, unbranched,
vertical to éﬁight1y inclined and have a lining of clay around
the outside (Fié. 17). Some burrows flare éowérds the top. g
The clay walls, standing out as white to Tight grey agajnst thel
dark matrix of 01l sand, comprise up to oneé-half the diameter of
the burrow. The burrows are concentrated inbthe silty/shaly beds
and are generally more numerous higher in the section. Burrows
are normally s,.aced a centimetre or more ahart but sometimes can
be so numerous as to result in complete bioturbation.

These burrows belong to the 'skolithus facies' of trace
fossils (Seilac" v, 1964) and represent dwelling burrows of an
animal that coul- w“thstand rigorous 1iving conditions. These
conditions are indicated by the lack of other species of trace
fossils, the lining of the burrow with a clay wall, and tﬁé
afsociatibn with ripple marks and erosion surfaées. Howard

and Frey (1973), studying recent biogenic structures in Georgia

1
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Figure 17. Small tubular
burrows in the Middle
B Member.

A)* An 0il sand bed between
silt/shale partings,
the characteristic
bedding of the Middle
B Member. Buyrfows at
the base with ripple
bedding throughout most
of the bed. See B) for
scale. R

-

B) Abundant burrows showing light colored clay wall filled with oi]
sand. ’ ' . .

‘e
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estuaﬁies, found very few épecies present. They found the fresh-
water reaches to be.”dominated by a single sgecies of burr9wing
# oligochaete (resembling the fami]iar'earthwqrm), and a feQ\
burrowing mollusks. " They also found”the,diversity(and abundance
of bidgenic structures to be greater on ‘the sloping margins of
the channel than in the deeper portlons In the M1dd1e B Member,
height in the section carresponds to higher positions on the p01nt
.uar slope and density of burrowing does inciease with he1gh&.
) Pé]ychaete worms'CBmmon1y bui]dvvertical to s]ight]y~inc]ined
dwelling tubes lined with an organic secreted‘layer. The fresh-
water forms are sméTi (3 to 15 mm in length) and.fdund in streams
in close proximity to the séa (Chambe;1ain, 1975)." X-ray radio-
graphic pittures of palychaete worm burrows {(Howard and Frey, 1973)
, show them to be long, thin tubes bearing a definite resemblance to
those at the Steepbank River. The McMurray burrows are thérefore
~interpreted on the basis of size, form, abundance, and depos1t1ona1
setting to be the dwe111ng tubes of suspension~feeding,. freshwater
worms., . _ ’ o R
Texture

The grain size and sorting of this member are very similar to
the Middle A Member (Fig. 10). The sediment is generally very
fine sand, with silty sand in places at the top of the member '
Sorting, as in the Middle A Member, is good relative to the other
members. The amount of clay in the sand beds is only 1 to 1.5%,
disregarding the silt/clay interbeds.
| In some places, notably outcrop 9, a slighf but definite

~ fining upward of grain size takes place within this member. This

a
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would ge expected in a point bar deposit, as bottom to top in a
vertical section represents moving fﬁpm the depth; of the channel
towards the top of the point bar..

. The range of values for both grain size and softiﬁg is
relatively small compared £o the other members. This indicates
fair]y:steady flow conditions for the deposition of &he sands.
The i1t/shale beds indicate regular slackening of flow following

flooding.
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4._ _Upper A Member

General Lithology

The Upper A Meuber consists of horizontally bedded sands and
silts overlying the dipping beds of the Mfﬁd]e B Member. This»
member is a shéet-]ike deposit, individual beds being traceable
for much greater distances than the underlying members. The
sediments are generally light in color due to poor o1l saturation
and often appear massive due to bioturbation. Bedding thickness
varies from a few centimetres to a metre or more. This membér
ié more‘resistgnt than»thé Middle B or Upper B Members and often
stands in near-vertical blurfs. Isolated lenses of coal 10 to 30 cm
thick are found in this member. F

The Uppér A Member is not present throughout the outcrop

area. (n the upstream outcrops, the Middle B Member is.directly

-overlain by the Upper B Member.

Sedimentary Structures

. _ ) 4
The primary structure of the upper part of much of this menmber

appears to be even, parallel laminations but géherai]y all structure
1S/destroyed»by complete bioturbation. In the lower partsvof the
Qnit,f#ipp]e marks are present.

j:iLarge burrows, 10 to 15 cm long and 5 to 8_cm wide ét the top,
are %Eunq\in the laminated sands. ‘They are genera]]y(&-shaped,
f]arigg aé the top, with sand laminae pulled down along the sides
of the burfow (Fig. 18). Howard and Frey (1973) Tound downward-

pointing cones of disturbed sediment - a description which fits many

of the large burrows found at the Steepbank River - to be the

T



Laminated

sand

Figure 18.

Large burrowsgd - o=~ A Member. The burrows
are found in ot wds, with the laminae
pulled down at -nc s of the Jrrows. Most
burrows are V-si ; Jugh the _ue nictured here

has a bulbous top.
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result of the burro f small pelecypods in bresent day Georgia

estuaries. Pelecypods may also have been responsible for the

_McMurray burrows.

Load casts are occasionally found associated with the laminated
beds of the upper A Member.

Cross—beddihg resembling the epsilon type is present‘at the
top of this member in one location (Fig. 19). Though close obsér—
vat{on was not possible due to inaccessibility, the structure
appears to be the result of the meandering of a small channel. The

set is about 2 metres thick, but has been truncated by the over-

]

| lying Upper B Mémbgr.'

Ironstone Beds

© Moody-Stuart (1966) often found ironstone cdncretion horizons
at the top o%'sets of epsi]dn cross-stratification. Since one of
the characteristics of a meandering streém i§ the presence of a
levee, aﬁd epsilon cross-stratification result, from the meandering
of a channel, the ironstone beds were taken as evidence.of levees,
possibly formed by leaching during soil formation.

In the Upper A Member. of the McMurray Formation, horizons of

ironstone are common, usually in the form of a series of concretions.

The most continuous ironstone horizons are generally at or slightly

~ above the top of the epsilon cross-bedding and may well rebresent

a levee deposﬁt. Several horizons Q% ironstone may be present and
each ﬁay indicate a horizon of subaerial exposure. Not aii ironstone
beds represent levee deposits, however, as ircnstone beds are also
present in the Clearwater Formation and, less commonly, in the

Middle B Member of the McMurray Formation.
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- Middle B Member
22— ]

Fiotge 19. Top of outcrop 4, showing small epsilon cross-bed
set of .Upper A Member. The epsilon set is .trun-
cated at the top by the Upper. B Member. The iron-
stone bed is continuous over the entire outcrop.
Dipping epsilon beds of the Middle B Member are
in the bottom left of. the picture..



Texture

The texture of thg Upper A Membet is more varied than that of
any other member. Sorting is generally poorer than the Middle
Members, but two of the best sorted samples analyzed were from j
this unit. Grain size varies from sand simi]ér to the MiddTe
Memberé; to silt.

Analyzed samples from the lower parts of the member fall into
Carrigy's Class II, fine-very Fine sands, while those in the upper
" part of the member afe Class III, very fine sands and siﬁts, defined
as o] Tows: | |

1. Maximum size less than 0.3 mn (1.75 p).

2. Median grain size less than 0.12 mm (3.0 9).

3. Less than 80% of the sample coarser than 0.074 mm (3.75 9).
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5. Upper B Member

General Lithology

The Upper B Member isvgenera11y characterized in outcrops as
2 or 3 metres of dark grey shaly oil sand at the top of the
McMurray Formation. From a distance, this member resembles shale. .
Iﬁ the upstream part 6f the area, it is easify identified, as it
directly overlies the we]]:bedded sénds of the Middle B Member.
Down;tfeam, however, it ovér11es‘finer grained, often bioturbated
Uppef A Member, to which it bears a closer resemblance.
Bedding is generally ﬁot visible in this member.
| ~In places, the prer B Member contains trace amounts of
, i :

glauconite.

Sedimentary Structures ‘

No structure is uéua]]y visible in the Upper B Member, ‘
apparently as a reéu]t of more or less complete bioturbation.
In places this member has an erosional base, as shown by the
truncation of the top of epsilon cross-bedding on outcrops 4
and 10.
Texture

The silty sanas of this member have the fjnest grain size
of the McMurray Formation and are very poorly sorted (Fig. 10).
~ They contain a small percentage of grains larger than 0.3 mm, which ~
| results in their not fitting Carrigy's Class III, sands and silts.

" Clay content of the samples analyzed is 5 to 10%.



/

Clearwater Formation

" Wabiscaw Member

General Lithology

The gltauconite sand of the Wabiscaw Member, Clearwater
Formation, can be distinguished by its green color, overlying
‘the dark grey Upper B Member. The Wabiscaw often contains

yellow ironstone concretions. This unit is always very recessive

l
and good exposures are generally limited to steep, inaccessible
~cliffs. Amount of"exposure-nare]y'exceeds’a_metré or‘two in
thickness. Bedding is genéra]]y obscure.
Texture

The Wabiscaw Member is composed of si]t& sands and sandy
silts. The grain size is finer and the sorting poorer than the
underlying Upper B Member of the McMurray F0rmatioﬁ. Like the
Upper B Member, the Wabiscaw contains a small peréentage of coarse
grains. |

Clay content of the samples analyzed is 15 to 20%.

50
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Additional Properties of the McHurray and

Clearwater Formation
1. 0i1 Saturation

Oi{'saturation values are based on both the analysis of
éamp]es (Appendix A) and field estimates.

Exposures of 0i1 sand may have very different oil saturations
than origina]]y present, due to weathering and movement of 01]
under gravity. Weathering appears to affect only the outer few
m11]1metres of the exposure. Flow under gravity, on the other
hand, apparently covers vertical distances of at least a metre
or two, and possibly much more, until the flow is stopped by an
imperheab]e 1aygr'such as a shale bed. in this way, higher
portions of an exposure may be depleted in o0il, while lower parts
are enriched. This effect is prébabTy most important ih the Middle
A Member, which contains Tittle sha]e, and 1es§ important in the
Middle B Member, as the multitude of sha]e partings would keep
‘migration to a minimum.

N Carrigy (1962) has shown that 0il saturation in the Athabasca
0il sands var1es inversely with the clay content. Grain size is
a less important factor.

The Lower Member of the Steepbank River area has a consistently
high clay content (6- 10%) and, as a result, probably a consistently
Tow 017 saturation. @i] séturation varies from a trace to 49, |
Carrigy (1963a) reports that: the Lower Member (Class 1) sands show

a W1de range of 011 Saturat1ons w1th a mean of 12.47° by weight




53

and are favorable petroleum resérvoir rocks. This is apparently

not the case in the St ank River area. The clay content of

.

Carrigy's samples was not included in the report.-

The tfough cross-bedded sand of the lower Middle A Member
contains the best oil saturation of any member, generally 14 to 16%
and up to 18% by weight. *As might be expected, clay content is low,
generally Tess than 1.5%. Higher in the member, wﬁere sma]]er,/
cross-beds and ripples are present, 0i] saturation is Tess,
| probably largely due to the downward migration of 0il under the

iﬁf]uence of gravity. |

The gravity flow of il is shown in the Middle B Member by
the color of individual sand beds between thin shales. rThe'oi]
sand often ‘grades from dark at the bottom to 1ight at the top.
.Ana1yses of samples revealed virtually no vertical changes in grain
size or clay content within the'beds to account for an initial
difference in saturation. The Middle B Member generally has good
saturation, 8 to 15%, in the sand beds between the unsgfurated
silt/clay partings. | | '

The Uppeﬁ A Member, because of its variable texture, has a
fairly wide»range in 01l séturation, generally 4 to 6% but up to 10
or 12%. The usual low saturation may be a result of the bioturbation

common in the member which produceé a uniformICIay—riéh sand. The
fine grain size in the member would also play a role.
| The Upper B Member is consistently fine grained, shaly, and
homogeneous dQe'tolbiogenic reworking, resulting in 0il saturations

of 2 to 4%.



The Clearwater Formation is virtually oil-free

throughout the Athabasca River Valley (

» A4S it s

Carrigy, 1963b).

54
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2. _Clay Mineralogy

The clay mineralogy of 18 0il sand samples was determined by
x-ray diffraction methods (Fig. 21). Millot (1970) outlines the
shortcomings, of using sand samples instead of shale,‘and outcrop

samples rather than subsurface cored samples. Water circulation

K

| during diagenesis, and weathering at outcrop result in a higher.

kaolinite to illite ratio thanfwas originally present at deposition.
Schooley (1975), in studying the Athabasca o0il sands, found an
enrichment of kéo]inite in the sands compared'fo equivalent fine-
grained sedimenF§, indicating a diagenetic change in clay minerals.
-sulting clay percentageshin this report are therefore partl;

¢ resu t ofidiagenetic changes and are comparable only to other:
outcrop samples.

The genefal trend fn.the clay’minerals is a reduction in
kaclinite and an incfease jn i1lite with height in the section.

The Lower Member contains 100% kaolinite in the sands but 80%

- kaolinite and 20% illite in the finer grained sediments, suggesting

that diagenesis may haQe increased the kaolinite percentage. The
Middle B Member contains 80 to 85% kaolinite and 15-20% i1Tite in
the sands. Both the Upper A and Upper B Members contain 60 to 70%
kaolinite and 30 to 40%-il1lite. In-the Clearwater Fbrmétion;
montmorillonite makes.a sudden‘appeérance, as does a smaller
amount of chlorite. Kaolinite drops to.20 to 45% and illite
remains at 30 to 40%. c ’

' Perhabs part of the increasing 11lite/kaolinite ratio with "

height is Lecause *here was more-fresh water circulation in the
o’

-
(4

p
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Figure 21. Percentages of clay minerals in selected samples of

the McMurray and Clearwater Formations.

Percentages

determined by x-ray diffraction of -2 mjcron fraction.

1

8

Sample | Kaolinjte Iilite Chiorite Montmorillonite
1-1 100

3-1 100

3-2 100-

3-6 80 20

3-9 65 35

3-11 | 65 35

3-13 60 40

3-14 65 35 :

3-15 20 40 10 30

7-1 80 20 :

7-2 85 15

8-1 100 ‘

9-1 100

9-5 100

9-8 85 15

9-10 85 15

9-12 70 30 ,

9-13 45 30 -5 20

Stratigraphic Location of Samples
Clearwater Formation 3-15 \ I 9-13
Upper B Member & 3-14 / 9-12

=1 - — 3-13

2| Upper A Member 3-11

pos ‘ | 3-9

£ T ‘ 1 9-10
L2 | Middle B Member 3-6 9-8
A s

5| Middle A Member 3-2 7~1 9-5
5 :

= 5

‘ <o AL
Lower Member 3-1 el 8-1 9-1

1-1
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sands of the lower members. However, there is an 1ncre§se of 1114
tb kaq}initc gven when the fine-grained seaiments of the Middﬂe A
Member arc compared to the Upper Membérs. Mf]lot (1970), in a
survey of clay mineraf abundances found that when modificétions in
min51a1o§y occur, it is generally an increase in illite and a
decrease in kaolinite as one apprbaches the marine environment.
This observation may explain some of the changes found at the
Steepbank River, |

The appearance of montmorillonite ih the C1e3ryater Formééiou
has been interpreted by ~ ~rigy (1963b) as being dué to the intro-

duction of a partially volcanic source to the west, as mont-

;mor1110n1te is ‘a common ak%%ra*1on product of volcanic ash. The
/??

ﬁﬁack of montmorillonite in the Upper B Member which, in other ways

seems gradationdl with the Clearwater Formation, may be dﬂg‘to
differential settling. Because montmorillonite is generally of

smaller grain size thanﬁthe other c]ays, it tends to settle out

S

& farther offéhﬁﬁg‘(Lauff ﬁ§67) ) It s also possible, however,

that a ”hange

e
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3.__Palynology

»

Nine fine-grained samples were chosen to be studied for the

purpose of determining depositional environment as indicated by
microflora. The microfossils were identified by Dr. C. Sing? of
" \‘

the Alberta Research Counci]
In the fine gralned sediment of the Middle A Member, <)od

recovery of numerous spec1es of spores and padien 1nd1cate a

continental environment._
‘Only one sample of Middle B Member wa§/§;:§}ed' Large numbers

of we]] -preserved spore and po]]en spec1es were recorded, 1nd1cat1nq
essentially continental cond1t1ons. Two specimens of acr1tara
This may indicate a marine influeﬁce 'y

were presént in the sample.
The

but they may have been rewerked from the Devonian strata.
K}

-

poss1b111ty of marine 1nf1uence remains open.

Nb sample of Upper A Memver yielded good'enough recavery to

e

- draw conclusions.
The Upper B Member 1s'interpreped as ‘marine due to the presence

of several species of dinoflagellates. The Clearwater Formation,

contaihing diverse and well-preserved dinoflagellates is also marine

¢ . .
. T
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4. Heavy Minerals

Percentages of non-opaque heavy minerals were found for
sixteen samples from six outcrops .(Fig. 22). More than 200 grains
were identified per sample. B

~ The peavy mingral suite in the Steepbank River area 1S essen-
t1alfy W sam?%as that from other parts’ o[ the ‘Athabasca 011 sands
as desc bea hy Me]]on (1956) and Carr1gy (k963a 1966)

Thé“tbwer Member is general]y cﬁgcacter1zed by such a high

percehtage of Yarge pnnk garnéts that the heavy mineral samples

appear p1nk to the naked eye. Tha-bresence of pink garnet in this

member has been noted by Carr1gy (1963a) .- In sampie 8- lh from the

‘bole' in the Devonian ]1mestone at outcrop 8, no garnet is present
“ 7

One explanation for this anomaly is that the sample predates the

rest of the Lower Member and the tapping of the source of garnet.

The other significant feature of the Lower Member heéVy

‘minera1s is the high percentage of kyanite anc -aurolite re]atiVe

X J S
T
»

to the amount of zircon and tourmaline. The kyanite and staurolite,

along with the garnet, "indicate a largely metamorphic source. The

abundance of kvanite and garnet in this member; however, may be «
i

largely due to the grain size of the sample. TheSe_two minerals

tend to have larger grain sizes, and may have been_se]ective]y
sorted into the ceerser sediments of the Loqgg Member .

- The Middle A and B Members contain high percentages of ‘zircon
and tourmaline. Stauro]jte is abundant in the Midd]e A and lower

Middle B Members, defreasing above this. Ch]oritoid,‘a common
It4
mineral in meta- sed1mentary rOcks, is genera]]y more abundant in
' 3 ? -GB _d_.

- -
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the finer grained samples, regardless of stratigraphic position,

i from the base of the Middle A Member to the Clearwater Formation.

{ : /In sample 3-15 of the Clearwater Formation, there is a flood
of garnet and a high percentage of apatite. To a lesser extent,
garnet and apatite are abundant in sample 3—14m0f.the underlying
Upper B Member of the McMurray Formatioh. In another Clearwater
Formation sample 69-13), garnet is‘again higher than usual. This o

<& garnet/apatite anomaly was first noticed by Mellon (1956) in a
!Ehh“étﬁiﬂf]e from the Clearwater Formation of the subsurface type section.
.a%ggjlon canMe to no conclusion as to jts s1gn1f1cance since he had
only one sample of the glauconite sand. Apparently, this occur-
rence has regional extent. ' _ v

- Williams (1963) found that two distinct suites of non-opaque

9 heavy minerals are present in the Mannv1]1e Group of central
Alberta. The lower part of the Mannville Group is dominated By" . %ﬁ'
tourma]ine'and zircon,,whi]e the upper part, consisting'of the 2
Clearwater and Grand Rapids Formations, is dominated by apatite,
garnet,'iircon, and tourma]ine, in,that order. Mellon (1967)
inferred d pyroc]astie origin for the %patjtéa basedﬂon its
idiomorphic habit and association with -idiomorphic biotite.

Both williams and Mellon concluded that the provenance of the
“McMurray Formation was the Canadian Shield to the east and the
beg1nn1ng of Clearwater time marked the 1ntroduct1on of detritus
from the Cordillera to the west. A1l ev1dence from the Steepbank
River area supports these conc]us1ons, from the'metamorphjc/ - . -
sedimentary suit= in the McMurrayi?Brmation to a sudden-ihflux

of garnet and idiomorphic apatite in the Clearwater Formation.



In studying the heavy minerals of the Athabasce 0il sands,
Mellon (1956) found‘£ourmaline to be in much greater abundance
than zircon. The difference between his results and those of
this report hay be attributable to the sample fraction éhosen

- for study. -Me110n studied the heavy minerals retained between
the 100-mesh and 200-mesh sieyes so that a large amount of zircon,
which is commonly abundant in the finer grain sizes, may have been
discarded. In this study, a portion of the bu]k-samp]e_ﬁ§§@h§§ﬂ

[ . .
for heavy mineral separation. '

14
!
f
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CHAPTER 3
RN ]
OUTCROP DESCRIPTIONS AND COLUMNAR SECTIONS . 8

Outcrop 1

Outcrop 1 d1sp1ays excellent exposure of the Waterways Formation
]1mestone and the Lower Member of the McMurray Formation. The
Middle A and B Members are poor]y exposed, while the overly1ng Upper
A and B Members are, in places, well exposed.

Twelve to twenty-five metres of ]imestone, aboVe river level,
are overlain by a red paleosol. Above this is the largest exposuﬁe
of the Lower Member 1in tﬁe area. Bedd1ng in the Lower Member often
,v cons1sts of large scale planar cross-bed sets with cons1derab]e

lateral continuity. This Cross-bedding indicates a paleocurrent
direction of north to north—east The member is white to dark gre
in color in contrast to the darker co]or of the over1y1ng Middie A
- Member.
Outcrop 2 {
Lo
Poor exposure ijs present.over this:entire outcrop. Approx1mate1y

10 metres th1ckness of limestone is present, measured from river level,

- extend1ng the length of the outcrop. Above the Timestone lies about

6 metres of Lower Member; cong]omerate at the base and lwght grey
coarse Sand higher up. The rest af the outcrop, espec1a]1y the

Middle Members, is very poorly exposed

W]th\ﬁxﬁhe Upper A Member are ironstone concret1ons up to 1.5

fmetres 1in d1ameter
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Guide to Columnar Sectiong

Lithologic symbols Sedimen
888 Conglomerate
il Medium to coarse '
sandstone A4
Very fine to fine
sandstone 7
L Shale ~
w7 Sandstone with thin part-
== 1ings of siltstone or shale =
f - Limestone i B
— - u
330G] Glacial drift Vv
=Tr] Ironstone bed,
=2 concretions
_i__ Argillaceous
~ Glauconitic
— F
< Carbonacequs
“C | Shale rip-up clasts

tary strwhtures

Large scale trough
cross-bedding

Large scale cross-bedding

undifferentiated
Ripple bedding

Parallel laminations
Bioturbation

Small tubular burrd&s

Large V-shaped burrows

. . . N
Width of column indicates relativeiresistance to erosion.
In the written descriptions, colour refers to weathered

colour and oi} saturations

per cent.

Figures23. Guide to columnar sections.

are field estimates in weight

§§§§§ Epsilon cross-stratification

!

1
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Figure 24.

Unit Thickness
metres

17
16

15
14
13
12

11
10

[S2]

N (O3

(

.8
.8

—

0.3
6.1

2.5
10.3

0.6
4.0

1.5

14.3

r\>‘ .
Lo oo
O W .~

I Y

Columnar section of outcrop 1.
Downstream end of outcrop)

Description

Glacial drift ,
0il sand, grey-brown, very fine grained, very
argillaceous.

Ironstone bed. :

011 sand, light grey, very fine grained, argillaceous;
generally bioturbated; fractured and recessive; com-
minuted carbon.to 3 mm long.

011 sand, very fine grained, well defined bedding
10-30 cm; laminated in part, rippled towards top.
Covered.

Ironstone bed, red to yellow, resistant.
011 sand, very fine grained, with shale partings.

0il sand, very fine grained, apparently massive.
Covead.

. /
0i1 sand, very fine grained, well bedded with shale
partings (1 to 2 cm thick) every 15 to 30 cm.

0i1 sand, .very fine grained, with occasional pebbles
to 5 mm diameter; poor bedding, generally appears
massive. o

011 sand, 1ight grey, very fine to fine grained,
interbedded with Very coarse sand and conglomerate.
Shale, dark grey.

0i1 sand, light grey, fine grained; poor bedding,
homogeneous. : '

Paleosol, red.

Limestone, buff;jﬁllow;:recessiVe and rubbly with resjs-
tant ridges. , s
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Figure 25. Columnar section of outcrop 2.
(Central ravine of outcrop)

Unit  Thickness Description

imetres)

11 . 3.4 0i1 sand, very fine grained, argillaceous; bedding
on scale of 5-10 cm; bioturbated; fiable;
recessive; bottom 30 cm oxidized to yellow-brown.

10 S 6.1 0il1 sand, light grey-green, very fine grained; )
abundant small shale clasts throughout; occasional
beds of sandstone, poorly saturated and resistant,

. up to 5 cm thick; bedding 5 cm to 60 cm. ¢
9 0.6 0il1 sand, very fine grained, with large ironstone
~concretions parallel to bedding (50 cm diameter)
~in iower half of unit, .
L J
R
8 33.2 Covered. @
7 3.4 0i1 sand, black, very fine to fine grainEdi\lelf
| defined bedding 5 to 30 cm thick; poor exposures.
6 2.7 0il sand, 1ight grey, medium to coarse grained, with

abundant pebbles to 5 mm; resistant, cliff-forming
. unit over entire outcrop.
5 2.4 Conglomerate, red brown, sand matrix with pebbles

' 2 to 10 cm diameter; mostly dﬁsc—shqged clay-
.ironstone pebbles lying parallel to edding; within
unit are several beds of sand; unit in lenses varying
somewhat in stratigraphic position over outcrop; up
to 6 metres thick. - : . '

4 2.4 Covered. '

3 4.6 Limestone, green-yellow, micritic, recessive.

2 2.4 Limestone, yellow-grey, fossiliferous, resistant., .
1 2.1 Covered. . ( : T D

»
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Outorop 3

Outcrop 3 (Figs. 13, 15), a very large exposure, is perhaps
the'closest approach to an ideal sectijon in the study area. There
is excellent exp05ure of all.units except the Lower Member Over
most of the outcrop, limestone is present from river levél to a
height of about 20 metres and the Lower Member is absent. This
Devonian high, however, does not extend beyond the 1imits of the
outcrop. At the downstream end of the outcrop, the Timestone
drops appreciably in elevatian and the Lower Member of the - |
McMurray Formation occupies the low on the unconformity surface._

The exposure of the Middle B Member (epsilon cross-stratificatjion
is particularly good in this outcrop, both because the true dip
of the epsilon beds can be est1mated £35 to 40° azimuth), and
because much of the outcrop is well- weathered Weather1n§
emphas1zes sedimentary structures such as ripple bedding and burrows.
The Upper A Member is also particular]y well exposed and accessible.A

Outcrop 4

This is another 1arge outcrop but with only fa1r exposure
(Fig. 27). It has more comp]ex geometry than outcrop 3.

Limestone is preseqﬁ.qnﬂy at each end of outcrop 4, most of | W
the outcrop being oceupied by the Lower Member from river Tevel | ////2\§
to a he1ght of 6 to 18 metres *In a conglomerate of the Lower
Member at the upstream end of the outcrop are large c]asts,,one
angular sandstone boulder measur1ng 45 cm across. Clasts of
this size have not !&en prev1ously reported from the McMurray

BN

Format1on
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Figuhe 26 .
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71

Co]umnar section of nutcrop 3.
(Centre of outcrop. Cliff inmediately downstream from

Large grove of trees.)

ess

Description’

“(metres

17. 0.6

v

[

16 1.8

Y15 3.7
\\M«\14

.

13 2.4

N x .
fv -

12 1.2

d

1.2
Pa |

(11 - 2.4 .

5 . 1.2

Sandstone, very light green-grey, very fine grained,
very argillaceous, glauconitic; contains ironstone

" concretions.

0i1 sand, dark grey,«very fine grained, very
argillaceous; ironstone bed 30 cm from base.
011 sand, light grey, very fine grained, interbedded
with,shale; very uniform bedding, up to 30 cm of o7l "
sand separated by up to 8 cm of shale; bioturbated. o

. 0i1 sand, very light grey, very fine grained, lamin- V;i,
.~ ated to rippled in part; 1arge burrows at top, i

occasional concretions.

'0i1 sand, 1ight grey veryvf1ne grained to s11ty,

very argillaceous; bioturbated.

0i1 sand, light grey, very fine. gra1ned trough
ripples throughout; medium sca]e cross-beds at

top (5 cm sets).

0il1 sand, red-brown to grey, very fine grained, 4
very silty and shaly, .interbedded with shale, very
sandy; fissile and recessive unit.

-011 sand, dark grey at base to Tight grey at

very fine grained, argillaceous; poorly defined
bedding due to lack of shale.beds; burrows abundant
along bedding. planes; ripples present, medium sca]e
cross-bedding (5-10 cm) at base.

0il sand’, ‘red-brown to grey, very fine grained, very
arg11]aceous, discontinuous laminations.

011 sand, dark grey to black,’ very fine grained,

1nterbedded with shale and siltstone; oil sand
genergdly rippled; bedding very distinct, with clean
sand beds 10 to 30{cm thick separated by beds of
shale 1 to 10 cin th1ck, individual sand beds often
grade from dark at bottom to 1ight on top, ‘and from

massive at bottom to rippled on top.
-011 sandy 1ight grey, very fine grained, top half

rippled thraughout; shale rip-up clasts in lower part.
011 .sand, black, fine grained, with abundant shale
rip-up c]asts throughout mostly a few millimetres

but up to 10.cm.

011 sand; 1ight grey, very fine to fine grained;

tr gh r1pp]es throughout; médium scale cross-bed

(5 «m thick) at top.

0il. sand 1ight grey, very fine to fine gra1ned, resis-

gedd1ng not continuous laterally.
. d, black, very fine grained; looks massive from

1.
22.

[

8
6

distance but bedding 1 to 5 cm; cliff- -forming unit. °
Covered o
L1mestone, green-yellow, flne grained, rubbly.

/

{
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Epsilon
> .
cross-stratification — .

Figure 27.

F

g v / h

-

Outcrop 4. Two~sets of Middle B Member epsilon
cross-stratification are present, dipping in
opposite directions. A continuous ironstone bed
overlies these, followed by @ small epsilon cross-
bed set (see Fig. 19).
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Unit “Thickness
metres

15

14

g

.10

A~

4

3

3.

0.

8.

—— ™

i“\ +2/&0 30 cm thick with abundant shale rip-up-cl
- .clasts generally a few milTimetres ‘to a few

.7

9

g2

Vs

4

5 .

\

R

\

.3;;/’ 011 sand,/ d«rk. grey
TN With¥shale -n scaled

. beds. (30 0" 60 ¢m thick).

0i1 sa

 of

“»
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»
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_?igure 28. Columnar section of odtcrop 4,
(Upstream end of outcrop) *, w .

Qgsérigtign ‘ : - :

%

011 sand, very fine grained, argillaceous, inter-
bedded with shale, bedding 2-8 cm thick; heavily
burrowed. : : .

0i1 sand, very fine grained, interbelded with shale,

bedding 5 to 30 cm; Taminated in part, rippled in
part, bioturbated in part. . L
Ironstone bed, continuous across outerop; tronstone
concretions and o0il sand axidized to rown.. & -

Covered. : : . :
- € A ,'”;_‘ "l‘

- " [ B i
L . » v A,

0il"sand, very fine gr&inedf interbedded with .
‘shale, 15 cm to 60 cm of oi} sand separated by Y i
up to 5 em. of sha]ejcburrowed,,especia]]g%a]ong

uraf

shale bedg; taminaffons of varying oil & ion L ‘

" wWithin indivi al sand beds; at some _locations %

e .

channels in <p®s unit contain large sCale cross- €13

N ‘:ff‘a‘ .
N T ’
01l sand,;déﬁ? grey to black, véry‘f1ne~gnaiqed; SV
cliff=formingyunit, cross-bedded in places, ! ' ;
apparentiy-massive in places; o casional beds _ -&'

'centimetres, but up tg 10 cm. . B
#ry fine ,grained, intérbedde _
710 to 30 cm, clean sand ) :
7 g’ﬂ

and shale;\ burrowed. | .
011 Sand, Hark grey, very fine grained, bedding on

» ScalBygf one metre byt internally laminated; trough , '

ripples Ehroughout; _ _

Covered. B

1ight grey, very coarse grained with

ale clasts and pebbles up to & _few

resistant. S _

8, fight grey, fine grained with occasioﬁé{

grains Up o 2 mm diameter; apparently massive. B ?
0i1 sand, ight, grey, very fine grained with beds

of very coarse sand to pebbles. B

0i1 sand, light grey, coarse to very coarse grained,
with abundant pebbles to 2 cm along bedding pla es.
0il sand, Tight- grey, fine grai?ed; poor bedding,
essentially massive. ’

Covered.

apund ts
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F superimposed sets and believed i- ‘e Tikely to be the resul’ly {}

[
The M1ddfe B-Member is more complex in this outcrop than in

-

outcrdb 3, as there are two sets of e silon cross- strat1f1cat1on

dipping ig opposite directions. , Mo~ y-Stuart (1966) also fay

the chance suberpositibn of two -nder belts rather than the @
return sweep df a rapidTy aggréding=stream. ’

. Massive oi]:sand of what at first appears to be the Middle A
Member is phesent Gverlying the southward-dipping set. The Tower

set, present at both ends of the outcrop, appears to be channeled

> into by the overlying massive 011 sand which often conta1ns abundant

na]eLrlp up c?asts The fact that the massive unit overlies’ an"ikig;
. 0 N .%"

ﬂeps11on set sugge%ts that it is a deeper channel facies” Qf the upper

eps11on Cross-3 B1f1ed unit. . ' .

The appare d1p of the lowér set of epsilon cross- beﬁd1ng,.

o
‘ Judged to be c]ose to the true dwp, is 12 to 15° s w1th a d1p
?d1rect1onyof about 80° azwnhth " The apparent~diq of the upper set 4y

in the Middle B Member is at™a,maximum 8 to-10°, dipping south-west,

‘

: at tﬁe north end’ of the outcrop The acparent dip of this set

decreases towards the sout h,;probab]y because the strike of the J"
cliff face approaches the str1ke of the beddmg1

Over1y1ng the M]ddle B. nember wsa?he hor170nta11y bedded
Upper A Member d1pp1ng very. sl1ght]y‘to the north, oppesite to : | N
the dip of the eps110n cross-bedding below. The beds'immediately |

overlying the epsilon unit are bioturbated sands with occasional

laminations, topped by an ironstone horizon extending the length

-ofvthe outcrop. Over1y1nq the ironstone and forming the top unlt

:of the Upper A Member is a cross-bed set, 1nterpreted to be a

w0
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graller-scale version of epsilon cross-stratification, about 2 \

metres thick (Fig.\19).
\
At the top of the outcrop, the Upper B Member and the g]auconlte
éands of the C]earwater Formation ar- present.
\
\

S

\Outcrop 5 o ‘
\ . : . %
| ~ :

This outcrop contains an dﬁbe11ent exposure of Middle A Member f
!' ‘ v
trough cross-beds, both because'of their orientation (the gliff
. J. i ‘v. . . .
face cuts~a trans¥erse sfction through the troughs) and the high

degree ofvweathering of‘the surface. Exposure of the Middle A

_Member is very _poor: bvg,gpe Upper Members are we]] exposqﬂﬁon RN

- ‘\"

;
1

Ain qutcrop.

A b . \
The sets of trough 3ross -bedding.%in the M1gsle A Member are

Cy A‘

‘rgenera1]y 30 to 60 cm thick, but sets near the ba%e are up-to T:5- o

" m thick and 6 m across” in transverse section. Thickness of the

tngugh sets decreases upward. Thl‘Midd]e A Member is very thick
in this outcrop,. at the expense.of the Middle B Member which is

only 10 metres thick. Aﬁwthe top of the Middle B Member ,is an

‘ <
_ 1ronstone bed which is fairly cont1nuous over the entire outcrop, -
-, ..:‘ o=
a distance of approximately 300 metres. _ F ey, L

»
: A bioturbated sandstone overflies the 1ronst€ne bed wh\kh\\\\
ﬁ in turn over1a1n by a 30 cm thick bed of coa] Th1a coa] is '

vered w1th 2 powdery coat1ng of su]phur Above the coal is a

g R T g
o - e comp]ete]y b1oturbated, almost unsaturated grey 51]ty sandstone

This is 1nterpreted\to be Upper B Member which, because it has a

low 0il content, is light in color.

- Y . ¢

76



Member Elevation Unjt
. (metres) .

River level 260

320
— ' - 8
Upper B 4 B
) < 315
. »
Q {
- Q_ H
- 5 <
310
. U )
o U
2 305 Ly
3 | - &
= R R -
300 ~"
vy 8
- 295 I
) ) e : w:ﬁ\'
. ' . R
290 !
A\
< 2854 5
Q
? Y
=
i = . 280-
—
- 275-
v ! __/‘)
R0
_— 4 ; "@;'Q"J v 7
" Lower 2654 o
: 7



-t

’8 .

1
~ L)

Figure 29. Cotumnar section of outcrop 5.
(Upstream end of outcrop. Top 10 metres measired on
ridge to the east.)

Unit Thickness Descrigtion

metres

KL L : :

13 1&.4 . *Séndstone, g;éy With yellow patches, very fine grained,
argillaceous, with thin (I to 2 mm) lenses and lam- ‘
inations of black Shate yellow patches apparently due
to sulphur staining on grains; complatey b]otqrbated y

12 0.3 Coal, fissile, with coating of sulphuri.powder, ™ ¢ . ¢

11 0.9 Shale, browgat base to black at top grading into coal;

’ _ lithified, ¥ery fissile, o ,

10 4.9 0 sand, very Tight grey, very fine grained, ,very

sh“]y;>apparen;1y nea{ly co&p]ete]y bioturbated. _
9 0.3 Ironstone bed, .continuous over most of outcrop; =~ .. o,

} varies ‘from iron”staining to, concretions. . .
, 8 7.6 011 sand, dark grey, very Finé to fine grained, -
- interbedded with thinnén~partin95§df'Shale; burrows
s a " “Qéiﬁ becoming more abuﬁdany up-sectios;
fmon . T - o .
7 4.6 WK ight. grey, K@ﬁy fjneﬂ§p,foE‘grained;gcross-q -
. roughout, ‘frem*Fipple beds - (] cm thick) . ‘to '
ts up to 50 cm thick; laminated in part. TR

6 6.1 ~Sand, light grey;-very.fine’gnainedgigeneﬁally ' .

horizontally bedded, butsbedding obscure;” hand

specimen appears massive., . *+ - .

\ - s /
. A . o L s
5 107 . Covered. Bt | ' :
£ A | "
-] . P X ~ J ’ _
‘ ‘l ' - » . “

4 . 10.9  0il sand, fine grained, trough cross-bedded throughout,

troughs from 30 cm to 1.5 thick; shale clasts at
base of some troughs (c]agts average 1 mm thick x 4 mm
* 16ng); sqmeitnoughs’ihterna]]y'ripp]ed. :

3 3.4 0i1 sand, fine ﬁgxcoarse grained; chSE-bedded through-.
out, sets 3 to 50 cm; at top of unit '3, few thin bands
, (to 3 cm), of shaly carbonaceous materi 1, occasional
. R small wood fragments. , :
27 0.9 011 sand, ]ight.grej, very fine to coarse grained,-
pebbles and ¢lasts of clay to 1 <m; very poorly
a sorted; unconsolidated. o
1 " 4.6 Covered. /

s

8
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Outcrop 6 ;

(butcrop 6 is a small, poor exposure. The Middle A Member

begins dt\river 1eve1, as no limestone or Lower Member is exposed

at this outerab‘\ As in outeropbs the trough cross-beds can be
rvery ]érge. On the top of one of these sets, a few of the small
burrows, characteristic of the M]dd]e B Member were found an
anoma]y not repeated e]sewhere in the study area The MIddTe A
Member at this 0utcr§€ displays other unusual feature! Large
scale planar cross-beds, with alternating med1um and coarse

1am1nae in the foresets are present, as we]] as abundant carbon-

ized wood fragments up to 10 cm through and 60 cm gﬁﬁ% s

A‘

-

The contact between the Middle A and B units f,
~defined in this exposure. The epsilon cross- bedd]ng of th1s

membe?iappears to be d1pp1ng north 30 north- west At the top

of the Middle B Member, 15 m of coal is over]axn by comp]ete]y

“ bioturbated 1ight grey silty sand, s1m1]ar to that at “the top of

outcrop ¥ »

Qutcrop 7-

Exposure on th:s outcrop is excel]éﬁk Fig. 31), though
]arge]y inaccessible. Limestone is present across the outcrop
fron{r1ver level to a height of about 6 ma’res and the Lower
Member is absent. |

The Middle A Member at this outcrop is unique in that it |
includes a unit of inter]aj>nated sand, si]t, and shale whtch"
has.been channeled into by the over]ying trough'tross—bedded o1l
¢ - - : f

a -

) :‘ . A " '

"W

<3
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Figure 30. Columnar sect 1o ‘Of Uutcnop 6. di;

(Central. raViqugd€ outcrop) w
’ Umt Thmkness Qﬂeﬂ;‘g‘_ip_trjp‘r_]_
(metres ) - ' o : b

~— e

0.6 Sandstone, very ]1ght qrey, very fine grained, very
“argillaceous; apparently bioturbated; crumbly and very -
recessive.

.3 Sandstone, yellow-brown, very fine grained; in places

~ cemented Wto ironstone bed.

12« Coal, lignite to sub-bituminous. .

3 Shale, grey to brown, soft; no fissility.

7

0i1 sand, grey to brown-grey, very fine to fine
grained; Vvery argillaceous, beds 5 to 15 cm, inter-
bedded with shale and silt beds 2 cm thick; well-
defined bedding; occasional ripple bedding and medium
scalé cross-beds; burrows preséent, especially in 1ower

: parts of beds; poor exposure.
[]

6 -¥.3 Sandstone, light brown, very fine to fing grained‘ , o
resfstant bed cantaining 50 cm cross-bedd L. ‘ -7
5 6.7 0i1 sand, black to grey, very fine to fa g e

crossébedded or tippted throughout: indi¥i
bedding up to 60 c¢cm thick. , N

4 10.? 0il1 sands, black, very fine to. fine grained, cross-
bedded throughout, trough cross-beds up to 1.2 metres
thick. )

v : ' | SRR
‘. : LY .
3 1.2 0il sand, bltack, very fine<to fine grained; abundant
: carbonaceous material in seams and pockets; zones
of medium to very coarse oil Fand.
2 1.2 0i¥ sand, light grey, fine grafnedb with large shale
¢ - clasts (o to 8 cm in diameter), light grey, rounded;
" ' - top 8 cm of unit is mediyn to coarse sand with some
2t £ut and fil7,;structures. el
1 -15.9 0il sand, dark grey, fine grained; bedding 5 cent1— -
. metres to 60" cm, poorly- defined; cross-bedded !
thFOJghQUt, sets average 30 ca thick; one trough
set at least 1.5 metres thick; shale clasts in some
sets; burrows seen at top of one Ccross- bed set, but

- # . very rare. P

\ /
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© Figur§13ﬁ}x0utcrop 7. Interlaminated shale, silt and very fine
» 7+ LUsald overlies the limestone at bottom right of the
utcrop. This is the only occurrence of shaly
X sedime™s in, the Middle A Member. The apparent dip
of epsilon bedding in the Middle B Member changes
~®with .height in the section (see text for discussion). _
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Figure 32. Columnar section of outcrop 7. _ -
_ : " (Lower 11 metres measured in centre of outcrop.
Remainder of section measured at upstream end.)
Unit Thickness Description o _ .
(metres) . T A~
10 2.8 Glacial drift
9 21.6 011 gand, grey %o brown=-grey, very fine to fine grained,

3.4

1.~; Bresent along bedding, often separating cross-beds;

interbedded with shale; oil sand beds 5.cm to 50 cm,
shale beds 1 cm.to 15 cm; alternating series of . ‘
rippled beds, shale beds i burrowed ‘beds, and medium =
scale (7-10-cm thick) cross-bed sets; le beds
.clean, generally completely bioturbat® ¥Y many beds
- 0of 011 sand grade Trom dark and massiverat base to,
lighter and rippled 1 top; above 302 m, bedding .
Cis Meinngf {5-15 cm), “with higher percentage of shales , ’
above 310" meters, burrows more abundant.” - - .

v

.“:“ & e . ) . . ' ) ¥ . ,! M .‘.‘ o a

®

'.Oi] sand, grades from dark at thq_base to light at -
'"the top, very fine to fine grained; shale fragments
' hrough top 3/4 of unit; 8 cm

Qi1 sand, 11§Ht grey\. very fine to fine ofined;  ° R
abundant ripples, als®®assive bets; 5-10,cm of . e

shale at top; beds of 01l sand arg not'separated

‘ 8¥~beds'of shale as-in overlying ynits. . . T S
il sand, ]ighﬁ‘grey,'very fine grained, argi]]aCeous;ﬁ -~
beddffng 2 to 30 cm; very well devé]oped ripple. - ‘
throughout, - LI i
‘l | 1 .' ? . ., ‘ .’ o . B
: black, fine grained; peddind on scale/of - 8
s ] gire’, qwoorly defined; c¢ross-bedded throughoyt, .

. sets 15 ¢cm to 2 m thick; shale rip-up clasts té 10 cm .+

some seis separated by medium to coarse sand,/ = ., .|
"* occasional beds ‘about 30 cm thick contain .lerlses
and pockets of clean, light grey shale. =~ /|
01 sand, red-brown, very fine to Fine grained, - _
- interbedded to interlaminated with shale, grey;
bedding on scale of millimetres to 5 centimetres;
no burrows, channeled into by overlying 011 sand,
Coye\e‘d. =L ) ' I :
aLimestone,’green-grey,-rubb]y; oxidized zone at top L - .
is in pldces hard ironstone. . —. : v C ’
: ) : _ N
It . Do
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sand;. the top of the 3haly unit becoming lower in the upstream
direction.  This unit is apparently not burrowed ‘and could be
interpreted either as overbank deposits associated with Middle

A Member channel sands, or eI;t as an earlier deposit wh ch

was 1arge1y eroded away‘by the channels of the Middle A Member.
The Middle A Member is thick at this outcrop (25 metres) with

trough cross-bedding at the base and -poorly saturated ripple-

‘marked sandstone at the top.

The inclined bedding of the Middle B Member is very wel’
exposed but the Middle A/Middle B MembeF contact is not well

defined. This is probab]y because of the nature of the lower

parts of the Middle B Member. The deepest/part of the Middle B

the higher parts of the

Member paleochannel, with its greater enekg®, would stand a good

chance of producing presérvable scour and fill. structures cut '

1

into thdlunderlying Middle A Member. The result®nt lenticular

scour an bedding, beneath the epsilon cross-bedding of

int bar, may resemble the Middle A

”

- N L ]
At the base of the Middle B Member af’ih

Member sands.
ation where

the Section was measured As a 1.2 metre-thjck bed of o0il sand

with clay clasts at the pase, ripples throughout the bulk of

the bed, and a 7 cm bed of clay at the top. Sampies taken fromA

this bed indicate virthally no vertica change in grain size or

clay content. //
The thickness of the epsilo ss-stratification sets, and \

therefore the depth of’the paleochannel, is about 25 metres.
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A
The dip of the cross-stratification changes upward through the
section (Fig. 31). At the base, the dip is very low, becoming
greater up section to a maximum of about léo, and returning to
\ .
a low angle near the top. This change'maybbe the result of the

exposure of different apparent dips,of epsilon cross-stratification.

Because the paleochannel was migrating, the apparent dip of the ~

point bar surface, as seen in cross-section, would vary as the

orientation of the channe] changed relative to‘that of the cross-

section. Thus the Tow=dip beds at the bause of the N1dd1e B

Member are seen almost in strike section while those at a higher
ang]e are seen very c1ose to true dip. Alternative exp]anations
for these changes in dip are 1) that the paleochannel had a Targe
flat channel floor resulting in the low dip beds at the base and

as the channel migrated the steeper beds higher on the poiht bar
AN

' came to overlie them, or 2) the migration of the channel brought

it into contact with material more resistant to erosion (silt
and shale instead of gand) which resulted in a deépg;, narcower
channel and thus a higher dip to the point bar.

No units above the Middle B Member are present in the outcrop,
but the top of the outcrop on the downstream end is heav11/ |
burrowed with afparent dips approaching horizontal. These beds }
may be transitional-to the missing Uppeh A Member. Tta top of

1outcrop 1s truncated by Pleistocene erosion and i: overlain

by glacial drift.

Qutcrop 8

This is a large outcrop but so much of it is obscured by



. talus that a section was not measured. Limestone is present at
the base dflthe outcrop except for the 26§Metre length where it
“is replaced by the Lower Member aé d%scussed in Chapter 2, 'Lowef

-

" Member.' : o~

Qutcrop 9

Outcrop 9 is well exposed but is largely unweathered,
resulting in obscure sedimentary structures. The base of the

outcrop is mostly covered but, where exposed, grey to reddish

*
poorly saturated sands of the Lower Memher are present. : S

Standing on the outcrop, fhe Middle A/Middle B contact is
difficult to pick, but from'a distance, the discordance in bedding
can be seen (Fig. 33). .

The Middle B Member in this outcrop is very different from
that of other outcrops in that it displays characteristics more
like those of the Middle A Member. Except for the top thinner-
Sedded.4.5 metres of the member, large scale trough cross-beds
(30-60 cm thick sets) are common and no burrows are present.
The preéence‘of trough cross-bedding in the higher parts of fhe
Middle B Memper, which is generally characterized by ripple

- bedding, indicat:s depgsifﬁon of the sands in a higher f]ow
- regime than is usual fgr the member.
.At the downstream end of the outcrop, thick (10 to;SO cm)
grey'shale beds are present between.oil sand beds (Fig. 34).
A In p]aces} the shale is rﬁythmica]1y intetLedded with very fine
sand énd silt laminae which,‘having s]ighf o1l saturation, are

“brown. Locally, these shales have been eroded and incorporated

87
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Figure 33.

Outcrop 9.
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Figure 34.

a a

£/

Thick shale units‘?light;co]ored, laminated) separating
0il-sand beds (dark, blocky) within epsilon cross-
stratification, outcrop 9. Lowest thick shale unit is
approximately 60 cm thick. :

- 89
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Figure 35. Columnar section of outcrop 9.

> _ (Ravinelat upstream end of. outcrop)
Unit Thickness Description
(metres) -
16 1.5 Sandstone, very fine grained, very argillaceous,
glauconitic. ‘ > ‘
N v '
15 . 1.5 — 011 sand, dark grey, very fine gn&?ned, very silty- ‘
, and argillaceous; apparently bioturbated.
.14 3.9 © 01l sand, light,grey to reddish brown, very fine

to fine grained,-all beds less than 30 cm thick,
interbedded with shale beds 2-5 cm thick; occasional
trough cross-bedding in 30 to 60 cm qbick sets.

13 11.3 0il sand, dark grey, fine grained, beds 10 cm to 1 .
thick, interbedded with shale beds 2-5 cm thick;
occasional trough cross-bedding in 30 to 60 cm

thick sets.
12 1.2 0i1 sand, light grey, fine grained, cross-bedded
t throughout; resistant. o ‘
11 2.7 0il sand, black, fine grained, trough cross-bedded
. throughout; occasional shaly beds; occasional ripples.
10 2.1 0il sand, black, fine grained; at top Of unit are

medium scale (10 c¢m thick set) cross-beds.

9 3.9 0il sand, black, fine grained, generally cross-

bedded; bands of shale and carbonaceous material;

carbonaceous material up to 15 cm thick or a series

of thinner beds with 0i1 sand between.

.5 Covered. .

0.6 0i1 sand, Tight grey, fine grained, rippled at top;

. resistant shelf across outcrop. ‘

6 4.9 0i1 sand, dark grey, fine grained, interbedded with
shale, 5-15 cm thick o0il sand beds separated by up
to 1 cm'of shale.

5 3.4 0il1 sand, dark grey, fine grained, non-argillaceous;
cross-bedding present. ' ‘

4 3.4 Covered. ‘

3 2.8. 0i1 sand, black, fine grained, cross-bedded.

2 2.7 Covered. ,

1 4.3 011 sand, reddish to light grey, medium to coarse

grained, bedding poorly defined; small (2-5 mm)
clay clasts throughout much of exposure. Trough
. cross-bed sets 20 cm to 60 cm thick.
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into the OJ;rlying G;T sand as r{p-gp clasts. In pléce;,
ripple-marked 0il sand beds grade upwards into the laminated
shale without a distinct break. Thege thick shale beds occur
quite deeﬁ in.tﬁe paleochannel, -as can be determined by their
position within the epsilon cross-bedding, and represent .the
finer-grained sediments déposited during low,waier stages of
the stream.
The top of the Middle B Member is bedded on a smaller scale
(10 cm), burrowed, and weathered reddish brown; as is often the
case af the top of tqg§ member. The epsilon cross-bedding
comprfging the Middie B Member if‘approximately 25 metres thick
" “in this outcrop, iﬁdicating a paleochannel 25 metres deep. The
epsilon beds have an apparent dip of gbout 5% to the north-west
along the cliff face. | | ‘
The Uppef'B Member, a dark grey, very shaly oil sépd,'directly

overlies the Middle B Member.

> Qutcrop 10

The bqlk'of this outcrob is poorly exposed. Upstream from the ‘
* main outcrop, inclined bedding of the Middle B Member is seen to
be truncated at the top by the Upper B Member (Fig. 365. This
shows that there -is, at least in some places, eyosibn preceeding
thg deposition of theAUpper B Member. The apparent dip of the
epsilon cross-stratification in this iocation'is 10° in a difectioh
260° azimuth. . |
One of the few accessible exposures of the g]auconife sand | | ///

o?]the Clearwater Formation .is at this section.

o aned



———_ Upper B Member .

__——:EEEEEEEEE:::—”V
"””’:::::::’ Middle B M;;;::”’—
——

Figure 36. Truncation of Middle B Member epsilon cross-bedding
by erosional base of Upper B Member, outcrop 10.
Bedding in the Upper B Member is horizontal.

\
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Figure 37.

L)

Unit Thickness

95

Columnar section of 0ut!§op 10.
(Upstream end of outcrop)

13

12
11

10

(metres)

1.2

O WwWww

13.

—

Description

sandstone, very fine grained, very silty and
argillaceous; glauconitic. : A

Covered.

0i1 sand, grey, very f1ne]gra1ned, very argillaceous;
thin 1am1nae of shale throughout the 0il sand,
bedding (partings) on scale of 5-8 cm; looks l]ke
shale from distance; apparently bioturbated. Py

0i1 sand, very fine to fine grained, interbedded

- with shale, grey, fissile; bedding on scale of 2 to

30.cm; at top is 30 cm th1ck bed of light brown
0il sand, rippled throughout.

0il1 sand, poorly saturated, interbedded with shale
and sha]y oil sand, bedding 2 to 5 cm thick.

0il sand, light grey, very fine to fine grained,
beds 60 cm to 1 m, interbedded with shale, beds
2-3 cm; rippled thr0ughout laminated in part,
occasional burrows in unrippled shalier beds;
esistant unit; less saturated, lighter near top;
iccasional beds and lensss of .grey shale; bedding
has apparent dip of 8-10".

Covered. P

Ironstone bed; good Jo1nt1ng

Covered.

0i1 sand, dark grey, very f1ne to fine grained,
bedding on scale of 15 cm to 1 m; Structures not
visible; poor exposure.

Covered.

0il sand, dark grey, fine grained, cross-bedded,
apparently planar bedding on scale of 30 cm to
1 m, often based on zones of small shale c]asts,
11tt1e shale present.

Covered.



Outcrog 11 (97

Examination of this small outcrop indicated that the top of
the McMurray Formation is approximately 18 metres lower than at
surrounding outcrops. Drilling results from the Steepbank River
(Government'of_Canada 1949) show that the e]evati:ﬁ of the
Devonian 1imestone is.about 20 metres lower in a hole drilled
near outcrop 11 (245.m K.S.L.)‘than in holes drilled near outcrops
9, 10 and 12 (265 + 5 m A.S.L.). g The most probable explanation
for this anomaly is post-McMurray collapse of both the limestone
and overlying McM&}ray Formation, probably due to solution of the
Elk Point evaporites. This type of collapse, on a much larger
scale, has been interbreted by Cérrigy (1959a) to be the cause of
the Bitumount basin (Twp. 96, Rges. 10 and li) where collapse has
occurred in pdst-Cretaceous times. ”

Epsilon cross-bedding in this outcrop has.an apparent dip of

up to 15° to the north-west. The dip of an individual bed lessens

considerably as one follows it 'up the point bar' (Fig. 38).

Outcrog 12

Outcrop 12, another large, well-exposed o.*tcror, is dominated
by a‘cross-cutting bed extending the length of the outcrop
' (Figs. 40, 41). The bed begins as a thin, horizontal bed at the

top of the Middle B Member in the downstream part of the outcrOp

As it is followed upstream, it cuts through older beds at_an angle

of about 15° » becomes much thicker (4.5 metres) and eventu My
¢

horizontal again. The entire bed is laminated t¢ rippled

96
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. N
Columnar section of outcrop 11.

Figure 39. :
(Downstream end of outcrop)

Unit Thickness Description .
(metres) .

011 'sand, dark grey, very fine grained, very silty
and argi]])teous, very recessive; apparently
bioturbat ' ’ ’ _
0il1 sand, brown-grey, very fine to fine grained, beds
2 to 15 cm thick, interbedded with shale beds 2-5

cm thick; abundant burrows, in places bioturbated;
more shale towards top; in :1a'ns, ironstone bed at
top. '

011 sand, very fine graine?, beds 20 cm to 1 m thick,
interbedded with shale up .0 1. ¢~ thick; generally,
rippled with some burrows . .hai-er zones.

5 2.1

4 1.2

3 4.9

—

011 sand, very fine grained, beds to 1 m, inter-
bedded with shale beds up to 60 cm; ripple bedding
with some medium to large scale cross-beds (sets to
60 cm); Tower beds have depositional dip. °

2 18.9

1 2.1 Covered.

99
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Figure 40. oQutcrop 12, downstream end, Croés cutting bed at

upper left extends the 1ength of the outcrop
(see Fig. 41).
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Figure 42. Columnar section of outcrop 12.
(Central ravine of outcrop)

Unit Thickness Description .

(metres)
i 1.2 . Sandstone, very ?ine grained, very argillaceous,
' slightly glayconitic; some ironstone beds.
> 3.9 011 sénd, dark grey, very fine grained;_very

‘argillaceous; from distance 1ooks Tike shale; "
fissile, bedding 5-10 cm. ;

\

4 10.4 0il1 sand, very fine grained, argillaceous,
~ bedding 5 cm to 60 cm, interbedded with
shale beds up to 5 cm thick;.burrows-apparent]y
present but obscure; medium scale cross-bedding
* present; ironstone bed at top.

3 3.4 -~ 0i1 sand, light grey, very fine to fine grained;
ripple bedded throughout; less shaly than under-
. "lying unit. : .
2 4.3 011 sand, light grey, very fine to fine grained;
laminated 'to rippled throughout; no internal
bedding. ;

1 20.7 Covered.
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throughout Abng this bed 15 another thick ( ) wedge- shaped
bed which has apparent]y scoured into the 1ower bed JConcordant]y
overlying these two un1ts is a set of eps11on cross%strat1f1catlon
~ resu1t1ng from depos1t10n on the point bar of the same” channel.
<

‘ Th1s epsihon set wedges out‘m% the west where the oridinal channel

marg1n qs high in the section. The pa]eochanne]waslB metres

A\

YP—
E

deep and the current d1rect1on Judg1ng from the ripple marks, ,17
was approximately south to south-west. ‘ s i ”'.(
{\k . The top of the epsilon_o;oss—Stratificatfon is agatA reddish
i ~and an ironstone bed is present, in places, at the Miqdle B/ |

Upper B contact. _ : S .

Drilling Results

- .Several wells drilled qggih of the Steepbank River are
composed largely of silt and clay, just as Carrigy's sJE’erace
- type sect1on is mostly fine- gra1ned “material compared to his
~outcrdp type section wh1%h is almost total]y sand-size mdterial.

‘The lack of fine-grained sections in oufcrop is probably due to
their recess1ve nature but 1t is also possible that the present | “45
Steepbank River preferentially cuts through 01l sand rather than
the perhaps more cohesiye silts and clays. Paleocurrent
directions indicate the present Steepbank River flows in the
same directiph as the dreinage of Cretaceous time. It is possible .
that the Steepbank River follows the meander belt of a
Cretaceous’ qhannelf

The closest available cored well to the outcrop area

(location in Fig. 2), is about 1 km east of outcrop 3°

h" u
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(SOBC FL 1-74 1-1, 14-29-92-9w4). This well consists mostly of
argillaceous 0il sand interlaminated with shale with dn]}.
occasional small intervals (0.5 to 1.5 m) of good oil sand..'
The average oil saturation is about 3% by weight. %he core is

described in Appendix C.



Structural Cross-section

In the structural cross-section of the Steepbahk River area
(Fig. 43 ), an attempt has been made to correlate the members of
the McMurray Formation. In places, it is difficult to differentiate
the Middle A and Middle B Members, especia]‘y in poorly expoeed‘
outcrops and dhere, because df the orientation of the outcrop, there
is no apparent'dip to the epsilon crosS—beds of the Middle B Member.
In the Upper Members, unlike the under]y1ng f]uv1a1 Sands, .
1nd1v1dua] beds are much more extensxve The Upper B Member,
the base of whlch may be nearly a t1me surface, is the most con-
sistent un1t in the outcrop area. |

'It is not known to what extent host-McMurray colﬂapse‘has

occurred, arid therefore how closely the present structure resembles
that at the time 6f deposition. As previouely di§cussed,‘0utcr0p
11 has, undergone poet—McMurray co]]apse, and less obvious downward

movemenr may have occurred at other outcrops, for example, outcrop 6

Outcrop 4 was 0m1tted becausg joining outcrOp 3to4 produces

r

Iahne perpendicular to the line of cross-section which runs
;esﬁentia]]y southeast-northwest. |

E]evatwns were#termmed by est1mat1ng r1ver 1eve1 e]evatmn
at each outcrop from 1:50,000 NTS maps. These,est1mates-are

thought to be accurate to within 2 matres.
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CHAPTER 4 )
DEPOSITIONAL ENVIRONMENTS

"

In early Cretaceous tfme in the Athabasca 0il sands area, a
well-developed drainage system was present on the limestone lan
scape (Carrigy, 1973b). Many karst features are present in the
Steepbank ﬂgter area and elsewhere. in the Athabasc» oil sands,

indicating substantial underground drainage. During this time.of
. , ®

‘relatively Tow sea 1eJél, the rivers flowing to the north were <::::f\‘ 3

capable of transporting a load of coarse sand and gravel. The,

'backwater effect'4(81att et al., p. 586) of a rise in seé level -
results in deceleration of flow and an increase in water depth
for distances far upstream from base level. As the boreal sea
transgressed, tharefore, the,rivers Tost some of their transporting
capabi]ity qnd depositioh began.. The rugged local topography was
thus subdued by the sediments of the Lower Member. |
The Middle A Member is interpreted to bé'the b]anket.sand
of a fluvial channel complex. Large-scale trough cross-stratifi- L -
cation is generally present at the base of the member, with set

thicknesses decreasing with‘heighf in the section. Above the

_ trough gr;§s~beds, ripple bedding is often the dominant structure.

This succession of &edimentary structures results from a Towering

of flow re§ime. The change of bedform fromfdunes to ripples in k
response to Jowering flow regime has been well established both by; :
flume stqdieéh(51mohs et al., \ 65) and in studies of modern

rjvers (Allen, 1965b). The enviyonment of depositéon of this

member is envisaged to be fluvial systems on a plain of low relief.

J
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The epsi]oh croﬁé—s%ratifﬂcation’bf the Middle B Member
indicates point bar‘deposition 1n“qupnmeandéring channels
which may have been.in close proximity;to thg sea. The amount
of marine influence in these channels has not been firmly estab- -
lished. Land'and Hoyt (1966) attempted to find.some criteria to
distinguish fluvial from estuarine point bar deposits. They
concluded that; as processes of depositibn are very similar,
tﬁe only diagnostic properties of estuarine point bars are the
presence of mérine fossils and the traces of abUndant lifet .As‘
previously discussed, the burrows of the Middle B Member are inter-
preted to be the work of fresh water worms'but Chamberlain (1925)
notes that even fresh water pé]ychaetes are normally found ciose
to the sea. The sed1ments of the Middle B Member are 1nterpreted
to represent the deposits of meander1ng channels on a coasta]
plain, possibly distributaries on a delta floodplain.

The Upper A Member of horizontally bedded sands and silts,
overlying the channel sands of the Middle B Mémber, has a wide
range of textures, reflecting more varied processe§ of depésition
than the other members. Several diffefeﬁt depositional environ-
ments-are probably represented. The upper beds of tﬁjs member, the
Taminated to bjoturbated sands, are more éontinuous over the down-
stream part of the study area than the Tower beds of the member.

A model for the deposition of the upper part of this member must
accommodate the presence of ]aminatéd sands, widespread bioturbation,
lTocal occurrences of coal, and smaji channels as jndicated by

epsilon cross-bedding. Laminated sands have been reported in a



wide variéty of envirohments from the upper flow regime of channe]§
to beach deposits, and are not in themge]ves diagnostic. A unifying
model incorporating all the evidgnce, however, is based on Van
Straaten's (1959) description of a typical ‘tidal flat environment.
The tidal flat area is generally comprised of three identifiable
sub-environments - salt marshes above mean high tide, tidal channels
below mean Tow tide, and the tida]fflat proper between the two.

In the Steepbank River area, the salt marsh is thought to be
represented b; the coal deposits,‘the epsilon cross-bedding
representing what is thought to be a tidal channel can be seen

on outcrop 4, and the bulk of thé member, the laminated to bjo-
turbated sands, are thought to be the deposits of the tidq] flat
proper. Epsilon cross-bedding is very common in modern tidal

flats (Reineck and Singh,1973)," In fact, modern epsilon cross-
bedding was first recognized in thig environment. Van Straaten
A(1959) describés the sedimentary stfuctures of the tidal flat
.praper A< smooth, even laminae, sometimes showing ripple marks.

Bt rowing common and on the higher parts of the tidal flats,
whi.r  ~e generally sandy deposits, all traces o% tamination are
often ob]iterated.A\The upper Upper A Member is therefore
believed to represent an upper -tidal flat environment.

The Tower part of the Upper A Member is oniy well exposed at
two outcrops and genefa]ities about its Iithoiogy cahnot be’méde.
However, one might expect coastal plafn sediments such as ]évee,f
f]oodba;in, and crevasse splay deposits fo overlie the channel

sands of‘the Middle B Member. The presenfgjgf ironstone beds,

-
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laminated to thinly bedded silts, clays and sands, occas1ona]
bloturbat1on, and worm burrows characteristic of the channel
sands below do not contrad1ct this interpretation.

W
The Upper B Member of the McMurray Formation is believed

Lto represent the first truly marine deposjt in the study area.

Palynological evidence indicates this member is marine. The.
base is erosional in places, if not'throughout the area. This

is typicdl of transgressive deposits (Visher, 1965), the erosion

" ) . N
being the result of wave action. Oomkens (1971) found such a

transgression plane in the Rhone de]ta over1ain by a thin bed

(less than one metre) which was completely homogen1zed by

: burrowing marine forms. Howard (1971) describes the offshore

facies of Upper {retaceous sediments of UtahJas highly bio-
turbated siltstones which, other than a ‘'somewhat shaly appearance
contain no sed1mentary structures due to complete blogen1c re-
working. Both these descriptions fit the Upper B Member. The
depositional environment. is interpreted to be near offshore. The
trace occurrences ¢ - auconite ‘in thie member suggest that it is
transitional to the overlying glauconite sands of the Clearwater

Formation.:

The Wabiscaw Member of the Clearwater Fbrmation is interpreted,

on the basis of its fine grain size and glauconite content, to have

been deposited in deeper water than the Upper B Member, in an

env1ronment of ]1tt1e turbulence and slow rate of sed1mentat1on

111
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Implications for Future Recovery

The environmental model as outlined in this study does not
.hoid true everwhere in the Athabasca 0il sand deposit, és shown
by the occurrence of the largely silt/shale sections in many cored
drill ho]es. These can be in close proximity to a good oil sand
deposit.‘ The presence of epsilon cross-bedding, however, indicates
that'many of the favorable 0il sand deposits are re]ateﬂ,to the
meandering of large channels. - An‘imbortant consequence of this
model is the possibility of'tracing oil .sand aeposits along meander
belts rather than considering tggm to be small, isolated deltas
built intollakes and lagoons (Cartigy,197l). Besides aiding in
the exploration for oil sand deposits, predicting the trend of
the 0il sand body may be helpful in the field of injection weffl/

recovery well in situ techniques where predictioq,of path of

fluid flow could be very important.-
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* First numter refers to outcrop number.
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Text Refe. ¢ e

Figure 3- at 14,

Figure 36, .nit 15,

Figure 36, unit 16.

Thick shale beds of outcrop 9,
Middle B Member
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Appendix C

Supaﬁementary Measured Sect ons

’ %utcrog 1, section 1-A
Blend in river at upstream end of outcrop.)

Unit Height Above
No. River Level

Unit

Thickness Descriptioh

Limestone, pale yellow-green, more or
Tess covered above lowest 2 m; red
oxidized paleosol] at top.

Sandstone, weathers Tight grey, very
coarse grained; beds of conglomerate,
especially at base, pebbles to 5 cm
diameter, medium to well rounded’;
clasts of clay and quartz pebbles;
thin, discontinuous beds of fine |
sandstone present; oil saturation

Sandstone, weathers Tight grey, very
coarse grained to conglomerate, inter-
bedded with medium grained sandstone;
large (to 10 cm) shale clasts at base;
bedding on scale of 1 to 5 cm; large
scale, planar, heterogeneous cross-

' Sandstone, very coarse grained to

conglomeratic (grains to 4 mm), poorly
sorted; ‘bedding not apparent.
Sandstone, very coarse grained to ,
conglomeratic at base becoming finer
grained and more argillaceous towards
top; lighter grey than underlying unit.
Sandstone, weathers dark grey, medium
to very coarse grained; bedding on
scale of 30 cm with each bed of
different grain size; weathered beds
often grade from dark grey at the

base to white at the top; 0il satur-

(metres) (metres)
1 0-14.3 14.3
McMurray Formation, Lower Member
2  °14.3-14.8 “0.5
2 to 4%.
3 14.8-15.8 1.0
bedding present.
4 15.8-16.3 0.5
{
5 \16.3-16.7 0.4
6 16.7-18.0 1.3
: * ' o atiog 4-6%.
7 18.0-19.2 1.2

Sandstone interbedded medium. and
coarse grained; medium grained beds
weather grey, coarse beds white,

“producing striped appearance; bedding

on scale of 2 td 3 cm.
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: L2
Unit  Height Above Unit !
Na. River Level Thickness Description ‘ ‘ ,
(metres) (metres) ‘ ‘
8 - 19.2-20.1 0.9 Sandstone, weathers light grey, fihé

to very cparse grained; finer grained
beds usually well sorted and have
‘better oil saturation (6 to 8%);
bedding on scale of 2 to 30 cm.

9 = 20.1-22.3 2.2 - Sandstone, weathers light grey, fine o
‘\53 A to medium grained, beds 15 cm to 60
‘ cm thick, interbedded with siltstone
X %é : ‘and shale beds 5 to 10 cm thick.
10 3-25.3 3.0 Sandstone, weathers light grey, fine

to medium grained, bedding discon-
tinuous with lenses of argillaceous
. sandstone weathering white;. occasional
! : gra1ns to 5 mm; rare clay clasts;
x 1 in places, ripple marks at -top.
11 25.3-26.2 0.9 Sandstone, fine grained to conglomeratic,
‘ occasional pebbles to 4 cm; generally
very poorly sorted with occasional beds
"of medium sorted fine sandstone;
.abundant shale rip-up-: c]asts d% the

T top.
12 26.2-26.5 0.3 Sandstone, weathers light grey, fine
' to medium grained; bedding 2 to 4 cm
. thick. o
Top of Lower Member _ .
Qutcro ection 3-A . ‘
' ZPromlnzgzﬁﬁﬁdge in center of outcrop )
1 0-18.3 . 18.3 L1mestone pa]e green1sh yellow, fine,
. : ; » grained, rubbly. .
2 18.3-20.7 2.4 Covered.
McMurray Format1on, Middle A Member .
3 20.7-32.3 11.6 0il sand,~very flne to fine grained;

- : . cross-bedded at base, upper 2 metres
rippled throughout and weathermghIF
Tight grey. Sample 3-17.
Middle B Member ’ ‘ v
-4 32.3-48.2 - 15.9 0il sapd, much darker than underlying
- unit, very fine to fine grained, well
bedded, 10 to 30 cm thick beds of oil
sand separated by 2 to 5 cm partings
of shale; burrows first appear at
32.8 metres, becoming more abundant
o "~ with height. Sample 3-18.- '
5 48.2-48.3 0.1 Ironstone bed.

1
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Unit  Height Above ‘
No. - _River Level Th{ckpess Description
(metres)  (metFes) . . ‘ ,
6 48.3 9—.{\\(3./9 Shale, Tight grey, “interbedded with
' /“73 7 very fine sand on scale of 2 to 5 cm;

extreme burrowing.

Upper A Member ‘
7 49.2-52.3 * - 3.1  0il sand, very f1ne gra1ned, inter-
: S bedded with shale; poor exposure.
o Sandstone, light grey, very fine
- grained; resistant, apparently
completely bioturbated.

Ironstone bed. ,

‘ - 011 sand, very fine grained, inter-

* bedded with shale; poor exposure.
Ironstone bed, discontinuous.
0il sand, weathers very light grey,
very f1ne ‘grained, argil)aceous;

" poorly bedded, burrowed to b1oturbated,
some zones . r1pp1ed ‘Large V- -shaped
burrows 5 to 8 cm wide at top, 10 cm
1ong S

o |
— —

®o .
S

Upper B Member :
13 66.4-69.2 2.8 01] sand weathers dark grey, very
e ‘ : fine gra1ned, very arg1]1aceous,
, yellow-green coloration in pockets up
A L_—//' to 2 cm; 1ronstone bed at 66.9 metres.
Clearwater Formation, Wab1scaw Member . ‘.
14 - 69.2-69.8 0.6. Sandstone, weathers brown™to green, .
. : very fine. gra1ned, very arg111aceous,
contains gtauconite; occasional iron-
stone ‘concretions. Sample 3-16.

A

0utcro 3, section 3-B - N ‘ )
(Downstream end:of outcrop where Lower Member is present )

1 .0-6 6.0 Covered. .
S 2 6-7.0 1.0 L1mestone ye]]ow to red brown, rubb1y :
3 .7,0-7.5 0.5 Shale.
Lower Member : .
4 7.5 Sapdstone, red brown, fine to medium

[}
—
o
B -
no
el

: - grained, elevation not.uniform.

5 '10.4-11.6 1.2 Sandstone, medium to very coarse °
' : grained, and conglomerate; very

discontinuous. bedding; in places,

\g} - R conglomeratic part has pebbles and
. shalge clasts up to 8 cm d1ameter '
Middle A Member ' o

6 - 11.6-20 8.4 01 sand black fine gralned, cross-
: T bedded throughout bedding -on the
scale of 1 to 1.5 m. .

130
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Unit Height Above Unit

No. River Level Thickness Description
(metres) (metres)
- Qutcrop 4, Section 4-A |
. (Downstream end of centre grove of trees ) - .
Lower Member
1 0-7.0 7.0 Sandstone, light grey, coarse gra1ned
2 7.0-12.2 5.2 Covered.
Middle A Member ' ‘
3 12.2-16.8 - 4.6 0i1 sand, black, very fihe to .fine
: / . grained; cross-bedding throughout;
' ¢ , : very little shale.
4 - 16.8-24.4 7.6 Covered. '
Middle B Member ‘ :
5 24.4-31.7 7.3 0il sand, black, very fine to fine
: ’ g grained; apparently massive, very
\ little shale; occasional zones of
: abundant sha]e clasts in beds up to
N + 30 cm thick.
6 31.7-36.2 4.5 Covered.
7 . 36.2-42.7 6.5 0il sand, very fine to fine grained;

well bedded, with thin partings of
‘ ” shale and s1]tstone, First burrows
* - o at 35 2 metres. N
Upper . Member o
8 42.7-51.8 9.1  0il sand, very fine
. L : " shale partings; poor
‘places completely biotu
places: finely laminated.

rained, with
Xposure; in
ated, in

9 51.8-52.1 0.3 . Ironstone bed; contintous over most
of outcrop. h
Remainder of sect1on 1naccesswb1e, the following measurements are
approximations. _ '
10 52.1-56.5 4.4 0i1 sand, uppen 2 metres apparent]y

eps11on qross bedding. of small channel .
Upper B Member - - : . ;
11 56.5+58.5 2.0 011 sand dark greenish-grey, with
- iron sta1ned bed 50 cm from base.
Clearwater Formation, Wab1scaw Member

12 58.5-60.0 - 1.5 ‘Apparently glauconitic sa -green.

Qutcrop 6,-sectipn 6-A - “
{Upstream end of outcrep.) '
1 0-16.8 16.8 Covered.
Middle-A Member \
2 16.8-23.8 7.0 0i1sand, fine gra1ned trough cross-
' - ' C bedded throughout,,shale clasts e

often at base of sets, sets up to 30
cm thick; ripple marks common in beds
up to 60 cm th1ck wood fragments
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'Unit Heightedbove  Unit
No. River Level Thickness Description
(metres). (metres)

Middle B Member ‘ ‘

3 23.8-34.5 10.7 0i1 sand with thin partings of shale; -
bedding 5 to 60 cm; beds have apparent
dip of 117; burrows at base of unit,

‘ but rare; at top of unit are trough
’ , cross-bed sets 20 to 30 cm thick,
: J topped by ripples. ’

4 34.5-38.1 3.6 017 sand interbedded with shale on a
scale of 2'to 10 cm; very recessive,
burrowed; 60 cm thick ironstone bed

: at 35.0 metres. - :

5 38.1-41.2 ~3.1 011 sand, light grey, very fine; with.
no definite shale beds; apparently :

. " completely bioturbated.
Covered above 41.2 metres. _

Qutcrop 12, section 12-A
iDownstreamvend of outcrop.)

McMurray Fdrmation,yMiddle A Member

1 0-4.5 | . 4.5 0l sand, fine grained; apparently
_ : massive, no shale partings.
2 4.5-9.0 + 4.5 ¢ 011 sand, dark grey at.base grading

upwards to very light grey, fine
grained; large scale (30 to 50 cm thick)
cross-bedding at base, upper 2 metres .
. rippled throughout. :
9.0-10.7 - 1.7 - Covered.
10.7-12.5 1.8 * 0il sand, fine grained, bedding on
e scale of 60 cm; generally rippled.

W

12.5-1
16.8-1

2 .8 4. Covered.
" 16. 0 '

6 3 :
8. 1.2 : 011 sand, fine grained, rippled
" throughout, 10 cm thick cross-bedding
at top. o ,

[e2 W&, ]

“Middle B Member . , ‘
7 18.0-38.0 20.0 0i1 sand, fine grained; burrows begin
- in this unit, common in beds up to 5
‘ cm thick in lowest 3 m of unit,
s ‘ -decreasing in abundance above this;
. o ' ‘most beds rippled, some medium scale
- cross-bedding to 50 cm thick; bedding
e ‘ on scale of 10 to 30 cm.
. 8 x. 38.0-38.2". 0.2 . Ironstone bed.
Upper B Member . ) -
9 .38.2-44.2. 6.0 0i1 sand, light grey, very argillaceous,
N : ‘ - bedding poorly defined, 4 to 8 cm;
fresh surface shows dark grey shale
T laminations and brown sandy pockets;
N 01l saturation 2 to 4%.

. .\\

‘\\‘ , 7
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Appendix C (Continued) R >

Description of Core

Well name: SOBC FL 1-74 1-1
Location: 14-29-92-9W4

KB: 333.2 m GRD: 332.0m

Unit Top of Unit

No. Elevation  Thickness Description
(metres) (metres) o
1 309.45 - .91 Gil sand, very fine grained, argil-

} laceous, with streaks of shale, grey,
| ‘ ‘ up to 5 mm thick; mottled texture;
, \ , 0il saturation varies with mottling.
2  308.54 ~ .16+ 0il sand, very fine grained, inter-
2 Taminated with silt, light brown, and
shale, grey; not mottled. o

3 308.38 1.67 - Shale, dark grey, fissi]e;.occasional
o : thin (2 mm) blebs of silt.
4 306.71 - .46 Shale, Tlight brown, silty, fissile;

blebs and streaks of silt and very
fine sand, becomes siltier towards

»

base.
5 306.25 .30 0i17sand, very fine grained, very
) ' argillaceous, interbedded with shale,
. , light grey. :
6 ©  305.95 1.99 Lost. core.
7. 303.96 2.40 0il sand, very fine grained, inter- -

laminated to interbedded (to 2 cm
thick) with shale, Tight grey, silty;
beds of 0il sand have good saturation
but average is low, contorted bedding
‘ ) 303.35 td 303.65. . _
- 8 303.23 .49 Shale, light grey to Tight brown,
[ sandy; sandier towards base; slight
' ' - oil saturation. A
~ 9 302.74 2.59 011 sand, very fine grained, inter-
laminated with shale, light grey,
sandy; 50% sand, 50% shale; lamin-
ations average 1 mm tEick; mottled in
part; 5 c¢cm o0il 'sand bed at 300.30 m
with burrows into underlying 6 cm bed
of shale.
10 300.15 .45 0i1 sand, dark brown, very fine
_ grained; in upper part 18minated with
shale; cross-bedding, 15~ dip,
good saturation in lower part.
11 299.70 3.05 Lost core. :
12 296.65 .61 011 sand, very fine grained, argil-
laceous, interlaminated with shale,
sandy, light grey to light brown.



| Unit Top of Unit

No.

13
14
15

16
17
18

19

20
21
22

23

20

27

Q

Shale, light grey, mottled, with patches
of 0il sand in places.

0i1 sand, very fine grained, silty and:
argillaceous, poor saturation.

011 sand, very fine grained, argil-
laceous, interlaminated with shale,
light grey; laminations a few mm thick;
occasional shale breaks of 1-2 cm; well
laminated to mottled. .
Shale, light grey, silty, interbedded

*With interlaminated shale and 0i1 sand;

0i1 sand, very fine grained, very

argillaceous; interlaminated with shale

0i1 sand, dark brown to black, very fine ~

grained, well laminated (1 to 2 mm);

. very good saturation (15%).

Shale, light grey, interlaminated (0.1
to 1 mm) with oil sand, very fine
grained; even parallel Taminations;

1.5 cm yellow concretion at 290.85 m.
0il sand, very fine grained, mottled to
interlaminated with shale, light grey.
Shale, light grey, occasional carbon- -

Shale, light grey, with mottles and

stringers of o0il sand, abundant carbon- -

aceous material, one bed of carb. t
material 1 cm thick; one large (4 cm x
1 cm) oblong siderite module.

Shale, light grey to light tan, silty
and sandy in places; disseminated
ca:bonaceous material throughout, v
especially in sandy zones; occasional
patchy oil saturation in sand lenses.
0i1 sand, very fine grained, with high
01l saturation (15%); well laminated,
occasional grains. to 5 mm diameter;
occasional carbonaceous material,
disseminated and in partings.-

Shale, Tight grey, interbedded (0.5-

3 ¢m thick) with oil sand.

Shale, 1ight grey, sandy in places,
even parallel laminations; occasional
stringers of 0il sand; siderite con-

7

Elevation Thickness Descriptidn
(metres) (metres) -

296.04 .31

295.73 .30

295.43 1.28

294, 15 1.47

well laminated.
292.68 1.26
, to mottled.

291.43 .42

291.01 .31

290.70 .61

290.09 .30

_ aceous material,

- 289.79 .46

289.33 2.29

/A‘~ .

287.04 .76

286.2¢ .46

285.82 .76

- Cretion at top.

285.06 .61 Lost core.
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Unit
No.

28
29

30

31
32

33
34

35

36

37

38
39

40

Top of Unit
Elevation

metres

285.
283.

281

280

280.

279.
278.

278.
277.

276.

273.
.26

272

270.

45
23

.40

.95

73

42
66

35
93

74

02

64

Thickness
netre

1.
.83

1

22

.45
.22

.31

.76

42
19

.72

.76
.62

.28

s
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Description

Shale, as above. .

Shale, light grey, sandy in places,
interbedded to interlaminated with

0il sand; well laminated to mottled

and disrupted; disseminated carbon- g
aceous material in sarfdy zone; soft
sediment deformation has apparently
occurred.

Shale, light grey, with zones of poorly
saturated oil sand and carbonaceous -
material; apparently soft sediment
deformation,

0i1 sand, very fine grained, laminated
to homogeneous.

Shale, light grey, sandy in part,
interlaminated to mottled with oil
sand; bioturbation and soft sediment
deformation; top of unit deformed by
overlying sands; gost laminations at
angle of about 20",

Shale, sandy, as above but “ith even
parallel lamination.

Shale, as above but with patchy,

rather than laminated, oil saturation,
disrupted laminations.

Shale, as above, with even paraliel
laminations; oil: saturated in sandy
laminae.

Shale, light grey, sandy in part, with
scattered patchy oil saturation in
sandy zones but no beds of 0il sand.
Shale, light grey, interlaminated to
interbedded (0.1 mm to a few cm thick)
with oil sand, very fine grained; shale
is fissile with fine laminations.

Lost core. -

0i1 sand, black, fine to medium grained
with a few coarse grains; bedding,
where present, is alternating Taminae
of megium ang-fine'sand; cross-bedding
at 10~ to 30" dip; occasional shale
clasts 1 to 2 cm diameter.

Shale, Tight gréy to tan, sandy; even
parallel laminations; occasional thin
(1-2 mm) stringers of sand, some
saturated; at base is 4 £m hard streak
(fine to medium sandstofe) with large
(6 cm x 1 cm) flat cwhAcretfon; under-
lain by 2 cm of carbonaceous material,
sandy. : o )

:_,;;
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Unit Top of Unit

No. Elevation . Thickness 'Description
(metres) {metres) .
41 269.36 L 67 0il sand, black, very fine to medium

grained, some coarse near top; bedding
obscure; occasional pebbles to § mm
- diameter. :

42 268.69 C1.74 Shale, light grey, with stringers and
lenses of sandstone, very light grey,
very fine grained, with occasional
0il saturation; occasional concretions

. (2 mm - 1 cm diameter).
43 266.95 .79 Lost core. :
44  266.16 - - .31 0il sand, black, fine to very coarse,
' ' o apparently homogeneous; limestone
‘ ’ breccia and concretions at base.
‘45 | 265.85 1.40 Shale, light grey, with streaks and
\ ‘ lenses of hard, red yellow silty zones
\ - (borders not always distinct).
46 1264.45 -.33 Limestone fragments.



Appendix‘D.

5escriptions of Heavy Minerals

Zircon
Zircon, the most abundént mineral inm wmost of the samples, varies

from very well rounded grains from reworked sediment to first-cycle

euhedral prisms. The euhedra] crystals are generailv larger than

the rounded grains. Zircon grains are almost always clear and-

incﬁusion-free, except £af some grains with a red-brown stain, aé

also ﬁoted by Mellon (1956). Most grains with this staihing are

still identifiable, however, by crystal form, paral]eTlextinction,

bright interference co]oa{,_and the fact that only zircon grains,

were observed to have tHe stain. A large number of these stained

; grains are euhedral and zoned. The large pgrcentages of zircon

in sdme samples are due to floods of small:(less than 0.1 mm),

rounded grains.

" Tourmaline
Tourmaline grains can be prismatic,'very well rounded, or
~irregularly fractured. Black inc. .ions are common, often parallel

to the crytal Tength. The cb?or of tourmaline grains is generally

ic from colorless or yellow through shades of brown. -

Chroic to very dark green or blue are 1ess§gommon.

Pink grains

The™ ins are usually prismatic. Rarely found are blue graihs

pleochroic to a deeper blue.

Chloritoid : ' a

~

This platy, bluish mineral is generally filled with black |

1nc1usions_to the point of being opaque. Such grains are almost

137
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black under crossed ni¢ols. The less common inclusion-free

exhibit marked blue-gr leochroism and anomalous blue bire-
i,’

firngence. Chlorite, prese in some samples, is distinctly gneen

and has a refrac*ive index Tower than the 1.66 of the aroclor

P

mounting medium while chloritoid has a refractive indek highed;

‘than 1.66 - . Lo k
Garnet Z
— NS

Angular pink and clear garnet with no inclusions ds the most
common-form of garnet. These graihs show fresh conchoidal
fractures. Many grains, usually more rounded, have a sugary .pitted

surface.

A

Staurolite
Staurolite grains arelp1ebchroic from light ta da?k'go]ded

yellow, generally with clear jnclusions, though black inclusion§

are common. Many grains have 'sQissfpheeze' texfure. Grains ’

are generally irregular in shape and may show step-like fracture

surfaces. Well-rounded grains bfteﬁ~have a pitted abpearancef

Kyanite

éeﬁera]]y easily %dentified by its cleavage, low interfereﬁce '
colors and inc}ined extinction, kyan%te grains are often mugh
‘ 1ar§er than ofher grains in fhe same sample. The grains.are

‘almost always fresh in appearance. g

Apatite

Apatite grains are usually prismatic in shape, clear, and

dna]tered.
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Rutile . |

A minor but con ent part of the heavy miheral suite, rutile
‘; 47 .
_varies in color from 1ight yellow to the more common dark red-brown.

Most grains exhibit oblique striations. Some rutile grains are

Ky

‘need]e—]ike, being very long relative to their width.



