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ABSTRACT

This thesis documents the geological and geotechnical
features of the Upper Devonian Waterways Formation with
respect tJ future mining ventures in the Athabasca
oilsands.

Detailed descriptiéns of limestone core retrieved
‘from the SANDALTA lease were employed in assessing the
extent of solution, erosion and weatherfag upon the upper
stratigraphic members. Structural i;terpretations and

facies analyses were also completed.

Geotechnical investiga - ns included a summary of the

-~
¥

overall rpck mass quality and establishment of an
empirical rock mass failure envelope. The impact of the
observed geological features upon open pit and mine
assisted in-situ projécts is assessed and preliminary
design guidelines are prdvided. The inflgence of-

paleotopography, hydrogeology and solution strucfures are

emphasized.
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1. INTRODUCTION
1.1 General

Commercial production of synthetic crude oil from
the Athabasca oilsands commenced. in 1967 and has since
accounted for less than S% of the estimated total reserves
of 114 billion m’ of in-place bitumen (AOSTRA, 1980).
Greater than 95% of the reserves are buried at depth and
cannot be economically recovered by present surface mining
techniques. Alternative in-situ and mine*aséisted recovery
methods have been proposed and are currently being evaluated
by laboratory and pilot project §tudies.

Throughout the Athabasca region, approximately 70%
of the oil bearing McMurray Formation is underlain by the
Devonian Waterways Formation, Both in-situ and surface
mining ventures interact with the Waterways and thus require
a complete Qnderstanding of its geotechnical character and
behaviour. | ‘

This study emerged from a reéecent proposal by the
SANDALTA consortium to develop an open pit mine on the east
bank of the Athabasca River (Figure 1.1). Reconnaissance
drilling at this location generated increased concern about
the geological features and engineering complexities‘of the

Waterways Formation. This concern prompted a detailed
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in-house study whereupon the author was reta}ned by Gult
Canada Resources Inc. (GCR1) in June, 1981. A preliminary
report summarizing laboratory investigations was completed
in December, 1981 and formed the basis tor more recent
research conducted 1independently at the University of

Alberta.
1.2 Course ot Study

The data hbase for this study consisted of
approximately 2300 metres of 6 cm diameter core retrieved
from 123 Coreholeé located t+throughout the SANDALTA lease
(Figure 1.2). Approximatel)..B metres of core was recovered
from each borehole by diamond bit rotary coring
techniques. All core was frozen on-site, then transported
th GCRI's Calgary facilities where it was split 1in half,
photographed and logged by staff geologists. Geophysical
logs were completed in each borehole immediately following
coring. All core was stored in an uncontrolled climate
warehouse until review by the author, four to sixteen months
later. At the time of review, all core displayed a high
degree of subhorizontal fracturing. This phenomenon was
particularly pronounced in the fissile calcareous shales and
was thought to be due to a combination of dessication,

handling and possibly core disking.
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Mean core \recovery exceeded. 95%, thereby
facilitating rapid correlation with geophysical logs.
Although drilling reé;rds did not report rapid ground
losses, missing core sections  may represent eroded soft
materials or subsurface voids.

Following completion of the descriptive logging,
carbonate facies models and geophysical cross plots were

.
.employed in distinguishing the various core 1lithologies.
Vertical cross—-sections were created to establish
stratigraphic correlations and facies boundaries.
Subsequent studies emphasized erosional, weathering and

solution features and the geotechnical impact of these

features upon expected recovery projects. N
1.3 Aim and Scope of the Study

This thesis reviews current: knowledge of the
Waterways Formation and discusses -Upper Devonian structural
features underlying. the SANDALTA lease. The study also
assesses the effect of geological features upon open pit and
mine-assisted recovery projects. Generalized
recommendations for mine development are included.

Some of the questions to be addressed include the

v

following:

1. What are the characteristics of solution features



oh the Devonian surface and at depth?

2. what are the features of deep-seated collapse
structures and are they potertially unstable?

3. Is solution presently occurring and if so, where,
and how aggressively?

4. what other structural features characterize bthe
Waterways and what effect will they have upon mine
development?

5. Wwhat are the characteristics of early Cretaceous
erosional channels and their infillings?

6. How w&ll developed and widespread are weathering
featurés such as paleosols?

7. Is the rock mass generally suitable for tunnel and
shaft construction? i

8. What are thg hydrogeologic properties of the rock
mass? |

9. What is the in-situ state of stress?

10. How will the rock mass respond to changes in the
‘stress field due to mine development and thermal
stimulation? - v

11. Is deep-seated highwall stability a concern?

12. Are mine floor collapse structures unstable?

@“\\
\ \ It is emphasized that the study does not provide

| detailed aleontologic or biostratigraphical analyses.
-~ P

Moveover, the findings are subject to inherent limitations



including the tollowing:

1. The observed core represents two of the Six
Waterways members. The remaining four members and
Middle and Lower Devonian units remain
unexamined. Regional structural conclusions are
necessarily based wupon inference from shallow

core. . &

L

2. Stfuctural observations such as fracture type and
density -are inherently hilased asjthey were derived
exclusively from vertical core. |

3. Regional gorehole data with which to compare
detailed site findings was not readily available.

4, \ Stratigraphic jgcontrol was difficult to establish
due to high vertical and ‘lateral variability 1in
lithology.

5. Core and outcrop findings could not be confirmed
in underground excavations.

6. The present level of geotechnical data is
.insufficient for design purposes.

Despite these limitations, it is hoped the findings
of this study will prove wuseful forb future Waterways
investigations. Many areas of geotechnical interest remain

unexplored.



2. CURRENT KNOWLEDGE OF THE WATERWAYS FORMATION
L4

2.1 Lithology and Stratigraphy
2.1.1 General

Many authors. have documented the 1lithology and

regional stratigraphy of the Waterways Formation. In
particular, studies by McDonald (1947), Belyea (1952),
Crickmay (195%7), Carrigy (1959), Norris (1963, 1973) and

Norris and Uyeno (1981) are the most descriptive.

- Richardson (1851) - irst feported limestones in
outcrop along the C(Clearwater and Athabasca Riversﬁhbut it
was Warren (1933) who applied the Waterways name to the rock
mass overlying the Middle Devonian Evaporite Formation.
‘"McDonald (1947) later described the upper Devonian
lithologies, however Crickmay (1957) originally subdivided
the formation int% five members based upon the 214 metre
type section at the Bear ?iitmore well (7-11-87-17w4)
located' 80 kilometres west-southwest of Ft. McMurray (Figﬁre
1.1). The five members were the Mildred, Moberly,
Chrlstina,/Calqmet and Firebag members in descending order
(Figure 2.1). Fong (1959, 1960) later defined the Swan
Hills Member, a reefal carbonate ﬁamed after its type

location.
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10

In the Bear Biltmore type section, the waterways
lies between the Middle Devonian (Givetian) Slave Point
Formation and the Upper Devonian (Middle Frasnian) Cooking
Lake Formation. It is thus early Frasnian in agé. Both

upper and lower contacts are conformable.

g
-—

In the Ft. McMurray area, the Waterways is
unconformably overlain by the Lower C(retaceous McMurray
Formation. The Upper Devonian Cooking Lake, Ireton and
Grosmont Formations were removed prior to Lower C(retaceous
deposition. The Devonian-Cretaceous unconformity repregents
combined Carboniferous, Permian, Triassic and Jurassic time,
a total of approximately 250-300 million years.

AtA the SANDALTA lease, the Waterways comprises a
southwesterly dipping regional monocline with a dip of less
than 10°. Total documented thickness ranges from 214 to 274"
metres (Norris, 1963, 1973) in a wedge-shaped unit which
thickens toward the southwest (Figure 2.2). Deposition
occurred within the Western Caﬁadian sedimentary basin
during Upper Devonian (Frasnian) time. j

warren (1951) discussed the transgression and
regression of the Middle Devonian Boreal Sea. It was
considered to have been a shallow epeiric sea extending from
the present Arctic to the southern United States and from
the Selkirk Mounpains to the Canadian Shield in Manitoba.
Withdrawalyef thi; sea resulted in evaporite formation which

was in turn followed by transgression of a more-ﬁidespread,
. !
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‘o : b“ Upper Devonian epeiric sea. This sea was characterized by
three primary cycles of transgression and regression. The

first transgression is considered to have deposited the

argillaceous carbonates of the Waterways Format ion. Thus
? £ » the bottom of the Waterways deftines the cammencement of
Upper Devonian deposition. The Middle Devonian Slave Point
Formation is also recognized as a transgressive unit. Their
mutual contact is believed to be conformable (Norris 19713).

Underlying the Slave Polnt Formation are the Middle

Devonian . Prairie Fvaporite Formation (0-240 m), Met hy
Formation (37-82 m) and McLean R{ver Formation (16-48 m)
(Figure 2.1). Immediately underlying these wunits 1is the
Lower Devonian LaLoche Formation (2-40 m) which

unconformably overlies the Precambrian basement 1n the study
locale.

Overlying the Waterways is the unconformable Lower
Cretéceous McMurrg; Formation. As mentiQned, the Upper
Devonian Cooking Lake, Ireton and %iil!bnt Formations were
removed prior to Lower C(Cretaceous deﬁggition, These units
are present to the southwest in Cfickmay's (1957) type
section. TNey were found to be conformable with the
Waterways at thaE location. The Upper Devonian erosional
surface dips g;ntiy to the southwest and exposes
progressively younger units westward.

N Belyea (1952) correlated the Waterways of the

- Athabasca region with the Beaverhill Lake Formation of



Central Alberta. In addition, Belyea and MclLaven (1957)

described an approximate Waterways equivalent to the
northwest, the lower halt ot the Hay River Formation.
Bassett (1952) described Waterways tauna and correlated the
formation with stratigraphic equivalents throughout t he

central United States.
2.1.2 Precambrian .

Carrigy (1959), Flls 71932) and Sproule (1951),
each described local "bosses" of Precambrian quartzite 1n
Township 94, Range 10, immediately west of the SANDALTA
lease. These metasediments are thought to represent the
Churchill Province of the Canadian Shield. They are Archean
in age and reportedly intruded by granites and granitic
gneisses which were 1in turn crosscut by pegmatitic and

aplitic veins and diabase dykes (Carrigy, 1959).
2.1.3 . Lower Devonian

The LaLoche Formation was named by Norris (1963) to
repregent Eh?- early Devonian granite wéshes, arkosic
sandstones and claystones that nonconformably overlie the
Precambrian basement. The type section occurs along the

Clearwater River southeast of Ft, McMurray. Norris (1973)

indicated that these units often appear only in Precambrian



depressions and that considerable thinning occurs over
Precambrian highs.

At the type section, t‘he lal.oche Formation 1s less
than 2 m thick, however it thickens towards the north to
40 metres (Norris 1973). The upper contact 1is conformable
with the Middle Devonian Mclean River Formation and thus it
is considered to be Farly Devbonian. Outcrop lithology
consists predominantly of light brown, tine to medium
grained, thinly bedded, feldspathic sandstones. Iron oxide
staining suggests intermittent subaerial exposure.
Secondary lithologies include sandy dolomites, mudstones,
shales and minor beds of’ anhydrite and gypsum (Norris,
1973). Basal deposits C(‘ ist ot weathered igneous and

metasedimentary rocks or "granite wash".
2.1.4 Middle Devonian

The early Middle Devonian McLean River Formation
was also named by Norris (1963) to represent the sandy
dolomites, shales and siltstones that immediately overlie
the Lower Devonian LalLoche Formation. Again, the type
section is on the C(Clearwater River, southeast of Ft.
McMurray. Both upper and lower contacts are conformable and
well defined. The upper contact is distinguished by a gross
lithologic change from fine grained clastics to the marine

carbonates of the Methy Formation.



The thickness ot the Mclean River at the type
section is IB.6 metres. Its maximum thickness to the north
is 344 metres (Norris, 1973). Outcrop lithologies consist
of 1light grey, fine grained, medium to thick bedded sandy
dolomites with interbedded olive, calcareous sandy shales
and mudstones. Occastional dolomitic siltstones, sandy
shales, mudstones and interbedded anhydrite and gypsum have
been observed west of the type section (Norris, 1973) . on
the basis ot fossil content and stratigraphic position, the
Mclean River Formation is early Middle Devonian (tifelian)
in age.

The Middle Devoni:n Methy Formation was first
reterenced by Nauss (]9501,‘ however it was Greiner (1956)
who defined the type section at location 9-36-88-8W4.
Subsequent work by Carrigy (1959) and Norris (1963) provided
more lithologic detail. The Methy Formation conformably
separates the overlying Prairie Fvaporite Formation from the
Mclean River dolomites and shales.

Greiner (1956) defined three lithologic
subdivisions. Fifst, a relatively thin bedded, grey, basal
silty dolomite and evaporite unit with thin interbeds of
anhydrite and shale. Total thickness varies from 1-11
metres. The second unit consists of brown to grey, poorly
to well bedded dolomite, often flow layered and
brecciated. Reefal and interreefal beds are also common.

Thickness varies from 40-6]1 metres. The third, upper unit



consists of well bedded dolomites and evaporites which are
often argillaceous. Thin beds ot anhydrite are
characteristic. Thickness varies from 1-17 metres.

Based on stratigraphic equivalence and
paleontologic content, the Methy Formation is considered to
be late Eifelian to late Givetian in age (Norris, 1973).
Total thickness varies from 37 to B2 metres.

Conformably overlying the Methy are the anhydrite
beds of the Prairie Evaporite Formation. The Prairie
Evaporite was named by Baillie (1953), and although the
formation does not outcrop along the Athabasca or Clearwater
Rivers, it 1is present west of the Athabasca. In the Bear
Biltmore No. 1 well, Carrigy (1959) subdivided the format 1on
into two units. The lower unit consists of grey halite with
brownish grey anhydrite beds throughout. Its thickness in
the type ‘section is 212.5 metres. Finely interbedded
siltstones are also common. The upper unit consist of silty
shales, dolomitic shales and mottled silty anhydrite with
some dolomite and 1limestone. Its thickness 1in the type
section is 25 metres. Total formation thickness varies from
zero at SANDALTA (GCRI, 1981) to 237.5 m 1in the Bear
Biltmore No. 1 well. The age of the Prairie Evaporite 1is
based on stratigraphic position and is late Middle Devonian
(Givetian) (Norris, 1973).

Disconformably overlying the Prairie Evaporite is a

thin series of carbonate rocks, named the Slave Point
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Formation by Cameron (1918). tastward near the Alberta-
Saskatchewan border, the Slave Point overlaps both the
erosional and depositional edge ot the Prairie Evaporite and
thus rests directly on the Methy Formation. The upper
contact is defined by a change in both fauha and lithology
and is paraconformable with the Waterways F@rebag Member .

The Slave Point Formation does not outcrop in the

study area, however borehole lithologies inc lude
argillaceous limestones, siltstones and dolomitic
limestones. The carbonates are often brecciated and there

is a lack of macrofossils. Thickness ranges from 1.7 metres
in the Bear Biltmore No. 1 well to approximately 5 metres in
the SANDALTA locale (Norris, 1973). The Slave Point
thickens considerably to the west and northwest. The age of

the Slave Point Formation 1is late Middle Devonian (Norris

1973).
2.1.5 Upper Devonian

Several authors have compiled lithologic
descriptions’ of the various Waterways Members. Although

Warren (1933) first named the formation, Crickmay (1957)
defined the five members currently recognized. The Upper
Devonian Grosmont, Ireton and Cooking Lake Formations were
removed during the net erosional period separating Upper

Devonian and Lower Cretaceous time, This hiatus represents
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250-300 million years.

The basal Firebag Member consists of olive
calcareous shale with thin, interbedded argillaceous
limestones and non-calcareous shales. A fragmental

limestone is common at the base (Norris, 1973) and may be
accompanied by halite. Thickness in the type section is 52
metres, however this increases northeasterly to
approximately 59 metres at SANDALTA (GCRI, 1981). A subtle
northwesterly dip of less than 5° is evident throughoué t he
study region.

Norris (1963) reported that the Firebag contained
very few species of brachiopods, however Crickmay (1966)
recognized two distinct fossil zones which have been used to
correlate the Firebag with similar members throughout
western Canada and the northwestern United States.

The Calumet Member conformably overlies the Firebag

Member and consists \of grey to buff, clastic and
microcrystalline argillaceous limestones with 1nterbeddeqd,
olive calcareous shales and minor non-calcareous shale.
Norris (1963) described four lithologies 1in detail from
outcrop located along the Clearwater River.

Immediately south of Ft. McMurray, a; Township 83,
the Calumet iimestone has less than 10% argillaceous content
at the top and becomes increasingly argillaceous toward the
bottom where the clay content may be 20% - 30% (GCRI,

1981). The Calumet also displays a much higher faunal
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content than either of the adjacent Firebag or Christina

Members. It is characterized by a high bioclastic debris
content and is commonly classified as a wackestone. The
thickness of the Calumet is constant over a large area. It
is 31 metres thick in the type section. Both upper and

lower contacts are conformable and marked by distinct
lithologic changes. Again, a northwesterly dip of less than
5° is observed.

The next member in ascending order is the Christina
Member . The Christina consists primarily of olive grey
calcareous shales which grade vertically into a thin grey
argillaceous limestone. Norris (1973) also reported minor
light brown aphanitic and fragmental limestonesi At

Township 83, Range 6, the Christina possesses two repeating

limestone-shale cycles and a northwesterly regional dip of

1° (GCRI, 1981). Clay content may reach 15% and the
calcareous shales are commonly 40% - 50% carbonate (GCRI,
1981). Fossils are not common in the Christina, however

several bryozoan species may ée observed (Norris, 1973).
Submarine hardgrounds are a common occurrence. Thickness
varies from 23 to 37 metres (Norris, 1973).

Conformably overlying the Christina is the thick

Moberly Member. The Moberly comprises an alternating

sequence of olive, finely interbedded to rubbly argillaceous
limestones and calcareous shales with 1light brown, hard

fragmental limestones. Argillaceous content increases
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toward the top of the member and in a northerly direction.
Immediately south of Ft. McMurray, the basal 3-4 metres is a
grey calcareous shale similar to those present 1n t@f

A%
Christina (GCRI, 1981) . Light brown, micritic, nodular
textures have also been observed at this location (Township
83, Range 6).

Norris (1973) noted that throughout the McMurray
area, the Mober ly Member subcrops on the Devonian-
Cretaceocus unconformity. Total recorded thickness varies
to 61 metres in the type section. Fossils are abundant and
include brachiopods, c¢rinoids, and stromatoporoids. Norris
(1963) provided a complete list of species.

The uppermost member of the Waterways Formation is

the Mildred Member. Although the Mildred does not outcrop

in the immediate Ft. McMurray area, its lithology is known
from regional boreholes. Olive-grey calcareous shales,
argillaceous limestones and light brown clastic limestones
are characteristic. Both upper and lower contacts are
conformable. The Mildred is 43 metres thick 1in the type
section, but has been completely eroded at SANDALTA.
Addi"tional geologic information pertaining to all
Waterways Members includes mineralodic, petrologic and
structural features. In general, all Waterways carbonates
are lime mud-supported with few grain-supported lithologies.
The supporting carbonate mud or micrite is predominantly

microcrystalline calcite with scattered rhombs of dolomite
-
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or ankerite. Small percentages of the clay minerals illite,
kaolinite and chlorite have also beenvdistinguished (GCRT.,
1981). Moberly and Christina shales commonly contain 50% -
60% calcite as cement or matrix and may theretore be

considered to be carbonate muds or micrites. They continue

to be classified as shales due to their textural
unigueness. Bulk mineral analyses reveal the presence of
minor ferroan dolomite and quartz. Minor siderite and

halite have also been recorded (GCRI, 1981).
Both primary porosity and permeability 1in the
4
Moberly and Christina are expected to be low. Secondary
jointing, weathering and solution exercise the (reatest
influence upon both parameters. In-situ measurements have
not been made.

McDonald (1947) discussed the high density of the
Waterways and suggested there was no primary 'gypsum. All
gypsum was proposed to be rehydrated anhydrite. McDonald
(1947) further reported that epithermal calcite and
mapgcasite veining was common. Marcasite wés commonly found
as a fossil replacement in veins in shales, as coatings on
nodules and as disseminated (grains. McDonald (1947)
suggested that the iron sulphides were not detrital, but
rather, secohdary in origin. Calcite veining suggests a
similar hydrothermal origin.

! McDonald (1947) also attributed the high calcareous

content of the "shales" to a more epicontinental



22

depositional environment. Their characteristic olive color
was not attributed to the presence of glauconite but rather
to the presence of ferrous iron compounds. He suggested

that the formation of carbonate nodules was contemporaneous

with deposition and that the common mottled texture may be

due to processes such as organic decay, bioturbation,
calcite replacement and cyclic carbonate - micrite
deposition. Belyea (1952) suggested that the finely

interbedded character may be attributed to an unstable shelft
environment where continual shallowing‘was dominant.

In summary, the Waterways members consist primarily
of interbedded argillaceous limestones and calcareous
shales. The suggested marine environment 1is a shallow,

epicontinental slope or platform.
2.2 Structural Geology

Mesoscopic structural features such as laminations,
banding, brecciation and bioturbation are described in
detail in Sections 3.6.1 and 3.6.2. The larger regional
features dominate the structural geoclogy and ar; presently
considered.

The Paleozoic section overlying the westerly
sloping Precambrian basement forms a southwesterly dipping

regional monocline that exhibits numerous local basins and

faults. The monocline strikes north-northwest and thickens
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toward the west (Figure 2.2). Frosional hiatuses exist at
both the upper and lower contacts.

Hume (1947) first reported Waterways flexures with
amplitudes of 15-30 metres and wavelengths of several
hundred metres to a kilometre. These basins were thought to
be circular in plan and thus without a predominant strike
direction. The absence of a regional fold trend suggests
ﬁhey were not formed by tectonic compression. Hume (1947)
considered anhydrite-gypsum volume changes to be the most
likely source of surface undulations. Further discussion by
Allan (1947) indicated that there was insufficient gypsum to
have caused widespread deformation. Other potential
mechanisms include differential solution and subsidence or
salt diapirism, williams (1980) thought that a regional
south-southwest fold trend could be distingu}%ped. Carrigy
(1959) attributed surface flexures to the solution process
and further suggested that solution was structurally
controlled by a northwest striking fault (Figure 2.3).

Several authors have suggested the presence of
regional faulting. Sproule (1932) proposed a northwest
striking fault along the Clearwater River with the
downthrown side to the west. Kidd (1951) suggested this
movement took place in Lower Cretaceous time, thus affeéting
both the Waterways and McMurray Formations. Stewart (1963)
related the distribution of McMurray sands to structural

features such as the Nisku-Grosmont topographic high, EIlk
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Point Evaporite leaching, Pre-Cretaceous erosion and deep-
seated Precambrian faulting. This faulting was related to
erosional ridges on the Devonian-Cretaceous unconformity.

Norris (1963) compiled detailed lithologic and
biostratigraphic informatioé on each Waterways Member and
identified a south-southwest structural trend. This trend
was incompatible with the regional southwesterly dip and
thus minor flexures were considered unrelated to the
monocline. Norris (1963) also identified regional
southwesterly post-Cretaceous tilting and faulting.

Martin and Jamin (1963) identified various erosion
resistant scarps or cuestas which were thought to be

crosscut by a major deep-seated northeast fault pattern.

The movement of the northern block was considered to have

‘been northeasterly relative to the south block (Figure

2.3). The scarps were attributed io both surface erosion
and warping over successive steps of the collapsed Elk Point
Evaporites. All cuestas trend north-northwesterly. Martin
and Jamin (1963) also suggested local valley trends were
fault-controlled, however, they did not account for the
origin of the faulting.

Hackbarth (1978) and Hackbarth and Nastasa (1979)
also proposed faulting throughout the Athabasca region.
They named the Sewetakun fault which strikes subparallel to
the Athabasca River, southeasterly from Ft. MacKay to Ft.

McMurray (Figure 2.3). Hackbarth (1978) cited the presence

]

&
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& ot 83 metres of oftset between adjacent wells in the
Precambrian‘ in addition to gravity map trends, low hydraulic
heads, coincidence of the salt solution e“hq@ and intense

W structural detormation of rock units along the trend, as
evidence. Hackbarth and Nastasa (1979) proposed a second
west-northwest trending fault and a western downthrow for
the Sewetakun fa_ult. Regional paleodrainage was tfurther
attributed to pre-existing fault trends.

Jointing is another large scale regional structural
teature. Babcock (1975) conducted joint surveys along the
4 | Athabasca River and reported two dominant joint systems

(four sets) 1in the Moberly Membér. Alt hough both systems

were reportedly well developed, Babcock (1975) emphasized

that both may not appear in évery outcrop. A north-south-
| east-west system was found to dominate. the lessf‘obv{ous

. north—northwest/east—no;theasb? system. Numerous random
fractures were also observed,

-y
" Babcock (1975) also noted that the sd@bﬁd%;y system

paralleled the Cordillera and attributed its development to

tectonic  stressing associated with the Tertiary Laramide

orogeny. He also stated that both- systems displayed
parallelism with Precambian basement sStructures. The

‘ﬁbverall continuity of joints was considered to represent a
widespread, wuniform stress system. Sinha (1976) also
provided local structural information, however it was not

~ .
consistent with the findings of Babcock (1975).

R



Babcock and Sheldon (1976) correlated earlier joint
surveys with aerial photographs. They observed that
sinkholes north ot the study area were aligned with the
solution edge of the Prairie Fkvaporite. They also intferred
that Paleozoic drainage, salt solution and structural
tlexing are prncésses that are directly related.

Williams, Stimpson, Patching and Jeremic (1980)
also reported on Waterways Jjoints. They concurred with
Babcock's (1975) findings and added roughness, wéviness and
planarity data. They found roughness indices did not
correlate well with any other geological or engineering
parameter and that roughness was difficult to characterize
due to local textural variat{ons. williams et al (1980)
noted joints were predominantly vertical and rarely extended
across two adjacent lithologies. They did not report any
occurrences of joint displacement or shear. Mathews,
Rawlings and Bharti (1980) added that regional faulting may
be difficult to distinguish from subsidence effects.

Finally, the nature of the Devonian—Cretaceous
unconformity and its associated paleotopography is
considered. Gorrel (1974) recognized two inflyénces on
Devonian relief, that of Pre-Cretaceous channel scéuring and
Prairie Evaporite solution subsidence. Carrigy (1959) also
recognized several episodes of subaerial exposure and
suggested the resultant topography was structurally

controlled by Prairie Evaporite removal. Norris (1973)
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reported regional westward tilting of approximately 2.8
metres per kilometre during the Devonian-(Cretaceous hiatus.
Martin and Jamin (1963) also suggested tilting of less than
3 metres per kilometre,

In general, Waterways paleotopography 1is complex
and highly sculpted (Figure 2.4). Norris (1973) illustrated
slopes as great as 76 metres per kilometre with reliet up to
152 metres. The regional northwesterly trend represents the
erosion~-resistant edges of various subcropping members.

Martin and Jamin (1963) 1identified three primary

influences upon paleotopography:

1. regional Prv.sretaceous tilting to t he
southwest of approximately 3 metres per
1
kilometre.

2. localized warping forming basins with no
traditional $trike direction. Flank dips of
1°-20° and amplitudes wup to 76 metres were
measured. All deformations were attributed to
solution removal of the Elk Point Evaporites.

3. Precambrian and Paleozoic faults striking

northeasterly and thought to be due to

regional tectonic activity.

They also depicted two principal paleodrainage basins. The

basins were separated by an erosion-resistant ridge south of
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SANDALTA which effected northerly paleodrainage at t he
SANDALTA locale. These channels were considered by Stewart
(1963) to exercise a major influence upon (retaceous sand
deposition,

In summary, the structural history ot the Waterways
includes episodes of regional jointing, faulting and
subsidence. Tectonic tolding is not generally recognized.
The upper surface displays a deeply incised, complex
paleotopography which has been aftected by major erosional
and subsidence occurrences in addition to surface
solution. The character and degree ot development ot the

karst is poorly documented.
2.3 Hydrogeology

Hydrogeologic studies completed by Gorrel (1974),
Hackbarth (1977, 1978, 1980),‘Hackbarth and Nastasa (1979)
and Ozoray, Hackbarth and Lytviak (1980) have contributed to
a preliminary understanding of the Athabasca hydrogeology.
Site specific studies may have been conducted throughout the
mineé areas, however the results of such studies are not
generally available.

In their 1974 regional hydrogeologic study, the
Oilsands Environmental Study Group established that Devonian
dep}essions in the Bitumount area acted as either subsurface

drainage basins or as vertical hydraulic conduits. Numerous
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sinkholes were identified and a prominent collapse structure
was defined at the boundary between Townships 94 and 95,
Range 9 (the northern boundary of the SANDALTA lease). An
upward regional hydraulic gradient through the Middle and
Upper Devonian was identified and both basal and post-
Devonian aquifers were established. A well defined karst
topography and fluviodrainage pattern were also recognized.
Hackbarth (1977) provided a more detailed regional
hydrogeologic overview. He defined three regional flow
systems employing the Precambrian crystalline rocks as the

hydrogeologic basement. The three systems included:

1. Cretaceous - ‘;ternary system

2. Upper Devonian system

3. Middle and Lower Devonlan system

Hackbarth (1977, 1978) further indicated that

groundwater flow in the Cretaceous system 1is structurally
controlled. Recharge apparently occurs in surficial muskeg-
filled low lying areas and discﬁarge by major streams and
rivers. Hydraulic heads were everywhere less than
hydrostatic due to a proposed horizontal flow regime.

Upper Devonian flow regimes are controlled by two
dominant factors according to Gorrel (1974), Hackbarth
(1978) and ﬂackbarth and Nastasa (1979):

1. An inverse hydraulic gradient between the
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.ower Devonian and Lower C(Cretaceous systems.
That is, higher hydraulic heads are
encountered in the Methy Formation than in the
McMurray Formation. An upward flow direction
is thus imposed across the Waterways
Formation.

2. A major Pre-Cretaceous fault, name d the
Sewetakun fault, subparallel to the Athabasca
River. The fault supposedly provides
hydraulic communication between the three
groundwater systems and permits vertical flow

or drainage in the immediate fault vicinity.

Vertical flow 1s supported Dby surface saline
springs originating in the Methy Formation and the potential
for a vertical permeability anisotropy identified in Section
3.6.4. Ozoray, Hackbarth and Lytviak (1980) 1identified
various saline springs and commented on the hydrogen
sulphide odour and groundwater chemistry of each. They
suggested that permeability within the Upper Devonian may be
structurally controlled and noted that collapse ponds near
McClelland Lake are roughly orthogonal. This feature
suggests preferential corrosion or kluftkarren may have
developed (see Section 4.1.2).

Waterways permeability was not measured by Williams

(1980) in his testing program, however the very low
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porosities reported suggest that primary permeabilities are
negligible. Instead, secondary fracture permeability 1is
expected to characterize the rock mass. GCRI (1981)
reported intact permeabilities less than 10713 m?.

It is emphasized that rock mass permeability is
stress-dependent and cannot be meaningfully measured 1in
unconfined core. Moreover, the in-situ permeability will be
influenced by regional stress state fluctuations such that
changes in the stress field will affect the secondary
permeability of fractures, solution pipes or other karst
features.

Hackbarth and Nastasa (1979) reported Waterways
conductivities in the range of 1075 to 1078 cm/sec. They
considered\ the formation to act as an aquitard, thereby
inducin high\ hydraulic heads in the basal McMurray water
sands. Hackbarth and Nastasa (1979) further established a
solution leach edge extending from Township 92, Range 14 to
Township 103, Range 21. They stated evaporite solution had

’
been most intense east of this edge and had caused a general

subsidence of roughly 100 metres. The evaporite sequence
thins to zero eastward. The resulting subsidence was
considered to contribute to’ increased secondary

permeability.



2.4 Geotechnical Properties

Few studies have assessed Waterways
properties and behaviour. Various consultants
included basic rock mechanics evaluations,
general, Williams (1980) was the first to

comprehensive Waterways testing program.

34

geotechnical
reports have
however in

undertake a

Williams' (1980) test program was conducted upon

block samples obtained from outcrop and

retrieved during drilling. No in-situ

core samples

testing was

conducted. Williams (1980) conducted standard inde x

property tests and completed the following
deformability evaluations on both intact rock

discontinuites:

1. unconfined uniaxial compression
2. direct pull tension

3. four point bending tension

4. Brazilian tension

5. triaxial compression

6. double shear

7. rock deformability

8. ultrasonic P-wave velocity

9. impact toughness

10. point load
11. slake durability

12. swelling

strength and

and rock mass
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Three dominant lithologies were tested; massive
crystalline limestone, nodular limestone and shaly
limestoneé. Four sublithologies of both the massive and

shaly limestones were identified and the nodular limestone

was assigned two sublithologies. No attempt has been made

to align present lithologic descriptions with those of

Williams (1980). Williams (1980) concluded that rock

lithology exercised a major influence upon engineering

behaviour. His most significant findings 1included the
following: —

1. Intact uniaxial compressive strength decreases
with increasing argillaceous content. The
presenceA of clay was considered proportional
to the absence of cement.

2. Tensile strength is anisotropic in the
interbedded and nodular lithologies. Tensile
strength p3arallel to beddi&g is greater than
that perpendicular to bedding. Water
saturation effects a measurable loss of
tensile'strength.

3. Intact triaxial compressive strength was
greatest in the massive crystalline limestones

-t
at all stress levels.

4, Concave Mohr envelopes indicate the propensity
of various lithologies for plastic behaviour

at high confining stresses.
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5. Cohesive strength 1is anisotropic and low tor
all lithologies.
6. Deformabilities are moderately stift to very
stiff for all lithologies.
7. Time-dependent deformation 1is negligible at
low confining stress.
8. Argillaceous dithologies ‘are readily
weat hered.
9. All lithologies are resistant to slaking.
10. Unconfined axial swell of up to 9% may occur
in the argillaceous lithologies.
Avdtékil. Weathering originates in formation joints and
" progresses inward through the 1intact rock.
Bitumen coatings inhibit joint weathering.
12. Primary limestone porosities are negligi?}e.
13. Sonic wave velocity correlates well with
sample density.

Specific engineering properties are summarized in

Figure 5.1.



3. GEOLOGICAL INVESTIGATION
3.1 General

The geological component of the study involved
detailed descriptive logging of 123 core sections retrieved
from the SANDALTA lease during winter drilling of 1980 and
1981. All laboratory work was performed in GCRI's Calgary
warehouse during the period June to October, 1981. All
conclusions have been based upon features observed at

SANDALTA.
3.2 Local Stratigraphy

In the study area, over 200 coreholes  have
penetrated the McMurray formation and cored the Devonian
rock mass. Approximately 3000 metres of Devonian core was
retrieved from minimum well spacings of approximately 400
metres. Although the maximum depth of Paleozoic penetration.
at any particular well is far less than the thickness of any
one Waterways Member, relief on the Devonian-Cretaceous
unconformity has permitted' mapping of 100 metres of
stratigraphic section. Oon the basis of this section, the
Devonian rock mass subcropping at SANDALTA is thought to
represent the Moberly Member. In addition, much of the

deeper core is believed to represent the Christina

37
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Members. The uppermost Mildred Member 1is thought to have

been Completél} eroded. Norris (1981) concurred with this
N

interpretation and added that outcrops of the lower Calumet

and Firebag Members have been observed along the Athabasca

River downstream of SANDALTA. Subcrop maps (Figure 3.1)

illustrate the expected stratigraphy 1in the Ft. McMurray

e o
region.
3.3 Core Lithologies
3.3.1 General ‘\

Gross lithologic distinctions have been made
primarily on the basis of texture, colour, clay content,
grain size and mineralogy. Additional observations were
made concerning 1inclusions, weatpering; solution, bitumen

Y A
stain, fossil content, 1nduration;\ porosity and fracture

characteristics. A summarized descriptive{log of each core
section is included in Appendix A. |

Four marine and two, non—mariﬁe libhologies were
distinguished in the Moberly-Christina core. Several
sublithologies were also 1identified and are presently

%

described.
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3.3.2 Rock Type A - Argillaceous Limestones

L 4

L)

VTUYeo argillaceous limestone sublithologies were
identi;;ed during t he core study. Collectively, t hey
comprised 60% - 70% of the total Obse;ved tootage. Each
sublithology represents a unique depositional environment
within the regional marine platform. It is emphasized

however that although each sublithology is texturally

unique, it is expected a number of intermediate lithologiles

exist between the extreme cases. This arises from the
transitional nature of t he mar i ne environment . MOT e
specifically, one{X may - consider the transition trom

sublithology I to III to be .a consequence of continuous
deepening in water.

The three sublithologies are:

t

I - massive, crystalline to marbly or mottled
argillaceous limestone
11 - nodulér argillaceous limestone
111 - finely interbedded.limestone and micrite
Sublithology I (massive crystélline to marbly
argillaceous limestone) was the most common rock type
observed. It is characterized by an overall low clay
content, generally less than 30%, and a mottleg or marbly
texture (Plate 3.1). This texture is considered to

represent poorly defined bedding. Post-depositional

processes such as differential compaction, consolidation and
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Plate 3.1: Rock Type A-Massive Crystalline/Marbly
Argillaceous Limestone (CH.174).

Plate 3.2: Pyrite nodules (CH.88)
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bioturbation are also believed to have contributed to the
mottled texture.

Colour varies from grey or white 1in the massive
microcrystalline variety to butt in the wupper weathered
zone . Interbedded micrite 1is commonly olive to grey 1in
colour. Reworked lime muds infilling solution voids are
characteristically light green.

The massive to mottled limestones are generally

hard and well indurated. Fresh core sections display a
dense, brittle character. The carbonate component is.
microcrystalline whereas the argillaceous component is

predominantly fine grained carbonate mud or micrite. The
argillaceous component does not represent transported
continental detritus, but rather suspended particles from
within the marine environment.

Despite their mottled texture, these limestones
display a well defined subhorizontal bedding attitude (Plate
3.1). Apparent dips rarely exceed 10° to the normal to the
core axis, although steeply dipping beds were occasionally
observed. These features are discussed individually in
Section 3.6.4. Secondary structures 1include subvertical
joints and rare flame structures.

Mineralogic studies by McDonald (1947) indicated
that a common iron sulphide is marcasite (FeSé), a polymorph
of pyrite. Marcasite and pyrite are dimbrphdus and

distinguishable only on the basis of crystal form. They are
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not easily differentiated in hand .samples, thus all
descriptive logs refer to this sulphide as pyrite.
According to Berry and Mason (1959), marcasite 1is found most
often in supergene locations where it has ftormed at low
temperatures from acidic solution. It is usually found 1n
sedimentary rocks such as limestone and commonly as
concretions or fossil replacements. Pyrite, which 1is more
stable, apparently forms under higher temperature and lower
acidity conditions. In the ‘present study, marcasite was
commonly found as a replacement lining small solution pipes,
joint fractures and on submarine hardground surfaces.
Random disseminated grains were also observed, however these
were quantitatively insignificant. Small nodules (Plate
3.2) were alsg commonly observed.

Another common mineral occurrence was siderite.
Siderite 1is an iron carbonate (FeCOj3), commonly yellowish
brown to reddish brown, found 1in sedimentary rocks as a
concretion or hydrothermal deposit. Its presence in
conjunction with marcasite suggests it may have originated
during hydrothermal replacement of the host limestone by an
iron-rich solution. The occurrence of siderite was commonly
in the form of small (mm) spheres or sphaerosiderites (Plate
3.3). This form supports a concretionary origin. The
origin of marcasite and siderite are further discussed in
Section 3.4.

GCRI (1981) conducted clay mineralogy tests that



Plate 3.3:

Plate 3.4:

Sphaerosiderites (CH. 135)

Bitumen Stained Subvertical Fracture
(CH. 163)
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revealed an illitic dominance of 60%-70% in the clays and

micrites of the argillaceous limestones. variable

amounts of kaolinite (20% - 40%), chlorite (5% - 15%) and
mixed layer clays were also recorded. X-ray diffraction
tests conducted during this study (Appendix () agree with

GCRI's information and help distinguish the origin ot the
various clay components (see Section 4.3.3). The absence of
smectite clays such as montmorillonite is presently noted.
Fossils are abundant throughout rock type A,
however less so in the argillaceous units. Dominant species
include brachiopods, gastropods, cephalopods, pelecypods and
domed or branching stromatoporoids. Brachiopods were
observed in distinct subhorizontal beds as opposed to a

random distribution. These beds are believed to have

I
represented stable submarine surfaces upon which organisms

could thrive. One may relate the cessation of indigenous
carbonate production to the concurrent emergence of various
benthonic fauna. Moreovef, the occurrence of marine
hardground surfaces 1s a common feature of the argillaceous
limestones. Stoakes (1980) refered to hardground surfaces
as "intraformational synsedimentary lithification surfaces
formed in a submarine setting”. They are thought to develop
during sustained periods of non-deposition or diastems,
where a well defined submarine floor was permitted to
develop. No .erqsional processes were active and the

resulting surface is very dense, well cemented and commonly

.



46

tossiliferous. In section, hardgrounds are readily
jdentified on the basis of their dark c¢olour, sparitic
matrix and hard, dense texture. Microscopic examination may
also reveal the presence of characteristic worm borings,
crinoid fragments or algal coated grains (Dolph, 1981).
Hardgrounds are useful stratigraphic gime lines.

Porosity in the argillaceous limestone 1is limited
to secondary fracture and solution voids. Primary
intergranular porosity is negligible. GCR1 (1981) reported
primary porosity values less than 0.5%. These are likely
due to random vuggy or fenestral voids. More commonly,
fossil replacements or fracture and solution openings
provide secondary porosity. Due to the stress level
dependence of fracture and solution void gape, accurate
porosity measurements cannot be conducted on unconf ined
core.

Rock mass permeability is also stress level
dependent and cannot be meaningfully measured in unconfined
core. It is apparent that the permeability of the
argillaceous carbonates is structurally controlled Dby
fractures and solution pipes. Moreover, it is believed that
the influence of stress on permeability has led to a
signifiéant vertical anisotropy. The opening of formation
fractures at in-situ stress levels may contribute to
vertical permeabilities that are several orders of magnitude

greater than horizontal (see Section 3.6.4).
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The presence of bitumen stain throughout fracture
porosity is common in rock type A. The staining 1is
primarily restricted to vertical or inclined fractures
(Plate 3.4), which supports a vertical permeability
anisotropy and a normal principal stress field (see Section
$.4.2). The stain is also useful in establishing the stress
history relative to the time of bitumen infiltration (see
Section 4.3.2).

Weathering effects were usually observed 1in the
upper 1-2 metres of the Devonian profile immediately be low
one of several intraformational unconformities,
Discoloration due to oxidation, softening, and a loss of
texture characterize the weathering effects. Widespread
paleosols were not encountered, however non-marine basal
McMurray alluvium was abundant. The alluvium occurs in a
sporadic distribution of Devonian lows and north-south
fluvial channels (see Section 4.2.1). Most éften, a well
defined weathering profile did not exist and the Paleozoic
surface was highly scoured (Plate 3.5).

Sublithology II (nodular argillaceous limestone) 1is
very similar to sublithology I in mineralogy and most
physical properties. The texture is however, substantially

different. Sublithology II represents a transitional facies
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between the well defined interbedded units and the previous
microcrystalline textures. It is thought that carbonate
nodules form soon after deposition as a ;produ’"ct of
concretionary action and differential compaction. The
nodules often gréde into the surrounding groundmass and
displa'y an 1irregular shape and size. They are commonly
elongated in the subhorizontal direction and typically 2-8
cm in length (Plate 3.6). This elongation supports
overburden compression prior to complete lithification.
These nodules are distinguished from the erosional
intraclasts of rock type C. Williams (1980) suggested the
nodular textures were due to fragmentation, transportation
and redeposition during submarine 'slumping. No evidence of
slumping or disturbance was noted during the present study
and these textures are considered to be syngenetic.

The nodular lithologies |are generally well-
indurated. A hard, brittle nature is characteristic,
however in outcrop, differential weathering creates a rubbly
appearance. All carbonate is microcrystalline whereas the
argillaceous content is carbonate mud or micrite.
Argillaceous content rarely exceeds 50% (GCRI, 1981).
Colour varies from grey to white for the massive nodular
variety to buff in the weathered horizons. Secondary
structures are limited to subvértical joints.

The presence of siderite and marcasite are noted as

in the marbly argillaceous limestones of sublithology I.
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Clay mineralogies are also consistent with those of
sublithology 1, displaying a strong illitic dominance with
minor kaolinite, chlorite and mixed-layer clays.

A lack of stable hardground surfaces and a high
argillaceous content are thought to be responsible for the
absence of fossils in the nodular limestones.

Primary porosity 1is again very low as secondary
porosity predominates. Permeability %s structurally
controlled as in sublithology I and is also expected to be
vertically anisotropic. )

The well defined bedding of sublithology IT1
(finely interbedded limestone-micrite) provides the most
information about the marine environment. It suggests a
short term cyclic pattern ot carbonate-micrite production
resulting in rythmic limestone-clay sequences (Plate 3.7).
The period of depositional <cycles 1is estimated to Dbe
seasonal or yearly.

Color alternates from the grey-white carbonate to
the darker grey or olive micritic interbeds. Overall clay
content commonly exceeds 50%.

Secondary structures again include subvertical
joints. Solution and weathering features are discussed in
Chapter 4. One additional feature of this sublithology is
smail scale (cm) boudinage. This phenomenon is discussed in
Section 3.6.1.

Sublithology III maintains the same bulk and clay
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Plate 3.7: Rock Type A - Finely Interbedded
Limestone—-Micrite (CH.194)

Plate 3.8: Rock Type B - Calcareous Shale (CH.131)



mineralogies reported for the two previous sublithologies.
Moreover, the three sublithologies are thought to differ
only in texture and clay content. Other bulk properties are

considered to be common.
3.3.3 Rock Type B - Calcareous Shale

Calcareous clay shale units comprised approximately
20% — 25% of the observed core and dominated the lithology
below 240 masl which is thought to be the Christina
Member . The shales do not correlate well in section due to
their lack of lithologic distinctiveness. They grade both
laterally and vertically into the argillaceous limestones of
rock type A, however they do represent a distinct change 1n
depositional environment. Some shale-carbonate contacts
were very abrupt and are thought to represent a more rapid
change in environment (élate 3.8).

The thickness of the shale units varied
considerably and the author arbitrarily imposed a 0.5 m
minimum thickness. Beds less than 0.5 m were considered
interbeds of the argillaceous limestone. Only beds greater
than 0.5 m are identified on the study logs.

The .calcareous shales are generally massive,
fissile and well cemented. Dis'tinguishab_le bedding planes
were rarely identified, however a subhorizontalv fissile

character is discerned. Occasional interbedded carbonate
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lenses may also be observed. Although much of the fissility
is due to dessication and handling, the undisturbed marine
floor environment is considered to be primarily responsible
for the laminar character.

Authigenic calcareous cementation 1is thought to
have occurred during consolidation. Rare non-calcareous
shales were observed, however none were found at depth in
the section and they were associated with non-marine
sources. It is thought that all marine shales exhibit
authigenic calcareous cementation.

Mineralogically, ~ the calcareous shales are
predominantly illitic. This 1is contrasted to the 1illite-
kaolinité mineralogy of the basal McMurray clays in Section
4.3.3. In addition to the clay mineralogy, marcasite was
also observed. . Again, marcasite most commonly occurs as
fossil casts, hydrothermal replacements and disseminated
grains. It is not detrital in origin.

Fossils are rare in the shales. A highly micritic
or turbid environment "chokes" many marine organisms thereby
preventing continuous production. Brachiopods are among the
hardiest” and are found scattered throughéut the shales.

. The development of hardground surfaces is not as
extensive as in the argillaceous limestones of rock fype
A, This is believed to be ’;aiated to the higher
sedimentation rate of micrite relative to calcium garbonate.

In-situ shale porosity is expected to compare with



t he den'se argillaceous limestones. All voids are secondary
in origin. There is no solution or vugular pordsity in this
rock type. Again the stress level dependence ot porosity
and permeability demand in-situ measufement. Permeabilities
are expected to display signiticant structural anisotropy.
Hydraulic communication is achieved through the regional
joint system and is not generally affected by bedding
3]
features.
P :

// The marine shales weather readily when exposed.
Tﬁéir susceptibility lies in the dissolution potential of
the calcareous c.n. Discoloration and general softening
are the characteristic features of weathered shale.

P Bitumen staining may also be observed where

subvertical fracture permeability exists.

3.3.4 Rock Type C - Limestone Intraclast Breccla

This unit comprised less th;n 108 of Ehe observed
core footage and is genetically related to the biohermal
limestones of rock type D. It is reédily ident{fied by its
characteristic disturbed appearance and distinct brecciated
texture (Plate 3.9). The subrounded to angular limestone
clasts of the framework (20-30%) are supported by a grey
-argillaceous matwrix (70-80%). Cement 1is calcareous. The
fresh, angular nature of the clasts suggest that minimal

transportation and reworking has occurred. Furthermore, the
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Plate 3.9: Rock Type C -~ Limestone Intraclast Breccia
(CH.88)

Plate 3.10: Post-Depositional Collapse Breccia
(CH.88) -
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constant intraclast mineralogy supports a locally derived
source rock. In Section 3.,4.2,% the intraclast texture is
related to subaerial wave processes acting upon small patch
reefs within the depositional basin. It is emphasized that
the breccias of rock type C are not post-depositional
collapse or solution features. Rather, they are the product
ot unique syndepositional mechanisms which are related to
wave-produced fragmentation of 1lithified rock (see Section
3.4.2). One must clearly distinguish between the post-
depositional collapse structures illustrated on Plate 3.10
and the syndepositional fragmentation breccias described
herein (Plate 3.9).

The limestone intraclast breccias are commonly less
than 2 metres thick and immediately overlie the biohermal
lime;tones of rock type D. They are generally well
cemented, but are expected to weather readily upon
expogure. Clay content is high and thought to exceed 50%.

The colour of the intraclasts is commonly white to
grey whereas the matrix is grey to olive. 'Occasional black
bitumen stains were observed. The bitumen is thought to be
locally derived (see Section 4.3.2).

Bulk mineralogy is dominated by the carbonate and
clay species of the framework and matrix. Minor quantities
of siderite and marcasite were observed. Clay mineralogy

was again predominantly illitic with minor kaolinite,

chlorite and mixed-layer clays (GCRI, 1981). Fossils are



non—existent due to the high enerqgy depositional
environment.

Secondary structural features are limited to random
fractures. A well defined fracture pattern was not
observed. Some apparent shrinkage textures were observed,
suggesting that the deposit may have existed in a semi -
plastic state prior to coring.

Minimal interparticle porosity is thought to exist,
however no test measurements are available. Secondary
porosity exists in the form of fractures and minor solution
voids. Permeability is also unmeasured however thought to
be structurally controlled by fractures. Due to the random
nature of the fracture pattern, rock type C is not expected

to display the permeability anisotropy found in rock types A

and B.
3.3.5 Rock Type D - Biohermal Limestone

Approximately 10% - 15% of the observed core
footage was biohermal limestone. It is readiig

distinguished from all other units on the basis of its
porous, biolithic texture and heavy bitumen stain (Plate
3.11).

According to Harrison (1982), the term bioherm
suggests a genetic development of organic carbonates as

opposed to the stratigraphic definition of a biostromal
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Plate 3.11: Rock Type D - Biohermal Limestone (CH.13)

Plate 3.12: Rock Type E - Uncemented Quartz Sands
(CH.93)
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buildup. Biohermal buildups possess a solid organic
framework built by organisms capable of producing a wave
resistant structure. Biostromal buildups may or may not
form a rigid framework and are most commonly topographic
accumulations of organic skeletal debris. The rigid
biolithic framework of rock type D clearly defines a genetic
biohermal deposit. There is no evidence of post -
lithification disturbance or debris cementation. All
structure is thought to be syndepositional.

The biohermal units are ‘generally less than
2-3 metres thick. They are consistently located above
240 masl and thus are thought to be restricted to the
Moberly Member.

The pelletal mounded fabric 1is relatively well
developed and displays a strong subhorizontal attitude.
Tabular or branching stromatoporoids and thamnoporoid corals
comprise the skeletal framework and are partially supported
by a micritic matrix. Cement is calcareous.

The biohermal limestones are generally well
indurated. Colour 1is grey to white with a heavy black
bitumen stain in the biomoldic porosity. Occasional 1light
green clays were located in solution pipes or channels.

’ Minor quantities of siderite and marcasite were

also observed and related to intraformational erosional

surfaces. Clay mineralogy is not expected to differ greatly

from that of rock types A and B.
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Minor <calcite recrystallization was observed in
some of the vuggy porosity. It is thought to be due to
hydrothermal replacement from percolating groundwaters.
There is no evidence of massive recrystallization or
dolomitization,

Apart from the fossil framework, very few faunal
species were observed. Some fossil debris was incorporated
in wvarious algal mats, however these are thought to
represent abraded, transported and redeposited fragments.

Primary biomoldic porosity 1s very high and not
believed to have been affected by overburden compaction.
Some secondary solution, wvugular or fracturev porosity was
also observed, however this is quantitatively
insignificant. Despite the high primary porosity, 1t 1is not
thought that the degree of hydraulic communication 1is also
necessarily high. Moreover, heavy bitumen saturation Iis
believed to reduce in-situ permeability significantly. A
measureable permeability anisotropy is not expected to

exist.

'3.3.6 Rock Type E - Uncemented Quartz Sand

Uncemented quartz sands are non-marine terrigenous
deposits which are incompatible with the low energy shallow
marine environment of the surrounding carbonates. They

comprised less than 5% of the observed footage but represent
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significant solution features in proximity to the Devonian-
Cretaceous unconformity.

Thickness is generally less than one metre and the
sands are c¢lean, uncemented, and medium to fine grained.
They are mineralogically quartz-rich and display a very high
degree of sorting. Individual particles are subangular to
rounded, displaying both physical and chemical maturity.
Traces of bedding may be observed, however a general lack of
macrostructure characterizes the deposits. Incomplete
bitumen staining adds to an apparent bedded appearance

(Plate 3.12).

The sands are buff in colour with random black

bitumen stains. Trace amounts of a silt or clay sized
matrix were also observed. No carbonate minerals were
detected.

There 1is no evidence of structural fracturing or
weathering. Intergranular porosity 1is expectantly high.
Permeability is also thought to be quantitatively
significant and homogeneous.

The contacts of the sands with the surrounding

carbonates was cgonsistently abrupt and well defined. This

character suggests post-depositional solution and subsequent
infilling. Similar sand filled pipes and cavities were

observed in field outcrop (Appendix D).
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3.3.7 Rock Type F - Other Unconsolidated Sediments

Other unconsolidated sediments are similar to the
quartz sands in that they represent early (Cretaceous non-
marine deposits. They commonly infill Devonian lows and are
thought to be fluvial in origin.

The sediments are brown to grey, clayey silts and
sands (Plate 3.13). They are poorly cemented which is
thought to be a direct result of the relative youth of the
sediments and a substantially reduced loading history. In
the study core, the sediments were generally unstructured,
however some bedding planes were observed. Occasional
lignite particles were encountered which further supports a
non-marine depositional environment. No other major
macrostructures were observed, however there were rare
instances of plastic deformation of the more clayey
sediments. No algal growth or fauna inhabitation was
observed.

The clay mineralogy of these sediments was
considered in detail by Dusseault and Scafe (1979). who
dated them as early Middle Albian (Lower Cretaceous). One
may thus relate their presence to the cessation of net
erosion and the commencement of Cretaceous fluvial
deposition. Current x-ray diffraction tests agreed with
Dusseault and Scafe's findings which defined a kaolinitic-

illitic dominance (see Section 4.3.3). Dusseault and Scafe



’Plate 3.13:
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Rock Type - Unconsolidated
Cretaceous Alluvium (CH.118)
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(1979) also reported significant mixed-layer clays and the
presence of vermiculite, a distinct weathering or alteration
product of phlogopite or biotite. The absence of chlorite
and smectite 1is noted and of significance in reconstructing
the geological origin of the deposits. Dusseault and Scafe
(1979) further reported that the basal <clays are non-
calcareous, exhibit some primary'bedding and contain minor
amounts of 1lignite, siderite and pyrite. Observations made

during the present study agree with these findings.
3.4 Depositional Environment
3.4.1 Generalized Carbonate Sedimentology

Carbonate sedimentation results from chemical or
biochemical processes occurring. in clear, warm, shallow
mar ine environments. The process is autochthonous,
suggesting that the sedimentary material 1is derived from
within the depositional basin. No external terrigenous
sources are considered.

* The carbonate environment represents a sensitive
chemical system which may be drastically affected by subtle
changes in any one or a combination of the following
paramete;s: .

1. oxidation - reduction potential or Eh

2. hydrogen ion concentration or pH
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3. climate
4. input and mixing of deep marine or terrestrial
waters.
5. organic processes such as photosynthesis,
bacterial decay and reproduction
6. tectonic processes such as subsidence,
subduction and crustal movements.
Theoretically, the precipitation of calcium
carbonate (CaCOa) occurs upon a decrease in the
concentration of dissolved carbon dioxide. The required
decrease may be a result of temperature changes,

evaporation, influx of saturated marine waters or organic
processes. The chemical equilibria is given by:
ca’t + HCO,” T——= Caco, + H'

Other factors affecting carbonateﬁaitaubction include the
depth and turbidity of the seawater, agitation and solar
radiation fluctuations.

' Berner (1971) stated that seawater is not 1in
equilibrium with calcium carbonate due 'to biological
production and wutilization of carbon dioxide. Ideally,
there exists a "compensation depth" beyond which, calcium
carbonate is dissolved as fast as it is produced. ’Adeepths
shallower than the ‘Wgompensation depth, one expects

supersaturated waters and continuous inorganic
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precipitation. In reality, the amount of direct carbonate
precipitation 1is quantitatively insignificant relative to
that which is produced organically. Berner (1971) concluded
that widespread homogeneous precipitation of calcium
carbonate is most unlikely. )

The production of‘micrite or carbonate mud is also
related to organic processes. Wilson (1975) identified ftour
prfmary sources: .

1. death and decay of benthonic organisms’

2. detritus abraded from larger carbonate

particles

3. accumulation of planktonic biota

4. direct seawater precipitation

In general, the presence of significant amounts of
micrite discourages organic proliferation. Seawater
turbidity reduces the amount of incoming solar radiation and

"chokes"™ various benthonic invertebrates. Thus, most marine

limestones are refﬁtively. pure carbonate. Alternatively,
the Waterways Members are abnérmally argillaceous,
suggesting a very turbid or unstable environment. Wilson

(1975) estimated current accumulation rates near Florida of
3 metres in 1000 years, The production of carbonate may

start or stop rapidly and commonly occurs 1in a cyclic

manner. Overall production may readily keep up with any amount

¢
of ‘tectonic or eustatic sea level change (Wilson, 1975).



3.4.2 Depositional Model
Wilson's (1975) classical carbonate system is
believed to represent a comprehensive and modern

environmental model. It involves nine quenvironments of
which only one or two are believed to be represented in
the SANDALTA core. In general, Wilson's (1975) model
involves a basin-slope-reef-platform system that predicts
lower energy deposits seaward andwhigher enerdy, organic
and wave-affected deposits shoreward. Figure 3.2 depicts
the ideal series of subenvironments as presented by Wilson
(1975). e

Of the nine suSEnvironments li;ted by Wilson
(1975), only the open marine and restricted marine

?

platform facies are believed to be represented in the
Waterways core. The opén marine platform represents the
zone immediately shorewardjof the outer platform edge.

Depth is generally less than 10 metres in straits, lagoons
A

«

and —dDays. Salinity varie§ greatly due to moderate
~ circulation. Argillaceous limestones, calcareous shales
and undistrubed carbonate sands are typical deposits.

NThe restricted marine platform differs from the
open facies in that virtually no circulation is
envisaged. Static cut-off ponds and lagoons  characterize

the restricted platform and deposit fine grained

carbonates, micrites and evaporitess The higher energy

67
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tidal channel, tidal flat and beach deposits are also

included in this facies.

.

In general, the plattorm subenvironment is
considered to represent marine transgression. Although
transgressive sequences are common ly erosional, the

intrabasinal sediment source and high biogenetic content
of the Waterway%) suggests a regressive environment is
unlikely. Moveover, the observed Waterways sequence 1s
believed to be progradational. That 1is, shallower water
carbonates overlie the more seaQard argillaceous
lithélogies. Prograding sequences are characterized by
high rates of sedimentation and h&e high preservation

potential. These factors are controlled by the change in

ambient sea level which is in turn affected by tectonism,

isostatic crustal changes, climate and sedimentary
compaction. In particular, shallow gmrine environments
are especially sensitive to <climatic changes. This

sensitivity promotes cyclicity iﬁ the depositonal process,
a feature which is very prominent in the Waterways. More
specifically, seasonal fluctuations in temperature, solar
influx and winds are considered to exe?cise the greatest
influence. The more restricted tge environment, the
greater the seasonal climatic influence. Such influence
defines a high stress environment which is charaé&erized

by a low degree of diversity in organic species. Tectonic

-tilting, isostatic depression or rebound and éhgnges in
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ocean volume are less likely sources of bedding cyclicity.

James (1979) further def ined the shallow
intertidal platform stating that it is devoid of active
wave influences but still affected by tides and
intermittent storms. He added that the lower intertidal
zone 1is charactéeristically well burrowed and bioturbated
with greater algal mat development than in the middle or

upper intertidal zones (Figure 3.2).
3.4.3 Facies Interpretétion

By definition (Gressly, 1838), the term "facies”
applies to wunits of rock which are characterized by
similar 1lithological and paleontological criteria. The
present study is concerned only with lithofacies which are
units of rock characterized by variations in 1lithologic
aspect. Each lithofacies 1is directly related to the
immediate marine environment, however factors such as
climate or tectonics may also affect the final rock
lithology.

Reineck and Singh (198Q) déscribed two basic
approaches in reconstructing sedimentary environments;
that of lateral or vertical facies. The technique
employed in this study is the former. Although all rock
types weré identified in vertical core, it 1is apparent

that the distribution of each 1lithology 1is primarily
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controlled by the lateral variation of depositional
environment, \\

The scale of Wilson's (1975) \gepositional mode 1
is limited only by the confines of anc\ient depositional
basins. Regional correlations suggest that the Waterways
represents only one small component  of the Western
Canadian sedimentary basin. One should therefore not
expect to view all nine subenvirpgnments within an area
such as SANDALTA. The scale of the Devonian basin in
Western Canada 1is very large, extending across several
provinces and southerly 1into the northwestern United
States. Within this framework, it 1is apparent that the
lithologies of the Waterways Formation correspond to the
open or restricted lagoonal or intertidal flats of the
shallow marine platform. This subenvironment may, in
turn, be subdivided into three depositional zones
recognized by the author. They are the shale, biochermal
and carbonate zones, which are collectively responsible
for the six lithologies described in Section 3.3. Each
depositional zone and its corresponding lithofacies are
presented diagrammatically in "Figure 3.3. Again, each
depositional 2one defines a wunique local environment

within the widespread marine platform subenvironment.

The seaward shale zone represents deeper, quieter

water than the biohermal or carbonate zones. Carbonate

production is less significant than micritic input due to
[
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the abrasion of skeletal material and the settling of
suspended load from the back reef lower intertidal zone.
Organism development is restricted due to high
turbidity, however hardy brachiopod species may survive.
A significant Qetrital fossil component may be present.
The characteristic lithology is a well cemented, fissile
calcareous shale. The shales are illitic and may contain
iron sulphides such as marcasite. They are generally
massive and undisturbed. There is 1little or no evidence
of bioturbation. Consolidation is thought to occur
uniformly leading to a homogeneous and well indurated rock

texture. Occasional limestone interbeds may develop upon

shallowing, however the sequence is predominantly
argillaceous. This environment 1is not as sensitive to
climatic changes as the restricted carbonate zone. The

calcareous shales ©of rock type B are considered to be of
the lower to middle intertidal platform shale facies.
Adjacent to the shale =zone 1is the intertidal

patch reef or biohermal zone. In Figure 3.3 this =zone

does not separate the shale and carbonate zones, however
it does appear to do so at SANDALTA. Two distinct
lithofacies are associated with the 2zone; the biohermal
limestone of rock type D and the seaward intraclast
breccia of rock type C.

The intertidal biohermal zone is characterized by

shallow water organic buildups or patch reefs. These
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buildups do not represent the coral reef barrier where
very deep water and high energy wave activity is found.
Instead, the bioherms are sporadically distributed and
generally less than 2-3 metres in thickness.
Lithologically, they are frame-supported algal structures
with a heavy bitumen stain infilling the high biomoldic
porosity. They are generally wave-resistant and easily
identified on the basis of their well indurated, mounded
biolithic texture. The bioherms were thought to be mildly
wave-affected and subject to intermittent _subaerial
exposure. This influence is believed to be responsible
for the development of tﬁe adjacent seaward facies, the
intraclast breccia.

The intraclast breccias represent wave eroded
biohermal or carbonate deposits which have fallen to the
seaward foe of the bioherm., The resQlting texture
consists of angular intrabasinal carbonate clasts cemented
in.an argillaceous groundmass. Other sedimentary, features

o
are rare.

-

Shoreward of the biohermal and shhle zones is the

shallow carbonate zone. This zone 1is thought to be

widespread but with restricted circulation and input.

«

Indigenous carbonate production is  the dominant

sedimentary process, however .a substantial micritic
Py e . :

component may also result from the high benthonic

population, Again, the argillaceous material _ is
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intrabasinal; a consequence of the abrasion and
disintegration of green algae and calcareous skeletal
material. Some direct precipitation of aragonitic muds is
also expected as a by-product of local organic activity.

Ipe depth of water in the platform carbonate zone
is not cénsidered to exceed 3 metres. No circulation is
envisaged, however some wind-generated wave activity may
be present. Shallow wave ripple marks may have developed
near the shore during periods of non-deposition. Nodular
or concretionary activity 1s also envisaged.

The‘ shallow nature of the carbonate zone 1is
primarily responsible for the extreme sensitivity of
carbonate production to <climate. This sensitivity‘ is
manifested in the finely interbedded 1lithologies that
characterize the Waterways. “ _

The development of intrabasinal Hardgrounds is
also thought to be due to changes in climate. Diastems or
periods of non-production are initiated by temperature or
solar fluctuations which result in the crystallization of
the submarine floor. In section, these dense -sparitic
surfaces act as convenient timelines. Althou* they do
not represent erosional feat_ure.s, intermittent periods of
uplift resulting in subaer'i;al exposure are also‘ believed
to have occurred. Low energy reworking and oxidation of

surficial sediments is thought to have led. to the

development of the distinctive light green plaé’%@c clays
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which infill small intraformational solution pipes (see
Section 4.3.3). Short-lived hiatuses are also supported
by the existence of intraformational solution features
which do not extend to the Devonian-Cretaceous
unconformity.

Other features of the carbonate zone include a
high benthonic population and occasional supratidal
coquiné deposits. The development of local algae mats or
algal balls 1is also common. Bioturbation may be expected

due. to the high organism content, however ‘this was not

.

widely recognized in the Waterways.

Three lithofacies were identified within the
carbonate zone. They are the massive to marbly
crystalline limestone, nodular‘argillaceous‘limestone and
finely interbedded limestone-shale facies. Each facies is
gradational, changing laterally into one another,
Furthermore, the exact conditions of their development are
not drastically dissimilar. The primary factor
"distinguishing the three facies is depth of water. In
general, deeper water displays reduced sensitivity to
climatic ‘éffects. Thus, the deposits may réflect less
variation in lithology, mineralogy | or depositiogal
strucgture.

In'contrast, the shallower sh%ifward_watefs are

very sensitive to seasonal "effects. A textural cyclicity

is thus imparted. : Alternating carbonate-micrite
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production 1is a direct consequence of the <changes in
temperature, solar input and winds associated with a
change in season. This cyclicity is poor£y defined in the
mottled or nodular facies but is well defined 1in the
finely interbedded facies. The shallower shoreward waters
are also expected to display a greater diversity in faunal
content and sedimentary structure.

In summary, three distinct depositional zones
haye b¥en defined within the mar ine platform
subenvironment. Si® 1lithofacies have been related to
those zones and are distinguished on the basis of textural
character. Depth of water and climate are considered to
be the two factors exercising the greatest influence upon
textural character. Each lithofacies 1is illustrated in

) .

Figureg 3.3. All stratigraphic sections in Appendix B

employ the preceding model.
3.5 . Geophysical Measurements

3.5.1 General

The presence of dense, sparitic hardground
surfaces was initi-a'11y expected to provide well defined
kicks in borehole neutron and density logs. Ideally such
surfaces could be correlated in sectiom; ,Unfortuﬁately

thése«su;faces were generally less than 10 cm thick and’
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could not be readily identified on the oilftield
geophysical tools employed at SANDALTA: This method ot
study was discontinued.

A second épproach involved correlating rock mass
lithology to bulk density, neutron density and gamma ray
log responses. Geophysical cross plots were created which

may be employed to distinguish gross borehole 1lithology

and geotechnical suitability.

<>
3.5.2 Bulk Density, Neutron Density and{ Gamma Ray Logs

n
‘

A common suite of oilfield geophysical logs
}includes gamma ray, neutron density, bulk density and
.caliper logs. '

Caliper 1logs provide a continuous mechanical
record of the borehole sidewall conditiong at the time of
logging. It is useful in identifying unconsolidated or
washed-out zones. The borehole integrity may often
provide information about lithology, hydrogeology or
structural geology. | R

éulk density logs are achjeved by employing a
radioactive source 1in the measuring instrument. The

separation of a transmitter and receiver will determine

the depth of ﬁenetration of the gamma,6 ray radiation.

Theoretically, the anfount of radiation recorded at the.

\
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receiver is directly proport\onal to the electron density
of the rock mass. Eléctron density may then be related to
the true bulk density which itself 1is dependent upon
mineralogy, porosity and formation fluid.

Neutron density logs also employ a radiocactive

source, however in this instance, high energy neutrons are

0
S

" emitted. The collision of the neutrons with hydrogen ions
in ghe formation causes a significant loss of energy. A
~receivef or counter then detects what proportion of the

~emitted neatrons were not affected by hydrogen 1ion
collisions. The resulting response provides a measure of
the conééntration of hydrogen 1ions in the rock mass.
Since hydrogen occurs in both watef and hydrocarbons,.the
neutron log is used primarily in determining liquid-filled
~ porosity.

Gamma ray logs are a third nuclear log providing
information on the ‘natural radioactivity of the rock
mass. rnl sedimentary rocks, the common radioactive
elements are concentrated in the various clay minerals.
Thus,.gamma ray responses are normally used to determine
shale content. Hjgh energy electromagnetic waves émitted

fby the source experience Compton scattering collisions
with the formation atoms. -After losing # 'signifiéant

@shamount. of energy, gamma rays are adsorbed by f&rmation

" atoms by the photoelectric effect. = The subsequent

ejection of electrons from the host material is measured

¥y .
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by the geophysicalr receiver, These émissions are
quantitatively related to the amount of radiocactive
potassium, uranium and thor ium isotopes in the
formation. Since the concentration of uranium and thorium
isotopes in sedimentary rocks is commonly insignificant,
the measure of «e&itted radiation is directly related to

the potassium content in the clay minerals. This in turn

T

is interpreted as a bulk representation of the overall

shale content of the formation.

3.5.3 Facies Cross Plots -

Six Qeophysical cross plots have been prepared '
illustrating four distinct carbonate lithologies. Three
types of cross plots have been employed, including the

following:

1. gamma ray vs. bulk density o
(Figures 3.4, 3.5)
2. gamma ray Vs. neutron-peutron
(Figuges 3.6, 3.7)
3. bulg density vs. neutron-neutron
(Figures 3.8, 3.9)
Each cross-plot was established by matéhing
observed borehole 1lithologies with thé corfespdnding
geophysical response. An inventory of study core sections

was completed and all data plotted by rock type.

]



Theoretically, geophysical ,tools should respond
only to <changes in the physical properties of the

formation. I" practice, each instrument. is also-sensitive
& “ .
to drilling f{uid and borehole conditions. The author has

vo. "
attempted to minimize these influences by plottin§ ‘average

geophysical response. Minor fluctuations have been

ignored.

*

Figures  3.4-3.9 represent cross plots completed

for the SANBALTA lease. The following conclusions may be

4]

drawn:
1. Gross 1lithologic character may be readi’;
- : < R
distinguished on the basis of geophysical
response. Subtle facies diff@¥ences are

‘less well defined. D&fferéntiétion of

individual limestone facies could not be

-
v

established without overlap.
2. ~ Gamma-ray-neutron-neutron and gamma ray-bulf

density plots were found to be *the most

useful in distinguishing lithgf es. High

gamma ray responses coupled Flow bulk or
. . &

neutron densities . were ,ﬁ;ﬁnd to be
ché;acterjstic of they more argillaceous
litholqgies.~“ Alternatively, high neutron
density And low gamma ray responses were
charac;eristic‘ of the porous bioherma}

limestones and less argillaceous, finely

interbedded facies.~ Massive crystalline

v
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limestones displayed both low gamma ray and

neutron-bulk density responses.

3. General geotechﬁical information on rock
mass qualify, may be . acquired from
geophysical cross plots. In particular,

undesirablé argillaceous rocks may be
ingengified on gamma ray plots and porous,
permeable units may be distinguished by the
neutron density response., Overall rock mass
densitiés may be assessed on bulk density
plotsy- and = may provide preliminary
informatiop on the degree of consolidation,
compaction, or cementation of a particular
- o lithologic fmit." Finally, liquid-filled

haqu1fers may “be 1dent1f1ed and the nature of

the aqu1fer fluld may be establlshed

-. o .

53.6 Structural Géology
3.6.1 Small. Scale Primarg Structure -
- e * ‘

A}

The deveropment of syndepos1t10nal textures and
: structures dom1nates the llthology of . the Moberly and

Christina members. Features such as laminations, ripple

.

marks, carbonate nodules or concretions, algal mats,

fossil beds and intraformational hardground surfaces are

{

-

common.
SN
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: . .
well defined bedding planes are most pronounced

in the tinely interbedded limestone-shale facies of rock
type A. Most bedding occurs on a centimetre scale and is
generally planar to wavy with a subtle subhoriiontal dip
(Plate 3.7). Interbedding is highly regular ana thought
to be due to the cyclic iﬁfluence of seasonal climatic
variations. Millimetre scale laminations' were also
observed. They were most prominent in the calcareous
shales of rock type B.

Both strength and permeability anisotropies may
be affected by bedding. Bulk deformation moduli may also
be affected.

Syndepositional ripple marks are another '‘primary
structural feature observed in outcrop (Appendix D). They
are thought to have forméd in the wind-influenced
shoreward zone and wefe most commonlyv observed 1in the

a

argillaceous or interbedded facies of rock type A:

Ty

%hey
are not expécted to be of any enginéering significance.’
Concretionary features are less significant
primary stryctures, but may affect localized~engineéring
behaviour as heterogeneous, stiff inclusions.
Concretionary nodules « to 20 cm in diameter were
’observed in outcrop (Appendix D). They are thought to
have formed syndepositionally and may have been
exaggerated by post depositional aifferential

compaction. The nodules are tabular or elongated and

aligned perpendicular to the expected paleocurrent

89



direction, : _ T -

Algal mats and balls were not observed in the
core but were revealed in weathe;ed outcrpps aloﬁg' the
MacKéywand Muskeg Rivers (Appendix ;). Finely laminated
wavy mats signify a 'tehporaryv sébppage in carbonate
production and eg}abliéﬁment of a stable marine
substrate. Mats were not found to exceed 10 cm in
thickness and are thought to have formed in the §hallow
shorewardv environment. They are of little Lgngineering
significance.

The development roé intraformational hardground
surfaces was previously discussed "in Section 3.3. l@hese
surfaces were found to be largely indistinguishaﬁle on
geophysical logs and of iimited engineériﬂé significance,
however they do repxesent dense, impermeable horizons,

The primary clastic textufe of the limestone
intraclast breccias was distinguished from the post-
depositional collapse breccia; in Section 3.3. : The
intraclast breccia is compesed of local limestone ciastg

in a dark brown, argillaceous matrix. The clasts are

slighﬁly‘ rounded and displéy a random, disori®nted,

1

. character, This texture suggests a moderate degree of

transportation apd >reworking. The breccia may also be
bitumen stained’ . Iﬁ contrast, in-place collapse breccias,
are composed ogxah901ar, massive or intérbedded limestone
-clasts G:with liét;e_ 6r no argiklaceous matrix. In some
instances, collapse has involved only a few centimetres of

3



displacement. Former bedding planes may be occasionally
established. These brecci;s are interpreted to be
post-depositional, solution collapse structures, di8tinct
from the ptimary deposit}onal texture of the biohermal
intraclast breccias. ‘
The non-homogeneous texture of both brecciated
lithologies 1is  expected to influence non-homogeneous
engineering behaviour. Moreover, the disturbed character
is thought to af%ect reduced compressive and tensile
p
strengths relative to the undisturbed carbonates. Botﬁ
breccias may also display significant compressibility and
lower deformation moduli than the more maésivé limestone
lithologies. In gehergl, these units are thought to
_repreSent very poor geotechnical materials.

Finally, the development of pinch and swell

structures is copsidered. These were observed throughout
the study core on a centimetf@ scale (Piate 3.14) and on a
deeimetre scale in field outcrop (Appendix D). Boudinage
refers to angulaF or barrel-shaped bodies of brittle rock,
sandwiched between Jédjacent layers of deformable or
plastic sediments. It is generally accepted that
boudinage forms upon comp;ession normal to the beddiﬂg
plane ‘(Ramberg, 1955; Ramsey, 1967). Boundary contact
Forces' age produced causing the brittle unit to fracture
in tension (Figure 3.10). '_, g

Boudinage is well p}eserved in the study core and

river outcrops of the Moberly member. Cyclic deposition

.
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Plate 3.14:

Boudinage

(CH.137)
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of micrite and carbonate has led to regular interbedding.
Subsequent bu;ial is considered to have compressed the
plastic sediment, thereby effecting consolidation of the
clay layers and lithi‘icatién of the interbedded
carbonatés. Further overburden compression is:thought to
have developed boundary frictional stresses leading to
tensile fracturing of the stiff carbonate.—layers and
plastic deformation of the ‘clay “interbeds. Numerous
boudiné are created without erosional or tectonic
influence.

The presence of boudinage implies a subvertical
major-~ principal stress prior to lithification. ‘Once

lithified however, the rock mass is perceived to have the

structural rigidity to undergo loading resulting in an

* ’ \ : .
elastic response. Brittle fracturing would then be the

anticipated failure mode. g
The engineering éignificance of boudinage lies in
the creation of secondary fracture porosity and
accompanying vertical permegbility, Rock mass shear
strength and deformability may also bé reduced.
.

In summary, small scale. primary structures are

abundant and include laminations, ripg}e marks,

93

concretions, algal mats and balls and intraformational

hardground surfaces. Both syndepositional and post
depositional breccias have been identified and small scale

boudinage was commonly observed.

.
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&
3.6.2 Small Scale Secondary Structure
The development of small scale secondary
structure is limited in the Waterways. The majority of

secondar§ features are regional 1in scale, however mi 1d
diagenesis, weathering and bitumen staining ,sh;ll be
presently considered.

Low grade hydrothermal alte;;tion or diagenesis
are short-lived processes thought to have affected
waterways sediments immediately following deposition. The
presence of the 1iron minerals siderite and marcasite
support this hypothesis.

Berner (1971) suggested that iron carbonates such
as siderite and iron sulphides such as marcasite form only
during diagenesis in sedimentary rocks. Their cheﬂibai\
stability is a function of the oxidation-reduction
potgntial of the host environment and the amount of free
iron and sulphur ava{lable. Both mgnerals are unstable 1in
high Eh or aerobic environments. Thus, although higg
sulphur, iron and carbon dioxide concentrations

charactgrize low Eh envijronments, these conditions are not
;xpected in the shallow marine environment.

Low Eh values may result from anaerobic bacteriél
decomposition or as~ a result oé the exposure of fresh
sediments to non-marine anaerobic groundwaters. For

concretionary siderite to be stable, the concentration of

dissolved -fefrohs iron must be greater than that of

95

-~

~



calcium. The remains of various benthonic fauna and
bacterial sulfate reduction are two processes thought to
create the necessary iron-sulphur concentrations. Neither
mineral will form or remain stable in an acidic, aerobic
environmgnt. Tﬁus, the development of siderite and
marcasite is viewed as an indication of low grade, early
post-depositional diagenetic, replacement or concretionary
mechanisms within the ancient submarine floor. Later
hydrothermal replacements are also expected, however there
is no evidence to support the widespread deve lopment of
'

metasomatism or dolomitization. Minor calcite
recrystallization is attributed to local groundwater
ef fects.

Although these diagenetic processes are of little
engineering significance, the presence of unstable
marcasite is noted. The oxidation of marcasite near joint
walls and intraformational unconformities may result in
significant volume changes. As a result, adjacent
structures may experience significant point loading. The
temperature increase associated with in-situ recovery
methods is considered to catalyze the oxidation reaction.

Bitumen staining 1is anozher secondary feature
observed throughout core samples and river exposures
(Plate 3.4). Twovpoténtial bitumen sources are defined.
Firstly, shell beds observed in outcrop (see Appendix D)

displayed a.distinct heavy, black bituminous stain. This

bitumen is considered to have formed in-place as no see
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page channels were observed and the stain 1s Ilimited to
the porous organic lenses. It is believed to be the
result of decomposition of faunal remains contained within
various coguina deposits. The bitumen stain that
characterizes the biohermal facies is also believed to be
local in origin, however the majority of these units do
exhibit hydraulic communication with t he over lying
Cretaceous sediments.

The second source of bitumen is believed to be
the overlying Cretaceous McMurray Formation. Structural
communication by subvertical joints 1is thought to have
permitted gravitational infiltration of lighter
hydrocarbons. Although some authors (Link, 1951) have
proposed a Paleozoic source for the bitumen, the present
author believes that w§terways infiltration occurred
concurrently with infiltration into the McMurray
Formation. This is supported by the occurrence of bitumen
in post-depositional fractures and an apparent lo;s of
stain with depth. Furthermore, there is no evidence of a
major Upper Deyonian SOurce-rock. These features suggest
that bitumen infiltration 1into the Waterways was
gravitational. Additional support is found in the nature
of solution infillings observed along the MacKay River.
The implications of bitumen infiltration are discussed in
Section 4.3.2.

The time of bitumen infiltration is believed to

have been Late Cretaceous. It would therefore have been
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preceded by Paleozoic jointing and Mesozoic erosional and
depositional occurrences. Mossop (1980) indicated that
the Lower Cretaceous Mannville Formation was the likely
source of McMurrary hydrocarbon.

weathering profiles may also be considered a
secondary feature. In general, weathered Devonian
surfaces were discoloured, but essentially undisturbed.
Some loss of texture was observed at the Devonian-
Cretaceous unconformity, however widespread residual soil
developmen.t was not encountered. The author subsequently
distinguishes between non-marine basal McMurray alluvium
and weathered Paleozoic materials. Basal McMurray
deposits are discussed in detail in Section 4.2.2.

It is proposed that light green, plastic, non-
calcareous clays are the sole weathering product of the
argillaceous Waterways limestones. Mineralogically, they
correspond to sources within the Waterways (see Section
4.3.3) and do not appear to be related to Cretaceous
deposits overlying the’unébnformity.: More commonly, these
clays infill solution pipes in ‘the karst horizon and
occupy topographic lows. ~ They do not appear in
significant thicknesses in any core sections and commonly
form a thin (10-30 cm) mantle atop intact limestone. This
‘suggests that weathering processes may have been
relatively short-lived. Moreover, these clays are thought
to represent reworked surficial slimes as opposed to in-

place residual soils. An idealized weathering profile is
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presented in Figure 3.11. Plate 3.16 depicts a typical
weathering feature.

The engineering significance of the plastic clays
is potentially unique. Although they may not be spatially
widespread, they are believed to characterize the

Devonian-Cretaceous unconformity which represents a major

engineering horizon. Due to their high plasticity and
expected low shear strength, these materials are
considered to be geotechnically undesirable. They may

accenéuate trafficability, bearing capacity or highwall
stability concerns. , Theéé problems are discussed in
Section 5.3.

Another secondary weathering feature is that of
weathered rims surrounding joint fractures and solution
cavities. Although joint walls may be slightly
discoloured due to oxidation, a significant loss of rock
mass strength 1is not expected. Minor softening may be
experienced in extreme cases., Sporadic calcite
recrystallization was observed, however widespread joint
recrystallization is not envisaged.

In summary, mild hydrothermal alteration, bitumen
staining and weathering have been identified. Regional

recrystallization was not observed. wWeathering features

are treated in Settion 4.3.
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3.6.3 Large Scale Primdry Structure

Large scale primary structures are limited to the
distribution of the various lithofacies and the
development of numerous intraformational hiatuses. The
most significant structural features are post-depositional
in origin.

The distribution’of depositional lithofacies was
discussed in Section 3.4 where a marine platform model was
developed. The structural significance of the
distribution of each facies lies in their individual
propensities to compact differentially. The carbonate
facies lithify faster than the argillaceous facies and
would subsequently experience much less compaction
settlement. Although differential compaction is thought
to have emphasized relief upon former stratigraphié
surfaces, it is not considered to have been a predominant
structural influence. Of greater significance 1is the
presence of intraformational unconformitiés.

Two distinct types of intraformational hiatuses
were observed throughout the core study. Firstly, periods
of non-deposition or diastems are thought tqr have
developed dense, sparitic hardground surfaces. These
surfaces have been previously discussed and may Dbe
employed as stratigraphic time lines in facges
correlations. They do not represent erosional hiatuses

and are described at 1length by Stoakes (1980). Their
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engineering significance is limited to the establishment
of occasional impermeable, brittle horizons.
Alternatively, ! two major intraformational erosional
surfaces were identified in the SANDALTA section. Several
minor erosional surfaces were also identified, however
their correlative value 1is limited due to restricted
regional extent.'

Intraformational .erosional surfaces were
identified on the basis of their small scale solution
fe&tures and well defined weathering profile. Light'éreen
plastic clays characterized the contact and oxidation
staining was often apparent. A subtle loss of texture may
have been observed and sparitic surfaces with pyritic rims
or nodules were occasionally identified (Plate 3.17).
Rudaceous deposits such as sapds and gravels‘ were not
observed, which suggests a high energy erosional
environment did not exist. Rather thé presence of
overlying shales and carbonates indicates that a period of
low energy subaerial exposure was followed by continued
carbonate production. A significant change in
depositional environment 1is not envisaged. The three
‘major erosional surfaces include the following:

)

1. Devonian-Cretaceous unconformity

2, Biohermal unconformity - located at the

immediate base of the biohermal lithofacies
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between elevations 240 and 270 masl.

3. Subfbiohermal unconformity - located 3-8
metres below the immediate base of the
biohermal lithofacies between elevations 230

and 260 masl.

Additional minor \unconformities were identified
immediately above and below the intraclast breccia facies
(see’Appendix‘B),"however these are thought to correspond
to intermittent periods of substrate exposure common to
the facies sué?nvironment. They were not found ‘to be
1at£rally continuous and may not represent periods of
regional exposure.

In summary, large scale primary features are
limited to d;fferential compaction and intraformationa%
unconformities. Differential compaction has not been
studiéd, however two types of intraformational hiatuses
have been recognized. Diastems are periods of non-
deposition resulting in hardground development whereas
unconformities represent periods of upliftﬁand subaerial

exposure resulting in solution and surface weathering.
3.6.4 Large Scale Secondary Structure
Large scale secondary structures dominate the

Waterways geology and include features related to

subsidence, uplift, faulting, collapse and erosion. Many
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of these features are considered in detail in Chapter 4,

however they are introduced and described presently.
Structural events are considered in chronological order.
Following deposition and lighification of the
interstratified carbonate and shale facies, the first
structural event affecting the Waterways was likely that
of regional subsidence. Prairie. Evaporite solution 1is
believed to have been an early consequence of deep
hydraulic activity which in turn led to the develdbient of
collapse pipes and overall regional substdence. This
subsidence is considered to have formed the rolling basin
structures observed in local Waterways outcrops. These
flexures have amplitJhes of 20-30 metres and wavelengths
of several hundred metrei (Norris 1973). Alternatively,
Hume (1947) suggested the domes and b€§ins were due to
volume changes ‘ accompanying -ah anhydrite-gypsum
transformation in the Prairie Evaporite. Regardless which
of these mechanisms is responsible, flexures in thé
‘Waterways should not be considered to represent regional
compressional folding. The.flexures app;;% to Sé without
a dominant regional trend and do not display compressional
characteristics. Subsidence ié\ considered to have been
the predominant formational mechanism, |
Concurrent with the creation of flexural basins
was the brittle fracturing of beds at the perimeter of the

basins. Outcrops along the MacKay ¥and Muskeg Rivers (see

Appendix D) display breaking features which are not
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considered to be »due to regional compression. Bedding
offsets could not be established and no shear
characteristics were obse;ved. These features are £h0ught
to represent local overstressing due to subsidence "and are
not .related to regional tectonic faulting. Regional
subsidence due to evaporite removal is considered to have
continued throughout Yate Paleozoic and Mesozolic time.
Solution may presently be occurring, however Prairie
Evéporite removal at SANDALTA is bglieved to be complete
(see Section 4.1.3).

Another early occurrence related to Prairie
Evaporite solution was that of deep-seated collapse
pipes. * The initial stages of solution are cénsidered to
have occurred preferentially, thus creating num&rous voids
or caverns in the Prairie Evaporite and affecting a loss
of support for overburden units. Local overstressing may
have resﬁlted in the formation of steep-walled collapse
pipes which originate “in the Prairie Evaporite and
granslate upward (sqe Séction 4.1.3). The resultant rock
structures observed in the Upper bevohian include slumped
and brécciated examples of previously undisturbed
sediments. These structures are post-depositional and
typiLally ,é%pear as on plate 3.10. 'In this 1instance,
previous bedding planes may be established and an overall
gravitational collapse character is eviéent. There is no
evidence of shegring or Syndepositiqnal slumping.

Reworking and transportation are not evident. 1In Section
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4.1.3, the observed collapse structures are distinguished
from karst dolines which develop from the surface and may
subsequently become infilled with unsorted detritus.

Regional jointing is another structural
occurrence, believed however to be related to periods of
uplift, not subsidence. Joints are vefticélly
discontinuous and display no measurable lateral or
vertical displacemeng. The joint faces are rough and
fresh and display no slickensides, striae or stylolites.
Spacings vary according to the stiffness and thickness of
the particular lithology. All of these characteristics
suggest that jointing in the Waterways was due to tensile
stressing upon uplift. Compression 1is not suggested
because inclined shear surfaces would be the expected mode
of deformation. - Thesé features discount Cordilleran
orogenic compression as suggested by Babcock (1975).

Periods of regional uplift are.also considered to
have occurred intraformationally. This 1is supported by
the occurrence of intra-Devonian karst and weathered
ﬁorizons. Karst on intraformatibnal unconformities is
poorly developed relative to the Devonian-Cretaceous
surface. The unconformities are mildly undulating and may
have been infldenced by pre-existing topography or deep
solution subsidence.

]

9
Uplift resulting in joint formation and

{

intraformational erosion also induced significant

secondary permeability. . Despite dominant subhorizontal
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bedding, the development of subvertical jéints, boudinage
and solution and collapse pipes has likely contributed to
a significant veékical hydraulic conductivity. Moreover,
this is likely to have affected a significant permeability
anisotropy throughout the Waterways. The stress
dependence and implications of formation permeability are
discussed in Section 5.4.2.

The establishment of secondary permeability is
considered to have had an accelerative effect upon
formation karstification. Structurally controlled
solution pipes are known as kluftkarren (see Section
'4.1.2) and are believed to characterize the Devonian-
Cretaceous karst. Intraformational karsts are not
considered to Dbe structurally controlled. Typical
solution pipes were less than 10 cm in diameter and
possessed smooth walls with light green clay infillings.
Larger pipes (up to 30 cm) ;nd subhorizontal cavities were
observed in the field (see Appendix D) and were commonly
infilled with bituminous sands or brecciated limes;one
fragments. All kluftkarren pipes and cavities were widely
confined to a apparent "active zone" within 1-2 metres of
the various unconformities. These features are believed
to have develéped at‘ the time of exposuré and were
subsequently terminated upon infilling with residual
clays. The dgvelopment of large (>3m) subsurface caverns
is not gene;ally supported by core feaﬁures, however one

-

section (CH.150) did illustrate approximately 10 metres of
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non-marine alluvium at depth.

_Faulting within the Devonian 1is a pheanenon
discussed by several authors as reviewed in Section 2.2.
The present study provided no new evidence to §upport
regional faulting and suggests structural continuity
exists across SANDALTA. Normal faulting due to Pr%i;ie
Evaporite removal is envisaged however cannot be supported
by direct core evidence. No obvious stratigraphic offsets
were detected and no examples of sheared surfaces -were
observed in the core. This does not preclude regional
faulting but does suggest the SANDALTA locale is
structurally intact. A detailed discussion of potential
stress fields is found in Section 5.4.2.

\ The most recent structural events may be
considered -to be unloading due to erosion of upper
Devonian sediments and reloading upon Cretaceous
deposition. | Mild isostatic rebound 1is 1likely to have
occurred upon unloading, however no accompanying strains
were distinguished. Early Cretaceous drainage carved deep
fluvial channels which were subsequently infilled with
uncemented detritus. These features are discussed in
Section 4.2.1.

In  summary, several episodes of uplift,
karstification and subsidence are considered to have
affected large scale structures within the Waterways.

Prairie Evaporite solution is believed to have caused

vertical collapse pipes and overall regional subsidence.
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~ .
gl This may have been accompanied by steep angle brittle
4‘»’&&& '
k% faulting, however there is no current evidence to support
3
%. this mechanism.
FE
vy There is no compressional folding in t he
e

Waterways, however evaporite removal has cregted local

warping and basin structures. Jointing is common and a
result of tensile overstressing wupon uplift. Karst
features are concentrated about intraformational
unconformities and are largely joint controlled.

Significant vertical permeability is Ereated by joints and
.pipes and may be several orders of magnitude greater than

horizontal.
3.6.5 Structural and Stratigraphic Correlations

- L 4
The following general conclusions were drawn from

W - . . g . .
a review of vertical cross sections r:if"uced in Appendix
B. &

1. The Moberly and Christina members display a

=

. high degree of lateral variation in
kithologic echaracter. Vertical textural
variability .is less bronounced. Lateral

3 .

facies continuity was established across
SANDALTA and may be predicted by employing
the marine carbonate mode discussed in

!
Section 3.4. Such contidﬁTﬁz:juggests the

immediate Waterways members are part of a

-
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widespread carbonate system that affected
the entire Western Canadian sedimentary
basin. Local textural variations have been
related to minor climatic fluctuations.
Limestone facies occur throughout the
section whereas the shale facies predominate
below 240 masl in the Christina Member. The
biohermal facies occur only 1in the Moberly
Member above 240 masl.
Several intraformational unconformities have
been identified which suggests that
structural continuity exists across the
lease. These surfaces have been identified
throughout the sequence and correlate over
substantial distances in section. Each
unconformity represents a period in
Paleozoic time that was characterized by
uplift and localized surface karstification.
Devpnian—Cretaceous upaleotopography is
complex with a large amount of relief.
Maximum relief at the SANDALTA lease |is
approximately 100 metres. Early Cretaceous
~ 7
fluvial erosion is considered to contribute
up to 90 metres of this relief. Numerous
wide, deep drainage channels were identified

and.often infilled with unsorted, alluvial

materials such as sands, silts and clays.



Surface karstification and Prairie Evaporite
subsidence are two additional mechanisms
believed to have contributed up to 20 metres
of paleotopographic relief. The overall
paleotopographic character is envisaged as a
rolling, undulating - karst sur face with
numerous deeply incised drainage channels.
Extensive subsurface caverns or voids were
not generally supported.

Intraformational hardground surfaces were
not regionally extensive and could only be
employed irt local stratigraphic
correlations.

No compressional folding or brittle faulting
is apparent at SANDALTA. Stratigraphic
continuity discounts large vertical offsets,
however strike-slip movements would not be
readily detected 1in section. Normal or
thrust dip-slip faulting at a scale greater
than the SANDALTA lease would also not be
detected.

Local collapse pipes are sporadically
located and do not appear to be related to
early Cretaceous drainage channels. That
is, early Cretaceous drainage, although
likely influenced by. paleotopography, does

not appear to be related to Prairie



Evaporite subsidence. There is no evidence

to suggest that a hydrogeologic or

structural relationship exists between the

collapse pipes and early Cretaceous fluvial

drainage. Collapse pipes are randomly
.

located and thought to be a function of

early preferential solution of the Prairte

Evaporite.



4. KARST, EROSION AND WEATHERING FEATURES

4.1 Dissolution Features and Distribution

LN

4.1.1 Aqueous Corrosion

Karst refers to an irregular limestone topography
characterized by sinkholes and caverns, occurring as a
result of carbonate dissolution by chemically active
surface waters (Sweeting, 1972; Jakucs, 1977). The
dissolution process is not a physical process. Physical
erosion and weathering are discussed in Sections 4.2 and
4.3 respectively. Aqueous corrosion or solid dissolution
involves the molecular removal of calcite by one of three

reactions (Jakucs, 1977):

1. carbonate dissolution in pure water

2. hydrocarbonate dissolution in carbon dioxide
enriched waters.

3. carbonate dissolution in other chemical
reagents such as soil acids.

!
Carbonate dissolution is based on the balanced
reaction:

CaCo. ————=— ca?* + co?”

3
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Dissociation of calcite into the constituent calcium and

carbonate ions depends primarily upon pore fluid
chemistry. The reaction occurs only in pure solutions.
Since pure meteoric waters are volumetrically

insignificant, the carbonate dissolution mecﬁanism is not
a dominant corrosional force. Moreover, the reaction
occurs much more slowly 1in pure waters tﬁan in acidic
solutions where the reaction is catalyzed (Jakucs, 1977).
Conversely, hydrocarbonate dissolution is
predominant and widespread. This process is governed by
the equilibrié of dissolved carbon dioxide or the acidity
of the pore fluid. Numerically, the maximum CO,

concentration was given by Mason (1966):

(co,] = (1.9634) L p

where [C02] concentration of co,

p = partial pressure of CO,
L = temperature dependent solubility of
co,

The temperature and pressure dependence of the
reaction is thus apparent, noting that CO, solubility
increases with decreasing temperature. The concentration
also increases with increasing partial pressure in
accordance with Henry's and Boyle's Laws. €O,

concentration is also affected by equilibrium reaction
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time, gas-fluid interface effects, gas turbulence, fluid

agitation and other unquantified parameters.
Hydrocarbonate dissolution occurs in four

distinguishable stages following the creation of carbonic

acid from dissolved CO2 (Jakucs, 1977).

H* + HCO;~

H2CO3

——

The first reaction involves simple calcium

carbonate dissolution:

2-

CaCoOy ———= ca?t + co,

This reaction is accompanied by the association

of carbonate ions (CO32-) with dissociated hydrogen ions
(HY) from the carbonic acid. These two reactions occur
instantaneously. .

+ 2-

The third phase requires minutes to complete and
involves the depletion of local CO,. The fingl phase,
which involves the adsorption of freé‘ Co, from the
atmosphere, generally requires hours or days to
complete. Thus, the corrosive potential of hydrocarbonate

dissolution is dictated by the “aggressivity" of the



infiltrating solvent. This in turn is a function of its
excess dissolved CO,. The solubility of calcium carbonate
therefore increases with increasing acidity or decreasing
pH. At pH values greater than 9.5, the formation fluids
are 5asic and carbonate dissolution predominates (Jakucs,
1977). In general, groundwaters possess a significantly
higher CO, content and thus greater aggressivity than
surface meteoric waters. This 1is due to the higher
partial pressure of CO,, higher temperature and organic
acid content.

The third solution mechanism that may have
affected the Waterways is that of dissolution in other
chemical reagents. Soil acids such as humic, formfc,
acetic, fulvic and oxalic acid are produced by the aerobic
or_ anaerobic decay of floral and faunal remains. They
interact with the solid phase carbonates by direct
chemical exchange which is again controlled by solvent
pH. Some decay processes also contribute to an increased
Co, concentration in the solvent. Inorganic acids such as
nitric, sulphuric and carbonic acié may aiso be produced
by the weafhering of sulphate minerals or other compounds.

Secondary controls on the dissolution process
include 1lithologic character, local rock mass structure,
regional hydrological and hydrogeological effects and the
in-situ state of stress. In particular, a high clay

content may serve to retard karst development by filling



fractures and thus reducing formation permeability.
Similarly, regional structural features such as faults may
retard or accelerate t he dissolution mechanism by
affecting permeability. Formation joints commonly lead to
preferential solution and the development of kluftkarren
(see Section 4.1.2). Likewise, regional hydrogeologic
gradients may influence preferential solution in the
direction of flow. Any one of these factors may be
additionally influenced by a change in the local stress

field due to tectonic or other structural occurrences.

4.1.2 Core-Sized Features

Core-sized solution features include subvertical
pipes or karren and“occasional inclined or subhorizontal
cavities (Platék 4.1). These features are concentrated
beléw erosional unconformities and may be characterized in
terms of their degree of solution or maturity. In
particular, it is proposed that solution features
deve loped about intraformationai ynconformities are
relatively immature. These unconformities represent short
erosiongl periods whereupon uplift, surface exposure and
mild dissolution occurred. The current joint’ system had
likely not developed and surface dissolution is believed
to have been topograbhically and lithologically

controlled. That is, surface relief, clay content and

-

LN
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Plate 4.1: Typical Solution Pipe or KluftKarren

(CH.135)

, Plate 4.2: Paleoresidual Clays with Limestone
Fragments and Sphaerosiderites
(CH.191)
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texture are thought to have had a greater influence upon
karst development than structural influences such as
joints. This effect 1is especially pronounced in the
biohermal limestones of rock type D where high primary
permeability is considered to have accelerated the
dissolution process.

surface pipes may have developed in random
formation fractures, however no predominant joint system
is believed to have yet formed. These immature pipes and
cavities commonly .define an abparent "active zone" within
a few metres of the intraformational unconformity. They
were usually infilled with light green residual clays.
These clays were highly plastic and often contained small
(<1 cm) . chips of microcrystalline limestone and
sphaerosiderites (Plate 4.2). They are believed to be
residual paleosois that originated on the erosional
surface and were subsequently swept into nearby solution
cavities (see Section 4.3.3). Infilling may have served
to further regard karst development. No sand infillings
were observed adjacent to intraformational unconformities.

In contrast, solution features develéped at the
pevonian-Cretaceous unconformity are relatively well
developed. The "active zone" extends to many metres below
the contact and a moderately well develoggd weathering
profile was observed (Plate 4.3). Karst features are

thought - to have been structurally controlled whichAled to
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Plate 4.4: Sand Filled Solution Pipe (CH,143)
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the development of . kluftkarren (Sweeting, 1972).
Kluftkarren are formed by the preferential corrosion of
limestone along fractures. Sinéé Waterways joints are
predominantly subvertical, the resulting kluftkarren are
also considered to be <characteristically subvertical
(Plate 4.1). This is supported by both core and field
observations. Subhorizontal features are less significant
due to the proposed structural control, however outcrop
exposures revealed some bedding controlled cavities (see
Appendix D). In addition, corehole 150 displayed a thick
(approx. 10 m) section of non-marine alluvium at depth,
which may be interpreted to represent a large infilled
subhorizontal cavern‘\.

Pipes near the Devonian-Cretaceous surface also
revealed a high proportion of sand fillings. Again, these
sands were observed both in core and the field where they
were underlain by older, light green residual clays. The
sands are lieved to be Cretaceous deposits which were
subsequently infiltrated with bitumen (Plate 4.4).

in summary, although the Devonian-Cretaceous
karst is considered to be more highly developed than any
of the intra-Devonian surfaces, all Waterways solution
features are considered to be relatively immature.

Core—'ed features were found to be limited to a
shallow active =zone 1less than 5 metres below the

unconfermity. Contacts were commonly highly scoured with
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little or no paleosol. This character reflects a
relatively short-lived, high energy erogional environment
where there was little opportunity for holokarst
development. In Section 4.1.4, the establishment of early
Cretaceous fluvial drainage is considered in relation to

karst development.
4.1.3 Deep-Seated Regional Features

Despite an overall lack of structural information
below 200 masl, several general conclusions may be drawn
from overlying core features. <

Firstly, large scale (>10 m \ai;meter) solution
features appear to be dominated by the removal of the
Middle Devonian Prairie Evaporite Formation. There is no
core evidence to suggest that sglution pipes 1larger thén
10 metres exist within the Waterways. Instead, numerous
collapse breccias were observed (Figure 4.1) and are
considered to represent vertical collap;e pipes or
sinkholes resulting from a loss of Prairie Evaporite
support. They are not thought to represent dolines which
were initiated at the surface and were subsequently
infilled with collapsed sidewall material (Figure 4.1).
All large scale aqueous corrosion is therefore perceived
to have occurred within the Prairie Evaporite. Little

dissolution is thought to have occurred within the
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waterways except at the time of intra-Devonian exposure
and immediately preceding McMurray deposition. The
relative immaturity of surface karst as described in
Section 4.1.4 is compatible with the concept of deep-
seated collapse pipes.

In general, deep-seated collapse features are
mechanically feasible only if the Prairie Evaporite
cavities are larger than a eritical span which is expected
to be a function of the stress state, material features
and depth of overburden. Coates (1981) stated that no
predictive capabilities have been developed to aécount for
vertical "chimneying” of block caving, however Dunn (1982)
has characterized Prairie Evaporite cavities in
Saskatchewan on a scale of 45 metres.. This perception of
collapse cavities 1is incompatible with the large (<400
metre) diameter structures proposed in Section 3.6.4.
punn (1982) envisaged subsidence of the Middle Devonian
Dawson Bay Formation resulting in steepiy dipping beds up
to 65°, but not overturned, abundant steep-angle fractures
and vertical strain features. Tectonism was' not
considered responsible for these deformations:. The
solution of large cavities was addressed by Dunn (1982)
and attribut;d to continual flushing of the formation.
Stress arching is expected to have preceded overstressing
and collapse.

Further support for the probosed collapse
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mechanism may be extracted from the nature of the observed
collapse breccias. They consistently display a lack of
apparent transportation or reworking. Former bedding
planes may be established and the characteristic light
green, surface residual clays are absent (plate 3.10).
These breccias are again distinct from the syndepositional
intraclast breccias of rock type C. The distribution of
disturbed borehole structures is presented in Figure
4.2. Not all breccias are expected to represent deep-
seated collapse pipes.

Finaliy, the presence of small circular lakes as
described by Ozoray (1977) suggests deep-seated
influence. Ozoray (1977) found lakes 1in the Bitumount
area to be deep, circular features with diameters up to
150 metres. They were also arranged along gently curved
lineaments which Ozoray (1877) suggested were influenced
- by the regional morphotectonic pattern. Hackbarth (1978)
also noted the regional alignment of collapse pipes in an
arcuate band extending across northeastern Alberta. This
trend was considered to coincide with the western extent
of Prairie Evaporite solution. Benthin (1973) represented
three episodes of collapse; the pre-tar, post-tar and
modern periods, of whi#th SANDALTA may have been affected
by the latter two only (Figure 4.3). Benthin's (L973)
model is incompatable with the early post-depositioﬁal

solution proposed herein.
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GCRI (1981) have confirmed that Prairie Evaporite
thickness in Township 95, Range 10 is zero in at leasﬁ one
location. This suggests that evaporite solution and
subsidence may be complete. Although no Dboreholes
investigated the Prairie Evaporite at  SANDALTA, if
solution is complete, then no further collapse is
expected.

" The second potential deep-seated structural
feature related to Prairie Evaporite solution is that of
regional faulting. There is presently‘ no corehole or
stratigraphic evideénce to either support ‘or refute this
mechanism, however the subsidence of Upper 6evonian
méterials over a retreating solution edge is expected to
involve considerable brittle deformation. Figure 4.4
depicts two potential faulting ~mechanisms; that of
regional normal faulting and graben faulting. The
potential for Precambrign faulting 1is also reéognized,
however it is not a ébnsequence of Prairie Evaporite
solution.

Graben structures have been proposed primarily on
the basis of trough-like depressions oriented north-south
across the SANDALTA lease. Sections A-A' to C-C' in
Appendix B suggest that this structure 1is an early
Cretaceous fluvial channel and not a massive block
fault. This - explanation is .supported by the -}ack of

disturbed structures below the proposed fault zone and an
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absence of obvious stratigraphic offsets. Furthermore,
the channel correlates well with previously published
drainage patterns, (Stewart, 1963) and exhibits Cretaceous
infill materials that are fluvial in origin. Despite
these features however, the potential for regional graben
faulting cannot be dismissed.

Thus, it is believed that major topographic
depressions are a function of early Cretaceous fluvial
erosion and not deep-seated faulting. Regionally, Prairie
Evaporite solution is considered to be responsible for
substantial subsidence, however there 1is no evidence to
suggest that. the Prairie Evaporite may have been 100
metres thicg at the SANDALTA lease. Subsequently, normal
faulting is the favoured brittle deformation mechanism.

~In summary, deep-seated regional structures‘are
predominated by the solution of the Prairie Evaporite
Formation. Vertical collapse pipes are considered to have
been early manifestations of preferential solution and are
thought to have been mechanically feasible only if
solution cavities wete sufficiently large.

Collapse breccias were distinguished from
syndepositional intraclast breccias and shallow collapse
dolines. There 1is no core evidence to support the
existence of very large (>10 m) subhorizontal caverns or
liquid-filled cavities.

Regional graben faulting is also considered,
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however normal faulting 1is thought to have been more
likely. There is no stratigraphic or structural evidence
in the shallow core at SANDALTA to confirm either of these

brittle faulting mechanisms.
4.1.4 Karst Morphogenetics
Jakucs (1977) defined karst morphogenetics as the

science of the origin of karst . forms,. Such forms were

considered to be a function of eight primary influences:

1. lithologic variance

2. climatic variance

3. hydrogeologic variance
4. tectonic variance

5. topographic variance
6. biological variance

7. chemical variance

8. time

Although each of these controls affected karst
development | at SANDALTA, lithologic, climatic and
hydrogeologic variances are considered to have had whe
greatest influence.

i Sweeting (1972) stated thét the essence of the

karst process is the sinking and circulation of surface

water underground. The absence of surface water |is
»
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diagnostic and, 1in the strictest sense, no soils or
drainage streams may exist. No traditional erosional
mechanisms are recognized. The purest form of karst is
holokarst. The development of holokarst requires a clean,
massive limestone’ with vertical hydraulic conductivity
(usually joints) and the exisﬁence of a regional climate
with adequate precipitation.$ﬂ Under such conditions,
karstification is slow and imperceptible, but leads to the
development of characteristic solution features such as
dolines and karren.

N ‘Dqlfnes are closed hollows or depressions that
Comptﬁlg“""t;'ne fundamental unit of a karst terrain. They
may be bowl-shaped, funnel-shaped or well-shaped, but
generally develop 1in surface lows where precipitation
runoff collects. Collapse dolines are also dePined and
are characterized by steep, cliff-like walls and a high
depth to diameter ratio (Sweeting, 1972).

Karren are small scale features. Kluftkarren are
joint controlled pipes at a scale of a few centimetres to
4 metres. They commonly develop into deep, cleft-like
ruts that are oriented parallel to the dominant joint
system.

Williams +(1980) characterized karsting in the
,Waterways in terms of three features:

1. regular subsidence

2, massive collapse
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3. cone karst (fossil buried karst)

Williams' (1980) regular subsidence referred to
Prairie Evaporite solution and subsequent regional
settlement. Massive collapse referred to the development
of collapse holes or pipes as they are referred to in the
present study. Williams (1980) envisaged these holes to
be as large as 15 km in diameter. The present author
considers them to be characteristically less than 400 m in
diameter (Figure 4.1). |

williams®' (1980) buried cone karst referred to
the development of dolines and Rérréhx on the ancient
erosional surface. He noted that the extent of this karst
was unknown but th;t isolated outcrop examples revealed
small scale solution features. Williams (1980) speculated
that the absence of other karst features, such as caves,
may be related to the origin of the karst which was
considered to be a tropical karst.

Based on tpe six karst categories defined by
Sweeting (1972), . the present author considers the
Devonian—-Cretaceous karst. to have been a fluviokarst.
Intraformational karst appears to have been holokarstic
while the solution of the Prairie Evaporite Formation is
strictly a buried karst. e

Sweeting (1972) described fluviokarst as a karst
regfon cut by allogenic rivers where there was less

opportunity for the development of deep circulation.
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Under such cifcumstances, surface drainage predominates
RN

and springg, river valleys and gorges are common. Caving

may occur at the junction of limestone with impermeable

beds. Solution is usually most intense near the valleys

due to increased runoff. The area between valleys is
unhindered and characteristically holokarstic. All of

[ .\

these features characterize the Waterways with the
exception of caves. 'Moreover, the apparent low degree of
Devonian-Cretaceous karst development is compatible with a
~

fluviokarst environment %here there was less opportunity
for extensive corrosion. v\ oy

In constrast,.intréformational surfaces were. not
likely fluviokarstic but rather holokarstic. Holokarst is
pure karst that 1is not influenced by surface drainage
channels. The short-lived intraformaﬁional erosional
periods are not considered to havé\inclﬁded significant
deviations from the shallaw ma;ige subenvironment.
Surface karstification was likely controliéd by 1local
topography. Both intraformational - holoﬁarst and

Devonian-Cretaceous fluviokarst are considered 'currently

inactive. Alternatively, the buried karst of the Prairie

Evaporite Formation is_likely active. Local saline

(4 s
springs originating in the Middle Devonian have been

documented by Ozoray, Hackbarth and Lytviak (1980). The
hydrogeologic regimes of all three karst systéms are

distinct and independent (see Hackbarth, 1978).
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In summary, three distinct karst classes may be

. ;J:
recognized in the Middle “and Upper Devonian sequence.

Prairie Evaporite solution is unquestionably a buried

karst whereas intraformational and Devonian-Cretaceous

karsts are holokarstic and fluviokarstic respectively.

e

{ ~

\
4.2 Erosional Features and Distribution
4.2.1 Cretaceous Drainage Channels

Mossop (1978) .stated that the present Devonian

surface was "characterized 'y considerable topographic

differentiation”. This was attributed to three factors:

1. normal physiographic sculpting; responsible
for approximately 30 metres of relief .
2. warping of ;he Devonian strata 1in response
4 to differential evaporite solution;

responsible for up to 20 metres of relief
3. local karst development; sinkholes may be

tens of metres deep

The present study confirms these three mechanisms
but adds that relief. due to "normal physiographic

sculpting™ is at least 90 metres in the SANDALTA locale.

In addition, local karst development is distinguished from

deep-seated collapse pipes or sinkholes as described in
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.
Section 4.1.3. Relief due to local karst development is
considered negligible relative to collapse subsidence and
erosion, warping 1is a more regional consequence of
evaporite solution. Mossop (1978) concluded that the
irregular topography of the Devonian surface may render
construction at the base of the McMurray very difficult.
High resolution resistivity mapping was considered more
promising than seismic. methods in delineating surface
detail. |

According to Rudkin (1964), early Cretaceous time
was characterized by an overall subsidence of the interior
plains of North America.‘ '  the Athabasca region, this
permitted transgression of tnhe northern Boreal Sea. The
resulting'transient fluv;odeltaic environment was thought
to have been a relatively high energy system. This system
was ultimately responsible for the deposition of the
mature quartz sands of the McMurFay Formation. Preceding
~this event- however, was an extensive net erosional hiatus
of approximately 250—300 million yéa?s. Late Paleozoic
and early Mesozoic sediments were deposited, however were
ultimately eroded prior to Early Cretaceous t iMe (Mossop,
1980).

It is generally accepted (Stelck, 1975) that
Precambfian tectonic divisions exercise géographic control

on the distribution of Cretaceous sands throughout Western

Canada. Stewart (1963) attributed ridges on the Devonian
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unconformity to block faulting in the Precambrian
basement, however no direct evidence was provided. A
northwesterly draining dendritic pattern was mapped
(Figure 4.5) and reflected the structural ridge control of
early Cretaceous drainage.

Martin and Jamin (1963) also considered
paleodrainage and emphasized a highly dissected
topopgraphy throughout the McMurray region. They quoted
slopes as high as 360 feet per mile (68 m/km) and
identified two major strike ridges. These ridges were
thought to be erosion-resistant .lithologies which were
crosscut and offset by a major north-northeasterly
striking fault (Figure 2.3). Two major drainage systems
were thus defined, draining northward and southward of a
central cuesta bridge in Townships 89 to 91. Drainage
direction at the SANDALTA lease was therefore northerly.
Secondary fault or fracture control was also identified
and gave rise to the development of accompanying obsegquent
and resequent streams. Martin and Jamin (1963) further
characterized these streams as narfow,/ closely spaced
(ave. 13 km) and wide, widely spaced (ave. 47 km) streams
respectively.

Although little is known of the character of the
Devonian surface immediately preceding early Cretaceous
erosion, the predominance of fluvial scouring at SANDALTA

is readily identified in Sections A-A' to C-C', Appendix
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B. These sections display scour channels up to 90 metres
deep which are not wunderlain by disturbed. or slumped
materials. Moreover, these depressions are continuous in
plan and are commonly infilled with unsorted alluvium.
They are not considered to represent solution collapse
features, local warping or graben structures.

Figure 4.6 also illustrates that at SANDALTA, all
channels align north-south | and. do not meander
significantly. One deep continuous channel occupies the
eastern half of the lease and appears to separate into two
distinct subchannels in the southeastern corner. This
tributary pattern suggests a northward paleocurrent
direction. The primary channel is up to 90 metres deep
and 3-4 kilometres wide. This does not imply that the
occupying river was of equivalent dimensions. The
non-meandering or youthful state of the channel |is
consistent with its proposed high energy character. There
is no evidence of valley rebound strains due to unloading.

Three additional minor channels were located in
the western half of the lease. Again, these channels are
oriented north-south with a northerly paleocurrent
direction. Their depth does not exceed 30 metres and they
are approximately 1500 metres wide. Several potential
channel remnants were located at other locations however
they did not correlate well in plan and thus may only

represent discontinuous pre-Cretaceous lows.
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4.2.2 Alluvial Materials

Mossop (1978) also categorized the nature of
basal McMurray materials and defined two basic

lithologies:

1. poorly sorted <coarse grained sands and
gravels
2. fine grained organic shales, silts and

lignite coals

3

These materials had previously been described by
Carrigy (1963, 1966, 1973), James and Oliver (1978) and
Dusseault and Morgenstern (1978) . Mossop (1978)
emphasized that these materials were not present in most
locations and that the bitumen saturated McMurray sands
commonly lay directly on the scoured limestone surface.
4dn general, only the fine-grained alluvium was
observed during the present study. These materials were
“characteristically dark brown to black, fine-grained
sands, silts and clays with a high organic content (Plate
3.14). They are readily distinguiéhed from the 1light
green, plastic silty clays that characterize the immediate
Paleozoic surface and solution pipe infillings. These
latter materials are considered to be reworked Devonian

micrites or paleosols (Plate 4.2). The basal McMurray
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alluvium varied 1in thickness up to 15 m and commonly
infilled Devonian topographic 1lows or fluvial <channel

flanks. Minor bedding was occasionally observed.

Dusseault and Morgenstern (1978) described the engineering -

properties and behaviour of these materials 1in detail.
They are distinguished from paleores}dual materials on the
basis of clay mineralogy in Section 4.3.3.

Although coarse grained sands and gravels were
not observed in the study core,ﬁthey are believed to exist
and may form thin, sinuous deposits at the base of various
early Cretaceous . channels. Regional transgression
following downcutting is considered to have resulted in

low energy flooding thereby favouring fine-grained

deposition.
4.3 Weathering Features and Distribution
4.3.1 General

Williams (1980) observed a wide range in the
degree of weathering throughout the Waterways; from
faintly to extremely weathered. He noted that in outcrop,
weathering commenced along bedding . and joint
discontinuities and progressed inward toward intaét rock.

During the present core study, the majorit% of

weathering features were observed about the various
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intraformational unconformities. Discoloration and a mild
loss of texture were observed (Plate 4.3) however this
rarely extended beyond 1 metre below the unconformity.
Such features represent short-lived periods of exposure
during Devonian time and should be distinguished from the
post-Devonian features observed 1in outcrop and at the
Devonian-Cretaceous unconformity.

In general then, paleoweathering 1is relatively
poorly developed. No core examples of extremely weathered
fractures were observed and the development of residual
paleosols is not ubiguitous. In contrast, outcrop
exposures displayed a moderate to highly weathered
character. Differential weathering was the most obvious
feature and was pronounced 1in the marbly argillaéeous
lithologies where it led to a distinct nodular texture and
rubbly talus. This texture 1is a éonsequence of the
difference in degradation rates of the micritic and
calcitic components of the rock mass. Field examination
revealed that the argillaceous or micritic component was
more susceptible and that the nodules are composed of
hard, microcrystalline calcium carbonate with little or no
micrite., This obsgrvation suggests that chemical
degradation of the micritic component dominates Waterways
weathering. The calcareous cement that binds individual
particles is chemically unstable in ﬁhe low pH and high Eh

conditions of the terrestrial atmosphere. Bonds are
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dissolved resulting in an overall 1loss of strength and
rigidity. This reduction is expected to be greatest in
the more argillaceous 1lithologies. An accompanying
reduction in the elastic modulus and an increased
susceptibility to physical weathering are also expected.
Physical processes such as rain, wind and freeze-thaw

cycles are of secondary importance.

In summary, a low degree of weathering
characterizes the Waterways at depth. Solution and
erosional properties were the predominant
post-depositional occurrences. In general,

paleoweathering wxs™ limited to slight discoloration and
loss of texture about fractures, It 1is concentrated
immediately below intraformational unconformities.
Differential weathering is well developed 1in surface
outcrop primarily due to the susceptibijlity of the
calcareous argillaceous matrix. Weathering is expected to
contribute to an overall decrease in rock mass rigidity

and strength,

4.3.2 Bitumen Infiltration

Williams (1980) thought that bitumen occurred in
the Waterways as a cdating or rock wall stain in joints.
This observation was made however, on outcrop samples that

had been influenced by stress relief, drainage and. water
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washing. The present study rg;eals that at depth, bitumen
occurs more commonly as a fracture infilling or pore fluid
than as a residue or coating. '

The maximum depth of infiltration observed was
approximately 60 metres below the Devongan-Cretaceous
unconformity. Below this depth, an increase in both
confining stress and argillaceous content are thought to
have ;estricted infiltration. Virtually all staining or
infilling was observed in subvertical joint and boudi ;ge
fractures with the exception of occasional sandy solution
pipe infillings. This feature has direct imélications for
the state of stress as discussed in Secfion 5.4.2.
Although these fractures do contain small volumetric
quantities of bitumen, the author considers the Waterways
to be an unlikely source for the McMurray bitumen. Link
(1951) and others have proposed a Devonian source, however
the present author finds no supéort for such a
hypothesis. Infiltfation is apparently absent 60 m beyond
the unconformity and there is no evidence of a major
source rock, Biohermal wunits are generally small
localized structures restricted to the Upper Moberly
member. ‘,

The 1infilling of formation joints with bitumen
has at least four influences as suggested by Williams
(1980) : |

1. lubrication of joints.and fractures

i
i

145



2. protective cushioning of asperities during
shear

3. retardation of the weathering and solution
processes

4. reduction of effective normal stress

Of these four effects, the latter two are
considered to be of greatest overall conseguence. The
presence of bitumen in formation fractures has undoubtedly
caused a substantial decrease 1in vertical permeability
since infiltragion. This in turn, 1is likely to have
retarded the development of buried karst from percolating
grogndwaters. This influence may be mitigated if enhanced
recovery injections mobilizes the bitumen.
Intraformational karst features are not thought to have
been affected by bitumen infiltréﬁion because they formed
prior to Middle Cretaceous time. Mossop (1980) considered
this to be the time of bitumen migration into the McMurray
Formation. Surface weathering may also have been retarded
by bitumen staining in formation fractures.

The reduction éf effective normal stresses,
although not a weathering concern, is a consequence of
bitumen infiltration, In an undrained state, MAISP fluid
injections may induce substantial pore fluid pressures

which in turn reduce normal effective stresses, The

effect of this occurrence is a destabilization of the rock

~
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mass as the overall shearing resistance along fractures is
decreased. The 1lubrication of joints and the cushioning
of asperities as described by Williams (1980) are
considered to be minor effects. They do not contribute to
a state of instability but may influence deformations once
yielding has commenced.

Other fracture infillings were observed but were
limited to recrystallized calcite and miner weathered
clays. No rock flour or gouge materials were observed,
but may be present in steep 4ngle shear zones associated

with collapse pipes or regional faults.
4.3.3 Paleosols

Dusseault (1977) completed x-ray diffraction
tests on basal McMurray materials and revealed a strong
illitic and kaolinitic predominance in the clay mineralogy
with minor vermiculite and mixed layer clays. The absence
of smectitic or chloritic species was interpreted to be a
function of the non-diagenetic provenance of the basal
materials. Dusseault (1977) alsb suggested that the
illite-kaolinite predominance was due to weathering of
paleosurficial materials prior to Lower Cretaceous
transgression. Expected residual strehgth values of
¢ = 8°-14° were also reported based upon index tests such

as Atterberg limits and activity.
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Dusseault and Scafe (1979) later dated the basal
materials as early Middle Albian (Cretaceous) and noted
the presence of weathered paleosols on local Devonian
highs. Although these authors alluded to the mutual
exclusivity of the reworked paleosolsé§and basal Cretaceous
clays, the two materials were not differentiated on the
basis of any test properties or measureable
characteristics.

The present study proposes that the two deposits
are gemetically unrelated and attempts to provide this
distinction on the basis of <clay mineralogy. In
particular, the 1light green plastic clays found on the
Devonian surface are thought to be the result of
paleogeomorphological controls which were independent of
early Cretaceous influences. Those materials examined by
Dusseault (1977) were of Cretaceous age and thought to be
unsorted fluviél drainage deposits. They are not residual
Devonian paleosols. In order to establish thi;
distinction, x-ray diffraction tests of 14 samples were
conducted (see Appendix C). Althéugh the results of this
small number of samples were not conclusive, the following
observations were made:

1. light green residual clays retrieved from

the Cretaceous-Devonian contact were 80%-90%
illite, 10%-15% kaolinite and leés than 5%

chlorite. No smectites were identi{ied,



however one sample displayed trace
quantities of mixed layer clays or
vermiculite (see Figure 4.7).

black or dark brown basal Cretaceous clays
were 35%-80% illite, 20%-60% kaolinite and
less than 5% chlorite. Again, one sample
displayed trace quantities of mixed layer
smectites or vermiculite.

grey, calcareous micrite retrieved from the

argillaceous limestones of the Moberly

member were 70%-80% illite, 15%8-25%
kaclinite and approx. 5% <chlorite. No
smectites or mixed layer clays were

identified.

olive, marine shales retrieved .from depth
within the Christina member were also 70%-
80% illite, 15%-25% kaolinite and less than
5% chlorite. No sméctites or mixed 1ayef

clays were identified.

Based on these observations (see Figure 4.7), the

following conclusions have been drawn:

1.

As- expected, the grey limestone micrites and
olive calcareous shales possess sigilar clay
mineralogies. This finding suggests they

share a common sediment Source and provides

'
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baseline data upon which comparisons may be
made with the residual and basal Cretaceous
deposits. - The illitic predominance of these
marine deposits was predicted by Mason
(1966) who stated that the high potassium
and magnesium cofitents of seawater bromotes
the alteration of montmorillonite to illite
or ‘'chlorite. - Furthermore, diagenesis
pr s the formation of illite and
ch(;)'!e and the disappearance of kaolinite
and montﬁorillonite. The relatively high
kaolinite concentrations found in test
samples may subsequently be interpreted to
represent relative sediment immaturity and
an absence of diagenetic processes. This is
consistent with the lack of other diagenetic
or metasomatic features throughout the
Moberly and Christina members.

‘The: light green residual clays are similar
in minera}ogy to both the limestone micrites
and calcareous shales. " They appear to
poisess slighFly higher illite and lower
kaolinite contents, however the number of
samples chosen for testing was insufficient
to prepare a statistical analysis. The

similarity in mineralogy does however
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reworked

Thus,

Cretaceous

support their propo#ed reworked Devonian
origin,

Basal Cretaceous alluvium displayed slightly
higher kaolinite contents than any of the
Devonian age materials. Again statistical
analyses were not appropriate, however one
sample did display approximately 60%
kaolinite content, This anomalous result
supports a continéntal weathered origin as
opposed to the marine genesis of the
micrites and calcareous shales. Additional
vermiculite or mixed-layer clays were also
identified which were not observed in the
calcareous shales or limestone micrites.

The absence of significant amounts of
chloritic or smectitic species confirms the
lack of’ diagenetic processes since

deposition.

although these results may only be

considered preliminary, the presence of anomalous clay

mineralogies in the basal McMurray materials suggests that

P

-

age alluvium may be differentiated from
Devonian residuals. Clay mineralogy is
considered to be an fective criterion by which these

152



materials may be distinguished and further statistical
studies are warranted. In conjunction with other
geological features such as lignite content, bedding and
heavy mineral content, these materials should be readily
distinguished.

In summary, paleosols are reworked Devonian
micrites or silty clays that display a homogeneous,
plastic character. They are commonly sideritic and
possess a unique 1light green ferrous colour. The
paleosols are highly illitic and éommonly infill surface
karren or solution pipes. They form a thin mantle atop
the immediate limestone surface and are usually overlain

by -unsorted Cretaceous alluvial clays, silts and sands.
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5. GEOTECHNICAL CONCERNS

5.1 General

Geotechnical interest in the Waterways Formation
is primarily concerned with the response of rock mass
strength, deformability and permeability to imposed
changes in the in-situ stress field. Such changes may be
due to open pit mine excavation, tunnelling or thermal
alteration of the limestone due to steam injection. This
chapter reviews rock mass properties and assesses the
influence of the preceding geological features upon open

pit and mine assisted in-situ recovery projects.

5.2 Rock Quality Assessment

5.2.1 Intact Rock Properties

Williams (1980) completed extensive property ang@
behavioural tests on both intact rock and rock mass
discontinuities and concluded that discontinuities become
the overriding concern for the strong intact rocks. Both
discontinuities and intact strength were considered
important for the argillaceous lithologies. Index
properties such as specific gravity, mineralogy and clay-

carbonate content were evaluated and supplemented with

154



1Y

geotechnical test data including uniaxial compressive
strength, uniaxial tensile strength, triaxial compressive
strength, deformability and various toughness, hardness
and durability ‘indices. Mechanical properties of the
intact rock are summarized in Figure 5.1. The salient

observations are reproduced below:

1. Measured clay contents substantiated visual
estimates. Test values ranged from less
than 5% in the massive crystalline

limestones to (reater than 50% in the
nodular and finely interbedded lithologies.

2. Measured porosity values were very low (<1%)
and specific gravity for all lithologies
averaged 2.572.6.

3. Ultrasonic pP-wave velocities were
significantly lower in the more argillaceous
lithofacies. Recorded values ranged from
2970 to 5600 m/sec indicating a moderately
well cemented, continuous rock mass.

4. Unconfined uniaxial compression tests
revealed a general decrease in strength with
increasing clay content. Thus, the massive
crystalline limestones displayed the
greatest uniaxial compressive strength while
the nodular and interbedded lithologies were

generally weaker.
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Tensile strength parallel to bedding
exceeded that perpendicular to bedding. In
addition, fully saturated samples displayed
a significantly lower tensile strength than
dry samples.

Mohr envglopes dérived f rom triaxial
compression tests revealed that massive
crystalline limestone had the highest
strength of all 1lithologies at all stress
levels. Biolithic 1limestone displayed a
higher strength than aphanitic limestone at
low stress levels, howevef both were
characterized by concave downward envelopes
which suggest strain weakening. Maximum
axial strain at failure for the biolithic
and aphanitic 1lithologies was less than
1%. Cohesion intercepts of 10-20 Mpa were
also recorded. Due to their heterogeneous
textural character, the nodular limestones
yielded highly variable test results and
poorly defined Mohr envelopes.

Double shear tests yielded cohesive

intercepts similar to those determined from

triaxial testing. Again, cohesion parallel

to bedding exceeded that perpendicular to

bedding. Absolute values ranged from 8 to
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17 Mpa.

Young's moduius (E) and Poisson's ratio (v)
were calculated from unconfined wuniaxial
compression tests at low stress levels.
Disseminated argillaceous limestone
displayed Young's moduli in the 11,000 Mpa
range and Poisson's ratios of approximately
0.06 at low axial stress and 0.15 at 50% of
the ultimate uniaxial load. Williams (1980)
attributed the low Poisson's ratios to clay
content which permits axial compression
without significant lateral expansion.
Biolithic limestones exhibited greater
stiffness and Poissén's ratios. Test values
were 45,000 Mpa and 0.24 respectively. The
deformability of nodular limestone was
determined at 50% of ultimate. A Young's
modulus of 23,650 Mpa and a Poisson's ratio

of 0.13 were recorded. Williams (1980)

“emphasized that the nodular limestones

displayed inhomogeneous strains and that

measured deformation moduli may therefore be
unrepresentative.

Creep testing on aphanitic limeétone
revealed insignificant time-dependent

behaviour.
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10. The results of point 1load and impact
toughness tests agreed with other
analyses. The massive crystalline
limestones displayed the greatest hardness
and toughness, whereas the argillaceous
lithologied were comparatively weak and
susceptible to weathering.

11. Slake durability of the aphanitic limestones

is medium high (85%). Nodular lithologiesx

displayed slake durabilities in excess of
90%. Calcareous shales and weathered
limestones exhibited subsgantially lower
slake durabilities. )

12. Free swelling tests revealed axial swell of
less than 2% in the argillaceous
limestones, Shale swell tests measured
axial swell to 9%. Confined swelling tests

on shale generated swelling pressures less

than 10 kpa.

In summary, most intact Waterways lithologies are
stiff and strong. They are characterized by low primary
porosities and variable clay contents. Both tensile and
compressive strengths are anisotropic and dependent upon

clay'content. stiffness and toughness are also a function
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of clay content, decreasing 'with increasing argillaceous
‘)
content.

¢

5.2.2 Structural Discontinuities

Although intact rock properties yield significant
behavioural information, secondary structural
discontinuites are expected to dominate overall rock mass
behaviour. Williams (1980) determined shear strength on
both bedding discontinuities and formation fractures. Dry
and drained direct shear tests on bedding planes ‘yielded
peak friction angles of 54°-65° for argillaceous and
massive~ crystalline limestones. The argillaceous
lithologies displayed the lower resistancé. Post-peak
angles ranged from 36° to 52°. Drained tests revealed
substantial reductions in the friction angle. Peak
drained values ranged from 34° to 52°. Normal lgads for
all tests ranged from 17-600 Kpa.

Ssimilar direct shear tests were conducted on

joint discontinuities perpendicular to the Dbedding

plane. These surfaces had not been presheared. Williams
(1980) repbrted drained peak friction angles from 61°-75°
for the ergillaceo!t and massive crystalline limestones.
Post-peak angles pf 25°-54° were also reported. Normal
stresses ranged from 20-900 K?a (Figugg 5.1). Williams

» .
(1980) also suggested that the presence of bitumen

) .
S

. 4
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coatings on joint surfaces contributed to a very low
apparent cohesion. See Section 4.3.2 regarding bitumen
infiltration. williams (1980) also recorded moderate to
extreme joint roughness indices, however was unable to
correlate them to effective shearing angle. These
observations were made from surface outcrop and contrast
the planar to wavy character noted during the present
study. It is expected that waterwashing of surface
fractures has exaggerated observed joint asperities.
Lower roughnessrindices may be expected at depth.

Joint orienf&tion in the waterways is thought to
be independent of lithologic character or stratigraphy.
Jointing is a conseqguence of tensile overstressing due to
regional uplift and thus the predominant sets are parallel
and perpendicular to the strike direction of the uplift.
Babcock (1975) identified a poorly defined NE-SW/NW-SE
secondary system, however Williams (1980) concluded:
"there is no certainty that these features represent a
joint set". The present author observed only random
fractures iﬁ addition to the dominant joint sets in local
outcrop (Appendix D). These random fractures are believed
to be due to stress relief or surfaée weathering., They
are not thought to represent a major structural occurrence
and are not considered to comprisé a readily identifiable
secondary joint system.

Joints of the predominant system are orthogonal
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and subvertical. They rarely <cross two distinct
lithologies and are spaced according to the thickness and
stiffness of the various 1lithologic wunits. Williams
(1980) reported the highest joint density of 0.6544 m in
the massive c;ystalline limestone. Spacings up to several
metres were recorded in thicker units.

In summary, the author distinguishes between
joint features observed at the surface and those
encountered at depth. Surface joints are rough,
discontinuous and closely spaced. Buried joints are
likely to Dbe less rough, more widely spaced and
bitumen-filled. These differences are attributed to the

stress relief and weathering of surface outcrop.
5.2.3 Empirical Classification

Among widély accepted éas%ri%al rock mass
classification systems are those proposed by Terzéghi
(1946), Deere (1964), Lauffer (1958), Wickham, Tiedemann
an'Skinner (1972), 'Bieniawski (1974, 1976) and Barton,
Lien and Lunde (1974). ' Two of these systems have been

;éélected to assess the Waterways Formation. Detailed
information on the CSIR Rock Mass Rating (RMR) system and
the Norwegian Geotechnical Institute (NGI) O systemAcan be
obtained from Bieniawsk?‘(1974, 1976) and Barton et al.

o/
(1974) respectively. Although both of these systems have
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limitations, they are believed to be the most modern and
comprehensive classifications available.

Both systems rely heavily wupon an accurate
. .
assessment of geological structure and require a

significant amount of qualitative judgement. Neither

system accounts for excavation shape or the localized

disturbance caused by construction blasting. Although
botﬁ systems incorporate groundwater inflow terms, neither
accounts for hydraulic head or pore pressure. Inflow
volumes per unit length are employed and do not represent
a measuré of hydraulic pressure. The NGI-Q system is
however, more sensitive to groundwater inflow than the
CSIR-RMR.

The CSIR-RMR parameter 1is not directly sensitive
to stress conditions, however both rock mass strength and
the groundwater inflow terms are stress level dependent.

Discontinuity infillings and roughness may be affected at

high stress levels, however neither is a direct measure of

-
.

a change in the stress field. Thé RMR is also insensitive
to excavation dimension.
Th NGI-Q parameter is directly sensitive to

s%ress conditions via the stress reduction factor (SRF) .

Similarly, the joint set number, joint alteration and

roughness numbers and water reduction factor may all be
indirectly gffected by stress level.

In sﬁmmary, the CSIR-RMR system emphasizes



structural considerations and orientation. It does not
account for stress‘state, excavation dimension or shape.
The NGI-O system does account for the stress field, but
neglects joint orientation. Both systems adequately
assess discontinuity properties but neither accounts for
pore fluid pressures.

Figure 5.2 summarizes the classifications
completed for five Waterways lithologies. It is
recognized that rock quality (ROS% parameters recorded
during the core study may be unrepresentative. High
fracture densities were characteristic and thought to be
partially due to Qriﬂidng .and handlipg " procedures.
Moreover, vertical discontinuities could not be assessed
from vertically oriénted core. The author . §herefore
estimated ROD values tg be employed in the$ empificél

¢
classifications. Groundwater effects and stress
conditions were valso esgﬁpated. Favourable joint
orien%ations were assumed for calculétion purposes and all
) .

joingyroughness, spacing and';1teration data were derived
- from core or outcrop observétions. Both he most
undesirable and most desirable’conditions were as umed for
each lithology to provide realistic upper and lower bounds
to rock mass quality. A re§iew of Figare 5.2 reveals the
following general observatidns.

Firstly, the CSIR RMR-system consistently rated

all rock types slightly higher in gfiality than the NGI

L4
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O-system. Although both systems rate the various
lithologies from very poo} to good, the RMR rock quality
classes ranhge only from poor to good. Clearly, the
O-system is very sensitive to the stress reduction factor
(SRF) which attempts to account for the state of stress
and tunnelling égnditions. All "very poor" ratings were
obtained by employing high SRF factors appropriate for
heavily jointed rock. More modest SRF. values yield higher
O values and thus more favourable quality classifications.

Secondly, both systems empnasize the reduction in

rock mass quality associated with higher fracture

densities. Fracture characteristics and orientation

exercise less influence than the spacing of joints because

spacings are actually incorporated twice by virtue of ROD
values. As previously discussed, the.gRF factors and thus
O, are. highly sensitive to joint density. Groundwater
facgors afe also influenced by joint spacings.

Thirdly, neither system is capable of accounting
for random solution features or sinkholes. Such
structures represent disturbed maﬁe;ials that may exhibit
post-peak strength behaviour or .local instability.
Neither the Q nor RMR system acéounts for such random

occurrences, Both are ineffective in providing

-appfopriate design recommendations. The occurrence of

collapse preccias underground should be avoided by

employing-detailed site investigations, however if such
v ‘ : N )

. .
“ . i
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conditions are encountered unexpectantly, the construction
program must have the flexibility to undertake additional
support or stabilization requirements.

In summary, both the CSIR and NGI rock mass
Classificatio6s affix poor to good quality ratings on the
Christin% and Moberly Members. The ratings were based
upon the author's interpretation of in-situ conditions and
may be updated as further data is acquired from
underground excavations. Neither system adequately
accounts for regional solution or erosional features, but
both diéplay the overall sensitivity of rock quality
rating to joint fracture density. The CSIR-RMR system
provides a more favourable rating for all lithologies but
does not account for stress conditions as in the NGI
stress reduction factor. The selection of SRF is largely
subjective and requires considerable engineering

experience. Support recommendations were not compared.

5.2.4 Empirical Failure Criterion
)
Hoek and Brown (1980) recently pfbposed an
empirical failure criterion for rock that relates the

principal stresses at failure by the following equation:

= g, + Yfmo.o, + So

%1 3 c%3 C
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where o, = major principal stress
oy = minor principal stress
oc = uniaxial compressive strength of the intact
rock
m,s = empirical constants which depend upon the rock

properties and degree of breakage

The parameters m and s are dimensionless strength
parameters. m varies with rock type, the angle of
interparticle friction and the degree of particle
interlocking within' the rock mass. m decreases as the
degree of prior fracturing increases and 1is generally
obtained by curve-fitting triaxial test data. The s
parameter depends on the interparticle tensile strength
and the degree of particle interlocking. For intact rock,

s=1 and m is given by Equation 5.1.

.y - Xxi Eyi
mo= 11 2 (5.1)
C 2 (Ix.)
1,
Ix, = —m
i . n
where on = uxiaxial compressive strength

Xjr,Y{ = svuccessive triaxial test data pairs

n = number of (x;, y;) data pairs
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For broken or heavily jointed rock, m may be
determined as in Equation 5.1 and the S parameter 1is given

by Equation 5.2.

1) (5.2)

For highly broken or brecciated rock, S may be
assumed to be zero. :

The normal and shear stresses acting on a plane
inclined at 8 degrees to the major principal stress

direction may also be expressed in terms of the principal
= NG

stresses.

~
]

L (o, - oy) sin 28 . (5.3)

o = 1 (o) + o3) - 1 (o - o3) COS 28 (5.4)

e

-

In general, this criterion is applicable only in
the "brittle zone" as defined by Mogi (1972) where o; >
4.1 o3 (Figure 5.3). Within this zone, a Mohr envelope
may be empirically -determined that governs the expected
rock mass behaviour (Figure 5.4). As expected, these rock

mass envelopes are smaller than those prepared by Williams
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(Intact Rock) (Rock Mass)
Triaxial Test Data Empirical Failure Criterion
o) (Mpa) xj=oz(Mpa) °l(Mpa)  oy(Mpa)

99.2 ' 3.5 n-8 82.22 0

102.2 7.7 Ixj = 111 115.30 10
115.7 8.8 Iy = 123472.49 159.18 20
125.5 10.5 Ix;% = 1971.28 278.83 40
148.6 14.8 (1x;)% = 12321.0 271.16 60
155.5 17.4 Ixjy; = 1984903.53 319.17 80
171.1 27.6 oo = 130 Mps (intact) 407.1 120
172.9 20.7

Ix; = 111 .°. M= 4.85, S = 0.40
Hoek &

Brown failure criteria (rock mass)

q

6, = o, + (630.5 (o,) + 6760) Y2

1 3 ) 3

NOTE: All Eriaxial data derived from Williams (1980) for
saturated aphanitic limestone. o0, oriented
perpendicular to ,bedding. All samples loaded-at
1 0.102 mm/min strain rate and all failed at less than
0.5% axial strain *

Figure 5.5: Hoek and ‘Brown (1980) Empirical Failure

Criteria .

.
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(1980) for the intact rock.

The m and s parameters derived in Figure 5.5 are
baéed upon Williams (1980) triaxial test data and are
slightly higher than the generalized parameters proposed
by Hoek and Brown (1980). This indicates a better quality
rock mass than the predicted norm. The calculated
parameters also compare favourably with the O and RMR rock

mass classifications as suggested by Hoek and Brown(1980)

and prepared in Section 5.2.3.
5.3 Surface Mining Projects

5.3.1 General Concerns

Considerable experience in open pit mining of’
oilsand has been gained through two decades of commercial
_ production at the SUNCOR and SYNCRUDE sites. As a result,
there is a substantial body of knowledgé concerning the

geotechnical problemns associated with mine development.
@

»
In particular, all major geotechnical problems associated

a

with mine development may be related to one of the
i

following general areas of study:
’ 1. ore body properties ‘and behaviour
2. by-product properties ‘Rd behaviour

3. J hydrogeolégy

4. mine floor trafficability and general
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bearing capacity

5. open pit highwall stability.

Although each of these areas is of great
geotechnical concern, clearly only the latter three are

influenced by Devonian features or behaviour.

]

Hydrogeological concerns are concentrated about
the presence of an vupward hydraulic gradient throughout
the Devoni;n rand the existence of pressurized basal
McMurray alluvium (Ozor%y, Hackbarth and ‘Lytviak, 1980).
The alluvium is primarily fine-grained sand and silt and
is particularly subject to piping. It 1is uncementéd and
will experience a loss of strength upon saturation and
unloading. These c?nditions are unfavoufable for both
bearing capacity and slope stability scenariovs.

L4 In addition to these stability concerns,
significant groundwater inflows may be experienced, This
coqdition may be aggrévated by unloading due to excavatign
and the anisotropic permeability of the limestone.
Solution pipes anﬁ collapse sinkholes are "also expecgéd to
act as vertical hydraulic< cdnduits. The stability of
these structures: is discussed in Section 5.3.3. "In

general mines adjacent to the Athabasca River should be

well drained due to. the river's 1local discharging
' .

influence.

< A\

"Mine floor trafficability and bearing capacity
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are inherently related to hydrogeological concerns,
however they also depend largely upon paleotopography and
the properties of the basal McMurray' sediments. In
general, the lipestone lithologies provide a secure,
éompetent basement upon which mine floor workings may be
conducted. In certain orientations however, the limestone
surface is too deeply buried to serve as the mine floor.
Under these conditions, the mine floor will be either
McMurray sands or unconsolidated Cretaceous alluvium, The
latter materials are considered ‘to be weak, uncemented,

o>
and deleterious. Mapping of the basal Crdetaceous alluvium

or bulk removal may be'required under extreme conditions. (\

Paleotopographic highs or pinnacles may also be
encountered and should be removed as required by blasting.

In summary, bpen pit mining ventures are

relatively insensitive to Devonian structural features.

of greatest potential concern are the dewatering, bearing
capacity and slope stability problems generated ‘by
Waterways permeability and collapse structures. Grouting
may be required to mitigate these problems. Alluvial
.materials are generally weak and deleterious and hay be of

concern in certain unfavourable orientations.

'5.3.2 Highwall Stability

| ]
, 4

Dusseault ~(1977) studled the geotechnical

AY

-

~
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behaviour of Athabasca oils;nd in detail and considered
the stability of both natural slopes and open pit
highwalls. Natural slopes weré both high and steep and
A
were characterized by exfoliation ravelling. Their
deep-seated stability waé primarily attributed to the high
natural strength of the oilsand, however stream erosion,
bitumen saturation, grain size, bedding, cemeﬁtation and

expoéure angle also influenced stability. Potential

deep-seated instabilities were thought to be wedge-shaped

~and influenced by basal Mchrray clays. Dusseault (1977)

characterized these clays as presheared materials with low
residual ‘angles of shearing resistance. The stfain
incoﬁpatability of the clays witﬁ adjacent oilsand or
limeétone was nét addressed. The absence of swelling
clays was noted.

‘Dusseault and Morgenstern {(1978) summarized

-~

Dusseault's (1977) findings and stated that

no

significant deep-seated rotational or slump failure of any
oilsands slope™ had recently occurred. They also stated

that the "high strength of limestone and its resistanéé to

erosion result in, steep limestone ledges at the - b&se of

.Slopes®. This feature was considered to prevent toe

(o

w.

erosion, but no -strength or ‘durability indlces for the
L

limestone were quoted.
More recently, Brooker and Khan (1980) reviewed.

the design and pérformance of oilsand slopes in surface
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mining projects. They confirmed the occurrence of
ravelling failures and identified four primary slope
stability concerns:

1. - stability of the ore body

2. st&bility of the overburden Clearwater

Formation

3. stability of the ore reclaim pile
4. stability of in-pit overburden and reject
. -
pile materials .. >

. %
Deep-seated (Devonjian) stability concerns were

not identified, however Brobken and Khan (1980)‘noted the
importance of basal McMurray materials. They considered
these materials to be granular deposits, predominantly

>

sands with interstratified silts and clays, which were

under artesian hydraulic pressure. These aquifers were - -

thought to be stratigraphically discontinuous and not
_readily depressurized by single well reliéf measures.
Measured shear strengths varied from residual valles of 7°
to peak values of 23° with mild cohesion.

Finally, Khan, Fair and'CGQdy (1982) documented

rienced at

the character of ¥basal stability problems
SYNCRUDE. They noted that in BYNCRUDE'S 1§73 trial: test
pit, significant groundwater inflows were encountered and

substantial depressurization was required to compléte the
B B ) .

excavation. Considerable pit floor heave was experienced'
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AS

after abandonment and attributed to artesian groundwater
~conditions.

In*eneral, the Devonian limestone was. considered
&
to be a "passive hydrogeologic -system™ characterized by a
v . ’

low permeability. The authors suggested the¥ ‘limestone

acted as a hydrogeologic barrier separating basal McMurray .-

[N

deposits from the Lower Devonian and cited the lack of

groundwater inflow at SUNCOR to' support their
contention. They were unable to account for the variable
salinity of basal sand groundwaters but suggesé@d that
such groundwaters were connate. Pore pressure recoigry
around the test pit indicatéd that Devbnian rg'harge was

unlikely. Instead, recharge appeared ,Fﬂk occur from

'Y
.

adjacent outlying basal deposits. ) .
\ ‘ -

2

Khan, Pair and Cuddy (1982) also -assessed

+

highwall stability mechanics and reported on the nature of

.

basal instabilities at. SYNCRUDE. Such instabilities were

-

attrlbuted to the combined effects of low shear strength

and high 1pore pressures in the basal de s. Stress

redistribution due to excavation was ;6nsidered to

. . . & ¥ ).,.'
‘contribute to overstressing of the toé‘ which may be

o

further aggravated by unfavourable strata dipping toward

-

the excavation or too .-rapid excavation of the mine.

t

Piping, buckling or mine floor heave wete considered to be

e
1

due to excess basal -head conditions which could lead to

multx bIock progressive slope fallure.. ﬁemedlal measures
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included local aquifer depressyrization, slope angle

modification and toe berming or buttressing.
>
L]

These studies collectively suggest‘ that
deep—segfed Devonian instabilities are of litzle concern
in mine highwall design. In generai, the Waterways

U Y

limestone provides a strong, stable basement which poses
no serious stability threat. There are however, certain
unfavouyrable orientations 'that are considered worthy of
further discussioh. In'particular, placement of the pit
highwall subparallel to a major pre-(Cretaceous drainage
channel is considered an unfavoura&le orientatidn (Figure
5.6). Alluvial infillings are weak, deformablelmaterials
that are unsuitable in the toe region. Although massive
highwall failure ‘may not result, significant heave or
buckling may occur in the mine floor.

Failures through intact limestone are considered
unlikely evénts due to the high cohesive strength of the
rock. Vertical fractures may however, act as failure
planes, particularly if frictional resistance is reduced
by high pore fluid pressures. 1In addition, unloading dueg
to mine advancement results in an overall reduction of
confining stresse§ and thus a reduction of the shearing
resistance along joints.

A second unfavourable slope orientation, as
suggested by Khan, Fair and Cuddy (1982) is that§.where

paleotopography dips toward the excavation (Figure 5.7).
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'
This condition may be aggravated by paleoresidual qlays
along the Devonian-Cretaceous contact which may exhibit
residﬁal ;trengths of less than 10°.

It is interesting to note (see Figure 5.7) that
at a confining stress of 1200 kpa, the shear strength of a
limestone fracture (assuming #ghr—Coulomb criterion) is

'

only 20% greater than thay'fof oilsand at the same
confining stress (assuming Da%seault's (1977) power law
criterion). Surface weatheqing,\ solution and stress
relief may serve to decrease thks strength further.

In summary, neither naéural slopes nor man—mad; Openo
pit highwalls have, to date, experienced Devonian
instability problems. This is generally attributed to the
highwcohesive and frictional resistance of both the intact
rock and its discontinuities. Unfortunately however, the
presence of basal Cretaceoug alluvium and ubper Devonian
paleosols creates a considerable instability concern for
large wedge-shaped blocks. | These materials are
unconsolidated and deformable and form an inherent zone of
weakness at the toe of many potential oilsand slopes. In
some unfavourable orientations, basal block instability may
become a serious threat to overall mine servicability or

safety. The potential complexity of erosional, solutional

and weathering features may serve to compound this threat.
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5.3.3 Collapse Structures

The potential for catastrophic ground losses due to
solution pipe collapse is of great concern in open-pit mine
development. Episodes of unloading and subsequent reloading
are a consequence of the mining procedure and are considered
to effect changes in the stress field thaﬁ may jeopardize
the stability of known collapse pipes.

In general, collapse pipes are considered to be
gravitational slump structures that have translated downward
due to a loss of support at the Prairie Evaporite horizon.
These collapse episodes are thought to h#&ve occurred
throughout late Paleozoic and Mesozoic time when overburden
stresses may have been greater than aé present. If the
stability of existing pipes or the creation.of new pipes is
“a primary function of the stress field, then unloading is
considered to favour stability. Alternatively, loading suth
structures may induce further <collapse. Despite the
influence of stress state upon pipe stability, it |is
expected that solution of the Préi;ie Evaporite is the,
dominant controlling factor. Continued solution is thought
to have a greater impact upon overall pipe stability than

minor stress field changes. In particular, it is understood

that the Prairie Evaporite is not present in sevgral deep
wells drilled at the adjacent ALSANDS lease (GCRI,\ 1981).

If this condition also exists below SANDALTA, then al
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subsidence and collapse may be considered to be complete.
Since no further solution or collapse can be accommodated,
collapse pipe stability is favoured regardless ofschanges in
the stress field.

in)order to assess these potential instabilities,
more detailed drilling and a measure of the in-situ state of
stress are required..  If mapping suggests that collapse
pipes occur in unfavourable orientations, érouting may be
required to increase their shear resistanae prior to
excavation,

In summary, although catastrophic ground losses due
to collapse reactivation are thought to be unlikely, they
should beas treated as potential mine instabil;ties. Stress
relief and reloading due to mining may invoke changes in the
state of equilibrium of the pipes. Detailed mapping and
grouting may be required to mitigate this effect.

#
5.4 Mine Assisted In-Situ Projects .

5.4.1 ° MAISP Concept

Haston (1978) described the Soviet concept of
accessing a hydrocarbon resngoir by drilling thermal
stimulation wells from an overlying tunnel. This concept

has the particular benefits of efficient steam transmission

to the} reservoir and a more favourable use of horizontal
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production wells. Haston (1978) considered_ the concept toO
be viable in the Athabasca oilsands at depths between 60vand
250 metres where surface min{ng methods are not feasible.
Stephenson (1§78) found the in-situ concept to, be more
economic than the wunderground block and cave techniques
described by Patching, Jeremic and Stimpson (1978).

Mathews (1980) stated that the ‘MAISP concept
involves "thermal stimulation .... where production would be
achieved by heat soaking the formation to provide
communication between adjacent well holes and then sweeplng
with a steam -drive". Caﬁdiéate sites would have a
recommended depth of cover of 150-220 metres and both

injection and production wells .would be drilled from
' {

subsurface mine workings (Figure 5.8). Several authors

(Roesner and Poppen, 1978; Brooker, Devenny and MacRae,

1978) have examined the feasibility of driving thé mine

workings within the McMurray or overlying Clearwater
Formations. Hastop (1978) noted howevef, that mining
concerns favour the underlying limestones -and that the

.

economy of the MAISP concept is insensitive to the depth of

6peration. Haston (1978) also outlined:some'of the problems

inherent in a limestone based MAISP project; primarily
direcqional welI‘»cgnFrol and preséuriied basal McMurray
aquifers. Mossop (1978) also recognized the potential
difficulties of mining at the base of the McMurray in 1light

of the complex nature of the Devonian surface. Stephenson
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(1978) added that little was, known of the limestones and
that greatir emphaiis should be given - to determining the
areal extent and dimensiOns ofAsolhtioh features. Mathews'
(1980) listed the following factors Believed to have a major

impact upon economic feasibility:

. @

1. steam/éil\recovery ratio

2. fecovery.percentage and rate .
3. maximum well density efficiency 7
4. pay tone - thickness ;

Recent efforts near Mt. McMurray (Figure 1.1) have

been directed toward the development of a MAiSP pilofzin thé
' <

Waterways Formation. Detailed geological and geotechnical
étudies have been\ completed, ﬁoweder underground
construction has not commenced. The ultimate cpmmerical
viability of the MAISP concept will 'be judged largely upon
experience gained from such pilot projects.

s

5.4.2 Current In-Situ Stéte of Stress

Various -authors have 'considered the presence of

.

high horizontal stresses within the McMurray Formation. 1In

paftiCular;.recent publications by Brooker (1975), Dusseault
(1877) , Settarizand'Raisbeck (1978) and Holzhausen, Wood,
Raisbeck and Card  (1980) have. dealt with this issue. Few

studies ‘thave hoﬁever completed an fvaluation of the wvirgin

\
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stress state within the Waterways. Williams (1980) expected
the principal stresses td be oriented -vertically and
horizontally, gﬁt made no in-situ measurements of the stress
tensor. He equated the vértidal(p;incipal stress with the
overburden stress and estimated horizontal stresses would be
43% to 67% of the vertical stress (K, =. 0.43-0.67).
Although Williams (1980) recognized the potential for high
horizontal stresses, he discounted Ko values in excess of
unity by citjmg time relaxation, dissipation an the lack of
circumstantial evidence such as heaving in the SUNCOR pit
floor. overburden removal, glgcial loading and Laramide
tectonic compression were rerognized as potential sourées of

high horizontal stresses.

Oother regional studies th{oughoui western Canada
and the northern United States have reve€aled high horizgntal
stresses in shallow rock formations. Franklin and Hungr
{1978) stated tﬁat throughout much of Central Canada;
horizontal stresses in the 5-15 mpa range commonly exist at
depths up to 100 metres. - Such stresses commonly exceed
overburden stresses and are typically aligned northeasterly
to easterly.

McGarr and Gay (1978) concurred with this-find}ng
and emphasized the ubiquity of high horizontal stresées at

!

shallow depths. They added that the effects of gravity,

-

uplift, erosion or temperature change are all unlikely
¢ .

sources of this stress condition.

N
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More recently, Bell and Gough (1979f‘and Gough and
Bell (1981) have exaTined oil well breakouts throughout
Central and Southern Alberta. They noted that well
breakouts tepded to elongatev boreholes in the northwest-
southeast direction and attributed this to a northeast-
southwest major principal stress. Gough and Bell (1981)
emphasized that this qrientation is consistent thf0ughout
much of the Western Canadian sedimentary basin. They also
févoured a strike—slip compressional stress field (o =
NE-SW, o, = vertical, o3 = NW-S5E) over a thrust stress field
(o) = NE-SW, o, = NW-SE, o5 = vertical). A normal fault
stress fieid (o = vertical) was considered unlikely.
Additional support for the ;f)ﬂosed orientation was provided
by steam injection wells at the nearby Cold Lake Project.
Residual stress due to Laramide orogenic compression and
traction of the North American crustal plate were quoted as
the most likely sources of horizontal stress.

During the present stﬁdy, many unique core features
were observed .that provide fndirect information about the
in-situ state of stress. Although none of thése features
are individuaily conclusive, collectively they provide
considerable circumstantial evidence to “support modest K,
values.

The development of boudinage provides no

information on the current state of stress, however it does

confirm the existence of a vertical major principal stress
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up to and including the time of lithification. This 1is
compatible with the expected state of stress in
unconsolidated marine floor sediments where the total
verti¢al stress is coincident with theé overburden stress. A
greater = consequence .o? boudinage formation is the .
development of significant formation porosity and vertical
permeability. This permeability may later have Dbeen
supplemented by vertical formation joints, but -suggests that
at the time of bitumen infiltration} the major principal
stress was not likely horizontal. In order for infiltration
to occur, vertical fractures must have been open. High
horizontal stresses would have discouraged this opening in
at ~ least one otientétion (Figure 5.9). This holds no
implication for fractures that may have been opened parallei
to oy. One may therefore expect to find préferential
infiltration of joints that were in this orientation. No
core evidence of this feature was identified, however

oriented éore was not available. The presént existence of
-

vertical formation permeability is supported by the upward
migration of saline groundwaters as reported py Ozoray,
Hackbarth and‘Lytviak (1980). ' .

The  nature | of joints themselvés provide
circumstantial stress state evidence.  Such fractures are
subvertical tension features which are thought to have

formed during ayperiod of regibnal upliftk Their tensile

character suggests an-absence of horizontal compressidn upon
y

-
»
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.

creation. Moreover, there' is a total 1lack of either

stylolite or slickenside structures.

-
N

Stylolites are recrystallized calcite "sutures"
found in limestone as a result of p}essurevsolution. They
are thought to result from rock mass compression, however no
displacement is involveé. Slickensides are fracture face
striae that result from shear displacement along formation
joints. They also represent former compressional
episodes. Although the 1lack of these features does not
preclude high lq}eral stresses, their absence 4is sudbestive
"of a subdued stress field.

wWarping also provides indirect "stress state
information. Althougﬁ it has little implication for the
current state of stress, it is important to recognize that
if present stresses are to be considered residual stresses,
tﬂere is a noticeable lack of preceding fold structures.
Undoubtedly, if previous horizontal stresses had been of
sufficient magnitude to 'induCe plastic deformation, one
mayexpect to observe cohvential‘ strike-oriented folds
subparallel to the proposed o3 direction, Instead, the
Waterways' is characterizgd by non-oriented basins”™ and
‘intervening highs which'are attributed to regional solution
subsidence and warping. No evidence of regional

jﬁcompressional folding was found in either oufcroﬁ or éore.

Again, this does not preclude high horizontal stresses,  but

suggests they were of insufficient magnitude to affect

'
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regional folding.

Other less obvious indicators of stress conditions
include core squeezing and collapse structures. The lack of
plastic deformation or squeezing of soft, deformable clays
again discounts high lateral stresses. These materials are
expected to’bossess low deformation moduli, thereby inducing
stress transfer. Plastic deformation would occur at low
stress levels and was only observed in relation to slumping
features.

Colllpse structures such as those observed in
boreholes 104 and 88 (Plate 4.5) are inPterpreted to
represent slumped materic . that h;ve gettled under
gravitational forces. . If high horizontal stresses had
existed at the time of collapse, stress arching is expected
to have prevented the upward translation of a collapse
pipe. This is incompatible with the observed failure
mode, Again, these features hold no implication for the
present state of stress. They do discount the probability
of high horizontal stresses at the time of collapse.

Finally, although core disking .fractures were
difficult to discern from gdessication  and handling
fractures, the presence of a high degree of subhorizontal
fracturihg may . support high confining stresses. Obert and
Stephengon (1965f reported that disking only occurs at high

stress levels where:
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o > 3400 + 2 So + 0.7 ¢
r 2

where

radial field stress (psi)

axial field stress (psi)

Q
"

So = inherent shear strength (psi)

This would suggest that the in-situ stresses at SANDALTA are
insufficient to effect a high degree of core disking.

It is noted that the regional faulting proposed by
Hackbarth (1978) was that of a normal fault striking
northeriy with a western downthrown block. Such faulting
would be incompatible with the proposed northeast major
principal stress orientation of Gough and Bell (1981).
Moreover, normal faulting is not the expected mode of
failure in a thrust (o, = vertical) or strike-slip
(o3 = vertical) stress field.

In summary, there are presently no direct core or
in-situ measurements upon which an accuratké assessment of
Devonian field stresses may be completed. There is however,
circumstantial’ evidence ‘B suggest that extreme horizontal
loads have never affected the Waterways. The strongest
evidence }s in the form of an apparent vertical permeability

anisotropy, lack of stylolites or slickensides and vertical

collapse structures. Secondary support is provided by the

formations' warping character and lack of plastic
/
definrmat ions. \
£ o
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Although high horizontal stresses have been
identified *in the McMurray Formation, they do not

necessarily persist at depth. In the SANDALTA locale,

‘£
waterways K, values are expected to be modest; in the range

0.70-1.30. A strike-slip stress field (o, = NE-SW,
0y = vertical, o4 = NW-SE) or normal stress field
(ol 5 vertical) is favoured. A thrust stress field
(03 = vertical) is considered unlikely.

5.4.3 Inhomogeneity in the Stress Field

Although there is little expectation of excessively
high horizontal stresses, considerable stress inhomogeneity
is envisaged to characterize the Waterways. In particular,
complex paleotopography, extended periods of wuplift and
regional solution subsidence are all thought to have
contributed to local stress redistributions. valley
formation, gypsum—anhydrite trénsformationi and local
differences in elastic moduli are d1so considered to have
had a limited effect upon the stréss field. Although these
inhomogeneities may be obscure in 1light of the stress
redistributions expected upon thermal stimulation, they may
be of some consequence to construction proceedings.

Paleotopogréphy is likely to exercise the greatest
influence upon local stress conditions. Significant stress

concentrations may exist in topographic lows causing a
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reduction in hydraulic conductivity and a local elevation of
the shear strength. Overstressing may occur in some
underground openings, however the magnitude of these local
stress concentrations isr not considered to be «critical.
Alternatively, paleotopographic highs may be stress
relieved, exhibiting open fractures and a lower:  shearing
resistance. The depth of influence of these inhomogeneities
is a function of the maximum topogrgphic relief. All MAISP
tunnels should be located beneath the zone of influence,
however access shafts will intersect this zone. Shaft
deformations or spalling may result f;om such local stress
concentrations.

Periods of uplift and stress relief are also
considered to have affected stress redistribution. Although
these represent ancient occurrences, they are believed to
have contributed to increased inhomogeneity in the current
stress field. Jointing due to tensile overstressing is the
obvious manifestation of regional uplift. Another source of
potentiél stress inhomogeneity is the unloading induced by
rembval of late Paleozoic and early Mesozoic sediments.,
This unloading may have initiated rebound strains and stress
redistributions. i

Regional subsidence and local collapse are also
tﬁought to have had a considerable influence upon stress

redistribution. Prairie Evaporite solution is considered to

have led to mild regional settlement which may have induced



197

lateral compressional stresses. Alternatively, local
collapse pipes are likely stress-relieved.

Secondary stress field inhomégeneities include
valley formation and erosion, gypsum-anydrite
transformations and local rock .stiffness variations.
proximity to a stress relieved boundary such as the
Athabasca River valley, may also affect local inhomog;neity.

In summary, a high degree of stress inhomogeneity
may be expected througﬁout the shallow Waterways members.
This inhomogeneity 1is expected to decrease with depth as
paleotopographic and uplift influences become more
subdued. In general,‘ vertical stresses are expected to
coincide with the overburden stress, whereas later;1
stresses are likely to be anisotropic. These stress
inhomogeneities are expected to be significnt at a local

scale only. Regional field stresses are thought to be

widely homogeneous.
5.4.4 Design and Construction Considerations
5.4.4.1 Paleotopographical Effects
The general characteristics of the.Devonian surface
are well described by Martin and Jamin (1963), Ozoray (1977)

and Mossop (1978). This study adds the following

observations based upon a review of stratigraphic cross-
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sections and Devonian structural maps (see Appendix B and
Figure 5.10):

1. A minimum of 100 metres of Devonian relief
exists in the SANDALTA locale. Up to 90
metres 1is due to early Cretaceous fluvial
channelling. Surface karstification and local
solution subsidence are conéidered to have
played a secondary role. .

2. Fluviokarst features are generally immature
and are limited to the development of small
diameter (5-20 cm) pipes and large, lenticular
(0-10 m) cavit -s. All pipes and cavities are
infilled with Cretaceous bituminous sands or
residual Paleoéoic clays. Caverns do not
appear to charac;erize the solution, howgver
kluftkarren may be well developed \along
formation joints.

3. Surface depressions and fluvial channels: are
commonly infilled with early Cretaceous
unsorted alluvium. Sands and organic silts
are common; clays and gravels less common.

[ <4
' Paleosois are‘generally poorly developed, but
do form a thin mantle of 1light green,.highly
plastic clay immediately atop the lime?tone.
The clays also commonly infill small soiution

pipes and fractures.

4. Large, round collapse pipes (<400 m diameter)
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are sporadically located and are thought to

rebresent the manifestation of Prairie

.

Evaporite solutign. They may contribute up to
20 metres of relief.

5. Paleodrainage at SANDALTA was northerly. The
predominant orientation of early Cretaceous
drainage channels is locally north-south.

6. Regional surface dip is insignificant’rélative
to ghe local effects of erosion, subsidence
qu solution.

\

These péleotOpographical features, if present in

the mine assisted in-situ area, will exercise a considerable

i
{
\

r

\\influence upon MAISP construction. In particular,

’
il

underground workings should avoid intersecting a north-south
fluvial channel that  may be infilled with unconsolidated
alluvium. These materials are considered weak and
deleterious. They' are subject to hydraulic piping and are

¢

not suitable in the bﬁffer zone because of %ﬁeir uncemented
permeablé character. Clearly, the delineation of early‘
Cretaceous drainage channels is a priority in MAISP site
investigations. Access tunnels may have to be located

AN .
\\ deeper in order to maintain the required buffer zone in
i . .
' limestone.
~
- It is noted that preliminary contdur mapping at a
scale similar to that of Figure 5.10 may mask certain

fluvial channels. Narrow channels in particular may be
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*
overlooked when contour control is poor. The great
complexity of the Devonian surface becomes increasingly
evident as greatér control 1is established. Figure 5.18
reflects first order paleotopography and does not clearly
distinguish the fluvial channels observed in Sections A-A'
to C-C' of Appendix B.

Subsurface _ workings should also avoid known
collépse pipes. Such featu;es are disturbed, ¢weakened
structures that may be metastable. Stress redistribution
may affect substantial ground losses gr collapse in
underground workings. Grouting or rock bolting may serve to
stabilize such features.

Smaller scale solution features such as karren or
dolines may also be enéountered, however they are not

“ integrity. Both

expected to jedpardize overall m{pe
intraformational unconformities and steep angle shear =zones
should be considered inherent 2zones of weakness. Their
presence may induce preferred block instabilities during
tunnelling. Such surfaces should be delineated during
pre-construction site in&estigations.

Finally, as discussed in Section 5.4.3, 1local
paleotopography may exercise significant control upon
shallow stress inhomogenéity. Stress concentratiqns are
expected to dissipate-with depth.

To conclude, paleotopographical effects are not

- expected to influence MAISP development much beyond the

construction stage. During construction however, erosional
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and solution features may be encountered. Such ground
conditions warrant ‘detailed pre-construction site

investigations.
5.4.4.2 Hydrogeological ﬁgfects

The viability of a MAISP project will be largely
dependent upon tﬁe control exercised over steam injection,
fracture propagation and bitumen recovery. All of these
factors depend upon the assumption that the limestone will
provide a strong, impermeable hydrogeologic basement.
Section 3.6 rgvealed the potential for substantial vertical
perme;bility.. It was suggested that Waterways permeability
was structufally controlled by subvertical fractures which
in turn, contributed to a strong permeability anisotropy.
Both the rock mass perme;bility and the degree gf anisotropy
were considered to be stress level dependent.

Ozoray, Hackbarth and Lytviak (1980) described the
occurrence of numérous saline sbrings, which not —only
confirmid the presence of vertical permeability, but also
supported an upward hydraulic gradient throughout the

Waterways. This is believed to be responsible for the

/

presence of pressurized basal .McMurray sands. Brooker,
Devenny and MacRae (19?8) discussed the potential problems
of depressurizing these aquifers. Some in-situ permeability
-7

measurements have been completed and report values of 10

to 10-10 cm/sed¢ at depths of 340-425 metres (GCRI, 1981).
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Although these values are very low, they were obtained from
standard borehole tests completed in vertical boreholes. In
order to accurately assess Waterways permeability, oriented
borehole tests must be adopted. Vertical permeabilty
anisotropies cannot be evaluated in vertically oriented
boreholes. The potential consequences of ungrouted vertical
permeability include significant injection and production
" losses, grounanter inflqw and the possibility of wellhead
stability problems.

Grouting is considered to be the most efficient
method of eliminating undesirable permeability, however this
must be accomplished at pressures that do not exceed in-situ
»stresses. Secondary grouting may be required if drill and
blast methods are employed in tunnel construction.

The long term effects of elevated temperature and
pressure may affect both a reduction and increase in
formation permeabililty. Elevated temperatures induce
thermal expansion which results in a net decrease in
‘pérmeabilty. Alternatively however, fluid injection will
reduce normal effective stresses and favour fracture
preservation. Local collapse pipes and shear zones may also
serve as hydraulic conduits. | Again, grouting may be
required to mitigate this effect. —

The potential for accelerated fracture corrosion is
another hydrogeological effect of concern to MAISP
designers. Elevated temperatures and pressurés catalyze the

solution reaction which may contribute to an overall

!

/
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permeability increase with time. Unfortun®ately, the degree
to which corrosion may be accelerated has not been studied

to date. Although these concerns are not considered a major
threat to mine .integrity, there is considerable need for
further investigation of this phenomenon. It is expected
the corrosion prdcess may be controlled by influencing
injection fluid chemistry.

Another concern related to wetting of the

argillaceous lithologies is that of the potential for up to
9% axial swell as measured by Williams (1980) in unconfined
laboratory samples. Although small confinement pressures
were recorded, 9% éxial expe . ion is a significant amount of
swell and must be considered in tunnel and shaft design.
This swell is believed to be due to the rehydration of the
clay component in the calcareous shales, however it |is
emphasizéd that no smectitic clay species wefe detected in
x-ray diffraction tests. !
‘ Ooxidation of the sulphate marcasite also resylts in
substantial volumetric expansion. Under certain
circumstances, th@s may result in point loading of a tunnel
or shaft lining.

One final concern related to hydrogeology is that
of groundwater quality and the potential environmental
problems z?sociated with the disposql of saline
groundwater;. The treatment or storage of such contaminanﬁs

may be required in extreme cases. Saline groundwaters may

also damage or corrode exposed mine equipment.

\
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5.4.4.3 Temperature and Pressure Effects

Y

4

The most complex considerations in a Devonian MAISP

. design are those relating to elevated temperature and

pressure regimes. Steam injection will result in stress
redistributions and structural deformations that may affect
both shaft and tunnel integrity. Three primary effects are
considered:
1. earth pressure from an increase in formation
volume due to injected steam
2. earth pressure | resulting from thermal
expanéion of .e host limestone at elevated
formation temperatures

3. hydraulic pressure resulting from the forced

injection of stimulation steam

Charlwood, Byrne, McKinley and Varoglu {(1980)
treated the thermal-geomechanical aspects of MAISP design in
detail. They proposed a retreating mine concepf*employing a
buffer zone around shafts and tunnels into which no direct
steam injection would occur. Thus, the greater the buffer
zone, the less severe the temperature and pressure effects
will be upon structural integrity. 'These influences must be
weighed against the economy of employing shallow mine

£

workings.

At present, the complexity of thermal-geomechanical

analyses precludes accurate prediction of either temperature

v
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or pressure at tunnel or shaft boundaries. Recent design
approaches have involved thermal continuum and. crack

propagation analyses, The former method generally involves

finite element or finite difference modelling of a

-

homogeneous formation material subjected to imposed
temperature and pressure gradients. This permits the
prediction of simplified conditions at shaft or tunnel
linings, however such analyses are highly sensitive to

L]

boundary conditions. The second type of analysis generally
involves finit; element mode%ling of crack bropagation in an
elaétic medium. This approach does not account for thermal
expansivity, however it is useful in modelling fluid flow
during the early .stages of reservoir stimulation.
Undbubtedly, both forms of; analysis oversimplify actual
formation conditions.
Charlwood et al (1980) discussed the following
requirements of a suitable rheologica ‘_delz
1. ability to model failure‘ﬁ;chaniéms
2. ability to model rock joints and their
strength behaviour
3. 'ability to model prodressive failure and load
trafkfer about mine openings
4. ability to modef sustained high temperature
effects
5. ability to model thermal failure modes such as

spalling and slabbing

6. ability to model time dependent processes

~
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It is unlikely all of these requirements will be
satisfied by a singular rheological model. Instead, a
combination of conventional rock mechanics methods and
idealized numerical models 1is evolving. The following
general statements are presented as an aid in characterizing
waterways thermal-geomechanical behaviour.

1. Volumetric expansion due to fluid injection is
expected to be less significant {han the
influence of thermal expansion and hydraulic
pressurization. Volumetric expansion may
however, induce significant stress
redistribution during the early stages of
injection. The influence of all three effects
are subdued by increased buffer zone
thickness.

2. Elevated format}on temperatures may Create
measurable earth pressures on linings due to

) thermal expansion of the limestone. The
magnitude of these loads will be a function of
~the permeability of the formation as undrained
thermal expansion exceeds that of drained
thermal expansion. A high Devonian
pérmeability will drain injection fluids and
reduce the active earth pressure exerted. due

to thermal expansion. In addition, the
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magnitude of the earth pressure increases with
proximity to the injection sites. A reduced
buffer zone will effect higher limestone
temperatures and thus greater thermal
expansion. Thermal gradients about the tunnel
or shaft may af;o af fect non-homogeneous
loading of the linind. Other thermal concerns
include the effect of elevated temperatures
upon lining materials and well casings, and
the long term spalling Of slabbing failures
described by Charlwood et al (1980).

High injection pressures may induce mild
hydraulic loads upon tunnel and shaft linings
however again, this effect is dependent upon
rock mass permeability and proximity of the
tunnel to the actual injection site. Reduced
permeability will affect higher pore
pressures, which maj, in turn, result in
reduced effective confining stresses ‘and an
increased active earth pressure. Substantial
Devonian permeability will effectively drain
the rock mass and prevent excess pore fluid
pressures from accumulating. Unfortunately,
injection and production losses may also occur
if Devonian permeability is excessive.

In general, grouting is considered to be the

most effective method of reducing Devonian
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permeability. Grouting is however, also
subject to temperature and pressure effects.
Thermal cracking may occur which serves to

establish previous hydraulic communication

along formation discontinuities. wellhead
instability and injection losses are
undesirable consegquences of ineffective

grouting.

In summary, the temperature and pressure effects of
thermal stimulation dominaté post-construction geotéchnical
concerns. Volumetric expansion, hydraulic loading and earth
pressure from thermal expansion are all mechanisms that may
impose new loads on shaft and tunnel linings. Design models
must account for these loads and maintain tunnel
servicability, safety and structural integrity. Further
study 1is required to assess the effect of formation
permeability upon injection and production losses, drained

or undrained thermal expansion and overall

thermal-geomechanical behaviour.



6. CLOSURE

6.1 Summary

This study has examined various geological features
of the Waterways Formation and considered their impact upon
proposed oilsand developments. In particu{ar, a detailed
.review of Moberly and Christina lithologies was conducted
and a facies analysis completed. Many large and small scale
geological features were described and categorized according
to their solutional, erosional or weathering origins.

Geotechnical considerations involved a review of
the overall rock mass qua ty and an evaluation of the
expected impact of the observed geological features upon
engineering projects. Preliminary design concerns were

developed for both open pit and mine assisted in-situ

oilsand recovery projects.

6.2 Major Elucidations
Co
This study has elucidated the following major
concerns:
1. A high degree of lateral lithologic
variabi&ity characterizes the waterways
Formation. The variation is most marked in

terms of rock texture which has been related

to the shallow marine depositional

210
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environment. 'All carbonate facies are finely
interbedded and highly argillaceous. The
predominant Moberly and Christina 1i£hologies
are nodular to finely interbedded micrite and
argillaceous limestone, calcareous shale,
biohermal limestone and limestone intraclast
breccia. All lithologies remain unaffected by
post—depositionél diagenetic processes such as
regional metasomatism or dolomitization.

The structural history of the formation does
not include episodes of regional tectonic
compression. _here 1is no core evidence of
compressional folding, strike or thrust slip
faulting. All structural deformations are
attributed to subsidence originating from
reﬁoval of the underlying Prairie Evaporite
Formation. Periods of regional wuplift are
considered respénsible for the development 6f
the predominant N—S/E-w tensile joint system.
The paleotépography of the upper Devonian
surface -is . characterized by fluviokarst
features. Relief is at least 90 metres and is
primarily due to early Cfetaceous fluvial
channelling. Surface karren and dolines are
structurally controlled and contribute to less
than 10 metres of overall relief. Deep—seaﬁed

Prairie Evaporite solution is manifested in
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steep angle normal faults and large (<400 m
diameter) round collapse pipes or sinkholes.
These features are not related to surface
karstification. Prairie Evaporite subsidence
is considered to contribute up to 20 metres of
relief and to the wavy, undulating appearance
of bedding 1in outcrop. Other mesoscopic
solution features are concentrated dboui
apparent intraformational unconformities.
These represent short-lived periods of
intra-Devonian exposure and solution.

paleosols are light green, plastic clays that
form a thin mantle of residual Devonian
material atop the 1limestone. They are
texturally and mineralogicallyv distinct from
the early Cretaceous basal McMurray alluvium
which is commonly dark-coloured, unsorted
carbonaceous sand,‘gfavel and clay. The early
Cretaceous alluvium is quantitatively more
abundant than the paleoresiduals and
characteristically infills local topographic
lows- or fluvial channels. The chdhnels also
influence the regional distribution of
McMurray sands and thus the location of the
thickest ore zones. The absence of widespread
paleosols and the predominance _of highly

scoured limestone surfaces reflects a
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?elatively poorly developed weathering
profile.

Formation joints and boudinage fractures
create the potential for a vertical formation
permeability several orders of magnitude
greater than horizontal permeabilities. Such
anisotropy remains unmeasured but is suppqrted
by the presence of upward flowing saline
springs and basal McMurray artesian aquifers
(0zoray, Hackbarth and Lytviak, 1980). An
upward regional hydraulic gradient across the
Waterways was established by Hackbarth
(1978). All permeability is struct&rally
controlled and stress level dependent.

Bitumerr staining in subvertical formation
fractures supports both an anisotropic
permeability tensor and a normal local stress
field (o = vertical). Infiltfated bitumen
further acts as a solution retardant at
shallow depths. /
Overall rock mass quality is only fair to good
and decreases with increasing argillaceous
content. Engineering behaviour is dominated
by rock mass discontinuities such as joints
and bedding. Empirical classifications are

ineffective in accounting for local solution

or erosional features.
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A normal (o) = vertical) or strike-slip
(6, = vertical) stress field is favoured with
the vertical stress <coinciding with the>
overburden stress, In-situ stress
measurements are lacking but core evidence
suggests modest horizontal stresses exist. Kg
values are not expected to exceed 1.3.
Considerable stress inhomogeneity is expected
within the shallow Moberly and Christina
Members. This inhomogeneity is due to,
paleotopography, wuplift, stress rglief and
varying lithologic stiffnesses.
open pit highwall stability is not generally
jeopafdized by Devonian lithology or
structure. Certain unfavourable orientations
may result in mine floor heave, but
deep—seaied block instability is unlikely.
Mine floor integrity and trafficability may be
jeopardized by basal Cretaceous alluvium or
the presence of unstable collapse pipes or
sinkholes. petailed site investigations or
0
remedial measures such as grouting or pinning
may be required to stabilize deep-seated
collapse structures.
MAISP design .may be affected by Devonian -

structure and behaviour. Construction

concerns involve the effect of paleotopography
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!
upoh the stress state and potential failure

mechanisms. Geological structure will also
influence tunnel and shaft construction
practice. Post-construction concerns include

the influence of hydrogeological and thermal-
geomechanical effects upon the stimulation and
production process. The potenRial for
significant Waterways pérmeability may
influence design modification 1in order to
mitigate injection or ‘production losses and
any threat to tunnel ‘or shaft integrity.
Drained or undrained thermal expansion of the
host limestone may be accompanied by elevated
hydraulic pressures anq\volumetric expansion
of the formation. Grouting may be required to
alleviate some of these design concerns.
Temperature and pressure concerns cannqt
be adequately assessed at present by available
numerical or analytical meéns. The
thermal-geomechanical interaction of the
underground structure with the rock mass\is a
complex problem requiring much future study.
A'realigtic rheological model must account for
\

the natural complexity of the host rock mass.

J

.
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6.3 Areas For Further Study

In general, " the lithologic and stratigraphic
features of the Waterways Formation have been well
researched and documented. There is little need to further
characterize these aspects, however there is a considerable
lack of knowledge of deep-seated structural occurrences and
shallow solution features. Devonian or Precambrian faulting
mechanisms remain largely unexplored and Prairie Evaporite
solution has been inadequately assessed.

This thesis has illuminated several features of the
Devonian-Cretaceous fluviok .st but has also illustrated
that more detailed drilling will be required to fully
characterize shallow karren and dolines.

An effort was made to correlate such features with
specific rock facies, however this approach was not
frxitful. It suggested“ that the spatial distribution of
small scale fé;tures is most 1likely a function of rock
jointing, local petrographic features and regional
~ hydrogeologi gradients. It is questionable whether
detailed mapping of such features will prove %éaningful.
Moreover, the author considers a better understanding of the
mechanics and spatial distribution of large, deep-seated
collapse pipes to be of greater immediate concern.

Hydrogeologic conditions also require more detailed
study. In particular, the in-situ measuremené of rock mass

permeability and its anisotropy are critical. The presence

B
-
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of basal McMurray artesian conditions and local flow regimes
should be established on a site specific basis.

Further work is also suggested in establishing the
current in-situ state of stress and fracture densities.
These parameters are necessary design factors for MAISP
projects and‘will be required prior to establishing final
design linings for tunnels and shafts. The local state of
stress affects rock mass permeability and thus construction
inflows and pore fluid pressures. Fracture characteristics
will influence both groundwater conditions and potential
block instabilities during tunnelling.

Geotechnical index . roperties are considered to
have beenh adequately assessed by Williams (1980) however the
thermal-geomechanical "behaviour of the 1limestone remains
undetermined. MAISP projects will induce long term elevated
temperaéures and pressures which are expectéaito influence
ovrall rock mass behaviour. Current methods of analysis do
not include a comprehensive rheological model, but do
provide a valuable first approximation to thermal expansion
mechanics. Future numerical analyses must account for the
inherent geological complexity of the given earth
material. The potential for accelerated carbonate
dissolution dupon injection 1is another process requiring

further study.



218

REFERENCES

il

-

Alberta Oilsands Technology and Research Authority 1980.
Fifth Annual Report and Five-Year Review, 67p.

allan, J.A. 1947. Comments on Hume, G.S. 1947, Transactions
of the Canadian Institute of Mining and Metallurgy,
vVolume 50, bp 330-333.

Alsands ‘Preject Group 1978. Environmental Impact
Assessment, for Alberta Environment, December 1978,
Calgary, 401p.

Asquith, G.A. 1979. Subsurface Cfrbonate Depositional
Models: A Concise Review, Petrbleum Publishing Co.,
Tulsa, Oklahoma, 121p.

Babcock, E.A. 1975. Fracture Phenomena in the Waterways and
McMurray FormatiQns; Athabasca Oilsands Region,
Northeastern Alberta, Bulletin of Canadian Petroleum
Geology, Volume 23, ﬁo. 4,.pp. 810-826.

Babcock, E.A. and Sheldon, L.G. 1976. Structural
Significance of Lineaments Visible on Aerial
Photographs of the Athabasca Oilsands. Area Near Ft.
MacKay, Alberta, Bulletin of Canadian Petroleum
Geology, Vo}ume 24, No. 3, pp. 457-470.

Baillie, A.D. 1953. Devonian Sﬁi'em of the Williston Basin

Area, Bulletin American Association of Petroleum

~ Geologists, Volume 39, No. 5, pp. 575-629.



219

t

Barton, N., Lien, R. and Lunde, J. 1974. Engineering
Classification of Rock Masses for the Design of Tunnel
Support. Rock Mechanics, Volume 6, No. 4, pp. 189-236.

Barton, N. 1976. Recent Experiences with the QO-System of
Tunnel Support Design, Proceedings of the Symposium on
Exploration for Rock Engineering, A.A. Balkema,
Johannesberg, Volume 1, pp. 107-117. \

Bassett, H.G. 1952. Correlation of Devonian Sections in
Northern Alberta and Northwest Territories, Ph.D.
Thesis, Princeton University.

Bell, R. 1884, Report on Part of the Basin of the Athabasca
River, Northwest Territory, Geological Survey of Canada
Report of Progress, 1882, pp.83-84.

Bell J.S. and Gough, D. 1. 1979, Northeast-Southwest
Compressive Stress in Alberta: Evidence ffom 0il
Wells, Earth and Rlanetary Science Letters, Volume 45,
pp. 475-482,

Belyea, H.R. 1552. ‘“Notes on the Devonian System of the
North-Central Plains of Alberta,.Geological Survey of
Canada, Paper 52-27, 66p.

Belyea, H.R. 1955.. Correlations in Devonian of Southern
Alberta, Journal of the American Society of Petfoleum
Geologists, Volume 3, No. 9, pp. 151-156.

gblyea, H.R. and McLaren, D.J. 1957. Devonian Nomeﬂé%ature,
A Discussion, Journal of the Alberta Soci;ty of

Petroleum Geologists, Volume 5, No. 11, pp. 269-276.



W

220

Belyea, H.R. and Norris, A.W. 1962. MidQ}e Devonian and
Older Paleozoic Formations of Southern District of
MacKenzie, Geological Survey of Canada, Paper 62-15,
82p. '

Belyea, H.R., Moyer, G.L., Grey, F.F. and Grayston, L.D.
1964. Committee on Slave Point and Beaverhill Lake
Formations in Geological History of Western Canada,
Alberta .Society of Petroleum Geologists, Part ‘I,
Chapter 6, p. 60.

Benthin; H.L. 1973. Cconventional 0Qil Possibilities in the
Fort McMurray Area, in Guide to the Athabasca Oilsands
Area, Alberta Research Council, Information Se:ies 65,

pp. 165-171. ‘ )

Berner, R.A. 1971. Principles éf Chemical Sediméﬁtology,
McGraw-Hill Book Co., New York, 240p.

Berry, L.G. and Mason, B. .5959. Mineralogy:a, Concepts,
pescriptions, Determinations, W.H. Freem:h aAé Co., San
Francisco, 630p.

Bieniawski, Z.T. 1974. Geomechanics Classification of Rock
Masses and its Application in Tunhelling, Proceedings
of the Third International Congress on: Rock Mechanics,

' penver, Colorado, Volume IIA, pp:“51732.

Bieniawski, i.T. 1976. Rocg Mass Classification in Rock’
Engineering, Proceedings  of t“ﬁ Sympos ium on

Exploration for Rock Engingering, Johannesburg, Volume

1, pp.97-106. ‘ -

LS

(1N



221

Bieniaﬁski, Z.T. 1979, Tunnel Design by Rock Mass
Classifications, TEChn}cal Report GL-79-19, U.S. Army
Engineer Waterways Experiment station, vicksbutg,
Mississippi, 93p.

Brooker, E.W. 1975; Tarsand Mechanics and Slope Evaluation,
Proceedings 10th Canadian Rock Mechanics Symposium,
Queen's University, Kingston, ontario. pp. 409-446.

Brooker, E.W., Devenny, D.W. and MacRae, A.M. 1978. Deep
Excavation in Oilsand--Why, Where, How. AOSTRA Seminar
on Underground Excavation in Oilsands, University of
Alberta, Edmonton, Alberta, 23p.

Brooker, E.W. and Khan, F. 1980.' Design and Performance of
Oilsand Surfife Mine Slopes, '.Oilsand GeoScience

Conference, University of Alberta, Edmonton, Alberta,

40p.

N
Cameron, A.E. .1918. Explorations in the Vicinity of Great

Slave Lake, Geological Survey of Canada, Report'1917,
Part C, pp. 21-28. M |

Carrigy, M.A. 1959. Geology of the McMurray Formation, Part
111, General Geology of the McMurray Area, Mgméir 1,
Research Council of Alberta, Geological Division, 130p.

Carrigy, M.A. 1963. Petrology of Coarse-Grained Sands in
the Lower Part of the McMurray Formation, in the K.A.
Clark Volume on the Athabasca Oilsands, Research
Council of Alberta, Information Series 45, pp. 43-55,

Carrigy, M.A. 1966. Lithology of the Athabasca Oilsands,

Research Council of Alberta, Bulletin 18, 47p.



222

Carrigy, M.A. 1973. Mesozoic Geology of the Fort McMurray
Area, in Guide to the Athabasca Oilsands Area, Alberta
Research Council, Information Series 65, pp. 77-103.

carrigy, M.A. and Kramers, J.W. 1973. Editors, Guide to the
Athabasca Oilsands Area, Research Council of Alberta,
Information Series No. 65, 213p.

Charlwood, R.G., Bypne, P.M., McKinlay, D.W. and Varoglu, E.
1980. Thermal-Geomechanical Analyses and Criteria for
the Design of a Mine-=Assisted Heavy O0il Recovery
Facility,l Applied Oilsands Geoscience Conference,
Edmonton, Alberta, 5S7p.

Coates, D.F. 1981. Rock Mec nics Principles, Energy, Mines
and Resources Canada, Monograph 874, 4llp.

Crickmay, E.H. 1937. Elucidation of Some Western Canadian
Devonian Formations, Imperial 0il Co. Ltd., Calgary,
Alberta, 1l4p. /

Crickmay, C.H. 1966. Devonian Time in Western Canada, E.
deMille Books, Calgary, Alberta, pp. 1-22.

Deere, D.U. 1964. Technical Description of Rock Cores for
Engineering Purposes, Rock Mechanics and Engineering
Geology, Volume 1,<No. l, pp. 17-22.

Devenny, D.W. and Raisbeck, J.M. 1980. Rock Mechanics

P4
Considerations for In-Situ Development of Oilsands,
13th Canadian Rock Mechanics Symposium, Canadian
Institute of Mining and Metallurgy Special Volume 22,
pp. 90-97.

Dolph, J. 1981.‘ Personal Communication, .Gulf Canada

Resources Inc., Calgary, Alberta.



223

Dunn, C.E. 1982. Geology of the Middle Devonian Dawson Bay
Formation in the Saskatchewan Potash Mining District,
Saskatchewan, Saskatchewan Energy and Mines Report 194,
117p.

Dusseault, M.B. 1977, The Geotechnical Characteristics of
the Athabasca Oilsands, Ph.D. Thesis, Department of
Ccivil Engineering, University of Alberta, Edmonton,
Alberta, 472 pp.

Dusseault, M.B. 1977. Stress State and Hydraulic Fracturing
in the Athabasca Oilsands, Journal of Canadian
Petroleum Technology, Volume 16, No. 3, pp. 19-27.

Dusseault, M.B. and Morgenst _n, N.R. 1978. Characteristics
of Natural Slopes in the Athabasca Oilsands, Canadian
Geotechnical Journal, volume 15, No. 2, pp. 202-216.

Dusseault, M.B. and Scafe, D. 1979. Mineralogical and
Engineering 1Index Properties of the Basal McMurray
Formation Clay Shales, Canadian Geotechnical Journal,
Volume 16, No. 2, pp. 285-295.

Dusseault, M.B. and Simmons J.V. 1982, Injection-Induced
Stress and Fracture Orientation Changes, Canadian
Geotechnical Journal, Volume 19, No. 4, pp. 483-494.

Ells, S.C; 1932; Exploration of Bituminous Sands Areas in
Northern Alberta, Canadian Mines Bureau Report 72, pp.

107-134.



224

Fong, G. 1959} Type Sectioﬁ; Swan Hills Member of the
Beaverhill Lake Formation, Alberta Society of Petroleum
Geologists, Volume 7, No. 5, pp. 95-108.

Fong, G. 1960. Geology of the Devonian Beaverhill Lake
Formation, Swan Hills Area, Alberta, Canada, American
Association of Petroleum Geology Bulletin, Volume 44,
No. 2, pp- 195-209.

Ford, D.C. 1971. Characteristics of Limestope Solution in
the Southern Rocky Mountain and SelkYrk Mountains;

Alberta and British Columbia, Canadian Jo&rnal of Earth
Science, Volume 8, No. 6, pp. 585-610.

Franklin, J.A. and Hungr, O. 1978. Rock Stresses in’
Canada: { Their Relevarige to Engineering Projects, Rock
Mechanics Supplement 6, Springer-Verlag, pp. 25-46.

Godfrey, J.D. 1958. Aerial Photographic Interpretation of
Precambrian Structures North of Lake Athabasca,
Research Counéil of Alberta, Geological Division,
Bulletin 1, 19p.

Gorrell, H.A. 1974. Coordinator-Regional Hydrogeological
Study, McMurray Oilsands Area, Alberta, Oilsands
Enyironmental study Group, 92p.

Gough, D.I. and Bell, J.S. 1981, Stress Orientations from
Oilwell Fractures in Alberta and Texas. Canadian

Journal of Earth Sciences, Volume 18, No. 3, pp. 638-

645.



225

Govett, G.J.S. 1961. Occurrence and Stratigraphy of Some
Gypsum and Anhydrite Deposits in Alberta, Research
Council of Alberta, Bulletin 7, 62p.

Green, R. 1958. Precambriah Basement Features in Northern
Alberta, Research Council of Alberta, Bulletin 3, 12p.

Greiner, H.R. 1956. Methy Dolomite of Northeastern
Alberta: Middle Devonian Reef Formation, Bulletin of
the American Association of Petroleum Geologists,
Volume 40, No. 9, pp. 2057-2080.

Gressly, A. 1838, Observations Geologiques Sutr Le Jura
Soleurois, Neue Denkschr. Allg. Schweiz. Ges. Ges.
Naturw. 2, pp. 1-112.

Grim, R.E. 1968. Clay Mineralogy, Second Edition,
McGraw-Hill Book Co., New York, 596p.

Hackbarth, D.A. 1977. Regional Hydrogeology of the
Athabasca Oilsands Area, Alberta, Canada, in the
Oilsands of Canada and Venezuela, Canadian Institute of
Mining and Metallurgy, Special Volume 17, D.A. Redford
and A.G. Winestock, Editors, pp. 87-102.

Hackbarth, D.A. 1978. Hydrogeological Concerns in
Underground Excavation, Athabasca Dilsands Area, AOSTRA
Seminar on Underground Excavation in Oilsands,
University of Alberta, Edmonton, Alberta, 36 p.

Hackbarth, D.A. and Nastasa, N. 1979. .Hydrogeology of the
Athabasca Oilsands Area, Alberta, Alberta- Research

Council, Bulletin 38, 39p.

-



[

226

Hardy, R.M. and Associates Ltd. 1977. Feasibility Study
for the Underground Mining of Oilsand, Repoggg to the
Department of Energy, Mines ana Resources, 118 é.

Harrison, R. 1982. Personal Communicatio&, Alberta
Research Council, Geological Survey.

Haston, J.A. 1978. Mine Assisted In-Situ Processing,
AOSTRA Seminar on Underground Excavation in Oilsands,
University of Alberta, Edmonton, Alberta, 2lp.

Hoek, E. and Bray, J.W. 1981. Rock Slope Engineering,
Revised Third Edition, Institute} of Mining and
Metallurgy, London, England, 358p.

Hoek, E. and Brown, E.T. 1980. Empirical Strength
Criterion for Rock Masses, Journal of the Geotechnical
Engineering Division, American Society of Civil
Engineering Volume 106, GT 9.

Hoek, E. and Brown, E.T. 1980. Underground Excavations in
Rock, Institute of Mining and Metallurgy, London,
England, 527p.

Holzhausen, G.R., Wood, M.D., R;isbeck, J.M. and Card,
c.cC. 1980. Results of Deformation Monitoring During
Steam Stimulation in a Single Well Test, Applied
Oilsands Geoscience Conference, University of Alberta,
Edmonton, Alberta, 40p.

Hume, G.S. 1947, Results and Significance of Drilling
Operations in the Athabasca Bituminous Sands.
Transactions of the Canadian Institute of Mining .and

Metallurgy, Volume 50, pp. 298-330.



227

A

Hume, G.S. .1951. Possible Lower Cretaceous Origin of
Bitumen in Bituminous Sands of Alberta, Proceedings of
the Athabasca Oilsands Conference, Edmonton, Alberta,
pp. 66-76.

Jakucs, L. 1977. Morphogenetics of Karst Regions, J. Wiley
and Sons, New York, 284p.

James, D.P. 1979. Chapters 9, 10 in Facies Models, Reprint
Series 1, Geoscience Canada, R.G. Walker, Editor.
James, D.P. and Oliver, T.A. 1978. The Sedimentology of
the McMurray Formation, East Athabasca, in the Oilsands
of Canada-Venezuela, D.A. Redford and A.G. Winestock,
Editors, Canadian Institute of Mining and Metallurgy,

Special Volume 17, pp. 17-2%.

Kidd, F.A. 1951. Geology of the Bituminous Sand Deposits
of the McMurray Area, Alberta, ‘Proceedings of the
Athabasca Oilsands Conference, Edmonton, Alberta, pp.
30-39.

Khan, F.2., Fair, A.E. and Cuddy, ‘G. 1982.~ Depressurization
and Basal Highwall Stability at Syncrude Mine, Seminar
of Geotechnical Aspects ‘of Mine Désign and Tailings
Containment, University of Calgary, Calgary, Alberta,
31p.

Lauffer, H. 1958, Gebirgsklassifizierung Fur Den
Stollenbau, Geologie und Bauwesen, Volume. 24, No. 1,

pp. 46-51..



228

Link, T.A. 1951. Source of 0il in Oilsands of Athabasca
River, Alberta, Canada, Proceedings of Athabasca
Oilsands Conference, Edmonton, Alberta, pp. 55-66.

Macoun, J. 1877. Geological and Topographical Notes on the
Lower Peace and Athabasca Rivers, Geological Survey of
canada Report on Progress, 1875-1876, pp. 87-95.

Martin, R. and Jamin, F.G.S. 1963. Paleogeomorphology of
the Buried Devonian Landscape in Northeastern Alberta,
in K.A. Clark Volume, Alberta Regearch Council,
Information Series 45, M.A. Carrigy, Editor, pp. 31-43.

Mason, B. 1966. Principles of Geochemistry, Third Edition,
John wWiley and Sons Inc _ New York, 329p.

Mathews, K.E. 1980. potential for the Underground Mining
of 0il Sands in Canada, Rockstore 80, Proceedings of
the International Symposium on Subsurface Space for
Environmental Protection, Low Cost Storage and Energy
Savings, Stockholm, Sweden, 8p.

MatheJE, K.E., Rawlings, G.E. and Bharti, S. 1980.
Investigation of the Geotechnical and Mining
Characteristics of the Devonian Limestones, Athabasca
Oilsands Area, Applied Oilsands Geoscience Conference,
Edmontop, Albe;ta, 41p.

McConnell, R.G. 1983. Report on a Portion of the District
of Athabasca Comprising the Country Between Peace River

‘Eﬁ and Athabasca River North of Lesser Slave Lake,
Geological Survey of Canada, Annual Report, 1890-1891,

Volume 5, pp. 1-67.



229

McDhonald, W.D. 1947. A Comparative Study of the Waterways
and Older Formations of the McMurray Area, Master's
Thesis, Department of Geology, University of Alberta,
Edmonton, Alberta.

McDonald, W.D. 1955. The Waterways Formation 1in the
Subsurface at McMurray, Alberta, Journal of the Alberta
So&iety of Petroleum Geologists, Volume 3, No. 7,
pp. 105-107.

McGarr, A. and Gay, N.C. 1978. State of Stress in the
Earth's Crust, Annual Reviéw of ‘Earth Planetary
Science, 1978.6, pp. 405-436.

McGehee, J.R. 1949. Pre-Wat _ways Paleozoic Stratigraphy of
Alberta Plains, Bulletin of the American Association of
Petroleum Geologists, Volume 33, No. 4,1 pp. 603-613.

Mogi, K. 1972. Fracture and Flow of Rocks 1in the Upper
Mantle, Tectonophysics, 13, pp. 541—565.

Mossop, ‘G.D. 1978, Geological Contro&s on Resérvoir
Heterogeneity—Athabascp Oilsands, AOSTRA Seminar on
Underground Excavation in oOilsands, University of
Alberta, Edmonton, Alberta, 27p.

Mossop, G.D. 1980. Oilsands Geology for Engineers, Alberta.
Research Council, Qeological Survey, Unpublished Short
Course Notes, University of'Calgary, Calgary, Albert:a.!‘6

Nauss, A.Y. 1950. Regional Cross-Section Through the Reef
Fields of Alberta, 0il in Canada, Volume 11, No. 47,

pp. 46-48.



230

/

Norris, A.W. 1963, Devonian Stratigraphy of Northeastern
Alberta and Northwestern Saskatchewan, Geological
Survey of Canada, Memoir 313, 168p.

Norris, A.W. 1973. Paleozoic (Devonian) Geology of
Northeastern Alberta and. Northwestern Saskatchewan,
Guide to the Athabasca Oilsands area, Alberta Research
Council, Information Serie§565, pp. 15-76.

Norris, A. W. 1981. Personal Communication, Institute of
Sedimentary and Petroleum Geology, Calgary, Alberta.

Norris, A.W. and Uyeno, T.T. 1981. Stratigraphy and
Paleontology of the Lowermost Upper Devonian Slave

X \ .
ﬁlgaérgxfformation of Lake Claire and the Lower Upper
-Devonian Waterways Formation on Birch River,
Northeastern Alberta. Geological Survey of Canada,
Bulletin 334, 53p.

obert, L. and Stephenson, D.E., 1965, Stress Conditions
under which Core Discing Occurs, Society of Mining
Engineers, Transactions, 232, pp. 227-234.

Overbey, W.K. and Rough, R.L. 1971. Prediction of 0il and
Gas Bearing Rock Fractures From Surfgce Structural
Features, United States Bureau of Mines, Report of
Investigations 7500, Washington, 1l4p.

Ozoray, G. 1977._ The Athabasca Carbonate and Evaporite
Buried Karst, Proceedings of the International
Association of Hydrogeologists, 12th International

Conference, Huntsville, Alabama, pp. 85-98.



231

Ozoray; G., Hackbarth, D. and Lytviak, A.T. 1980.
Hydrogeology of the Bitumount-Namur Lake Area, Alberta,
Alberta Research Council. Earth Sciences Report ?8—6,
11p.

patching, T., Jeremic, M. and Stimpson, B. 1978. On the
Possibility of Mining Oilsand by Underground Means,
AOSTRA Seminar on Underground Excavation in Oilsands,
University of Alberta, Edmonton, Alberta, 16p.

Price, N.J. 1966. Fault and Joint Development in Brittle
and Semi-Brittle Rock, Pergamon Press, London, 176p.

Ramberg, H. 1955. Natural and Experimerital Boudinage and
Pinch and Swell Structures, Journal of Geology, Volume
63, No. 6, pp. 512-527.

Ramsay, J.G. 1967. Folding and Fracturing of Roéks, McGraw-
Hill Book Co., London, 568p.

Reading, H.G. 1978. Sedimentary Environments and Facies,
Chapter 2, Blackwell, London, pp. 4-15. .

Reineck, H.E. and Singh, 1.B. 1980. Depositional
Sedimentary Environments, Second ' Edition, Springer-
Verlag, New York, 439p.

Richardson, J. 1851. Arctic Searching Expedition for Sir
John Franklin, Geological Notes along the Athabasca

‘River, Longman, Brown, Green and Longmans, London,

Volume 1, pp. 109-141, Volume 2, pp. 199-211.



232

*

Roesner, E.K. and Poppen, S.A. 1978. Shaft Sinking and

uhrf

Tunnellid@xin the Oilsands of Alberta, AOSTRA Seminar

\\ E

on Underground Excavation in Oilsands, University of
Alberta, Edmonton, Alberta, 36p.

Rudkin, R.A. 1964. Lower Cretaceous, Chapter II 1in
Geological History of Western Canada, Alberta Society
of Petroleum Geologistd’ algary, pp. 156-168.

Scott, J.S. 1973.  Engineering Geology of Canadian Karst,
Report to the International Association of Engineering
Geology, Working Group on Engineering Geology Problems

in Karst Regions. . .
-

Selley, R.C. 1976 . Ani_Introduction to Sedimentology,
Academic Press, Yew Yor%& 408p.

Selley, R.C. 1978. Ancieﬁ; Sedimentary Environments,
Second Edition, Chapman and‘Hall, andon, 237p.

Settari, A. and Raisbeck, J.M. i979.  Fracture Mechanics
Anaﬁysis in In-Situ Oilsand;ﬁﬁRecovery, Journal of
Canadian Petroleum Technology, V;iume‘lB, pp. 85-94.

Sinha, R.P. 1976. ‘A Study of Joints in the Rort McMurray-
Bitumount Area, Alberta, for the Synérude.%ine, 14 p.

Spencer, E.W. 1977. Introduction to the Structure of the
Earth, Second Edition, McGraw-Hill Book Company, New
York, 640p. 5 o

. l‘\\
Sproule, J.C. 1932. Geological Reconnaissance of Part of

)

the McMurray Asphalt Deposit, Northern Alberta,

Master's Thesis on file 'at Mines Branc

Department of Mines and Technology Survey.



233

Sproule, J.C.. 1981. The ycMurray Formation in its Relation
to 0il Occurreﬁces, ‘d&oceedings of the Athabasca
Oilsands Conference, Edmbnton, Alberta, pp- 6-25.

Sproule, J.C. 1956. Granite Wash of Northern Alberta,
Journal of Alberta Society of Petroleum Geologists,
volume 4, pp. 197-203. (ﬂ‘ N

Steltk, C.R. 1975. Basement Control of Cretaceous Sand
Sequences in Western Canada, in The Cretaceous System
in the Western Interior of North America, W.G.E.
Caldwell, Editor, Geological Association of Canada,
Special Paper No. 13, pp. 427-441.

Stephenson, H.G. 1978. An Evaluation of the Underground

Approach to Oilsand Development, AOSTRA Seminar on

-

Underground Excavation in Oilsands, University of
Alberta, Edmonton, Alberta, 17p. .
Stewart, G.A. 1963. Geological Controls on the

’ Distribution of Athabasca 0il Ssand Reserves, 1in the
| K.A. Clark Volume on the Athabasca 0il Sands, M.A.
Carrigy (Editor). Research Council of Alberta,

. Information Series No. 45, pp. 15-27.

Stoakes, F.A. 1980. Nature and Control of Shale Basin Fill
and Its Effect on Reef Growth and Termination: Upper
‘Devonian Duvernay and Ireton Formations of Alberta,
Canada, Bulletin of Canadian Petroleum Geology, Volume
28, No. 3, pp. 345-410.

Sweeting, M.M. 1972. Karst Landforms, MacMillan Publishing

Co., New York, 362p.



234

Terzaghi, K. 1946. Rock Defects and Loads on Tunnel
Supports, in Rock Tunnelling with Steel Supports, R.V.
Proctor and T. White, Editors, pp. 15-99.

Thorez, J. 1976. Practical 1Identification of Clay
Minerals: A Handbook for Teachers and Students in Clay
Mineralogy, G. LelLotte, Dison, 90p.

Tsui, P.C. 1982. Deformation, Ground Subsidence and Slope
Movements.Along salt River Escarpment in Wood Buffalo
National Park, Master's Thesis; Department of Geology,
University ofiAlbert§, Edmonton, Alberta, 140p.

warren, P.S. 1933, Age of Devonian Limestone at Fort

| McMurray, Canadian F}e‘_ &aturalist, Volume 47, No. 8,
pp. 148-149.

Warren, P:S. 1951, Some étratigraphic Features of the Upper
Devonian Sequence of the Canadian Western Plains,
proceedings of the Athabasca Oilsands Conference,

Edmonton, Alberta, pp. 66—767\

Wickham, G.E., Tiedemann, H.R. ;nd Skinner, E.H. 1972.
Support Determination Based on ééologfcal Predictiopns,
Proceedings of the First North American Rapid
Excavation and Tunnelling Conference, * American
Institute of Mining Engineers, New York, pp,. 43—64;

williamS, K.A. 1980. A Geotechnical Asseség;nt of the

Waterways Formation for Underground Mining, Master's

THesis, Department of Mining Engineering, University of

Alberta, Edmonton, Alberta.



235 =

K.A., Stimpson, B., Patching, T. and Jeremic, M.
A Geotechnical Study of the Waterways Formation

AOSTRA

williams,

1980.
LLimestone Beneath the Athabasca Oilsands,

Research Report.
in Geologic History,

wilson, J.L. 1975. Carbonate Facies

Springer-vVerlag, New York, 47lp.
U. 1976. Site Investigation for Dams in Limestone

Master of Engineering

, .
Win,
Report, Department of

Terrain,
civil Engineering, University of Alberta, Edmonton,

Alberta, 10l1p.



APPENDIX A

236



LOG KEY

Rock Type

A - Massive to Nodular

Argillaceous Limestones and Finely
Interbedded Limestone-Mjcrite

Rock Type

Rock Type
Breccia

Rock Type

Rock Type
Sand

Rock Type
Sediments

Disturbed

B - Calcareous Shale

C - Limestone Intraclast
D - Biohermal Limestone
E - Uncemented Quartz

F - Unconsolidated

(Brecciated) Carbonate

237



238




239

REE IRRL 1AL

L IRRE |

B 1H




IPT. LOG
GROUMD ELEVRTION 31285 MASL
ORTE L JUNE §.199)

DEVOMIAN URTERMAYS FORMATION

4

CORBMOLE LOCATION: @ 44-84-W04

&

!/[

b

4
¢

240



241

OESCRIPTIVE CORSHOLE LOG
ORTE LOGGED SEPTEMBER 18,1981

GROUNMD ELEVATION IW.00 MASL

DEVONIAN URTERURYS FORMATION

COREMOLE LOCATIONM 12-1)-94- W4

COREMOLE MO» 23

-------

qqqqqqq

-------

--------

R




242




243




1244

ALIIBIRR MUY
ALISOMDY RURNS O RFUINMS SRS HOTSHIL 0300IMYARL
(%] FTOLAAWAGIN A0 434 LNOZ VOIS O30S 4 130IN g
LN
AT JII0T.
ALISOMDY JNNL AL ONY RN SISUDAS NOTRGL T0EmiLd
wn FOILMAEG R uG4 WIMGZDIHINS (30W8 A TATA
ALITOARAY ML
ALISOMDS DMLLIALS OO RNLXN SRR HOTROL ot oo
[ TOLUMMAILN AN G4 WLNGZ DIOHENS (B8 4 TIN Do
UNTRAAGY DAL SRNLRAL
T Tmasnd w0 i B Tann Svauen
ﬂ\:h FOLUMABLA RO A BRid8 iTaIN N




245

RT3
5 N N SN S Y2272
T
o =
WU UTTH ke T 7
[¥igy YY) MO 0321 THL6AWOI PO "J10M4 D8 ITUTLY AFATA
ALTOOMDN WL RS O LIS SURMS NOISEL RNO0N WLNOZ IUONENG 10NN AN3A LINNNONI YT RFAF MY
TOLLMAR T R0 M4 W1MOZ MMINS 0364t & BOIA 01 AW | IMITRMICAOONIM ‘A8 ‘IMDISITY SBWTHN Leirkys
......
[ et
LoD
USSR i UM | AR 0L ADS
WU OW | IONCTO8 R0 SN R4 NOTHAL FORRGIN
TOLIMABIND 0 M4 | WINOZMOHENS 030Wd8 4 IATA A Va4
11130804 AL TN
WUNN A0 'L TSONDd RS SIS OTBEL
TOLUMAEIN A0Y AM3A | WINOZTVOHENS (30WdS 4 T31LAEO0N DA

/ Yy
/ \. 7 s \M&\N

1881°LI WY 1039900 310 *RE-r€-9€-€1 WOILNOOY 0HBNDD

MW WE NOTLYATNI ONNOEO € 'O 0HND

307 0HA0) IALLLINIS0 NOILHANDOS GAUMILUR NYINOAID




246

i
:
E
§
4
g
g
|
o
s
i
8

i
S

oy

i i
%:
1
i
i




247

WINOITUONIY (WS A TRLASSO0M

Egsg
£
:
!
2

et S s ity

VMVPL

v..v
eee
anuaL TSN i
N LDy S i O LN BLADE TER AT
WANI DN T3NS A BIIA oL A A0 01 31D BOLEBIT IOIN TION AN
RIONT Hﬂﬂﬂwﬁg Ite
SN 20038 A0 ] prasd
ALLTOANM stinaD Aul:.ﬁ-n 'ﬂ! e
e TR Tt TR Co AR §§ s
SRTDe (3N 150 oL A el "A30 0L ILINY BELEIMI atoand A7)




2




241

f S w.le;g«l“A oo Ll + Z R +4 : — . —
i _ A4 LSRRI . E ULEN
44 1SR RENL Tet 3 (ol U RS S I IS WOTSHI) NI
— p _I0TAMINL MDY WM | BN TOHIS TIME 4 TISOT) o1 wnnow
_ .
E " 11 179 A3 E I'LETY
_ 2N e 4 .ﬁ!i 4 HOTSHIL HiIIM
4 WANDZ OIS 03088 4 TIOIN = wﬁv

: 188175 x!w d35 932907 uu) G- 46-12-8 MOTL0T I WM »
b e e e - - —— - - - . . VU e
gnﬁé—guwg 05 00 I W0HNM0
307 3OH3IM0) 3Al) &.HMB B:Eu SAMEILU MSINOAID




250

»ouszqvIwes | o T et
BB N1 ] UILY MO T ﬂg
ALISOMD I oS MY MU MOISHIL WLNOZTNCHING 0TMINT VA s AN T N TR A%
wn TOILMAGIA AT A4 EOwds A 0T “Ze 008 a4 ‘A3 01 DS ‘I0IDT ) SO TN a3 I
o B B
e’ B b . 4
é Dt i o . S
LISONOJ TUANGY e T
S A0 L1 TSNS RS SNLRALY OTAL WAL SRR
(%) TOLUNAGLG ADT A WUOTTIOHING T30 A B50D E TER a8 e ST B AL

.....




251

QENTWS

TG 408

AT 4

i A0 ci.ﬂ TNLALY SIS MOTONDL -IHGAE.

wu TRLWAGLT AN UG | WOSZINNEN BNd { BLASEN .
| asAT) 808

) THRGADS LS [ "

}

!
2k

i

APt

| | o U o SEEISSTEN "RENE e Z
T




DESCRIPTIVE COREHOLE LOG

CROUND ELEVATION 339.98 MASL

DATE LOGGED: JAME 11,1981

DEVONIRM WRTERUAYS FORFATION

COREMDLE LOCATION 12-11-84-8W4

SN -
~OUE i
Ei-'i F= i
e ol Gl
5
Vo, ! §§ 1
“=, E "
il l%s!g
:
e {' 7 E%%
TR
;
> g
SNIFIE
S EETT

253



254

‘% i

i}

.............
.............




255




256

swqws SIZ 211IWaN10 R
190U | UTTMMAGY MU RCEHGN | GOEEELT ok LI OO S
wiowed ) AL TR i S NI, IRy | os W Ak GONTIY MINITE Xes o

A0 Qf A

pmp i eEIERE—  SEmemEn
4

/ x
;F )Y s \m\v /)

1961 Y 039907 3i40 RS-v6-0C -4 NMOTLINO0N TONEN00

WA GETSEE MOTLUATTI ONOMD e 'O BN




v

TN

P00 e ol
3

iy LIy

Sy

:
1




258

P




i

258

e e et

|

- -



.w
DESCRIPTIVE COREMOLE LOC

GROUND ELEVATION: 326.5 MASL

DATE LOCGED: JUNE 11,1981

DEVONIAM UATERWAYS FORMATION

COREMOLE LOCATION 15-0-94-9U4

H $ H
2 E B
! i
‘§=§ gg 55
iy b
i 4
£, §§5 §§!§
oIt 4
gggé EE Ead
e G
_ i1

e § 5] gs e %’
i i il

259



260

w

190

=

) .

= MOLNALS A0 *LLTO0N04

- FOLLMARIN AT LA
LLTS0M0d n

i LLTS0M0d SIS O

"we

w

= AL [50M0d

—- FULMAALT AAG0N

lJLAJ. L) 14
pesteS B L
PLTAEN) oy 4 )
frtotd g o
LT
FOPMEME o 13 14
‘ i vy
B L o 4
s
ATy
T s S gt g i Bl
WA AGA TIUANDE TN PeE .
SR UM BOLSBIITOOENTIINN | 0
RSN PEMNLID AMEM
. R Bl
J% Lrw
| |
&~ SHre
e.ﬂu% i‘d. .n. Iy
B 0. Libn NI P o o - o




61

S

T

IERLINNE NN INNS |

SN




PEIBTIIR i ialiimiliBili]B H s

;
:

»-
I

i 3
g

DESCRIPTIVE COREHOLE LOC
GROUND ELEVATIOM 325.88 MRS

DRTE LOGGED: AAY 23,1981

5
ésé

i
:
i

|
A
rg b i
1

3!§

DEVINOAN UATERUAYS FORFATION
CORENBLE LOCRTION $-7-94-Su4

]ii!%élizag §
i

ig.
:
b

1333343 22933ARNTIARARI A3 3 A 34 ARRARANIAY
REESRR Jq RERR R BSOS A B [RHRNERREY
Aagaad 1RARRAAR AR REE hi:‘ii- R A4 i
angddadd ARAAAZA AN AR A2 AR R 214 1 BEEyStdgs:




263




DESCRIPTIVE COREMOLE LOG
GROUND ELEVRTION 325.5 MASL

DATE LOCGED: 3-9-94-9W4

COREMOLE WDy 94

COREMOLE LOCATTOM ADE 111081

/

V4

! /}

)

CLE
UV FRACTURE

g

.................

............

.............

L
-----
........

i)
e

264



265

SINLX3L

1¥Ad BOE "IMOT un:ég

e e a0 of T30

(O] JOMA0SIN A TR LI LOM
IVIGBNIY I N AU A
TSONDd 3N Y. ROTLUIAINS G364 1IN
00 ALTSONOJ [ "SIWNL I % 03dS
%] TULiNARLE A0 AGA T3 UAB00M JAISNIL
O1ONL08IM ATINI LOI0D
AMAAGS WIS IRNT
19004 308 WURNS ROLLEMNS
N1 w3 A0 'ALISONDd 320 ‘SIS NOISO
(% I3 ..3 34 WLNZTHNES O3Ne8 &
1 JOMI0STIE A TRII LIOL0d
180D .nlaflﬁnlulﬂaﬁ.:
UV A0 'ALISONOS WD SIS MOTI3S
[%.] _TOINARNG MDY MBA | WANIZTUONS (EOMMS A\ TIIIA

Ay
.....

1061°L A MY 39907 3190

*AS-76-8-5 WMOTIWI0T IMBENDD

WAl ¥6'SZE WOLivA31I OMNOMD

95 00 IO

907 30HI0TD IATLLINIS30

WOLLANDS SAUMELWA MIINAI0




CROUMD ELEVATION 325.58 MASL

DESCRIPTIVE COREHOLE LOG

DEVONIAN UATERUAYS FORFATION

COREHOLE NOY 9?0

COREMOLE LQUATION 11-8-94- M4

DATE LOGGED: AUGUST 19,1981

PHigiig

»
(%]

VERY LOV DIYEAPRRTIOULL
PORDSITY, LOV FRRC TURE

POROSITY
POROET

'
ZONTAL ig

- | very INTEAPARTICLE
msfﬁ.uumm

—4

FIRCTURES,

PACED
FRRCTURE PERMERBTLITY

| UNDRE. 0T 0o
MIDAAR
TEXTURES

51.8

266



267

! U KIL
ML 8
ALDIORMIS WL NS BOBeAINL
ALTDOMDY UMY O | TROULINWS NOISNIL W LMOZ1MDIENS A4
[ 4 TOLIGARBLG A0 AN3A O3NS AYXAIA IRNIONDE 06 01 A e
QIJONIOSIN A TWILNGL0H | IMOLSTAV/INNE
IGRMI AU NN [ e ]
ALTSOMOd LS Oy SRS WOISHIL WLNOZ TNONENS 00N LT
[ 2] TOLLWARLE A0 A3 [ce R L] 208 AT 4
-
ATBVIANE WNIRAS WU N
ALTSOMO0d 11 Béﬂ.g‘
U AT ‘4 LI90M0 30 [Los T
we TOTLMAGLG A AM3A A0 TNOMING T3S A 138070 bt Al
A1I90WSS GIOA AL —nj M1d XL
NOTLTI08 BN 3Nl s O NI N4 g&.ﬂﬂl& ALNOD 4 LA #
ILABI00N “ALTO0NSY | MRILAIOR LSWK! ‘SRELIAS NOTSIEL WO WA ANIN
(] TOLUNAAL AN A WUGIIHWNEE (3N A T2 Ol AR A0 O
ALISOMDd OIOA :5% atoa
WOILUTIO8 D& WU MEY | NOLLTIOS O WAL W4 SN N4 LKL
JLAFN0N ‘A1 T90M0J !nd— WANDZ JUENS GIONS AL
wN TOLLMABLE AN AN TIGIA WOLLI08 LA JAIBNILX N DA THASUOMOD ‘A8
ALTYDIRERAN S
A TS0M0d RIS D - 4 “SRINLNS ﬁub
L ] TRILMARLT A ABA R TU TGI8 A 2] IEN

o SRR ar s st MRS b

Auae Tan T RS T ST -Sith

rRG-16-01-5 WOILKI0T F0HIND

NOTLHANOJ SAILUA MJINOA3D




268

PUIRLVISTIIBELIRITiBTIBULIR 3

- w»w v
P S— T —— Eﬁﬁ.ﬂi EH il
A A » X
Aruowd ) ALTKM | OWIT08 306 DLW WL o i .ﬁnsjgi. Lu.:. .

St
. ST Lkl
. : g e

= “

4 N L > STVO0N 1L D0Ad OIOTW A GRRERRE
, ALTIONOY H .Eldﬁ WITLGAINS | $0M AL fiud dﬂﬁ i ] g AN Sonc ik
T AT AT e e | MIAITMONTS C3d {00 ] nk T To14 ia’!gﬂﬂ-lii e e
. 4 O

s




DESCRIPTIVE COREMOLE LOG

R GROUND ELEVATIONM 328.70 MASL

DRTE LOGGED: JARY 29.190)

FORTATION

OEVOMIAN WATEMAYS

4
COREMOLE LOCATION: 14-15-84-9u4

269

MM NI |
; -
lEE; . '
i M Jgﬁ sk
| 555 :
ke ;
gt 2
¥ o
I i
i
i :
5. df
i ke
3 §§ |




Iy
E

E*;

!
E

—_ —.._\F .




EEEEEEEEEEEEEEEEEE




M ALY

LI

DESCRIPTIVE COREMOLE LOG

GROUND ELEVATION 324.35 MRSL

DATE LOGGEDy ALY 21,190

DEVONIAW UATEMMAYS FORMATION

COREMOLE LOCATION 7-1-34-%U4

272



273

A

1|1 LenonY QIDR07 UW0

ME-48-U-8 MTM0N TN

WAl (ISZE MOTLHATG GMNOWD

907 OGO IALLJINISI0




274

UL RRE IRRESRANRENT

|
s o 4 s 5]

VOLIMAMYG AT) A | KNS < LI | s wepart|
4

4 4 L1 OOBARY %
LI A0 A B SRS OINE)
TOLLAMARINT A0 MEA WUOTRIONEY GRS 4 WOIA Iy ] :

L (1118

/ \ / . x\ o/ , \ \ «,

1081°SH AWV 0399070 310 YO8 v6—(1-€1 MOLTINI0N TOHEND

TSW HSZE WOLIBAIYS OOND LB 0N ONR00

907 TOHMOD JALLJINISI0 ) NOTLMADS SAUMALWN MJINOAID




275

PHIETL @R

e




108 32550 M

GROMD ELEVAT

DATE LOGGED: SEPTEMEER W.198)

COREMOLE LOCATION: 3-10~94-8u4

A

e e ILIENS s limne |
~ § B 1T
. E‘ i Eiigg
LA OB B
el N

“a, p

\sﬁs &k | 8

- i 1
~agof b

4 i | R
S il
N é j | é é

i EEEEEEEEREEEEE

276



277

L

(EEELLE

:

111

It |

EEEEEEEFEFEFECECE

g b
131
- ot
o
1

%

YIG-r6-81-( WOL1YI0T TWOMIND0

S ON TN

NOILUARIDS SAURILUN W DNDAID




278

L AR & F |

I SrEmsnmne Bew:_Seeese




-
OEVONIRN UATERURYS FORMATION

COREMOLE LOCRTION 5-18-94-9U4

FODERRTEL Y SPACED SUBMORIZONTAL

% %
| NN g
g “ '
THEI .
g3 33 EE
: | : ‘gﬁi i
3 g, . 5§ g

279



280

€L
ue
= [90MDS JALINS DN 1 SIS MO B
—- Tl Al A BTIDer (IRt < 1XEA Ao
= LT30S (EOMdS 4 TIIIA "3MION08
WLHTOS MMOEN | UGS IOIS ;U
"ALTSOND 3L 2 O3TUAA_MWId WILLGAES b
— o TOILMALG DY nLNES 38V TG0 AOTIN R -
7T}
_ALTS0MDY JPT AT HOPH ADUIOIS |
4 WA |
- AL
— ‘| s o Eg MNLG
—_ ALTOOMOY NI A0 MEINGL NUGITENS TENE WIS
— ALT90M0J JITYBOTE HODI | 4 BXEA MOTATIOE WOMD BN
»
= ATy e Ty nom
—- MU N0 I SIS BTSEL A
= SOIINASUG A1 MR | WIMRTIOWS OTned (BUMEON | (WAL
UTTIVRAG LML

o TOlwanuq AR | iBaA Raaniin

T
i
é SV e
—u-.%
} aucbmanﬁziﬂs_:ig u.”*n:_
AR, i
k9 & et | w
[1:1°7
i
LU
npr
uru e ftéhat
A¥EDe W Il i 0 i sl Mo Wi [t V9
el bet) usﬁﬂbﬁg S e
A3 0L BOLIMT W TN SR
ha: ) iail it
AP UL SOEN YT e
g e
As INLS KBAUIH LNEM TR | -
__uxKl JDUTIONE DK BOISIL) WS |
[ ¥
- ron [ | 2
] s >
s DO = 2 am
R o 4 o
Seew]
o8 woTwIING OB BN e D R Bkl
PO M BOTIVON DBLSIAT DX 441 B
A0
W DERA-0N

; /

y /

YNG-6-61—L WOLLNO0Y IOHI0D
®

i 0N TN

NOTLARI0S SAUMELUN IRINOAID




281

a
.L
\% s IRl

£,




2p2




DESCRIPTIVE COREMHOLE LOG
GROUND ELEVATION: 322.9 MASL

OATE LOGGEDN JAMNE 9, 198!

OEVONIAN URTERUAYS FORMATION
COREHOLE LOCRTIOM 8- 20-94-9W4

COREHOLE NOv 118

283

:

|

H H i

] 4 l:r: ] il

| 2 §3§ |

|| ol o

: o ]

B

1 :

il |

i Iy i;

Dt | i .

L BIRY: :

g lzgié R
i

i *

3525* |

i ‘

% 355 §§ "

i5 E ég 1

i | EEE .







285

1-21-94-94

DEVONIAN WATERMAYS FORMAT IO

COREHOLE MOv 20
COREHOLE LOCATION

o
RUUTIEN G IEI T e T
L: AM; f B: 8! "_li/;!iﬁ*' L ; twf 44
‘ch 1
- : i
- 3 !Es
i o :
E £ '
‘N I
e o : i
4 T
HEE . 'Y
- : i
i ; ;
£l & i
: §§ Eai é B
. H 2§ ‘
I 33;5 : P
& 4 8 | 4
T T TR

| 2.8 |
8.4
YW B
AT
r——..l‘_.. ‘.‘,‘Z<Y
.. ¥
| M. Privic
5 9
Srivic
L, 0. T
W
YR AR
na b
| am.a b
2.0
2.5
| 22.0 |
| S2.8 |
| A% |
2.6
J‘H




2386

- 3 D § T
— ILNOD: 4 TS
—_ ALTSOMOS ALTTIRIBARY OURALNT gﬁg -
— RS A0 'L LTS0MOd ARSI SR DAL NOTROL A4 WRAH MBA CLAN0T TER ASAMIOMOTM | SWINUA SN
w TOLIMAALT A UGk VINGZIMOMINS T3e8 4 OTA AN A0 01 LI OIS SNOTONTIION T
+—t 1 | EhEE
| STSSSE o BR
- e
OO e
IS A0 ‘AL TSONDS auows YA TR N Ul MUGTINOHEE YA S B A
wn TOLANMALG AT WGA WINGITMOHENS TN 4 T0D _ @N| @GS TON TIL AND THE 0RO SO
nad 3004 L
= UITSMAGS MM T ooe G 208 U8 KIILIS FWULLLS WIS
—- ALTION0S DL O 0 DWL SWLI WOTAL LD YRAM AN GIANOT TER
m FOLIMMANT A0V s Wi NN B8 i BAIA § 1 ‘AT 0L 1IN\ MOLEBI MOTN VI STy
< 2
w




2RR

14,1990

OESCRIPTIVE COREMOLE LOG
GROUMD ELEVRTION 312120 MASL

ORTE LOCCED: AAY

WELL DEOARATES

1

:
g CerE e leowe |
RN L IE I Loy
| S I ﬁ\“
|3 3 ]
LI 4 i |
LIS 1 ac:
el o Wl
3¢ gg i |
N g
4 2
T fi:
:eg =a :§§
il o lm
¥ ol | g - -
g: e a’:‘. %,
~3¥y -8 ;
‘gésig lé:iéiéi %
: g 4
= 3 .
o :
By g i
T o

SORED, SBWENT POTAL Y TITVODE
PRITE
GNDES
CEMESAT
Fase

L. SIEPRRITIC 20N
T8 CALCRmE OUS
SR
SMOGres

OEVONIAN URTEAMIRYS FORMATION

COREMOLE MO 3

COREMOLE LOCATION 14-31-94- M4

/4

4

§

on-

HE

I 181.8 poveaver

T
A48 f: - -

1M3.8

| 188.08

)-110.8




289




OESCRIPTIVE COREMDLE (DG

ORTE LOGGED 1-22-94-94

GROLMD ELEVATION 327.5) MR

290

OEVOMIAN UATEMUAYS FOMATION
COREMOLE LOCRTION AUGUST ¢, 198!

-CORENOLE MOy 125

4 — — — 4 - 4
sd LAREE | RE SARE ,_ﬁ
g{ag ‘
1

\aiigg‘i_
o
¥ 5k
1
gégxg
Bl

wpg. .l_!g_é_é_ I bR

........

T
T
I

2
sl b
2.8 {iTihT
LT

L e FoiT
S WY
1.8
JA




791




292




293

|
I
i
|
| —~- : L TOlisan I A rnw»k WINOIINOHMENS 0TI N4E 4 13S0
M T

{ URJ
A0 Wi a1
(s K ) UIIWO BITTRUSAKIIN BOS IN02
OIS ™ 40 IMMIT01E 700 ‘SWINTWLS MOLSH ¢
) A RAIY ML A DODMBINT | 306 SIS O JiINAd WM RO I1lv
1 JLTROMOY ALY O | ICHAO0N0E OS5I WS MOTSNI) ATINT 4 CWIMQZTNOHMENS 0SS GIINEIT) TTIN 3
| BOE FNIEN [ A0 W Ot ACTIIE TRSE NGB R Of EI0MD
T

{ "
! i g _ | it
! ! | i o«
M | | 2
L | w R
i | i , A
,. 1173 _ A ‘ﬂkﬂ
P, T T
| { ﬂ».nma
e | | Mn.mmﬂ
| —1 i ivt
) — w AATAIE o84 )
L AR | | AFAY2S
8 | U RN WY W) MOTSS A $3N00N AFAFAIE 24 1
= WAL LGANNE “I0 SASU M 20N U U[Wad WS LSO JARLLL Y TLMEZ SHONENS A v
* — 1 ALI9OMOd W\ XS W | IDEHIYIN T X4 HOTSA ROV o) (] W ANIN LT YR M ) L
o i TRLINABOG A AN | WUNOTTUONENE 030udE i TIQIN 1 WAL A0 0 LD BRLIRI FWIW TN
4 Al 4, H IAM»’}]"' - - - ‘i
— + —

#

\
e N O /

198182 4 WY Q3090 w0 A_ N6 -6 -8Z -( WOLLEI0T IOMN0D

”

- e P e
YA 0ZE WOIIBAINI ONNOWD i 821 'ON I0H3N00

90 I0H3M0D 3AT141¥I5%0 NOJIHAMOS SAUMHILEN MSINOAIC



294

. 1

] T8 3

© 411SOMOd_3N.Jus O B Mot 5 S 3u, Jokro MOTSH I JONLLLLY RANOZIWONBITS MRS w0 IO
e I LuRUn] O™ 34 WINOZ LHOHBNS 030 41350 | NI | GRUNII) TN JUSSLS AMD TRMS SN0 WD '\ BRI o o) 4
? NI TRODE/ A Sad - T
’ L ISOMOd ALIISSARIY 31010 MsabiiN] | 1«10 STNLidsd CIONOMINS WIWLS ISR I o () g
A s A0 “LL ISOMO Oy 367 My SINL s NOISNI: | WLNOZIHONENS! IGANLI8 MMM AN3A) GIINDED TN JLLIZLMED
LT I MeARUNT TN WANOZTHOMINS O3S 4 1301 ' 03038 TP MLy I QU AND SNONED RO | DMV L1
t
.
; [ anses
sameng i W4 14
us ) 8 K0
= o rsast kil
pons V T
© ] T W
— I YWY
—_ b ws o8
— ol
2 : T Y
—_— : 1
= , :
= , R
- . a4
- i
= | IO
= ' T
us |
= ;
. i
= |
.. : WL |
— TUSRAGY WU | g STVON A DiAe
L | Iy ) “MANOZINS
[ , ALISONOd NNUOMMS O | IRSIONON 305 SIWNL I MOISH] | a3 Mmad AGA) (DLANGU TBA
L= . TOLuMARLG 70 i34 | WIMOZ DN O3S i BAiR 0i i WA A0 THEALNON0 CIORALT 01 SI0AB
A A i v T w
1
| ”
; I
- | | 2
I
.
: ! i
e |
P |
L i
C— Nigi s TR TR TP TR T j SOOODOND Wit
—_ 44 ISOMDY U MOISSTNAOD WILLIGANS ! LS "SI0 I Dik¢ SUINDLS
L= U AOY ALTSOMDY | éd!!gg gég
— TOLAMAGUL A0Y M4 | WUNOZIMOMES (30udS AU | oqan QURE TER AR
+ +
- i
;7 / 7 7
/ , ; \\ \ Vo
[ s &
. J/ \ / ' / \%
/ / g - .\ &
/ hv ’ .
\\ v

186L°EL 4 WY 032907 UM YRE-96-62-9 NOLLHI0T I0HMOD

Sk 86°02E WOLiBATII ONNOWD 621 0N 0M3N0D

907 IOH3M0D 3ALLdIHISI0 NOLitadd0d SAuriion MYINDAI0




DESCRIPTIVE COREHOLE LOG

N9.40 MASL

GROUMD ELEVRTION

DRTE LOGGEDy SEPTEJGER 1\.189!

OEVONIAN URTERURYS FORFATION

COREMOLE LOCRTION 1r-20-84-85U4

295

e OEIE s

e

SR . |
i
:

F%, L
i El el

iy v
j: Y
i £ é:
x : '§e 0
. o

...........

HHEKERRERN




296




297

L
7y 4 WO
n WOTTHOHBNS J3dS 4 13017 -
1
|
!
S >
A |
I
| .
¢ |
i ‘ 1
oo
A i
| f , SUIMDULS
! ! ! ALIIRASY | OLIRI 80N
! A4I90W04 IUINS SRS WOTLUIAS BABG LT
| MU A CLUTSONDY | 030M4S 4TI 1 0 MOTSH3| ATIML 4 4
[%.] | TOLNAALE AN UG | MINGIDIONENE T8 A0 | A0S WA
) ALTSONDd WIOTH
(%] 4 TOLNSEAIG HOIN £ L OLNRAD 4 W04
K

A L1SOMDY
RIUDMS DY LITI0NDY | WIUGIOH SREUKES LERARNWEL0
TUIDE S A HOT LSS

4
o TRl LINE0m

/
/
£
/

/

. 4

!
s

uuuuu
s W S0

S

L fwTer
oo
s heer
| e
Rid.LEm
L.
YW
L M E |
M v
e
T
SR
v
AR ( ]
oo
- Trer
{Tw
0 AL
;”MT-..'l.
Jd'l.
- W
v
T
B
v
Ivw
R .
Tvw
T
™
s an
Tvw
. [ 5479
S ma

1861°C [SNONY 039307 W0

——

TN TOHR0D

NOILLARDS SAUNIBAUN NUINOAID




298

AAAAAA

7
/
/

11'*, P S ATJ ST g B i Lo
1 s ! | A _
P : 41150M04 | IR T T e
[ | MR 07 1| ISOMOG | Lo S S 301 6 1 NOTSNI | SIVOON 31 [Wid 206 ‘(O O31NRT0
— 44\.4;, 15# w@ﬁ.ﬁrﬁm@ﬁ@; YINO THOHBNS 03 dS 313000 | NS * 13 3ISSI4 430 TS SOIMOWO 0L SI0AR
!
! I .
| , . _
| | ! . |
' ; B
' i
! , , i
i : i
, ne ‘ j |
: B ~ | ' '
m w _ “ “
o ! | SM07 3
; | [ Vg T TR ) 0300383 K]
i [ ~ | SHIULIN (L) ROLSSHAT) L1
| RN «LTSOMDY 58& ) XOTLIAENS O30S AVIOIA | 305 “WNLXIL AV WLNGZ TNOMENS
i - * S0 ERMIQ0OE BS ‘SINL XN NOISAS B R UBA T30 j.!
| -] IOLLNARN BJ vy WINOGITUOHENS 0TS 4 T30TA W A0 01 ILIHA DOLSBL MNOINTTTNN
t +
. LLIVIBYRAGY N XA
ML N0 :nlx TRMIOW0E R0S $INLMNS OISNA| 3N WONDM ..rﬂt
N Jwm TOLLMARING ADY W34 | WINDZTUOWINS OX0NGE | 134300 ANLIAN LeJOE T ] .:! 3814 A0 ﬂ‘l
b
I g y 41 IS0MDY [Vl sV Y] NLXIL
X ! MUXNS A0 L LISOMDd 3L SN S NOTSIIL L0 WLNOZ [N Ew.. §
- (%] TOLLIMAINT A 34 WINOTTWOREE 03046 4 YTIA AV TNITWASANOONINI ‘AD 3M01SIUI ST IO
u L] 44 [SOWDY LTI BN
! -~ ML A0V L TSOMDY LIS SINL TS HOTINI) ILLLLY WINOZ INOMENS TOIAGS
i TOLLWAGINT A0 W34 | WINOZIMOME'S 3 4 13103004 LA GANAR) 1130 TINSTS A0 THE SO
{ A
i L)
W e
., [-] .
b --- 41 IS0MD AL IS RN b TS T WIS ISN0S 4 .-Qu. hﬁﬁa
- AU S A0 11 [SOMOd 3u1L 2004 S RS MOTRIE L IO | HODG RN AMBA) G31WNONT 1
1§ - TOLIMAGIN MDY W34 WO TUOMINS G & Y30TN __iwem| T ammol -:! WOLSW
b =
* ]
| !
| | -
]
: : | , ALTSOMOY | 4 LIIGYRMIE WL NS 'STAU NS
| RIS ADT L LISOMDY | NOTSN3L ROILNIANG/ WiNDZ DNOMENS INULLAY WANCZINONETY YRS
* ww | TOLIAIN A L34 030045 4 131300 0NN G3NNE) TN ITIEELI AN TS SORMOND
| - ] S S
; [ @v 4

;o7
s

L g

~

\ K

18618 du)_cwocc

W £2712E WOT1HAT T gﬁ

907 30H3H0D 3AlLd

T¥ds30 i
—— N r _

r6-vE-62-51 WOTHHI0Y TOHI0D

1% %

€EI \ON 30HIN0D

NOT (MO0 S SAUMILUA MSINOAI0




299

1
~~~~~~

EEEEEEEEEECLEEEEPEREEEEEEEEEE




300 .

— . I 1.1
e
, LW
Muxiy é WWM.L VL
. ATTIRAY MU | NI N7 TNOHNES uwp"Hr bk
BFUIS AT “LITI0MDY | “IMAINOE 08 SIEUINS NOIN] O3 4 T 30 TR0 TR TSRO lit iy
w TOLINARI RO UMk WLNTTMONENS GRS { YKIN 01 A 30 0L LN OISHO) HOIWTUM Hydit T
3
=
u .
.y ALTRNDS. STT AR 1O WU DUONENS (08 4 BOTA Thonwn | eunl 00100 i0e BRlsad Masets
| %&cﬂ rioas
“ Muwes 0 LIRS WLITDE WL L a4 S§£§ T
wu SOLIMAGI] A0) USA | WINOIIIONS (WS | B0 01 AWM | DATMISAORON! AN ST T AT
P s kel
SNSRI 1N PG o
e RSy | e AR R s mof v
%] E%@L DR e s o e 0L ALDN "SOMSAT) :
o | [ ]
W m o
/ /
\ / / .
7/ / / J
%* \\\ N \x /
/o7 y; %\ , /
/ %~\\ / / / \ % \
o7 y /




301

T 3 Pl 3 \Mr % "1
v
! 4_ I A ! i
. I : | 1,101
| ! | ; “_.T_: ikl
.W i I ST ik
_ | _ ,_ M.:mlqiL
A I _,/ _, Wﬂ v
| Lo , | : Pyt
: I , SEEHT Mkl
i Lo ! ”, | HinTHw
| . | | | ERdE
| . “ | B g T
7 ! A | ” P
~ | _ ' H it vV
/‘(\ | | | | | :
{ b ; - Wil
| b ; i T
d . ,ﬂ
m |y ! _
| L | L 59 N0 LALNCO TN TUIOW 2 W
, o o josuars | LGN A JaWAOT UL G THILION 308
_ ! U Liroow0d OIS OW | ONIDNOOMS WLINILOLSRIUIN TUMOIN | WODODONE N1 108 MW KaITE o
|| Anaws s WOLSN3, LN [WCHENS 1 T LBA BUeT TEN | - -
w wv | TOIINAGLG ADT AGA | 030% s DLA00M I0GNION0N 208 0L AT/ | "B TWMISANOONOIN ‘AN NS SNOIWTIIOW h .
|
l ; _ - I T
a Lo
,, b
. s
i W SIUSNS WIS) | DI A oD 10 DR ML *iia Yauiea i
[ B e conlh | BN WOLINWS IAIRALG g
, ALISOMDY GI0A NOLLN 108 00 K45 1 4D ¢ POIBMIG IS ¥ WS LGN G3IANDA THER I
wn | 06 MU LI | I SRIYIS K108 ATWILXS oL il 130 01 AUDA OIS0 TN TUN
, / / /
- e/ d N / \ \q \ \ K
| ’ / N &
i/
Iy / a«h~\\ \\ 7 \\ % \
. / L /
M 1061 Y Y9907 160
¢




302

— - g w 3 ‘IIWWH\\\i i ‘\l“i‘*
! " ,




3013

Lo
T/ ASORM) CINDRGALG i B4 0L IS




304

I = T M — Hﬂﬁ’i - - ey
. ' Ay
! S
' ! 78 it ALK SEMN Dg PRETDE: s
44 190M0 LT URAD | MG ‘Bﬁ-sna!.n WIiNAL04 §BT IHLTONS iy
AU NS A0 ki TBOMOY MRS ST RMS NOTSAS | WA nmuln.unn_u.ﬁnmc W 102 THOHINS I iy .
N TOLIMAGLA A0 i | NOZTMOHENS (308 4 BOIA | A YA M ANS "BMOISINT SN TUNN z R34
; ' 1 rw
AL I30MO ! [Wig: 1] : v iy g e
“ TOILMARLE A MG | 02 [HOMENS (30 4 TG0 MDA |, TN TUSSLs MIO 0 AR TS SNEOWO | |
N T ’ M 19ATAI B Ah 1§
¢ ‘E,_ .M M T
LLNO 68 éié iy
AL 190M04 UTT3AGY OXBEROLT 2408 VROOOLHOMER WINS LI LW 235523 BB 4
ALY A0 ‘AL ISOMDY | NS SIS NITSGL SU.:A WNOZTMOHENS TAUMIE YT “BE THLIAD0MIIM <Ly
(%] TOLIMGAALG AT ANGA | WUNOTIMONING TXWd8 4 ELLAGOR | 04 A WAAM A 01 DN "DOISI NOTNTUNY it
o T l I Btis BRI
M P il
| o 4
i T
_ . 8
T e i ]
; IR A 2 24
. ﬂ L Y R e L 11
) _ * .....
. 2L A0 “ALTIOMDS ! MUY SILIS NOTSAL | ﬁués TR
(% TOLUNARIN AN OBk | AN TNOHINS (38 A TH00 | pOLWSDN | TOR TUMLy [TgE) [ 2] BT o ™ o ¢
i _ M et
4
<







306




307

R S
ERE IRRE 1NN BENIARE

lﬁ!:i:.nﬁg &gﬂi«“ﬂ“
gﬂ:ﬁ& ﬁ:ﬁgluqﬂct»gp -ﬂgh
M Al

4 LIRS RM IS
004 'iu‘ﬁ.ﬂsgl JLLIWY
RAUNS A0 A LI0MOS 0 et NOTIN w00
TOILMAA N0 AAA ANOZ TNOMENS T3S o»»!p
) /
‘ /
/




308

»Cdgoa
l_::.ﬂg “ﬁgn q!_—lwu
NMOTLMDS LSWADE SN R MOLSHAL

YLD DOHENS T3NS 4 BAIA

NIMLS WRNLIE ROS é‘!mﬂﬂu
3 “JONLLL LY W1NOZ TNOMENS Ad3a) TALAONT
THR ARD 0L LI OIS

|

ik

41194




309




310

b 1 -
H A B e
i i b -
! | | *
' ! ! I = i
Lo : _ AR LN
. iy e .
P , ! ng i yrve
m : i TWe 0aT AR
! ; | ISNOd MU O | YR M iy | romeahR | WL MUNZTENES N AN GOT AT
PAS_ M AQUXL A7) NEW G4 1 TAIN FIT008 308 5] AT O A POLEAT SN T BRI
i I
I
R R
! P 4, AT nuay
Lo | ALTSONDY NUDWS 00 | WLIMY TRMUOWS YOLWAMNG 018 SUW4 IDOm T3 LIS 08 Y
* TS; ngg O MiNOZ TUOHINS_ 033445 A BOIA Ve | sk citsend 1o IOLERD WA i
! | . v
| | : - .
: ! : oo | .‘g . “...Ilqlﬂl
i ) | odrmm O
: , o ALTUSVIABY L ﬁw@,ébaguﬂjﬁm R B
| w | TOLLNGENT NN A8A WMT OIS B8 A B o e ot AT g seiad
! ) POLSIT) YBVTUIow | DOMAI | Ftr
— ! AAT:
, A RAFAYaa
: , Ty
i ‘ %.mhdu?“
: D ! é oy
! k t rs i Ay A
| | | E!lx_ WOLLTOS O I 2o e
|
, F g DA WOLITIOM B W 4 SHY KLITOS el T L
” * MO | (58 308 S W LS . JLDOD; %ﬁ% arara: B
i w| AT sz T A 1900 oL A R S o1 110w TBOIERL ST O e,
w ; \H




311

PR QU s R ] i

ALDIGY 334 110 0018

i | 141S0MOd B RS MDY O RS S TINLRN S MOTHI] | L
e AL1S0MDd JLTOUOIE MOIM HLINO DIOHENS 032045 :89,7
4 N ¢ gl e SN Sl S
" t
| |
; ALIVISBASY U NS
| | ALISOMOY RIS GRS | TS HOTSNI( WLAOZ [NOHENS
_ o | TOIIARLT A0 A3A B0ud 4+ BUIA 08
=224 4 ¢
! ALTSONOd LIIBRNDE UM
h : ; 23 0 LLISOMDG | SIS NOISNEL REINGZIMOHENS
. (J_ + [al Eui O A BRI 208
P
” | o
| |
| LAt}
ML
3\832&
LLIUBSANIY TI00INIUNT
: ALISOUDd TR 8 MU ‘SRNLINS NOIM3L M4 IUUILLY WANOZINONENS YO HTY
e 4 TOLNABLIG A0 B | LMD DHOMENS (30Md8 4 T3AIN 0L _RFNOON | ABA) G3LANOD. T130 1380 B0LSIMTT DIV IO £
1 -
, f
L arna )
LISON0Y Iy s | MU bﬁ-dzu!e WUXIL 4 W NI¥LS MRNLID 308 A VALMASOOM Iy
ww 08 TOILMARLE N0 | NOTSSINAKD UODRN (30848 410D | L R ggigi
T 1 1 L 4]
i v
|
i : MU ™
| . L O e
| TsoN0u | ALIIGRNGY GIDA NOLLI0S ] 3414 NOLUTIONS SONDM
' | l:h.m.%sﬁolﬁ ﬂtggﬁ»&!g qﬁuﬂwﬁu S.E.ﬂ::-ll IiTMA¢ 20 IULLLY LA N
M| . TOLISARLG A 484 .ﬁbag NOLLTOS M08 04 SWVIOON PCTWLADOOIN ‘A0 OLEBT NETNTIIN uTey
+ + !
v 1 ﬁ
+ + + va
§ ’
;

%;
/ \
_ | ;o7 / 07/ ¢
% o %m " F %% %NM\N.\\

2 QU

1861 Y 030000 30 | YAl -v6-Z -1 NOTLIWI0T IWOHIND)

o R Y .

W B WOTLBAIT ONMOYO ' v 'ON IIHWOD
J— —_—— — - - 4 .

20 I0HINOD AL L14THIS 0 ' MOT(HMM0 S SAUMEILUN NYINOAI0




312

;_
=
=
;
R
=
-
s.:,
g
56

/,
VERY L0 INTEAPARTIOE |
POROEITY !

; ;
TveRY LU INTEAPRRTICLE |
| PORGSTTY LOM FAACTURE

POROSTITY
)

DESCRIPTIVE COREMOLE LOC

GROUND ELEVYATIOM 31143 MASC
DATE LOGGEDY ALY 27,198

¥ SPACED SUBHOR] ZDNTAL

ANISOTROPIC)

TEMSION FRACTURES, SOME BOLODMAGE. | AND FARCTURE

FRACTURE PENNERBILITY
POTENTIALLY

f
THODERATEL T SPACED SUBHORI ZONTAL

) TEMSION FRACTURES, FRACTURE

| PERESBILITY

[nssm 10

NRRBL 7
NICRITIC

| YeExTume

g 2
ey ;!
=S ] ‘

e '
:

GRADES 10 WIGHLY ARGILLACEOUS |
$5.5 Pv GREY. NICROCRYSTALL

ARGILLACEOLS LINESTOME, WMITE 1O GREY,
(VERY HARDL. SUBMORIZONTA g‘f’!r\m SOrE BITU®EN |
1

DEVONIAN URTERUAYS FORMATION

COREMOLE NOy 147

COREMOLE LOCATION 4-11-84- 1004

Sy e e e [RguguRupuing GEUEBRERINEeEE Y
e s-'Lh.:_‘ - " J’}:‘ic—' _{'_L'" Tt T S it
sEyEptpte Tyl hytyyty *“3;:1" M e A e R

i ne ANy BaaCla T ntutntyiptietetytyintigins

TR




OESCRIPTIVE COREMOLE LOC

DEVONIAN URTERURYS FORMATION

GROUND ELEVATION 312.68) MASL

COREMOLE MO 149

OATE LOGGED: ALY 22.198%

COREHOLE LOCATIOM 1)-N-84- 304

<. - 7“ N
b .
e
b i‘"& 2 \\\\\ ~+ -4
q:\‘% S+
o~ 1
o=

VERT L0V DAGPRTIOE

PORDEITY, LOM FRACTURE
POROSI 1Y .

PODERATEL Y SPACED SUBHOR]ZONTR.
TENSION FARCTURES. FRACTURE

PERNEFBILITY

|

|

313



314

N

~
s

NEEN
Ty,

2

R

u\ o .mm. \\\ %m

/
_/

/
/

D 1 T b " - 3 P 1
| ALTS0M0d J10OUOI8 HODH | S 3 NOISN3L WiNO2 [HOHENS *f u&wh&m* GO TN 1IN OLSIIT WMARHOIE ‘ T
4 + — R
! ) PR I A1
P ; D L
H ! -.-.-
o ! NEREI A 475
| | | PR e
| : W " , IS .
, | AL I TBsANAd . W4 3OS MJYLS NRNLIE XTI A0
% ! 1LT30MOd lﬁié MUY SRS NO1NAL ..:BS._ QIO IO NI SNOISNONT INOLSIUIT MY VIONIES e
w | on TOLIWAOL A0Y WANGZ THOHETS 1338 4 LN £ IRML A3 01 DN YI0ME [OMLNG MOLSMI
_ 78 | 1 i 1 CL W
il . ; !y
- ' ; | ' LT
g { : : LI e
[ | : | Ihh
S ! | : 131 oI 1| -
[ , , Ut
e . - ' | essatd BAL
= | o (il inan
— 1111
s : : hl
- _ ™ w&f
= AOTI8 AT Iy
| S AU 1T
b : JLDODI 6 :
[ i ALTTTBSIAGY MURNS TITINANT WL whoTIoes
- ALTI0MDY WUOWS 08 | YIMUINS HOISGL WINOT DIOHENS 4 VM (3N GO TON LSAUIONODI v
[ tee | | rolisanud a0n uBa T3¢ ATIOIN IRNIOOE DS [Ty Y L0 01 1NN NOLSII SNOTWTIION L 5T
+ > ;
C | D1OML0SDM 4 THY L0 [E ATLe T B
i AUTSOMDY | LITSRARY WU IMNIONOS 0LSMN oL .g SUrew
! | BUAY A0 LIT0MDY 0 0N SRNLINS NOINAL SO0 MLOITVOHINS YA (LLEVD THA 14 RS .
|| | roLimanua o e WOOZLEOHINS J3M4S 41350 | RS RN ARD M Y9 NOT8 TRMS SORAO WO 01 $30MD REUoe B
e | i i eew
= | iyt
[ i U _mLmH il
L | , A MUY MO8 | ILLION 8O ng iTH T
Lt | 1L 30N 3005 W4 WOLLAES TI00IRI3INT W 20S IUILLY WINIZINONINS 2 —uwﬁ.
| — " nuId N0 CLITSONDY | (3OS ATIOIN SINUMMS WOTSNI| L3 ws UGA TAWNOE TER SLOOD! et I W1
L= i TOLMSARLNT AT ABA WLNOZ VOIS 030845 413800 01 AN A0 01 3114 DOLSAT) MOINTUNN Fesese
]
7 \
g

7
a\w 77

861°LI 15Ny 39907 ind

P01 -46-21 - NOTIHO0T 0N

S ESTIZE NOILYAIT3 ONNOWD

¥l ON T0NNOD

207 TOH0D NILJINISN

NOT LEARI0S SAUMNILEN NYTMOAI0







316

Pty
(A
A‘.V
T < M A 1 41 -
| |
_, {
1 | |
P | | !
. ! |
o |
. | ” i'gi NANTYD WL :‘ggug CE RVR i=e; NY WA
L L i TOLLMABLE AN ! AV | A VL4 04 JITBEIS A 30 DEISIIY A W8 6
o ‘* + +

! A PN A WRESI ST
| E_L* ] [T S ESALED A
. kT Ix: ¢} AN AN BUNIT TER
R [y WUCZTEOMPE B s BI0D [ ¥y ] ] f1v ]
— =
/ \N \ \ g




317




318

- b - - -
e /e

iﬁi i tﬁ

i
5
¥
E

1]

X

$

3

g::
o

ALY |
‘uh‘mg% v

E—
L 0 M
!
” R
1 Td«ﬁ|
e
,
1 _“_“T-..HJ
ag HERTE 2
il frw
! _F_:riqnn,.
Y S
1
Rt
S AT __::ld.dHL
JLINOIM W VXIDN 0L »!.:A_p!‘iﬁ'. _:__
¢ 19 IWUXH JTLNOIM A WA U FI AUT3S A W08 il ey
,_rn 1

:

i
;

L4
€2 |i PiiET

|
:
1 + R
i
|

e
Salbed

’
i

......
.........
1t
ALDMO SIEDN

n_.n

RO LItAA0 ARLLNL I:uﬁlg _n [
g 3L ) mm%mmmm.;aam e
3 1,1

»

7

OB P6-€1-C WNOTLEI0Y IOHN0D

€51 ON TOHROD

WOIIHARD S SABNYILUN NYTNOA 3D




319

j- == et s S S
20 NOTW LW o i
— “_T___ljd.l
311
”_T“_.Id..al
—_____ | i 4
é ) e
Lt e
111
17000
11,1
u G TS hidyo
I MU IS L
ﬁnmag#nﬁ.«g RN
B el e i
uu__:
f—_q_ v
D..__; [Ad 14
g [
HER]
TR UEA LMD TER umw.wf.”
3 01 1UDW PRISMT thitet il
v t 4 14

T
A ]
w| [
U TEN 4 TGN TSN XMW Tl
SI0,  arYesam iDe N I omd 0301 el e
T”.IH TW
U _:Tn ey
| e I
i g @y It ~1I4(=||l
EN WL¢ MOLITIOS NIDLS NATTS i ] :.:“.
om | ) ) i
B0 Y8000, 25 g
A S i ¥
s Vi
) w% \ J
%w \ %, \\ %%
b . &
k\\ - - ——————
o WOILH00T TOMM0D , ]
Sl ON IOMRD T )
WOLIM0S Scmydlon WA



320

3 3 3
)\ AL
IR _ _ RN
| | ! Reseeim
P _ ¢ oo d ¥
o N~ | aeces B8 B
| - | P M
| | ; rerton It
b _ : , W]
| | | Pt
Lo | ‘ iy
i | i
= | | Sy
o ! W
b
| ! ! Arayay
; ,, i , Pareres
. , | rereces ki
L ! S
,,, | I ol al
Vo i rercce Bhdhid
! hr v
w ROUTe o A
A I BT ey
_ ! WD e i
| AL TIOWAASY ddlé MOLUTYON AU -ﬂ!ﬁ:ﬁ;!.ﬂ% T
P A ALTSOWS | DM MU TANIA MITRGL | JLOOIV 600 2e4 WOLI AN T
i QIOA MOTUTI08 B | WILLIBANTE, WINOZTWNNS G0N I 208 14 MU e T
AL AT ' LLTIONDY L1301 "MGON08 AINELG 1T Des LoA ? AT
Wi TOIUMAELN A0 A i A0 SANLEJ MOLUVI0S LSRN [Ty ] W 0L UDN 2 a
ey 7] PEATETS g ot 2 |
ALTIOMDY JILUNOD | BOS YINLS IGMLLS BOS “IORLILLY WA DHWIS 3%aT
e TOLARLUD AT MBA WUOIDHINS BN A BIIA 04 AW AZED 0L MERSHLON s -




321

S .I‘HHI\ N\IHM\IM N — i 4 «, - _ T P - -
| .
| .
! .
f .
| | g |
usy .
f LiIMOIN &8
ALII0N0S LN O AUIN S SIS O] TS | T i L oA o TVLADRID!
TOLIMSAGIN %07 Au3a BING2 WIS ([X06a8 1 130T 0L 4 W AN 04 MW BOUSETY SNOTNTIW
Al
ALISOMOY MUNES Y | O R AL ..E!w; DU 018 . s
1LT50M04 310 0MOT8 0D WLNGZ VOIS (BoNes 1 B0IA Easgaésﬁuﬁ_ A
0204 MOLUTOS SEAA00M o WLT08 OW Dert e e sy S.-uuﬂg .
AUTION0Y MUDMS | SRNLINS WLIGINI NG TUDM | QWS D IOMOW LSOO IR
o8 TOLMARLT 0D YOO 0306 | 3OTA BenisI0 ins‘&ﬂhag :
w sotdra
| s
| Y
" b
| OhlY
, 1w an i omERuEn TH..“
LI90W0y iy e ||| sopmnua 4 SPuRI !ﬂuuliil s
TI0A MOLI08 O | MTTLTI08 By IS SREUNY | 4TI a T V00 1iTis 28 TN
UM N0 4L TS0W0e TG VUGN TN L rODI Vs 1O GROT TMLSAONIIN -
TOLUMAGIG N0Y W34 | AT30IN W & N0 MQONoR 308 § - A38 04 ALDS SO TU :
+ Ikl
T P 5
| MC1UOIITI0 Towde 4 BaIA 2eqman TON LTS TUSS M0 WD I o
t M- W0 |
-/ ; g \ 97/ ¢
g & &
B6LYt LYY 039900 360 - 6 -6 -€1 -5 WOZIWI0 1 3OO
i LI o paaii — ]
S 61226 WOIiBAITI ONIDHD 951 10N T0HINGO

_— e e —— R — R _—

907 N0H3M0D 3AL41¥ISI0 NOILHAMOJ SAUANILUN MIINOAID




322

e kinah S s ; - P e RNl s =
— ‘\“‘Mwmxxxl,\\iw . __ALISOMOd 00 »mwf SN S NOLSIL "WLH07 TS | 1!:5; TINMIT TV IUSSLS A0 TWHE SO RO kB Nmi
: ! !
: i TH Lag" s
Hhhrye]
| A ag i M_a.quﬂ.l.
! : HEH .
— ! _ IBHHELY )
- i thly
— 411 S0M04 0I0MDIN 41 UGIRA34 i WUIY WiN02 et I i W
- UM N0 LSOO WL RN SIS WOIRGL | 0NN AIIA TALAON TR Fn% Y
;- L TOLIMMBII A0 84 | WLNOITUOHENS TI045 AT3QIA | WAL A WM ILIMA 01 AMD MOLSMN LT Iwst
— — = retett
| e
! | r. w_
i ; , Jth{ TR
, : ! Aeipl
“ ! i T
i , ) b
! | L
{ ! ' i Hu:l~
| ' ! . o
S » e yo mee — 7
I _, POISRIV/TWE ey g- ~ﬁ
; [ Aisowd | LI UISVAMRY F I " Ullmas wews 308 WL, oil
; WS A0 LITIONDG | YIS MIISEL WINOITMOWE® | 0300SMN3INT LTOT i
Lo | TOLIMARLT AOY AlBA | BN s RGN XWITN08 g Y] [t di
D ! i HiT
f i ! 9
[ I
i
i
1
T
! SIFUINS MO Y 3y X3t : ==
MO WD 1 | ALNOI 4D ONougaM JEirmanss 0 e C
ALISONDY | ILJOMLOSDY WILL0J 3003031 | MOS WIWLS MBAUIIE LNOTY JORIT 1
U A0 'L TSOMDS JATSHILYI ‘ST NS UKD (08 ATYMMIS WRAM LA GBLAFENT TYIN T
ww TULINARLG AN ABA | WINGZINOHENS (XNd 4 BLABON oL A Wl 0 01 DN
T
|
T R—— iy "
ww 0T D 134 | WL TNENS (NS | BaDy oo | G HaAeE
j o WD | 2] B
e D - -
7 4
4
/
a\

1061y IWIALSIT 33900 3160 O -08-C1 -8l WOTLW0T IOHIR

(SO TN

T
kiU
|

S 0C°EZE WMOLLUAINI ONNOMD

307 3ON3NO0 3A114140S30

NOLIAMOS SAUMIILun MSINDAID




323

..... T - -
' Saimra i
| ] Y
ieat s QL)
T ™y
: T
D W
ro .
e s BT
[ ! ‘e L M
b=l ,
|
Ceer ! .
bt B e
T MLSATVTWE
i : (1 T e LTI noe AVOD! ILDMAd B0 ML
gey | . i
| = ; s Bl 0s A58 | BOS ML ﬁ-&uﬁﬁgdﬂwrﬁ.ﬁg
oy SIS DO YT L3ANS JALDODI 1S WSS 1¥_ WANOTTMOMENS
- | aLTS0MOS WM 08 | (NS i TOIA SHNL M3 HOLSHG] oW w1 GALARON TTR I TMASANDO
=1 L TOLIMARLG AN A8 WUNOZ TMOHENS (004S 4 TALLAFIOOM 0L A WAl 2O 01 LD OLEIIN NOTN TN
[ 1 Som o a
I : ' T
o : AT ] é ] VO
j L ALI0M0d ML O MU TR HOIROL 308 INULLLY WINDZINOAES TR GLUGRED v
e | VOLLMMIINT ATV A3 win? 0T i B0V DM | TN TUSSIS ATV TS NOSAORD 01 SI0N0 R
N 1 | ™
W : C— TR
~ ) by
) um| T
; CMTURID ¢ 4 n G | RO | BT
; : iy DY 305 NIMLS ‘] 311 NNISOTS 73T
, AUNIBIAMND LR JLDOB 00 Wwares s 2ios 1§ WUDITONENS et
 LI0NG MU 85 | TR HIOMAL W LNOZIMHES oM O a3y AT T TS AN
| | TOIlMd3INT 100 a4 TX4S | BOIA 01 1 WAk F] ouEmeweEw| | pBres
+ t
7




o
P
aaSsinie

3

[ irne

i

5t
19}
S

[ VRGN

i

2%
=3

3




325

A U 66 AU AWUWAL JLLDON AW 01 $30MD |

1
|

JLLDODI 41 » el
i s | :pr
Wi ]




326

RNRE NNEIRRLINREINAE

— S — - [ ¥
~ 4 N - B Lo - R - . ¥

ST

\.
~

™~

s

~
N ..
~ \
N

S

\M
@,
.
v
N :
P,
e
-
e

96151 AYY Q29000 WO L YA -G-8l MOLIYO0T TUMAGD
WAL ZTNE NOLIBATTI ONNOWD ‘Hh N ON TOM0D
907 NI IALLATHISIO0 Y NOLLHAMOS SAUNILUR MSINDAID




307

e 3=
* “_”_T 908
| 1 ” t ” ( ” 4.
| i .
A LJ:_ TV
| ik e
! _ﬂﬂfu
_; AT YTe
| [
m hit
| L erTe
. RN M
G e
i
Lt 1T
TIMUSION il
L LISOM0d LTSNS MRS ' TS NOLS R F3V00M J1IMA¢ 208 STNL¥IS MOLLTDS ﬁmﬂ_nm 24 14
TI0A MOY .08 M ST wMI MOISNIL Win0llHOMES W) MO NIYIS W3NII8 TONUILIE WINOT LUOHENS i G
MO S A, ISOM0¢ IS WA YIMI008 | CIO0WHINT | 06 LH3A) QIIMUNONT V3R NI TWi SANOOMONU Loy
L PUROBARINLAC uai  MOS S3UETS ML 0S Ser OIS | 0 01 1IN RIS ML) SOTY 1119 04 530M0 5L
- S LML 1Y
. i
ML ) (U)W T2 N
e e . uWsusO) WONRANS USRI }DA 4D/ I0LS M
' i
XL OOY4 305 WI¥LS NINLIY
! 13LY1 20308 M WD 0 I0TIAN0I30 I iSu ' waoe | S
TSNS RS S RS | It ] OIAN R TIMNUSI0 XTINIW A1) SO RO
LLISOMDY IANL XN S O | L) MO15S FehdD/MO1 11 5S 3 11441 K} L) N1 SMOISN YN NO{ST Wy VENIETS
30T IMSAIINT N0 i8I | DD 0INGS 4 1I0IN TRNION08 oS A0 01 JITHY MIJIIB iSYIRRYINT INOIS AT
v ,
! |
|
' PAWA-ION
| NI
! ISUIWIULS NS TID WM 000INILNL
i g owroum ROS) JAISSM ‘AL 01 A0 ONIS/AND
4 — | (SOWOM0-MM TUKIISH I WO YD | IR
- SN[ 7 W01 193155 X0 | S0 M0 W) -NON 010030 WM R 1At T3/ 0SS
— . __SINU Mg MOT 18155 -

, ’ V4 £ . i’ .\ \\\.,,%%%.\ g

& 9 o
¢ ! ¢ sy
£ $ 3 ;8 s
» / 4
— L _ A v
‘ ARy n‘w«l.ﬁ‘m«iw. us - ) ' B B T TAQU- 06 rZ-0y NOTLHD0 I 0ONI¥OD
.,:r\lm‘; MU wet i WNOCH” ’ P9t 'OM 10M3N0D

A G NOT U0 S SABAYIIUN WY INDA IO




328

1 d -
I
4 ]
. . W
! ‘ 4
Lo
| A !
o |
,. '
- "
|
_
_ ' LY
| : T
! e . |
N L A\\ ao Y
_ h . o - T
1 i ! SANLAL - Lads |
! i E.é LIS 1LDOD 8D P anLIs ln-lb-ﬂ
b _ ALTSOMOS LI 0N : o T IS 7] Noaat B ELUMN TB BT e il
el rOTLNABNT AN uee ..Q.é u o Ml 'A3d8 01 3L DOITRI) N0TW TN
YL .
I »:.4‘( ’ WNLOL
b ! ALISOMOY ML N0 O LN .'Kpu. 1 JDUIOI ggi!!ﬁé
1 »%gg WANOZDIOHNS T3NS + LAILA BoNoY | TN WNdl IDUIOI A3 BOLI
hl T - T T ) e
[ . snihin
L e L OSER  a a
L L 5 e
” DO b T ]
i ’ sONTNLTe =
i , 08 FV00M sy
| e RE | g e | vennu S| o v e ead R ]
% >” %ﬁggﬁ b} DIOHINS (3048 4 TI0TA 20S INDN | BUGE) TEN Cﬂ.-g [T 0T 48 R B OOUOD
&




329

D R _ i Gt Uhis i Soluipie
3 y, A iy .4
| foore] ¥
Aydy iy 4
! | MFAYRM o o o
i A AR g 4 |
W _ AR RS
i A i 4 PR o | B
i : {Arm T
| ” f MM b4 |
i e o T
! AR Y -1
Pl [ [ )1 ipipivf VW
. z | saJﬂ iy
! A ™41 R
| X iririe TWE
i T ¥
i Torirtyryy
. RN .-
Lo v e T
! T _ ; RIRYXI I L
: ' M ATATIIEE 1 |
: _ UITIRRADd WXy | ATITAINE I |
, N6 L S (L) NOTSS3¥AKI) 4 DOIN 4D W07 4 WA 00 ‘S3WANE OMNONOOWH JTHLI0IE AT
| A1TSOMO N S OOMAL ROTLUSASS X0 0300363 LNI MOS NIULS NRALIE IOUI(IV WLNOZTNONETS AYAFAS I
ILAG00M ‘ALISONDY | SIWUINNS NOTSNIL “WINOZIVOHIS 1131 4 M ANBA GRIVMNONI T30 SMORO AFAFAI 4
JOILNAIIN 0T AN3A (3088 4 3TN INMION0N 305 06 AW | ‘A3 0l .:i OISR usg.ﬁl. Srivie w
ALTSOMO¢ o OO VA0 RN
IDLLMAAINT A0 ]OS_"INI0038 VIR 4 W00 g 1_! » SRR b
]
ALITISYIA3d I1070MOIE XN é
| . 1iISOMDd ML AS N0 % SWLNS SIS HOISNIL RETT) WIULS WANLIE AMSH ‘STIVILT VD) 3ALT0 30K
| 1.iTSOMOd JIOMOIS HOIM WiNOZ INGHENS G3INS 4 13ATA RNLXIL JIKLIOIN “TAINA ‘BIOISEIY AMBMDIE
| N
| | |
o . I A ___N1ITW ISVTRAL NOLSTY A -
]
! f
! | KIMLS MBALTE AN
ALTI0MO« STOOMOIE ‘T30036 TI3A ATWL JILIWAS MDY JTHLI T8
D% TOTLMAMEING HOTH | . 03003 VN | 13WTNS O3INAD A W00J ALDN UNIND0D
] [ ely receres ik
JALNOTY 60 SOL10 XOS IO FECToTs
LIVISAMDY GIO0IMIINT | MIIUEIN 05 WS “UNAS BB ] né receres IR
ALTSOMOd RIURRLS O IS SINLRAIS NOISIEL LTINLS ) W1 N0Z THOHINS ABA G3LANONT TN Ny
[ Tolidanid ..m, WINOZIMOMENS (306<S V3OMN [ 0L AWRRSI | NITWISAMOOMAIV A0 WOISMV SWINIUM| | P
| ! I
B D e S et
~
./
& &
4 4 &
k‘ $ A / A ,.,\%
Y
I~ > 7 v 4# 7 & uw
N & g 2y » P
/ Ty F /S F g/ ¢
& /
o i A Y AN
— - ——— - ¢ - - e s e
18615 A VY 1039907 3180 i 06 -52-¢ ..a:auo,_ 39.!8
O . N JRE _—
S 87 8LE .zo:a:: ONNOYD ‘ 991 'ON 370M3W0D
907 10H3WOD IA[I4INISI0 A& NOT [BUMOS SAUMYILUA NYINOA 0 N

iy



330

. w\ﬂ,w\“kh‘\\i\“‘x‘ z




33

......

S W
-
......
3\ , e
i Y|
T
ATA o b i
~iriT
. ke TS
T WIVLS ABNLIS iy
S, Pk it
A0 01 MO BELSIL s Bhibdl
R Bl
e
DO B Bhakid
R i 2
o adi St PO [ B
TUNGN WL 308 QUNBIT) TBR R
BN AR TUE SASRA0 NN L

/ 77/ 1
NH\\ //

vIG-r6~9E-1 WMOILHO0T ION00

6ol OM 0N

NOLIMMO4 SAURMILYn MYIMDATD




DEVOMTAN MRTERUAYS FORMATION

DESCRIPTIVE COREMOLE LOC

—_— - ——

b
- +__4A4 —

GROUND ELEVATIONT 300.92 MR

e e

DATE LOGGEDy ALY 91981

COREMOLE LOCATION 0-27-34- 104

P N

_4‘_.‘4 r
‘

—_—————

.
Vo, o
S

LI T

: "
LOV FRRCTURE PORDEITY
i

T ViDLV oPACED SUBORTIONTAL
| TEMGION FRACTURES, FARCTUE MO

[ STOMOLDIC PERFERBTLITY

S SRR
REIERE-IRN IR NN INNE IN
o R R R

[

i
!
|

AOUMOED
BIOLITHIC
TEXTURE

i

I
HARDL, SOTE

R

ViR LV DAOPRITOE

POROGITY, NODERATE

4
| VIDEL Y SPRCED SUBMORTZOWTAL

|

TEMGTOM FRACTURES, SITE
‘\ SOE KARST ﬁl.lﬂlsh %
FRACTURE AMD SOLUTION

FRACTURE RO SOLUT1OM
vOID PORDSITY
i

ras
T T
. 2
T
viyiy
i
]
I
1

FEOCEN

Y ¥ B cececn

332



333

b b
3 - ‘
: g4
! , R B
ﬁ | S | b
! ALIS0M04 | ALITOVRAGY B ki
P MU A0 “LLTSOMO ML YIRS NOTNL ULILY HINGZIVONINS A LA o
%) DLW A0 UGA | WMIMOZISOMES E0vdS 4 TLINI0N 2@ TBA TUSSIY AND ‘TG SO NO 01 S30M0
! j | fan
, ! | st
‘ . ;  caepe
: : if
! i ag ; Ll e
| OIONMLOSDY A TMIINULOS UGl T
_ UTUSBAGY U | TG/ DOLSRT ) ILILN MUNOZ IO 1 vy
LINN MU DN | YU WL, WIOIIIHE TIBRALT VM 0 CUNGG TOR TR L T
I FOLIWABUG A0 34 e i BAIR 08 IS Y] ATND INOLSAIY IOV Gl eses ¢ Pl
! k R e o
+42+ | wilThney o Do ow | T RS TE MR o feae R
| ) i ! Hhmw
| i -
| | _ SR
H i LT
i Y5
. > . :
, ; ! } Y
| |
< !
i W |
!
; [
o i [ onoaegw k
. NI
us! ; | QLALOEDY s TWILIEI0S W8 308 us nUTemOnONS -y
[ | LUTI0N04 UM [T IOLSAT LB R R )
| — MU A0 LTS0S | TMION0S 208 woIeal BRI WLN0Z SUCHNS N8 CLLANGT TER T
wl FOLIGARIG 10 A4 OBua | TLMIO I | BOTMISUO0ON ‘AN BOIAT SORNTGIW |
7




334

: i — s - - o “% - . + - R * O S - i ol

-1 _~ TR
, b1 Tw
. 1117
! “_”L_ e
: 1! TR
! S & i §
et I
A .1%1 T
! LT
| B ikl
- | T Bkl
| Ligi R ]
| a (L L T
_ Pfoyilmm us
il
: sastits i
“ e
i BUt
d 1,341
_ Setim g an
. ]
u £
{31 “_ﬂ“ I
! i M AT .
S B8 §
DIJOMLOGINY | SOINIALNT 41D T
! i TRIIiM3 104 4L INTEIRAY BOS WU SO0SODOME W08 ¥
UMY SIMURNS ROLUBAE | JLIDOMH 801 [ VINUMNY RQIAA NI NDILE .I::-ﬂu!ﬂ | T
Lo +1150MD¢ TWL XN i QIS4 TI0IA [0N08 TI0030IINT A1 N0 W06 141V W2 FET )
! . 3LMI00M "1 § [SOW0« | JAISNALKT 'S UL S NOTSHIL 4T 4 O L3N GILANONT YN v 5% ma 1 7 un
L2 TILSARLD A0) W34 WLMOZIVOMINS 034 L 10EA 01 1 WS | A0 0l 3D BOISMIY I.1
{ )
! ,
t
s LITRARY WMAI0LE U XH
: 41 ISTMOd TMNL XS AOT D LMY 5IWN1 XS NOIENEL JIWiI0Ie MIMiS MRNLTE
we 11150804 I1OROIN HOIN WINGZTVOMENS 03NS A130IN |~ 030NNOM | AAWIH ‘CLMMYNT TT30 310N BOUSIIY WAREMOTE
* SIN{ W3 UL WD ORI WO 10 SOTETINE IOLEIE |
o C - o MOT 1YOTSSI0 YOO O3S 4 130TA IAISSW SNBMENE A0 VIXHWE LOWIE DOLSEEY
) . -
+ —+ — —+
! Af3d JENd SIMNLME3 NOTSHAL - NLILI W]
= — WLNOZTUOHENE 030e6 4 T3LW300H | SMLX3: 4 WA/ | INE TRAUSANIONOIM 3iD8
T
4 —
pE— [ S— Foos

861 4 W Q39907 3ivd #‘ rA0L-¥6-(Z-11 WOLLYI0T I 0K

-t TR AR USULEREN ¢ J) 2 04 TOHIDD

00 IN0H3WOD 3AT1141HISN0

NOTLEARMOS SAURNILYN NYINOA X




335

+
1
|
i 44 190MOd ALI USRI
i AL XA A0 L T90M04 BOLRRES ST RS NDIN3L
1 TR URMIINT A0 i834A WLNOZ THOMBNS 03 eS £ 30D } Al
i
i
i
| 2
! RALAN 20§
OIdOMIOSD L TWIINILOS IR 048} | [RFI
A1 IS0M04 ot VeV (Th TINT i T 400 | WIuLS WASUIR 'Bﬁ_k WANOZTNOMENS WO A0 3] ¢ LF
! B XS A0 1L ISOMDd NOTNAL MLMOZ THOHENS (16dS ficic el QLwinOMT TN TWLSAORITY 0L UDN PELELY
JOILMMAIAINT A0 BA 4 30IA IWNION0E AISGELG3 A 14 TR/ OISR ORI A 4 04 SI0MD aalsT
t 4 RECR
i o Yl Yl
; 77
| A7As
, recesec QAL
4 nn
! NW“WV.
et Lt A
! 2T
_ U o L e
h FCCTOt o i e
Yol %
TLL v Beaus LECEY e
4 O] OMLOS Do U KU g¢~<6<“§§d{n‘—¢ A
44 I90MO" ATWINGEL0S 4417 Mdld JLiIOIM &3 | MOZ umgﬁ TuAd "X0 L - Ay
! 3414 WOILTOS O ND1iNT0S Oy 3N Jhld e 4 TCINUNT | s 208 LS LI 10N WANDZINONNS Ay
{ MU A0 i1 1S0M04 WO1LUIAINS, W 1N07 THOHENS 1134 '\ 10 AN TER TSI FELREE o 1) s <
| IOLimsdnd DY AR | (B30eS 4 A0 M08 04 4 WRRA DN 0L ATD AT TN i .
N 04 IR0 ISR RNV e

R / 17/ 1

1961°0 4 VY 039907 3iwd

AL -06-(Z-01 NOTLHI0N TOHN0O

WH (L1106 MOTIBATTY ONNOMD

€Ll O OHA0O

07 OO MILdINOSH

MOS0 SAUMEIIEN MYINDAID




336

- 1 Lﬂﬂ 3 — T
,, 1 Ty —
! aueisy
., , ! ﬂ-.-‘
o : Lad4J
f+ i ST ANS .g 1 e
| N POONDORM
L o it
. o1 B
w ﬁ TSOMDY USRI W MY AVINL4 SDODOND SNy 08 INULLLY WMINOZDIENS .”FWFWI Iy
g IS A0 LLISOMDY | TRAQONOS DS SN NS NOTSNIL 0l W00 e BUEEY THR NI THLSADODN 130 0 1,10
N _ TOLUMASLI 0N A4 WINOZINONINES (IS 413300 QL A Waa AW N S LY MOLSRI R TIIOWN 05 SIMD J‘% L
T e
v 1 g
| Wt
A i T
! _, ﬂﬁn o]
' i ALIIVRAGY g L
\ ; 04 WOTLMTO8 O MU WS siearal Bhdbid
| , TS IDNE DOLSMIVAYD | _ﬂﬂ 1 1 4
| ISOM0d QI0A IR 11 WOLBARS TRAS ORI 0f SIRAD 1 I
WOLUTIOS 0N U 3017 10 €D VU §LE 1Y MUGL | W14 (GLITDS WL WIS MO e im . o
\A i UM 4 L D90MDd 14 NOTLNOS SRUXNY OIS MLDON AfSA B3LANOM TN 3 &3
s_ TOLLMARINT A0 ABA WANSZ DIOMENS IS 4 TIOIN AW 0 01 LD OLSEI NOIWTIEAN
\ 4‘ 4L TSOMDS ALTIOWANDY e LUELEAS
AU A0 ‘A LISOMOJ WYY SRS MOIINTE By JONLILLY WINGZOMENS TRAS @31 ﬁ Sl
L wn] TOLLMARIN A0 A4 WLN0Z [HOHINS (3048 A BS00 PO | Ton TS AT T SMRNTED o $3WS Lo+ 1] SRRmy —
4 ——
a, b cRseies o
| i vyl
R oA o
_, A Tn R ertent a0 o
i A
: , cormILd PSS o ) { 4
! T90MDJ ::wd_lwx 0I0A MOILNOS A VINL 4 NOT LAINOISTR Eéw: WIMLS N¥RNLIS |.>..<w4r..
I0A MO1,MT08 (bas IR S 4 WOILMOs OS5 “ANLX3L gﬁ.ﬂ!‘(u! ﬁsg RN
RN A0 TO0M0J | ‘OMION0N ROS SIAUDMNS MOISMIL | LD 1] AN TIWNONT THER ek
(%) ILNARLUG A0 U WO DS CwdS 4 ARas AS 0L LN DRISAT SNOTN TN
\\
/ 4 . &
/) / \ K4
S /
iy »\\ v\ ‘
/ /
/ / 7 N N \ \ \
J/ /
5 )
‘ \ \ \ \ .
A

NOILUARIOS SAUMMILUN MIINOAI0




337

-
1 < 1 b
Tt « el M
el , :
- : el s e
. - |
o “ ' #Hw TR
= 4 oI et B
ws 11 ISOMOd (JLDA ST iY NOLLA WS “OMIMINLYIN Syt
=y | orumos' o muaws 0 T Ry A0S ST 10 2 e savered Bhdhad
- _ DA "LLISOMDY | TMION08 RS S AN AN ABA JILANONT 11N A
— 1 TOLIWAALG MY 04 | WINOZ BT T8 0 g
1 L] 1
[ -
w:.. ~

e

SNURLIEL TN (R R IR

1861'82 4 WY Q30001 UW0

A0 -¢6-0€-S WOLLH00T TIONIN00

S 9E°THZ WOLIBATTI ONNOHD

Sl ON 0NN

07 IOHIOT IALLLINISI0

WOLIANM0S SAUWILUN MSINDAID




338




339




340

_W - 7 JJx
, A_ : I SNTY
: | 015
i RUNS A0 ’ gggg, AT LNOZ.
ww | M E%» WUOZTVOHENS 13«3 4 BLACIODM 208 Tl ﬂfggag IR
4 4 -

\m\ \ \ \«\ \ m.«\ / %% \\ \ !

|
| worvs iv 02 iy
e T
UTTO/BASY UM | ILLDAD 6O oy WIVIS EBNLIE 308 s
WU WL LEANNS 00 00T 1L DOIE L2 Do
a4 UBA FiINOT TER T
i A0 01 JLIMA WOLENTY

\\ \\ %\ \ 7 \

YA -r6-SE-€ WOLIHO0N M0

L1 0N TN

NOTLtAMOS SAUMALUN MSINOAID




341

!
!

s
53
wh
ot
",
=
"

T +
FVERT U DATOPRRTIEA

DESCRIPTIVE COREMOLE OC
GROUND ELEVRTIOM 302.3) MRS
DATE LOCGED AAY 13.196"

GLOSELY SPRCED SUBHORIZONTARL
TENSTON FRACTURES. FRRCTUN

PEREARIVITY
CLOSELY SPACED SUBHORTIONTA.

TENSION FRACTURES, FRAC TURE

PERERBILITY
!
i
|

LMD
LtDeRE

i
MRESIVE

I
|
}

i
TENPRRTIOE
FRAL TURE

23

[
[y
ey

LOM INTERPRRTICLE
FRRCTURE POROSITY

PORDSITY. LOV FRACTURE
TweRY LOv INTENPRRTICLE .
| WG FRRCTURE PORDSTTY
! ;

PORDSITY
YERY

[ ]

ey
POROS
POROS

— 4

o
BBk |
el e
af il

——— —4— —_— —44
g
u 2 ag
e gaiéé

o eeE cxB2

&

PYRITE

TR TR
nhmn:.uh%

SITUONOUE S0
CALOAMEOUS SHALE: GREY FISSII
ARG SUBHOR1ZONTAL

DEVOMIAN UATERURYS FORMATION
COREMOLE LOCATION 14- 35 54- W0W¢

VELL IMOURATED (VERY HARDL
JTUDE. ABBDANT FALMR

TR ATY
SRACKTOPODG), SO PYRITE NODULES

120M

CALCAREIUS SHALE , OREY, FISSILE, WELL CEMENTED

SARD, SUBHDRTZONTAL AT'TITUOE
MICROCRYSTALL TME, VELL INDURATED VERY MAROL,

FRGILLACEQUS LINESTONG: WHITE TO ORF Y
SUBHORI ZONTAL AT ITUDE

ARGILLACEQUS LINESTONE: WITE 10 GREY,

TOCROCRYST

COREHOLE NO: 100

g
iz
-
mﬂ

...............

faras
a
]
boma )
;A”..A‘
'
-
e
-
ok

.8 b

PV IR U

| sa.a ]
£1.3
|- S2.0
K27 |
- .
f TN
Re.A
|k
| E8.2 |
. [0S
| e} L0
| se.0 |
| 587 |
| sB.¢ |
£1.1
Al.8
| &2.8 |
£3.2
8.8
[THY Y
P2




342

3

= 3 + i
! &, : D

| _ |
| i . 4,
1 ! N
| |

h | 5
A 1 X NDMLS 0N LAY
i | Ad WINDZTHOMENS YRR (ILNEFD) TV 14 AR
| ALISOMDY I R4 _ NOISSTSAXD TOIIEANS 00 0TI ALY 10 TS NORRI WD 0L SIRAO ¥l
| : , JLOA300M ALTSOMOY | YR NS MOISNI| DLMOZ T 5 €] WINOZTHOHMANS QI LANONT_ TEN “INT T WLSAKOOMI DI
L LA TOLLMNALN A0 i | T3NS 4 TISOD) 08 2».!!14 ‘A9 01 31DN NDLSII O MIN
| i 1

m

1

: LTSS 2L
ALIW0S ML | S WOISH3L WLZ TN
T 4130 V 51 14

| VOLUMABINL A0) W34 | Bdd TNIUNT 208

AAI00U ‘1L T90M0Y |

—t

Il SA_,
DN N
4 i 4
; : :
;o g
Vs % 4 /
; %J
4 A

4

AR,

1861°t LSNONY 0F2D07 UMD

. —4rOT-6-SE- NOLLHO0T TOHIWOD

W PUI0E WOTLBAITI ONNOMD

10 ON T0HN0D

207 I0H3M0D IALLLINOS X0

T WOLIANOS SAUNMILUN MIINDAID
S i

\\\\



343

: !
; !
, e
| = VIUALIUDID
| o POZ 33401000 UV 3 0
i | e | JItenwss JTmole L 3T TWLSION 3008 WIH1S NBNLIE LW
| = R00s w1 | 0w Muaw, Saruxwd wlse E%i»gg
: = 4,T50M0¢ LTS } IBUTD AN GMOISIT WARMITE
i i “ -h.--
| | . i R
, b ' 1 J0MLOS DY {0038 %0 é e
C LTSN LW ALANS SR v LoD 50 | D S e 0 201530
* TS., | o8 TOLWMILT R [ ] gﬁ.«eﬁlﬂ aquﬂﬁs WYORES ‘aﬂﬁn“g!!uwﬂ Lr
1 ﬁ L
! |- i NOLLHZT THLSANT L}M_
— ALIS0WOd (IOA 3 0104 WO11T08 UITWI W Y 98 iy YIONE JOLS E.u.ug ]
"o | worumos M MU 08 N dLh SIS I.EEA HLIA (3T 34id NOILTIOS i
= A AA00 ‘A WOLLTY0S_ S MDA NOLSAL ALDOD! UOzIIMYE Wl UON 5 Tan il
| = H AT T g WLAOI DIOHES TS | T0IA Weal | IQTWLSMODODI SOLTMT o
Qx), ; : ' T
Rl ,
u— N . T
| s ! \ <, ,W T
= | o
. ; \ 1
5-, i { | T, o
I * , TSNS S0 FIN 8 oyoeoas o
[ el | AuIsws TG 0w | MUY RN G OISSMAD | asend 0L iy LLDAIIN 200 Yeaws Leoray
| = LA LISOMOG | TIMITOMI 200 SILMYI WOISNAL | 03003BYAINT BLOzIENGE Y L0 EUod TE L 3
=] LM0Z DM 38 4 BOIA Va4 | ITHISINIBON BOLSHT NOTHTINN HhL
I
7 7 -
/




344




345

T T—
R &8 | oo
| . <1790M04 | OLEMIOSDY & TW] iDd
o %ﬁ! X STVDN BOLEAT SNEIN v
Fﬂ.* T - AT Y o B iy b B L
\ | N LT S
H t .H
- | | s
4 ‘ it
| | o] T
| “ @ bl
I é {vw]
- | T
Bt ﬂ.&i
my T
g %WWM
! e R
i i
w gL
= wm.,nlqu
#.Mm“, ”_mm
A!% il
u 1 T
FH At
\ Ly
/




346

IR

4

3
B
]
|
?
5
T

:
k!

bt g,

FEFEFREEEEEE

i

i iy d

“rdyis Ll t ]
faralel

[ ed ,ay

Poraou

- iy

et hab AR
S TR
A2

rnoeees hilid
§ Y

osret kAR
rerarnt bl
A

Lo Bhabi
G B
m.....”“_m P

S CEME WOILHATNI ONNOYD

A0 -PE-9C-¥1 NOTLED0T TIOMNDD

907 I0H3M0) IALLLINISI0

MOTLUAMOS SAWWILUR MSTNOAD




347

P UWMH»I\I"\ Y 4 - - \AAVM - \Mﬂm* R [
, | _
| |
mmmmmm L UK Y TRIHG/ OS] G LINT A TINL 4
(1S RAGY U XS POLSMIN S000 THD 4 OS W 680 ¥ iﬁ
1L [SOMDd L A Oy | IRMION0E ROS S 3N RS NOISNII 0 VI00N 311 149010 1114 "WLNDZ TNONING
FOIIeIIN] RO MDA | WINOZTHOMENS J30dE 4 13S0V POE RN QUNRIT) TN TUSSIS W0 TRME SNORI RO

[E LN o g3
: POLS BT VTG T
ALIVIOWBAGY 0104 | a0 [ree: ] . MH
ALISONDY QTOA | MOLUOB QWY 3L JNAS ‘SINUVIS | . GIOUIGNIINT TBOOOTHOVNE WS LNDNSY WIMi§ KNI 1S SEy el on 44 |
HOLLTIOS M WU M3 NOTTI06 MONTM 'S3M JWN 4 W14 ~(S LY U0 a.".:.! A MODN Il i
AUAGO0M ‘L (TS0NGY | TIIINA 306 S RS NOTSH3L 04 00 W1M07 ABN GLANDT TEA 11
TOLINNIN A N34 WiNOZIWDHENS J30uE | 380D AW | B TRISAOONOTE 34 D TIOLSI SN0
L
|
|
| ]
fITEn Y O35 10 i STLLDAREN
4LISOMO4 ALUBIAGY JITOMTE POTMISUONOI | WILLGIGY U 018 16 SONE U 16 16 WD L wm
0104 NOTLN 06/ U RS ' o G DLIN B I IAISSEM | WiOMS WO V) 19y iV VIIONE LOVTMMLNT
Moo | SN WOIGL WIRZIWHEE | 01 JRLTOIe B TWLSAO0DN WO
I50MOd JI0WROIS HOIH | (M 4 TIATN SIS NOILN06 3O A B0 ‘A0 01 2ADR bt
+
“ aawacm| o
4 J DN/ D) MNOTINEIAD oS

%Q‘
Vi,
S
ey,
5,
)
\\
N,

1961°SL I Q300 Iiwd YO0 -06-SE-C WOTLYI0TY IOHIWOD

W v L0E WOTLAITI ONNOHD o0 'ON T0HN0D

907 I0HI0I IALidINISA0 NOLLAMDY SAUMILUN MYIMOAID




348

Cnﬁ% AU
ALLISOMDd MNLIS N0 [ T T] gﬁ JpuIoIe
JLTS0M0S JIOWRAIE WODI | WANOZINOMENS 03NS | TAMGO e 4]

THH I;'f sgogey
[P -—"LAH-&_rJq.

iz

gl
H

;:*11:4 ;H::
: - - q A~

NOLIAMOS SAIRIIUN MSINOAID




349

TOI AL A07) AdiA WLNOZ TNONENS (3048 4 TILUMI00N 08 r!g YA JUSSI4 MI0 'TRHE MNORMIRO Oi $INAS
¢ "

FUNIONOB 0 IRAIL SN RS
ALISOMDG IS W) MOISS AN WOLLUIAGNS n!—:u
3LMMI00M "L i ISOMDd 0SS N L2 MOTSHL X009 {50040 O 208 N TN

RS S R o

.......

AT |

AT ™wW

=) Sy

~C .

AT

v Ty
e

AR LI

i ]

it
A4 TSOMDd )
s 0 LLTSNDY | Tt 4 IR SN O] A
TOLMMOUG NN 4B | WUGTINENS G0 4 TLABON o1 A emal
| WUNOIINOMNS O300dE L TUHEI00I

/ / 7

(061’9 WY 1032907 3iv0 Al -v8-9€-C WOIIHI0T 00D

B ISIE MOTLIBAITI ONNOWD 0 UM 0END

907 IWHRID ALLJTHISI0 NOTLASIDS SAUWILUR MIIMDAID




350 .




351

A p—— Ly ATAT
% e |




352

[0 VS




353

I—3—= = — 1
IR M ! L
[ , | L e
P ) S o
b ﬂ o]
X
L | ]
i k . ! e
! . | Ty
" , i ! v
: .
b ! | T
' Ak e
' : |
d i | 13had
. | k.
i i STWS X34 e
, : i LTS3 MU | L0 4O oo
. 11130W09 | TNIOMS ROLGAIS W03 0300 38WNI
© BN N0 CLLISONOY i SRLMS NOISNIL WINDZ1NOMINS 4TI 4 de
e L TOLUSAGING Y A | 03Xd5 iS00 08 04 M9 TIO0N :
T N 1 Srew
! ~.
P A ]
, u i
“ | | o
i“ , i O 308 Tﬂq.vL
, i +1150W0d GINMSENI MU | UKL SO | SODODCOME SOWJ B8 WIWIS KBNITE ITULLY :
; IS A0 LLISONDY | TRSAGNOS NS ST M4 KOIAL 30038 M1 WLMOZ TUOMSS Y AEWA (IO TBNn e ettt an
wn TOLIisANT A0 L34  WINOZINONENS (3 4 130IN 1303 | PO TWISAOROD AR FOISHIT MOINTINN L1y
" ‘ : T8
+ ,
K -
/A Y A 4
\\ 4 > \»
% \\\\\ \ \ . >
A ¢ / £ 4
& & / N Q% \
v / / 8 ¥
B .
8619 AN Q39907 80 YE-16-62-€1 WOTLED0T TIOMIND)
W (2126 NOTIHATT ONOND 61 0N TI0H3WDD 4

207 I0HR0) 3A114T8IS0

NOLIHARI0S SAUW3ItN MIIMOA ]




354

3 : ¥ : T
B i ‘ - —
A | | | R
| i | | fo
i i _ 1
A, | | ! L T
| f Lo 1 1w
_ __ W : _ ﬂmw\_ T
# \ _ ) Hm.q [ i1
,, , _ _ Festit m a1
_ ! \ 1 s o
i ; Tl cinn 414
# ” . " i )
. i | jeseaadan i ) o
i : | SHOi L N
| ” ! | i
I ! . ! R d B AR A
b ,, | FeSqsi B M4
: . . seash _
Lo A v
, ,, l “ m_ T
A ! | RO M08 IS 2 W SL AT M'm&
! : ; TRSHE/MOLISRITY AWME_TIVO0N 1L TMA¢ DS 31LINMSO0TR ol S
S _ ALTSON0d LDIRRANDY ML [¥e ] 00 WM W08 W12 TNHENS STiEs SRR
i U AT LISONDY | SIU WM NOTSMI| WINGZINOHENG PO | MM LOA TLAN0E TR NE] st
?S.* A_ TOINABL 00 L34 | T30S L T3IME000 JMIONS 306 AT 4 TS/ IOLSID INBMBHA A TMLS 01§30 ey
M _ ! g;‘ TOIANIY . ROS NIWLS 1MLID [T nILts @#.. b
| 3us A AL TSONO4 e, ] Yo ISR Sy e ﬁ.»ﬂ_cﬁg.qﬁ ﬂg H5EH v
we L TOLMARLE MY WA WIMGZTVOHBNS 03 4 T30IN 0N | BOTWISADOOTY 31T MOLSIT GOSN TN T
7 7 =
7y / # / / /
\\ K ’ / \v \\ x \\ %
/ ) ’ S / ;
\‘ %\ ks \\ N )/ & M \ %\ N
/ ‘ - 4 . .
; \\%v / ‘lm K %1 %
S Y y %
L L i

1861'9 AW Q39900 3140

"AB-v6-62-+ WNOILYI0T TWOHRID

WM r9IZE WOLIsAIN3 ONNOMD

r6l ON TWONIW0D

907 3NOHIYO) IALLJINISIO

NDT A0S SAURNILUM NSTMOA0




DESCRIPTIVE COREMOLE . 0G

ey

%_d
g3
‘55
28
HF
5| |#
B
Pk
EQE
gwu
HHE
-]

v

S,
e

iy £
CALORAEOUS BWALE, OREY FISSILE. VELL CEMENTED I
m‘mm AYTITUDE BOr% PYRITE |

IO TMED
TURES.

| GOSELY SPRCED SURMORTZONTAL

| TENSION FARCTURES, SOME
| COMPRESSION (1) FRRC

|

| FRACTURE PEAMERRILITY

|

!

b

Lo
AE_ —_ AE P
o
T
&2 EE
2y 2y
f 5

SONE_ S0LUT Iow

TENSTON FRAC
FEATURES, Fl{:‘ﬁ AO SOLUTION

valD PEAMERBILITY

TVIDELT SPACED SUBHORIZONTAL

|
T

|

T el
NICRITIC
TEXTURE

‘

WIDELY SPRCED sinnuaxmum
LY

[

LANDNAR TO

INELY
INTERBEDDED
o

g
!
g

RRGTILLACEOUS L IrES
WICROCRYSTALL
SUBHORT ZONTAL A1

CALCAREDUS SHALE, GREY. FISSTLE. VELL CEMENTED

HAROL SONE PYRITE. POTENTIRL SMEAR 20ME AT 96 A FINEL

~~~~~~~~~~

355



356

. N | 41 ]SO0 ; LIRS AN H M !ﬁg! SINO0ON gl
! ' AU XMS "0 TLLISOMOd | FURNS S RILINS NOLSHNIL MOLS M 205 L1110 WINOZ TNOHBNS YA (3LNEIT)
s | | TOTLMAILNT AN 484 WINOITUOMINS 0165 10500 | BOS RMDM) + TEN TUSSTS A0 01 MID TS HOMIWO
f ;
! % 1y Tus o 1y
: LTI M2 “TRNION0S STV 00M 01 53080 POISAI 308 WLILLY
b LLII0MDS REURNS OM 0 D1 SIS WDISAL POLSAIT WUz IS UG TEA TSI
Lum TOILMAGINT A0) MBA WLNOZIMHTS (30645 1 TIS0D | B0S omD 130 04 AT TRHS MNOIO WD 04 SIMD
W i
fus |
= i
we .
=
= agees
“ -—
s i K -]
e _ idoe
Iz i A HiGi
™ ILLONAD | 1D CRITHISUON 308 TINATONS wewd Siatig S
it ALITGIBARY MUY | (IOTINIINT B0S W Z-1 i) NI SOLIMODISID MOEHLAN ik
— ALISONY WIS 0N | TN 0[90] VI s LTI | SUBNIMLS TRME 308 UGA LMD TER v
—y TOLSARIN A0 460 | AT30IN IIO08_3NS 01 1 WAS | DETWISAOGON ‘311 30 &2
,

BV A

/ /
AR S /] 17

s

/
/.
18616 4V 30907 iy J *8-+6-42 -8 SOILIYI0N TUOHNDD
W Z0TIZE WOTLYATTI ONNOWD f 981 0N TN
+ —
907 TWOHIOO W[141H05%0 i NOT A0S SAUILUN NSINOAID




357

1 —71
)] e
i by
| !
i ! u Ty
b é ...... W
5 T A B <7 713" i s
| A NI Y
i ! OLJONLOSINY 4 THI D10 WNOI e v
| ! ALTTSSIMA UMY AOTRIINT 2 i
' ! ALTSOMOd IS ONY TR MOISNG, WUNOZ THONENS ATINL 4 aﬁr_k “MUNOZ THOHENS WM AMGA) UM TER 25 T
wﬂsﬁ* TRILNSAMIINT A0 AE3A QXL AN a8 306 Q1 NN Dl ‘A0 FIMOLSIIN SO VLI s “trre
I
# | SMIUX | 1LTMA4 BIO§ ‘ALIIONDS o N -
| Ainom LD 0 RSat & i | aenltl
| ! ALISONDY WL2AS LA | 0N Z0NDT OV SINLIN HOTSIINGID) MITLIAES o
A ol e s 32 838 TULIW W RO | 330 200N SNONIIW 33 OIS
BN QL0 WIDQIOJ |  G38NLSI0 | L 3 |
i |t
| { | !
i

é\.
Ry
umnw
Iajggsﬁn%
Edw.d:gﬁgé
MRAUTE LGN ORN LGA TiN0d TDn
JHIIWIE A0 LD N0LSBL WAL

1861'6 Y (39007 U0 n6-76-02-¢ WOLLLI0T TOHINDI
WA 0S'EZE NOTLHATYI ONNOHD L6+ AT IOHID
907 OG0 ULLOSH NOTLOARIOS SAUNE3LUA MYINOAZ




vH\lu“WthWﬂH/ TISLITINY e e «f - oo T o L s
A _ . R
: \ | ' G

ﬁ

o~ *

1

¢ o
I, 30, alta
Gi.«lﬁﬁgdg:a!.:ainlig

o LR

L EEEEEECEEEEEEEEEEEEEEREEECEEEED




DESCRIPTIVE COREMOLE (0G

DEVOMIAN WATERURYS FORMATION

GROUMD ELEVATION 325.38 MRSL

ORTE LOGGEDy SEPTErBER 9.199)

COREMOLE MO\ 19

COREMOLE LODATION: 4-17-84-94

:
B oW
e T
il W
i el
- !§ |
i o H i‘ia
g ghe




[ 1 * T 1
A N %
mf.u, LIRS WL, soLad ® i TNATE OO WAL EOTOME -
* = AT Ao o o aa e es | nos DN | s T UL i T T v
:K_u!z#T urmwmeas | SEmanLd Yo i-a.vl iy
PN 05 e | WUGR DS GENG s BRI SETMLADROD: Siew !.ﬂ.ﬂﬁ!l

- 4 e
H
S IR S —

LI

IO

i d

1 FI0M0d MOLUTOS o VD Ly SRNLAY »!g—’
'? MOLUT08 aﬂk.gi. ALDOD
L0 ALTSOM0S | TSNS 308 wIsal A YR

| o) WWoom |

=
|
A§8§§§‘ hiadll O
]
o

T

) - % o ™.
%L S ~.
- R IR L
If\* Qe )
By




APPENDIX B

(map pocket)



362

e

SNOILVD01 NOILJ3S SSOYD JIHdWYOILVYLS 178 34914

isv3 181



APPENDIX C



364

i

APPENDIX C - X-RAY DIFFRACTION TESTS

The diffraction of high speed electrons by planes of
atoms is dictated by Rragg's Law which relates the angle
of diffraction (0) to the spacing (d) of atomic planes
comprisdng the crystal structure of the examined mineral
(Figure C.1). Subsequent back-calculation of d-spacing
from diffraction traces permits the identification of
various clay species. Moreover, the intensity of the
reflected radiation is directly proportional £0 the
relative amount of each.species present. Thus one may
determine predominant mineralogical influences and
provenance. Such information may :be significant when
swelling clays are involved. Rerry and Mason (1959)
provided detail concerning x-ray diffraction principles
and mineralogical species.

>Numerous preparatory treatments were employed in
completing x-ray diffraction analyses_ for the present
study. These were incorporated to eliminate the effects
of a high carbonate content in the untreated samples. In’
addition, various temperature and humidify levels wege
employed to aid in the distinction of. specific mine;al’
species. . The following préparaﬁory procedurés ;ére

Completed:



INCIDENT WAVES

REFLECTED WAVES

nh=2dsin®

n * nunber of the wave front
A =wavelength of incoming x-ravs
d sinterplanar spacing

@ sangle of incidence/reflection
of wave fronts
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sodium acetate saturation with heat ing
(catalyzes the dissolution ot calcium

carbonate)

Sonication, bleaching, washing (flocculates

or disperses the clay-sized fractions
(<2u)), followed by settling toO separate
the 2 p fraction. Heating 1in-NH4 (bleach)

removes all organic particles.

Individual saturation in Ca,K (enhances the
v -

adsorption of Ca, K ions into uhoccupied

atomic positions within: the phyllosilicate

framework) .

" Samples are freeze-dried and subhorizontally

aligned (permits the preservation of the
crystal structure and provides the required
enhancement of basal reflections).

Selected samples are saturated in
ethylene-glycol  and tested at various
elevated temperatures (these processe;

enhance reflections and reveal the collapse

of crystal structures upon dehydration)*
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APPFENDIX D - GEOLOGICAL FIELD TRIP

The author accompanied staff geologists from Gulft
Canada Resources fInc. (Calgary) on a 3-day field trip
(October 4,5,6, 1982) to explore McMurray and Waterways
Formation outcrop throughout the immediate SANDAILTA
locale. Outcrops were studied at several locations a}ong
the MacKay and Muskeg Rivers (Figure D.1) and resulted in’
the discovery of several structural features.

Location 1 along the MacKay Riyer réWealed an
gndisturhed but well weathered Waterwayg exposure. TwO

lithologies were observed correspnding to the marbly
(nodular) argillaceous and ﬁassive crystalline limestones
of rock type A, The  exposure displayed well-developed
subhorizontal bedding and a highly weathered "nodular”
texture with a rubbly talus. In fresh, unweathered core,
this lithology displayed a marbly, mottled texture.

Jointing was also observed at Location 1. TwWO
dominant suj/értical sets were observed and coincided with

those noted by Babcock (1975) . Joints were often

L
A] -
vertically discontinuous and appeared to be widely
developed. Both sets were more well - defined 1in the
massive crystalline units than in the nodular

lithologies. fThis was attributed to the reduced thickness
. 4

and higher stiffness of the massive crystalline unit. No

offsets or shear characteristics were observed along jQinE

N

~
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LOCATION 2

SCALE: 1:3%0,000

FIGURE D.1: MacKAY RIVER LOCATIONS
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faces. Most joint surfaces displayed a moderately
weat hered tensile character. Ritumen staining was
observed throughout the section and had two apparent

sources:

1. Devonian organic lenses and bioclastic debris.

2. Post-Devonian fracture infiltration.

v

lLocation 2 also displayed nodular lithologies and a

sedimentary structure not observed in the stugdy core.

. -

well-defined wave ripple marks were observed on the upper

'beddinq plane of one expos . ! The wavelength was 2-4 cm ¢
with amplitudes of 1-2 cm: " The observed texture was
irregular in that a nodular or lumpy appearance dominated '
the wave pattern. This is thought to be due to the
syndepositional development of concretionary carbonatei_ ;&
nodules or differential cofipaction preceding

lithification. The irregular ripple pattern may also be
¢

partially attributed to irregular or wind-affected wave
activity in the shallow marine environment.

In additiqn to wave riéble marks, a highly
fossiliferous li:estone unit was observed, rinoid stems
and b;achiopod shells dominated the lith&ogy ana were
easily identified on the exposed outcrop facd; Ferrous
iron-staining was also observed and a few disseminated - -

bituminous particles were encountered.

v
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location 3 displayed a subhorizontal sand-tilled

solution cavity at the base of the western river valley

wall. In ’Lection, the cavity measftired apptoximately 4
® “ .
metres long and 0.60° metres thick. 1t was primarily
V. .
infilled with clean, medium-grained, bitumi?%us quartz

sand, however light green plastic clays were also observed

at the base of the cavity. A small (<5 cm) inclined

*

solution¢ pipe was found leading into the cavity and was

also infilled with bituminous sand and <c¢lay “(Figure .

N.2). The orientation of the cavity appeared to be
controlled by the subhorizontal bedding attitude of  the

~ g
. < ¢
host rock, however 1its three~-dimensional charactler could

not be esﬁablished. Nearby locations on, tke gast river
bank .also displayed subvertical of in;liéed narrow,
solution pipes (<{0 cm) infilled with. bituéinoUs quartz
sands. .

Locatiqﬁs 4 and 'S5 along the MacKay River displayed
two additional features Qf note. Location Elon the west

hank d}shlayed a brittle fracturing phe in beds of

nodular to finely interbedded argilNggbus limestone.

"

- . # . i
Immedjately above the river bed elevation, a distinct

-

break in one ‘of the well-bedded limestone units was,
accompanied by a mild offset and rotational deformation of
the beds on the eastern half ~of the, fracture (Figure

D.3). Close examination of the brittle failure surface -

4

revealed. no shear characteristics such as slickensides,

A

P

£
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INCLINED LEADER PIPE

8T U\llNOUS SAND

BEDDING CONTROLLED

SOL{JTION

]

3

b-
- PALEORESIDUAL " CLAYS

SUBHORIZONTAL SOLUTEON CAVITY

FIGURE D.2:

WEATHERED CLAY

NO SHEAR CHARACTERISTICS

BRITTLE FRACTURE - NO APPARENT SHEAR

FIGURE D.3:
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however the near-vertical disconttnuity was infilled with
weathered olive clay and silt.’ This material was not
interpreted to represent “presheared rock flour or gouge,
but rather post-fracture erosional detritus. The ngn—
shear character of the feature was further supported by a
lack of measurable vertical offset, however again strike
slip shear could not be eliminated.

location 5 displayed the stratigraphic relationship
Between t he reworked light green pafeosols seen throughout
the core study and the darker alluvium found infilling
“varicus erosional lows in the Paleozoic surface. At site
5 the author observed a‘k" defined weathering profile
characterized b{ gradat ional changes in the argillaCfOJE
limestone upward into the plastic clays that characterize
intraformational unconformities. Atop this Paleozoic
sequence was a thin (<0.7 m) brown, Cretaceous cldy which’
was in turn overlain by the bituminous sands of “the
McMurray Formation,

Outcrops visited along the Muskeg River (Figure D.4)
also revealed stratigraphic and structural features. One
6f the most obvious findings was the deveIOpﬁent of near-
vertical river bank cuts in the Waterways members. Again,
differential weathering contributed to a very rubbly,
.nodular‘textUre, however most slopes residea at greater
than 80° to the horizontal. A few shallow ‘rotational

slides were observed but appeared to initiate in the
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overlying C(retaceous oOr TeYtiary materials. No deep-
seated Devonian instability was evident despite 20-30
metre.vertical river bank walls.

Rrittle fracturing of warped Waterways units was
again observed at one Muskeg River outcrop. At L.ocation 6
the author observed what appeared to représent'faulting in
the formation. More detailed examination revealed that
little or no shear offéet ﬁad occurred and that

near-vertical, tensile fracturing of a local subsidence

"hasin was the apparent mechanism.



