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Abstract

Two sections of the Halifax Formation, Medquma
Group (Lower Paleozoic) at Ovens Park, Nova Scotia,'were
examined for sedimentary structures, arain size and
facies associations.

Interpretation of the depositional processes
and the sedimentary ehvironment was attempted in view of
modelgof sedimeht gravity flow and deep-sea fan deposition.

The depositional environment is in the mid-fan
area of a deep-sea fan and the beds were viewed as producfs
of turbidity flows. The recognition of Bouma (1962)
Ta, Tb, and Tc equivalenﬁs (Facies A, B, and C respectivelv)
and the presence of fine qrainvsediment (very Ffine sandstone
to mudstone) suagaqests that the processes responsible for
producing sequences with Bouma (1962) division characteristics
are not restricted to sand-size sediments. The nresence of
beds with undulose, wavy beddinag planes and beds with
plane bedding sugaests that there may be a distfibution of
"power" within turbidity flows. The wavy, undulose beddina
results from the rate of deposition ﬁecreasinq less rapidly
with time’than the rate of bed load transport. Thé term
"low power flow" is used to distinaquish strata deposited
under wanina flow conditions, low velocities and low sediment
concentrations; the term "hiah power flow", is used to distin-

guish strata deposited under hiagher velocities and hicher
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sediment concentration than strata deposited under low‘
power flow conditions.

Facies descriptions were related to descriptions of
recent deposits of deep sea fans. Facies associations, as
defined by sequence analysis, and variations in facies

associations are believed to reflect chanaes in the power

"of the turbidity flow; the change in the power of the

turbidity flow, the grain size and sedimentary structures
recognized in each facies reflect the depositional environment

of the turbidite unit.
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SECTION I - INTRODUCTION

Geology of the Meguma Group

The Meguma Group of Nova Scotia is composed of the

flysch-1like Goldenville and Halifax Formations (Stevenson,

| nead

959; Campbell and Schenk, 1967). The dominant litholoay
of the Goldenville Formation is metasandstone wiﬁh minor
interbedded slates; the Halifax Formation is predominantly
shale interbedded with thin sandstone layers (Stevenson,
1959).

The thickness of the Goldenville Formation (WOodf
man 1904) exceeds 5600 metres (Fairbault, 1914; Dwyer, 1979):
the base of this Formation is not exposed. It is conform-
ably overlain by the Halifax Formation (2mi, 1900) which is
as much as 4400 metres thick (Phinney, 1961). The conform-
able transition of the Goldenville Formatién to Haiifax
Formation occurs as a aradual decrease in the proportion
of sandstone to shale, (Dwyer, 1979).

Paucity of fossils makes stratidgraphic correlation
"and age determination within the Mecuma Group difficult.

The qraptolite‘Dictgpnema‘flabelliforme(gichwald) is found

in the upper section of the Falifax Formation, (Crosby,

1962) indicatino an early Ordovician ace for the uppermost
section of the Meguma Group. Trace fossils, such as feeﬂinq.
trails and sand volcanoes attributed to burrowina, occur

in the Goldenville Formation (Dwyer, 1979).



‘The major structural features of the Méqumé Groun
are large, -open low plungina synclines and anticlines trendina
northeast-southwest (Fyson, 1966).

Large granitic plutons have intrudea the Mecuma
Group, metamorphosiné the sediments to hornfels and
andalusite schists within the pluton aureoles. Reaional
metamofphism‘has Changeduthe shales; siltstoneé and -
quartzwéékes ofwﬁhe ﬁali%ax.Formation tovélates énd
quartzwackes of greenschist to amphibolite schist

facies (Fyson, 1966; Keppie and Muecke, 19797 .

Purpose.- of the Study

WThevp;éﬁent~stﬁdyvinveé;iqafés<"a_gmall area
of the Halifax Formation_aﬁd is an attempt to contribute
to the questions: |
1. 'Whetﬁer the Falifax Fdfmatioﬁ is'aﬁ abyssal plain,
deep sea fan, ¢bntinental slope, of a cgﬁtinentai éhelF,.
deposit.
2, Whether the Halifax Fofmatign_iéra contéurité or
a turbidite depdsit.
- 3. 1Is the-GOldehvillé*tOnHalifék Formation transition

synchronous, supply or -environmentally related.:

Thesis Area and Local Geoloay
" The thesis area is located at Ovens Park, Lunen-

burg County, Nova Scotia. At the Ovens Park sections of
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the Halifax Formation are exposed as seacliff , polished
beach and surf zone outcrop. Two sections of strata, one

at Thunder Cave (Section One, Appendix One) and one at Ovens
Park Beach (Section Two, Appendix Two) were chosen as the
study sections. (R2fer to Fiqure 1 for the aeneral locations
of the sections).

The strata at Ovens Park strike southwest-northeast
(050-075 degrees true north) and dip from near vertical in
the southern portion of the study area to 40 degrees north-
west in the northern part. The examined sections are located
on opposing flanks of a lérge anticline (Fiqure 1).

Two phases of deformation are recoqﬁized in the
strata at Ovens Park. The dominant structure is a north-
east plunging F} deformation consisting of an open and rounded
anticline. XKink planes within the large F] fold indicate
an Fy generation of deformation. The Fj qeneratioﬁ kink
planes dip southwest and develop at right angles to the
bedding surface.

Small sinistral faults follow the kink planes. This
suggests that faulting and kinking may be genetically related.

Regional metamorphism in the Ovensipark area is low
grade; grain size and sedimentary structures are preserved
in the very fine sandstone-medium siltstone units; the fine
siltstone-mudstone units have been hardened by the meta-

morphism making sedimentary structures difficult.to observe.



The examined sections represent a stratiagraphic
thickness of 50 mettxes. The lateral exposure of the
beddina is limited by the horizontal exposure of the out-

crop, which‘ranqes from one to ten metres.

Previous :Tbrk

Several authors have suagested environments for: the
deposition of the Meguma.

Woodman suggested that a moderate;shallow,turbulent
sea was the depositional environment (1904). Malcom (1929)
explained the presence of interbedded sands andishales
by suggesting thét variations in runoff, changing current
pattérns and variations in the subsidence rate chanaged the
sediment supply. Doualas et al (1938) compared oraded
layers in the Halifax Formation to yearly varves. The araded
layers - yearly varves analoay indicated seasonal variations
in the sediment supply. This was the first examination
of part of the Mequma for evidence of periodic tendencies
in sedimentation. Crosby (1962) also sugagested seasonal
variations in the sediment supply.

Phinney (1961) concluded,after examining a part of
the Goldenville Formation, that the sand and shale beds
were turbidites. Taylor (1967) attributed deposition of
the Goldenville Formation to northwest trendina turbidity
currents in deep water which ceased as water depth decreased,
depositing tﬁe sediment of the Halifax Formation. Campbell

(1966) found a similar distribution pattern for paleocurrent
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indicators. A study by Schenk (1970) indicateé turbidity
current distribution from a source to the -southeast
in a sharp riaht qurvinq direction to the northeast. He
suggested that deposition may have been modified by bottom
currents, |

Harris and Schenk (1975) suagested that there was
some form of assocgtion of the Halifax and Goldenville
Formations. The formations represented "distal" andﬂprox-
imal" facies respectively in a deep sea fan environment.
Harris and Schenk (1968) described the Goldenville
Formation as fluxoturbidites that are typically thick, poorly
graded sand beds showing features of rapid fluidized
emplacement and down slope slumpina (Farris, 1971) in
some cases. They described cylic trends in sedimentation
as "megarhythms" which existed vertically on a smaller
scale (25m) and a larger scale (200 to 700m) (Farris
and Schenk, 1975). A similar study of a section of the
Goldenville was performed by Dwyer (1979) to determiné
the sedimentary process responsible for deposition of

part of the Goldenville Formation.

Methods
The methods used in this thesis were designed to
help in the study of a stratigraphic section. Grain size,

sedimentary structures and beddina plane characteristics

were noted. The systematic approach used in this study

was:



1. Examine the outcrop section in detail and note beddina
plane characteristics, sedimentary structures and paleocurrent
indicators.

2. Take representative outcrop samples for thin sectionsg,
slabbing and polishing.

3. Describe'thevsedimentary structures seen in the slabbed
samples.

4., Perform a petrographic point count of quartz grains ﬁo
determine the relative M€an agrain size of each facies or
subfacies. This relative 'mean grain size was related to
the facies or sub-facies.

A petrographic point count of guartz grains greater
than @ size was used to determine the approximate grain
size of each facies or subfacies. Ouartz grains smaller
than 6J were not counted bébause thin sectiors were made
to a thickness of 30 microns, thus the smallest grain size
that could be counted was 30 microns. The thin sections
wefe made from block samples that were chosen as

representative samples of the various facies or sub-facies.

The ‘ grain_size_oﬁ the facies or subfacies was.
-estimated in“thg fieid by comparison V-with the . -
standard samples A which -~ had v been
point counted. ‘ ‘ Thus- size estime tes are

only approximate but comparable throuchout the section.
Sedimentary structures were reasonably discernable

in the field. Detailed descriptions of sedimentary structures

were developed from block samples that were slabbed, polished

and examined in the laborator—’. These block samples were
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considered to be representative samples of each facies or
subfacies. |

The bedding plane characteristics were described in
the field; = wavy bedding was distinguished from planar
bedding; Paleocurrent indicators exposed on bedding planes
were rotated by the "pencil, elastic band and notebook"
method (Potter and Pettijdhh,  1963) and recorded where
recognizable.

Selected stratigraphic intervals were chosen for
facies sequence analysis. Sequence analysis may relate
these fine grain sediments to coarser sediments.

- Facies relationships and sequences can be inter-
preted by tallying facies transitions and converting them
into probabilities. Miall (1973) uses probability matrices
to describe successions of facieé and their interrelationships.
Cant and Walker (1975) state that the main objection to
this system of matrices is that it does not shdw the nature
of the transitions.

From the raw data, a transition probability matrix
was calculated; a second matrix was calculated assuming the
same abundance of facies but the abundance was in a random
sequence. The probability of transitions of facies A to
any other facies depends only upoh the observed relative
abundance of other facies. A difference matrix is

calculated (observed minus random): this matrix highlights



those transitions that have a higher or lower probability
of occurring than if the sequence were random.

In the construction of a facies relationship diagram
the nature of the transitions can be shown by reference to
the raw data and different line weights of arrows can be
used to show how much more common certain transitions are.
Arbitrary rejection of transitions that have a neqati&e
and/or low probability of occurrina greatly simplified

the diagram.
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SECTION II - SEDIMENTOLOGICAL PROCESSES

Processes of Mass Gravity Transport

In the deep sea environment much of the sediment
moveé by mass agravity transport under the direct influence
of aravity forces.

The mechanics of sediment failure and the aeoloagical
conditions that triager failure can explain mass-aravity .
transport in the deep seas. When sediments are ﬂeposited
on a slope surroundina a deep-sea basin they will move
downslope only when shear stress exerted by the force
of gravity exceeds the shear strength of sediment. Shear
strength is defined as a function of the cohesion between
the qrains plus interaranular friction (Rupke, 1978).

Shear stress can result from several factors:

1. A steepeninag of the slope caused by undercuttina by
waves or currents or by slope failure further downslope.
2. Thickenina of the sediment pile by deposition.

A decrease in shear strenath can be the result of
several factors:

A) An increase in pore fluid pressﬁre leading to
sediment fluidization.

B) Thixotropic behavior: a process in which the ael-
sol transition takes place. Fluidization and thixotrovy
can be induced by strain created by shock or mechanical
impact.

. A substantial thickness and weiaht of sediment must

accunmulate before failure occurs on a slope; geologic
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conditions that trigger failure tend to be periodic or episodic.
Mass gravity transport can be divided into three
types.
1. Rock falls
2. Sliding and slumping
3. Sediment gravity flow
a) debris flow
b) agrain flow
c) fluidized sediment flow
d) turbidity flow
(Refer to Fig. 2 for a schematic classification of
sedimentary gravity flows)
Only fluidized sediment flow and turbidity flow will
be considered, since they are the ﬁrocesses nost applicable

to deposition in the deep sea.

Fluidized Sediment Flow

Fluidized sediment flows are created when the métaétable
grain fabric of a fluid-sediment mix collapses. The grains no
longer form a supportive framework, but are, in part, supported
by the pore fluid. In fluidized sediment flow, the arains

become suspended and the sediment strenagth is reduced to zero.

Deposition of fluidized sediments occurs by a oradual "solidi

fication from the bottom to the top of the flow with little
grain segregation occurring. The common depositional features
of these flows are poor aradina, sharp bottom and top, no

traction structures, basal load casts, dish and pillar structures
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(fluid escape structures), sand volcanoes and convolute

laminations (Lowe, 1975; Middleton and Fampton, 1976.)

Turbidity Flow

Turbidity flows are a form of density current in
which the excess density that drives the current is due to
suspended sediment. The density of the surroundinag fluid
is nearly the same as that of the turbulent suspension
(Knapp and Bell, 1941). |

A turbidity current moves downslope along the
bottom because the tanagential attraction of agravity in
the éuspended sediment is sufficient to keep the grains' in
turbulent suspension and to cause the mass to flow as a
denser fluid;in an underflow or, if it encounters a denser
watermass, it may spread out alona the.top as an interflow
(Gould, 1951). A turbidity current ceases to exist and flow
when enouah of the suspénded load has been deposited so
that the density of the mass no longer exceeds the density
of the surroundina fluid.

The main difference between turbidity currents and
other resedimentation mechanisms is that turbidity currents
transport their sediment.load,in suspension (Kuenen , 1956).

Turbidity currents are classified into low density
and high density types on the basis of the non-suspension
and suspension of sediment (Kuenen , 1951; Rupke, 1978).

Low density turbidity currents tend to be relatively slow
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and long-lived. Their suspended sediment load is
largely silt and clay material. Hicgh density turbidity
currents tend to be relatively fast and short lived. They

transport mostly sand and coarse silt . particles.

Turbidite Deposits

A Furbidity current. @2fotes a density current flow down
a subaqueous slope} it . can spread horizontally because
suspended. sediment gives it a higher density than the
surrounding water. A sedimentary deposit resulting from
the deposition of a turbidity current is called a turbidite
or turbidity deposit.

Bouma (1962) made a comprehénsive study of turbidites
and developed a turbidite facies model. An ideal single
turbidite consists of five units with certain sedimentary
structures unique to each unit. (Refer to Figure 3 for a
diagrammatic presentation).

1. Graded Interval (Ta) - Lowermost part of a Bouma sequence--—

it shows graded bedding, althouagh it may be indistinct in

well-sorted beds. It often has a sandy texture.

2. Lower Interval of Parallel Lamination (Tb) - Exhibits
thick, parallel laminae of_sand size material. It usually shows

a gradual contact with the lower graded interval.

3. Current Ripple Lamination Interval (Tc) -~ This interval
consists of fine sand-coarse silt sediments.showing small

current ripple bedding. Climbing ripples, trough cross-stratified
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ripples and convolute, laminations are usually present.
The contact with the lower interval of parallel laminatioﬁ' is
often sharp.

4, Upper Interval of Parallel TLamination (Td) -~ This =zone

of fine sand to silty clay shows a distinct parallel lamination.
It has a distinct contact with the zone of current ripple lamin-
ation.

5. Pelitic interval (Tg) - This is a zone of siltstone,

clayey siltstone or mudstone. It does not show any distinct
sedimentary structures. Sand content and grain size decreases
towards the top and it has a arafa'tional contact with the
lower interval.

Bouma (1962) remarked that a complete turbidite sequence
can only be found in the thick layers of turBidite deposits.
The most common occurrences are incomplete seguenceswhere the -
top or bottom intervals may be missing.

Turbidite muds and silts of deep sea fans and
abyssal plains are a major component of deep sea terrigenous
sediment sequences (Piper, 1978). Piper (1978) divided
turbidite silts and muds into four divisions, Refer to Fiqure
3 foradiagrammatic presentation).

1. Laminated muds (Ej) - This division immediately overlies

sand beds. The laminae are 0, 2 mm to- 2mm thick and consist

of alternating silt and silty clay. Individual laminae are

‘often lenticular. Some silt laminae are sharp based, others
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grade up from the mud laminae with coarse flat particles
concentrated at the tops of laminae (Piper, 1972).

2. Graded Mud (E,) - This division is found either above

the laminated mud or directly overlying sand. It shows an
upward decrease in grain size that is often accompanied by
petrographic changes. The mud usually lacks visible primary
' sedimentary structures or shows very indistinct bedding.
Grading is often pronounced in beds with substantial amounts
of very fine carbonate. Thicknesses of graded muds can.be
up to 20 cm. Graded muds tﬁat rest directly on earlier
turbidites or non-turbidite sediment have a distinct basal
zone of silty mud.

3. Ungraded Mud (E3) - This division overlies graded

mud. No systematic primary aradation in arain size or
petrology is detectable. Bioturbational mixina with
hemipelagic sediments mask aradational trends in hémipelaqic

muds.

4. Hemipelagic Sediment (F) - This division consists

of pelagic sediments that settle to the bottom of the sea.
Stow and Shanﬁuqam (1980) outlined a sequence of
sedimentary structure in an idealized fine-grained turbidite
unit. Nine structural divisions were identified as T,throuagh
to Tg. (refer to Figure 3 for'adiaarammatic presentation).
Sedimentary structures were used to define the divisions.

Basal silt lamina (Ty) - Characterized by fading

ripples, micro-cross and parallel lamination and sharp-scoured

load cast base.
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Convolute laminae (T1) - Dominantly muddy; contains thin silt

laminae which thicken immediately in front of the subjacent
fading ripple crest or which are convoluted "in-phase" with

the ripples.

Thin irreqular laminae (T,) - Dominantly muddy; characterized

by low amplitude climbing ripples.

Thin reqgular laminae (T3) - Dominantly muddy; laminae of silt

aré regular in thickness.

Indistinct laminae (T4) - Dominantly muddy; laminae of silt are

thin and wispy.

Wispy, convolute laminae (Tg) - Dominantly muddy; laminae of

silt are thin and wispy.

Graded mud (Tg) - Dominantly muddy; &ivineg upwards to mudstone

with patchy fine silt lenses.

Ungraded mud (Ty) - Ungraded homoaenous mud with rare coarse

silt pseudonodules.

Micro-bioturbated mud (Tg) - Mud with microburrowing and silt

pseudonodules.

The basal (lenticular) silt laminae‘(To) is the thickest
structural unit (about 8mm) and coarsest (coarse silt~very fine‘
sand) with a sharp.irreqular base. Stow and Shanmucam (1980)
equated their To-T5 divisionsto Ej of Piper (1978),:T6 to
division Ep of Piper (1978), T7 to division F, of Piper (1978),

and Tg to division F of Piper (1978).
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F 1{hemi=) pelagic mud
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E3 Ungraded mud

turbidity current deposition

Upper parallel
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The Contourite versus Turbidite Problem

Stow and Lovell (1979) noted that a lack of suitable
criteria for the identification of contourites has lead to
the paucity of interpretive literature on contourite deposits.
Criteria developed by Piper and Brisco (1975) and Stow and
Lovell (1979) were used to determine whether the measured
sections were contourite or turbidite deposits. A
summary of these criteria is listed below.
1. Rapidly deposited sequences (suggested by climbing ripples
with no stoss side erosion) are probably of turbidite origin
(Piper and Brisco, 1975).
2. Contourites are dominantly homoqeﬂeous.and have poorly
defined bedding (Stow and Lovell, 1979). |
3. Evidence of limited sediment supply(such as "starved" ripples
and scours not filled with coarse sediment (Piper and Brisco,1975))

sugoest deposition from contour currents.

t ]
4, Muddy contourites are dominantly silty muds thét are
medium to poorly sorted and ungraded; sandy contourites are
dominantly silt to sand size; they are well sorted and relatively
free of mud (Stow and Lovell, 1979).
5. Highly turbulent (erosive) flows suggest a tdrbiéite origin
(Piper and Brisco, 1975).
6. Burrows and bioturbational mottling are more common in
contourite sediments than in turbidite sediments (Stow and

Lovell, 1979).
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The sedimentary strata at Ovens Park are dominantly
mudstone with laminae of siltstone. Beddina is well defined
and erosive featu;es, such as scour channels and trincated
cross—laminations, were frequently observed. Rapiﬂiy deposited
sequences, which were evidenced by climbinag ripples, are
common. No evidence of burrowina or bioturbational mottling
could bé found in the measured sections and an overall
fining up sequence was observed in the strata at Thunder
Cave. These observations suaggest that the strata at
Ovens Park are turbidite in origin.

Schenk (1970) and Harris and Schenk (1975) suacgest
that bottom currents may have been important in the deéosition
of the Lower Paleozoic Mequma Group of Nova Scotia but
Stow and Lovell (1979) araue that Schenk based his araument
on analysis of regional sedimentation patterns within the
Mequma Group, rather than on the recoanition of any particular

sediment facies that would be analoaoous to modern contourites,
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SECTION IIT - FACIES

Facies Description

The term facies(or facies unit)is used to define a
distinct section of strata that forms under certain conditions
of sédimentation and reflect a particular process or environment
(Reading, 1978). By using the facies concept it is possible
to subdivide the facies into subfacies or group them into facies
associations or assemblages.

The thicknesses Of the facies .units were measured to the
nearest 0.5 + 0.25cm. This was deeﬁed as an appropriate scale
for several reasons.

1. Many significant rhythmic units were found to be as thin

as 0.5 + 0.25 cm.

2. Unit thickness varies, unitsthinnex than 0.5cm were found
to be undulose and intermittent, makino their lateral continuity
difficult to establish. ‘

The term grainstone is used to describe the granular
(very fine sandstone to fine siltstone) sediments of the facies
and subfacies. The definition of qrainstonevused in carbonate
sedimentology is used to define the granular component
of these facies, the term describes the coérse qrain components
that lack mud and are grain supported (Dunham, 1962).

The criteria used to define the facies assemblaaes were:
1. grainstone: shale ratio
2. réqularity of bedding

i) planar bedding
ii) undulose beddina

3. sedimentary structures
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4. grain size

5. homogeneity of the outcrop (i.e., is it predominantly

one sediment type (sandstone, siltstone, mudstone); are there
thin alternating sequences of siltstone, shale and sandstone
in a unique combination such as sandstone-siltstone-shale;
siltstone-shale; sandstone-shale-sandstone-shale) .

Facies A - Units of facies A exhibit planar bedding
and appear massive in outcrop exposures. Mudstone and siltstone
clasts are frequently observed suspended within this facies
unit (Plate la, 1b).

Petrographic thin section point count analysis of
representative samples of facies A indicate that it is
a very fine sandstone-coarse siltstone, (Appendix 3) with
the dominant sediment component being quartz. This
quartz is varied in size and shape but is generally qﬁite
angular and shows pronounced undulatory extinction@ Point
counting also indicates that normal and reverse qradina occur
in facies A.

Facies B - Units of facies B have planar beddina and
. exhibit a coarse, parallel laminated textgre (Plate 2a, 2b).

Thin section poinf count analysis of representative
samples of facies B indicates that it is a very fine sandstone--:
coarse siltstone (Appendix 3) with the dominant sediment
component being similar to facies A.

The outcrbp textu:e of facies B suggests that it is a
massive, parallel laminated quartzite.

Facies C - Units of facies C have well-developed ripnle
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laminations (i.e., cross=laminations, trough cross-laminations,
climbing ripples). Facies C is divided into two subfacies:
subfacies C; exhibits planar beddina; subfacies Cp exhibits
wavy beddinag (Plates 3a, 3b, 4a, and 4b). Wherever
facies C was observed to be in contact with facies R,:the
'contact was abrupt.

Facies C is a coapyse to medium siltstone (Appendix 3)
tha£ is approximately 95% grainstohe and 5% fine, micaceous
clay. The dominant sediment component is quartz; secondary
sediment components are detrital muscovite and feldspar.

The texture of the quartz grains associated with facies C is
similar to the quartz grains found in facies A.

The outcrop texture of subfacies Cp and Cj sugaests
that it is a massive, cross-bedded, quartzite that has
a minor amount of mudstone in its laminae.

Facies D - Facies D consists of thin, alternating
strata of qrainstone and shale (Plates 5a, 5b); the monotonous
grainstone units were 2.5 ém thick or less, the shale units
were 5 cm thick or less. The grainstone component consists
of medium to coarse siltstone (Appendix 3) the shale
component is composed of dark grey, medium to fine siltstone
and mudstone.

Facies D is divided into two subfacies. Subfacies
D1 has planar bedding while D)y shows wavy beddina.

Subfacies D] exhibits planar bedding (i.e., there is one
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planar bedded mudstone or fine siltstone unit followed by
a medium to coarse siltstone unit that has planar bedding);
each of these units exhibits a sharp contact between each
other (Plate 5a). Subfacies'Dz exhibits wavy, undulose
beddinag (Plate 5b). There is a finina upward coarse to
medium siltstone to a fine siltstone-mudstone sediment

size distribution.

Sedimentary structures, associated with facies D
are climbing ripples (Fiqure 4) planar laminations
(Figure 5) flute marks (Plate 6a), asymmetric ripple
marks, ball and pillow structures (Plate 7}, load'clasts,
convolute laminations (Plate 6b) and small scour channéls
(Figure 4). Fining upward sequences are characteristic
of facies D.

Contacts of facies D wifh facies .C
can be either sharp or gradational; the contact of facies D
with other facies is usually abrupt.

Fécies E - Facies E consists of fine siltstone
and mudstone with minor amounts of grainstone. It has
a very low grainstone to shale ratio. Facies FE is divided
into three subfacies, which are denoted as subfacies Ep,
subfacies Ep, and subfacies E3.

Subfacies E]1 is a fine siltstone-mudstone unit
(Appendix 3) with regular laminations of fine sandstone-medium
siltstone. The laminations comprise less than twenty percent
of each measured Ej unit. The laminaé are planar and measured

thidkne sses are from lmm to 5mm. (Plates 8a, 10).
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Subfacies E) is texturally similar to subfacies Ej
except that the fine sandstone-medium siltstone laminae
are irreqular (wavy) and that lenticular, discontinuous
layers of lenses of fine sandstone to medium siltstone
are apparent (Plates 8b, 10).

Subfacies E3 is a monotonous, homocen eous ,planar
bedded unit of dark grey to black clayey siltstone-mudstone
(Plate 9). No sandstone-medium siltstone 1aminae are
apparent in subfacies E3.

Facies E may have gradational or abrupt contacts
with facies A, B, C, or D.

The sedimentary structures associated with subfacies
Ej were in the laminations of the‘Fine sandstone fo medium
siltstone. These structures consisted of horizontal and
inclined laminations. Shale laminae were frequently observed
in the thin grainstone lavers. Subfacies Ep had bulbous
and lenticular laminae (Plate 8b) in which starved ripples
and winnowed beds were observed. The lenticles. of subfacies
Ey showed fine cross-laminations. The cross laminationé
within the beds are very fine and difficult to photoaraph,

but were easily observed in the field.
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Plate la

Plate 1b

Plate la: shows the massive texture of facies A

Plate 1b: Arrows in plate 1lb denote the mudstone
intraclasts that are characteristic of
facies A.




Plate 2a

P

Plate 2b

R

Plate
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2a: shows the rhythmic layerinc of facies A
and facies B.

Plate 2b: exhibits the coarse, parallel laminated
texture associated with facies B.
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Plate 3a

Plate 3b

Plate 3a: shows a thick planar bedded Facies C unit (subfacies
Ci). Tops is to the top of the photo and the top and base of

the unit are denoted by arrows.
Plate 3b: The arrows in this photo 6enote two thin planar

bedded units of facies C (subfacies C1). Both photos were
taken at Thunder Cave. »



Plate 4a

Plate 4b

Plate 4a:

Plate 45:
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shows two wavy undulose beds oF Fac:es C (sub-
facies C2) unit separated by a thin mudstone
layer. The observed scale is approximately
1.5 cm wide.

exhibits a thin mudstone layer infilling a
ripple trouah of a subfacies Cy unit. The
amplltude of the ripple is approximately 3.5
cm .. Both photos were taken at Thunder Cave.
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Plate 5a

Plate 5b

e e

Plate 5a:exhibits a subfacies D] unit. ur
Plate 5b:exhibits a subfacies Dy unit. Note the rhythmic,
alternating mudstone and grainstone units. These two photos
were taken at Thunder Cave.
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Plate 6a

Plate 6b

Photos showing various sedimentary structures associated
with facies D. 1In plate 6a, the arrow denotes a flute mark;
convolute laminations are exhibited in plate 6b. These

two photos were taken at Thunder Cave. i
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Plate 7

In plate 7, ball and pillow structures are dehoted by
the arrows. These ball and pillow structures are associated
with subfacies Dj. This photo was taken at Thunder Cave.
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Plate S8a

Plate 8b

Facies E is exhibited in plate 8a and plate 8b. The zone
denoted by the parenthesis in plate 8a shows a typical
subfacies E] unit. The arrows in plate 8b highlight
lenticular and wavy bedding that is a characteristic

of subfacies E;. These two photos were taken at Overs
Park Beach. ‘
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Plate 9

In plate 9, tﬁe.parentheéié hi;ﬂliaﬂéw;‘sﬁb%éciés"E3”ﬁn£t;
This unit_is underlain by subfacies FEj and overlain by
subfacies Eq. This photo was taken at OvensS Park Reach.




-35-

H

Plate 10

Plate 10: parallel laminated Fj] units are visible in
the top and the middle of the photo. Other
facies units that are visible are Cy, C,,
D2, and Ey. The scale is approximately
1.5 cm wide. This photo was take at Ovens
Park Beach.
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Internal Structures

Internal structures are common in most beds but
detailed examination of polished slabs indicates that
outcrop exposures bf internal structures can be deceptive7
producing erroneous conclusions as to thggedﬁmentary“s?ructures
in a facies.

Cross laminations of Facies Dj, for cxample, are not
distinquishable at the outcrop but can be readily observed.
in polished slab samples. At the outcrop, the coarse silt-
stone-medium siltstone component of facies D appears
parallel 1aminated. Detailed examination of two representative
polished block samples of facies D indicate that the »narallel
laminations gasg7UH’£romrwaxy:lamiﬁationsg.Eb&ﬁzhm&ticn
of polished slab allow various sedimentary structures to be
discerned that.could not be seen in outcrop. The depositional
environment of the facies that is beina studied can be more
readily interpreted by the detailed examination of the
polished slabs.
(i) Graded Bedding: Graded bedding is apparent in all facies
excépt facieé C and E. The fine grain texture of the facies
makes outcrop inspection for nraded'beddind difficult; araded
bedding can only be recognized- from Adata derived from thin
section point counts. Positive and reverse araded beddina
hare been obsefved in facies 2; facles B and D exhibit positive
grading.

(ii) Parallel Laminations: Coarse, distinct and indistinct
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laterally continuous parallel laminations are associated

with facies B. The parallel laminations vary from 0.5 to 10 mm
in thickness, are more commonly diffuse than well defined

and are only 0.5 to 4.0 mm apart (Plate 2b ). Lichter and
darker color differences define laminations which have little
apparent variations iﬁ arain size. The color differences -
reflect increases and decreases in clay content.

(iii) Cross laminations: Cross laminations are common and
occur in two types. |

A. Cross laminations composed of sediment with
little difference in grain size.

B. Cross laminations that alternate coarse siltstone
and mudstone.

The cross laminations that are composed of sediment
with little variation in grain size are in the form of pro-
grading and climbing ripples. Cross laminations ‘that aiternate
coarse siltstone and mudstone are represented by scour channels
and trough cross-stratification. Climbing and progradinga
rioples are associated with facies G #%hile trough cross-
laminations are -+ found in facies C and D. Scour channels
are only seen in facies D and can only be‘distinCuisﬁed in
polished rock slabs.(Fiqure 4).

(iv) Wavy Laminations: Wavy laminations are rarej they occur
in medium to fine siltstone units and have only been observed
in Facies D. (Fiaure 5).

(v) Convolute Laminations: Convolute (contorted) laminations
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are rare’ having been observed only in facies D. Convolute
laminations are interpreted as deformation of semi-liquified
sediment by depositional loading (Dzulynski and Walton,

1965). ‘

(vi) Mud Clasts: Fine siltstone-nudstone ienticuiar‘inclusions
are found individually-Or'ciusteredlin facies

A, They are two to fifteen centimetres  lona and up to three
centimetres thick. They are ﬁosﬁ cpmmoﬁly found néar_the base of
a facies A unit (Plates la, 1lb). Mud clasts are interpreted

to be rip-ups from mud deposited from previous sediment |
flows. Middleton and Hampton (1976) associated mud clasts

with fluidized flows. |

(vii) Ripples: Beddina planes occasionally eihibit
asymmetric ripples>that have sharp crests and amplitudes

of one to twenty millimeﬁres» These ripples are most commonly
observed in facies D} large amplitude ripples (0.5 -~ 4/ centi-
meters) were observed in facies C (Plate 3b).

The ripples associated with facies D have qraded mud
collectina in the troughs and sand and silt size particles
coilecting on the stoss side; laminations are continuous
but change composition from the stoss to the lee side of
the ripple. These ripples are referred to by Stow and Shanmuaam
(1980) as fading ripples. The ripples associated with facies
C were climbing ripples and proaradinag ripples; trouagh cross
laminations are associated with facies C (Fiqure 6, 7).

Discontinuous fine sandstone to coarse siltstone lenti-

cles ' were observed in subfacies Ej. These discontinuous
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Figure 4: Sketch of a polished slab, Facies D. Sedimentary structures
are noted around the diaagram. Black reagions represent
areas of mudstone accumulation.
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Figure 5: Sketch of a polished slab, Facies D. Sedimentary structures
are noted around the diaaram.
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Figure 6:

A sketch of a polished slab, facies C. Sedimentary
structures are noted around t+he diaaram.
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Figure 7: A sketch of a polished slab, facies C. Sedimentary
structures are noted around the diagram.
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lentieles represent:

1. starved ripples, which developed durina episodes of sedi-
ment starvation;

2. incomplete boudinage structures. .

Associated with the lenticles; are bulbous acaradations
of silt in what are mainly‘planar beds (see’'Plate 9 for an
illustration). The bulbous aqgradétions of silt are climbina
ripples.

(viii) Sole Marks: Sole marks are scarce due to the lack of
good exposure of bedding planes. The sole marks are limited
to current scours such as flute marks; which consist _ of
discontinuous elonaate bulbosities (Plate Ba). The flute

marks aré only observed in facies D.

(ix) Load Structures: Ipad structures consist of sand
bulginag into underlying mudstone or arainstone beds. Theyare
more bulbous than flutes and are associated with facies C and
D.

(x) Fine, Parallel Laminations: Distinct, fine parallel
laminations are seen in outcrop exposures of facies D. -The para-
llel laminations and arain size become finer up section. An
examination of a polished section indicates that the parallel
laminations in facies D develop from wavy laminationr s(ficure
%); this suggests that the parallel laminations of facies D
develop as a result of a decrease in the flow power.

(xi) Bedding Planes: Bedding planes are predominantly planar;
some are wavy. Wavy beddina planes have an amplitude between
one and five centimetres,the norm being apprpximately two

centimetres ., Plates Fsand 4bkillustrate wavy bedding nlanes with
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Fiqure 3: A diagram of the flow reaqimes of sand -size sediment and two of their character-

istics. Rippled bed and plane beds have been seen in the ° fine sandstone

and siltstone units at Ovens Park. Flow reaimes that may be analagous to the
flow regimes in sand sizZe sediment mav be responsible for the formation of these
bed forms. In the text, these bed forms are described as developing under hlqh
power flow and low power flow conditions; hiagh power flows cdevelop plane

bed forms, low power flows develop rippled bed forms; low power flows can only
transport sediments in low concentration and have relatively slow velocities;
high power flows transport hiah sediment concentration and can transport larger

arains of sediment at hicgh velocities,
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amplitudes of one to five centimekes . Wavy bedding

planes were observed in subfacies Cy, Dy, and Fp. These

wavy bedding plane; form as a result of aagoradation of silt;
the aggradation of silt forms climbina ripples (Farms et al,
1975). Figure 8 shows the wvarious typés of bedding planes
that are associated with upper andlswerflow redimes and

sand . . particles. Strata that is ebmpgsgéuoﬁ;silt;Eaxticles
is known %o bave bedforms similiar to the bedforms in Figure 8

and the power of the depositina flow that is associated with thé'

bedforms in Figure 8 is assured to n%ye a ; un;eguarL aeuQSTtlng
T Siuwilian o pSC_ 0T wre 5 -
flow that would develop bedformsAln silt cedunentg

Boudins form when preexisting bodies that are more
competent than the surrounding rock are seamented (Hobbs,
Means, and Williams, 1976). During the formation of boudinaae,
a body, such as a aiven bed7is broken up into a series of
elongate bodies akiqned parallel to each other. The boudins
are separated by material that oriainally lay on either side
of the boudinace layer. Incomplete boudinace F£oOrmsg
where preexistina bodieg have necked but not broken throuah.
Boudins are commonly aﬁ}qned parallel to thé axes of foids,

Hobbs, Means, and Williams (1976) state that boudins
are commonly large in size.and are restricted to certain surfaces
in a deformed sequence.

Detailed examination of internal structures indicates
that wavy beddina planes develop as true sedimentary features.

Climbinag ripples are the sedimentary structures that

develop the wavy beddina planes.
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SECTION IV - Facies Interpretation and Seguence Anaylsis

Facies Interpretation

Facies A - Facies A is a massive positive and reverse
graded very fine sandstone-coarse siltstone unit. The
fine siltstone- mudstone rip up intraclasts (Piate 1b)
SUGdést that this facies developed in a hiagh power regime.
It is the coarsest facies and it lacks internal layering.
Facies A characteristics are similar to the Rouma A
division characteristics.

Piper (1973) commented that poorly sorted silts
lackina good grading, laminations yand containina
dispersed mud and silt clasts are features hard to explain
by steady tractional bed load depoSitidn; he suggests unsteady
flow near the head of the turbidity current and tractional
bed load movement in the tail of a turbidity current as a
depositional process for a silt equivalent of a Rouma A
division {i.e., Facies A).

Facies B - Facies B is a very fine sandstone ~ coarse
siltstone unit with parallel laminations. It is aenerally
thinner than units of Facies A. Facies B is similar to
the Bouma B division; it may represent a hiqh power recime.

Facies C - Facies C is an intermixed coarse siltstone
and medium siltstone with cross laminations derived from
durrent ripples. It is thinner than Facies A and B and
it is similar to the Bouma C division. The presence of

climbing ripples suagests that in this facies the rate of
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deposition of sediment is decreasina less rapidly with
time thaﬁ the rate of bedload transport; the climbina
ripples are qobd evidence of deposition by turbidity
currents (Piper, personal communication, 198281). The
relationship in Facies C of one cross laminated set to
another cross laminated set chanaes from erosional in

the 1owef part. of the facies to aradational in the upper
part. Cross 1aﬁinations often develop symmetrical
undulations that form the . undulose beddinag planes of
subfaciesﬁCz (Plate 3b).

Subfacies C; units occur most frequently above
facies B units; subfacies C3 and subfacies Cj record rapid
sediment accumulation from a modérate to low power regime.

Facies D - Facies D consisﬁs of medium to fine silt-
stone. with interbedded mudstone. Climbina fipples and
wavy laminations agrading upwards into fine, ‘varallel laminatioﬁs
suagests that facies D develops from a decreasingly
low power regime. Convolute laminations and flute marks
éssociated with this facies sﬁqqests that it was deposited
rapidly. Grain size analysis of the flute marks associated
with this facies indicates flow velocities of §-12 am/sec
(Figure 9, Appendix, 3a).

Facies E - Facies E consists of clayvey siltstones,
and silty mudstones with thin, interbedded coarse to mediuﬁ

siltstone. Subfacies Eq consists of mudstones interbedded
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Theoretical criterion for the arowth of flute marks
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with thin, recular coarse to medium siltstone. Stow and
Shanmugam (1980) suggest a low flow regime where thin,
reqular coarse to medium siltstone is interbedded with thick
shale units. Subfacies E] corresponds to their T3-Ty
divisions which, they suggest, could be found close to
channels and on fan lobes. Hesse and Chough (19¢0),
describe a Recenﬁ,parallel laminated turbidite mud unit

that is similar in character to facies D fining up to
subfacies Ej. This Recent parallel laminated mud originated
from channel levee deposits.

Subfa cies E2 consists of shale with thin, interbedded,
lenticular and wévy, medium to coarse siltstone beds.

This facies corresponds to the T;-T, divisions of Stow and
Shanmugam (19280) and facies division Ej of Piper (1978). Stow
and Shanmugam (1980) sugqest that the divisions Tp and Tj
represent a low flow regime. | ‘

Subf acies E3 is primarily homogergous .,wavy,fine siltstone
and mudstone. It is analgous to Stow and Shanmugam (1980)
T5-T7 divisions and divisions Ey and Ep of Piper (1978).
Stow and Shanmugam (1980) state that their T5-T5 units are
dominant away from fhe channel axes. They suggest that
divisions Tg-T- would be found on levees, in interchannel
areas, on the outer fans and in abyssal plain environments.
Piper (1978) indicates that his FEj and FE3 divisions are
common in deep sea fan valleys and on the low parts of
deep sea fans.

Section one (@Appendix XL ) has twoAdistinct facies

assemblages o©one encompassing the strata on the base
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(21.50 - 14.0 metres) and the top (10.5-0.0 metres) of

the measured section and one that encompasses strata in the’

centre (14.0 - 10.0 m) of the section. The strata in the

centre of the sectioﬂhavq characteristics of Bouma Ta, Tb,

and Tc divisions. The strata encompassina the part of

the section overlying and underlying the central part of

the measured sectioﬁhave‘characteristics of Rouma Tc’

Td, Te, divisions. The section strata from 10.5 - 7.5 metres

has characteristics of Bouma TgTd-Te divisions, mostly

Tc-Te. Walker (1979) sugaests that sediments consisting

of silt and clay and that produce Tc~Te beds could indicate

levee or back-levee environments. Mutti (1977) identified

two types of levee facies: one of interbedded sandstone

and mudstone (this is similar to facies D) that is deposited

on the levee face that slopes towards the channel axis,

and a second similar mudstone facies with very thih beds

of sandstone and siltstone (similar to subfacies'El) that

is deposited on the levee crest and the levee face that

slopes towards adjacent interchannel depressions. It is

proposed,by analogy, facies A, B, and subfacies C represent

distributary channel facies while facies D and SUbfacies E1

would respectively represent levee and back-levee deposits.
A study of Navy Fan by Normark, Piper and Hess (1979)

indicates that two assemblages of current patterns

exist on deep sea fans. One assemblage is confined to

distributary channels and the other assemblage develops in

the levee, back-levee, and interchannel areas of the deep-

sea fans. Figure 10 shows that the paleocurrent
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Ovens Park Beach., Diaaram 3a illustrates the ranae of vector directions in

the interchannel areas at Navy Fan; diaagram 3b illustrates the range of p
vector directions within the distributary valleys at Navy Fan.
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assemblaage that is derived from distributary channels

are in a northwesterly direction and have a narrow

range of distribution. The vectors that represent the
levee, back levee, and interchannel areas span a west +o
north direction and have a wide range of distribution

(figure 10; 3a). The paleocurrents assemblage in

the central portion of the Thunder Cave section (section
one, Appendix 1) has a northern direction with a narrow
range of distribution (Figure 10§{1b); the.bése and top
portions of the section have paleocurrent vector assemblages
that indicate a flow direction towards the northwest,

these vectors show a wide range of distribution (fiaure lOﬂa).
The paleocurrent vector assemblaqesAin Figure 10;1b,. 3b,

may indicate a facies assemblage that has restricted‘flow
directions, while the vector assemblaages of Figure 10;1a,

2a and 3a indicate a facies assemblage that has a relatively
"open" flow direction, i.e;, the only restrictinq condition
on the flow direction is thé direction of the slope of the
topography. Restricted flow conditions exist in the dis-
tributary channels of deep-sea fans; "open" flow conditions
exist in theflevee, back-levee, and interéhannel areas of
deep sea fans. The central portion of section one (Appendix
Y ) may represent a distributary channel facies assemblaqe'
and the base and top portions of section one may represent

a levee, back-levee, and interchannel areas of a deep-sea fan.

In sectian two (&Appendix :2-)) the paleocurrent vectors
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have a northwest direction with a wide ranae of distribution
(figure 11,2a). This may indicate that section two is composed
of 1levee, back—leyee, and interchannel sediments.

Stow and Shanmuagam (1980) sugagest that contourites
should show a distinct paleocurrent trend with a narrow

: This /s net the case at Ovens %ark an
range of distribution. AThe facies descriptions and paleo-
current trends of the sections measured at Ovens Park
would suggest that the strata at Ovens Park Weré deposited
by turbidity flows. The £hin iayerinq of straté indicates
low sediment concentrations and a grain size analysis of
a flute mark suggests a relatively slow velocity for the
turbidity flow (figure 9). Waninag current velocites

during the passage of a single flow would develop the observed

bedding plane features.

Facies Sequence Analysis

After defining nine facies and subfacies the problem
remains of analyzinag their sedquence and distillinco the
sequence into a generalized form that can be used as a basis
for a facies model.

Two ways in which facies relationships and sequences
can be interpreted are: |

1. By a "Facies Relationship Diagram”.

2. By tallvina facies transitions and éonvertinﬂ into
probabilities. A ®arkov chain analysis can be performed
on the probabilities. These probabilities are oraganized into

matrices.
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Analytical Method

The method used in this thesis is an analytical
method devised to analyze for facies successions. Four
"steps" for analytical transitions were performed to distil
the most probable sequence of facies in the sequence. The
information described below is derived from Farhaugh
and Bonham-Carter (1970).
The analysis is a simple first*grder Markov
chain analysis. This analysis depends only on single steps,
it analyzes for the relationship between a given bed and
the next bed immediately succeeding it. The first step
is referred to as a tally matrix or a transition count
matrix. It tabulates the number of times that all possible
vertical facies transitions occur in a aiven stratiaraphic
succession. The row number denotes the lower bed of each
transition couplet. The upper bed is denoted by tﬁe
column number. Elements of the transition count matrix
are referred to by the symbol filj., where i = row ﬁumber
and j = column number. Where i = j, transitions have
only been recorded where the facies shows a change in character.
Probability matrices are derived from the transition
count matrix. One matrix represents the probability of a given
transition occurring randomly. Given any state i, the
probability of this state being succeeded by any other statejf
is dependent only on the relative proportioné of. the wvarious |

states present. Thus:
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rij = sj/(t-si)

t = total number of beds = fij,

il

s3j the sum of fij for the jth column of the f matrix
si = the sum of fij for the ith yow of the f matrix

In the method outlined above 1 = 7 transitidns
are not permitted, thus the total range of possibilities
must be set td exclude them. This compohent must be
subtracted from the equation.

The second matrix containinﬁ elemenﬁ pij aives
the probabilities of a given transition occurring iﬁ
a given section.

pij = fij/si

The value of a p matrix row Sumé to one and thus
reflects a Markovian relationship.

A difference matrix is constructed in which

dij = pij -rij

fositive entries in the d matrix serve to emphasize -
the Markov property by indicating which transitioﬁs have
occurred more frequently than random frequency.

To test the significance of the differences between
the p matrix and the r matrix a chi-squaréd test is performed.
The statistical test for the Markov property as described
by Harbough and Bonham-Carter (1970) distinauishes between

the idea_ that successive events are independent of each

"other or the events are not independent. If the events are

dependent on each other they may form a first order Markov
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chain. The expression is:
~” »
-2 1n A =25 fij 1n (221
n 2 i ln (539
pij = probability in cell i j of matrix
" 4
pj = probabilities for the jth column (=pij = Zfﬁj/’gfiﬁ)
. . 8y
mij = transition frequency total in cell ijj of the tally
matrix
m = total number of states
The number of degrees of freedom = (m-1) 2
The null hypothesis is that the vertical succession

of strata was derived by random variation in the depositiona( ,

mechanismn.
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Facies Sequence Interpretation

This section is devoted to the interpretation of
the facies sequence and presenting the facies relationships

as a local model.

\Thﬁﬁder Cave - Section One (Appendix One) . (Refer
to figure 11  for a diagrammatic presentatioﬁ of the facies
sequence) .

The close association between facies A, B, and
subfacies Cj, and the negligible probability of a facies
A or B transition to facies D , E, or subfacies C2 (see
figure 11b) suggests that the mechanish of deposition
of facies A and B is not the same as the mechanism for
the deposition of facies D, E and subfacies Cp. The
mechanism for the deposition of subfacies Cj is
related to the mechanism for the deposition of facies A
and B; since there is én association between subfécies
Cy and subfacies Ej] a depositional relationship must exist
between these two subfacies.

The massive charactgr of facies A and the coarse,
parallel laminated character of facies B are characteristics
similar to the Bouma A and B divisions of sand turbidites.b
Bouma A and B divisions are interpreted to have been
deposited under upper flow regime conditions (ﬁalker,1979;
figure 8 ). Upper flow regime conditions includé high
velocity flows and high sediment concentfations.- These
conditions, with respect to the flow regime, are outlined
in figure 8 . At Thunder Cave, a small (=15 centimetres

deep) channel was observed and dJdocumented (Section One,
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’ occur more commonly than random. This facies relationship
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tions that occur most commonly (> + .10). This facies
relationship model ranresents section measured at Thondey
Cavre .,




-59~

Appendix 1 ), near the base of the section; this channel
was filled.with sediments that had the characteristics
of facies A and B. Nelson (1975) stated that Bouma‘
(1962) Tab units are deposited in middle and lower fan
valleys. Using the data of Nelson (1975) and the observation
of the small channel filled with facies A and B divisions,
the facies A and B divisions are interpreted as deep sea fan
Valley - distributory channel deposits and.to have been
deposited under high flow power conditions. Subfacies Cj
with its plane bedding and climbing ripples, probably
represents’a unit that was deposited under lower.flow
conditions than facies A and B. The presence of plénar
bedding and the lack of sicnificant (<5%) amounts of
mudséone suagests that there was sufficient turbulence in
the turbidity flow to keep the fine silt and mud particles
suspended but insufficient turbulence to prevent .the develop-
ment of climbina ripples. The association of subfacies
Cy with facies'B suggests that the decrease in flow power
takes placéx%b%gﬁgnnel rather than outside the channel
but the association of subfacies C] with subfacies Ej
suggests phat sﬁbfacies Cy is deposited outside the fan valley -
distributgry channels. Facies Cy is interpreted to be an
i

inter-intrachannel facies.

The seguence of transitions

Ej—#D)—3E2—D2

observed in Fiqure. 11b suggests that
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an upward decrease in flow power occurs. Subfacies Ej

and D] develop when the flow power is sufficient to produce

plane beds; subfacies E; and D)y develop when fhe flow

power is too low to develop plane beds but sufficient.

to develop wavy, undulose bedding planes. Subfacies Ej

and D2 may represent a distal extensions of subfacies Ej
respectively;

and D] Asubfacies E> and D, develop when the turbidity

flow Has lost so much flow power that it produces wavy,

undulose bedding planes. Possible depositional sites

for subfacies Ej andlDl would be on channel levees and

depositional sites for subfacies E2 and Dy would be

back-levee and interchannel areas. Schenk and Farris (1975)

‘sugqested that strata of the Halifax Formation at BRlack Rock

have
Beach that LCharacteristics of subfacies E, and D,,

were
pdeposited as overbank turbidites (?).

Subfacies Cy has a hiah probability of a transition
to subfacies E3 and subfacies Dj. The wavy undulose bedding
pianes and the high percentage (>5%) of mudstone in the.
grainstone fabric suggest that subfacies C, was depositéd
by a turbidity flow with low flow power. The presence of
climbing grainstone ripples and the high proportion of
grainstone (>90%) in this facies suggests that this subfacies
may be related to subfacies Cqy. The transition of sub-

facies C, to subfacies Dj suggests that the flow power

of subfacies Cp is higher than the flow power of subfacies Dj.
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A plausible explanation of this phenomeren would have
subfacies Cyp requiring a hicher flow power to éransport
its coarse bed load than subfacies Dj, which has a €iner
grain fabric than subfacies Cp. When the coarse sediments
in the turbidity current have been deposited as subfacies
Co, the flow power may be sufficient to de&elop plane beds
in the fine grain sediments that are associatea with subfacies
Dy. The high probability of subfacies Cp transcendinag to
subfacies E3 may be the result of an insufficient supply
of fine grainstone sediment (in the turbidity flqw) thaﬁ
would produce grainstone bedé tha£ are characteristic of
facies D or subfacies Ej and E2. Possible depositioﬂal
sites for subfacies Cy would be similar to subfacies Cqr
but é higher proportion of subfacies Cyp would be found
in the interchannel areas of deep-sea fans since this would be
the most probable realm of low power.turbidity currents. The
relationship of subfacies Clmﬂtﬁ‘subfacies Dj sugagests the -
existence of subfacieé'cl in or near a distributary channel.
Thus, subfacies Cy can be considered an intra-interchannel
facies. Subfaciés E3 is either an end of flow facies or a
hemipelaqié facies.

\é&éﬁégﬁféfkméééah - Section Two (Appendix 3). (Refer

to Figure 12 for a diagrammatic presentation of this

facies seguence.)
The facies relationship and characteristics in this
section are basically similar to the facies relationships in

the section measured at Thunder Cave.
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In this section, the high probability of the
transition of subfacies C; to E2, Dy to Ep, and C2 to
Ey (Figure 12b) suggests that:
1. A g loss of turbulence prevents grain-
stone ' sediments from being suspended- |
. 2. Grainstdne sediment starvation has occurred;
(there is no longer . .enough _ ‘qrainstone
repainina in turbulent suspensiongf%heulack-of grainStcnegprévents
éhe development of wavy bedding that is a characteristic of
subfacies Dy and Egéf ‘~.there may be sufficient grainstone
sediment available to form the lenti€les that are
characteristic of subfacies E2.
The hiah prbbability of transiticns from subfacies Fj
to E3, ¢ anat D1 to E3, can be explained by suagesting
processes similar to those that occurred in the subfacies C1
to Ep, D, to E2, and Cp to E2 transitions, namely:_lﬂ loss
of turbulence, and 2. grainstone sediment starvation.
The transition of subfacies Ej to D2 probably suggests
a decrease in flow power of the turbidity current and the -
transition of subfacies Cj; to Ej can be explained as a
process similar to that which occurred at Thunder Cave. The
upward transitions of subfacies Ez—$Cy, and E3—pDy,
(Figure 12b), probably represents the deposition of a new
turbidity deposit on the "end of the flow" deposit (subfacies E3).
The most probabie area for the deposition of the
strata associated with the section at Ovens Park Beach would be
the mid-fan region of the deep-sea fan. The most probable
area for the deposition of the strata at Thunder Cave would

be a distributary
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channel, levee, back-levee region in the midfan area of a deep

sea fan.
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SECTION V-CONCLUSIONS

Conclusions

1. The strata at Ovens Park are composed of very fine
sandstone, siltstone and mudstone.

2. Sedimentary stFuctures and the similarity of facies

A, B, and C to Bouma Ta, Tb, and Tc divisions respectively
suggest that these units were deposited by turbidity flows.

The sedimentary structures observed in facies D and E suggest
that these units were deposited bv turbidity flows.

3. The fining-up sequence in the strata at Thunder Cave
suggests these strata were deposited by turbidity fldws.

4, Two distinct types of bed forms were diétinguished at

the Ovens Park study area:a)wavy and lenticular beds,b)plane
beds. Plane beds are associated with divisions of ‘the Bouma
sequence with upper flow regime characteristics(Ta,Tb); wavy
and lenticular bedforms are found only in divisions of the
Bouma sequence that have lower flow regime characteristics

(Tc, Td, and Te). Plane beds are associated with facies A and
B. Wavy and lenticular beds are associated with facies C, D,
and E. Thus facies A and B form uhder high power flow conditions
while facies C and D may form under high or lew flow powef
conditions.Plane bedding may indicate the proximity of a facies

unit to the
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source of the turbidity flow, wavy and lenticular beds

may develop as a result of waning velocities and decreasing
turbulence in a turbidity flow.(Refer to Figure 14 for an
illustration).

5. Lenticular beds develop through a process of

grainstone sediment starvation and grainstone aggregation

in a moderately turbulent turbidity flow.

6. Facies A, B and subfacies Cj occur in close mutual
association. The sedimentary structures observed in the

units suqqest‘that the — depositional mechanism had a

higher flow power relative to the depositional mechanism

that deposited facies D, E, and subfacies Cj. |

7. . Facies D has characteristics similar to the characteristics
of the Bouma Tc and Td divisions. Subfacies Ei and Ep have
characteristics similar to division Ej of Piper (1978) and

and division T1 to Tg of Stow and Shanmugam (1980); Divisions
Ex and Ej3 of Piper (197¢) and divisions Tg and T7 of Stow

and Shanmugam (1980) have characteristics similar to subfacies
Ey. SuEfacies E3 has characteristics similar to division

F of Piper (1980) and division Tg of Stow and Shénmugam (1980) .
8. The data of Appendix 3 suggest  a éoarsening»up trend
in the hiqherﬂflow nower units (facies A and B) and a fining
up trend in the lower flow power deposits (facies C, D, and F).
9. Facies A and B are probably associated with distributary

channels (Figure 13). Subfacies €1 is an inter-intrachannel
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facies while facies D and F represent levee, back-
levee, and interchannel facies within the strata at Ovené
Park. Subfacies C2, Dy, and E, may represent: a) distal
turbidties correlatives of subfacies Cj, Dy, and Ej, b)
sediment deposits that were deposited under waning flow
power conditions.

Information derived from Nelson (1975) (Figure 13)
suggests that the strata at Ovens Park were deposited in the
middle fan region of a deep sea fan. |
10. The Falifax Formation probably represents a "distal"
turbidite member of the Meguma Group. The quartz arain type,
and the sediment size and paleocurrent directions suagagest
that the Halifax Formation represents a "distal" component
of a deep sea fan complex. The Goldenville Formation
represents a "proximal" member of a deep sea fan complex
Q.uartz grains in the Goldenville Formation, (Dwyef, 1979)
have a larger size than the quartz grains in the Halifax
Formation at Ovens Park,; paleocurrents of the Goldenville -
Formation in the area (Campbell, 1966) have a trend that
is approximately the‘same as the trend found at Ovens Park: .
This "proximal” and "distal" concept is similar to the
"proximal® and "distal" concept proposed by Harris and
Schenk (1968, 1975). Schenk and Harris suaqaested that the
Goldenville Formation was proximal relative to the

Halifax Formation (which was considered a distal deposit).
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11. Paleocurrent indicators used to assist in distinquishing
the channel facies assemblacge from the overbank-interdis-
tributary channel facies suggest the source of sediment

was from the south. This conclusion is similar to that of
Schenk (1970), and 4arris and Schenk (1975) who suagested

a south-easterly source area for the sediments.

12. Subfacies D2 and E2 are similar to the strata documented
by Harris and Schenk (1975) at Black Rock Beach. Farris and
Schenk (1975) suggest that the units that they documented

may be overbank turbidites (?). A similar conclusion was
derived from the data in this thesis, namely, that subfacies

D2 and E» represent interéhannel turbidite deposits

(overbank turbidites).
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Appendix 1

(Section 1,Thunder Cave)
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Appendix 2
(Section 2, Ovens Park Beach)
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Appendix 3
(Bar Graphs Showing the Graip Size
Distribution in Facies A,B,C,D
and E)
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Appendix 4

(A Description of First
Order Markov Chain
Analysis)



Markov Chain Analysis - First Order

Natural processes that are random in their occurrence
also exhibit an effect in which previous events influence,
but do not rigidly control, subsequent events, these are
referred to as Markov processes. A Markov process is
a process in which the probability of the process being in a
given state at a particular time may be deduced from know-
ledge of the immediately preceding state. A form of a
Markov process = is a Markov chain, which may be regarded
as a sequence chain of discrete states in time in which
the probability of the transition from one state to a agiven
state in the next step in the chain depends upon the
previous state.

A Markov chain may be regarded as a series of trans-
itions between different states such that the probabilities
associated with each transition depend only on the’immediately
preceding state and not én how the process arrived in that
state. The general form of a Markov chain.is such that it
contains a finite number of states and the probabilities
associated with the transitions between states are stationary.
The transitions have a verv short memory,exteﬁéing_for only
a single step at a time and ceasing beyond that step. If
the probabilities associatedAwith each transition are
extended so that events associated with each transition
depend on events earlier than the immédiately,precedinq evenﬁ

the Markov chain is a higher order chain.



An event in a Markov association can be expressed
as a probability simply by dividing that event by the total
number of events to which that eﬁent is associated. Esti-
mates of probability values can be substituted for the
events listing the transition frequencies. These probability
values are termed Markov transition probabilities. These
probabilities can be ordered into a transition matrix, in
which the number of rows equals the number of coiumns
corresponding to the number of states. The probability
value of each row sums to one (1), which, in effect, says
that there is absolute certainty of a transition from
each state to some state in the next event in the chain of
finite events.

Markov processes can be classified into two groups
1) Discrete time, and 2) continuous time. Roth of these
groups can be subdivided to discrete state and continuous
state subgroups. |

Markov probability matrices provide a succinct
déscription of the behavior of a Markov chain. Fach element
in the matrix represents the probability from a particular
state to the next state.

The aspect of memory in a Markov chain involves
conditional probability; this implies that the probability.
of a particular event is conditional on some other event.
Consider probability independent of other‘events; Pr [x]
additional information is received that modifies the probability.
The probability of v upon receipt of x is: Pr[y/xj which is

the prchability of g, given v . Markov chains are one wav



of dealing with sequences of events whose probabilities

are conditional on some other event.

Transitions in any series of observations that

involve either discrete-state or discrete-time phenoﬁena

can be described by a matrix of transition probabilities
provided that thefe is a finite number of states in
‘ the system.

A statistical test for the Markov property forms

an important component of the tools of the experimenter.
The test distinguishes between the two alternative
hypothesis that either the successive events are independent
of each other (the null hypothesis) or events are not
independent. If not independent, they can form a first
order Markov chain. Using the equation presented in

Section IV and the degrees'of freedom presented in

Section IV, and if we make the level of significance

ot = 0,05, a table of X2 values can be consulted. If

the value of the test equation is much areater than the X2
value, the null hypothesis can be rejected (i.e., independent
event processes) and we can accept'that the transitions

have the Markov property.



Estimated Time Spent on Thesis:

Mapping and Field Work
12 days - fall '80 - winter '81 - mappina and loagagina sections

3 days - notes, photos

Laboratory
1 week - polishing slabs of block samples

2 days - describing sedimentary structures

Readina

Summer 1980, fall 1980, winter 198N-81 - time permittino -

for background research

Writina
Winter 1980 - time permittina

Winter 1981 - 8 weeks (time permitting).
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