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Abstract

This thesis presents an allostratigraphic and facies interpretation of the modern
coarse clastic Flar Island barrier complex, situated on the tectonically-structured southern
margin of St. George’s Bay, western Newfoundland, Canada. The study is based on an
integrated geological, geophysical and oceanographic dataset, including aerial
photography, multibeam sonar bathymetry data, shallow reflection seismic data, seabed
samples, seabed video, wave and current measurements, cores, and pit and outcrop
observations.

The Flat Island barrier complex evolved under the influence of a cyclic relative
sea level regime associated with post-glacial eustatic sea level rise and superimposed
isostatic uplift. The stratal architecture of the barrier complex reflects the inter-
relationships of eustatic rise, isostatic uplift, basin physiography, and local sediment
supply variations. The barrier complex comprises a four-part stratigraphic succession
(Units A — D) delineated by key bounding discontinuities (BD1 — BD5).

The lower-most marine allostratigraphic unit (A) consists of aggradational, fine-
grained glaciomarine sediments deposited during late-glacial ice recession, which was
accompanied by marine onlap of isostatically depressed terrain. Unit A is bounded below
and above by “initial” and “maximum” transgressive surfaces, respectively (bounding
discontinuities BD1 and BD?2).

Maximum coastal onlap (~13.5 kyBP) was followed by forced regression, as
isostatic uplift ensued and exceeded the rate of ongoing eustatic sea level rise. Forced

regression led to the development of a subaerial unconformity (BD3) as fluvial channel



systems sought progressively lower base levels, locally incising the maximum
transgressive surface (BD2).

Isolated delta bodies (Unit B), graded to (present-day) elevations of
approximately +26m to —25m, are interpreted as accretionary forced regression deposits.
Delta growth occurred during periods of slow forced regression (possibly related to
eustatic pulses), accompanied by high rates of glacio-fluvial sediment supply. The
subaerial unconformity (BD3) truncates and incises the fop of Unit B delta deposits,
which downlap the marine maximum transgressive surface (BD2).

A “lowstand-stillstand™ occurred as the rate of isostatic rebound diminished and
became equal to the rate of eustatic sea level rise (~9.5 kyBP). The subaerial
unconformity (and correlative conformity) at lowest base level are overlain by aggraded
fluvial channel fill and delta front deposits (Unit C). Unit C displays stratigraphically
climbing delta front clinoforms, consistent with normal regression during stable to rising
relative sea level. The Unit C deposits are interpreted to mark the turnover from relative
sea level “fall” to relative “rise”. The top of Unit C defines a maximum regressive
surface (BD4).

A regional transgressive surface (BD5) developed as Holocene eustatic sea level
rise became dominant, and is characterized by widespread shoreline and wave base
ravinement, with erosion of up to 20m of vertical section. Below present sea level,

preserved elements of the subaerial unconformity (BD3) are restricted to deeply incised

channel systems.



High rates of littoral sediment supply combined with favourable basin margin
physiography promoted the formation and seaward progradation of the modern barrier —
shoreface complex (Unit D) during regional relative sea level rise. Shoreface
progradation beyond the (pre-existing) slope margin results in ongoing, episodic
retrogressive slumping and turbidity flows. Hydrodynamic monitoring and modeling
indicate that sediment transport on the barrier shoreface is storm-driven, and dominated
by high magnitude, low frequency events occurring at quasi-decadal time scales.

Conglomeratic barrier deposits overlying the sandy shoreface sediments consist of
discordant sets of aggradational to progradational beach ridges with intervening tidal
swales, and local washovers. The barrier fronts an estuarine embayment that is being
progressively infilled by overwash and bayhead delta sediments. Flat [sland barrier is
responding to ongoing regional transgression through processes of episodic shoreline
erosion, lateral accretion, washover, and in-place drowning.

This thesis research was motivated by the challenges faced by academic and
industry researchers when attempting to interpret the genetic origins and depositional
environments of ancient marginal marine coarse clastics. The study provides valuable

insights regarding coarse clastic facies architecture, depositional processes, and relative

sea level relationships.
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CHAPTER 1

INTRODUCTION AND BACKGROUND

1.0 Introduction

This thesis presents an allostratigraphic interpretation of the modern coarse clastic
Flat Island barrier complex, situated on the tetonically structured southern margin of St.
George’s Bay, western Newfoundland, Canada (Figures 1.1, 1.2, 1.3 and Enclosure 1).
The study integrates a comprehensive suite of geophysical, geological and oceanographic
data; including shallow reflection seismic, multibeam sonar, seabed sampling and video,
cores, pit and outcrop observations, sequential aerial photography, and wave and current

measurements.
1.1 Research Problem

This study was motivated by the challenges researchers face in attempting to
interpret the genetic origins and depositional environments of ancient coarse clastic
marginal and shallow marine deposits (Snedden and Bergman, 1999). Coarse-grained
deposits of the Western Interior Seaway have been the subject of intensive investigations
in recent decades owing in part to their petroleum reservoir potential, yet the literature is
replete with diverse and conflicting interpretations.

Prior to the mid-1980’s, isolated shallow marine sand bodies (ISMB’s; Snedden
and Bergman, 1999), intra-stratified with offshore mudstones, were commonly

interpreted as by-pass deposits, potentially emplaced by turbidity flows and reworked by



sub-littoral processes into current-aligned “offshore bars™ (Exum and Harms, 1968;
Spearing, 1976). This early interpretation lacked both modern analogues and a rigorous
hydrodynamic explanation, and implicitly assumed static sea level conditions. The
genetic interpretation of ISMB’s has advanced considerably in the past twenty years, in
tandem with the evolution of relative sea level concepts and genetic stratigraphic
principles (e.g. Beaumont 1984; Bergman and Walker, 1987, 1988; Plint et al., 1992). It
is now generally accepted that sand bodies of the Western Interior Seaway consist
predominantly of marginal marine / shoreface deposits, intra-stratified with fine-grained
offshore deposits by relative sea level oscillations (Walker and Bergman, 1986; Bergman
and Walker, 1986, 1987, 1988; Walker, 1987, 1988; Pattison and Walker, 1988, 1992,
Leckie and Cheel, 1997). Parallel advances in applied ichnology have served to further
constrain environmental interpretations, and aid in the delineation of stratigraphically
significant bounding discontinuities (e.g. Pemberton, 1992).

Recent high-resolution stratigraphic studies of selected shallow marine deposits
have offered increasingly refined genetic interpretations, while also revealing their
inherent facies complexity. Diverse and sometimes conflicting interpretations continue
to pervade the literature; as illustrated by the recent debate surrounding the genesis of the
Campanian Shannon Sandstone (Powder River Basin) (Walker and Bergman, 1993;
Bergman, 1994; Bergman and Walker, 1995, 1999; Suter and Clifton, 1999; Tillman,
1999), and the Joffre ‘shoreface’ complex of the Late Aptian Viking Formation

(Downing and Walker, 1988; Burton and Walker, 1999; MacEachern et al., 1995, 1997,
1998, 1999).
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Numerous modern analogues for fine-grained, sand-dominated systems have been
presented in the literature, and have found broad application (Walker and James, 1992).
Well-documented modern examples of coarse clastic marginal marine systems are few,
and focus primarily on morpho-dynamic relationships (e.g. Carter and Forbes, 1984;

Shaw et al., 1990; Forbes et al., 1991; Carter et al., 1993; Forbes et al., 1995a; Orford and
Carter, 1995; Orford et al., 1995).

There is a clear need for comprehensive studies of modern coarse clastic systems

focused on facies architecture, depositional environments and relative sea level

relationships, to aid in the understanding and interpretation of analogous ancient systems.

1.2 Research Objectives

The objectives of this study were four-fold. The first objective was to
characterize and interpret sedimentary facies and deposits of the Flat Island barrier
complex within the context of their modern depositional environments. The second
objective was to characterize the shoreface dynamics and depositional processes of the
barrier system. The third objective was to understand and interpret the stratal architecture
of the Flat Island barrier in terms of the interrelationships between custatic sea level,
diastrophic movements (isostacy), basin physiography, and sediment supply. Finally, the
fourth objective was to develop a depositional model for the Flat [sland barrier complex

that articulates the relationships between facies architecture, depositional processes, and

relative sea level regime.



1.3 Location and Geological Setting

The focus of this study was the modern coarse clastic Flat Island barrier complex,
situated on the southern margin of St. George’s Bay, western Newfoundland, Canada.
The study area location and geological setting are illustrated in Enclosure 1.

Enclosure 1 depicts the coastal topography and regional bedrock and surficial
geology of the study area (panels A to F), as well as the bathymetry and physiography of
St. George's Bay (panels G and H). Panels G and H display grey-scale and colour shaded
relief images of multibeam sonar bathymetry data acquired by the Geological Survey of
Canada-Atlantic in cooperation with the Canadian Hydrographic Service (Shaw et al.,
1997). As detailed in Section 2.2, the multibeam sonar data were contributed to this
study by the GSC-Atlantic (see Acknowledgements), and form one of the primary
datasets.

Reviews of the regional bedrock and surficial geology of the study area are
provided in Sections 1.3.1 and 1.3.2 below. St. George’s Bay and surrounding lowlands
lie within the structurally-controlled Carboniferous Bay St. George Subbasin, an
extension of the larger Maritimes Basin (Section 1.3.1; Enclosure 1 C). Quaternary
sediments within the study area record Late Winconsinan glacial ice advance and retreat
(Section 1.3.2; Enclosure 1 D). Present-day St. George’s Bay hosts a diverse range of
marginal marine and marine deposits and environments. The drift-aligned Flat Island
barrier is the largest (12km) of a series of coarse-grained barrier complexes that fringe the

bay margin. St. George’s Bay is open to the Gulf of St. Lawrence to the southwest. A



broad sill crosses from north to south, separating the Bay into inner and outer basins

(Enclosure 1 G-H).

1.3.1 Carboniferous Bay St. George Subbasin

Pleistocene and Holocene deposits within St. George’s Bay and adjacent lowlands
overlie Devonian to Carboniferous sediments of the Bay St. George Subbasin; part of the
larger Maritimes Basin which extends from New Brunswick to Newfoundland and
includes the Gulf of St. Lawrence, Prince Edward Island and parts of Nova Scotia (refer
to Enclosure 1 C-D). The Carboniferous sediments overlie PreCambrian basement and
range from a maximum thickness of 4km onshore to 6km offshore. The Bay St. George
Subbasin depositional and tectonic history are detailed by Knight (1982, 1983), and the
geophysical properties (onshore and offshore) are reported by Miller et al. (1990). The
following discussion of the subbasin structure and stratigraphy is based on these sources.

The pre-Carboniferous basement underlying the Carboniferous subbasin fill is, in
places, inferred to be composed of Precambrian age rocks of the Humber Zone, similar to
anorthositic rocks of the Indian Head Complex, which outcrops prominently on the
northern margin of the basin (Knight, 1983; Enclosure 1 C). Other portions of the pre-
Carboniferous include Cambro-Ordovician sediments and carbonates. The part of the
Bay St. George subbasin located west of the Flat Island barrier is configured as an
asymmetrical half-graben, with its base dipping uniformly to the southeast and striking
parallel to the basin-bounding Long Range Fault, which trends northeast — southwest

along the southern basin margin. The basement descends southeastward to depths of over



6 km offshore, and rises to form fault-bounded anticlinal topographic highs onshore (the
Flat Bay Anticline (FBA) and Anguille Mountains Anticline (AMA); Enclosure 1 C).

The Upper Devonian to Carboniferous sediments comprising the subbasin fill are
subdivided into three Groups; the Anguille Group, the Codroy Group, and the Barachois
Group. The Anguille Group is Late Devonian to Early Mississippian in age, and consists
of nonmarine sequences of siliciclastic, fluviodeltaic shale to coarse sandstone, with local
conglomerate. Sedimentation of the laterally restricted Anguille Group is interpreted to
have occurred in a deep lake within an early fault-bounded subbasin. The subbasin likely
opened later than, and as an extension of, elongate subbasins to the west within the
Maritimes Basin. Early evolution of the subbasin was accompanied by significant right
lateral strike-slip displacement along bounding faults, which is interpreted to be
syndepositional with Anguille Group sedimentation. The displacement is interpreted to
have occurred as three pulses, with two occurring during deposition of the Anguille
Group, and a later phase (Visean) occurring during deposition of the Codroy Group
(Knight, 1983).

The Upper Mississippian Codroy Group is correlated with the Windsor Group of
Nova Scotia, and consists of both marine and nonmarine sequences of siliciclastic,
evaporite and calcareous sediments. The boundary between the Codroy Group and
underlying Anguille Group is marked by a shallow marine transgression of the Anguille
Basin margins, which resulted in widespread deposition of laminated limestones of the
lowermost Ship Cove Formation. Fine limestone laminae and blue-green algal mats

occurring within the Ship Cove Formation are indicative of a quiescent, possibly



hypersaline subtidal to intertidal depositional environment. Deposition of the Ship Cove
Formation (Codroy Group) likely occurred during a tectonically inact ive period with low
subsidence and sedimentation rates. The Ship Cove Formation is overlain by the Codroy
Road Formation, consisting of a shallow marine sequence of basal grey shale and
siltstone, grading upward into limestone and evaporite, intercalated with fluvial redbeds.
Conglomeratic redbeds of the Codroy Group outcrop locally along the inner shore of Flat
Bay, in the vicinity of the community of St. George’s.

Clastic sedimentation within the upper Codroy Group accompanied renewed
tectonic activity, with detritus derived from highlands to the southeast, and with
progressively increasing proportions derived from uplifting highlands north of the
subbasin.

Evaporite sequences, including gypsum, anhydrites and salt, occur within the
predominantly marine Codroy Road Formation (Codroy Group). Notably, a large
gypsum deposit was mined inland of Flat Bay, south of the present study area. Salt
deposits have been drilled at St. Fintan’s, Robinson’s River and Fishell’s Brook,
intersected within the lower Jefferies Village Member (Knight, 1983). The locations of
possible sub-surface salt bodies, as interpreted by Miller et al. (1990), are indicated in
Enclosure 1 C).

As discussed, early transpressional tectonic evolution of the subbasin involved
pulses of right lateral strike-slip movement along the basin bounding, northeast-
southwest trending Long Range fault and sub-parallel fault systems. Minor northwest-

onented faults developed conjugate to the main fault system. Limited vertical



displacements occurred later. The present structural configuration of Carboniferous
sediments within the Bay St. George Subbasin resulted from tectonic activity during the
Late Pennsylvanian Hercynian Orogeny, when pre-existing northeast aligned fault
systems were reactivated. A second fault set, aligned west-east, evolved and locally
displaced northeast-trending structures, consistent with a “pull apart™ mode of basin

evolution (Miller et al., 1990) (Enclosure 1 C).

1.3.2 Wisconsinan Glaciation - Deglaciation

The Quaternary stratigraphy of the St. George’s lowlands was first characterized
by MacClintock and Twenhofel (1940). They described a three-fold stratigraphy
consisting of basal till, termed the “St. George’s River Drift”, overlain by raised delta
complexes, collectively described as the “St. George’s Bay Delta™, and capped locally by
surface “ice-contact”sediments, named the “Robinson’s Head Drift” (mainly to the south
of the present study area). MacClintock and Twenhofel (1940) and later workers, notably
Brookes (1969, 1970, 1974, 1977), interpreted this succession as recording Late
Winsconsinan glacial recession and associated marine onlap, with a limited glacial re-
advance prior to regional deglaciation.

Mapping of (onshore) ice flow indicators such as striations, eskers and drumlins
in the region of St. George’s Bay and the Port au Port Peninsula shows two dominant
flow directions of different ages (Enclosure 1 D). The older is oriented north-south,
across the Port au Port Peninsula, and the younger records glacial advance and retreat

within the St. George’s lowlands in a west-east orientation (Batterson and Sheppard,



2000). Stacked till sequences (now submerged) relating to different phases of glacial
advance are recognized in outer St. George’s Bay (Burton, 1998) and the Gulf of St.
Lawrence (Josenhans and Lehman, 1999). The inner basin of St. George’s Bay is
overdeepened by glacial erosion (Shaw and Forbes, 1990; Shaw and Forbes, 1992).

The post-glacial marine limit in the region was interpreted to be +44m (present-
day elevation), based on the maximum height of raised delta terraces studied in the
vicinity of Port au Port on the northern shore of St. George’s Bay. The timing of
maximum onlap was estimated at ~13.5 kyBP, based on radiocarbon dating of shell
fragments sampled from deposits at that clevation (Table 1.1). Further studies in the Port
au Port and St. George’s Bay areas have recognized erosional terraces, beach strandlines
and graded delta deposits ranging in present day elevation from +44m down to between
+11m and +14m (Grant, 1987; Corney, 1992, Forbes et al., 1993, Batterson and Janes,
1997; Batterson and Sheppard, 2000). Radiocarbon age dating of some of these features
indicate younger ages at lower elevations (Batterson and Sheppard, 2000).

The phenomenon of the limited “Robinson’s Head” glacial re-advance (~12,600
kyBP) is currently a topic of debate, with conflicting views as to the strength of
supporting evidence for the advance, and the interpretation of type deposits (Liverman
and Bell, 1996; Bell et al., 1999; Batterson and Sheppard, 2000). Bell at al. (1999) have
suggested that ridged “ice-contact deposits” ascribed to the re-advance could be related to
normal tide-water ice fluctuations along a grounding line margin.

The offshore Quaternary — Holocene stratigraphy of St. George’s Bay has been

described by Shaw and Forbes (1990), based on interpretations of shallow reflection



seismic data. Their stratigraphic interpretations were later augmented by interpretation of
multibeam sonar bathymetry data, with an emphasis on glacial features and history (Shaw

and Courtney. 1997). Their stratigraphic “acoustic units” are described in summary

below.

«A coustic Units” of Shaw and Forbes (1990)

Shaw and Forbes (1990) defined eight units with distinct acoustic attributes,
bedding characteristics, and unit geometries. The units are, in part, offshore extensions
of Quaternary deposits mapped onshore. The characteristics and stratal relationships of
the acoustic units are described below, and illustrated in interpreted profiles adapted from

Shaw and Forbes (1990, 1992) (Enclosure 1 F).

Unit 1: ice-contact sediments

Unit 1 is described by Shaw and Forbes (1990) as having a “dark acoustic tone”,
and typified by an “absence of coherent acoustic reflectors”. The unit displays an
undulating to hummocky upper surface, except where eroded. The lowermost acoustic
Unit 1 unconformably overlies bedrock throughout most of St. George’s Bay.

Shaw and Forbes (1990) interpret Unit 1 as consisting of unstratified ice-contact
sediments, equivalent with the St. George’s River Drift glacial deposits identified
onshore (MacClintock and Twenhofel, 1940; Bell et al., 1999; Batterson and Sheppard,

2000).

The ice-contact deposits form a discontinuous veneer over bedrock highs. Unit 1
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is more continuous on the plateau in the central part of the basin (between bedrock
valleys), where it occurs as an irregular sheet in the order of 20m thick. Unit 1 is thickest
below the sill that separates the inner basin from outer St. George’s Bay and the Gulf of
St. Lawrence (Enclosure 1 F-H). The sill is cored by a morainal bank of Unit 1 deposits
that overlie bedrock, and are estimated to be up to 85m thick. The morainal deposits
appear to contain several seaward thinning sequences; with the uppermost sequence
passing laterally to draped glaciomarine deposits of acoustic Unit 3 (see below). The
morainal bank is overlain by a discontinuous surficial veneer of postglacial sands (Unit

5). The morainal bank is interpreted to demarcate the ice-terminal position prior to the

late Winconsinan glacial recession.

Unit 2: subaqueous outwash

Unit 2, as described by Shaw and Forbes (1990), is characterized by a light
acoustic tone, and closely spaced, coherent, subhorizontal reflectors. It occurs locally as
ponded trough infill, overlying bedrock or ice-contact deposits of Unit 1. The main
occurrence of Unit 2 is in the “Stephenville valley”, where it achieves thicknesses of up
t0 60m. Local sub-subsurface occurrences are noted toward the bay head in the vicinity
of Flat Island barrier and the barrier at Stephenville Crossing. There are no mapped
seabed exposures of Unit 2.

Shaw and Forbes (1990) proposed that Unit 2 formed through processes of ice-
proximal subaqueous outwash, and speculated that the outwash deposits consist of

interbedded sand and mud, with possible occurrences of ice-rafted debris.
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Unit 3: draped glaciomarine sediments

Unit 3 is characterized by closely spaced, coherent, parallel reflectors of moderate
to strong intensity. The unit is highly conformable with underlying topography (surfaces
of Unit 2 or 1, and local bedrock highs), and is continuous over large areas. Unit 3 forms
a conformable drape that is typically 20m thick, increasing to 35m thick at the head of the
bay. The upper part of Unit 3 displays a ponded, onlapping depositional style, thinning
towards topographic highs and thickening within structural lows.

Shaw and Forbes (1990) suggest that the parallel bedding and conformable style
of Unit 3 is consistent with a suspension fallout mode of deposition. Unit 3 is interpreted
to consist of ice-proximal stratified glaciomarine mud, deposited seaward of a floating ice
margin under quiescent deep-water conditions (Shaw and Forbes, 1990; Bell et al., 1999).
Acoustic Unit 3 is considered to be equivalent to stratified muds exposed in coastal

outcrops along parts of the St. George’s Bay shoreline.

Unit 4: postglacial mud

Unit 4 is characterized by weak, thinly bedded conformable reflections, and is in
places acoustically transparent. Unit 4 occurs as surficial, thin onlapping fill in basinal
arcas of present day St. George’s Bay (Enclosure 1 F-H). The Unit is thin or absent
above approximately 70m water depth, and in the vicinity of local basinal topographic
highs. The base of the unit is obscured in some deeper parts of the basin by gas-charging.
Where visible, Unit 4 is estimated to range from less than 5m thick, to a maximum of

about 15m thick. Unit 4 is interpreted by Shaw and Forbes (1990) to consist of
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postglacial mud deposited in basinal environments where current energy decreases with
increasing depth. Polychaete worm tubes sampled in Unit 4 at a downcore depth of 1.2 —
1.5m (GSC gravity core 0-08; 42m water depth) yielded a radiocarbon (AMS) age date of

1695495 BP (Beta-30001, ETH-5039) (Shaw and Forbes, 1990).

Unit 5: postglacial sand

Unit 5 occurs on the baymouth sill, and forms a surficial sand veneer overlying
lag gravels on the surface of Unit 1 ice-contact deposits (Enclosure 1 F-H). Shaw and
Forbes (1990) describe Unit 5 as light-toned and almost transparent, with weak parallel
internal reflections. Unit 5 (and associated lag gravels) are interpreted by Shaw and
Forbes (1990) to be derived from wave erosion and reworking of Unit 1 ice-contact

deposits.

Unit 6: postglacial delta

Unit 6 is described by Shaw and Forbes (1990) as having a “wedge-shaped™
geometry and clinoform-style internal reflections. Shaw and Forbes (1990) interpret Unit
6 as deltaic sediments, deposited during a phase of lower relative sea level (-25m).
Submerged postglacial deltas were identified near the bayhead, seaward of St. George’s
River, off Romaines Brook, near the northern shore of St. George’s Bay, and seaward of

Flat Bay Brook, where a ‘lowstand’ delia deposit underlies prograded “barrier-platform

deposits” (Unit 7; see below) (Enclosure 1 F-H).
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Unit 7: postglacial barrier-platform

Shaw and Forbes (1990) describe Unit 7 as comprising prograded sediment
prisms that form the submarine component of coastal barrier complexes at Stephenville,
Stephenville Crossing, and fronting Flat Bay (Flat Island barrier) (Enclosure 1 F-H). As
discussed by Shaw and Forbes (1990), the Flat Island “barrier-platform™ deposits are
characterized by steeply dipping clinoform style reflections. The Ilat Island “barrier-
platform” has a gently dipping upper surface (shoreface), and more steeply dipping lower
surface (slope). The slope break occurs at —25m off the proximal barrier, and shallows to
~5m at the distal barrier terminus. Seabed sampling shows a general grain size trend
from gravel to fine-grained sand on the shoreface, fining to sandy silt on the slope. Unit
7 deposits on the barrier slope display locally hummocky reflection patterns, indicative of

slumping, and pass basinward to fine-grained muds of Unit 4.

Unit 8: postglacial spillover

Unit 8 forms a depositional wedge, up to 60m in thickness, occurring along the
landward flank of the baymouth sill. The Unit displays parallel to tangential oblique
clinoform style reflections, which are locally hummocky toward the base of slope. Shaw
and Forbes (1990) interpret Unit 8 as spillover deposits, associated with wave and current

driven sediment transport across the landward face and edge of the sill, with local

slumping at the slope base (Enclosure 1 F-H).
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1.3.3 Relative Sea Level (Eustatic — Isostatic) Relationships

This section describes the post-glacial relative sea level history of the study area,
and discusses the factors affecting the RSL trend (Forbes et al., 1993). This discussion is
presented here in order to provide context for later interpretations of relative sea level
relationships and implications.

The relative sea level curve published for the study area (Forbes et al., 1993;
Enclosure 1 E1) depicts a phase of post-glacial relative sea level “fall”, followed by a
“lowstand stillstand™ and “rise”. The curve is constrained by radiometric age dating of
submerged and emergent coastal - marine sediments sampled in core and outcrop (Table
1.1). The relative sea level “fall” occurred during (eastward) glacial retreat from the
basin (Batterson and Sheppard, 2000), and has been interpreted to result from isostatic
adjustment (rebound) as glacial loading diminished. Modeling of the regional crustal
response to ice load removal (across Atlantic Canada) supports the inferred timing of
isostatic adjustment (Quinlan and Beaumont, 1981; 1982). Relative sea level “fell” from
a (present-day) elevation of +44m to below present coastal limits by about 9 kyBP. Sea
level “fall” ended around ~9.5 kyBP, with an apparent ‘lowstand’ elevation of —25m
(present day), interpreted on the basis of the depth of submerged deltas (Forbes et al.,
1993: Shaw and Forbes, 1995). The transition to relative sea level rise in the Holocene
reflects the waning of isostatic rebound and subsequent dominance of eustatic sea level
rise (Forbes et al., 1993). Relative sea level rise was initially slow, then rapid, and then

slowed again to average about 11y/1 ,000 years over the past 3,000 years (Brookes et al.,

1985: Forbes et al., 1993).
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An understanding of the relative relationships of eustatic sea level and isostatic
effects emerges from a comparison of the local, composite RSL curve developed by
Forbes et al. (1993), and the post-glacial eustatic curve constructed by Fairbanks (1989).
The post-glacial eustatic sea level curve derived by Fairbanks (1989) and corrected for
tectonic uplift, is presented in Enclosure 1 E2. Fairbanks’ curve was based on oxygen
isotope analysis of sub-tropical coral reef complexes in the Barbados. He developed a
complete post-glacial eustatic record from isotope analysis of cores of the reef-crest coral
Acropora palmata on the south coast of Barbados. This western tropical location was
removed from isostatic effects, and was minimally affected by changes in the
equipotential surface related to changes in the gravitational attraction of the receding
Northern Hemisphere ice sheet.

The inferred relationship within the present study area between relative sea level,
eustatic sea level, and local isostatic adjustment is illustrated schematically in Enclosure
1 E3. The composite relative sea level curve is separated into eustatic and isostatic
components. It is stressed that this schematic is intended only to show the relative trends

of eustatic and isostatic variations. The ‘isostatic’ trend cannot be taken to represent a

quantified diastrophic curve.

As discussed, the phase of relative sea level fall is interpreted to be the result of
rapid post-glacial isostatic rebound, which out-paced the ongoing eustatic sea level rise.
Fairbanks (1989), in his work, identified two glacial meltwater pulses in the Barbados
record which occurred at 12 and 9.5 ka BP. The first of the meltwater events was around

the time (12 kyBP) of a phase of slower emergence interpreted for the St. George’s Bay
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s that the slowing of relative sea level “fall” around 12 kyBP may

term aﬂceieraxion of custatic rise during a period of continuous and
atic rebound. Fairbanks second meltwater pulse, centred at 9.5 ka BP, was
h the inferred post-glacial “lowstand” in the present study area, suggesting

d” may have occurred during a temporary balance between the rates of

as background to later discussions of relative sea level relationships

e context of allostratigraphic interpretation.
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Table 1.1 Radiocarbon dates used for construction of relative sea level curves
(after Batterson and Sheppard, 2000)

ES-TtiEn Dgts ! Lab Number Cl3 [lilevation Material

| Flat Isiand 1350 70 Beta 19583 0.4 Freshwater peat

5. Flat Island 760 60 Beta 19585 0.65 Saltmarsh peat

3. Flat Island 640 60 Beta 19584 0.2 Saltmarsh peat

4. Flat Isiand 470 60 Beta 19571 0.15 Saltmarsh peat

5. Flat Island 300 50 Beta 19586 Yy Freshwate_r peat

6. Turf Point 7340 220 GSC-1145 0 Plant detritus

7. Turf Point 9350 120 WAT-883 0 Peat

8. Stephenville Crossing 1850 40 GSC-3269 16.8 Peat

9. Stephenville Crossing 4450 110 GSC-3345 22.1 Peat

10.  Stephenville Crossing 7120 80 TO-4954 25 2 Peat

11. Stephenville Crossing 2040 80 GSC-3253 22.1 Peat

12.  Stephenville Crossing 3130 110 GSC-3291 22.1 Peat

13.  Stephenville Crossing 6210 130 GSC-3342 22.1 Peat

14 St. George's Bay 3695 95 Beta 30001 42 Polychaete worm tubes

15.  Stephenville 13300 810 GSC-2063 5-6 Shells

16. Kippens 12600 140 GSC-2295 22 10 Shells

17.  Kippens 12600 120 GSC-5942 17 Hiatella arctica

18. Kippens 12610 920 TO-6138 25 8 Hiatella arctica, Macoma
calcarea & Mesodesma
deauratum

19 Romaines 13345 230 5-3074 6-8 Whalebone

20. Romaines River 12800 130 GSC-4858 i.9 6-8 Hiatella arctica & others

21. Romaines 13100 180 GSC-4095 1.2 3 Mya truncata

22.  Romaines Tiver 12800 100 GSC-5030 1 2-4 Hiatella arctica

23. Romaines 12700 110 GSC-4017 34.6 1.0 Plant debris

24. Romaines 11500 100 GSC-4291 1 Peat

25. Romaines Brook 13680 100 TO-6137 25 37 Mya truncata

26. Romaines Brook 13540 100 TO-7027 25 18 Hiatella (sp) fragments

27.  Port au Port 13400 290 GSC-1187 2 Balanus sp.

28. Campbells Cove 13300 120 GSC-4346 1 11 Hiatella arctica

29.  Abraham’s Cove 13600 180 GSC-968 75 Hiatella arctica

30.  Abraham’s Cove 13700 230 GSC-1074 45 Hiatella arctica

31.  Abraham’s Cove 13600 110 GSC-2015 40 Hiatella arctica

32 l'v_Iarches Point 12500 160 GSC-2496 0.2 2-3 Mytilus edulis

33. Piccadilly 13000 110 GSC-4584 0.7 14 Mya truncata

34, Hynes Brook 2365 175 GX-9527 1.8 Peat

35. Hynes Brook 2770 300 UQ-646 2.8 Peat

gg. l\{/lctor's Brook 2840 80 GSC-4243 32 Wood

5% Tocky Point 13200 220 GSC-937 1.9 3.7 Mya arenaria

39- Pwo Guts Pond 2110 80 GSC-4292 0.1 Saltmarsh peat

Py P"“ as Port Bay 9570 150 GSC-4724 34 Spisula polynyma

£ P‘m as Port Bay 11165 95 Beta 30003 34 Shells

oy -P°“ as Port Bay 11300 100 Beta 30005 34 Astarte undata

43 Pgl:t as Port Bay 11740 100 Beta 30004 41 Astarte undata

44 p as Port Bay 13710 115 Beta 30002 41 Portlandia arctica

—___ort as Port Bay 5800 210 GSC-1203 2.5 24 Hiatella arctica
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CHAPTER 2
FACIES ARCHITECTURE AND ALLOSTRATIGRAPHY

OF THE FLAT ISLAND BARRIER COMPLEX

2.0 INTRODUCTION
This chapter presents a facies analysis and allostratigraphic interpretation of the
Flat Island barrier complex, within the context of the regional relative sea level regime

(Chapter 1).

The Flat Island barrier complex consists of a four-part marine- to marginal-marine
stratal succession (Units A — D) delineated by bounding discontinuities (BD1 — BDS5).
The depositional units are described and interpreted in Sections 2.5 to 2.26 below. The
upper-most Unit (D) comprises active barrier-embayment and shoreface-slope deposits.
These deposits are described and interpreted in the context of their contemporary
depositional environments.

The modern Flat Island barrier complex consists of four primary depositional
environments, which include the estuarine embayment, coastal barrier, shallow marine
shoreface, and slope environments (Enclosure 1 G). The coastal Flat Island barrier is
focal to the discussion, and is naturally segmented into three parts; proximal, middle and
distal (along axis), providing a useful frame of reference for discussions of environmental
gradients and facies relationships (Figure 2.1).

The facies and allostratigraphic interpretations discussed below form the basis of

a depositional model for the Flat Island barrier complex presented in Chapter 4.
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2.1 Approach and Methodology

The facies and stratigraphic analyses presented in this thesis are based on an
integrated geological and geophysical dataset, consisting of seabed sediment samples,
seabed video imagery, multibeam and sidescan sonar, high-resolution shallow reflection
seismic, cores, outcrop and pit observations, and aerial video and photography (Enclosure
1 G). The approaches used for facies classification and stratigraphic interpretation are
outlined below. Details regarding data collection and analysis methods are presented in

Section 2.2.

2.2.1 Key Terms and Definitions

This section explaiﬁs a number of key terms, definitions and concepts relating to
depositional facies and allostratigraphic interpretation. Definitions for the terms “facies”,
“facies association”, and “facies succession”, are provided by Collinson (1969) and

Walker and James (1992):
“Facies — a body of rock (or sediment) characterized by a particular combination of
lithological, physical and biological structures that bestow an aspect (“facies™) different

from the bodies of rock (or sediment) above, below and laterally adjacent.”

“Facies association — “groups of facies genetically related to one another and which have

some environmental significance.” (Collinson, 1969).
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“Facies succession — a vertical succession of facies characterized by a progressive change
in one or more parameters, e.g., abundance of sand, grain size, or sedimentary
structures.”

Depositional facies can be defined at a variety of spatial scales and vertical
resolutions, depending on the heterogeneity of deposits, size of study area, and the
requirements of the specific application (Walker and James, 1992). Facies classification
schemes range from refined (centimetre-scale) sub-divisions of thinly bedded deposits, to
broad facies zonations keyed to regional depositional environments. In this study, facies
are linked to unique depositional sub-environments and associated morphological
elements, and are classified at scales dictated by the corresponding lateral and vertical
variability of facies attributes.

Sedimentological facies attributes used to characterize deposits within the Flat
Island barrier complex included bed configuration, sedimentary structures, detrital
organic content, and grain/clast size, shape, sorting, grading and fabric. Observations of
faunal and floral assemblages and associated traces were incorporated as appropriate.
These observations were used to develop a neo-ichnological classification for deposits
within the modern barrier complex, based on morphological and behavioural analogies
with established ichno-facies (Pemberton, 1992). The observed modern trace

assemblages are described as “incipient™, to reflect their unpreserved status (Bromley,

1996),



2.1.2 Allostratigraphic Analysis

Allostratigraphic analysis involves the sub-division and interpretation of
stratigraphic successions based on the delineation of bounding discontinuities /
unconformities. An allostratigraphic unit, as defined in a recently proposed revision to

the North American Stratigraphic Code (NASCN, 1983; Vai, 2001), is:

*__.a mappable body of rocks that is defined and identified on the basis of its bounding
discontinuities. Formal allostratigraphic (or unconformity / discontinuity-bounded) units
may be defined to distinguish between different (1) superposed discontinuity-bounded
deposits of similar lithology, (2) contiguous discontinuity-bounded deposits of similar
lithology, or (3) geographically separated discontinuity-bounded units of similar
lithology, or to distinguish as single units discontinuity-bounded deposits characterized
by lithic heterogeneity” (Vai, 2001).

Discontinuities in marine and marginal marine sedimentary successions
commonly result from changes in relative sea level. Stratal stacking patterns reflect the
nterrelationships between RSL changes, basin physiography, and local sediment supply
variations. ‘Relative sea level’ is used here in the general sense, without distinguishing
the relative roles of eustacy and diastrophic movements.

Helland-Hansen and Martinsen (1996) provide a conceptual overview of the inter-
relationships between relative sea level and sediment supply in terms of their effect on

shoreline migration patterns, and the evolution of stratal discontinuities and successions.

The key elements are summarized below.
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Shoreline Trajectory

Helland-Hansen and Martinsen (1996) discuss the roles of RSL change and
sediment supply in terms of their effect on shoreline migration patterns, or “shoreline
trajectory”. The shoreline trajectory describes the cross-sectional path of the shoreline as
it migrates either landward or seaward (Helland-Hansen and Martinsen, 1996). As
illustrated in Figure 2.2, the shoreline trajectory can be expressed as a vertical angle
measured in the plane of depositional dip. A horizontal path of seaward shoreline
migration is represented by a trajectory of 0°. Upwards and downwards seaward
migration are described by trajectories ranging from 0° to 90° and 0° to —90°,
respectively. Landward shoreline trajectories range from ~90° (near vertical) to 180°

(horizontal) (Figure 2.2).

For the purposes of this study, shoreline trajectories are described in terms of the
position and migration path of the “depositional shoreline break”, defined as an active
depositional physiographic break, landward of which sea level is at or near base level,
and seaward of which the sea floor is below base level (Posamentier and Vail, 1988a,b).

In this study, the “depositional shoreline break” is equated with the active seaward face

of Flat Island barrier.

Another significant physiographic feature is the “depositional slope break”. For
the purposes of this study, the slope break is defined as an active depositional
Physiographic break that marks the transition from shore-attached, wave and current

sedimentation to detached, gravity-flow sedimentation. The trajectory of the slope break
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is a function of the concurrent shoreline trajectory, the mechanical properties of the
sediment (e.g. internal friction angle), and the morphology and slope of the fronting

depositional surface.

Helland-Hansen and Martinsen (1996) defined five discrete classes of shoreline
trajectory. reflecting different modes of transgression (landward migration) and
regression (seaward migration) (Figure 2.2). Trajectories are classed as “accretionary” or
“non-accretionary”, depending on the degree of influence of sediment supply on
shoreline migration paths. “Accretionary” implies that sediment accumulation at the
shoreline contributes significantly to determining the shoreline trajectory, whereas “non-
accretionary” involves translation of the shoreline across a pre-existing surface, with
negligible sediment supply. In the non-accretionary case, the shoreline trajectory is
largely determined by the basin margin topography (Helland-Hansen and Martinsen,

1996). Shoreline trajectory classes are defined below.
Shoreline Trajectory Classes

Forced Regression (FR):

A forced regression involves seaward translation of the shoreline in response to dominant
diastrophic uplift, eustatic drawdown, or a combination of these factors. The shoreline
Migrates seaward and obliquely downward, irrespective of sediment supply (Figure 2.2).

reed regressions are typically accompanied by subaerial erosion and fluvial incision
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landward of the advancing shoreline, as channel systems seek progressively deeper base

levels. Forced regressions can be classed as “non-accretionary” or “accretionary”.
Non-Accretionary Forced Regression (N-AFR):

A non-accretionary forced regression involves seaward translation of the shoreline along
a pre-existing depositional surface, with little or no accompanying sediment supply. N-
AFR is commonly associated with rapidly falling relative sea level (RSL), and is
characterized by marked channel incision. Lateral channel migration is limited as fluvial
systems incise to progressively deeper base levels. Headward propagation and incision
of channel systems can occur but is initially of limited extent. Subaerially-exposed
interfluve areas experience a depositional hiatus with limited erosion, and early
pedogenesis (Schumm, 1993). The erosional surface landward of the advancing

shoreline is described as the “subaerial unconformity” (Helland-Hansen and Martinsen,

1996; Embry, 2002).

Regressive marine (wave base) erosion may occur akead of the descending shoreline in
energetic environments, particularly if the fronting depositional surface shoals seaward.

The resultant erosional surface is termed the “regressive surface of marine erosion”

(Embry, 2002; Helland-Hansen and Martinsen, 1996).

Accretionary Forced Regression (AFR):
Sediment accretion occurs during relative sea level fall when locally high rates of

sediment supply exceed or keep pace with changing rates of accommodation. AFR is
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more likely to accompany slowly falling relative sea level. The shoreline trajectory

reflects both regressive sedimentation and the topography of the fronting depositional

surface.

Normal Regression (NR):

Normal regression occurs under steady or rising relative sea level conditions when
sediment supply exceeds the existing or expanding accommodation space. The shoreline
migration path is either horizontal (0°, steady state), or climbs during relative sea level
rise (0° - 90° trajectory) (Figure 2.2). A “maximum regressive surface” develops at the
culmination of normal regression, as the shoreline reverts from its maximum seaward
position with renewed transgression. It is recognized as a conformable surface separating
regressive deposits below from transgressive deposits above (Helland-Hansen and

Martinsen, 1996).

Transgression:

Transgression occurs when the rate of increase in accommodation due to RSL rise
exceeds the rate of sediment supply at the shoreline. The shoreline migrates landward at
trajectories in the range of 90° to 180°, forming a “transgressive surface” (Figure 2.2).
Transgressions can also be classed as “accretionary” or “non-accretionary”, reflecting the

variable influence of sediment supply on shoreline trajectory.
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Non-accretionary transgression (NAT):
NAT describes the landward translation of a shoreline across a pre-transgressive
subaerial surface. Sediment supply is limited and does not participate in determining the
shoreline trajectory. NAT can be accompanied by shoreline and wave base erosion of
pre—transgressive sediments (“erosional transgression”, Curray, 1964), leading to the
development of a transgressive “ravinement” surface (Helland-Hansen and Martinsen,
1996). In this instance, the trajectory of the erosional shoreline is lower than the slope of
the landward pre-transgressive surface.

Embry (2002) makes a further distinction between a ravinement surface that
erodes through the subaerial unconformity (“shoreface ravinement - unconformable™),
and a ravinement that truncates only accretionary regressive deposits (where present),

preserving the underlying subaerial unconformity (“shoreface ravinement — normal”).

Accretionary Transgression (AT):

AT mplies that sediment supply contributes to determining the shoreline trajectory.
Specifically, Helland-Hansen and Martinsen (1996) explain that accretionary
transgression involves upward and landward stratigraphic climb of the transgressing
shoreline in response to sediment supply from the landward side, or along the shoreline.
The shoreline trajectory diverges relative to the slope of the alluvial surface that existed
at the onset of transgression, and accommodation space is continually generated and

filled landward of the retreating shoreline (e.g. in bays and lagoons). Transgressive
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(backstepping) barriers are examples of systems characterized by accretionary
transgression (e.g. Kraft et al., 1984, 1987).

The surface formed at the culmination of transgression is the “maximum
transgressive surface”, also termed the “maximum flooding surface” (Helland-Hansen
and Martinsen, 1996; Galloway, 1989). The maximum transgressive surface
stratigraphically separates transgressive deposits below from regressive deposits above.
It corresponds in time with the turnover of the shoreline from the maximum landward

position.

In this study, stratal units and their bounding discontinuities are described and
interpreted in relation to the angular relationships between shoreline and slope

trajectories, and the morphology of fronting depositional surfaces.
Allostratigraphy versus Sequence Stratigraphy

Allostratigraphy, and the related discipline of sequence stratigraphy, are based upon

the identification and correlation of key bounding discontinuities within stratal

successions.

Sequence stratigraphy, as introduced in the 1980’s by Exxon, promoted the role of
cyclic relative sea level change in the development of discontinuity-bounded sedimentary
successions, or “sequences” (Mitchum et al., 1977; Vail and Posamentier, 1988;
Posamentier and Vail, 1988a,b; Van Wagoner et al., 1988; Van Wagoner et al., 1990). A

“sequence”, as defined by Mitchum et al. (1977), is “a relatively conformable succession
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of genetically related strata bounded by unconformities and their correlative
conformities.” The Exxonian sequence stratigraphy emphasizes the delineation of
Sequence Boundaries (SB), principally subaerial unconformities — correlative
unconformities, and the subdivision of sequences into lowstand, transgressive and
highstand “systems tracts” (Posamentier and Vail, 1998a,b; Posamentier and Allen,
1993). Systems tracts are stratal units bounded by marine flooding surfaces, are defined

by their position within the sequence, and are named for their inferred timing within a

depositional cycle (Van Wagoner et al., 1990).

Sequence stratigraphy has enjoyed wide usage and acceptance since its inception, but
has also suffered from misuse, inconsistent terminology, and practical problems with the
objective recognition of ‘sequence boundaries’ (Posamentier and James, 1991, 1993;
Hunt and Tucker, 1992, 1995; Embry, 2002). The early emphasis on the role of eustatic
sea level in depositional cycling, and the temporal connotations of systems tract
terminology, have also drawn criticism (Bhattacharya, 2002). Though similar in concept
and application, allostratigraphy does not hold the same temporal implications and
connotations as the classic Exxonian sequence stratigraphy. These issues and concepts

are considered later in the thesis in the context of the present study interpretations and

findings (Chapter 4).

29



2.2 DATABASE

This study was based upon a suite of original and public domain geophysical and
sedimentological data. The database consisted of digital multibeam sonar bathymetry,
shallow high-resolution reflection marine seismic data, seabed samples, seabed video
imagery, aerial photo graphy, shallow cores, and pit, section and outcrop observations
(Enclosure 1 G). Geophysical and sedimentological data acquisition and analysis
methods are discussed below. Oceanographic data collection and analysis methods are

discussed separately in Chapter 3 (Shoreface Dynamics).

2.2.1 Geophysical Data

2.2.1.1 Multibeam Sonar Bathymetry Data

A multibeam sonar bathymetry survey of St. George’s Bay was conducted in
1995 by the Geological Survey of Canada — Atlantic in cooperation with the Canadian
Hydrographic Service (CHS) (Shaw et al., 1997). Bathymetric data were acquired with a
hull-mounted Simrad EM-1000 multibeam sonar system on-board the Small Waterplane
Twin-Hull (SWATH) vessel CCS Frederick G. Creed. The EM-1000 sonar produced 60
simultaneous acoustic beams arrayed over a 150° cross-track arc. The width of the
seabed swath imaged by the multibeam system was typically 4 to 5 times the water depth.
Survey lines were spaced 100 metres apart where water depths were less than 40m, and
200 m apart in areas where water depths were greater than 40m. The survey line density

provided sufficient overlap of adjacent multibeam data swaths throughout the area

surveyed (Enclosure 1 G-H).



Navigation was by Differential GPS, with a positional accuracy of £3m. The
cleaned, processed and tidally-corrected digital multibeam data, gridded to a spatial
resolution of 10m, were provided to this study compliments of the Geological Survey of
Canada (GSC — Atlantic; see Acknowledgements). Original multibeam data analyses and
interpretations have been generated as part of this study with the aid of Digital Terrain
Model (DTM) analysis and visualization software. Shaded-relief multibeam bathymetry

images of the study area are presented in Enclosure 1 G-H and Figures 2.3 to 2.7. A

vertical exaggeration of 6 times was used for perspective views.

2.2.1.2 Single-channel High Resolution Marine Seismic Data

Shallow reflection seismic data were collected in St. George’s Bay by the GSG —
Atlantic using both a multi-tip sparker system and a Datasonics bubble pulser system
(Forbes and Shaw, 1989). The sparker was a 20-tip surface towed unit operated at 280
Joules. Data were recorded with an ORE Geopulse 5120A receiver and NSRFC LT06
streamer, with analogue output recorded to magnetic tape, and plotted on an EPC 4100
recorder.

The sparker source provided good penetration (~200m) with a resolution of
approximately 2m to 8m, and was the primary source of seismic data used in this study.
The bubble pulser used a 20 J oule coil housed on the underside of a surfboard, which was
towed just below the water surface. The system used a Datasonics BPS-530 power
supply, BPR-510 receiver and external streamer, with analogue data recorded to an EPC

4100 with a 190 ms sweep. Seismic resolution was in the order of 10 metres. Analogue
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(film) duplications of the original seismic records were obtained from the GSC for use in
this study. Interpreted seismic profiles are presented in Figures 2.9 to 2.21 (profiles 1 to

13), and a location map is provided in Figure 2.8.

2.2.1.3 Aerial Photography and Topographic Data

Aerial images of the Flat Island Barrier complex used in this study included a
historical series of government archived vertical aerial photographs from 1949, 1968 and
1976, aerial video acquired by the GSC-Atlantic in 1985, and oblique aerial photographs
and video taken during thesis fieldwork in 1998. These sequential aerial images
document the recent evolution of the coastal barrier.

Topographic data were obtained from the Newfoundland Department of Mines,
and included large-scale topographic mapping (1:12,500 and 1:50,000) and digital terrain

model (DTM) data (1:250, 000 scale).

2.2.2 Sedimentological Data

2.2.2.1 Cores

Shallow cores of barrier and embayment deposits were collected as part of this
thesis project using a Pionjar 120 drill system. The Pionjar is a portable gas powered
two-stroke percussion drill (Figure 2.22). The Pionjar was selected for its portability and
Proven performance in sampling coarse-grained substrates. Cores were taken with 2”
outer diameter (OD) split spoon samplers, and with AQ (1.5” OD) and BQ (2.5 OD)

drill rods. Technical field support was provided by Sonic Soil Sampling Inc. of Ontario.
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The split spoon samplers consisted of 2” OD steel core barrels, 55 - 60cm in
length, split longitudinally and threaded at both ends. A 3” drill bit was threaded to the
end of each core barrel prior to use, and the split spoon was connected to the drill by a
threaded rod with a flow-through port (termed the “flow-through back end”) (Figure
2.22). Split spoon samples were taken at one (1) metre depth intervals using the
following procedure: a split spoon was drilled to a 1 metre depth of penetration and then
retrieved with a mechanical jack. The split spoon was opened, the core was logged,
photographed and video-recorded, and the core material placed in sample bags. Another
split spoon was drilled to the next (2m) depth interval in the same borehole, and
recovered and logged. Drilling at each site continued in 1 metre depth increments to
refusal. Core sample compaction commonly occurs during percussion drilling, and can
approach 50% in soft sediments.

There was some potential for caving of borehole walls as each split spoon is
extracted. The “flow-through back end” of the split spoon is designed to allow by-
passing of sediments that have caved-in from the borehole sidewalls, as the next split
Spoon penetrates new substrate. A core spring installed in the drill bit helped to prevent
core loss in cohesionless sediments. Split spoons were extracted from boreholes using a
4-ton mechanical jack, or with the assistance of a 12-ton hydraulic jack, depending on
penetration depth and frictional resistance.

The AQ and BQ drill rods were in standard 5-foot (1.5m) lengths and threaded at

both ends. A 3” drill bit equipped with a core catcher was threaded to the bottom end of

the first drill rod used at each borehole location. The first rod was drilled to a maximum
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netration depth of 5 feet (1.5m). A second rod was then threaded to the top of the first
pe

rod, which remained in the borehole, and the connected rods were drilled to a total
penetration depth of 10 feet (3.0m). Successive lengths of drill rod were added and
drilled to refusal. Core sample compaction was monitored by measuring the void space
below the top of each segment of drill rod after penetration. A mechanical 4-ton jack or
hydraulic 12-ton jack was used to retrieve the drill rods, depending on depth of
penetration and frictional resistance. Core samples were extruded from each 5-foot drill
rod segment on recovery.

Barrier and embayment deposits were cored at a total of 17 locations (Figures
2.23 and 2.24; Enclosure 1 G). Drill sites were selected to provide representative
sampling of a variety of deposit types, with consideration given to accessibility and the
probability of successful core penetration and recovery. Core sites were accessed either
by vehicle or inflatable boat. Split spoon cores, with sedimentary structures commonly
preserved, were taken at all drill locations. Penetration depths ranged from 3 to 7 metres.
The AQ and BQ drill rod systems, which yielded disturbed core samples, were used at
selected sites to achieve greater penetration.

The coarse-grained and generally cohesionless nature of the sediments precluded
the use of core liners. Cores were split on-site as each split spoon was recovered, and
core data were acquired by detailed logging, still photography, and video recording.

Each split spoon was laid horizontally in a wooden cradle, and a Hi-8 format video

camera with weather-proof housing was used to image the core sample by panning along
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the core at close range, with the camera at normal incidence. Photo mosaics of each core
were subsequently generated by overlapping sequential digital image captures.

Core descriptions included detailed observations of grain size, shape, sorting and
grading, sediment colour, sedimentary structures, discontinuities, and estimated shell
content, organic content, and heavy mineral content. These attributes were used to
develop a facies classification scheme for the cores, in combination with surface, pit and
outcrop observations.

Stratigraphic columns based on the field logs and core images were produced for
each borehole. Borehole surface elevations were measured relative to the elevation of the
tide at the time of sampling, and then referenced to the local hydrographic datum (Lowest
Normal Tide, LNT) using predicted tides (Canadian Hydrographic Service). Core images

and stratigraphic columns are presented in Figures 2.25 to 2.57.

2.2.2.2 Seabed Sampling

Seabed sediment samples were collected in support of the present study using a
hydraulically-actuated dual bucket sampler, with a maximum penetration depth of 30cm
and a total capacity of 30 litres (C-CORE/Scott Sampler; Scott et al., 1992; Figure 2.58).
The sampler provided good recovery of a broad range of sediment types and clast sizes.
Preservation of physical and biogenic structures depended on the degree of sediment
cohesion. A total of 42 seabed samples were collected in water depths of 3m to 40m,
using a 40-foot longliner equipped with an A-frame and hydraulic winch as a sampling

platform. Seabed samples were collected along shore-normal transects at 5Sm bathymetric
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intervals, with the objective of sampling a representative suite of slope and shoreface
deposits (Enclosure 1 G). Positioning was by non-differential GPS, and water depths
were measured with the vessel’s echosounder.

Seabed sediment samples were photographed, videotaped and logged prior to
storage. Sample descriptions included sediment grain size, shape, sorting, grading and
colour, physical and biogenic structures, observed benthic macro-fauna and flora, and

detrital shell and organic content.

2.2.2.3 Seabed Video

Seabed video transects were surveyed by scuba divers as part of this research
program using a Hi-8 format video camera with underwater housing (see
Acknowledgements). A total of ten seabed video transects were surveyed seaward of the
Flat Island barrier and within the backbarrier embayment. The start- and end-coordinates
of all transects were determined by non-differential GPS positioning. Two shore-normal
transects, each more than 1 km in length, were surveyed off the proximal and distal
barriers, and progressed to shore from water depths of approximately 30 m. These
transects were surveyed in segments, with GPS positions established at each segment
start- and end-point. Three other shore-normal transects were surveyed off the mid- and
distal barriers, and extended to shore from water depths of 7m to 20m (Enclosure 1 G).
Cross-shore transects were surveyed over sand ridge crests in the vicinity of the middle
barrier. Two additional video transects were completed in the back-barrier embayment,

hin water depths ranging from 1m to 7m (Enclosure 1 G).
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The underwater video camera was usually maintained at a high oblique angle
relative to the seabed, with occasional vertical and panoramic views. The camera altitude
and field of view were typically less than 1 metre, providing detailed, high-resolution
seabed imagery. Elapsed time was displayed continuously. The divers captured depth
gauge readings on video at regular intervals. This enabled water depths to be estimated at
any point along a video transect, using time-based interpolation between known spot
depths. Scale observations of seabed features (e.g. bedforms) were also made at intervals
using a metal tape and metre stick, and recorded on video.

The forebarrier dive surveys coincided with the seabed sampling transects, but
were typically extended to the intertidal foreshore. All seabed videos were reviewed in
detail, and a series of representative digital image captures were made for each transect
(Enclosures 2 to 4). The videos were recorded and digitized in full RGB colour. Water
depth and visibility affected image colour and clarity to varying degrees. Image
definition was notably enhanced by extracting and displaying the green (G) channel only
(in 256 grey-scale). This display was used for the majority of the seabed imagery. Full
colour was preserved in a number of the shallow water (<5m) images (Enclosures 2 to 4).

The seabed videos and still images were use to make detailed observations of bed
configurations, grain size, benthic fauna and flora, and the types and relative abundance
of epi-benthic traces. These observations were combined with the seabed sediment

sample attribute data to develop seabed facies classifications.
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2.2.2.4 Pit and Outcrop Observations
The seabed sample and core data were augmented by pit and outcrop observations

‘made along the barrier, and onshore (coastal and quarry outcrops).
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2.3  Discussion of Depositional Units and Discontinuities

This section describes and interprets the depositional units and bounding
discontinuities of the Flat Island barrier complex. The barrier complex consists of a four-
fold marine- to marginal-marine stratigraphic succession (Units A — D), delineated by
key bounding discontinuities (BD1 — BDS5). Interpreted seismic profiles of the barrier
complex are illustrated in Figures 2.9 to 2.19, with locations given in Figure 2.8. The
depositional units defined in this study are compared with the stratigraphic units of Shaw
and Forbes (1990; Section 1.3.2) in Table 2.1 (see page 48). The barrier succession
overlies structurally complex Carboniferous strata of the Bay St. George Subbasin, as

described in Section 2.4 below.

2.4 Basin Margin Physiography

The physiography of the southern margin of the basin reflects early tectonic
structuring (partly salt-motivated), and subsequent glacial erosion. The dominant
structural feature along the southern basin margin is the fault-bounded, northeast-
southwest trending Flat Bay Anticline (FBA) (Enclosure 1 C). Differential glacial
erosion of faulted Carboniferous strata on the northern flank of the FBA has yielded a
complex, step-like basin margin physiography, with residual ridges (structural highs) and
intervening erosional lows (troughs) (seismic profiles 1 — 11; Figures 2.9 to 2.19).

Beneath the proximal barrier, the bedrock surface displays an undulating, shelf-
like morphology, with a distinct physiographic break occurring at about 40m - 50m sub-

seasurface. Towards the distal end of the barrier, the Carboniferous surface displays a
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terraced, ramp-like morphology, with distinct structural highs and seaward dipping
concave slopes.

The broadly convex seabed slope observed to the immediate west of Flat Island
barrier may be the surface expression of an underlying salt body, as inferred from

previously reported geophysical surveys (Miller et al., 1990) (Enclosure 1 C, G-H).

2.5 Unit A - Glaciomarine Deposits
Description

Allostratigraphic Unit A is the lower-most marine depositional unit within the
Flat Island barrier succession, and is the most laterally extensive. Coastal outcrops of
Unit A occur above present sea level along the mainland shore at Young’s Cove (Plate
2.1), between Flat Bay Brook and Shallop Cove (Plate 2.2), and east of Turf’s Point.
Unit A deposits are intersected in cores drilled at the head of Flat Bay (Core 1; Figures
2.25 and 2.26), within the Flat Bay Brook estuary (Core 13; Figures 2.49 and 2.50), and
at points along the Flat Bay shore (Core 16 at Shallop Cove and Core 17 near Turf Point;
Figures 2.53 to 2.56).

The Unit A deposits sampled in cores and visible in outcrop consist mainly of
parallel-laminated sandy, silty clay with dispersed pebbles and shell detritus. Clayey, silty
sand and granular interbeds are evident locally in outcrops and selected cores (e.g. 1, 16).

Seismic profiles (Figures 2.9 to 2.18) show Unit A deposits below present sea

level to consist in some areas of a two-part succession of conformable (A1) to onlapping

(A2) depositional sub-units.
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Sub-Unit Al — Glaciomarine Deposits (Conformable)

Unit A1 displays a highly stratified, conformable reflection character (Figures 2.9
to 2.21). Internal reflections are semi-continuous to continuous, thinly bedded, and
appear to increase in amplitude up-section. Unit Al is masked by seabed multiple
reflections landward of the slope break, and is attenuated by gas-charging seaward of the
slope rise. Gas-charging is also evident locally in association with (Carboniferous)
structural depressions underlying the Flat Island barrier slope.

Unit Al deposits drape discontinuous glacigenic (ice contact) deposits and
intervening (Carboniferous) bedrock highs. Unit Al is highly conformable with
underlying structural topography, generally maintaining thickness over the pronounced

structural highs.

Sub-Unit A2 — Glaciomarine Deposits (Onlapping)
Unit A2 overlies Unit A1, and displays a ponded, conformable to onlapping
reflection character in seismic dip profiles of the Flat Island barrier complex (Figures 2.8

10 2.19). Internal reflections are generally conformable, semi-continuous to continuous,

and converge on structural highs.

Unit A Interpretation — Glaciomarine mud deposits
Unit A consists of glaciomarine sediments deposited during glacial ice recession
from St. George’s Bay and surrounding lowlands. The fine-grained and highly

conformable nature of the deposits suggests sedimentation by suspension fall-out under
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.cent marine conditions (Shaw and Forbes, 1990; Bell et al., 1999). Unit A is

jed by discontinuities BD1 below and BD2 above.

)6 Bounding Discontinuity BD1 —Transgressive Surface

BDI1 defines the initial flooding surface (transgressive surface) associated with

late-glacial ice recession and concurrent eustatic sea level rise. Land surfaces remained

ically depressed through this phase (Chapter 1).

Bounding Discontinuity BD2 — Maximum Transgressive Surface

BD2 marks the top (depositional surface) of the aggradational Unit A

e deposits, and is interpreted to correspond with the phase of maximum
ssion. As discussed previously, Unit A is interpreted to have been deposited
ine flooding of isostatically depressed terrain associated with late glacial
rise. The timing of maximum coastal onlap is estimated to be approximately
P (Chapter 1).

it B - Delta Deposits
Allostratigraphic Unit B consists of deltaic deposits occurring within marginal
fSt. George’s Bay, including the valleys of Flat Bay Brook, Barachois Brook
rge’s River (see Enclosure 1 H for locations). Unit B delta deposits occur

nd below present sea level, and are graded to (present-day) elevations
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ranging from approximately +26m to —25m. Large-scale deltas occur above present sea
level within the Barachois Brook and Flat Bay Brook valleys, and are graded to an
approximate (present day) elevation of +26m. Outcrops with visible structure occur along
the shore at Black Bank, and within an inland aggregate quarry above the community of
St. George’s (Enclosure 1 H).

Unit B delta deposits at Black Bank and above St. George’s display dipping
foresets of normally-graded, predominantly fine- to medium-grained sand, with deci-
metre scale bedding (Plates 2.3 and 2.4). The beds contain common planar lamination
and occasional climbing ripple cross-lamination. Convolute bedding and angular
discontinuities are observed locally, mainly within the shallower parts of the sections.
The delta foresets are erosionally truncated at the top (BD3), and are overlain by swaley
and trough cross-stratified pebbly sands (Unit C).

Smaller-scale, coarse-grained Unit B deltas occur along the southern mainland
shore at Young’s Cove (Plate 2.1), Shallop Cove and near Turf Point (Core 17; Figures
2.55 and 2.56). The delta surfaces lie at present day elevations of approximately +12m
(Turf Point) to +18m (Young’s Cove). The best exposure is at Young’s Cove, where
northwest dipping Unit B beds downlap BD2, at the top of Unit A glaciomarine deposits
(Plate 2.1).

Submerged delta deposits lie seaward of Flat Bay Brook and St. George’s River,
dl a common (present day) elevation of about —25m. The submerged delta off St.
George’s River displays an aggradational to progradational reflection style (seismic

Profiles 12 and 13; Figures 2.20 and 2.21). The delta seaward of Flat Island barrier is
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buried by prograded shoreface barrier deposits (Unit D) (profile 4; Figure 2.12). Its

seismic reflection character is obscured by multiple reflections and signal attenuation.

Unit B - Interpretation

The Unit B deltas are interpreted to have been deposited during an overall forced
regression spanning the interval 13.5kyBP — 9.5kyBP (Chapter 1). Delta growth is
inferred to be related to phases of slow forced regression, accompanied by high rates of
(glacio) fluvial sediment supply. The presently submerged Unit B delta deposits are

interpreted to have formed near the time of relative sea level “lowstand™ (falling limb).

29 Bounding Discontinuity BD3 — Subaerial Unconformity

Bounding discontinuity BD3 occurs as an erosional unconformity truncating the
surface of Unit B delta deposits both above and below present sea level. Landward of the
present shoreline, BD3 locally marks the top of Unit B deposits (Plates 2.1, 2.3 and 2.4),
and otherwise defines the channeled erosional surface of subaerially exposed Unit A
deposits. In outcrops at Black Bank and near the town of St. George’s, BD3 truncates the
top of Unit B deltas, and is demarcated by a basal pebble lag, overlain by cross-stratified
pebbly sands of Unit C (Plates 2.3 and 2.4; see below). BD3 truncates the surface of
submerged Unit B delta deposits seaward of St. George’s River and Flat Island barrier,
and displays local channeling (profiles 4, 12 and 13, Figures 2.12, 2.20 and 2.21). BD3

descends to a maximum depth of approximately —32m below present sea level.
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Bounding discontinuity BD3 is interpreted as a “subaerial unconformity” defined
by subaerial (fluvial) channel incision and migration. BD?3 is considered to have evolved
during isostatically forced regression, as the shoreline migrated basinward and channel
systems sought progressively lower base levels.

Within the confined Flat Bay Brook valley, the subaerial unconformity is
terraced, due to a phased forced regression, with periods of slow regression and limited
channel migration, punctuated by episodes of rapid and laterally restricted channel

incision.

2.10 Unit C - Fluvial-Deltaic Deposits
Unit C consists of aggradational fluvial (C1) and delta front deposits (C2)
occurring in lateral (dip) association. Unit C deposits overlie the subaerial unconformity

(and its correlative conformity). The Sub-Units of C are described below.

Sub-Unit C1 - Aggraded Fluvial Deposits

Thin beds (<5m) of Unit C1 deposits are observed locally at the top of Unit B
deposits above present sea level. Well-preserved outcrop sections are seen at Black
Bank, Young’s Cove, and within an aggregate quarry above the community of St.
George’s (Plates 2.1, 2.3 and 2.4). The Unit C1 deposits consist of cross-stratified sand,
granules and pebbles. The C1 beds display tabular, swaley and trough cross-
Stratification, and rest unconformably on BD3, demarcated by a basal pebble-cobbie lag.

Unit C1 deposits in the St. George’s quarry section occur as two stacked bed sets (Plate
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2.3). The lower set is coarse-grained and displays high-angle cross-stratification. The
upper set is finer grained and characterized by more gently dipping trough cross-
stratification.

Aggradational fluvial C1 deposits are interpreted to overlie submerged Unit B
delta deposits seaward of St. George's River. These submerged Unit C deposits show a
generally conformable, aggradational reflection series, infilling and onlapping the
channeled subaerial unconformity (e.g. profiles 12 and 13; Figures 2.20 and 2.21). Unit
C1 deposits are also interpreted to lie at the top of the submerged Flat Bay Brook delta,

buried beneath prograded shoreface sands (profile 4; Figure 2.12).

Sub-Unit C2: Delta Front Deposits

Sub-Unit C2 consists of delta front deposits that occur in dip association with
glacio-fluvial deposits of Sub-Unit C1. Preserved Unit C2 deposits lie at the maximum
basinward extent of the St. George’s River fluvial — deltaic system (profiles 12 and 13;
Figures 2.20 and 2.21). Sub-Unit C2 delta front deposits are characterized by basinward
climbing sigmoidal clinoforms. Associated, up-dip fluvial deposits of Unit C1 show
aggradational stacking, with infill and onlap of BD3 (subaerial unconformity). Unit C2
deposits are interpreted to front the submerged, buried Flat Bay Brook delta seaward of

Flat Island barrier (profile 4; Figure 2.12).
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Unit C Interpretation — regressive fluvial-deltaic sedimentation

Allostratigraphic Unit C is interpreted to comprise normal regressive glacio-
fluvial and deltaic sediments deposited under conditions of stable to rising relative sea
level with abundant sediment supply. This relationship is illustrated by preserved Unit C
deposits that succeed the Unit B delta at lowest base level, basinward of St. George’s
River (Figure 2.20). The stratigraphic climb of delta front clinoforms reflects a seaward
and upward shoreline trajectory consistent with normal regression.

The Unit C deposits are bounded below by the subaerial unconformity (BD3) and
its correlative conformity. Unit C is bounded above by discontinuity BD4 (maximum

regressive surface) (see below).

2.11 Bounding Discontinuity BD4 — Maximum Regressive Surface

The conformable upper surfaces of Unit C regressive fluvio-deltaic deposits
define bounding discontinuity BD4. BDA4 is interpreted as a “maximum regressive
surface™ formed at the culmination of normal regression.

Above present sea level, BD4 surfaces merge laterally and up-dip with BD3
(subaerial unconformity). Below present sea level, BD4 surfaces are partially eroded by

subsequent transgression, and are amalgamated with BD5 (see below).

2.12 Bounding Discontinuity BD5 — Transgressive Surface
Bounding discontinuity BDS defines a regional transgressive surface (below

Present sea level). BDS is predominantly erosional, truncating underlying Units A, B and
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the upper part of C (where present). Erosion of pre-transgressive sediments is interpreted
to have resulted from erosional shoreline retreat and accompanying wave base

ravinement (i.e. shoreline trajectory lower than the slope of fronting alluvial surfaces)

(e.g. profile 11, Figure 2.19). Up to 20m of vertical section has been eroded by the
ongoing transgression (e.g. Plate 2.1). Flat Island barrier shoreface — slope deposits (Unit
D) overlie the transgressive surface (Figures 2.9 to 2.19).

Table 2.1: Depositional Units of the Flat Island Barrier Complex, as in interpreted in this
study (right column), and as described by Shaw and Forbes (1990, lefi column; refer to
Chapter 1, Section 1.3.2, and Enclosure 1 F). The right column shows the stacking
relationship of depositional units with their bounding discontinuities (BD1-5). The

subaerial unconformity truncates Unit B delta deposits, where present, and otherwise
locally incises the Unit A surface.

Acoustic Units Allostratigraphic Units
(Shaw and Forbes, 1990) (this study)
Unit 7: postglacial barrier platform Unit D: barrier-shoreface-slope deposits
A= BD4: Max Regressive Surf. BDS: Trans. Ravinement
Unit C1: Fluvial Dep. 'alU“C‘/
: : en
UnitC2: __-pD3" Suba
Unit 6: postglacial delta {«‘)Cltat v : i
o oA Unit B: Delta Deposits

¢
-
&,
&

BD2: Max Transgressive Surface
Unit A2: glaciomarine deposits (onlapping)

Unit 3: draped glaciomarine sediments e

Unit Al: glaciomarine deposits (conformable)

BD1: Intial Transgressive Surface
Unit 1; ice contact sediments
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2.13 Unit D - Barrier-Embayment and Shoreface-Slope Deposits

Allostratigraphic Unit D overlies the transgressive surface (BD5), and is the
upper-most depositional unit of the Flat Island barrier stratal succession. Unit D
encompasses modern barrier — embayment and shoreface — slope sediments of the Flat
Island complex, deposited during ongoing regional relative sea level rise. The Unit D
deposits reflect their contemporary depositional environments, and experience active
erosional and depositional processes. The depositional facies of Unit D are discussed and
interpreted below in the context of their modern formative environments.

The discussion focuses first on shoreface - slope deposits (Sections 2.14 to 2.21),
and then considers marginal marine barrier-embayment deposits overlying and landward
of the shoreface (Sections 2.22 to 2.26). As discussed in Section 2.22, the Flat Island
barrier is naturally segmented into three parts, proximal, middle and distal (along axis),
providing a useful frame or reference for the description of depositional environments

and facies distributions (Figure 2.1).
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2.14 Barrier Shoreface Environments

The barrier shoreface is defined in this study as the morphological zone extending
seaward from the intertidal barrier foreshore to the slope margin. Seaward of the
proximal barrier, the shoreface dips moderately (0.5° - 3°) toward a well-defined slope
break at 20m to 25m water depth, which lies 1.5 kilometres from shore (Enclosure 1 G-
H). The shoreface narrows and steepness progressively toward the distal barrier
terminus, where the slope break shallows to approximately 5Sm water depth (Figures 2.3
to 2.6).

The seismic reflection character of the Flat Island barrier shoreface deposits is
illustrated in profiles 1 to 11 (Figures 2.9 to 2.19). The shoreface is characterized by a
dominantly progradational, tangential oblique clinoform reflection configuration. The
measured dip of internal clinoforms is in the range of 2° to 7° (dip measurements taken
from shore-oblique profiles were projected onto the true dip axis). Overall, prograded
clinoforms of the barrier shoreface show progressive steepening toward the slope margin.
Seismic profile 2 (Figure 2.10) shows a reflection style that appears to change from
aggradational to progradational. The apparent ‘aggradation’ is due in part to changing
dip aspect as the shoreface was building northeastward and then more northward across a
variable slope morphology.

The shoreface is comprised of three sub-environments; upper, middle and lower,
€ach with distinctive morphological elements and facies attributes (Enclosure 1 G). The
Sub-environments and morphological elements of the barrier shoreface are discussed in

OVerview below. Depositional facies are described in Section 2.15, and a neoichnological
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classification for shoreface deposits is proposed in Section 2.16. Section 2.17 provides
an overview discussion of interpreted depositional processes, which are elaborated in
Chapter 3, Shoreface Dynamics. Chapter 3 discusses the methods and results of
hydrodynamic monitoring and sediment transport modeling conducted as part of this

investigation.

Upper Shoreface

Upper shoreface deposits consist of crudely graded to massive pebble-cobble
conglomerates. (The term ‘conglomerate’ as used in this thesis refers to water-borne
coarse clastics, whether cemented or unconsolidated). The upper shoreface extends from
the foreshore to water depths of 7m and Sm off the proximal and distal barriers,

respectively.

Middle Shoreface

The middle shoreface lies at the transition from the conglomeratic upper
shoreface to the sand-dominated lower shoreface, within water depths of 3 to 8 metres.
Longshore sand bars lie seaward of the proximal and distal barriers. Historical aerial
photography shows these longshore bar-forms to be persistent, singular features.
Incipient bar-forms fringe the middle barrier, which is prone to washover (Enclosure 1
G). The mid-barrier bars appear to be dissected by rip channels. Shoreface sands stream
Seaward from the middle barrier, and are organized into a series of shore-oblique, large-

scale sand ridges present on the lower shoreface (Figures 2.3 to 2.7, see below).
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Lower Shoreface

The lower shoreface lies in the bathymetric range of 7m to 20m off the proximal
to mid-barrier, and narrows and shallows progressively toward the end of the distal
barrier (Enclosures 1 G-H). A complex of large-scale, asymmetrical sand ridges occurs
on the lower shoreface of the proximal to mid-barrier. These features are Im to 4.5m in
height, and range in wavelength from 200m to 700m. Planform morphology changes
systematically from northeast to southwest. Seaward of the middle barrier, the bedforms
are shore-oblique, straight-crested, and bifurcate along the slope margin, above an apron
of coalescing submarine fans. To the southwest, they become shore-transverse, and
increasingly lunate. The steeper (stoss) sides of the bedforms face west, counter to the
dominant easterly littoral transport direction. Erosional troughs commonly occur on the

stoss sides of the ridges, and locally incise the slope margin (Figures 2.4, 2.5, 2.7 and

2.15).

2.15 Shoreface Facies

The shoreface facies form unique associations that correspond with distinct
morphological elements. Facies characteristics and relationships are discussed below in
this context. Facies descriptions are based primarily upon seabed sample and video data
(Sections 2.2.2.2 and 2.2.2.3). The reader is referred to Enclosures 2 to 4 for
compilations of aerial photographs, multibeam sonar imagery, and seabed video imagery

that portray the morphological elements and facies attributes of the Flat Island barrier
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2.15.1 Upper Shoreface Facies Association

Upper shoreface deposits of the Flat Island barrier complex consist of clast-
supported pebble-cobble conglomerates. The conglomerates are characterized by an
alongshore, gradational association of three facies, USh1, USh2 and USh3, from
proximal to distal barrier settings. The upper shoreface facies association reflects a
progressive decrease in nominal clast size alongshore. The upper shoreface hosts a low
diversity, substrate specific epi-benthic assemblage, and rare diminutive burrowing forms

(Section 2.16).

Upper Shoreface Massive Pebble-Cobble Conglomerate Facies (UShl)

Facies USh1 occurs on the upper shoreface of the proximal to mid-barrier, and
consists of crudely-graded to massive. clast-support pebbles, cobbles and occasional
boulders, with a medium- to very coarse-grained sand and granule matrix (Enclosures 2;
images 1:42:49 to 1:46:51). Cobble clasts are typically spheroidal to oblate, sub-rounded
to well-rounded, and range in diameter from <10 cm to over 30 cm. The facies is sand-
deficient, and commonly displays an openwork appearance. The USh1 facies
conglomerates are observed to water depths of 5m to 7m, where there is a sharp lateral

transition to mid- to lower shoreface sands.
Upper Shoreface Bi-modal Pebble — Cobble Conglomerate Facies (USh2)

Facies USh2 occurs on the upper shoreface of the distal barrier, and is illustrated

M seabed imagery from dive transects DT1 and DT2 (Enclosure 4, images DT1: 0:53:48
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and DT2: 0:24:14 to 0:24:44). The USh2 facies is characterized by bi-modal, clast-
supported pebble-cobble conglomerates that display a crude reverse grading. Large clasts
are typically spheroidal to oblate and sub-rounded to well-rounded. Cobbles are
commonly 10 cm to 20 cm in diameter, ranging up to more than 30 cm. Large clasts
visible at the seabed commonly rest in full- or partial relief, and appear to show a

preferential shore-parallel, long-axis orientation (Enclosure 4, image DT2: 0:24:44).

Nominal clast size appears to decrease distally (alongshore).

Upper Shoreface Graded Pebble Conglomerate Facies (USh3)

Upper shoreface facies USh3 occurs at the recurved, distal terminus of Flat Island
barrier. The facies is represented in Core 12 (Figures 2.47 and 2.48), and is characterized
by coarsening upwards, crudely-graded, clast-supported, well-rounded pebbles and

granules with a fine- to coarse-grained sand matrix.

2.15.2 Middle Shoreface Facies Association

The middle shoreface lies at the transition from the conglomeratic upper
shoreface to the sand-dominated lower shoreface, with shore-parallel bars forming the
principle morphological elements. Longshore bars that parallel the proximal and distal
barriers are characterized by a gradational association of three facies, corresponding with
the landward trough, bar crest, and seaward slope (facies MSh1, MSh2, MSh3)
(Enclosures 2 and 4). The middle shoreface is characterized by a low diversity suite of

Incipient benthic traces, analogous with the Skolithos ichno-facies (Section 2.16).
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Bar Trough Facies (MShl)

Facies MSh1 occurs within the landward trough of longshore bar deposits off the
proximal and distal barriers, where middle shoreface sands drape upper shoreface
conglomerates (Enclosure 2 and 4). The facies is typified by sharp-crested, weakly
asymmetrical fine- to medium-grained sand oscillation ripples, with nominal wavelengths
and crest heights of about 20 cm and 5cm respectively. Ripples are well-defined at the
landward edge of the trough, where there is an sharp lateral transition to upper shoreface
conglomerates (Enclosure 2, image 1:38:19). A passive “fairweather” drape of organic-
rich sandy silt is observed on the trough floor (Enclosure 4, DT1, image 0:48:32). The

MShl1 facies is heavy mineral enriched on the distal barrier shoreface.

Bar Crest Facies (MSh2)

Facies MSh2 is observed on the crests of longshore bars seaward of the proximal
and distal barriers (Enclosures 2 and 4). The facies consists of well-sorted, fine- to
medium-grained sand with rare dispersed pebbles and minor shell detritus. The bed is
configured as round-crested. parallel oscillation ripples. Internal primary structures
include wavy and oscillation ripple lamination, highlighted locally by heavy mineral
concentrations.

Oscillation ripples on the crest of the longshore bar fronting the proximal barrier
are straight-crested, and display wavelengths in the range of 20cm to 30cm, with ripple
heights generally less than 7cm (Enclosure 2, image 1:35:38). On the crest of the distal

longshore bar, ripples are spaced less than 25 cm apart, are typically less than 5 cm in
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height, and display common “tuning fork™ junctions (Harms et al., 1975) (Enclosure 4,

images DT1: 0:28:40 to 0:33:21).

Bar Face Facies (MSh3)

The MSh3 facies occurs on the seaward face of longshore bars fronting the
proximal and distal barriers (Enclosures 2 and 4). The facies is observed within a
bathymetric range of 6m to 8m on the proximal bar face, where it is characterized by
combined flow ripples composed of fine- to coarse-grained sand with dispersed granules
and pebbles, and minor shell detritus (Enclosure 2, images 1:24:25 and 1:26:20). Pebbles
are well-rounded and less than 2 cm in diameter. The MSh3 facies occurs in shallow
water depths of <4m on the distal bar face, where it is finer grained, and exhibits a two-

dimensional ripple geometry (Enclosure 4, image DT1: 0:28:40).

Incipient Bar-form Facies (MSh4)

Facies MSh4 occurs seaward of the middle barrier, and was observed on the mid-
barrier dive transect within a bathymetric range of 1m to 4m (Enclosure 3, images
1:41:11 to 1:49:39). The MSh4 facies occurs in association with incipient bar-forms that
fringe the middle barrier, énd discontinuously overlie upper shoreface conglomerates of

facies USh] .

The facies is typified by sharp-crested (trochoidal) ripples composed of well-

sorted fine- to medium-grained sand, with associated planar and wavy lamination,
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accentuated by heavy mineral concentrations. Ripple wavelengths average 30 cm, and

crest heights are ~5cm.

2.15.3 Lower Shoreface Facies Association

The lower shoreface extends seaward of the barred middle shoreface to the slope
margin. Lower shoreface deposits of the Flat Island barrier complex consist
predominantly of fine- to medium-grained sand with dispersed pebbles. Wave-formed
oscillation ripples and associated primary sedimentary structures are prevalent, and are
modified by fair-weather bioturbation in distal settings. The lower shoreface is
characterized by a three-part facies association related to the presence of shore-oblique

sand ridges, and reflecting both cross-shore and longshore trends in wave and current

energetics.

Lower Shoreface Facies (proximal) (LShp)

Facies LShp occurs on the lower shoreface of the proximal to mid-barrier in water
depths of 7m to 12m (Enclosures 2 and 3). The facies consists of fine- to medium-
grained sand with dispersed pebbles and disseminated shell detritus, configured as
sinuous oscillation ripples. Ripples are round-crested and symmetrical to weakly-
asymmetrical in profile. Ripple height and wavelength are in the range of ~7 cm and 30

€m, respectively. Wavy and oscillation ripple lamination are highlighted locally by trace

heavy mineral concentrations.
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In the vicinity of the middle barrier, the LShp facies is juxtaposed with shoreface
conglomerates of facies USh1, and is locally coarse-grained (Enclosure 3). Seabed
sampling (~30cm penetration) on the lower shoreface reveals a graded basal pebble-
granule lag with well-rounded pebbles up to 3cm in diameter, occurring locally at water
depths as great as 10m off the mid- to proximal barrier.

A discontinuous, ephemeral benthic diatom film drapes the seabed surface (e.g.
Enclosure 2, image 1:13:04). Burrowing is of low intensity, and comprises an incipient

Skolithos ichno-facies (see Section 2.16).

Lower Shoreface Facies (distal) (LShd)

Facies LShd is prevalent in distal regions of the lower shoreface, occurring within
a bathymetric range of 12m to 20m off the proximal to mid-barrier, and shallowing to
less than 10m seaward of the distal barrier (Enclosures 2 and 4).

The facies consists of fine-grained sand with dispersed pebbles, configured as
sinuous oscillation ripples (Enclosure 2, images 0:13:51 to 1:08:52). Ripple wavelengths
are in the range of about 15- 25cm, and crest heights are typically less than 5 cm.
Oscillation ripples and associated structures are disrupted by fair-weather bioturbation
(Enclosure 2, image 0:13:00; see Section 2.16). A discontinuous, ephemeral diatom film
drapes the seabed surface, and is concentrated mainly within ripple troughs. The distal

lower shoreface hosts a moderate diversity suite of benthic traces consistent with a

Proximal Cruziana ichno-facies.
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Sand Ridge Facies (LShr)

The LShr facies occurs in association with lower shoreface sand ridges off the
mid- to proximal barrier (Figure 2.59). The facies is characterized by sinuous, weakly
asymmetrical, sharp-crested ripples composed of well-sorted fine-grained sand, with
minor shell detritus. Ripple height and wavelength average approximately 30 cm and 5

to 7cm, respectively.

2.16 Shoreface Neo-ichnology

The barrier shoreface hosts a low to moderate diversity assemblage of benthic
trace-making organisms, comprised of surface detritus/deposit feeders, suspension
feeders (and their predators), and burrowing deposit feeders. The suite of incipient
benthic traces represented on the barrier shoreface increases in diversity and abundance
distally, reflecting a corresponding shift from dominance by suspension feeders
(Skolithos ichno-facies) to a more ethologically varied Cruziana ichno-facies. The host
sediments overall are coarse-grained and well-aerated, ranging from openwork pebbles to
boulders on the upper shoreface, to fine sands with dispersed pebbles on the lower

shoreface. Benthic assemblages and associated traces common to the upper, middle and

lower shoreface are described below.

Upper Sh oreface

Upper shoreface conglomerates, characterized by sedimentological facies USh1-3

(Section 2.15.1), are colonized by an impoverished assemblage of epi-benthic macro-
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fauna, including Strongylocentotus droebachiensis, Pagarus (pubescens), Cancer
irroratus, and gastropods. Burrowing infauna are rare, and consist mainly of diminutive
polychaete and oligochaete species. Cobbles and boulders on the upper shoreface of the
proximal barrier commonly display a mantle of Lithothamnion (coralline algae), which
shows evidence of pitting and abrasion (e.g. Enclosure 2, image 1:43:09). The energetics
and exceedingly coarse-grained nature of the upper shoreface do not favour the creation
and preservation of incipient faunal traces.

A substrate specific floral assemblage consisting of Palmoria Corrallina,
Laminaria Saccharina, Saccorhiza and Furcellaria is present toward the base of the
upper shoreface, and is most abundant along the proximal barrier. Rare sponges

(Halicondria) are also observed (Enclosure 2).

Middle Shoreface

The middle shoreface lies in the bathymetric range of 3 to 8 metres, and features
longshore bar deposits consisting of well-aerated medium to coarse-grained sands with
dispersed pebbles (facies MSH1-4; Section 2.15.2; Enclosures 2 to 4). The incipient
trace assemblage is of low diversity and abundance. Repichnia and pasichnia produced
by epi-benthic detritus/deposits feeders such as Echinarachnius parma,
Strongylocentotus droebachiensis and Pagurus (pubescens) are common, but offer low
Preservation potential in this dynamic shallow water setting. Burrows produced by
diminutive polychaete and oligochaete forms are locally abundant, and are

morphologically similar to Macaronichnus. The suspension feeding bi-valve Ensis ensis
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is present at the mid- to lower shoreface transition. Ensis is adapted to high energy,
shallow shoreface settings, and maintains ~ 10 cm vertical dwelling/feeding structures

(dominichia). Ensis is subject to predation by Asterias.

Lower Shoreface

The lower shoreface lies within a bathymetric range of 7 to 20 metres off the
proximal to mid-barrier, and shallows to less than 10 metres off the distal barrier. Seabed
sediments consist predominantly of fine- to medium-grained sand with dispersed pebbles,
configured as sinuous oscillation ripples (Enclosures 2 to 4). Basal lag gravels occur
locally to water depths of (at least) 10m off the proximal to mid-barrier. During fair-
weather periods, the seabed is draped by a discontinuous diatom film, concentrated
mainly within ripple troughs.

The proximal to distal sedimentological facies association characteristic of the
lower shoreface (facies LSh1-2) is accompanied by a marked increase in benthic ‘trace
diversity and abundance, which reflects a seaward transition to a proximal Cruziana
ichnofacies. Repichnia and pasichnia of surface deposits feeders are common
(Echinarachnius parma, Strongylocentotus droebachiensis and Pagurus (pubescens)).
Locally occurring incipient fodinichnia of burrowing polychaete and oligochaete species
are morphologically similar to Macaronichnus, and are increasingly abundant in distal
settings. Linear, sinuous burrows that impart positive epi-relief to the seabed surface are

observed locally. These features may relate to the feeding behaviour of Phyllodocids,

Which are symbiotic with benthic algae.
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Vertical dwelling/feeding structures (dominichia) of suspension feeding bi-valves
are increasingly common in distal reaches of the lower shoreface. Ensis ensis,
Cyirodaria and Arctica Islandica are present, and maintain dominichia penetrating from
10cm (Ensis) to 40 cm (Cyfrodaria) depth below the sediment-water interface. Ensis is
most abundant, and shows the greatest affinity for shallow, well-aerated, energetic seabed
conditions. Associated concave epi-relief structures (siphon holes) are locally apparent.
Occurrences of lag gravels in shallower regions of the lower shoreface may inhibit
colonization by burrowing bi-valves. The bi-valves are subject to predation by Asterias.
(Enclosure 2, image 0:13:25). Macro-faunal resting traces are observed locally and
appear to increase in abundance on the distal barrier shoreface (Enclosure 4, images DT1:

0:18:50 to 0:20:58).

2.17 Shoreface Interpretation

This section discusses the genetic interpretation of upper to lower shoreface
deposits of the Flat Island barrier complex. This discussion provides background for
process interpretations presented in Chapter 3, which details the methods and results of
shoreface hydrodynamic monitoring and sediment transport modeling conducted as part
of the thesis research.

Upper shoreface conglomerates of facies USh1 and USh2 are interpreted to
comprise early (proto) barrier deposits, transgressed (overstepped) during recent relative

sea level rise, and overlain landward by younger barrier deposits (Figure 2.60). This
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interpretation is based in part on facies analogies with present-day Flat Island barrier
conglomerates, as elaborated in Section 2.23.

Upper shoreface pebble conglomerates at the laterally accreting distal barrier
terminus (facies USh-3; Core 12; Figures 2.47 and 2.48) are deposited under present sea
level conditions above a steeply dipping, slumping barrier face (Figure 2.6). The facies
character of the distal barrier shoreface pebble conglomerates reflects their present
depositional setting.

Middle shoreface, longshore bar deposits characterized by facies MSh1-3 are
interpreted to originate from processes of storm wave breaking (“break point bars”, Swift
et al., 1985), and phase interference of incident and reflected waves (partially standing
waves; O’Hare and Davies, 1993). The role of wave reflection in longshore bar
formation is inferred from the apparent degradation of bar-forms near the washover-
prone, dissipative middle barrier, as contrasted with the well-defined, continuous
longshore bars that parallel the reflective proximal and distal barriers (Figure 2.60). The
distance from shore of the longshore bars decreases toward the distal barrier terminus,
due to both shoreface steepening and diminished wave heights. The offshore positions of
longshore bars may be related to wave shoaling along the seaward face of a submerged
barrier front (Figure 2.60).

Parallel oscillation ripples characteristic of bar crests (facies MSh2) reflect the
Wave-formed origins of the bar deposits (Enclosure 2, image 1:35:38). Combined flow
ripple configurations along the proximal bar face are consistent with the interaction of

shoaling waves with superimposed longshore currents (Enclosure 2, image 1:26:20).
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Low relief, sharp-crested ripples are common to shallow, incipient bar deposits along the
@jd_bmier (1 — 4 m), and display internal wavy and planar lamination (Enclosure 3,
images 1:41:53 to 1:49:39). These attributes imply increasing shallow water wave
asymmetry, approaching upper regime plane bed conditions.

The longshore bar deposits are considered to have low preservation potential, as
their formation and maintenance depends partly on wave reflection from the shoreline
(O’Hare and Davies, 1993). The increasingly dissipative conditions that accompany
overwash and ultimate transgression of the barrier are not conducive to bar preservation,
as implied by the degradation of bar-forms observed on the mid-barrier shoreface.

Prograded lower shoreface deposits of the Flat Island barrier complex display
common wave-formed oscillation ripples and associated sedimentary structures, which
suggests that the shoreface environment is storm-dominated (Chapter 3). Bedforms and
primary structures are well-defined in proximal settings (< 12m water depth), consistent
with deposition above fair-weather wave base. Basal pebble lag deposits occurring
locally to water depths of (at least) 10 metres are interpreted as seaward-transported
Storm beds derived from upper shoreface (submerged barrier) conglomerates. In distal
Settings (>12 m water depth), bedforms and related structures are disrupted by
bioturbation, implying deposition below fair-weather wave base (Enclosures 2 to 4). The
Process interpretation of shoreface-attached sand ridges occurring seaward of the barrier
is considered in Chapter 3.

The barrier shoreface experiences seaward progradation during regional relative

sea level rise due to high rates of littoral sediment supply.
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2.18 Slope Environments

The slope environment extends from the depositional slope break to the basin
floor rise, and lies within a bathymetric range of 20 to 80 metres off the proximal- to mid-
barrier, shallowing to <10 to 40 metres off the distal barrier (Figures 2.3 to 2.7). Seabed
dips range from >20° along portions of the slope margin, to less than 2° on the slope rise.
The barrier slope hosts an apron of stacked and coalescing, linear- and point-source
submarine fans that show systematic changes in morphology along depositional strike.
Seabed sampling and video indicate that the fan deposits consist predominantly of
disaerobic, bioturbated silty sand to sandy silt, with dispersed pebbles and rare cobbles.
In profile, the slope deposits typically display a hummocky to chaotic reflection
configuration, with common retrogressive failure surfaces (profile Figures 2.9 to 2.18).

For the purpose of discussion, the slope is sub-divided into four zones
characterized by distinct fan morphologies (zones F1 to F4; refer to Enclosure 1 G).
Slope facies are discussed in the context of this morphological framework (Sections 2.18
and 2.19). Slope neo-ichnology and diagenetic trends are considered in Section 2.20.

Depositional process interpretations are proposed in Section 2.21.

2.18.1 Slope Morphological Zonation

The barrier slope is sub-divided into four morphological zones, differentiated on
the basis of fan morphology (Enclosure 1 G). Zone F1 lies seaward of the point of barrier
attachment in the western part of the study area. Zone F2 is situated basinward of the

Proximal barrier, Zone F3 occurs on the slope of the mid- to distal barrier, and Zone F4
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fringes the distal barrier terminus in the eastern part of the study area. The morphology

and internal structure of slope deposits within the four zones are described below.

Zone F1 (Enclosure 1 G; Profiles 1 and 2; Figures 2.7, 2.9 and 2.10)

Zone F1 encompasses a broadly convex, north-facing slope and associated basin
floor rise in the western part of the study area (Enclosure 1 G; Figures 2.7, 2.9 and 2.10).
Zone F1 displays a complex depositional architecture, consisting of inner slope fan
deposits, incised by a broad, sinuous turbidity current channel, and by-passed by thin
basin floor turbidite fans (Figure 2.7).

In plan view, the turbidity current channel is seen to originate on the inner slope at
about 30m water depth, and is flanked by broad, low relief levees (Figure 2.7). Possible
overspill deposits occur on the outer channel meander bend, and appear to be graded to
the level of the channel levee. A discontinuous, shallow slope rise trough occurs at the
base of slope, and is flanked by basin floor turbidite fan deposits that spread and thin
rapidly across the basin floor.

An intersecting seismic dip profile (Figure 2.10) shows shallow prograded
shoreface deposits characterized by oblique clinoforms, passing basinward to inner slope
deposits exhibiting a hummocky, convolute internal reflection character, followed by an

apparent erosional zone of by-pass on the outer slope, with associated distal turbidite fan

deposits extending onto the basin floor.
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Zone F2 (Enclosure 1 G; Profiles 3 to 6; Figures 2.11 to 2.14)

Zone F2 occurs within a bathymetric range of 20 to 75 metres, and hosts active
radial submarine fans that originate from well-defined point sources along the slope
margin. The largest fan is approximately 700 metres in diameter and features stacked
suprafan lobes that emanate from an incised slope-edge canyon (e.g. Figures 2.4, 2.5 and
2.7). The canyon displays multiple erosional chutes that converge downslope to form a
single, leveed feeder channel system. The channel broadens and terminates abruptly on
the inner fan surface. The outer fan surface displays a convolute, wavy seabed
morphology, with transverse sediment waves with crests aligned northeast — southwest.

Profile 3 (Figure 2.11) through the canyon-fan complex reveals stratal stacking of
multiple fan lobes, characterized by a hummocky to chaotic internal reflection character.
Distinct reflection discontinuities updip of the active canyon suggest the presence of an
earlier canyon incision, now buried by shoreface progradation. In plan view, the canyon /
fan complex is seen to be situated at a morphological inflection point along the slope
margin, which is related to underlying structural control (Figures 2.5 and 2.7).

A 500 metre diameter radial fan lies to the east within zone F2, below a broad,
shallow slope-edge canyon (Figures 2.4, 2.5 and 2.7). The fan displays multiple suprafan
lobes, which are incised by a more recent leveed feeder channel system extending from
the slope-edge to the basin floor. Profile 6 (Figure 2.14) intersects the western margin of

the fan, and shows apparent failure surfaces onlapped by retrograde slump deposits with a

hummocky internal reflection character.
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Between the active fan complexes, the F2 slope displays a more subdued,
undulating morphology. A dip profile (4; Figure 2.12) in the vicinity shows convolute,
retrograde bedding sequences, bounded by interﬁal reflections that mimic the present
seabed slope profile, and are suggestive of older slope failure surfaces. A prism of
progressively steepening clinoform-style reflectors occurs at the slope margin, with dips
approaching 20° (Figure 2.12). The oversteepened sediment prism is a likely fan

precursor.

Zone F3 (Enclosure 1 G; Profiles 7 to 10; Figures 2.15 to 2.18)

Zone F3 lies seaward of the mid- to distal barrier within a water depth range of 25
to >50 metres, and is characterized by a gently undulating, moderately dipping slope
morphology (Figure 2.4). Zone 3 is inferred to consist of a suite of inactive fan deposits,
based on slope morphology and internal structure. Dip profiles intersecting inactive fans
show a characteristic hummocky to chaotic internal reflection character (Figures 2.15 and

2.16). A dip profile passing between fan lobes shows limited evidence of slope failure

(Figure 2.17).

Zone F4 (Enclosure 1 G; Profile 11; Figure 2.19)

An apron of coalescing, lobate fans fringes the laterally accreting distal end of
Flat Island barrier (Figure 2.6). The fans emanate from multiple point sources along the
Slope margin, which shallows to almost 5 m at the distal barrier terminus. The distal

slope fans display morphologically distinct, inner and outer elements. The inner fan
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surfaces dip steeply to a water depth of 15 metres, where a slope inflection marks a
transition to the more gently sloping outer fan surface. The outer fan lobes appear to
gradually thicken basinward, and terminate abruptly on the basin floor (~ 35 m water
depth), as seen in both perspective and profile views (Figures 2.6 and 2.19). Stacking of
successive fan lobes is evident in dip profile (Figure 2.19).

The fan surfaces are progressively steeper toward the distal barrier terminus, and
show increasingly convoluted bed surfaces. The largest fan within Zone F4 originates
from a V-shaped slope incision at 10 - 20 metres water depth near the recurved distal

barrier terminus, and extends ~500 metres onto the basin floor (Figure 2.6, Enclosure 1

H).

2.19 Slope Facies Associations

Slope deposits within Zones F2 and F3 (and the western part of F4) are
characterized by a common, gradational facies association, reflecting the transition from
slope margin, to proximal and distal slope settings (Enclosures 2 to 4). Seabed sampling
and video show that the slope deposits consist predominantly of disaerobic, bioturbated,
organic-rich fine-grained sands and silts with dispersed pebbles and rare cobbles (facies
SLm, Slc, Slp, SLd), as described below.

Shallow slope fan deposits that fringe the distal barrier terminus (Zone F4) are
Progressively coarser grained, and enriched with heavy minerals and detrital organics

(Facies SLs, Slo). Zone F1 slope deposits in the western extent of the study area were

ot sampled.
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Slope Margin Facies (SLm)

Facies SLm occurs along the slope margin at water depths of 20m to 25m seaward
of the proximal to mid-barrier, shallowing to less than 10 m off the distal barrier. The
SL.m facies consists of mildly disaerobic, very fine- to fine-grained sand with dispersed
pebbles and minor shell detritus. The facies is typified by a weakly-rippled to hummocky
bed configuration (e.g. Enclosure 4, image DT1: 0:23:46). Burrowing is of moderate

intensity, and comprises an incipient, proximal Cruziana ichno-facies (Section 2.20).

Slope-Edge Canyon Facies (SLc)

Facies SLc is observed within the slope-edge canyon seaward of the proximal
barrier, where the local seabed slope approaches 20° (Enclosure 2, images 0:10:44 to
0:12:31). The SLc facies lies within the bathymetric range of 17m to 20m.

Facies SLc is characterized by weakly rippled, pebbly, very fine- to fine-grained
sand with abundant shell detritus. Ripple wavelengths are in the order of 10 cmto 15 c¢m,
with subdued crest heights of less than 5 cm. Dispersed pebbles 1cm to 3 ¢m in diameter
are common, and occur locally in clusters within ripple troughs. Burrowing is of

moderate intensity, and represents an incipient Cruziana ichno-facies (Section 2.20).

Slope Facies (proximal) (SLp)
The SLp facies is present within a bathymetric range of 25 m to 30 m off the mid-
10 proximal barrier (Enclosure 2), and at water depths of approximately 20m to >25m off

the distal barrier (Zones F2, F3, western extent of F4; Enclosure 4, DT1). The facies
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consists of silty very fine-grained sand and minor shell detritus, with a weakly rippled to
hummocky bed configuration (e.g. Enclosure 2, images 0:30:00 and 0:06:15). Burrowing
is of moderate intensity, and corresponds with an incipient Cruziana ichno-facies

(Section 2.20).

Slope Facies (distal) (SLd)

Facies SLd occurs widely in distal positions on the barrier slope, generally at
water depths greater than 30 metres, the approximate depth limit of the seabed video
transects. Seabed sampling was conducted to water depths of ~40m. Sampling
characterizes the SLd facies as sandy silt with dispersed pebbles and minor shell detritus.
The sand component is typically very fine-grained. Pebbles are rare and generally less
than 2 cm in diameter, though well-rounded clasts up to 6 cm diameter are observed. The
bed is gently undulating to hummocky. The seabed surface is draped by a 1 to 2
centimetre veneer of aerated brown silt.

Disaerobic to anaerobic conditions exist in the shallow sub-surface. Early
diagenetic, bacterially mediated sulphate reduction of detrital organic matter imparts a
grey to black colouration to seabed sediments. In more proximal settings, sulphide
concentrations occur as discrete lenses, or as diagenetic halos that envelop in-place
bivalves. Reduction is more complete in distal settings, where geochemical stratification
is locally well-developed. Burrowing of is moderate to high intensity, and is equated

With an incipient, disral Cruziana ichno-facies (Section 2.20).
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Slope fan facies (sand rich) (SLFs)

The SLFs facies characterizes sand-rich fan deposits near the distal, recurved end
of Flat Island barrier, in the vicinity of video transect DT2 (eastern part of Zone F4;
Enclosure 4, images 0:01:37 to 0:03:17). The facies is composed of heavy mineral
enriched, fine- to medium-grained sand, with common shell and organic detritus. The
bed is weakly rippled to hummocky, and is draped by a 1-2 centimetre veneer of aerated
brown silt. Mildly disaerobic conditions exist in the shallow sub-surface, as evidenced
by isolated sulphide zones apparent in seabed samples. Wavy and lenticular

ncentrations of heavy minerals are observed, and locally coalesce to form continuous
horizons. Burrowing is of moderate to high intensity, and reflects an incipient proximal

iana ichno-facies with abundant dominichia of suspension feeding bivalves (Section

Slope fan facies (organic-rich) (SLFo)

The SLFo facies is present on the slope of the distal barrier terminus (Enclosure 4,
. The facies is composed of fine-grained, heavy mineral-rich sands, and densely
ed, decaying detrital organics, principally Zostera marina (eel grass). The organics
largely from the backbarrier estuarine embayment. The seabed displays an
dulating, hummocky, locally pock-marked bed morphology. Small-scale seabed

ions of less than 20 cm diameter appear to occur locally in clusters (Enclosure 4,

DT3:0:26:00 to 0:29:34).

72



2.20 Slope Neo-ichnology

The barrier slope spans a water depth range of 20m to 80m seaward of the
proximal barrier, shallowing to ~5m to 40m at the eastern distal end of the barrier. As
discussed in Section 2.18, the barrier slope is comprised of an apron of coalescing
submarine fans displaying distinctive depositional morphologies. Slope deposits consist
predominantly of disaerobic, organic-rich, fine-grained sands and silts with dispersed
pebbles, characterized by a gradational facies association marking the transition from
slope margin to distal fan surfaces (facies SLM, SLp, SLd; Section 2.19). Slope deposits
are increasingly coarse-grained toward the distal barrier terminus.

Benthic trace assemblages present on the slope reflect a corresponding shift in
dominant behaviour from suspension feeding, typical of the shoreface, to deposit /

detritus feeding (Skolithos — Cruziana).

Slope Margin

The slope margin marks the transition from the moderately dipping barrier
shoreface (<3°) to the undulating, moderately to steeply dipping slope fan complex. The
slope margin is characterized by mildly disaerobic, weakly-rippled, very fine- to fine-
grained sand, fining distally (facies SLm: SLc; Enclosure 2, images 0:10:44 to 0:12:31).

Incipient benthic traces prevalent on the slope margin are characteristic of a
Proximal Cruziana ichno-facies. Suspension-feeding burrowing bivalves are common,
With Arctica Islandica representing the dominant species seaward of the proximal to mid-

barrier. Arcricq is most common at water depths greater than 20 metres, and shows an
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affinity for fine-grained substrates and disaerobic seabed conditions. Ensis and Cytrodia
are relatively more abundant along shallower reaches of the slope margin, particularly
toward the distal end of the barrier. Bi-valve siphon holes impart concave epi-relief to
the seabed surface (Enclosure 2, image 0:06:15).

Intersecting trackways (repichnia) of epi-benthic detritus feeders are locally
abundant (e.g. Pagarus (pubsescens)). Other common epi-benthic traces are related to
the feeding activities of Echinarachnius parma, Cumaceans, and Asterias. Burrowing

polychaetes and oligochaetes contribute to the moderately bioturbated sediment fabric.

Inner Slope

Inner slope deposits consist predominantly of disaerobic, organic-rich silty sands
with dispersed pebbles (facies SLp), and host a suite of benthic traces characteristic of an
incipient Cruziana ichnofacies. Locomotion and feeding traces of epi-benthic detritus
feeders are abundant.

Deposit feeders are common, and include Arenicola Marina, the tube-dweller
Maldane, and a suite of diminutive Polychaete and Oligochaete species. Suspension
feeders are secondary, and are represented mainly by Arctica Islandica and, in lesser
numbers, Cyrtodaria. Epi-relief structures include bi-valve siphon holes, and traces
related to the feeding and locomotion behaviour of Cumaceans, Asterias, Echinarachnius

parma and Strongylocentotus droebachiensis.
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Outer Slope

The outer slope is characterized by organic-rich sandy silt and disaerobic to
anaerobic substrate conditions (facies SLd). The benthic trace assemblage predominantly
reflects the feeding and locomotion behaviour of surface detritus feeders (e.g.
Strongylocentotus droebachiensis, Pagurus (pubuescens)) and deposit feeders (e.g.
Maldane, Arenicola Marina), and comprises an incipient distal Cruziana ichno-facies.
Dominichia associated with a sub-ordinate population of suspension feeding bi-valves,
principally Arctica Islandica, are also evident.

The polychaete Maldane has an affinity for anaerobic seabed conditions, and is
locally abundant in water depths below 30 metres. Maldane inhabits chitino-phosphatic
dwelling tubes approximately 20 to 30 cm in length. The dwelling tubes are vertical to
oblique in orientation and protrude from the seabed surface, enabling respiration and
expulsion of faccal matter. Maldanids feed in a head-down posture, making random
excursions into the substrate (Bromley, 1990, 1996). Arenicola marina is common, and
produces characteristic J- and U-shaped burrows. Macro-faunal resting traces

(cubichnia) are observed locally, and are increasingly abundant on the distal barrier slope

(Enclosure 4, image DT1: 0:06:27).
2.21 Slope Interpretation

Gravitational processes are dominant on the barrier slope, which hosts an apron of
stacked and coalescing submarine fans with distinct depositional morphologies (zones F1

~ 4 Enclosure 1 G; Section 2.18.1). Fan deposits along the slope consist predominantly
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of organic-rich silty fine-grained sands and dispersed pebbles (Enclosures 2 to 4). A
coarsening trend occurs off the distal barrier, where the slope break shallows to almost 5
metres water depth (Zone F4) (Enclosure 4).

Slope deposition within the barrier complex is interpreted to involve a
combination of episodic gravity flows and long-term hemi-pelagic sedimentation.
Retrogressive slumping associated with progradational oversteepening of the slope
margin is most prevalent. Episodic, erosive turbidity currents are active locally. Process
interpretations are discussed below for slope deposits within each of the morphological
zones described above.

Zone F1, situated in the western part of the study area, shows a succession of
slump fans and more recent turbidites (Enclosure 2, Profiles 1 and 2; Figures 2.8, 2.9 and
2.10). The F1 slump fans appear to be related to progressive oversteepening and episodic
failure of the slope margin due to progradation. The fans have infilled a structural
depression at intermediate water depths, yielding a more gentle lower slope profile
dipping continuously at 1° to 3° to the basin floor (Figure 2.9 and 2.10). A turbidity
current channel incises existing fan surfaces, delivering sediment gravity flows to the
basin floor (Figure 2.7). The apparent transition from slump- to turbidite-dominated
deposition on the lower F1 slope may reflect the influence of changing slope morphology
and dip angle on gravity flow mechanics, as discussed below.

Retrogressive slumping (as recognized within zone F1) occurs when the slope
'°Vel‘Steepens. to the point of instability, with failed slope sediments coming to rest toward

the base of slope as friction overcomes momentum. Turbidity currents, by contrast, can
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originate on relatively low slopes, and carry sediments in dilute suspension, progressively
gaining mass and momentum through slope erosion and entrainment of ambient water.
Turbidity flows experience a constant turbulent exchange of sediment (through erosion
and settling) and water with their surroundings; the balance of which affects their growth
and ultimate downslope extent (Pratson et al., 2000).

Modeling efforts by Parker et al. (1986) and Pratson et al. (2000) have suggested
that optimal slopes for the initiation and perpetuation of turbidity currents are in the range
of 2° to 3°. At very low slopes (<1.5°), a turbidity current does not accelerate fast
enough to achieve its erosive potential and dies, depositing its sediment load near its
point of origin. At excessive slope angles, a turbidity current erodes more in a shorter
time; however this rapid increase in load may dampen further entrainment of water and
sediment as the current progresses downslope, resulting ultimately in a smaller basin
floor deposit (Pratson et al., 2000). As noted, the present-day slope profile within Zone
F1 appears to favour slope sedimentation by turbidity flows.

Zone F2, located seaward of the proximal barrier, hosts morphologically distinct
point source radial fans (Figures 2.4, 2.5 and 2.7). The fans consist of stacked fan lobes
derived from retrogressive slumping and partially confined turbidity flows (Figures 2.11
and 2.14). Fan growth appears to have been accompanied and aided by headward
incision of slope edge canyons by downslope eroding sediment flows (e.g. Pratson et al.,
1994; Pratson and Coakley, 1996). The canyons are conduits for shoreface sediments

transported basinward during storm events (Chapter 3). The presence of the canyons
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appears to be related in part to the trend and relief of underlying Carboniferous structures,
which are influenced by east-west faulting (Miller et al., 1990; Enclosure 1 C).

Inactive fans present in zone F3 show apparent internal failure surfaces and
hummocky, inclined bedding consistent with slumping (Figures 2.15 and 2.16). Episodic
slope failure and fan deposition has likely occurred through progradational
oversteepening of the slope margin, which appears to be ongoing.

As previously discussed, a continuous apron of lobate fans fronts the distal barrier
within zone F4. The fans have steeply dipping inner slopes (5° to >10°), and more gently

dipping outer fan surfaces (<5°). The inner slope is steep and narrow. The outer fan

lobes terminate abruptly on the gently dipping (1°), shallowing basin floor (Figure 2.6).

The unique occurrence of the F4 fan complex is related to lateral accretion of
distal barrier sediments into deeper water (i.e. increased accommodation). Lobate slump
fans along the distal barrier front likely continue to receive sediments shed from the

narrow barrier shoreface (spillover), but are of limited lateral extent.




2.22 Barrier Environments

This section provides an overview of depositional environments comprising the
coastal Flat Island barrier. As discussed in Section 2.0, the coastal barrier is naturally
segmented into three parts, proximal, middle, and distal (Figure 2.1). These barrier
elements are divisible into four key sub-environments, which include the forebarrier,
strandplain, backbarrier, and washover environments (Enclosure 1 G). The forebarrier
environment corresponds with the active seaward face of the barrier, and includes the
intertidal foreshore and supratidal backshore (Plates 2.5 to 2.17 (proximal barrier) and
2.18 to 2.27 (distal barrier)). The strandplain environment encompasses the extensive
ridge and swale complexes of the proximal and distal barriers (Plates 2.28 to 2.30). The
backbarrier environment includes intertidal beach-foreshore and supratidal backshore
settings on the landward side of the barrier (Plates 2.31 to 2.46). The mid-barrier
washover environment hosts a broad washover fan complex that extends up to 1 km into
the backbarrier embayment (Enclosure 1 G; Figures 2.1 and 2.62, Plates 2.47 to 2.61).

The proximal, middle and distal barriers and associated sub-environments are
discussed in overview below. Depositional facies are described in Section 2.23, in the
context of their formative sub-environments. Facies associations, successions and

Process interpretations are discussed in Section 2.26.

Proximal Barrier

The proximal barrier is shore-attached at its western extent, and partially encloses

the estuarine embayment of Flat Bay (Figure 2.1). Near the point of attachment, the
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parrier consists of a narrow, cobble-boulder, overwash-dominated beach ridge complex
approximately 100m in width (Plates 2.5 and 2.6). The forebarrier is typified by clast-
supported, cobble-boulder storm berm deposits, and is sand-deficient. The backshore
hosts large-scale, lobate overwash fans that lie in inclined stacking patterns (Plate 2.7).
The fans extend locally into the backbarrier embayment, where they are overlain by
parrow fringing pebble beach deposits.

Towards the northeast, the proximal barrier broadens into a 0.5 kilometre wide
progradational to laterally accreting strandplain, with tangential beach ridge sets
separated by broad salt marsh swales. The forebarrier is organized into a series of littoral
cells, separated by cuspate headlands spaced 200-300 m apart. Forebarrier deposits are
characterized locally by large-scale, imbricated and openwork and pebble-cobble storm
berms, with lower foreshore plane-bedded sands occurring within shore concavities
(Plates 2.10 to 2.15).

The eastern-most extent of the proximal barrier consists of a narrow, laterally

acereting conglomeratic spit that encroaches on the mid-barrier washover (Figure 2.1).

Middle Barrier

The middle barrier hosts an extensive washover complex comprised of coa