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ABSTRACT

Although many modern coastlines are retreating as a result of global sea-
level rise, periods of stability and progradation may result from time-varying
sediment supply. In formerly glaciated regions, where sediment is derived
primarily from finite glaciogenic sources, sediment input may support
progradation for a time, but decline when the source deposit becomes
exhausted. For Conrads Beach on the Atlantic coast of Nova Scotia, georectified
maps based on aerial photographs, satellite photographs, maps and LiDAR data,
coupled with beach profiles and historic records, show that the shoreline has
retreated overall during the past ~230 years. The western and eastern
shorelines have also experienced stasis and progradation, respectively, over
intervals of years to decades, as well as rapid erosion and accretion over periods
of days to months, largely as a result of powerful storms. In the 1960s, a tidal
inlet formed and filled within a few decades, migrating ~60 m laterally during this
time.

To investigate timescales of centuries to millennia, ground-penetrating
radar profiles which imaged to depths of 6-8 m were linked to 13 vibracores that
penetrated up to 4.2 m, and supplemented by refraction seismic data to 23.5 m
depth. Grain-size parameters were used to support facies identification for sand
samples. An age profile based on radiocarbon dating suggests that the area was
open-marine or littoral at about 2800 calendar years BP. Locally increased
sediment supply caused rapid buildup and progradation of beach ridges along
the eastern beach from ~600-150 years BP. Landward of the beach-ridge area,
cores from a lagoon and marsh connected to the ocean by tidal inlets yield dates
that correspond to the period of beach-ridge formation. As the coast retreated,
erosion of drumlins provided large sediment pulses over a period of centuries,
temporarily building out the coast and creating a lagoon. The results support
previous models for the Atlantic coast of short-term progradation in response to
intermittent sediment supply from discrete sources, superimposed on prevailing
coastal retreat. Conrads Beach may serve as a model for the behaviour of other
high-sensitivity coasts with local sediment sources.

To test the Conrads Beach model, comparably detailed studies at other
sites would be required. To check whether such studies are feasible,
reconnaissance ground-penetrating radar/global positioning system data were
collected at five additional Atlantic Canada study sites. These sites represent
three distinctive environments of coastal evolution (Atlantic Ocean,
Northumberland Strait and Gulf of St. Lawrence) located in areas of both
moderate and high coastal sensitivity. Radargram facies similar to Conrads
Beach were identified, study site features were compared and sediment sources
evaluated. Aerial photographs, satellite photographs, maps and LiDAR were
also located for some of these sites. The abundance of aerial/map data and
encouraging preliminary ground-penetrating radar results suggest that the
Conrads Beach model could be tested at those locations.
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CHAPTER 1: INTRODUCTION

Conrads Beach is a coastal barrier system along Nova Scotia's Atlantic
shoreline and faces dramatic changes due to rising sea levels. Such coastal
systems, which include barriers, beaches, beach ridges, dunes, tidal channels
and lagoons, are dynamic natural environments, the longevity of which may
range from a few short years to centuries or millennia. They protect inland areas
from high-water events (Trenhaile 1997), are critical for maintaining biodiversity
and organism habitats (Defeo et al. 2009), and store water in their aquifers
(Defeo et al. 2009). Large coastal areas will be affected by changing barrier and
related ecosystems and these areas must be managed to maintain their health.
Conrads Beach includes a variety of landforms, is along a shoreline which is
highly sensitive to geomorphological change resulting from sea-level rise and is
near to an area with a high-resolution sea-level record. The Boyd et al. (1987)
model for coastal barrier evolution in response to rising relative sea-level was
tested. Ground penetrating radar (GPR) and refraction seismic surveys can be
used to image the internal structure of coastal sediments. Combining these data
with vibracores provides insight into sediment history with radiocarbon dating
suggesting the timeframe, and grain-size analysis suggesting the quantity and
quality of sediment. Examination of aerial photographs, satellite photographs,
maps, light detection and ranging (LiDAR) data, topographic data and historical
archives suggests changing coastal geomorphology. Understanding coastal
evolution will provide insight into how these important systems may change in the

future.



1.1 Objectives

Several short-term goals (to be completed within the scope of the M.Sc.)
have been identified for the study at Conrads Beach:

1) Determine the geometry and spatial relations of radar facies to assess
evidence for patterns of coastal development and migration in relation to other
aspects of the barrier system and overall transgression or regression.

a) Use GPR surveying to identify erosional surfaces and depositional units

in the stratigraphic record and conduct radar-facies analysis for the study

site.

b) Characterize the composition of radar facies using sedimentological

data from vibracores.

2) Document the evolution of coastal geomorphic elements over time and identify
major changes at the study site.

a) Conduct radiocarbon dating (if suitable samples are obtained) to link

erosional surfaces and depositional units to events in coastal

development.

b) Create a timeline for coastal evolution by integrating the GPR data with

archival information and radiocarbon data.

c) Compare the timeline with known weather and other historical events

that affected the coastal area.



1.2 Organization of Thesis

Chapter 2 provides the necessary geologic background information
regarding the development and migration of coastal components, transgression,
regression, coastal sensitivity and the effects of sea-level rise. The manuscript
entitled “Coastal Evolution Over the Past 3000 Years at Conrads Beach, Nova
Scotia, Canada: The Influence of Local Sediment Supply on a Transgressive
System” by Forde, Nedimovi¢, Gibling and Forbes forms the body of the thesis
and is presented as Chapter 3. It will be submitted to Estuarine, Coastal and
Shelf Science and provides a comprehensive account of Conrads Beach
evolution during the past 3000 years. Chapter 4 is a broader discussion of the
results, considering other open-ended questions. Chapter 5 presents the
conclusions of this thesis. Appendix 1 describes GPR and global positioning
system (GPS) methodology, and Appendices 2 and 3 contain the hand-written

vibracore log sheets and grain-size analysis sample statistics, respectively.

1.3 Contributions of Author

This study is the result of six field seasons (spring/summer 2007, 2010,
2011 and 2012, fall 2012 and spring/summer 2013). During the first field season
the undergraduate students of ERTH 2270 (Introduction to Applied Geophysics)
acquired refraction seismic data. Ground penetrating radar data were acquired
during the second field season. The author began her study in May 2010.
Subsequently the author and two field assistants (D. O'Connor and P. Regan)

spent six weeks (May 26-July 3, 2010) acquiring GPR data at Conrads Beach,



Carters Beach, Pomquet Beach, Point Deroche Beach, Brackley Beach and
Greenwich Beach. Dr. M. Nedivmovic provided supervision and assistance
during this field season. After a decision was taken to restrict the study to
Conrads Beach, the primary focus of the third field season (April 2011) was to
acquire a GPR data grid in the vicinity of a buried channel fill at Conrads Beach.
Dr. M. Nedivmovi¢ supervised the ERTH 2270 field assistants during two days of
data acquisition. The author supervised the ERTH 2270 field assistants during
the fourth season (April 2012). Additional GPR data were acquired to fill gaps in
the previous years' data acquisition. Vibracore data were collected at Conrads
Beach during the fifth field season (Oct 2012). The author directed the field
crews during four days of data acquisition. T. Duffet provided technical support
and Dr. M. Gibling supervised. The final field season (spring/summer 2013) was
used to acquire GPR common-midpoint data. The author directed the ERTH
2270 field crew for three days in April and the graduate student field crew for an
additional three days in May. J. Thibodeau provided in-field GPS support during
all five field seasons. He also corrected the 2011 GPS data by interpolating
missing values. All subsequent GPR/GPS data processing and interpretation,
vibracore core logging, grain-size analysis, and manuscript preparation were
performed by the author. T. Duffet and O. Brown provided advice during grain-
size analysis. Dr. M.R. Gibling, Dr. M. Nedivmovi¢ and Dr. D. Forbes provided

advice and editing.



CHAPTER 2: BACKGROUND
2.1 Geologic Setting

Conrads Beach is located 25 km east of Halifax, Nova Scotia (NS), in the
Meguma Terrane (Fig. 2.1). Here the bedrock is Halifax Formation and
Goldenville Formation of Cambrian to Early Ordovician age (White 2002). A key
event in the Quaternary history of the area was the Wisconsinan glaciation during
which, at the glacial maximum, sea-level was 110-120 m lower than present
mean sea-level (Stea et al. 1994). During parts of the glacial history, Hartlen Till
and then Lawrencetown Till were deposited on the bedrock (Stea et al. 1998).
These till deposits survive as drumlins up to 30 m thick located west, north and
east of Conrads Beach and as a locally present till veneer less than 5 m thick
(Utting 2011). The modern and sub-modern sediments at Conrads Beach are

marine littoral in nature, with an estimated thickness of 1-5 m (Utting 2011).

COBEQUID CHEDABUCTO FAULT SYSTEM
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Figure 2.1. Regional bedrock geology and study site. Adapted from White
(2002).



2.2 Coastal Evolution
2.2.1 Barriers

Conrads Beach is a coastal barrier system. Barriers are depositional
landforms separated from the mainland coast by lagoons, bays and/or marshes
(Trenhaile 1997; Davidson-Arnott 2010). They make up more than 10% of the
world's coastlines (Davidson-Arnott 2010) and are distributed globally with
extensive systems located in North and South America, Europe, Asia and Africa
(Fig. 2.2). Many coastal barriers are the result of shoreward sweeping of beach

sediments during and since the Late Quaternary marine transgression (Bird

2000).
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Figure 2.2 Global distribution of wide beach ridge plains, coastal dunes and
extensive barrier islands. Adapted from Martinez et al. (2008) and Scheffers et al.
(2011).

Most barriers share the following six components: 1) the mainland coast,



2) the lagoon, 3) the subaerial barrier including the beach, dune and backbarrier
deposits, 4) the subaqueous sediment platform, 5) the shoreface extending
offshore from the exposed beach and 6) inlets and tidal deltas (Davidson-Arnott
2010). Variations in barrier morphology are the result of the interactions between
the basic environmental controls of sediment supply, relative sea-level change,
terrestrial basement settings and wave climate (Orford et al. 1996). Barriers

may be classified according to how many free ends they have (Fig. 2.3).

Barrier Systems

| T 1
No Free End One Free End Two Free Ends
I I .'
Bay-mouth Mid-ba )
Tombolo garrier Bame?’ Barrier Island
. I
Spits Cuspate
- | Foreland
Constrained  continuation Flying

Bay-mouth Spit Spit
L Q

Figure 2.3 Barrier systems. Adapted from Davidson-Arnott 2010.

Tombolos develop on the lee sides of islands where wave refraction and
diffraction cause longshore currents to converge (Trenhaile 1997; Davidson-
Arnott 2010). This results in sediment deposition and may occur under
conditions of relative sea-level rise, fall or stability (Trenhaile 1997). One of the
key factors that determines tombolo evolution and direction of growth is the

sediment source (the island, the mainland or a combination of the two) (Trenhaile



1997). Bay-mouth barriers and mid-bay barriers form at the entrance, or along
the sides of, a bay respectively, and are the result of litttoral sediment transport
(Davidson-Arnott 2010). Littoral transport may be from one or both ends of the
barrier.

Barrier spits develop where sediment moving alongshore is deposited at
the mouth of estuaries and other places where there is an abrupt change in the
direction of the coast (Trenhaile 1997). While barriers tend to develop on coasts
with a small tidal range, barrier islands form where the tidal range generates
strong ebb and flow currents which maintain gaps between them, thereby
preventing wave action from depositing sand or shingle to seal the intervening
inlets (Bird 2000). Cuspate forelands develop either where longshore transport
is mainly from one direction or is from two opposite directions, or where
coastlines are reoriented to face the dominant waves (Trenhaile 1997).

Barrier islands enclose estuaries, embayments or narrow lagoons, which
are connected to the open sea by channels or tidal inlets between islands
(Trenhaile 1997). They also consist of long, narrow sand bodies that separate
offshore muddy sediments from lagoonal muddy sediments (Reinson 1992).
There are three main hypotheses for the origin of barrier islands: 1) the
aggradation and emergence of submarine bars, 2) spit progradation parallel to
the coast and segmentation of the spit by channels, and 3) isolation of beach and
beach-dune complexes due to coastal submergence (Hoyt 1967; Reinson 1992).
The controversy remains largely unresolved because most of the evidence

pertaining to their origin has usually been destroyed by subsequent modification



(Hoyt 1967; Reinson 1992).

Barrier island chains contain three main geomorphological elements:
sandy barrier islands, the enclosed lagoon or estuaries behind the barriers and
the tidal channels that cut through the barriers, and connect the lagoons to the
open sea (Reinson 1992). Each of these environments is made up of a number
of subenvironments which in turn are characterized by distinct lithofacies
(Reinson 1992). Barrier beach, channel and delta environments result in sand
and gravel facies whereas the lagoon environment produces mud and sand
deposits, and tidal channels and tidal deltas produce sand bodies that are
oriented perpendicular or oblique to the barrier complex (Reinson 1992).

Barriers may also be classified according to their alignment. Swash-
aligned barriers are parallel to the crest of the incoming waves and form where
there is no net longshore transport (Trenhaile 1997). Drift-aligned barriers result
when a significant amount of sediment is transported by longshore currents and
deposited alongshore (Trenhaile 1997). Drift-aligned barriers are maintained
when the sediment supply persists and may be transformed into swash-aligned
barriers if the sediment supply decreases and/or the wave conditions change
(Trenhaile 1997).

Microtidal barrier islands tend to be long and narrow, with abundant storm
overwash features, well-developed tidal channels and associated tidal deltas
(Reinson 1992). There are few channels, so storm surges tend to overtop the
barrier forming extensive overwash conduits (Reinson 1992). In the case where

tidal channels develop and then are abandoned, the vertical succession should



consist largely of mud which caps thin active channel sands, as opposed to the
thicker channel sands that result from lateral barrier inlet migration (Reinson
1992)

Lawrencetown Lake (east of Conrads Beach) is a barrier beach anchored
to two drumlin headlands (Boyd and Honig 1992). The marine littoral nature of
Conrads Beach's modern sediments (Utting 2011) and the fact that it is anchored
to the drumlin immediately to the west of the beach, suggest that this beach is a

constrained bay-mouth spit.

2.2.2 Beach ridges

Conrads Beach includes beach ridges and dunes. The pattern of beach
ridges and dunes can be used to decipher the history of barrier evolution (Bird
2000). Each beach ridge represents a previous shoreline with a series of beach
ridges recording the evolutionary stages of an accretionary feature (Trenhaile
1997). Beach ridges are wave-formed deposits and commonly form during either
high wave conditions and/or high water events on low energy beaches (Hesp et
al. 2005). They can also be formed by the successive addition of spits that have
grown parallel to the coast (Bird 2000). There are two requirements for the
formation of beach ridges: a high rate of sediment supply and a low offshore
gradient (Johnston et al. 2007). Beach ridges are primarily formed of sand
and/or gravel and are swash-aligned (Hesp et al. 2005). They become beach
ridges when they are separated from the active shoreline by progradation
(Johnston et al. 2007). Their internal sedimentary structure consists of sigmoidal

packages and they are usually located above the spring high-tide level (Hesp et

10



al. 2005). Beach ridge longevity depends upon overall progradation of the
coastline and the separation of new beach ridges from older beach ridges by
swales (Bird 2000).

The beach ridge system at nearby Lawrencetown Beach (Fig. 2.4) was
initiated ~ 700 years BP and is the result of marine reworking of drumlin
sediments during transgression (Hoskin 1983; Boyd and Honig 1992). Hoskin
(1983) identified a submerged boulder retreat shoal midway between
Lawrencetown Head and Half Island Point that was interpreted as the drumlin
sediment source for beach ridge development (Fig. 2.4). The eastern portion of
Conrads Beach (closest to Lawrencetown Beach) is also a beach ridge system
and the nearby drumlins have provided a large sediment supply (Taylor et al.

1985) for their development.

Porters . _
Lake ]

-

Lawrencetown Beach

-
Lawrencetown Q
Head "
200 m Half Islarid
— Point

Figure 2.4 Lawrencetown Beach (Google Maps 2014 CNES/SPOT,
Digital Globe). (Red lines) Approximate locations of beach ridges
identified by Boyd and Honig (1992). (White oval) Approximate
location of boulder retreat shoal identified by Hoskin (1983).
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2.2.3 Coastal Sand Dunes

On sandy beaches the formation of successive parallel beach ridges is
often accompanied by the evolution of successive foredunes (Bird 2000). Coastal
sand dunes and associated landforms protect inland areas from high water
events (extreme waves and tides), and provide the sediment store that is used to
replenish beaches during and after storms (Trenhaile 1997). Dunes can be
found worldwide (Fig. 2.2) and are the result of aeolian transportation of marine
sand from beaches to the backshore (Carter 1988). Saltation (particle movement
by jumping or leaping) is the primary method of sand transport from the beach to
the dunes (Carter 1988). Saltating particles travel tens of centimeters from the
ground surface and the saltation cloud is rarely larger than 1-2 m in total height
(Trenhaile 1997). A wind speed of 5 m/s is required to initiate saltation and wind
speeds from 4-5 m/s are required to continue the process (Pethick 1984).
Saltation moves sand grain from 0.2 mm to 2mm in diameter (Pethick 1984).
Surface creep moves sand grains > 2 mm in diameter and suspension moves
grains < 0.2 mm in diameter, but saltation is responsible for moving 75% of dune
sand from the beaches (Pethick 1984, Trenhaile 1997).

Coastal sand dunes are most common on dissipative coasts with strong
onshore winds and a large supply of sand-sized material (Carter 1988). In many
cases they originated when sea-level was lower and/or sediment supply was at a
maximum (Carter 1988).

Hesp (2002) identified primary factors (vegetation, wind velocity, erosion,

overwash incidence, wind direction) that govern the initiation of dunes. An
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obstacle (such as vegetation) in the path of a saltating cloud of grains will result
in a decreased wind velocity and sand grain deposition around and/or downwind
of the obstacle. This embryo dune has the potential to become a more
permanent landform (Pethick 1984; Carter 1988). While saltating grains passing
over a soft sandy surface lose energy (resulting in deposition of sand grains), the
same grains passing over a hard pebbly surface gain energy (resulting in erosion
of loose sand grains on the surface) (Pethick 1984). If an embryo dune grows
parallel to the shoreline, it may form a ridge on the order of 2 m in height, which
is known as a fore-dune (Pethick 1984). Together, the embryo dunes and fore-
dunes constitute the primary dune system (Davidson-Arnott 2010).

The secondary dune system includes all dunes located inland from the
primary dune system (Davidson-Arnott 2010). The morphological development
of established dunes is influenced by sand supply, vegetation cover, rates of
sand supply in conjunction with accretion and erosion, frequency and magnitude
of wind and wave forces, frequency and magnitude of storms and overwash,
long-term beach state, water levels, and human impact (Hesp 2002). The key to
dune formation and shape is the balance between the depositional/erosional
forces of saltation and the responsiveness of the transport rate to this balance
(Pethick 1984). Between dune-building phases, an unbalanced state exists in
which there are either periods of relative stability, during which soils are formed
(Carter 1988, Trenhaile 1997), or periods of erosion. Impeded dunes are
stabilized by their vegetation, but transgressive dunes lack vegetation and are

much more mobile (Davidson-Arnott 2010). There is a continuum of secondary
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dune types according to vegetation cover (Davidson-Arnott 2010).

Conrads Beach is on a dissipative coast with strong onshore winds year
round (Phillips 1990), and the geomorphology of the western beach includes
sand dunes. These well vegetated primary dunes are 1-2 m in height and are

oriented roughly parallel to the western beach.

2.3 Transgression

Relative sea-level change is one of the key factors in determining coastal
barrier geomorphology (Orford et al. 1996). Transgression is the long-term
inundation of the land by the sea (Fig. 2.5 A,B). In Atlantic Canada, long-term
tide-gauge records at Halifax, Nova Scotia (NS) show relative sea-level rise of
0.32 m/century over the past 100 years (Forbes et al. 2004, 2009). Relative
sea-level rise results from a combination of subsidence and regional sea-level
rise (McCulloch et al. 2002, Webster and Forbes 2005; Daigle 2006). Migration
of the marginal forebulge associated with the last glaciation has resulted in ~
10,000 years of coastal subsidence in Atlantic Canada (Quinlan and Beaumont
1981; Daigle 2006) and GPS measurements in Dartmouth, NS, show a
subsidence rate of 0.16 + 0.05 m / century (Forbes et al. 2009).

Transgressive coasts receive sediment from rivers that reach the coast
and/or wave processes that erode pre-existing deposits as the coast moves
landward (Boyd 2010). In the case of Conrads Beach, the Eel River-West Marsh

system north of the beach area is a tidal channel complex.
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In Nova Scotia, the transgressive nature of the shoreline is the driving
force for barrier change (Orford et al. 1996). In transgressive settings there is a
spectrum of depositional settings ranging from 1) barrier islands that protect
lagoons with few rivers flowing into the lagoons, 2) more extensive lagoons with
several drowned river mouths, and 3) funnel-shaped drowned river valleys with

few or no barriers at the estuary mouth (Reinson 1992).
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Figure 2.5 Transgression versus regression. (A) The shoreline at some initial
condition. (B) Initial shoreline after transgression. (C) Initial shoreline after
regression. Adapted from Harwood (2014).

2.4 Regression

Regression is the relative seaward motion of the shoreline (Fig 2.5 A, C)
and also results from the dynamic interplay between coastal erosion/deposition
and sea-level rise/fall (Boyd 2010). If the sediment supply is sufficiently large to

build the shoreline seaward during times of sea-level rise, normal regression
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occurs (Boyd 2010). In contrast, forced regression is the case where falling sea-
level results in a seaward moving shoreline (Boyd 2010). A prograding shoreline
results from regression; a normally prograded shoreline occurs during stationary
or slowly rising sea-levels while a forced prograding shoreline results from falling

sea-level (Lessa et al. 2000).

2.5 Landward Migration of Coastal Systems

Changing sea levels can cause coastal systems to migrate. Landward
barrier migration has been observed in many parts of the world where the
coastlines are transgressive (Dillenburg et al. 2006; Harvey 2006). Assuming a
relatively stable initial state, an increase in mean sea level will initially cause
erosion and redistribution of sediments (Dubois 1992; Costas et al. 2006). When
a new equilibrium state has been reached, the overall result of the increased
mean sea level is net landward migration (Dubois 1992, Costas et al. 2006).
Walter's Law indicates that transgression results in shallow-water facies being
overlain by deep-water facies (Dubois 1992) but, in a coastal setting, retreating

barrier systems build up subaerial sediment accumulations.

2.5.1 Northeast Graham Island, British Columbia

Northeast Graham Island (Fig. 2.6) is located on the central coast of
British Columbia which is highly sensitive to level change (Walker and Barrie
2004). Over the Holocene, sea level rose 166 m and the current sea level rise is

1.5 mm/year (Walker and Barrie 2004). The long-term trend of regional sea-level
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rise suggests this shore is transgressive, so landward migration of the coastal
system would be expected. The authors found the area had three distinct
landscapes. The North Beach consists of prograding foredunes; Rose spit has
reflective cuspate cobble beaches with sandy low tide terraces; and East Beach
has multiple barred beaches backed by migrating foredunes and parabolic
dunes. The dissipative shores of North Beach are prograding at 0.3-0.6 m/year
while the high energy East Beach is retreating by 1-3 m/year. Shoreline retreat
at East Beach (the larger change) is the expected outcome of landward migration
of a coastal system on a transgressive shore, but the sediment supply is

sufficiently large for North Beach to prograde.
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Figure 2.6 Northeast Graham Island, British Columbia (Walker and
Barrie 2004). Wind rose and sand drift potential roses are shown.
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2.6 Seaward Migration of Coastal Systems

Seaward barrier migration has been observed on both transgressive
shorelines (Ollerhead and Davidson-Arnott 1995; Walker and Barrie 2004,
Garrison et al. 2010) and regressive shorelines (Lessa et al. 2000; De Oliveira
Caldas et al. 2006). The following are some case studies of the effects of

seaward barrier migration on transgressive and regressive shores.

2.6.1 On Transgressive Shorelines
2.6.1.1. Bouctouche Spit, New Brunswick

Bouctouche Spit is a flying spit (Fig. 2.7) located along the north shore of
New Brunswick, facing PEI (Ollerhead and Davidson-Arnott 1995). This is a
mixed microtidal environment in a low energy coastal environment dominated by
bedrock outcrops, sandy barrier systems and numerous drowned river valleys
(Ollerhead and Davidson-Arnott 1995). These authors estimated that for the past
4000 years the average rate of relative sea-level rise at the west end of PE| was
90 cm / century. Long-term regional sea-level rise suggests this shore is
transgressive, so landward migration of the coastal system is expected.
Between 1839 and 1988 the distal end of the spit advanced ~ 400 m seaward
while the middle section of the spit narrowed. The center section of Bouctouche
Spit has been migrating landward with rising sea level for at least the past 1100
years. Similarly the proximal end of the spit has likely been migrating landward
at the rate of at least 3 m/year for at least the past 1000 years. The large

advance of the distal end of the spit is an example of seaward migration of a
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coastal system on a transgressive coast.

Figure 2.7 Bouctouche Spit, New Brunswick (Ollerhead and
Davidson Arnott 1996).

2.6.1.2 North Padre Island, Gulf of Mexico, Texas

At 200 km long, up to 3 km wide and 10-15 m thick, Padre Island, Texas,
is the widest and longest barrier island in the world (Garrison et al. 2010). This
Gulf of Mexico barrier island (Fig. 2.8) is located in a microtidal environment with
a tidal range < 0.5 m (Garrison et al. 2010). Holocene sea-level curves indicate
lowstands 2400 years BP, 1100 years BP, and between 600 and 400 years BP

(Tanner 1992; Balsillie and Donoghue 2004) and a highstand at ~ 2000 years BP
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(Morton et al. 2000). Barrier island growth was initiated during the lowstand at
2400 years BP (Garrison et al. 2010). Regional sea-level has been rising since
2400 years BP suggesting the shoreline is transgressive. The island has been
prograding seaward at a rate of 1 m /year as a result of longshore sediment
transport (Garrison et al. 2010), which is an example of seaward migration on a

transgressive shoreline.

<— Location of cores EE and CCP3
~——Study Area

Figure 2.8 Padre Island, Gulf of Mexico, Texas (Garrison et al. 2010).

2.6.2 On Regressive Shorelines
Regressive barriers that are not near river mouths may be built from the

reworking of inner shelf sediments during sea-level fall (De Oliveira Caldas et al.
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2006). The north coast of Rio Grande do Norte State, in northeastern Brazil (Fig
2.9), is wave-dominated, with mean wave heights from 0.2 mto 1.4 m,
depending upon location (De Oliveira Caldas et al. 2006). These authors found
that ~ 6000 years BP sea-level was similar to modern sea level. At 4500 years
BP, sea-level rose to 3 m above present mean sea level, and it has been falling
ever since. This long-term history of regional sea-level fall suggests this
shoreline is regressive. During sea-level fall a regressive barrier was deposited
and has since been migrating seaward (De Oliveira Caldas et al. 2006). This is

an example of seaward migration of a coastal system on a regressive shore.

2.7 Coastal Sensitivity

Another factor that influences shoreline evolution is coastal sensitivity.
Coastal sensitivity is the degree to which a rise in sea-level would accelerate
geomorphological change (Shaw et al. 1998). The sensitivity index (Sl) is

calculated using the following formula

SI:\/(aXbXCX(;XeXfXg) [2.1]

where a = relief ranking, b = rock type ranking , ¢ = coastal landform ranking, d =
sea-level tendency ranking, e = shoreline displacement rate ranking, f = mean
tidal range ranking and g = mean annual maximum significant wave height
ranking (Shaw et al. 1998). Conrads Beach is in a region of high SI (Fig. 2.10),

along with much of the Atlantic coast of NS and most of the PEI.
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Figure 2.10 Study site and the coastal Sensitivity Index. Modified from
Shaw et al. (1998).

Shaw et al. (1998) calculated the Sl for shorelines along each 1:50,000
map sheet with locations being assigned a ranking from 1 to 5 for each of the
seven Sl variables (Shaw et al. 1998). The minimum and maximum values
possible are 0.3 and 106 respectively, with S| of 0-4.9 considered low, 5-14.9
considered medium and 15 and larger considered high (Shaw et al. 1998). At
Conrads Beach mixed semi-diurnal tides range from 1.8-2.1 m (Taylor and
Frobel 2001), so the tidal range ranking is 2 (Table 2.1). Landforms include
beaches and unconsolidated sediment (till) over bedrock, and barrier, salt
marshes and peat. The average dune height is on the order of 2-3 m. A relative
sea-level rise of 32 cm / century for the past 90 years (Parkes et al. 2002; Forbes

et al. 2004, 2009) is also an indicator of a high Sl. The till and marine littoral
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sediments are easily erodible. Additionally, beaches and dunes are dynamic
coastal landforms that respond to a variety of factors. The combination of
regional subsidence and local sea-level rise results in a relative sea-level rise of
~32 cm / century (Forbes et al. 2009). A mean tidal range and maximum
significant wave height of 1.8-2.1 m (Taylor and Frobel 2001) and 7-8 m (Boyd et
al, 1987; Taylor and Frobel 2001), respectively, also contribute to Conrads

Beach's high Sl.

Table 2.1 Ranking of coastal Sensitivity Index variables (adapted from Shaw et
al. 1998) for Conrads Beach (bolded).

Ranking of Sensitivity Index
Very low Low Moderate High Very high
Variable 1 2 3 4 5
1. Relief (m) >30 21-30 11-20 6-10 0-5
2. Rock type Plutonic | Metamorphic Most Pooly Unconsolidat-
rocks, rocks sedimentary | consolidated | ed sediments,
high-grade rocks sediments ice
metamorp
hic &
volcanic
rocks
3. Landform Fjord, high| Moderate Beach, Barriers, Ice-bonded
rock cliffs, | and low rock | unconsolid- | bluffs, salt | sediments, ice-
fiard cliffs ated marsh, rich sediments,
sediment peat, mud ice shelf,
over flats, delta, tidewater
bedrock spit, glacier
tomobolo
4. Sea-level change >-50 -50 to -20 -19 to +20 21 to 40 >40
(cm/100 a)
5. Shoreline >+0.1 0 stable -0.1t0-0.5 | -0.6t0-1.0 | >-1.0 eroding
displacement (m/a) accreting eroding eroding
6. Tidal range (m) <0.50 0.5-1.9 2.0-4.0 4.1-6.0 >6.0
7. One year maximum 0-0.9 3.0-4.9 5.0-5.9 6.0-6.9 >6.9
wave height (m)
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2.8 Consequences of Sea-level Rise

The rate of eustatic sea-level rise is accelerating (Bindoff et al. 2007,
Rahmstorf et al. 2007; Forbes et al. 2009). Transgression and regression are the
result of the interaction between coastal erosion or deposition and relative sea-
level changes (Boyd 2010). The two most common outcomes are transgression
(shoreline erosion) and regression (shoreline deposition). Forced regression
occurs when relative sea-level falls and normal regression occurs when the rate
of deposition exceeds the rate of relative sea-level rise. In the case of
transgression, shoreline erosion can cause rapid change over considerable
distances. In Atlantic Canada, the anticipated results of sea-level rise include
increased rates of bluff erosion, higher rates of beach erosion, more frequent
overwashing of beaches and destabilization of coastal dunes (Shaw et al. 1998).
Barrier systems on transgressive coasts go through a cycle of progradation,
retreat and reestablishment (Boyd et al. 1987). Boyd et al. (1987) studied
several barrier systems along the eastern shore of NS and created an
evolutionary model for transgressive sedimentation (Fig. 2.11). In this model,
deglaciation results in relative sea-level rise, estuary formation and the
deposition of till and drumlins. As relative sea-level rises, the drumlins are
eroded and the redistributed sediments form barriers which are anchored to the
remaining drumlins. Hoskin (1983) and Boyd and Honig (1992) confirmed that
the Lawrencetown Beach/Lawrencetown Lake system fits the model. It is not
known whether this model applies to all drumlin-anchored barrier systems or

which of the four barrier geomorphological controls (sediment supply, relative

25



sea-level change, terrestrial basement setting and wave climate (Orford et al.

1996)) is most important in determining coastal barrier morphology.

2.SEA LEVEL RISE 3. BARRIER GENESIS
AND ESTUARY FORMATION AND PROGRADATION 4 BARRIERSRETREAT
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Figure 2.11 Barrier genesis, destruction, and re-establishment in response

to rising relative sea-levels on the paraglacial coast of Nova Scotia (Boyd et
al. 1987

In order to answer these questions, a detailed study of Conrads Beach
was conducted and reconnaissance GPR/GPS data were collected at five other
locations. Detailed interpretations of the reconnaissance GPR/GPS results were
outside the scope of this study, but may indicate how well the factors for Conrads
Beach evolution fit with other locations and whether other factors play a greater

role in determining the response of these coastal systems to sea-level rise.
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CHAPTER 3: COASTAL EVOLUTION OVER THE PAST 3000 YEARS AT
CONRADS BEACH, NOVA SCOTIA, CANADA: THE INFLUENCE OF LOCAL
SEDIMENT SUPPLY ON A TRANSGRESSIVE SYSTEM

3.1 Abstract

Although many modern coastlines are retreating as a result of global sea-
level rise, periods of stability and progradation may result from time-varying
sediment supply. In formerly glaciated regions, where sediment is derived
primarily from finite glaciogenic sources, sediment input may support
progradation for a time, but decline when the source deposit becomes
exhausted. For Conrads Beach on the Atlantic coast of Nova Scotia, georectified
maps based on aerial photos, satellite photos, maps and LiDAR data, coupled
with beach profiles and historic records, show that the shoreline has retreated
overall during the past ~230 years. The shoreline has also experienced
progradation and stasis over intervals of years to decades, as well as rapid
erosion and accretion over periods of days to months, largely as a result of
powerful storms. In the mid to late 1900s, a tidal inlet formed and filled within a
few decades, migrating ~60 m laterally during this time.

To investigate timescales of centuries to millennia, ground-penetrating
radar profiles which imaged to depths of 6-8 m were linked to 13 vibracores that
penetrated up to 4.2 m, and supplemented by refraction-seismic data to 23.5 m
depth. Grain-size parameters were used to support facies identification for sand
samples. An age profile based on radiocarbon dating suggests that the area was

open-marine or littoral at about 2800 calendar years BP but that locally increased
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sediment supply caused rapid buildup and progradation of beach ridges from
~600-150 years BP. Landward of the beach-ridge area, cores from a lagoon and
marsh connected to the ocean by tidal inlets yield dates that correspond to the
period of beach-ridge formation. As the coast retreated, erosion of drumlins
provided large sediment pulses over a period of centuries, temporarily building
out the coast and creating a lagoon. The results support previous models for the
Atlantic coast of short-term progradation in response to intermittent sediment
supply from discrete sources, superimposed on prevailing coastal retreat.
Conrads Beach may serve as a model for the behaviour of other high-sensitivity

coasts with local sediment sources.

3.2. Introduction

Global sea level has risen 120 m over the last 21,000 years (Bindoff et al.
2007). The rate of global sea-level rise has been variable both in time and
space, with an average for the 20" century of 1.7 + 0.3 mm per year (Church and
White 2006; Bindoff et al. 2007). Global sea-level rise has been accelerating
(Scott et al. 1995; Church and White 2006) and satellite data from 1993-2006
show a sea-level rise of 3.3 + 0.4 mm/year (Church and White 2006; Rahmstorf
et al. 2007). Roughly 50% of the world's population lives within 200 km of the
coastline, and 23% of the world's population lives less than 100 km from the
coast and less than 100 m above sea-level (Creel 2003; Nicholls et al. 2007). As
these percentages are expected to grow coastline changes will increasingly

affect human populations.
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Barrier islands and coastal dune systems are distributed globally under a
variety of climates (Carter 1988; Martinez et al. 2008) and form vital, dynamic
buffers that protect coastlines from high-water events. Sediments are supplied to
coastal systems by the reworking of seafloor deposits, by longshore sediment
transport and by rivers (a negligible contribution in Nova Scotia). Thus marine
processes play an important role in shaping the coastal landforms through a
dynamic interplay between geomorphic setting, climate, sediment transport,
hydrodynamics and biogeochemistry (Reed et al. 2009). In the case of
established dunes, factors that influence their morphological development
include sand supply source and rate, sand remobilisation, vegetation cover,
intensity of wind and wave forces, frequency and magnitude of storms and
overwash, long-term beach state, water levels and human impacts (Hesp 2002).
Rising sea-level affects wave forces and water levels from storms and overwash
events, thus indirectly affecting coastal systems (McCann 1990).

The Atlantic coast of Nova Scotia has experienced an exceptionally rapid
rate of Holocene relative sea-level rise with average increases of 2.5 m every
1000 years for the past 5000 years (Gehrels et al. 2004) and 3.2 £0.1 mm/year
for the past century (Gehrels et al. 2005; Charman et al. 2010). Rising sea-level
and associated increased storminess has led to retreating beaches, dune
scarping, and loss of dune vegetation (Brown and McLachlan 2002). Shaw et al.
(1998) used a set of criteria to rank the sensitivity of Canada's coastline to
geomorphological change. They inferred that the presence of low-relief,

unconsolidated or poorly consolidated sediments, beaches, barriers, salt
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marshes, peat, and high rate of sea-level change contribute to Atlantic Canada's
moderate and high coastal sensitivity.

The response of coastal areas to Holocene sea-level rise has been
documented at several key sites along the Atlantic coast of Nova Scotia. Based
on analysis of marsh-estuarine foraminifera in dated cores from Chezzetcook
Inlet, sea-level curves were established by Scott (1977), Brown (1993), Scott et
al. (1995) and Gehrels et al. (2005). At Conrads Beach and Lawrencetown
Beach, beach-ridge formation and post-glacial transgressive sedimentation have
been documented (Hoskin 1983; Boyd et al. 1987; Shaw et al. 1993), along with
beach profiles and dynamics (Taylor et al. 1985), dune morphology (Hales 1992),
and the late Holocene history of Lawrencetown Lake (Boyd and Honig 1992).
Aerial video surveys covered both beaches (Taylor and Frobel 2001).

This study extends the historical account of the Lawrencetown Lake area
(Boyd and Honig 1992) to a nearby barrier system at Conrads Beach. The
purpose of this article is to establish the historical records of Conrads Beach, a
broad coastal compartment between eroding drumlins.

Changes in sedimentation and geomorphic setting at Conrads Beach on the
scale of decades to a few centuries (short-term) and millennia (long-term) are
investigated. Extending previous research results, high-resolution surface and
subsurface information were obtained from a collection of maps and aerial
images, ground-penetrating radar profiles, seismic refraction data, facies analysis
and dating of cores. The study site is located on a highly sensitive coast that is

susceptible to rapid geomorphological change (Taylor et al. 1983; Boyd et al.
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1987; Shaw et al. 1993). Other important factors include proximity to
Chezzetcook Inlet, for which a high-resolution record of sea-level rise exists
(Scott et al. 1995), and a lack of fluvial input, which makes it easier to isolate
marine effects. Although the study site has experienced anthropogenic activities
since European settlement, many of these activities are documented and modern
anthropogenic effects have been minimized since the beach received protected
status in 1984 (Bird 1984). The combination of these factors allows Conrads
Beach to serve as a proxy for future global sea-level change on other sensitive

coasts, both nationally and globally (e.g. Orford et al. 2000).

3.3. Field Site and Geological Background

Conrads Beach is located 25 km east of Halifax, Nova Scotia (Fig. 3.1A). The
study area has 2.7 km of shoreline and an area of ~1.4 km2. The bedrock
consists of metasedimentary rocks of the Cambrian-Ordovician Goldenville and
Halifax groups (White 2010). Large drumlins are located close to the beach, and
a till veneer is present locally (Utting 2011). Eroding drumlin headlands west and
east of the beach (Fig. 3.1A, Conrads Head and Lawrencetown Head,
respectively) are undergoing erosion at the rate of 1 m/yr (up to 3 m/yr during
severe storm seasons) (Boyd et al. 1987). Conrads Beach sediment is derived
largely from Conrads Head and is predominantly sand with a pebble-cobble
storm ridge or cobble berm in the western part. The eroded Egg Island-Fox
Island drumlin complex was an important sediment source in the past (Boyd et al.

1987; Carter et al. 1990; Forbes 2012). Additional sediment sources include the
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eroding beach ridges and offshore areas. A gravel-cobble ridge is located
west of Fox Point and appears to extend below the dunes on the western beach.

Several geomorphic elements are present (Fig. 3.1B). A sandy beach varies
from 12 m wide at its northeasternmost point to 85 m wide at Fox Point,
measured from the dune boundary to the shoreline in a 2012 aerial photograph.
West of Fox Point, the beach passes gradually landward into dunes with crests 1-
2 m high, but behind the beach east of the point the dunes are cut by a steep
erosion surface and are greater than 2 m high. The dunes are vegetated, with
grassland, mixed vegetation (grass and trees), and marsh bordering the lagoonal
areas of West Marsh and Eel River. Alarge area of beach ridges with undulating
topography and tree cover lies north and east of Fox Point.

The Labrador current flows southwest year-round along the Atlantic Coast
of Nova Scotia, with ocean surface temperatures from 15-18 °C in the summer
and 0-3 °C in the winter (Phillips 1990). During the summers, prevailing winds
are toward the northeast with an average speed of 18-23 km/h, and offshore
sands are deposited on the beaches by wave action. Storm tracks are oriented
east-northeast and wave heights are less than 2 m, 90% of the time. During the
winter, the prevailing winds are toward the southeast with an average speed of
32-37 km/h, and beach sands are carried out to sea. Storm tracks are oriented
northeast or east-northeast and wave heights are above 6 m, 2-5 % of the time.
The Nova Scotia coast is subject to high wave energy with deep-water wave
heights of 7-8 m, wind waves generated on the Scotian Shelf, and a long-period,

low-amplitude Atlantic swell (Boyd et al. 1987; Taylor and Frobel 2001). Maximum
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wave power occurs from October to April (Boyd et al. 1987).

The seasonal variation in wind, wave and ice conditions (Taylor and Frobel
2001) influences deposition in the beach-dune system. Dune growth is directly
related to wind regime, beach-dune sand transport rate, and vegetation cover
(Davidson-Arnott 2010). Summer sand transport rates are low and plant growth
rates are high, leading to minor deposition in the foredunes (Davidson-Arnott
2010). In the autumn increasing sand transport rates and decreasing vegetation
cover result in the greatest rate of sand transport to the foredune crests
(Davidson-Arnott 2010). In the winter freezing conditions reduce the availability
of beach sediments and increased storminess results in beach-dune system
erosion (Davidson-Arnott 2010). At Conrads Beach, winter erosion transports
sand offshore in large enough quantities to reduce beach width, expose pebble-
cobble gravel underlying the beach sand, and cut and steepen the foredunes.
Increased beach deposition in the spring, summer and fall covers the cobbles
with sand and increases dune heights. North of Conrads Beach, Eel River and
West Marsh receive tidal water but have no fluvial input. Mixed semi-diurnal tides
range from 1.8-2.1 m (Taylor and Frobel 2001).

During the Wisconsinan glacial maximum, 22,000 years ago, glaciers
extended as far south as the shelf edges of Atlantic Canada (Shaw et al. 2006).
Migration and subsidence of the marginal forebulge over the past ~10,000 years
(Quinlan and Beaumont 1981) and glacioeustatic sea-level rise have combined
to cause long-term inundation of the coast (McCulloch et al. 2002; Webster and

Forbes 2005; Diagle 2006). Nova Scotia is located in the peripheral forebulge
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zone, which experienced a short period of relative sea-level fall prior to 7000
years BP and has been undergoing relative rise since then (Scott et al. 1987). In
the Halifax area, the subsidence rate is 0.16 £ 0.05 m per century, and long-term
tide-gauge records indicate a relative sea-level rise of 0.32 m per century over

the past 90 years (Forbes et al. 2009).

3.4. Methods and Data

Ground-penetrating radar (GPR) with a differential global positioning system
(GPS) was selected as the main method for subsurface analysis due to its ability
to quickly, precisely, and in great detail image the subsurface and obtain
positional information. GPR has been used successfully to image coastal dunes
in a variety of global locations (Bristow et al. 2000; Neal and Roberts 2001;
Buynevich et al. 2007; Garrison et al. 2010; Gonzalez-Villanueva et al. 2011).
Seismic data were collected at several locations to determine the thickness of the
unlithified sediments, which was not possible using the GPR due to its depth-
penetration limitations. Vibracoring (a minimally invasive technique) was used at
locations selected on the basis of GPR profiles. The cores provided materials for
grain-size analysis and radiocarbon dating. Additional surface and elevation data
were obtained from aerial photographs, satellite photographs, profiles, maps and

LiDAR.

3.4.1 Global Positioning Systems

A Leica Geosystems GPS 1200™ differential GPS was used simultaneously
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with the GPR to collect location and elevation data with a precision of £ 1.5 cm.
In order to maintain positional accuracy the GPS base-station receiver was
centered over the same position during each survey and the benchmark GSC-
001 was surveyed. The World Geodetic System (WGS) 1984 Universal
Transverse Mercator (UTM) Zone 20 North coordinate system was used with the
WGS 1984 datum. The GPS calculated local sea-level by subtracting the local
geoid model from the GPS ellipsoidal heights and in the value was 19.6 m above

datum for Conrads Beach.

3.4.2 Ground-penetrating Radar, Beach Profiles and LiDAR

A Sensors and Software Inc. Smart Cart™ with 50 MHz, 100 MHz and 200
MHz antennas was used to collect common offset GPR traverses. Also collected
were 14 common mid-point (CMP) vertical profiles at a frequency of 200 MHz
and a step size of 0.2 m. Over three field seasons (spring/summer 2010, 2011
and 2012), 182 common offset traverses totalling 20.3 km were acquired. Most
common offset traverses were collected either parallel or perpendicular to the
shoreline (Fig. 1B) and all had near-zero common offset (0.5 m).
Reconnaissance traverses acquired in 2010 intersected a buried channel south
of West Marsh, and a detailed 50 m by 50 m GPR grid (51 north/south lines and
51 east/west lines) was collected in 2011 using the 100 MHz antenna. The CMP
traverses were acquired during the spring 2013 field season and were oriented
parallel or oblique to the nearest common offset traverse.

The GPR data were processed using Sensors and Software EKKO_View
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Deluxe (version 1 release 3)™ and Paradigm's Focus 5.4™ software. The
dewow high pass filter was applied to remove the inductive low frequency
component of the GPR data (Sensors and Software Inc. 2006). This was
followed by application of a trapezoid bandpass filter with corner frequencies 20,
35, 80 and 100 MHz for the 2010 50 MHz data; 25, 40, 155 and 225 MHz for the
2010 100 MHz data; 37, 70, 140, 210 MHz for the 2011 100 MHz data cube; and
30, 65, 140, and 210 MHz for the 2012 100 MHz data. The 200 MHz data
collected in 2010 were spatially undersampled and were not useable.

Precise and accurate topographic information is required in order to apply a
topographic correction to the GPR data. The GPS rover occasionally lost contact
with the base station resulting in a loss of vertical accuracy. In the case of six
traverses, the vertical position was computed by interpolation and the GPS files
were edited manually prior to applying the topography correction. During
acquisition of the 2011 data cube, a GPR-GPS miscommunication resulted in
GPS data being collected for ~1 in 10 traces. Bezier curves were used to
interpolate the missing easting and northing values for each line. Elevation
values were interpolated by first creating a Delauney Triangulation of the known
elevations and then creating Bezier triangles. All GPR traverses were migrated
using a velocity of 0.125 m/ns. A top-mute was applied in Paradigm's Focus
5.4™ to remove migration noise arriving prior to the direct wave. Kingdom Suite
8.6™ and Opendtect 4.4.0™ software were utilized for GPR/GPS data
visualization and ArcGIS 9.2™ software was used for GPS data visualization.

Beach profiles acquired by the Geological Survey of Canada over many
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years were surveyed using a variety of techniques that included graduated rods
sighted on the horizon, conventional optical levelling and electronic total stations.
For almost 20 years, real-time kinematic GPS has been employed (Taylor et al.
2014). Surveys were tied to fixed monuments (typically T-bars or rebar with
numbered caps) and eventually to WGS-84, NAD83, and the CGVD28
(Canadian Geodetic Vertical Datum of 1928) vertical datum.

LiDAR data were acquired by the Halifax Regional Municipality in partnership
with the Geological Survey of Canada, the Province of Nova Scotia and others in
2008 (Forbes et al. 2009). They covered about 1384 km? centred on Halifax
Harbour but extended some distance east along the Eastern Shore, including the
present study area. The data made available for this project were from a ‘bare-
Earth’ (buildings and vegetation removed) digital elevation model (DEM),
adjusted to the CGVD28 vertical datum, with a vertical resolution of £15 cm, and

gridded horizontally at 2 m.

3.4.3 Seismic Refraction

Seismic refraction data were collected during the springs of 2007, 2011, and
2012 using the Geode/ES-3000 Seismic System™ with a laptop computer as
controller. At each of the investigated locations (Fig. 3.1B) two spreads with 24
vertical geophones spaced 5 m and 1 m apart and planted on the surface were
employed. The long, 120 m spread was used to determine the sediment
thickness and velocity, as well as the velocity of the crystalline basement. The

short, 24 m spread was used to determine the thickness and velocity of the
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uppermost layer of surficial material characterized by slow P-wave velocity. The
source for the long spread was a buffalo shotgun (12 gauge steel shot) triggered
at 0.5-1 m depth to generate a strong signal with deep penetration. For the short
spread, a sledgehammer was struck at the surface to generate critical refractions
at the shallow boundary between the sediment layers characterized by slow and
fast P-wave velocities. Head waves at this boundary could not be generated
using the shotgun source, which is triggered below this interface. The shotgun
and sledgehammer were triggered at both ends of the spreads, 5 mand 1 m
from the last geophone, respectively. A hand auger was used to excavate to a
depth of 0.5-1 m; the shotgun was inserted into the hole and water poured into
the hole to improve coupling. The sledge hammer was struck six times on a 2.5
cm-thick steel plate at both ends of the spread. To improve the signal to noise
ratio, shot gathers for both shotgun and sledgehammer source were formed by
stacking 5 and 30 records, respectively.

Data analysis was carried out using Refract™ software (Burger et al. 2006),
which is based on the method of Aadachi (1954). First arrivals, picked on
amplitude balanced and bandpass filtered shot gathers, were first input into the
software. A starting subsurface model, constrained by the picked first arrivals and
containing an arbitrary number of layers separated by planar interfaces, was then
formed. These initial conditions allow Refract™ software to calculate the first
arrival times for the starting model and to adjust the subsurface model to
minimize the root mean square misfit between the modeled and the picked

traveltimes.
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3.4.4 Vibracoring

Vibracoring was carried out in the Fall 2012 field season, following GPR data
analysis which identified many potential subsurface targets. A Wink Vibracore
System™ was employed to collect core samples at 13 locations (Fig. 3.1B) for
which the elevation was precisely determined using the differential GPS.
Aluminum pipes 10 cm in diameter with 5 mm wall thickness were used to collect
the cores. The vibrations that allowed the tube to penetrate into the ground also
caused the sediments inside the core tube to compact. Before extracting the
cores, measurements were taken from the top of the tube to the ground surface
outside the tube and to the topmost sediment inside the tube. The difference
between the two values reflects the vertical extent of sediment compaction during
coring. Compaction measurements range from 59 cm to 243 cm. The tubes
were extracted and transported to Dalhousie University for analysis. The
sediment cores ranged in length from 124 cm to 353 cm. A Ridgid™ battery
powered, reciprocating saw was used to cut the tubes into 150 cm lengths and in
half longitudinally. A length of wire was moved along the cut tube from bottom to
top in order to aid sediment separation when the tube halves were opened. Each
halved core segment was covered with clingfilm, bagged and labelled. One
segment was archived and the other was used for logging and analysis.

Each working segment was photographed in colour at scales of ~ 1:2 and 1:7

and sketched on core log sheets with a scale of 1:5. A Munsell™ colour chart
was used for sediment colour identification and a grain-size chart and hand lens

were used to visually estimate grain size, roundness and sphericity. The
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presence of organic material (roots, grass, wood fragments) and shell fragments
was also noted.

In order to obtain accurate depths of core penetration, a unitless linear
stretching factor was calculated for each core ((core length + compaction) / core
length) and ranged from 1.17 to 2.71. For example core 1 was 124 cm long, has
134 cm of compaction, a stretching factor of 2.08, and penetrated to a depth of
258 cm (core length * stretching factor). Almost all of the core material is sand so
the stretching factors were applied uniformly to all cores except Core 4, which
contained a non-compactable cobble (long axis 85 mm); the remaining sediment
was stretched by an additional factor to generate the original core length. Cores
5 and 9 each had a 2-3 cm gap in a sandy layer with roots and grass in the top
50 cm. These gaps are artefacts of core splitting and the stretching factor was
not applied to them. The stretched logs range in length from 241 cm to 422 cm
and SedLog (version 3.0) software (Zervas et al. 2009) was used to generate

visual columns.

3.4.5 Grain-size Analysis

Cores were selected from each modern setting (tidal channel, dunes, marsh,
beach ridges). Although predominantly sandy, the samples contained varied
proportions of gravel, sand and mud, requiring an analytical protocol to assess
these components separately. This was carried out at the Bedford Institute of
Oceanography (Geological Survey of Canada). Eighteen sand-rich samples and

five mud-rich samples ranged in mass from 87 gto 112 gand 2 g to 28 g,
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respectively. The samples were weighed, wet-washed through a 63 y filter to
remove the mud fraction, dried, and re-weighed to determine the mud fraction.
The sand-rich samples contained less than 2% mud, which was discarded. The
mud fractions from the mud-rich samples were centrifuged and decanted to
remove excess water.

The mud-rich samples contained organic material in both their sand and mud
fractions, and this was removed using a 35% hydrogen peroxide solution. The
mixture was heated to 60 ° C to activate the hydrogen peroxide and complete
digestion (an exothermic reaction generating bubbles) and then to 100 ° C to
deactivate the hydrogen peroxide, rinsed to remove any remaining hydrogen
peroxide, and dried.

The gravel and sand fractions were hand-sieved through -3.0 phi (8 mm) to -
1.0 phi (2 mm) at 1/4 phi intervals (phi = -logz (particle diameter / reference
diameter of 1 mm)) to measure and separate the gravel. Finer material (less than
1.0 phi or 2 mm) was analyzed using a Beckman Coulter LS230™ Laser
Diffraction Analyzer (long bench unit) with a variable-speed fluid module. This
system requires an obscuration of 8-10% for optimum results. The sand and
mud fractions were split to remove any bias in grain size, and small quantities (~1
g) were added to the analyzer until the optimum obscuration range was reached.
Sample sizes from 3-9 g were needed. The weighted percentages of the gravel,
sand, and mud fractions were entered into GRADISTAT software (Blott and Pye
2001) and the sample statistics were calculated. Grain-size parameters were

calculated using the Method of Moments (Folk and Ward 1957; Friedman 1961).
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3.4.6 Radiocarbon Dating

Some cores contained woody material, shell fragments and peat in
sufficiently large quantities for radiocarbon dating. The materials were removed
using tweezers. After being air-dried and weighed, seven samples were
submitted to BETA Analytic Inc. for dating. Due to the small sample size,
accelerator mass spectrometry '“C dating was performed. The shell fragments
were pretreated using acid etching. Woody samples and locally charred plant
materials that were extracted from the peat were pre-treated using a standard
acid/alkali/acid method. INTCAL13 and MARINE13 databases were used to

calibrate the radiocarbon dates (Reimer et al. 2013).

3.4.7 Aerial Photographs, Satellite Photos, Maps and LiDAR

The recent evolution of Conrads Beach was established by analyzing maps
from 1776, 1865, 1906, 1981, and 1992; vertical aerial photographs from 1945,
1954, 1960, 1973 (Nova Scotia Land Registry Service), 1974, 1992,1997 and
2003, satellite photos from 2002, 2008, 2010, 2012, and 2013; and 2008 LiDAR
data. See Table 3.1 for map and photo sources. The 1845, 1964, 1974, 1992,
1997 and 2002 air photos were scanned at 800 dpi and the 1960 and 1973 air
photos were scanned at 1200 dpi. The 2008 satellite photo digital file was
referenced to the North American Datum 1983 Canadian Spatial Reference
System Universal Trans-mercator Zone 20 N reference system and covered the
largest surface area. This satellite photo, and three benchmarks were used in

ArcGIS 9.1™ to georectify the other maps (except for the maps whose areal

43



extent was too small for georectification) and photographs. The benchmarks
were Geological Survey of Canada benchmark 001, the center of the western
gate post and the center of the southernmost landing (where the GPS base
station was located for the majority of the surveys). Table 3.1 gives total root
mean square (RMS) error for each georectified image. To calculate errors for
retreat rates of vegetation lines, the RMS errors for selected images were
squared, the values were added, and the square root was divided by the number
of years between the images. Subsequently, the georectified images, LIDAR and

GPS field data were all displayed in ArcGIS 9.1™.

3.5. Results
3.5.1 GPR and Seismic Results

The GPR 100 MHz antennas provided useful images of the subsurface to
depths of 6-8 m, estimated using an average near-surface velocity of 0.11 m/ns
from the common-midpoint survey. Using this velocity, the depth resolution was
~0.3 m (based on the %4 of the dominant wavelength rule: Widess 1973, Annan
2009), and the lateral resolution at a depth of 8 m was ~2 m (based on the radius
of the first Fresnel zone; Annan 2009). Imaged subsurface reflectors were
variably continuous or discontinuous, horizontal, dipping and/or sigmoidal, and
chaotic. Four radar facies were identified.
Figure 3.2 shows sample radargrams with numbered facies, providing a
geomorphic context for facies analysis. Line 2 (Fig. 3.2A) runs just inland from

the modern beach in the western part of the study area (Fig. 3.1B). The
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alternating bands at the top of the line mirror the topography and represent the
ground wave. At greater depth from position 42-22 m, a U-shaped reflector is
visible and is bordered by a series of sigmoidal reflectors that dip southeastward
from 90-42 m (Fig. 3.2A, D). This body of sediment represents a tidal channel

that migrated approximately 60 m to the southeast before it was filled and buried.

Table 3.1 Photograph and map sources

Date Material Scale Total RMS Source
Error

1779 Map 1:80000 N/A Taylor et al. 1985

1865 Map 1:11880 15.6 Church 1865, Nova Scotia Public
Archives

1906 Map 1:63360 26.4 Faribault 1906

July Air photo 1:15000 4.04 National Air Photo Library

1945

1951 Map 1:80000 N/A Taylor et al. 1985

1954 Map 1:60000 N/A Taylor et al. 1985

July Air photo 1:15840 5.55 National Air Photo Library

1954

1960 Air photo 1:25400 3.55 National Air Photo Library

1973 Air photo 1:33000 5.10 Nova Scotia Land Registry Service

8-11- Air photo 1:10880 5.40 Nova Scotia Land Registry Service

1974

1974 Map 1:60000 N/A Taylor el al. 1985

1981 Map 1:10000 N/A Taylor et al. 1985

7-25- Air photo 1:10000 3.75 Nova Scotia Provincial Photos

1992

10-25- Air photo 1:10000 545 Nova Scotia Provincial Photos

1997

Aug Air photo 1:10000 4.54 Nova Scotia Provincial Photos

2002

Oct/Nov | Digital air photo 1:24000 1.07 Department of Natural Resources

2003

2008 LiDAR survey N/A N/A Halifax Regional Municipality

2008 Digital satellite photo N/A 1.07 Halifax Regional Municipality

2010 Satellite photo 1:20000 2.47 Google Map Imagery 2010
CNES/SPOT, Digital Globe

2012 Satellite photo 1:20000 1.89 Google Map Imagery 2012
CNES/SPOT, Digital Globe

2013 Satellite photo 1:20000 5.35 Google Map Imagery 2013
CNES/SPOT, Digital Globe

Dec Satellite photo 1:20000 2.76 Google Map Imagery 2013

2013 CNES/SPOT, Digital Globe

The dipping reflectors represent the progressively advancing accretionary bank
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of the channel, and their sigmoidal form indicates near-complete preservation of
the bank sediments, yielding a vertical extent of about 2 m that approximates the
original channel depth. Below and southeast of the channel body are closely
spaced sub-parallel reflectors, possibly beach sediment associated with the tidal
channel.

Line 6 (Fig. 3.2B) in the eastern part of the study area crosses vegetated
dunes and runs southeastward across vegetated beach ridges (Fig. 3.1B). The
top reflectors follow the surface. The series of sigmoidal, dipping reflectors with
associated scours from 125-42 m represent seaward-prograding beach ridges
(Fig. 3.2B, E). From the northwestern end of the line to position 125 m,
reflectors that dip approximately northwestward may represent dune foresets,
seen tangentially.

Radar facies 1 has continuous, planar to sinuous, parallel to subparallel
reflectors, and has a sheet to sheet-drape configuration. This facies includes the
air wave/ground wave, which mirrors the topography and generates widely
spaced reflectors. Facies 1 also appears at depth with closely spaced reflectors
(Fig. 3.2A, B, C, and F), and probably represents several geomorphic settings.
In trenches at Conrads Beach and elsewhere along the Nova Scotia coast, the
modern foreshore shows well stratified sand and gravel and the modern lagoonal
fringe shows interbedded planar units of organic-rich mud and sand-gravel, the
latter interpreted as washover deposits associated with storms.

Radar facies 2 (Fig. 3.2A, D) has planar to sigmoidal, dipping, subparallel,

moderately continuous reflectors. The upper contact tends to have a toplap or
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erosional boundary whereas the lower surface tends to have a downlapping and
commonly erosional signature. This facies is not present at surface but was
observed locally in the shallow sub-surface with dips of inclined surfaces
approximately parallel to the coast, as indicated from 3D reconstructions using
closely spaced traverses from the GPR cube (Fig. 3.1B). The facies is interpreted
as tidal-channel deposits laid down in a channel that originally connected the
lagoons of West Marsh and Eel River to the ocean.

Radar facies 3 (Fig. 3.2B, E) has sinuous, horizontal to dipping, parallel
reflectors that are moderately continuous. The upper boundaries are concordant
whereas the lower boundaries exhibit erosion. Inclined surfaces dip
approximately toward the offshore. This facies is best developed below the beach
ridges, with local scours at depth. In some areas, dipping reflectors of radar
facies 3 underlie dunes and are interpreted as dune foresets.

Radar facies 4 (Fig. 3.2F), a minor component, has low-amplitude,
discontinuous reflectors that are locally associated with radar facies 3. The
facies is interpreted as poorly stratified material within extensive dunes and
smaller dune areas associated with beach ridges.

Figure 3.3 shows radargram-core intersections for five cores. GPR traverse
X4 (Fig. 3.3A) was located west of the beach entrance and core 3 intersects the
tidal channel illustrated in Figure 3.2A, terminating slightly above the “U”-shaped
scour at the channel base. GPR Traverse 45 (Fig. 3.3B) was located south of
the marsh and position 41 m (from the beginning of the traverse) was 14 m

southwest of core 5. GPR traverse 60 (Fig. 3.3C) was located near the east end
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of the marsh and core 9 intersected it a position 6.5 m. Cores 5 and 9, adjacent
to the Eel River marsh, intersect horizontally stratified layers of radar facies 1
(Figs. 3.3 B, C). GPR traverse 68 (Fig. 3.3D) was located near the tip of Fox
Point and core 10 was located ~ 15 m east of position 140 m. GPR traverse 78
(Fig. 3.3E) was located eat of Fox Point and core 11 intersected it at position 66
m. Cores 10 and 11 in an area of beach ridges near Fox Point intersect dipping
strata of radar facies 3, representing beach-ridge cross-sections (Figs. 3.3 D, E).
At all four seismic locations (Fig. 3.1B), the top sediment layer was thin (0.5-
1.5 m) and composed of dry sand and soil, as inferred from hand drilling at
shotgun source locations and slow P-wave velocities. This surface unit was
underlain by a layer of unconsolidated sediment that we infer to be wet sand
based on drilling and its higher acoustic velocities (Table 3.2). The depth to
basement (interpreted as top of Ordovician metasediments) at the four
investigated locations, was ~20 m for all locations except at the West Beach
where it was ~10 m (Table 3.2). These results indicate that the GPR profiles
imaged most of the sediment package at West Beach (Fig. 3.1B, seismic location
3) and the upper one-third of the unconsolidated sedimentary package
elsewhere. Utting (2011) estimated the marine littoral sediments in the Conrads
Beach and Lawrencetown Beach area to be 1-5 m thick. The refraction seismic

results suggest a greater thickness of unconsolidated material.
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Figure 3.2 Examples of Conrads Beach radargrams and facies acquired
using 100 MHz antenna. (A) and (B) show the entire traverses (located in
Fig. 3.1B) with a vertical exaggeration of 4. (A) Traverse 2 located west of
the main beach access and intersecting a buried channel. (B) Traverse 6
located east of Fox Point and intersecting beach ridges. (C) Close-up of
radar facies 1 from traverse 2. (D) Close-up of radar facies 2 from traverse
2. (E) Close-up of radar facies 3 from traverse 6. (F) Close-up of traverse
59 showing radar facies 1 and 4.
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Figure 3.3 Radargrams (30 m wide by 5 m deep) showing detailed
structure associated with dated cores. The GPR traverses were
acquired using 100 MHz antenna. The nearest vibracore locations are
indicated in red and the core lengths are shown to scale. See Fig. 3.1B.
for vibracore locations. (A) GPR traverse X4 and core 3. (B) GPR
traverse 45 and core 6. (C) GPR traverse 60 and core 9. (D) GPR
traverse 68 and core 10. (E) GPR traverse 78 and core 11.
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Table 3.2 Refraction seismic results.

Location Layer Thickness (m) Velocity (m/s)
1) 2007 Boardwalk 1 0.5 300
2 18.5 1800
3 4300
2) 2007 Center Beach 1 1.0 300
2 215 1500
3 3300
3) 2011 West Beach 1 1.0 300
2 9.5 1500
3 4700
4) 2012 Fox Point 1 1.5 300
2 22.0 1500
3 3100

3.5.2 Core Results
3.5.2.1 Lithofacies Results

Eight lithofacies were identified based on sediment size and texture, colour
and the presence or absence of shell fragments and organic material (Table 3.3).
Figure 3.4 shows the core sections and facies positioned with respect to their
elevations relative to mean sea level.

Facies 1-3 form thin sheets of relatively coarse material that constitutes ~13% of
the cores, mainly in the western part of the study area (Fig. 3.4). Based on the
geomorphic settings of the cores and correlation with GPR profiles, these facies
represent tidal channel, beach and washover deposits. Facies 1 comprises
cobbles and pebbles to coarse sand with numerous shell fragments and fine
roots near the tops of some cores. Gravel is a component of the facies at depth

in tidal channel deposits in cores 2 and 3 and at a low level in core 4, drilled
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through dunes. Coarse-grained sand is present at depth in cores 1-4, at the top
of cores 5 and 8 on the marsh fringe, where it is interpreted as coarse washover
deposits, and near the bottom of core 11 drilled through beach ridges, where it
may represent an underlying foreshore. Gravel at the base of core 6 is also
interpreted as a coarse washover deposit.

Facies 2 comprises coarse- to medium-grained sand, and Facies 3
comprises slightly finer sand on average. These facies are prominent in tidal-
channel deposits, within dune deposits, and in the topmost parts of marsh
deposits; in the latter two settings, they probably represent washover layers.

Facies 4-7 (fine- to very fine-grained sand with some silt) constitute the bulk
of sediment in all cores (~85%) in units up to 3 m thick, especially through the
beach ridges, dunes and bordering the marsh. Roots and grass are common in
Facies 4 in near-surface sites, and the facies also contains a few shell fragments,
which were not noted in other facies. The finer facies 7 is present only in the
lower part of the tidal-channel fill in core 3.

Facies 8 is peat and constitutes less than 2% of the cores. Peat occurs in
layers less than 0.2 m thick just below the surface in four cores (5, 7, 8, 9) drilled
through the marsh

Figure 3.5 compares the dated vibracores and their associated radargrams
(see Fig. 3.3 for the full radargrams). The 3 m wide radargram slices are shown
at the same vertical scale as their associated core logs. The correlation between
the radargram slices and the vibracore lithofacies is poor. Some core lithofacies

are not detected by the GPR, and some of the GPR interfaces do not correspond
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Figure 3.4 Facies distribution and sediment types for Conrads
Beach vibracores (see Table 3.3 and text for facies descriptions).
Inset shows the location of the vibracores. The confidence
indicators were determined by comparing the vibracore cores to
their associated radargrams and marking the lowest depth in the
radargram where the data are considered reliable.
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Figure 3.5 Dated vibracores and associated radargrams. Five vibracores
contained material suitable for radiocarbon dating using accelerated mass
spectrometry. Corresponding sections of GPR traverses 3 m long,
centered at vibracores 3, 9, and 11 and closest to vibracores 6 and 10 are
shown to vertical scale, with the vibracore locations shown in the inset.
See Fig. 3.3 for extended GPR images that include these radargrams.
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to lithofacies changes in the cores. Several factors may have contributed to
this. Firstly, the compaction during coring was likely non-linear and the stretching
factor may not have put the core lithofacies in the correct vertical positions.
Secondly, the GPR may have detected variations in sediment composition,
orientation, shape, size and packing that are not reflected in the eight core
lithofacies. Thirdly, some thin core lithofacies may be too thin for the GPR to
detect. Using more core lithofacies and a higher GPR antenna frequency may
have improved the correlation. The majority of the core assemblage (82.4%) is
composed of fine to very fine sand (Table 3.3), but creating meaningful
subdivisions for facies 4 (45.5%) and 5 (33.3 %) proved difficutl. While using a
higher antenna frequency would have increased the GPR resolution, it would
also have decreased the penetration depth (Neal 2004). The confidence
indicators (Fig. 3.4) are near the bottom of most vibracore cores, suggesting the
GPR penetration depths are an appropriate match with most vibracore

penetration depths.

3.5.2.2 Grain-size Analysis Results

In view of the predominance of Facies 4-7 in cores in all geomorphic settings,
grain-size analysis was conducted to provide additional insight regarding
depositional environment based on plots of grain-size parameters (Folk and
Ward 1957; Friedman 1961; Blott and Pye 2001). Sample positions are shown in
Fig. 3.4. Samples 3, 4, 12, and 13 have bimodal distributions and sample 23 has

a polymodal distribution. All other samples have a unimodal distribution.
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Figure 3.6 shows the Conrads Beach grain-size parameters classified by
their inferred depositional setting based on geomorphic setting and correlation
with GPR profiles, in relation to Friedman’s (1961) divisions. For Figure 3.6A,
Friedman's (1961) data indicate that beach sand generally has negative
skewness and that dune sand has positive skewness. The Conrads Beach core
samples are broadly distributed across Friedman’s beach and dune fields, with
most inferred beach-ridge samples plotting in the beach field but with greater
scatter in inferred dune samples.

Friedman's (1961) data indicate that dune sands are better sorted than river
sands but with a large region of overlap and poor discrimination. The Conrads
Beach core samples are poorly discriminated on this plot (Fig. 3.6B), but tidal-
channel deposits show moderate to poor sorting and mainly plot in the river field.

Friedman’s (1961) data indicate that river sands have a higher standard
deviation and generally more positive skewness than beach sands. The Conrads
Beach core samples are generally poorly discriminated (Fig. 3.6C), but tidal-
channel deposits mainly plot within the river field.

In summary, grain-size parameters provide some confirmation that the core
samples have been correctly attributed to depositional settings, although the
level of discrimination is modest. It is probable that, with such a short transport
distance of sand from the foreshore to bordering dunes and beach ridges,
textural changes would have been slight, militating against the use of these
parameters for discrimination. However, some similarity of river and tidal-channel

processes might be expected, and this appears to be the case.
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Figure 3.6 Comparison of grain-size data (phi [negative logz] scale) to
Friedman's (1961) partitions. Mean, standard deviation and skewness were
calculated using the method of moments. (A) Skewness vs. mean. (B) Mean vs.
standard deviation (sorting). (C) Skewness vs. standard deviation (sorting). The
dataset includes 18 unimodal, 4 bimodal and 1 polymodal sample. Modern
environment of deposition is indicated by colour (‘un-identified’ refers to samples
at too great a depth to identify the environment). The black lines represent
Friedman's (1961) divisions between beach, dune and river sands.
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3.5.3 Radiocarbon Dating Results

The dated cores were drilled in four geomorphological settings: tidal channel,
marsh, beach ridge, and mixed vegetation on dunes (Fig. 3.1B). The dated
material was collected from five vibracores (Table 3.4). Shallower samples are
reliably attributed to environments based on correlation with GPR profiles, but the
sample from depth in core 9 lies below the level of reliable returns from the
associated GPR profile and its setting is uncertain. The measured radiocarbon
age (Table 3.4) is the measured age in radiocarbon years before present (AD
1950) whereas the conventional age is the measured radiocarbon age corrected
for isotopic fractionation and is calculated using 813C. The 2 sigma calibrated
age is the conventional radiocarbon age calibrated using Calib7.0. The 2 sigma
calibrated ages will be used for discussion purposes.

Samples 343156 and 343157 were collected low in beach ridge cores 10 and
11, 106 m apart (Fig. 3.5, Table 3.4). Given their similar elevations above sea-
level, close proximity and geomorphology, it is reasonable to expect these
sample ages to be within error. The samples returned calibrated dates of less
than 650 years BP.

Samples 343159 and 343161 were from peat in the tops of cores 5 and 9,
bordering the marsh and 424 m apart. They have similar elevations with respect
to sea-level (Fig. 3.4, Table 3.4) and returned young calibrated dates of less than
428 years BP and post 1950 AD, respectively. Differences in the dates, despite
the similarity in setting and depth in the cores, may be related to their differing

geomorphologic setting (marsh versus mixed vegetation), their distance apart,
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and local events such as washovers that may locally have terminated peat
accumulation.

Samples 343158, 343160 and 343162 are below sea-level (Fig. 3.4, Table
3.4) and were taken from cores 5 and 9 bordering the modern marsh and from
the basal sediments of the tidal channel in core 3. They cumulatively show a
range of calibrated ages from 2876 to 1830 BP. The deepest sample at about 2
m below sea level in core 9 (343160) is the oldest, and the tidal-channel sample
(343158) at a mid elevation is the youngest, possibly due to preservation of tidal-
channel sediments cut into older sediments. As discussed below, the tidal-
channel deposits may be composite because a relatively old radiocarbon date
was obtained for the lower part whereas the upper part is known from historical
records to have been abandoned recently.

Mean rates of deposition were calculated based on the central value for each
2 Sigma Calibrated age and the corresponding depth in the. These accumulation
rates have a high degree of uncertainty, because they assume uniform
depositional rates. In reality depositional events are likely to have been episodic.
In the beach-ridge area, accumulation rates from the dated level to the core top
were relatively rapid: ~3.6 mm/year for core 10 and ~13 mm/year for core 11. For
cores in the marsh area, slower accumulation is indicated. Core 5 yielded ~1.9
mml/year for the top 235 cm and ~0.8 mm/year between the two dated samples.
Core 9 yielded a rate of ~1.4 mm/year for the top 386 cm and 1.3 mm/year
between the two dated samples. Core 3 through the tidal-channel fill yielded an

average rate of 1.9 mm/year.
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3.5.4 Historical Evidence for Geomorphological Change

Both natural and anthropogenic events (Table 3.5) may have contributed to
changes at Conrads Beach. Agriculture was a key industry when Europeans first
settled in the area and marsh reclamation may have taken place as early as
1750.
3.5.4.1 Photographs, Maps and LiDAR

The earliest map (1779) (Taylor et al. 1985) with a sufficiently large scale to
show Conrads Beach (Fig. 3.7A) shows that the southernmost tip of was a
peninsula ~500 m long. The western shore was oriented northwest-southeast,
the eastern shore was oriented approximately north-south, and the channel
between Conrads Beach and Lawrencetown Beach was approximately 500 m
wide. By 1865 (Fig. 7B) (Church 1865), Egg Island and Eel River had been
named, Fox Point appears shorter and wider, and Eel River cuts southwest.
Although not shown in the 1865 map (Church 1865), the British began
construction of a dyke across the mouth of Eel River in 1830 (Degen 1976) and
this feature is visible on a 1906 map (Faribault 1906). Prior to the early 1900s,
Egg Island was a forested island ~ 800 m south of the tip of Fox Point (Degen
1976). Lawrencetown Dyke (across Eel River) was deliberately destroyed in
1917 and a wharf was constructed on Fox Island in 1920 (Degen 1976).

By 1954 (Fig. 3.7C) (National Air Photo Library), Conrads Beach had
attained its modern shape. Notable features include increased deposition east of
Fox Point, a shoreline retreat at Fox Point and Fox Island, increased marsh west

of Fox Point, and a decreased beach width adjacent to the West Marsh. A
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Table 3.5 Natural and anthropogenic events affecting Conrads Beach

Date

Event

Just prior to
1752

The Acadians, the first European settlers, may have built an aboiteau (dyke with
bridge) at the entrance to West Marsh (Degen 1976).

1754 British settled at Lawrencetown, close to West Marsh (Degen 1976).

1798 — 1857 Seven major storms known to have damaged the Halifax area (Degen 1976,
Delure 1983)

1881 521 residents of Lawrencetown practice farming, fishing, and trades with 412
acres of cultivated land and 375 acres of reclaimed marsh (Degen 1976).

Early 1900s A heavy storm subdivides Egg Island (subsequently all soil washed away) (Degen

1976).

June 19, 1918

Siberian Prince struck a shoal near Egg Island (Degen 1976)

Sept 11, 1954

Hurricane Edna impacts the Halifax area (Delure 1983).

Dec 30, 1956 Severe wind storm knocks down 1000 trees in Point Pleasant Park and tosses
barges on shore in Dartmouth (Delure 1983)

1962 Opening of a tidal channel along the western shore of Conrads Beach (Taylor et al.
1985).

Aug 16, 1971 Hurricane Beth causes record rainfall and flooding in Halifax (Delure 1983)

Sept 29, 2003

Hurricane Juan damages Lawrencetown Beach, destroying boardwalks, cutting
back dunes by 5.5 m, and scouring upper beach, resulting in loss of the cobbles
that had accumulated since Feb 1998 (NRCan 2011)

Nov 3-4, 2007 | Post-tropical Storm Noel damages Conrads Beach by flooding and scouring the
boardwalk, and eroding and lowering the upper beach (Taylor et al. 2008).

Aug 22-23, Hurricane Bill causes flooding at Conrads Beach (NRCan 2011).

2009

Sept 4, 2010 Hurricane Earl (NRCan 2011) Halifax Harbour had a storm surge of 1.15 m that
coincided with low tide. The maximum total water level was 1.83 m. Wave heights
of 10.1 m with a peak of 25.1 m. Upper beach and dunes along the south-facing
beach at Conrads Beach were trimmed, exposing the cobble substrate. East of
Fox Point the dunes were severely cut. Small landward extent of overwash.
“Smearing” of a sand ridge and transfer of large sediment volume to sea at
Lawrencetown Beach.

Dec 2010 Four storms damaged Conrads Beach (Taylor et al. 2013). The pedestrian bridge

and backshore were flooded. On the western beach, furrows were etched into the
embryo dunes and the beach was lowered to expose the pebble-cobble dune
base. Waves from the Dec 27t storm washed 53 m inland at the buried channel.
On the central beach the beach was lowered and the dunes cut back by 5 m.
Along the eastern beach, total dune retreat was 9.1 m.
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Figure 3.7 Topographic changes at Conrads Beach since 1779. Key
events include the erosion of Egg Island (B) and Fox Island (C), the
creation (D) and filling (E) of a tidal channel, and increased
sedimentation in Eel River and West Marsh (E and F). The 1779 (A) map
is taken from Taylor et al. (1985) and the 1865 (B) map is simplified from
Church (1865). The 1954 (C) aerial photograph is from the National Air
Photo Library; 1973 (D) and 1992 (E) from Nova Scotia Natural
Resources; and 2013 (F) from Google Maps 2013 CNES/SPOT Image,
Digital Globe. The 1865 to 2013 maps and photos were georectified in
ArcGIS 9.2™ and referenced to the GSC-001 (Geological Survey of
Canada) benchmark (red triangle).
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system of trails east of the boardwalk and two bare areas (one east and one
west of GSC-001) suggest continued anthropogenic change. In 1962 a tidal
channel opened ~ 270 m west of the boardwalk (Taylor et al. 1985).

By 1973 (Nova Scotia Land Registry Service), Egg Island was completely
submerged (Fig. 3.7D). The 1973 and 1992 (Nova Scotia Provincial
Photographs) photographs (Figs. 3.7D, E) show an open tidal channel in the
western part of the study area and closure and burial of the tidal channel (1989
(NRCan 2007)). The 1992 photo (Fig. 3.7E) shows a sandy zone 200 m wide
covering the former position of the tidal channel and an increased beach width to
the west. The West Marsh is considerably smaller than in earlier photos and
some former marsh areas appear vegetated. East of Fox Point, Conrads Beach
and Eel River also show evidence of increased sand deposition. The 1992 aerial
video shows a large gravel/boulder shoal south of Fox Island (Taylor and Frobel
2001 [DVD]), which is the expected remnant of the planed-off drumlin platform.

The most recent photo showing the beach in a vegetated state is from 2013
(Fig. 3.7F) (Google Map Imagery 2013 CNES/SPOT, Digital Globe). After several
major events over the previous decade (Table 3.5), Fox Island is submerged, and
vegetation in the area of the buried tidal channel and reclaimed marsh is
sufficiently dense to obscure surface traces of these features. During low tide,
remnants of the Fox Island wharf are visible. Fox Island has continued to
decrease in size, and Eel River has continued to narrow, with vegetation well
established on the sand bars along the tidal inlet.

Vegetation lines were digitized from the georeferenced maps and aerial
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photographs, facilitating identification of short- and long-term changes (Fig. 3.8).
Vegetation changes due to the opening and closing of the tidal channel are
apparent, and Hurricane Juan in 2003 resulted in a considerable reduction in
vegetation on the western side of Conrads Beach (Fig. 3.8). West of Fox Point,
the long-term trend is one of retrogradation and stasis (Fig. 3.8), with ~150 m of
retrogradation between 1865 and 1945. West of the tidal channel, the vegetation
retreated steadily until the channel opened in 1962. After the channel closed in
1989, the vegetation line was re-established just north of the 1972 vegetation
line, and retrogradation has continued since. Between the tidal channel and Fox
Point, the vegetation line has remained stable despite short periods of
retrogradation and progradation.

East of Fox Point, long-term retrogradation was interrupted by periods of
progradation (Fig. 3.8). There was significant deposition between 1865 and 1945,
but the 1954 and 1960 vegetation lines overlap the 1945 line along the
southeast-facing portion of the beach, suggesting stasis. The east-southeast-
facing beach experienced retrogradation during this period. By 1974 the entire
eastern beach was retrograding, but 1974 to 1992 was a period of progradation
for the southeast-facing beach and a period of retrogradation for the east-
southeast facing beach. Considerable retrogradation occurred between 1997
and 2002, and the entire eastern beach has exhibited retrogradation since then.
At Fox Island, continued erosion since 1865 has resulted in the drowning of a

boulder-retreat shoal.
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Figure 3.8 Conrads Beach seaward limit of vegetation. Long-term
(centennial) changes in the vegetated area from 1865 to 2013.
Anthropogenic changes in 1960 (dashed orange line) and the
effects of Hurricane Juan in 2003 (dashed teal line) are also shown.
The 1865 map and 1945 to 2012 photographs used to form this
figure were georectified in ArcGIS 9.2™ and referenced to the GSC-
001 benchmark (red triangle), center of the western gate post
(green triangle) and center of the southernmost landing (blue
triangle). The 1865 vegetation line was determined by first
assuming that the map shows the location of the shoreline and then
by removing the average distance from the shore to the vegetation
line observed in the succeeding years.

3.5.4.2 Beach Profiles

As part of a long-term coastal monitoring program by the Geological Survey

of Canada (Taylor et al. 2014), beach profiles have been surveyed repetitively
along a number of transects at Conrads Beach since 1981 (Taylor et al. 1985,

2008, 2013). These profiles were compared to profiles obtained from the 2008
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LiDAR data at three transects (western, central, eastern), as shown in Figure 3.9.



The temporal variability reflects a combination of short-term change due to storm
events and decadal trends.

The western transect is oriented roughly north-south, approximately 500 m
west of the present-day boardwalk and west of the buried channel. Six profiles
were surveyed along this transect between April 1995 and March 2011 (Fig.
3.9A). From 1995 to 2002 approximately 1 m of new material appears to have
been added to the beach-dune system, although this may be partly a result of
aliasing seasonal variability. More significantly, the seaward dune crest
advanced. Despite Hurricane Juan (Table 3.5), the September 2005 profile
shows deposition of a high berm, although again this may be in part a seasonal
(summer profile) effect. Between the 2005 and 2009 profiles, Post-Tropical
Storm Noel, which caused flooding at Conrads Beach (Taylor et al. 2008), and
Hurricane Bill affected Atlantic Canada (Table 3.5). Hurricane Earl in 2010
trimmed the upper beach face and dunes and produced waves with sufficient
height to run up to the dune crest along the western beach (R. Taylor, pers.
comm., 2011). Four storms in December 2010 also affected Conrads Beach
(Table 3.5), and the March 2011 profile shows continued beach erosion and dune
deposition (Taylor et al. 2013). Overall, there are fluctuations in the foreshore
beach profile and variations in dune position and shape over a 16-year interval.

The central transect is oriented north-south midway between the boardwalk
and Fox Point. Ten profiles were acquired between July 1981 and March 2011.
Between July 1981 and March 1994, the beach was eroded by ~0.6 m, and the

first dune crest increased in height by ~1 m and moved ~4 m seaward. The June
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1997 profile shows 0.6 m of deposition on the beach and a slight seaward shift of
the foredune (Fig. 3.9B). Hurricane Juan occurred before the next profile
(September 2005) along this transect. Between June 1997 and September
2005, ~0.8 m of sand was deposited on the berm, while the dunes remained
stable. The 2008 LiDAR-derived profile shows a 0.6 m reduction in dune height,
but this may be a result of the LIDAR underestimating the dune crest heights as
subsequent profiles show dunes of heights similar to those pre-2008. Overall
there are vertical fluctuations in the foreshore beach level and variation in the
dune crest position during this 30 year period.

The eastern transect is oriented northwest-southeast ~100 m east of Fox
Point. Five GSC surveys and the 2008 LiDAR provide six profiles from October
1987 to September 2008 (Fig. 3.9C). During this period, eight storms are known
to have caused damage at Conrads Beach or Lawrencetown Beach (Table 3.5).
Sufficient time passed between storm events and profile collection that direct
causal relationships can not be inferred. The profiles show ~50 m of overall
retreat with ~1.5 m of beach erosion, dune-face steepening, and landward dune
migration in a period of 21 years.

For each transect, between-profile changes are consistent with the changes
in areal extent of vegetation seen in Figure 3.8. West of the buried channel, the
foredunes have changed position while the established dunes have experienced
changes in elevation (Fig. 3.9A). This subtle change in vegetation extent is

reflected by the close spacing of the vegetation lines in Figure 3.8A. The
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Figure 3.9 Selected profiles along three Conrads Beach transects. (A)
Six Geological Survey of Canada (GSC) surveys and a profile derived
from the 2008 LiDAR dataset along the western transect (B) Ten GSC
surveys and a LiDAR profile along the central transect. (C) Five GSC

surveys and a LIiDAR profile along the eastern transect.




similarities between plan view (Fig. 3.8) and profiles (Fig. 3.9) are even more
striking for the central transect. The 1994 profile (Fig. 3.9B) was collected
between the 1992 and 1997 aerial photographs. The vegetation lines (Fig. 3.8)
show relative stability during the 1990s, followed by retreat to the 2002 position
and then relative stability again during the 2000s. The profiles (Fig 3.9B) show a
dramatic change between 1994 and 2005, with more subtle changes from 2005
to 2008. At the eastern transect (Fig 3.9C), the landward dune migration is
consistent with the long-term retrogradation illustrated in Figure 3.8. Here
significant positional changes are observed in both profile (Fig. 3.9C) and plan

view (Fig 3.8).

3.6. Discussion

The oldest dated sample, on shell fragments in sand, near the base of core 9
(at ~2 m below modern sea level), yielded a date of 2876-2418 BP (Fig. 3.4;
Table 3.4). Although the sample was located slightly below the depth of reliable
GPR information at the site (Fig. 3.4), strata throughout the profile appear flat-
lying and are attributed to radar facies 1, in accord with a beach or marsh setting
(Fig. 3.3C). A beach setting is supported by the presence of shells, although
sample 19 plots in the dune field (Fig. 3.6A). Three other cores (5, 7 and 8) are
close to core 9 and extend to similar depths, but none yielded shell fragments in
their lower parts. We provisionally suggest that the core site lay close to or below
sea level at this time, perhaps in the littoral zone, whereas the present location is

on land, 120 m south of the marsh, 150 m from the western shore, and 480 m
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from the eastern shore (Fig. 3.4). The ocean or an open estuary may have
covered the low-lying West Marsh-Eel River area and, perhaps, much of the
Conrads Beach area at that time.

The next oldest date (2559-2185 BP) was obtained from core 5 at ~0.5 m
below modern sea level (Fig. 3.4). The sample was collected from a thin organic
layer, but the lack of roots below suggests that the material was reworked, rather
than being an in situ peat. Shell fragments were not noted in the core, but the
GPR profile shows good layering of radar facies 1. As inferred from core 9, the
area may have been close to or below sea level at this time.

Cores 10 and 11 produced dates of 646-527 BP and 462-0 BP, respectively
(Fig. 3.4; Table 3.4). In both cases dated materials were near the bottom of the
cores and less than 50 cm above present sea-level. The two cores were drilled
near the fringe of the beach-ridge area and ~50 m from the eastern shore (Fig.
3.4). For core 11, the date was from shell material in relatively coarse sediment
with inclined reflections attributed to radar facies 3, and represents the lower
strata of the beach-ridge system. Sample 22 from this level yielded equivocal
grain-size results. For core 10, the dated sample was a wood fragment in finer
sediment of radar facies 3 with shell fragments shortly above. Cores 12 and 13
were also drilled in the beach-ridge area but neither yielded material suitable for
dating. The dates from cores 10 and 11 suggest that beach-ridge initiation took
place ~600 years ago, and age/depth relations for the cores suggest rapid
sediment buildup thereafter with average rates of 3.6 to 12.6 mm/year. Eroding

drumlins at Fox Island and nearby Egg Island probably provided the sediment for
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the beach ridges.

Peat samples from cores 5 and 9 near the Eel River marsh fringe yielded
dates of 428-0 BP and Post 1950 AD at depths of 55 cm and 36 cm, respectively
(Table 3.4). Along with shallow peats in two undated cores (7 and 8), these dates
suggest extensive peat formation in this area within the past 400 years. Rooted
zones at greater depth in all four cores suggest an earlier vegetation cover.
These results suggest that Eel River has been a lagoon for a prolonged period,
owing its isolation in part to the nearby beach ridges, over at least the past 600
years.

A wood sample at 374 cm depth (~1 m below sea level) was extracted from
core 3, drilled through the buried tidal channel behind the western beach (Table
3.4). The tidal channel is known to have been active between 1962 and 1989
(NRCan 2007), but the date of 1998—-1830 BP is considerably older than
expected. The GPR profile (Fig. 3.2A) shows a well marked erosional cut below
the base of the core, and grain-size analysis for samples 3 and 4 (above the
dated material) and samples 5 to 7 (immediately below) lie in the river category
of Figure 3.6 B and C (finer and more poorly sorted than beach or dune sands
and positively skewed). As noted above, this attribution may be consistent with a
channel-margin depositional setting. Three other cores (1, 2 and 4) were drilled
through the channel fill, as confirmed from GPR lines and the 3D cube (Fig.
3.1B), and all four cores contain relatively coarse, pebbly sediment and shell
fragments. These observations collectively suggest that the core has been

correctly attributed to tidal-channel sediments. Although the dated wood may lie

73



within the fill of an older tidal channel cut by the younger channel, erosional
surfaces are not apparent within the lower part of the cores and associated
radargrams (Figs. 3.3A, 3.4). We suggest that the dated wood was reworked
from older deposits, as suggested for material at depth in core 5.

Aerial photo, satellite photo and map analysis documents the past 235-year
history of Conrads Beach, linking long-term shore development interpreted from
sub-surface data with recent coastal dynamics. A map from 1779 (Fig 3.7A),
shows little land east of Fox Point whereas the 1865 map (Fig. 3.7B) shows a
considerable extension of the beach-ridge area, which may have prograded until
relatively recent times. Rates of erosion and deposition are non-uniform but
average rates can be calculated by comparing the vegetation lines (Fig. 3.8).
The overall change from 1865 to 2012 has been retreat along the beach. The
average rate of retreat was about 1.1 + 0.1 m/year from 1865 to 2012 near the
center of the western beach (south of the buried channel) and about 1.6 + 0.1
m/year along the eastern beach (150 m northeast of Fox Point). Periods of
progradation, stasis and retrogradation indicate that coastal evolution has been
complex.

Profile analysis provides additional insight into recent short term (decadal)
change. While changes to the western beach have been consistent (Fig. 3.9
A,B) with the changes seen in Fig. 3.8, the eastern transect (Fig 3.9C) shows
~2.4 m/year (50 m in 21 years) of beach ridge/dune retreat. At its widest, the
distance from the shore to the lagoonward edge of the beach ridges on the

eastern beach is ~ 430 m (Fig. 3.1B). If the eastern transect retreat rate is
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applied to this value, it would take ~ 181 years for the beach ridges to be eroded.
Eastern shore erosion does not happen in isolation. At Transect B on the
western beach, ~160 m of mixed vegetation, dunes and beach lie between the
shore and the marsh (Fig 3.1B, 3.9B). If erosion here continued at a rate of 1.1 £
0.2 m/year, the western beach would be eroded in ~145 years, although the
coastal system may maintain its form as it retreats. Accelerated sea-level rise
will likely cause the water levels in Eel River and West Marsh to increase,
potentially inundating the marshes. Additional anticipated effects of sea-level rise
include more frequent overwashing of beaches and destabilization of coastal
dunes (Shaw et al. 1998). This two-pronged attack (from the Atlantic Ocean and
from the Eel River-West Marsh tidal channel) may result in the formation of new
tidal channels along the west beach, further reducing its longevity.

Correlation between photo analysis and known recent events suggests that
the shorelines eroded rapidly during extreme events, with short-term (decadal)
changes on both sides of Fox Point as the barrier system adjusted to changing
environmental conditions. The western beach showed steady retrogradation on
a century scale, and was narrowing prior to the development of the tidal channel
between 1954 and 1962. The eastern beach has alternately retreated and
prograded, and the cliffed foredunes drop steeply to the beach as a result of
recent erosive events. Similar variable advance and retreat on either side of a
local sediment supply was documented by Walker and Barrie (2006) from a high-
sensitivity area on the Pacific coast of Canada.

Maps confirm that the marsh was established by the 1800s, and coring
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indicates that new sediments slowly accumulated over it with progressively rising
sea level. Coarser sediments in the topmost parts of cores 5, 8 and 9 in this area
suggest increased overwash from the present beach in recent times, in accord
with landward migration of the barrier. The Egg Island-Fox Island drumlin
complex has been progressively eroded through this period, leaving boulder-
retreat shoals over the former drumlin footprint and trailing shoals in its lee (Boyd
et al. 1987; Carter et al. 1990; Forbes 2012).

Examining changes on a scale of thousands of years, the coastal system is
transgressive, in a state of barrier retreat, punctuated with short-term
progradation as local sediment sources become available. Conrads Head
drumlin currently anchors the western side of the beach and Lawrencetown Head
(a much smaller drumlin) anchors the eastern side. Although the environmental
setting can only be assessed provisionally, the oldest dated sediment in the
cores yields evidence that the area was in a near-littoral position, and a barrier
may have bridged the area between these two drumlins and the Fox Island-Egg
Island drumlins some 2500 to 3000 years ago. After local southward
progradation and beach-ridge formation over the past ~600 years, barrier retreat
was underway by the 1950s and probably much earlier. Gradual retreat of
Lawrencetown Head, the demise of the Egg Island headland, and removal of any
earlier seaward barriers left the eastern beach progressively more exposed to the
open ocean as sediment supply from Egg and Fox Islands was effectively
switched off.

Scott et al. (1995) showed that 7000 years BP, sea level was ~ 21 m below
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present higher high water at large tide (HHWLT) at Chezzetcook (Fig. 3.10).
Relative sea-level (RSL) rise accelerated from ~ 5000 to 4000 years BP and then
decelerated to approximately 1.6 mm/yr from 4000 to about 150 years ago (Scott
et al. 1995; Gehrels et al. 2004). To plot the elevations of our dated samples
(Table 3.4) relative to this sea-level curve based on HHWLT, we reduce the
elevation by the height of HHWLT above our ‘Mean Sea Level’ (MSL) datum
(CGVD28 = Canadian Geodetic Vertical Datum of 1928). Because MSL has
been rising at ~3.2 mm/year in this region over the past century (Forbes et al.
2004, 2009), it is now about 27 cm above CGVD28. The elevation of HHWLT at
Chezzetcook above CGVD28 was determined to be 1.14 m in 1964 (P.
MacAulay, pers. comm., 2014) and sea level has risen about 15.4 cm since that
time, so that HHWLT today is about 1.29 m above CGVDZ28. Subtracting this
value from our sample elevations, we obtain the elevations relative to HHWLT at
Chezzetcook (Fig 3.10).

The beach ridge samples (343156 and 343157) and shallow peat samples
(343159 and 343161) are fairly young and their depth vs. age positions mostly
plot along the Scott et al. (1995) sea-level curve (Fig. 3.10). This consistency
with the sea-level curve was expected. The older samples that plot farthest from
the RSL curve are 343158 (tidal channel), 343160 (deep shell) and 343162 (deep
peat). We suspect the tidal channel sample to have been reworked and
therefore not in its original stratigraphic position or geologic location. It is also
possible that 343160 and 343162 are reworked, but in contrast to the tidal

channel sample, this is difficult to determine from the GPR sections.
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Figure 3.10 Comparison of results to Scott et al. (1995). See Table

3.4 for additional information regarding lab sample numbers 343156-

343162.

Our results match well with those of Boyd and Honig (1992), who
documented the history of Lawrencetown Lake, a lagoon situated behind the
barrier at Lawrencetown Head just east of our study area. Cores in the lagoon
terminated in brackish muds that were dated at 3220+150 years BP. An upward
passage into coarser flood-tide delta sediments by 1990130 years BP
represents sediment entering the lagoon through tidal inlets in a barrier. This
barrier system may have been a continuation of the littoral facies deposited at
Conrads Beach by 2880 years BP. Erosion of Half Island Point drumlin to the
east resulted in eastward longshore sediment transport, eventually closing an
earlier inlet to Lawrencetown Lake east of Lawrencetown Head through the

development of spits and beach ridges. Our results are also supported by
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Hoskin (1983) who obtained a date of 700 years BP for beach-ridge formation at
Lawrencetown Beach. Breaching of the barrier just east of Eel River (Fig. 3.1,
northeast corner of study area) between 800 and 200 years ago led to the
formation of a younger flood-tide delta in the lagoon.

As sea-level continues to rise and the current sediment supply diminishes,
Conrads Beach will fail or be overtaken, as another discrete package of glacial
sediment is used up (Boyd et al. 1987; Forbes 2012). The loss of the Egg Island
drumlin has effectively shut off the sediment supply from that end of the beach.
Conrads Head is sufficiently large that it will continue to provide the western
anchor, and drumlins north of Conrads Beach may eventually be tapped to
provide a new eastern anchor and sediment supply for a new barrier system in
the West Marsh embayment. In the meantime, sediment eroded from the
Eastern Beach may be largely reworked into the Eel River and Lawrencetown
Lake estuaries, providing sand for future reworking and beach formation as the

coast retreats.

3.7. Conclusions

The majority of the world's coastlines are transgressive (Boyd 2010) and
more will become so with accelerated global sea-level rise (Rahmstorf et al.
2007; Church et al. 2013). Where present, rivers are an important sediment
source for beach and dune building, acting to maintain coastal systems, but large
sections of global coastlines lack river sediment input. This case study

documents the history of barrier evolution on a transgressive, paraglacial coast
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where episodic sediment supply is highly sensitive to geomorphic change. The
results show that the magnitude and direction of coastal change is closely related
to short-term sediment supply, as well as to oceanographic and atmospheric
events. Eroding landforms such as drumlins may temporarily delay coastal
retreat or even cause progradation over a period of centuries. This study has
documented one such case in which there may have been a recent switch from
progradation to erosion, highlighting the risks of assuming that recent rates of
change are a guide to future rates in coastal planning. This study demonstrates
the potential complexity of coastal systems and the need for holistic analysis for
projection of future coastal development in such settings. This study may
thereby serve as a cautionary tale and a model for approaches to the challenges
of coastal transgression on other paraglacial or similarly complex coasts with

limited sediment supply.
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CHAPTER 4: DISCUSSION

4.1 Comparison to Other Sites in Atlantic Canada

The reconnaissance study sites are geographically distributed across

Atlantic Canada (Fig 4.1) and represent three distinctive environments of coastal

evolution: the Gulf of St. Lawrence, the Northumberland Strait, and the Atlantic

Ocean.
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Figure 4.1 Locations of reconnaisance study sites in relation to Conrads Beach.

Modified from Shaw et al. (1998).

Differences in precipitation, land temperatures and ocean temperatures in

these three environments have been measured (Table 4.1). Seasonal variations

in ocean and land temperatures contribute to storminess (Table 4.1). Due to its

subdued relief and small size, the climate of PEI is fairly uniform across the
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Table 4.1 Study site environments

(1990).

. Meteorological information from Phillips

Features

Coastal Environments

Atlantic Ocean

Northumberland Strait

Gulf of St. Lawrence

Precipitation

1500 mm / year

<1000 mm / year

1100 mm / year

Summer ocean
surface
temperature

15.0°C

17.9°C

16.1°C

Average summer
temperature

174°C

240°C

185°C

Winter ocean
surface
temperature

0.7°C

-1.0°C

0.0°C

Average winter
temperature

-3.0°C

-6.0°C

-7.0°C

island. Fall and winter storms bring a variety of weather conditions including

hurricane force winds, heavy precipitation (rain, snow, and/or freezing rain), high
tides, storm surges, and winds up to 100 km/hour (Phillips 1990). NS has more

storms per year than any other part of Canada and storms pass the Atlantic coast

of the province frequently (Phillips 1990). Severe winter storms (nor'easters)

often reach wind speeds of 150 km/hour and can generate 14 m waves (Phillips

1990). Winter storms are also known to bring freezing spray, snow, rain, sleet

and/or fog, and subzero-wind-chill temperatures (Phillips 1990).

In addition to representing three coastal environments, the study sites

were also selected to represent areas of moderate to high Sl (Fig. 4.1) and easily

accessible coastal systems for surveying. Table 4.2 lists the key features of the

six study sites (Conrads Beach included).
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Table 4.2 Features of coastal dune study sites. 1. White (2002, 2010). 2. Utting
and Gallacher (2009). 3. Mathew et al. (2010). 4. Shaw et al. (1998)

Features NS Study Sites PEI Study Sites
Conrads Carters Pomquet Beach Point Brackley | Greenwich
Beach Beach Deroche Beach Beach
Beach
Coastal Atlantic Ocean Northumberland Gulf of St. Lawrence
environment Strait
Partially Partially Partially
Degree of Exposed | sheltered sheltered by sheltered | Exposed | Exposed to
exposure to open by Monks Head by North to open open
ocean Spectacle Rustico ocean ocean
Islands
Early
Cambrian-Ordovician Carboniferous
Bedrock Meguma meta- marine Pennsylvanian-Permian sandstone
sedimentary rocks’ sedimentary and shale?
rocks?
Till Yes Yes Yes Yes Yes In subsur-
face
Beach 1.5 km 1.4 km 3.8 km 4.6 km 7.5km 5 km
length
Dune 1-2m 2-4 m, up 1-3m 5+ m 12+ m 10+ m 3
heights to 10 m at
the ends
Vegetation Beach Beach Beach grass, Beach Beach Beach
cover grass grass, low shrubs grass, low grass, grass
trees shrubs small
shrubs,
trees
Wetlands Marsh, Small river Marsh Marsh & none Marshes
Eel River pond & ponds
Tidal Yes No No No No No
Channel
Coastal High High Moderate High High High
sensitivity*

4.1.1 Carters Beach, NS

Carters Beach shares the same environment, bedrock, till, and coastal

sensitivity as Conrads Beach, resulting in similar vegetation cover and water

features (Table 4.1). Located on the South Shore of NS (Fig. 4.1), it is

approximately 15 km from the town of Liverpool and is a popular recreational

area. This beach consists of three crescent-shaped beaches (Fig. 4.2A). A
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series of undulating foredunes, 2-4 m in height, is aligned parallel to the central
700 m long portion of the beach. They are vegetated with beach grass and the
backdunes are densely vegetated with trees. At the southern end of the beach,
the dunes are on the order of 10 m in height. A meandering river separates the
northermost crescent from the rest of the beach. During this study, the river has
been observed alternately on the eastern side and the western side of the small
island at the channel mouth (Fig. 4.2A). Hales (1992) reported mean grain sizes
of 2.42 phi, 2.48 phi, 2.44 phi, and 2.97 phi for the foreshore, backshore, ramp
and crest, respectively. The southern end of the center beach appears to be
prograding (Hales 1992).

During the spring/summer 2010 field season, 34 GPR/GPS lines were
acquired parallel and perpendicular to the shore (Fig. 4.2A). User error resulted
in the GPR data being spatially undersampled at this location, resulting in low
resolution data for ~ 2/3 of the lines. It would be anticipated that seaward-
sloping, sigmoidal, dipping subparallel, moderately continuous reflectors (radar
facies 2) would be found where this beach is prograding. Traverse 32 (Fig. 4.2B)
was acquired at the northwest section of the beach. In addition to the
topography and internal dune/beach ridge fill, a strong, seaward dipping reflector
is visible at depth. Traverse 5 was acquired near the center of the middle
crescent. The radargram shows a series of seaward dipping, sigmoidal
reflections at depth. The easternmost traverse (traverse 2, Fig 4.2A) was located
several meters inland from the shore.. The radargram (Fig 4.2C) shows chaotic

discontinuous facies (dune deposits), and a strong reflector crosscutting all other
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signals (water table).

—
[%2)
—
<
IS
—
o
@ -
[ >
= d
2 E
[ s
=z
>
k)
L
ey
[7p]
—
£
IS
—
@ =
el I
S— >
[«B) -
£ £
= —
S
=z
>
<
L
—
[72]
[
=
IS
—
@ S
e 1
RS =
[«5) -
= E
= |
=}
IS
>
D
L

100
Position (M)

Figure 4.2 Carters Beach reconnaissance GPR/GPS lines and sample
radargrams. (A) Carters Beach aerial photo (Google Maps 2012 CNES/SPOT
Image, Digital Globe) with GPR/GPS traverses in red and blue. (B) Line 21 was
acquired using 100 MHz antennas. (C) Line 16 was acquired using 200 MHz
antennas. (D) Line 2 was acquired using 200 MHz antennas.
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4.1.2. Pomquet Beach, NS
Pomquet Beach is located on the north shore of Nova Scotia, along the

Northumberland Strait (Fig.4.1). Here the longshore transport is mainly to the
east (Hales 1992; Utting and Gallacher 2009). An eroding till drumlin bluff is
located west of Pomquet Beach and this material is deposited at the eastern end
of Pomquet Beach (Utting and Gallacher 2009). Pomquet Beach is a well
established prograding coastal system (Shore 1996) with foredunes vegetated
with low shrubs and grasses, and heavily treed backdunes. The geomorphology
of Pomquet Beach includes beaches, yellow dunes, grey dunes, heath and forest
(McCann 1990). A network of boardwalks protects the marsh areas and delicate
vegetation. Hales (1992) reported mean grain-sizes of 1.95 phi, 1.45 phi, 1.68
phi, and 1.70 phi for the foreshore, backshore, ramp and crest, respectively. An
important difference between Pomquet Beach and the two beaches along the
Atlantic Coast of NS is that St. Georges Bay (east of Pomquet Beach) freezes
over during the winter (Atlas of Canada 2009). The resulting landfast ice protects
the beach from coastal erosion that might otherwise occur during some winter
storms (Utting and Gallacher 2009).

During the spring/summer 2010 field season, 46 GPR/GPS lines were
acquired along the boardwalks, both perpendicular and parallel to the shoreline
(Fig. 4.3A). User error resulted in the GPR data being spatially undersampled at
this location, resulting in low resolution data. Given the history of prograding
coastal systems at Pomquet Beach, a series of beach ridges with the oldest
farthest from the current shore would be expected (similar to the eastern beach

at Conrads Beach). Traverse 22 started in the backdunes and continued towards
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the shore, near the center of the beach. The radargram (Fig. 4.3B) shows a
series of crest and troughs (radar facies 1) with the largest ones closest to the
beach. The internal stratigraphy of the largest troughs is similar to radar facies 4
at Conrads Beach. Below a strong reflector at 90 ns, there is a series of seaward
dipping reflectors. While the radargram is inconclusive regarding the true nature

of these reflectors, they may represent prograding beach ridges.

N Line 22

0.1 m/ns)

Elevation (m, v

120 150 180
Position (m)

Figure 4.3 Pomquet Beach reconnaissance GPR lines and sample
radargram. (A) Pomquet Beach aerial photo (Google Maps 2012
CNES/SPOT Image, Digital Globe) with GPR/GPS traverses in red and blue.
(B) Line 22 was acquired using 200 MHz antennas.
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4.1.3 Point Deroche Beach, PEI

Point Deroche Beach is located along the north shore of PEI, between the
two parts of Prince Edward Island National Park (Fig. 4.1), both part of the
island's central embayment (Shaw et al. 2008). This area is known to contain
soft retreating bedrock cliffs and six estuary complexes (Shaw et al 2008). This
microtidal, low wave energy environment experiences prevailing offshore winds
from a westerly and southwesterly direction (Nutt and McCann 1991) and was
subjected to sea-level rise on the order of 30 cm/century over the past 6000
years (Forbes et al. 2004). Approximately 50% of the northern shore of PEI has
sandy spits, barriers and beaches, with dunes in the backshore zone (McCann
1990; Forbes et al. 2004). Maps from 1765 show continuous dune lines,
lagoons, barrier islands, and channels along the north shore of PEI (Forbes et al.
2004). A series of major storms in the 1870s reworked these dune systems
(McCulloch et al. 2002; Forbes et al. 2004). The majority of significant storms
are extratropical and may result in high sediment transport rates and rapid profile
changes (Forbes et al. 2004). In contrast, tropical storms that reach the northern
shore of PEI tend to be weak and travel rapidly in an offshore direction, and as a
result do not produce large storm surges (Mathew et al. 2009).

A 1935 air photo shows dune consolidation and recovery from the 1870
storm events (Forbes et al. 2004). Nutt and McCann (1991) reported that 80% of
the dune frontage at Point Deroche Beach advanced seawards between 1938
and 1980 and 20% retreated landward during the same period. Forbes et al.

(2004) reported that the overall coastal retreat ranged from <0.5 to 1.5 m/year
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from 1935 to 1990 in the vicinity of Point Deroche Beach.
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Figure 4.4 Point Deroche Beach reconnaissance GPR/GPS lines and sample
radargrams. (A) Point Deroche Beach aerial photo (Google Maps 2012
CNES/SPOT Image, Digital Globe) with GPR/GPS traverses in red and blue.
(B) Line 22 was acquired using 200 MHz antennas. (C) Line 13 was acquired
using 200 MHz antennas. (D) Line 22 was acquired using 200 MHz antennas.
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During the spring/summer 2010 field season, 33 GPR/GPS lines were
acquired parallel and perpendicular to the shoreline (Fig 4.4A). User error
resulted in the GPR data being spatially undersampled for approximately one
third of the radargrams. The dunes were vegetated with beach grasses and
shrubs but large blowouts were visible. The mid-dunes were densely vegetated
with shrubs and the back-dunes included several marshy areas. Traverse 22
began near the shore at the western end of the beach. The radargram shows an
internal dune stratigraphy which is similar to the topography (Fig. 4.4B). This
stratigraphy does not resemble Conrads Beach radar facies 3 (beach ridges) or
radar facies 4 (chaotic dune fill) (see Fig 3.2) but could be indicative of either
landform. Given the predominant westerly and southwesterly wind direction, this
stratigraphy could be the result of rather uniform aeolian deposition. Alternatively
a series of washover events could have deposited uniform layers of sediment or
it could be the result of aggradation (the vertical accumulation of sediment).
Traverse 13 is oriented perpendicular to the shore near the middle of the beach
and continued from the backdune towards the shore (Fig.4.4A). The radargram
(Fig. 4.4C) shows internal dune stratigraphy that tends towards the chaotic dune
fill observed at Conrads Beach. Traverse 33 was acquired near the eastern end
of the beach (Fig 4.4A) and covered the backdune, an isolated dune crest and
the beach to the north. In addition to the topography, the radargram (Fig. 4.4D)
shows a dune fill that is intermediate between the chaotic dune fill observed at
Conrads Beach (Fig. 3.2) and the topography following dune fill of traverse 13

(Fig. 4.4C).
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4.1.4 Brackley Beach, PEI

Brackley Beach is located in the western portion of Prince Edward Island
National Park (Fig. 4.1). At the west end of the beach, eroded redbed bedrock is
visible along the shore and in the steep cliff face. Given the open, linear beach
shape and high SlI, retrogradation might be expected. However, erosion of the
soft bedrock and sandy glacial deposits provides an abundant sand supply to this
microtidal, low-wave-energy environment (Armon and McCann 1979). As the
shown by the results from Conrads Beach, a plentiful sand supply can result in
short-term stasis and/or progradation on a transgressive coast.

In 1765 Brackley Beach had high dunes and a channel behind the beach
but by 1880 the channel had been filled (Forbes et al. 2004). A 1935 air photo
shows washover flats in many former dune locations (Forbes et al. 2004). A
subtropical storm on October 29, 2000 is known to have trimmed the dunes at
Brackley Beach and a hybrid storm on November 7, 2001 breached the dunes
(Forbes et a. 2004).

During the spring/summer 2010 field season 42 GPR/GPS lines were
collected perpendicular and parallel to the shore (Fig.4.5A ). Traverse 41 was
oriented perpendicular to the shore and was located ~ 2.3 km from the eastern
end of the beach. The associated radargram (Fig. 4.5B) is typical of the
reconnaissance data obtained at this location during this study. While the
internal dune stratigraphy was visible, the large size of the dunes (in excess of 12
m) meant the GPR penetration depth of 6-8 m was insufficient to determine the

stratigraphy below the dunes.
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Figure 4.5 Brackley Beach reconnaissance GPR/GPS lines and sample
radargram. (A) Brackley Beach aerial photo (Google Maps 2012 CNES/SPOT
Image, Digital Globe) with GPR/GPS traverses in red and blue. (B) Line 41 was
acquired using 200 MHz antennas.

4.1.5 Greenwich Beach, PEI

Greenwich Beach is located in the eastern portion of Prince Edward Island
National Park (Fig. 4.1). While located farther east than Brackley Beach or Point
Deroche Beach, Greenwich Beach is still in the area of relatively weak, rapidly

eroding bedrock, which provides enough sediment to prevent rapid transgression
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by the combination of sea-level rise and intense storm events (Mathew et al.
2009). This coastal dune system includes a large marsh in the backdunes, a
series of large parabolic dunes, and three ponds. Older dunes form a
transgressive dune field that overlies a shallow bedrock and till surface (Mathew
et al. 2009). While the foredunes are vegetated with beach grasses, the mid-
dunes and backdunes are densely vegetated with shrubs. Here the westerly
winds tend to result in parabolic dune sand blowouts that are oriented towards
the east (Mathew et al. 2009). In 1923 a storm surge resulted in catastrophic
overwash at Greenwich Beach (Mathew et al. 2009). Thirteen years later, low
transgressive dunes (dunes formed by the downwind movement of sand over
vegetated and/or semi-vegetated ground (Hesp and Thom 1990)) were migrating
landward, but the area remained extensively overwashed and re-vegetation of
foredunes had not occurred (Mathew et al. 2009). By 2005, transgressive dunes
were developing at the landward margins of the overwashed areas (Mathew et
al. 2009). Mathew et al. (2009) also reported that the eastern half of Greenwich
Beach is eroding while the western end is prograding.

During the spring/summer 2010 field season, 34 GPR/GPS lines, oriented
approximately parallel or approximately perpendicular to the shore, were
acquired at Greenwich Beach. Internal dune stratigraphy was imaged but
sufficient evidence for dune migration was lacking because the GPR was unable
to penetrate below the dunes. Line 21 (Fig. 4.6B) went across a low, flat area, up
a small mound and then up the seaward face of a large parabolic dune. The

internal stratigraphy has a slight seaward slope below the low flat area and
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chaotic dune fill is visible in both the mound and parabolic dune (facies 4). Line
16 (Fig 4.6C) was oriented perpendicular to the shore, approximately 2 km from
the west end of the beach. Line 2 (Fig 4.6D) was oriented perpendicular to the
shore, near the eastern beach access. In both cases there is horizontal

stratigraphy (facies 1) near the beach and chaotic dune fill (facies 4).

4.1.6 Reconnaissance Beach Summary

All six Atlantic Canada study areas are on transgressive coasts with either
a high or moderate sensitivity index (Fig. 4.1). While the PEI sites share the
same environment (Gulf of St. Lawrence) and bedrock geology, the three dune
systems demonstrate great variability in dune size and form. The long-term tide-
gauge records at Charlottetown, PEI show relative sea-level rise of 0.32
m/century over the past 100 years (Parkes et al. 2002) and the island is uniformly
subsiding at a rate of 0.2 m per century (McCulloch et al. 2002). Under these
conditions, it should be possible to obtain GPR/GPS evidence for seaward
growth of the coastal systems. Due to the large size of the dunes and the 6-8 m
GPR penetration depth, it was not possible to image below the dunes.

Both Carters Beach and Pomquet Beach are know to have prograding
sections so it should be possible to find subsurface evidence of dune migration.
Unfortunately spatially undersampled data resulted in a sufficiently high number
of poor resolution radargrams as to make this a difficult task. At Carters Beach
the presence of a river and a nearby bedrock islands (which partially protect the

shoreline during high water events) may affect rates of sedimentation and
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Figure 4.6 Greenwich Beach reconnaissance GPR/GPS lines and sample
radargrams. (A) Greenwich Beach aerial photo (Google Maps 2012
CNES/SPOT Image, Digital Globe) with GPR/GPS traverses in red and blue. (B)
Line 21 was acquired using 100 MHz antennas. (C) Line 16 was acquired using
200 MHz antennas. (D) Line 2 was acquired using 200 MHz antennas.
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erosion by altering wind flow and mitigating high water events. Pomquet Beach
is the only site in this study where the beach ridge/dune system was locked onto
an island. Additionally its sediment supply comes from alongshore easterly
sediment transport (Hales 1992; Utting and Gallacher 2009), suggesting a long
history of progradation and/or stasis at the eastern end of the beach. Potentially
the long-term history could show that the island was much smaller a thousand

years ago.

4.2 Future Work

The history established here for Conrads Beach could be improved with
additional work. Foraminiferal analysis would provide insight into the
depositional environments of deeper layers and may assist in locating former
mean high water levels in the cores (Boyd and Honig 1992; Scott et al. 1995;
Gehrels et al. 1996). Acquiring additional vibracores in the beach ridges would
provide additional sediment samples for comparison with existing beach ridge
and dune samples, and aid in establishing the environment of deposition for
existing samples. They may also provide suitable materials for radiocarbon
dating, which could potentially determine the ages of the beach ridges more
precisely and perhaps establish a higher resolution history of beach ridge
progradation. Alternatively, the sands could be dated directly using optically
stimulated luminescence dating.

To test the validity of using Conrads Beach as a model for coastal

evolution on a transgressive coast in Atlantic Canada, similar studies at the other
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five study sites could be carried out. Additional GPR/GPS surveying would
provide improved coverage and increase the likelihood of imaging radar facies 2
(tidal channels), 3 (beach ridges) and/or 4 (chaotic dune fill) (Fig. 3.2). These
facies are key indicators of stratigraphic change. While Carters Beach has a
small river, none of the five reconnaissance sites had a tidal channel. Studying
them and comparing the results to Conrads Beach could provide additional
insight into the role of tidal channels in reworking barrier systems. Should the
GPR/GPS surveying provide suitable targets, vibracoring would provide sediment
samples for further analysis and may determine water table depths. Depth to the
water table would provide additional constraints on the GPR data, which in turn
would improve the interpretation. In addition to core logging and grain-size

analysis, vibracoring may produce suitable samples for radiocarbon dating.
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CHAPTER 5: CONCLUSIONS

Conrads Beach represents a coastal system along a transgressive drumlin
shore bordering the Atlantic Ocean in NS. Similar coastal systems with barriers,
dunes, tidal channels, and lagoons are distributed worldwide and play an
important role in protecting inland areas from high-water events. Global sea-level
rise is accelerating and consequences of this change include increases in high-
water events and storminess. The Atlantic coast of Canada is highly susceptible
to geomorphological change as a result of increased sea-level. In addition to a
high Sl, Conrads Beach is near Lawrencetown Beach (various features of which
have been dated), Chezzetcook Inlet (the subject of many sea-level rise studies)
and Halifax (with a tide-gauge record). It also has an abundant historical record
providing in excess of 300 years of natural and anthropogenic events since the
start of European settlement.

GPR/GPS surveying imaged the subsurface to depths of 6-8 m and four
facies were identified. Radar facies 1 (continuous planar to sinuous, parallel to
subparallel reflectors with a sheet to sheet-drape configuration) includes the
air/wave ground wave and horizontal stratigraphy (Fig. 3.2A, B, C, F). Radar
facies 2 (planar to sigmoidal, dipping, subparallel, moderately continuous
reflectors with erosional boundaries) represent tidal channel deposits (Fig. 3.2A,
D). Radar facies 3 (moderately continuous, sinuous, horizontal to dipping,
parallel reflectors) represent beach ridges (Fig. 3.2 B, E). Radar facies 4 (low-
amplitude, discontinuous reflectors) represents poorly stratified dune fill (Fig 3.2

F).
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Refraction seismic surveying imaged the basement at depths of ~ 20 m
along the foredune and beach ridges behind the eastern beach, as well as the
foredune and lagoon areas behind the central beach, and ~ 10 m under the
western beach. This suggests that most of the preserved thickness of the
unconsolidated sediments has been imaged with the GPR near the western
beach and approximately half in other investigated areas of the Conrads Beach
coastal system.

The thirteen vibracores provided abundant materials for identifying core
lithofacies, radiocarbon dating, and grain-size analysis. The eight core lithofacies
range from gravel to silt and peat. Grain-size analysis showed distinctive
signatures for tidal-channel deposits, and differentiated some beach sands from
dune sands in other cores. Radiocarbon dating showed that peat formation
occurred within the last 428 years BP and beach ridge formation began ~ 646-
527 years BP. The deepest and oldest sample was in core 9 and had an age of
2878-2418 yeasr BP. The depth of this sample puts it outside the confidence
interval for this core and grain-size was inconclusive. The next oldest sample was
peaty-material at depth in core 5. With an age of 2559-2185 years BP, it may be
reworked. At 1998-1830 years BP the tidal channel sample was much older than
expected and was likely reworked.

Map and photograph comparisons demonstrate both a reduction in land
area at the Egg Island-Fox Point peninsula and an increase in land area at the
eastern beach. The 1865 to 2012 vegetation lines reinforce a story of

retrogradation and stasis along the western beach, drowning of a boulder retreat
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shoal offshore of Fox Point and long-term retrogradation with periods of
progradation along the eastern beach. Profiles from 1987 to 2008 show a steady
landward retreat of the dunes along the eastern beach. The story is more
complicated along the western beach where erosion due to storm/high water
events, seasonal beach building (summer) and erosion (winter) cycles, and long-
term retrogradation have all been documented.

The preliminary reconnaissance site data provided additional information
regarding coastal barrier processes. While Conrads Beach and Carters Beach
share many features (Table 4.2), the dunes are significantly larger at Carters
Beach. This suggests a different depositional and/or erosional history. Pomquet
Beach is more sheltered and less sensitive to geomorphological change than its
Atlantic Ocean neighbours (Table 4.2). While this system lacks drumlins,
longshore transport has provided material for progradation. While the PEI sites
share many features, they are distinctly different from the NS sites (Table 4.2).
The PEI dunes are more exposed, and they have been severely impacted by
storms in the past 300 years. Their large size is a testament to an abundant
sediment supply and efficient deposition.

Processes on transgressive coastlines are complex. Conrads Beach
demonstrates that retrogradation, progradation and stasis are all possible
responses to accelerating sea-level rise. The factor that may ultimately play the
largest role in determining which of these shoreline states occurs and over what
period is the sediment supply. As an example, beach ridges at Conrads Beach

appear to have formed ~ 600 years years ago, and prograded seaward until the
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1980s, probably due to sediment supplied by the Egg Island-Fox Island drumlin.
The dynamic nature of coastal processes also means than short-term changes
such as storm effects are superimposed upon long-term trends such as
millennial-scale cycles of barrier progradation, retreat, destruction and re-
establishment. Conrads Beach in its present state will be destroyed as barrier
retreat continues. Eventually, a new barrier will be established farther inland,
anchored to drumlins or bedrock islands and perhaps maintained for a few

centuries by sediment supplied from drumlin erosion or reworked coastal sand.
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APPENDIX 1: GPR and GPS Methodology
A1.1 GPR Surveying

Ground-penetrating radar (GPR) is an electromagnetic imaging method
that utilizes radio waves to probe lossy (energy dissipative) dielectric materials
(Annan 2002). The low conductivity and low magnetic permeability of sand
makes GPR an effective tool for imaging the internal structure of sand dunes
(Bristow 2009). This non-invasive technique can provide continuous, high-
resolution images of the shallow subsurface quickly and efficiently (Bristow 2009;
Mgller and Anthony 2003) and has been used successfully to image a variety of
coastal dune systems worldwide (Mgller and Anthony 2003; Pedersen and
Clemmensen 2005; Switzer et al. 2006). GPR surveying for this study was
conducted using a PulseEKKO Pro Smart Cart "™ GPR system and Leica
GRX1200™ global positioning system (GPS). Both systems are owned by
Dalhousie University.

Key components of any GPR system are the transmitting and receiving
antennas. The PulseEKKO Pro Smart Cart™ GPR system mounts the antennas
parallel to the ground surface and perpendicular to the direction of travel and,
provides an easy method for selecting a fixed antenna spacing (Fig. A1.1). This
transmitter-receiver direction-of-travel configuration is known as the
perpendicular broadside orientation and reduces the likelihood of unwanted

signals from offline features (Baker et al. 2007).
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= (transmitter)

Figure A1.1 PulseEKKO Pro Smart Cart™ GPR with 200 MHz antennas and
Leica GPX1200™ GPS Rover

Transmitting/receiving antenna pairs are available in a variety of radio
frequencies from 50 MHz to 500 MHz. When triggered, the transmitting antenna
emits an electromagnetic pulse centered about the selected radio frequency.
The electromagnetic pulse travels to the receiving antenna through a variety of
paths (Fig. A1.2). As a result of these combined signals, the receiving antenna
records a complex combination of non-sinusoidal wavelets (Yelf and Yelf 2003)
that vary in amplitude with time. As the cart is moved a series of pulses is

transmitted and received and a radargram is generated.
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Figure A1.2 Electromagnetic wave ray paths (modified from Fisher et al.
1996).

While electromagnetic waves propagate through free space at a rate of 0.3 m/ns
at or near sea-level (Davis and Annan 1989), they propagate though low loss

materials at a rate of

V= (1]

where (Co) is the speed of light in a vacuum and (¢r) is the medium's relative
dielectric permittivity (Neal 2004). Electromagnetic waves with an initial
amplitude (Ao) decay at a rate of
A=A,e " [2]

as they travel distance (z) through low-loss materials with attenuation constant

=S viTe [3]
where (0), (M), and (¢) are the material's electrical conductivity, magnetic
permeability and dielectric permittivity respectively (Neal 2004). The attenuation

constant is frequency independent and the fresh water content of geological
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materials is the primary control over their dielectric properties (Davis and Annan
1989; Neal 2004). Additionally attenuation affects the penetration depth of
electromagnetic waves (Van Heteran et al. 1998). Since maximum penetration
depth is controlled by both the electromagnetic properties of stratigraphic units
and the GPR system and antenna characteristics, higher frequencies give less
penetration but better resolution (Van Heteren et al. 1998).

A subsurface reflector is an interface between materials with different
dielectric permittivities, electrical conductivities, and/or magnetic permeabilities
(Neal 2004). Material changes resulting in an interface include changes to the
amount and type of fluid occupying pore spaces, porosity, and sediment grain
type, shape, orientation and packing (Neal 2004).

In general subsurface layers are resolvable when their thicknesses and
lengths are larger than the vertical resolution and lateral resolution respectively,
but smaller units that cause changes in the GPR signal strength may also be
resolvable (Yilmaz and Chambers 1984). GPR resolution has two components:
depth resolution (Al) and lateral resolution (Ar) (Annan 2009) (Fig. A1.3). In order

to resolve an interface

= [4]

and

Al= < [5]
where (r) is distance to the interface, (Ac) is the wavelength of an

electromagnetic pulse with central frequency (fc) and

v, f. [6]



is the velocity of that pulse (Annan 2009).

depth to "“
interface

A%r " depth resolution

____________________

Al lateral resolution
Figure A1.3 Depth resolution and lateral resolution of GPR data. Modified from
Annan (2009).

GPR data is acquired using one of three survey designs: the common-
midpoint survey (CMP), common offset survey, or transillumination survey (Baker
et al. 2007). The PulseEKKO Pro Smart Cart™ s an example of the common
offset survey design, in which the transmitter and receiver are keep at a fixed
distance (or offset) at each measurement location (Annan 2009). The single-
channel nature of GPR data make common offset surveying an efficient method
for covering a large area in a short amount of time. During a CMP survey the
transmitter and receiver separation is systematically varied while the point of
reflection (midpoint) is kept constant (Annan 2009). This survey design is used
to estimate radar signal velocity (Baker et al. 2007; Annan 2009) and dielectric
properties (Baker et al. 2007) at depth. During a transillumination survey, the
receiver and transmitter are placed on opposite sides of a target and the
electromagnetic energy is transmitted between them (Baker et al. 2007) in order

to measure the electromagnetic properties of the target medium. This study
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utilized both common offset and CMPsurveying techniques.

A1.2 GPS

The Leica GRX1200™ is a real-time kinematic global positioning system.
The base station consists of a GPS transmitter and receiver on independent
tripods(Fig.A1.4). The receiver is centered over a fixed or known location for the
duration of the GPS survey. It is in contact with several satellites during
surveying and is able to determine it's position precisely. The second component
of the system is the rover. The rover is an identical GPS receiver, carried in a
backpack. It calculates it's position in relation to both satellites and the base

station.

= Antenna

Receiver

Console
Transmitter

Figure A1.4 Leica GRX1200™ base station
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A2.3 GPR Data Processing

GPR data processing makes the raw GPR data easier to interpret by
transforming it into a more realistic representation of the barrier system. Sensors
and Software Inc's EKKOView Deluxe (version 1 release 3)™ and Paradigm's
Focus 5.4™ were used to process the GPR data. Dewow is a high-loss temporal
filter used to suppress the low-frequency, slow, time-varying component resulting
from the rapid decay of the electrostatic and inductive fields (Annan 2009).
Bandpass filtering reduces the high and low frequency noise. The GPS data are
utilized to conduct the topography correction. Topography corrected data
resembles the topography of the survey area. Migration attempts to reduce the
transmitter-receiver directionality (Annan 2009). A top-mute removes any
migration artifacts that may occur prior to time zero. Once data processing has
been applied, it becomes possible to identify erosional surfaces and depositional
units on the radargram with increased reliability and to conduct radar facies

analysis.
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APPENDIX 2: VIBRACORE LOG SHEETS

The original vibracore core log sheets were letter-sized and reproduced

the cores at a scale of 1:5, with each sheet representing 100 cm of core length.

They are reproduced here. See Figure 3.4 for vibracore locations.
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100 7 T FSToNF T0TRS1 3myish brows, shell fragments

este Mt 1OYR 5/3 brom\

shell $ragm et
v

° 1) :n

K)' @ & J‘//‘W,iun L ¢ :L; l
: 1 R 4/3 r‘ai }\0'3“‘ 3
,3’3 0,‘()1{\ 18mm, SLC Qxis

‘)IL |
(W9 ong avis a ,/\,:Lmﬂq‘) bmm, 2.5Y 50 gray

207 5
o FSle vy jovg HI& dask greyishk brawn
shell $ -'m‘r/q nt
307 i
407 | b ’
QJ;.‘ S 10YR4/L darkgrey
ol pabblon 4-180n Jongaxis
%Q
5 ANE -
0 (’j/ chb le 10 Y Q)\&fwmem | . f
SL\oﬂ‘}lXS 34 mm Mewnded, Pris moidd

S I0YA 3/1. very dark grey

60—

707

80

o |

A.}JJ./.L Aragma N7y

S0

Qc‘o_ : E Y S T |

Generagl commentis:

Figure A2.7 Vibracore log sheet 3, 100-200 cm.
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DESCRIFTION

A, ", a.5Y5/4 ar\:«ysn brown

SAMPLE

RECORD



WATER BEPTH .33mZ

CORE 3 DEPTH IN CORE AC0-A53acm

LOCATION 469995. 566bmX, 591 635-159dmY

bed

by: :)q,ru}w C,Jou:la

Al

SMEAR
DISTURB

200 7
: S I0YRY /L very &q»&f:ay

o1 |-
e FSfeVF 10 YRS/ gray

= T v lD\’FxH/lAngJ\ay
20 |- 2rum TJL-J::» garue ) yen 1OYR a1 ‘D{L’;k\
v Fs 10YRS/1 3,«3},

Lt b %
- B SIOYRY/1 o lack
30 SN }\/FIO\“IR;K_Q‘LQP:\‘SN;/ S ) o
VF IQYRNIL il deigorlol abieshs of, $10TR2/2 black
O G ray

ES10YR4/2 black
VFIOYR 4/Laarkgray
3 1OYR 2/L blac

} ;,a,f,»;w;-’) sl 10 YR2/1b fack and,

VFLeS 10YA3/L very daskg may .
~ [ /

L

250 e lt\irC"“\ ‘@»J\B: I0YR &/1 HQLR H ;;,w», { \/Fjﬂl fO\ngﬁ

453 J ,M,;J; T

v

707

80"

%_

\)0" Rl pe_cit-

Genergl comments:

Figure A2.8 Vibracore log sheet 3, 200-253 cm.
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SAMPLE

DESCRIPTION RECORD

\/G,r‘y 0-\113 ey




L3
O-/00

CORE 4

DEPTH IN COREQIOOwA

— / . al59.540 3
Locxi TION M.'iqq 0. jq‘MX’ 49,434,6355;@} DY Yo
WATER-BEPTH 1.85m 2 above seelevef V. Sorcle

1oo-142am

SMEAR
“|DISTURB

. R

P T

(@)
)

9 [ |
ES 10Y/A 5/3brown wilh roo’s

204 L MSLeFS 10YR 5/3 hrowhn

FS j
30- “ IOYR b ‘Lu areygisi. brow
» =
'
FS IOYR5/3 hrown wnox dize L
407 '
Yo
N .
0

50

* 1]
€0 o FS 10YR 3/3brown. wnoxid
70 .
LI

aot41ect L
S0

F3 I0YR5/3 hrown

vh

130 - N FS IOIY_/\’ 3.’:('3!"15115/‘,‘;»‘;:‘

General commenis: Quone oodimenl Lol L |60

| .
Qi zed LgiTl!L, 3 ’rse /

DESCRIPTION

ey I 4 | ?
Wit Sau lerysials along eé_q es o*‘ core

Tragmenls

A 0
Vel
\
| | o
C Cotrte. Larg 02685 mm Lhodazie L [ - v
OUAe g S aomm  AleQaue o Tmm, Soewrndesd foeimot del
N ; 2 uamotda

“130cm duning of

Figure A2.9 Vibracore log sheet 4, 0-100 cm.
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SAMPLE

RECORD



SMEAR -

100 7

207

1407

DISTURB

CORE 4 DEPTH IN CORE 100~ 14920

T 70, 792mX, U4 B0ET-5408m
LOCATION 49970, 792mX, 94 %eggrigheg by:

WATER-BEPTH 1:35mZ oy sealeve) Janya Coord

DESCRIPTION

[ |

FS I0YR 5/2 grayish brown

i ebble. IIOA? axis | 3mm
n) and penoles (‘4"‘5/@/«) 1 short axisgmm
{ roung e i

5&:’)/7/“/5”7,?;@%,

e s
F510 YR 5/4 grayisnorown with s hell Tragmenls

| ) 1
{ammwide S',r:,ct‘r:m- FS I0YRb/E brownish yellow
)

- |
FS IOYAR ’5,1513:“:(*-‘ sh brown

4

so-

807

%_

200

/l;r Le7 :‘{ Ao

ner iS5,
General comments:

Figure A2.10 Vibracore log sheet 4, 100-142 cm.
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SAMPLE

RECORD



CORE 5 DEPTH IN CORE O-/00c/m
LOCATION 470307 3435m E, L9HI6ATH70/m K

escribed by:: :
WATER-BEPTH 1.363bm 7 above Do P88 BY:Jasyc onde
e Sealeel -
&
=
53 SAMPLE
= - DESCRIPTION BECORD
o B e DESCRIPTION
= [¢]
°. .5 |OYR bH gray
©o with root 5
104 0 4
D
.
20- 5 ©

I FS 10YR "3/193.2
IS 0YA3/A very dark gragish §e e
_VFlo\{AS"-ngtj : J rown f:\jju

S 10YR 2 /4 black P@o:{'

T FsTeVF 10NR Galiaht brouiich one oot
1 Pgepincors .Ro,,_;y wg - b OWRiIsA grag wITAr ool

FS bo- VF 10YALIA fight brounish gray with reots

i Fole VF 1I0YR 5729y with rosts

80- —

10Q - L el

General comments:

Figure A2.11 Vibracore log sheet 5, 0-100 cm.
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CORE 5 DEPTH IN CORE 100~ 20004
LOCATION 470307 3435mE, 45U B03A5.5701m IV

bed by: -
WATER-BERTH 1363612 gbove, Caserl Y- Danpa o

Sea leve

SAMPLE
DESCRIPTION RECORD

SMEAR
DISTURB

IR ] .
100 P Pabb!@ fmg axis 'JSnm/ shorl axis o mm

re u,ncl, ed

Su f:;} r{smoidal

10 —n £s e VF IOYR S/ gray

20

307 *
)
2
40 == rosts
N —
50 R/ — rosts Coild
| FSLeVF 1OYAF/A g rayrsh brown
.
80
' FS IOYR 5/ arayish )Z(/'.f}‘«v'k;
' gy 1
707 ||
3 o S 1OYR &ld very dank growh qcpqﬂm-'uua.l 0rgaALS
80 )
o FS 10YR 5/2 3&4\\;;5}. :L:r:ﬁum_
LN
.

.
07 Yo
.

«am.. . | T |

General comments:

Figure A2.12 Vibracore log sheet 5, 100-200 cm.
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20g -

SMEAR -

DISTURB

CbRE 5 DEPTH IN CORE 2.00-3CCc#

LOCATION 4708073435 m N, 49436384701 m NV :
WATER-DERFH— 1. 3606 Z o oReseribed BY: Janga Coen

3ealicy

ol

DESCRIPTION

SN S|

Y N
A )
10- .
Vow
.
.
‘\
20.- 1]
N W
S : ¥
\‘ \
301 .
.
N .
.
40 :
.
-
& LY
50 s
LY
A I
A3E ¥
X
60
N “
.
b X
N
70" v
.
“,."/
{0
L Yy
80 ,
.
=loly '
A
.
2300 -

RS IOYR /3. dark gragish trowa

FS 10YAR-3/Q Srag's#_ brown

FS IoYR 412 dark gragish beown

. &p [ |
3 FSIOYR3I A 3e‘ow»s/1 brown

i [ 1
Es 10V R Slhyeliowisi browa

. layer o

[ ]
RS 10YR LI dark gragisn brown

FS 1oyR 5k \/?-:\DV»S;l brown

FS IOYR 4/ é;w% 3/35;;;, brown

Al
Pe"w'& ;\’2 axis 43 mm, shortax s L well rownded prismoi da

General comments:

Figure A2.13 Vibracore log sheet 5, 200-300 cm.
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SAMPLE

RECORD



C‘ORE 5 DEPTH IN CORE 300-3 17m
LOCATION H7O307 3435m N, H14 3645. 470l mA/

WATER-BEPTH |.9636m 7 apove Described BY:Jaryye, Cond

- Sea lev

: SAMPLE
DESCRIPTION RECORD

S, (0 20, O |

SMEAR
DISTURB

,\‘; FS 1oYR 4/ &-Q-Mgmgsifamm

317
20

1 Y
e Ly <

507

707
80"

S0

1400 -

General comments:

Figure A2.14 Vibracore log sheet 5, 300-317 cm.
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104

207

507

707

80"

1 G0 =

SMEAR -

DISTURB

C.ORE 6 DEPTH IN CORE O-ICCcm

_ - escribed by: ,)a
WM‘RL;‘E mz  below dafim it

LOCATION L70425.2 SAmX,HCI"ﬂSBb%SSSmY ’
i;b«tC&y.Jn

O- 106 o

[ CO - 300

DESCRIPTION

[ T T |

e

[ 1
FS 10YR b/ lighl gragist 7o

wilthL reols

| |
FS 10YR b/a light gragish hrown

™
o

10YR 612 light gravish, brow,
v o FANY

FS 10YR bla ’\q/_?jm,p;,‘) brown

FS 10YA b3 r-a.f‘; brown

ettt

\ \ ) )
General comments: Dhe J‘J‘:’ T@em ”§j~/ Cone 4wl Losg Ljax Jxa)%%b/,/,, Mane

Lty

Figure A2.15 Vibracore log sheet 6, 0-100 cm.
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SAMPLE

RECORD



CORE 6 DEPTH IN CORE /CO-2QD0csn
T (7 OHAS A5 mX, 4b343539.558m Y
LOCA”ONL’ZO e " “Described by,
WATER-BERPTH- . _ :

ALAEmZ below cLaf"am

/74 (13&{[;

SMEAR
DISTURB

[ ]

100 7

'S 10YR 4/3 dark brovn  with, shel[ £

T ragmerls
L)

-n
J

v

20- v !
.

F3 IOYR 514 yef}ou./ys,“, lorovn

e mskors 10YRG11 Lightgrayish brovn

FS 10YR 514 yellowish hroun, wih. rochs

1S JeFS 10YR G/ Vightgrayish brovn

504

c 0 = J P 4
C310YR S/gmy  wiTh shell trogmenls
51 J

60—

701

804

0 Py,
Scallered grawd uplo lonm o g; ze

%..

200 - : i

General commments:

Figure A2.16 Vibracore log sheet 6, 100-200 cm.
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DESCRIPTION

v v FS IOY/\\J Ld/5 th/{ bmwz Wi 1"/; 5 ;’ E v:!"}".!f) MCATS

SAMPLE

RECOR



409

SMEAR -

DISTURB

CORE 6

DEPTH IN CORE 200-20lun

LOCATION L470425.254 Xy k94 333(1-55.8/#

WATER-BDERPTH-

escribed by: 3@
"2} 28 b Z below 'cLaszm

m/ﬁ nglz

deall )

20|

104

207

50"

707

807

300 -

larif,,:sg’

General comments:

DESCRIPTION
CS I0YR5/1 g ray

Aan g

Figure A2.17 Vibracore log sheet 6, 200-201 cm.
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SAMPLE
RECORD




La3

) O-I00
CORE 7 DEPTH INA(/‘:ORE O-/C0cm ii;_}i}
LOCATION L 70 475. 350m 5 435944515 . e
WATER DEPTH |, 772912 Described BY: Dy a.C.gmud
23 chove, scalewl
e v
< 2
L5 SAMPLE
- () i DESCRIPTION RECORD
M/Q\.Q/T;J;;’\.)_ nE® J/D/ e
10 o S 10YR &/2 hlack
! rools
20-
2
i .)\2&\
20- ( , FS 1oYRbIL gray’
{0 rots
)
40 o
! "‘ FS I1IOYR 3/&?&3)5}:5@@»;7 _
507 ||
— 1 LT 1 T rSIOYRUEI3 dork hrown
o || ° .
v FS 1OYR §/& gragish brown
70 ) l\ 5:!‘, root
.
80"
= o of
el Lok
n : FSVF 1ONA 5/2 SPQ&‘H?}:‘. Yrown
10Q = = o= [

General comments:

Figure A2.18 Vibracore log sheet 7, 0-100 cm.
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CORE 7 DEPTH IN CORE [C0-dC0cm
LOCATION &470475. 3309mE, 494 35944515 N ) ‘
WATER BEPTH 1. 7789 2 <l}DovﬁL'Jesr:x'(bed by: 3@/%%(9@4&
§~ sealecic H
g>
L% SAMPLE
oga =] K DESCRIPTION RECORD

o] |-

20 R

201 u- ,

= FSL;—\JF 10 YR 3/ Sr\aﬁiskbmwn
sott—+1++
o FSIOYR 5/&9M3;;A Erowh

50 — ap0
FS IOYR 5/& 3"031’};'.;;3?“;\,/}\

GO-

707

80

%-

200 - b ooy

General comments:

Figure A2.19 Vibracore log sheet 7, 100-200 cm.
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CORE 7

DEPTH IN CORE 206-30Ccsh
LOCATION 570475, 3509mE 49u305%k§;5;mév
esc : |
WATER-DERTH h77g9mz above o0 Y Danga Clods
Q. - Sea leyef :

g5

W =

{"a; 2 DESCRIPTION EAMPLE
2 o R ER | ot E R

200 - — i CO _D
: \ FS 1I0YR 3/ Sr\agnsé 'urom\
K “ N FS IOYR 414 dark ragish kmum
10 T.oT1T T A I
209
201 e
3
40
} \ FS I10YA U/ a\,a_w/*\gﬁogxsf,, brown
501 .
60+ C
70‘ !
80"
ol M J
FS I0YR 4/3dark Brown
300 - . Al

General comments:

Figure A2.20 Vibracore log sheet 7, 200-300 cm.
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CORE 7 DEPTH IN CORE 300-347cn
LOCATION 470475, 3500 mE, 49435 I4: 4515 mh . -
WATER BEPTH 1. 7799m 7. above Described bY:Danya. ¢ Jode

o g seqleye]
< D
g5 SAMPLE
B - o e DESCRIPTION RECORD
00 ] ] 4_; ﬂleS JOYR 6/3 dﬂ.l‘/-( brown
10 i
. FS JOYR 5/3 brown
201 |
\\"\ ,
AN
20 L
e FS I0YR =1 dark gray L«Jx;:"ls?. anganic J?Paj herf;‘i:
40- ~.
347 ‘
L’t)ij.:.'!/’l. cg RN
50 ’ ’
60—
7O
80-
o
L{'OO“ _tes

General commentis:

Figure A2.21 Vibracore log sheet 7, 300-347 cm.
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COREg - DEPTH IN CORE O-i00cs
LOCATION 47055.3112nE, L94 3555. 0207 mAV
WATER-BEPTH o003 s, apove  OoocTed BY dargac s

c g sea leve/ ©
=
. SAMFLE
g e DESCRIPTION RECORD
CS10YR 543 brown with rosts
RS 1ovA T4 3”‘3%& bhrown,
e S YR/ black with roots pedt
1o+ -+ =—- -}
b FSLVF 10YR 511 gray with rosts
207 .
s
20 ‘< FSIOYR 5/ grayish brown
40-
50
(Soly “
707 .
Fa 10YAR /1 d.a,rﬁ«‘jm-cj
801 | i L o) (N E—
:\‘ FS JIOYR Wia AJLU‘:\ gragise brown
%- . -
100 = o

Genergl comments:

Figure A2.22 Vibracore log sheet 8, 0-100 cm.
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CORES8 . DEPTH IN CORE 100-200<s

LOCATION 47055, 31/ amE, 49k 3555.0509 m N
Described by:UCM),a.cé*mJo

o WATER-DEPTH 1. 2,507 above seelerel
o
< D
W=
Suw SAMFLE
oo 4 2 8 Y DESCRIPTION RECORD
o st
lo‘ ) M‘Oi
204 o
' ES 1OYR 4/ dark 3,Qj,SJL,£rowq
30-
40-
501 capa
60-
70‘_ FS 10YR w2 c\nr:’x’gmjun brown
80-
S0
200 - i —_—i

General commensis:

Figure A2.23 Vibracore log sheet 8, 100-200 cm.
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200 7
104

20

50

707

80

SO-

300 -

SMEAR
DISTURB

CORE 8

DEPTH IN CORE 200300

LOCATION 47055.3/1m E, 1943555.0200mW

WATER-DEPTH 4. 2395/ @

L:ovq
Sea [eyel

Described by: ) ary: Ca

Fords

T A |

FSIOYAR bia dark gragish browr

FS 10YR 4/3 dark brown

General commentis:

DESCRIFTION

Figure A2.24 Vibracore log sheet 8, 200-300 cm.
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SAMPLE
RECORD




CORE 8 DEPTH IN CORE 30OC-3 e
LOCATION L7055, 3ldnE 4q4,3555-0200m N

’ D bed by: - ) y
WATER-BEPTHA- 23 0% above sea lave/ ¥ Janye Clonds

SAMPLE
DESCRIPTION RECORD

PO T

SMEAR
DISTURB

FS [0YR /3 dark krown

3IN7

307 lpfbfj;mcz{/ff;-(

g

507

807

400 - s

General comments:

Figure A2.25 Vibracore log sheet 8, 300-327 cm.
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CORE 9 DEPTH IN CORE O-/CCcmn

LOCATION 470723 k47mk, LYY3SLi.RTomN
S .~ Described by:

WATERDEPTH |- 635, 2 above C)Wdc_go*

4

e g Seq level
g D
w ~
= *U-) SAMPLE
0q” =] e DESCRIPTION RECORD
N ] e —
lll< MS 10%A 6l1gnay with rools nereasing wp waLrdy
104 SN
:JW‘;’ &
A FS 10YRGIL gray with some podls and gras
\
20- = )
ZJ
FH | | v very dark brow
ik 3 10YAR /A very cark Lrown v
2 1 tith, rools as i, g rasses PQTN
307 :ez N
i
. ez )
407 J’// . FS I0YR /1 gray w:”' rm{: and grasses
AL
# (
LI
R .n . veils NP
| A geRincons - woslo and grassey
501 1 ;
L -
80 . ' FS IOYA (/1 gray with reots ard. grasse
70 1 '
80
S0 '\
GQ = e ey

General commenis: [} 1.4y 00de W

£aR carme ol and gl

Figure A2.26 Vibracore log sheet 9, 0-100 cm.
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CORE 9 DEPTH IN CORE 100-3C0cm
TION 470723 bb7mE, 4y3541-296m A/
LOCATIO! '+~ 2 'm ) %DDescribed By’ e a(.fé'eac/n
WATER DERTH-1.635m Z above 5%
o seqglevel :
45 -
en SAMPLE
wa N DESCRIPTION RECORD
160 7 P -
o5
10 e
¢
.
201 c
‘, K
¢ & ‘
‘\‘r FS IOYR Wiamﬂ with rosts a_ndl,j ragses
30-—- o ; e 1 ] Oxx&.ized/
\”
40 LUS
Fs 1ovR 11 gray Ox;CLizedlj B
50 o £apQ
8 . FS 10YR 5/3 broyn
60-1
70" ‘
804
%-
,;LOO- s it

General comments:

Figure A2.27 Vibracore log sheet 9, 100-200 cm.
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C‘ORE 9 DEPTH IN CORE 400~-300c”
LOCATION 4t 7O7A 2.4 47m E, qqqassu. 296mh)

escribed by: |
WATER DERPTH .63 m Z above sea jevel . ‘9‘2"7‘2‘(“*-“4?’
fua) 3
e e-0 -
=]
= 3 SAMPLE
& 8 A DESCRIPTION RECORD
200 7 — DESLRC LIV i
104
20 I .', ‘ FS IOYA 5/3 brown
- 4 - — ] - - '
30-
] ‘e " FS 10YR 4/ dark gragish brown
Pe))ble
40-\._,. ] = —
9 o VF IOYR5/L gray
507 -
60‘ poss -
707 —
80
%-
VF 10YR 4/1 darRgrag
300 - = T -

General commenis:

Figure A2.28 Vibracore log sheet 9, 200-300 cm.
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C.ORE 9 DEPTH IN CORE 3C0O-332em

LOCATION 470723. k47 mkL wya%léﬁ";‘;b’gd by: 1 )
. : quy»ch

o WATERBEPTH 1.435m 2 above sewlevel
&
g D
g5 SAMPLE
Ga Ene g DESCRIPTION RECORD
300 e :
i VF 10YR 4 )7dark grag
, =l F3 L VF 10YR 5/ gmgvs)'. brown
101 T
e FS IO YR 5/3 brown
201
FS 1R Sttgryshbronn coshell fragnesh
30-
40
’ VF 10 YR 417 daskgray -
50 [
5 ¥
3 ronZ,:ché/tN‘.J
60-
70
80"
S0
L;.OO_ ’ [T

General commen?is:

Figure A2.29 Vibracore log sheet 9, 300-352 cm.
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LISA

) O-I5lom
CORE 10 DEPTH IN CORE O-i1C0 :
TION 470 %54, L 4367amK LIU3 D54,.739853m Y
LOCATIO! H*‘ Described by: gwﬂ/}/w‘ 3 f
@ WATER DEPT r*'”al‘ﬁ AinZ below claj‘u»,
e
g D
LEU }‘-n— SAMPLE
T hi (=) Lreitiy DESCRIPTION RECORD
\i{/
¢ ¢
S
10 o g e :
J‘(‘ FS I0YR /o eark gragisn krowe, t2ith rocts and. gras
‘( }'l — ‘?me, V‘O’:"é's‘ )
20- YW = fﬁj&f‘ O" v“od’*s and, grass
o
S
30—_ : -
: FS 1I0YRY/2 dank grayish brown
40
i A ! || ms ke FS 10YRY/3 dark brovs with, roots
FS L-VF 10YR5/3 hrown
50+ A
80" ‘. .
70.- o FSI0YR 5/ hrown
80 e EY 10 YR :?JJ«SMWS,\, (ren
N i}
%- '
]00- [TV |

General comments:

Figure A2.30 Vibracore log sheet 10, 0-100 cm.
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C.ORE 10 DEPTH IN CORE 18¢~i5/wn

escri

WATER DEPTH -5 = ; rdal
AleSAmZ be)owdﬂ}um,

LOCATION 470854, b49m#4, 49#536%7406&8)3 by: 3 -~ J(
5 QiL}/IZ; ele

DESCRIPTION

[ I |

jus]

1

L -

P’

w o

100 7 :
1054

107 4

109

207

40

501

FS 10YR 5/ gragish broun

FS10YR 5/2 qrauish brown wilk 5¢ . [ smoida/
3 5/2 grauisn brown, will granyjes (-4 mm)sabrouded sub prismoid
- — ond Ypebhles ¢4 Taamn) reladed Subprismoidal At

FS10YR 5/a gragish krown ’

, o 1
F3 IOYR 5/4 31"3;),1‘1:!;"'.."\/" u.‘”ﬁ S‘ne;! %f?j"VUJG Ul
3m,uj.~_5 G-l PQW\:L&J./ Pris mordal

1 2 - Vel I f i/
pe})olﬁs (4-32nm) Subrousd.ed, SwopMsmordal

FS 10 YR3Iag rayish, brotan
1Lt ] h 4 3 v
pebble long oi/s 18 mm, shortaxis Ty S«L;/'owi:i, Su))pr‘;sng; daf

FSI0YRE/39rayish brown with qraneles 2-4
FS 10YR 5/9\3%\‘7:5% brown 3 S )

FS 10YR b/l hrowaish yellow . ‘ )
FS 10YR 32 very dark g ray;sh brawn " | ¥er of orgaic maferia] 10¥8 2/1 hlack

151

60—

707

807

2 CQ =

)érojj 1 :w\{ oL

[V |

General comments:

Figure A2.31 Vibracore log sheet 10, 100-151 cm.
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SAMPLE

RECORD



CORE 11 DEPTH IN CORE O-/0Ccin
TION L70952.295m Xi 4q4 339 6-542m Y
o a5 P & Described by: 9, , e ool
= 'y 4
WATERBEPTH | 54,2 belsiy datise 7/

SAMPLE
i DESCRIPTICN RECORD

SMEAR
DISTURB

A A
4

R
ARG

10

*/\-;'
e

20+ b

I
N RIroyy

)
. T
40 F 10YR 4/3 dark brown
N rost
- ‘
- '
50 .\\‘ rooTs
f
801 ; - S
b iad FS 1I0YR 313 brows
'
'
707
7 3 » L 1- 4 — oot
' *
80 i
v FS 10 R 82 grayrsh brown o th %} tragments o,

1 00 - B AT

General comments: the Lop 30en of Therae Lube appocua
1 1t } {. |
sand Losa 0L d5d mol

Figure A2.32 Vibracore log sheet 11, 0-100 cm.
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10Q

207

g

SMEARv

DISTURB

CORE 11 DEPTH IN CORE 1C0-a0Cem

LOCATION 470 952.295140mX,49% 33 76.5%am

%
e G Described by:q, ,
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Figure A2.33 Vibracore log sheet 11, 100-200 cm.
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CbRE 11 DEPTH IN CORE A0C-2bkm

T - X R Gbs 542 F
LOCATION 47095 295 m X, 4943 Be scrr/ged by: Jq/u/wcc ?

WATER DEPTH -], 8bmnZ Cbe!owd.a'fum)

us]
[yt
< 2D
g2 SAMPLE
pS4 = =
B8 g DESCRIPTION RECORD
2, o0 FS IOYR 3/ jf“lytsi; lorown,
10
S TR ©orR WA Lu&;m rsh byoton | Rragments
with qr*a.muﬂs Q-bnm iideds, oo
Y e e and. f“~ les (- Q“’”"‘\ bmbmud;i S@bc/_:sro.u/
g?" s &1 pebbr_, long axis &smm, Si\)r* axi§ |hmm 5@0,\3,,”3[_~ 2 V{g/ﬁ,’y‘?%’:l /
. \ FS )OYRQ’?d,o_r brown ~,'4 ¥
i shel
s le_H(aJ:L 'onﬁ axis Iw’” shom a Lmm,
‘P‘P'. {'»qh_ <bble |O/A Qxis 1amm; s hopl axi’s Qmm Pownd. 5
3\3&0%'» F 2 ; .. -|1-4 vCts F\ IOY/'«HM ilrksm, sh brown go"/oh‘)
d with shell fragmeis 10%6 S lms
5 4 4 i ma/cpj" o
'n P*" e 0"4‘1\ s 1€mm, :%or faxis Imm; ‘,«nmwcj»i Subdiscord.al
o ®
407 sl T M va\ lO\’F(-mamwsr orovh
L‘Jr"f' Snﬂ,_mam:/‘) « f
2 pebble lomg axis am, shorl ais bam S;,ir‘(nnm :t scOi tka
A7 MS BFﬁ |0wq 5/ grovm mm/ { ;
well roun ed L Prismoica [ b >abroum.,i, ;ub/}r.;mrizf
50- } [ b Ji1 /
pebou Iy '“Iow'vi:'i prisroidal e Smbmu»aad/ sabduise
mrﬂm Shell Tragt enls
80 1 f‘ 10 YR w/g\gm ish orown
Lvsrc,, wleg (A-ban) «IJ) roaad
2067
707
804
S0
Bm_ ] WO |

General commenis:

Figure A2.34 Vibracore log sheet 11, 200-267 cm.
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Figure A2.35 Vibracore log sheet 12, 0-100 cm.
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CORE 12
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Figure A2.36 Vibracore log sheet 12, 100-165 cm.
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Figure A2.37 Vibracore log sheet 13, 0-100 cm.
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CORE13 DEPTH IN CORE 1Q0-200
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Figure A2.38 Vibracore log sheet 13, 100-200 cm.
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Figure A2.39 Vibracore log sheet 13, 200-242 cm.
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APPENDIX 3: GRADISTAT Grain-size Analysis Statistics

Twenty-three sediment samples from the vibracores (Fig. 3.4) were analysed for
grain-size. The GRADISTAT printouts are reproduced here.

SAMPLE STATISTICS
SAMPLE IDENTITY: 01 ANALYST & DATE: TCF, 4/16/2013
SAMPLE TYPE: Unimodal, Moderately Well Sorted = TEXTURAL GROUP: Slightly Gravelly Sand
SEDIMENT NAME: Slightly Medium Gravelly Fine Sand
Jm [0) GRAIN SIZE DISTRIBUTION
MODE 1:[ 185.5 2432 GRAVEL: 0.3% COARSE SAND: 4.5%
MODE 2: SAND: 99.6% MEDIUM SAND: 17.3%
MODE 3: MUD: 0.1% FINE SAND: 68.6%
Dyl 126.2 1.598 V FINE SAND: 9.3%
MEDIAN or Ds:| 188.8 2.405 V COARSE GRAVEL: 0.0% V COARSE SILT: 0.1%
Dgo:| 330.4 2.986 COARSE GRAVEL: 0.0% COARSE SILT: 0.0%
(Dgo / Dyg):| 2.618 1.869 MEDIUM GRAVEL: 0.3% MEDIUM SILT: 0.0%
(Dgo - D1g):| 204.1 1.388 FINE GRAVEL: 0.0% FINE SILT: 0.0%
(Dys/ Dys):[  1.583 1.322 V FINE GRAVEL: 0.0% V FINE SILT: 0.0%
(D75 - Das):;|  88.59 0.663 V COARSE SAND: 0.0% CLAY: 0.0%
METHOD OF MOMENTS FOLK & WARD METHOD
Arithmetic Geometric  Logarithmic | Geometric Logarithmic Description
Um Um [0 pm q
MEAN (x): 255.7 200.5 2.318 192.9 2.374 Fine Sand
SORTING (o): 716.9 1.593 0.672 1.485 0.571 Moderately Well Sorted
SKEWNESS (Sk): 18.10 2.592 -2.592 0.198 -0.198 Coarse Skewed
KURTOSIS (K): 336.8 21.13 21.13 1.304 1.304 Leptokurtic
GRAIN gIZE DISTRIBUTION
13.0 8.0 3.0 -2.0 -7.0
12.0 . - L .
10.0 A
- 8.0
>
E
<))
E 6.0
(0]
8
Y 40
2.0
00 T T T T T T T
0.1 1 10 100 1000 10000 100000
Particle Diameter (um)

Figure A3.1 GRADISTAT printout with logarithmic frequency plot for grain-size
sample 1.
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SAMPLE IDENTITY: 02

SAMPLE TYPE: Unimodal, Moderately Well Sorted = TEXTURAL GROUP: Sand
SEDIMENT NAME: Moderately Well Sorted Fine Sand

SAMPLE STATISTICS

ANALYST & DATE: TCF, 4/16/2013

hm (0] GRAIN SIZE DISTRIBUTION

MODE 1:| 223.7 2.162 GRAVEL: 0.0% COARSE SAND: 6.4%
MODE 2: SAND: 100.0% MEDIUM SAND: 32.4%
MODE 3: MUD: 0.0% FINE SAND: 58.4%
Dyo:| 152.1 1.345 V FINE SAND: 2.6%

MEDIAN or Dso:| 227.3 2.137 V COARSE GRAVEL: 0.0% V COARSE SILT: 0.0%
Dgo:| 393.8 2.717 COARSE GRAVEL: 0.0% COARSE SILT: 0.0%
(Do / Dyg):| 2.589 2.021 MEDIUM GRAVEL: 0.0% MEDIUM SILT: 0.0%
(Dgo - Dyo):| 241.7 1.373 FINE GRAVEL: 0.0% FINE SILT: 0.0%
(Ds5/Dos):|  1.581 1.369 V FINE GRAVEL: 0.0% V FINE SILT: 0.0%
(Dys - Dys):|  106.2 0.661 V COARSE SAND: 0.1% CLAY: 0.0%

METHOD OF MOMENTS FOLK & WARD METHOD
Arithmetic Geometric  Logarithmic | Geometric Logarithmic Description
KM um ¢ pm ¢
MEAN (Xx): 262.9 238.8 2.066 232.0 2.108 Fine Sand
SORTING (o): 137.3 1.506 0.591 1.479 0.564 Moderately Well Sorted
SKEWNESS (Sk): 2.482 0.870 -0.870 0.191 -0.191 Coarse Skewed

KURTOSIS (K): 10.36 4.342 4.342 1.288 1.288 Leptokurtic

GRAIN gIZE DIST%IBUTION

13.0 8.0 3.0 -2.0 -7.0
12.0 :
10.0
8.0 -
g
E
=)
'E 6.0 -
(]
k:
Y 40/
2.0 4
OO T T T ’(H-err ‘hﬂm T T
0.1 1 10 100 1000 10000 100000
Particle Diameter (um)

Figure A3.2 GRADISTAT printout with logarithmic frequency plot for grain-size

sample 2.
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SAMPLE STATISTICS

SAMPLE IDENTITY: 03 ANALYST & DATE: TCF, 4/16/2013
SAMPLE TYPE: Bimodal, Very Poorly Sorted TEXTURAL GROUP: Sandy Mud
SEDIMENT NAME: Fine Sandy Coarse Silt
hm (0] GRAIN SIZE DISTRIBUTION
MODE 1:| 31.54 4.988 GRAVEL: 0.0% COARSE SAND: 0.6%
MODE 2:| 169.0 2.566 SAND: 20.5% MEDIUM SAND: 2.3%
MODE 3: MUD: 79.5% FINE SAND: 10.1%
Dyo:| 3.015 2.686 V FINE SAND: 7.6%
MEDIAN or Dso:| 27.05 5.208 V COARSE GRAVEL: 0.0% V COARSE SILT: 22.9%
Dgo:| 155.4 8.374 COARSE GRAVEL: 0.0% COARSE SILT: 26.1%
(Dgo / Dyg):| 51.55 3.118 MEDIUM GRAVEL: 0.0% MEDIUM SILT: 12.1%
(Dgo - Dyo):| 152.4 5.688 FINE GRAVEL: 0.0% FINE SILT: 6.6%
(Ds5/Dos):|  4.153 1.477 V FINE GRAVEL: 0.0% V FINE SILT: 4.5%
(Dys-Dys):| 3831 2.054 V COARSE SAND: 0.0% CLAY: 7.4%
METHOD OF MOMENTS FOLK & WARD METHOD
Arithmetic Geometric  Logarithmic | Geometric Logarithmic Description
pm um ¢ pm q
MEAN (Xx): 53.64 23.38 5.419 24.84 5.331 Coarse Silt
SORTING (o): 81.10 4,144 2.051 4214 2.075 Very Poorly Sorted
SKEWNESS (Sk): 3.710 -0.518 0.518 -0.147 0.147 Fine Skewed
KURTOSIS (K): 22.71 3.319 3.319 1.468 1.468 Leptokurtic

GRAIN SIZE DISTRIBUTION

13.0 8.0 3.0 -2.0 -7.0
5.0

4.5

4.0 -

3.5 1

3.0

2.5

2.0 |

Class Weight (%)

1.5 4

1.0

0.5

0.0 T T T T T T T
0.1 1 10 100 1000 10000 100000
Particle Diameter (um)

Figure A3.3 GRADISTAT printout with logarithmic frequency plot for grain-size
sample 3.
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SAMPLE STATISTICS

SAMPLE IDENTITY: 04 ANALYST & DATE: TCF, 4/16/2013
SAMPLE TYPE: Bimodal, Very Poorly Sorted TEXTURAL GROUP: Sandy Mud
SEDIMENT NAME: Very Fine Sandy Coarse Silt
hm (0] GRAIN SIZE DISTRIBUTION
MODE 1:| 38.01 4.719 GRAVEL: 0.0% COARSE SAND: 0.4%
MODE 2:| 185.5 2.432 SAND: 14.5% MEDIUM SAND: 1.9%
MODE 3: MUD: 85.5% FINE SAND: 6.1%
Dyl 2.192 3.462 V FINE SAND: 6.1%
MEDIAN or Dso:| 19.49 5.681 V COARSE GRAVEL: 0.0% V COARSE SILT: 20.8%
Dgo:| 90.77 8.833 COARSE GRAVEL: 0.0% COARSE SILT: 20.8%
(Dgg / D1g):| 41.40 2.552 MEDIUM GRAVEL: 0.0% MEDIUM SILT: 15.7%
(Dgo - Dyo):| 88.58 5.372 FINE GRAVEL: 0.0% FINE SILT: 11.7%
(Ds5/Dos):|  6.413 1.587 V FINE GRAVEL: 0.0% V FINE SILT: 7.6%
(Dys - Dys):|  35.65 2.681 V COARSE SAND: 0.0% CLAY: 9.0%
METHOD OF MOMENTS FOLK & WARD METHOD
Arithmetic Geometric  Logarithmic | Geometric Logarithmic Description
pm um ¢ gm q
MEAN (Xx): 41.05 16.55 5.917 16.16 5.951 Coarse Silt
SORTING (0): 69.36 4.209 2.073 4.282 2.098 Very Poorly Sorted
SKEWNESS (Sk): 4.236 -0.255 0.255 -0.160 0.160 Fine Skewed
KURTOSIS (K): 28.16 2.825 2.825 1.120 1.120 Leptokurtic

GRAIN SIZE DISTRIBUTION

13.0 8.0 3.0 -2.0 -7.0
4.0

3.5 1

3.0 1

2.5 1

2.0 4

Class Weight (%)

1.5 4

1.0 |

0.5

OO T T 1 T T T
0.1 1 10 100 1000 10000 100000
Particle Diameter (um)

Figure A3.4 GRADISTAT printout with logarithmic frequency plot for grain-size
sample 4.
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SAMPLE IDENTITY: 05

SAMPLE TYPE: Unimodal, Moderately Well Sorted
SEDIMENT NAME: Moderately Well Sorted Fine Sand

SAMPLE STATISTICS
ANALYST & DATE: TCF, 4/16/2013

TEXTURAL GROUP: Sand

hm (0] GRAIN SIZE DISTRIBUTION

MODE 1:| 223.7 2.162 GRAVEL: 0.0% COARSE SAND: 6.0%
MODE 2: SAND: 97.0% MEDIUM SAND: 32.6%
MODE 3: MUD: 3.0% FINE SAND: 52.5%
Dyo:| 1315 1.321 V FINE SAND: 5.8%

MEDIAN or Dso:| 224.5 2.155 V COARSE GRAVEL: 0.0% V COARSE SILT: 1.1%
Dgo:| 400.3 2.927 COARSE GRAVEL: 0.0% COARSE SILT: 0.5%
(Dgo / Dyg):| 3.044 2.216 MEDIUM GRAVEL: 0.0% MEDIUM SILT: 0.3%
(Dgo - Dyo):| 268.8 1.606 FINE GRAVEL: 0.0% FINE SILT: 0.3%
(D75 / Dys):|  1.674 1.419 V FINE GRAVEL: 0.0% V FINE SILT: 0.3%
(Dys - Dys):| 117.6 0.743 V COARSE SAND: 0.1% CLAY: 0.6%

METHOD OF MOMENTS FOLK & WARD METHOD
Arithmetic Geometric  Logarithmic | Geometric Logarithmic Description
Hm um ¢ pm q
MEAN (Xx): 253.0 213.7 2.227 226.1 2.145 Fine Sand
SORTING (0): 139.5 2.055 1.039 1.603 0.681 Moderately Well Sorted

SKEWNESS (Sk): 1.925 -3.371 3.371 0.003 -0.003 Symmetrical
KURTOSIS (K): 8.444 23.45 23.45 1.436 1.436 Leptokurtic

GRAIN gIZE DISTRIBUTION

13.0 8.0 3.0 -2.0 -7.0
10.0 |
8.0 -
e
E, 6.0
g
o 40
2.0 4
0.0 T T T wﬂ T T T
0.1 1 10 100 1000 10000 100000
Particle Diameter (um)

Figure A3.5 GRADISTAT printout with logarithmic frequency plot for grain-size

sample 5.
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SAMPLE STATISTICS

SAMPLE IDENTITY: 06 ANALYST & DATE: TCF, 4/16/2013
SAMPLE TYPE: Unimodal, Very Poorly Sorted TEXTURAL GROUP: Muddy Sand
SEDIMENT NAME: Coarse Silty Fine Sand
hm (0] GRAIN SIZE DISTRIBUTION
MODE 1:| 185.5 2.432 GRAVEL: 0.0% COARSE SAND: 2.2%
MODE 2: SAND: 70.6% MEDIUM SAND: 11.4%
MODE 3: MUD: 29.4% FINE SAND: 47.8%
Do) 6.670 1.882 V FINE SAND: 9.2%
MEDIAN or Dso:| 153.3 2.706 V COARSE GRAVEL: 0.0% V COARSE SILT: 5.7%
Dgo:| 271.3 7.228 COARSE GRAVEL: 0.0% COARSE SILT: 6.4%
(Dgo / Dyg):| 40.67 3.840 MEDIUM GRAVEL: 0.0% MEDIUM SILT: 6.1%
(Dgo - Dyo):| 264.6 5.346 FINE GRAVEL: 0.0% FINE SILT: 4.8%
(D75 / Dys):| 5.768 2.120 V FINE GRAVEL: 0.0% V FINE SILT: 3.1%
(Dys - Dys):|  173.0 2.528 V COARSE SAND: 0.0% CLAY: 3.3%
METHOD OF MOMENTS FOLK & WARD METHOD
Arithmetic Geometric  Logarithmic | Geometric Logarithmic Description
Jm um ¢ um q
MEAN (Xx): 150.3 79.22 3.658 79.14 3.659 Very Fine Sand
SORTING (o): 1215 4.585 2.197 4.192 2.068 Very Poorly Sorted
SKEWNESS (Sk): 1.372 -1.323 1.323 -0.680 0.680 Very Fine Skewed
KURTOSIS (K): 6.957 3.882 3.882 1.104 1.104 Mesokurtic

GRAIN SIZE DISTRIBUTION

13.0 8.0 3.0 -2.0 -7.0
9.0

8.0 4

7.0 A

6.0 4

5.0 |

4.0 |

Class Weight (%)

3.0 1

2.0

- hWWm
0.0 . _«n'mn'lmran‘m-mm‘l-l‘l-l‘” . .

0.1 1 10 100 1000 10000 100000
Particle Diameter (um)

Figure A3.6 GRADISTAT printout with logarithmic frequency plot for grain-size
sample 6.
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SAMPLE IDENTITY: 07

SAMPLE TYPE: Unimodal, Moderately Well Sorted
SEDIMENT NAME: Moderately Well Sorted Fine Sand

SAMPLE STATISTICS

ANALYST & DATE: TCF, 4/16/2013
TEXTURAL GROUP: Sand

hm (0] GRAIN SIZE DISTRIBUTION
MODE 1:| 203.7 2.297 GRAVEL: 0.0% COARSE SAND: 10.6%
MODE 2: SAND: 98.9% MEDIUM SAND: 34.3%
MODE 3: MUD: 1.1% FINE SAND: 50.8%
Do 147.1 0.965 V FINE SAND: 3.2%
MEDIAN or Dso:| 236.5 2.080 V COARSE GRAVEL: 0.0% V COARSE SILT: 0.4%
Dgo:| 512.1 2.765 COARSE GRAVEL: 0.0% COARSE SILT: 0.1%
(Do / Dyg):| 3.482 2.864 MEDIUM GRAVEL: 0.0% MEDIUM SILT: 0.1%
(Dgo - Dyo):| 365.0 1.800 FINE GRAVEL: 0.0% FINE SILT: 0.1%
(D75 / Dys):| 1.846 1.561 V FINE GRAVEL: 0.0% V FINE SILT: 0.1%
(Dys - Dys):|  153.6 0.885 V COARSE SAND: 0.0% CLAY: 0.3%
METHOD OF MOMENTS FOLK & WARD METHOD
Arithmetic Geometric  Logarithmic | Geometric Logarithmic Description
KM um ¢ pm q
MEAN (Xx): 283.8 246.3 2.021 252.8 1.984 Medium Sand
SORTING (0): 153.4 1.817 0.861 1.611 0.688 Moderately Well Sorted
SKEWNESS (Sk): 1.501 -2.712 2.712 0.218 -0.218 Coarse Skewed
KURTOSIS (K): 5.254 25.79 25.79 1.051 1.051 Mesokurtic

10.0

13.

0

GRAIN gIZE DIST%IBUTION

8.0

3.0 -2.0 -7.0

9.0 1

8.0 |

7.0

6.0 -

5.0 |
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2.0 |

1.0
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_

0.1

T
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T

100 1000 10000 100000
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Figure A3.7 GRADISTAT printout with logarithmic frequency plot for grain-size

sample 7.
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SAMPLE IDENTITY: 08

SAMPLE TYPE: Unimodal, Moderately Well Sorted
SEDIMENT NAME: Moderately Well Sorted Medium Sand

SAMPLE STATISTICS

ANALYST & DATE: TCF, 4/16/2013
TEXTURAL GROUP: Sand

hm (0] GRAIN SIZE DISTRIBUTION
MODE 1:| 2455 2.028 GRAVEL: 0.0% COARSE SAND: 15.8%
MODE 2: SAND: 99.1% MEDIUM SAND: 46.1%
MODE 3: MUD: 0.9% FINE SAND: 35.6%
Dyg:| 177.1 0.696 V FINE SAND: 1.0%
MEDIAN or Dsq:| 285.0 1.811 V COARSE GRAVEL: 0.0% V COARSE SILT: 0.2%
Dgg:| 617.2 2.497 COARSE GRAVEL: 0.0% COARSE SILT: 0.1%
(Dgo / Dyg):| 3.484 3.586 MEDIUM GRAVEL: 0.0% MEDIUM SILT: 0.1%
(Dgo - Dyo):|  440.0 1.801 FINE GRAVEL: 0.0% FINE SILT: 0.1%
(D75 / Dys):|  1.846 1.676 V FINE GRAVEL: 0.0% V FINE SILT: 0.1%
(Dss - Dys):|  185.1 0.884 V COARSE SAND: 0.6% CLAY: 0.2%
METHOD OF MOMENTS FOLK & WARD METHOD
Arithmetic Geometric Logarithmic | Geometric Logarithmic Description
pm pm ¢ pm ¢
MEAN (x): 342.0 296.9 1.752 304.7 1.715 Medium Sand
SORTING (0): 184.8 1.817 0.861 1.611 0.688 Moderately Well Sorted
SKEWNESS (Sk): 1.501 -2.712 2.712 0.218 -0.218 Coarse Skewed
KURTOSIS (K): 5.254 25.79 25.79 1.051 1.051 Mesokurtic
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13.
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GRAIN gIZE DISTRIBUTION

8.0

3.0 -2.0 -7.0

9.0 -
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Figure A3.8 GRADISTAT printout with logarithmic frequency plot for grain-size

sample 8.
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SAMPLE IDENTITY: 09

SAMPLE TYPE: Unimodal, Moderately Well Sorted = TEXTURAL GROUP: Sand
SEDIMENT NAME: Moderately Well Sorted Medium Sand

SAMPLE STATISTICS

ANALYST & DATE: TCF, 4/16/2013

hm (0] GRAIN SIZE DISTRIBUTION
MODE 1:| 269.5 1.894 GRAVEL: 0.0% COARSE SAND: 17.0%
MODE 2: SAND: 100.0% MEDIUM SAND: 50.0%
MODE 3: MUD: 0.0% FINE SAND: 32.2%
Dy 189.7 0.674 V FINE SAND: 0.1%
MEDIAN or Dso:| 299.7 1.738 V COARSE GRAVEL: 0.0% V COARSE SILT: 0.0%
Dgo:| 626.7 2.398 COARSE GRAVEL: 0.0% COARSE SILT: 0.0%
(Do / Dyg):| 3.303 3.557 MEDIUM GRAVEL: 0.0% MEDIUM SILT: 0.0%
(Dgo - D1o):| 436.9 1.724 FINE GRAVEL: 0.0% FINE SILT: 0.0%
(Ds5/Dos):|  1.825 1.699 V FINE GRAVEL: 0.0% V FINE SILT: 0.0%
(Dy5-Dys):| 1911 0.868 V COARSE SAND: 0.7% CLAY: 0.0%
METHOD OF MOMENTS FOLK & WARD METHOD
Arithmetic Geometric  Logarithmic | Geometric Logarithmic Description
Hm pm ¢ pm q
MEAN (Xx): 357.1 320.9 1.640 319.2 1.647 Medium Sand
SORTING (o): 181.0 1.559 0.641 1.578 0.658 Moderately Well Sorted
SKEWNESS (Sk): 1.526 0.536 -0.536 0.223 -0.223 Coarse Skewed
KURTOSIS (K ): 5.188 2.715 2.715 1.012 1.012 Mesokurtic
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Figure A3.9 GRADISTAT printout with logarithmic frequency plot for grain-size

sample 9.
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SAMPLE STATISTICS
SAMPLE IDENTITY: 10 ANALYST & DATE: TCF, 4/16/2013
SAMPLE TYPE: Unimodal, Well Sorted TEXTURAL GROUP: Slightly Gravelly Sand
SEDIMENT NAME: Slightly Fine Gravelly Fine Sand
Um [0) GRAIN SIZE DISTRIBUTION
MODE 1:| 203.7 2.297 GRAVEL: 0.6% COARSE SAND: 2.6%
MODE 2: SAND: 99.4% MEDIUM SAND: 25.3%
MODE 3: MUD: 0.0% FINE SAND: 68.2%
Dy:| 1434 1.628 V FINE SAND: 3.3%
MEDIAN or Dso:| 208.4 2.262 V COARSE GRAVEL: 0.0% V COARSE SILT: 0.0%
Dgo:| 3235 2.802 COARSE GRAVEL: 0.0% COARSE SILT: 0.0%
(Dgo / Dyg):| 2.256 1.721 MEDIUM GRAVEL: 0.0% MEDIUM SILT: 0.0%
(Dgo - D1p):| 180.1 1.174 FINE GRAVEL: 0.6% FINE SILT: 0.0%
(Ds5/Dos):|  1.523 1.311 V FINE GRAVEL: 0.0% V FINE SILT: 0.0%
(Dys - Dys):| 8874 0.607 V COARSE SAND: 0.0% CLAY: 0.0%
METHOD OF MOMENTS FOLK & WARD METHOD
Arithmetic Geometric  Logarithmic | Geometric Logarithmic Description
Jm pm ¢ pm q
MEAN (Xx): 256.3 217.8 2.199 210.6 2.247 Fine Sand
SORTING (0): 372.7 1.514 0.598 1.383 0.467 Well Sorted
SKEWNESS (Sk): 11.39 2.896 -2.896 0.105 -0.105 Coarse Skewed
KURTOSIS (K ): 138.7 20.83 20.83 1.081 1.081 Mesokurtic
GRAIN gIZE DISTRIBUTION
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Figure A3.10 GRADISTAT printout with logarithmic frequency plot for grain-size
sample 10.
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SAMPLE IDENTITY: 11

SAMPLE TYPE: Unimodal, Well Sorted
SEDIMENT NAME: Slightly Fine Gravelly Fine Sand

SAMPLE STATISTICS

ANALYST & DATE: TCF, 4/16/2013
TEXTURAL GROUP: Slightly Gravelly Sand

Um @ GRAIN SIZE DISTRIBUTION
MODE 1:| 245.5 2.028 GRAVEL: 0.0% COARSE SAND: 3.8%
MODE 2: SAND: 100.0%  MEDIUM SAND: 46.4%
MODE 3: MUD: 0.0% FINE SAND: 49.5%
Dio:| 172.6 1.378 V FINE SAND: 0.3%
MEDIAN or Dsp:| 250.5 1.997 V COARSE GRAVEL: 0.0% V COARSE SILT: 0.0%
Dgo:| 384.8 2.535 COARSE GRAVEL: 0.0% COARSE SILT: 0.0%
(Dgo / Dyo):|  2.230 1.840 MEDIUM GRAVEL: 0.0% MEDIUM SILT: 0.0%
(Dgo - Dyo):| 212.2 1.157 FINE GRAVEL: 0.0% FINE SILT: 0.0%
(Dys/Dgs):[  1.517 1.356 V FINE GRAVEL: 0.0% V FINE SILT: 0.0%
(Dys - Dys):|  105.7 0.601 V COARSE SAND: 0.0% CLAY: 0.0%
METHOD OF MOMENTS FOLK & WARD METHOD
Arithmetic Geometric Logarithmic | Geometric Logarithmic Description
pm ¢ pm ¢
MEAN (x): 275.6 1.957 252.8 1.984 Medium Sand
SORTING (0): 136.5 0.490 1.371 0.456 Well Sorted
SKEWNESS (Sk): 12.26 -0.953 0.086 -0.086 Symmetrical
KURTOSIS (K): 367.6 5.761 1.048 1.048 Mesokurtic
GRAIN gIZE DISTRIBUTION
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Figure A3.11 GRADISTAT printout with logarithmic frequency plot for grain-

size sample 11.
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SAMPLE STATISTICS
SAMPLE IDENTITY: 12 ANALYST & DATE: TCF, 4/16/2013
SAMPLE TYPE: Bimodal, Moderately Sorted TEXTURAL GROUP: Slightly Gravelly Sand
SEDIMENT NAME: Slightly Medium Gravelly Fine Sand
hm (0] GRAIN SIZE DISTRIBUTION
MODE 1:| 203.7 2.297 GRAVEL: 0.0% COARSE SAND: 11.0%
MODE 2:| 568.4 0.817 SAND: 100.0% MEDIUM SAND: 28.3%
MODE 3: MUD: 0.0% FINE SAND: 56.7%
Dyg:] 1494 0.821 V FINE SAND: 2.4%
MEDIAN or Dso:| 227.5 2.136 V COARSE GRAVEL: 0.0% V COARSE SILT: 0.0%
Dgo:| 565.9 2.743 COARSE GRAVEL: 0.0% COARSE SILT: 0.0%
(Dgo / Dyg):| 3.788 3.339 MEDIUM GRAVEL: 0.0% MEDIUM SILT: 0.0%
(Dgo - D1g):| 416.5 1.921 FINE GRAVEL: 0.0% FINE SILT: 0.0%
(D75 / Dys):|  1.758 1.489 V FINE GRAVEL: 0.0% V FINE SILT: 0.0%
(Dys - Dys):|  136.0 0.814 V COARSE SAND: 1.5% CLAY: 0.0%
METHOD OF MOMENTS FOLK & WARD METHOD
Arithmetic Geometric  Logarithmic | Geometric Logarithmic Description
KM Hm ¢ pm q
MEAN (Xx): 300.3 254.9 1.972 250.1 1.999 Medium Sand
SORTING (0): 312.9 1.663 0.734 1.640 0.714 Moderately Sorted
SKEWNESS (Sk): 27.99 1.148 -1.148 0.342 -0.342 Very Coarse Skewed
KURTOSIS (K ): 1358.5 4.750 4.750 1.227 1.227 Leptokurtic
GRAIN gIZE DISTRIBUTION
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Figure A3.12 GRADISTAT printout with logarithmic frequency plot for grain-size
sample 12.
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SAMPLE STATISTICS

SAMPLE IDENTITY: 13 ANALYST & DATE: TCF, 4/16/2013
SAMPLE TYPE: Bimodal, Moderately Sorted TEXTURAL GROUP: Slightly Gravelly Sand
SEDIMENT NAME: Slightly Fine Gravelly Fine Sand
hm (0] GRAIN SIZE DISTRIBUTION
MODE 1:| 223.7 2.162 GRAVEL: 1.0% COARSE SAND: 19.9%
MODE 2:| 517.8 0.951 SAND: 98.0% MEDIUM SAND: 34.6%
MODE 3: MUD: 1.0% FINE SAND: 39.3%
Dy:| 160.6 0.455 V FINE SAND: 1.5%
MEDIAN or Dso:| 281.0 1.831 V COARSE GRAVEL: 0.0% V COARSE SILT: 0.4%
Dgo:| 729.7 2.638 COARSE GRAVEL: 0.0% COARSE SILT: 0.2%
(Dgg / D1g):| 4.543 5.802 MEDIUM GRAVEL: 0.4% MEDIUM SILT: 0.1%
(Dgo - D1p):| 569.0 2.184 FINE GRAVEL: 0.6% FINE SILT: 0.0%
(Ds5/ Dos):|  2.393 2.199 V FINE GRAVEL: 0.0% V FINE SILT: 0.0%
(Dys-Dys):| 2811 1.259 V COARSE SAND: 2.7% CLAY: 0.2%
METHOD OF MOMENTS FOLK & WARD METHOD
Arithmetic Geometric  Logarithmic | Geometric Logarithmic Description
pm pm ¢ um q
MEAN (Xx): 433.0 3134 1.674 312.4 1.678 Medium Sand
SORTING (0): 718.7 2.059 1.042 1.805 0.852 Moderately Sorted
SKEWNESS (Sk): 9.693 -0.442 0.442 0.259 -0.259 Coarse Skewed
KURTOSIS (K ): 113.8 13.84 13.84 0.877 0.877 Platykurtic
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Figure A3.13 GRADISTAT printout with logarithmic frequency plot for grain-size
sample 13.
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SAMPLE STATISTICS

SAMPLE IDENTITY: 14 ANALYST & DATE: TCF, 4/16/2013
SAMPLE TYPE: Bimodal, Moderately Sorted TEXTURAL GROUP: Sand
SEDIMENT NAME: Moderately Sorted Medium Sand
hm (0] GRAIN SIZE DISTRIBUTION
MODE 1:| 269.5 1.894 GRAVEL: 0.0% COARSE SAND: 24.4%
MODE 2:| 624.0 0.682 SAND: 99.2% MEDIUM SAND: 42.3%
MODE 3: MUD: 0.8% FINE SAND: 26.2%
Dyo:| 193.0 0.231 V FINE SAND: 0.5%
MEDIAN or Ds:| 336.0 1.574 V COARSE GRAVEL: 0.0% V COARSE SILT: 0.3%
Dgo:| 852.2 2.373 COARSE GRAVEL: 0.0% COARSE SILT: 0.2%
(Do / Dyg):| 4.415 10.28 MEDIUM GRAVEL: 0.0% MEDIUM SILT: 0.0%
(Dgp - Dyo):| 659.2 2.142 FINE GRAVEL: 0.0% FINE SILT: 0.0%
(D75 / Dys):|  2.354 2.526 V FINE GRAVEL: 0.0% V FINE SILT: 0.1%
(Dys - Dys):| 3282 1.235 V COARSE SAND: 5.8% CLAY: 0.2%
METHOD OF MOMENTS FOLK & WARD METHOD
Arithmetic Geometric  Logarithmic | Geometric Logarithmic Description
KM um ¢ pm q
MEAN (Xx): 443.8 366.1 1.450 372.3 1.425 Medium Sand
SORTING (o): 291.4 1.930 0.949 1.780 0.832 Moderately Sorted
SKEWNESS (Sk): 1.659 -1.459 1.459 0.249 -0.249 Coarse Skewed
KURTOSIS (K): 6.123 15.32 15.32 0.867 0.867 Platykurtic
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Figure A3.14 GRADISTAT printout with logarithmic frequency plot for grain-size
sample 14.
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SAMPLE STATISTICS
SAMPLE IDENTITY: 15 ANALYST & DATE: TCF, 4/16/2013
SAMPLE TYPE: Unimodal, Moderately Well Sorted = TEXTURAL GROUP: Slightly Gravelly Sand
SEDIMENT NAME: Slightly Medium Gravelly Fine Sand
hm (0] GRAIN SIZE DISTRIBUTION
MODE 1:| 203.7 2.297 GRAVEL: 0.1% COARSE SAND: 10.6%
MODE 2: SAND: 99.9% MEDIUM SAND: 29.2%
MODE 3: MUD: 0.0% FINE SAND: 56.4%
Dy:| 144.0 0.958 V FINE SAND: 3.6%
MEDIAN or Dso:| 223.4 2.162 V COARSE GRAVEL: 0.0% V COARSE SILT: 0.0%
Dgo:| 514.8 2.796 COARSE GRAVEL: 0.0% COARSE SILT: 0.0%
(Dgo / Dyg):| 3.575 2.919 MEDIUM GRAVEL: 0.1% MEDIUM SILT: 0.0%
(Dgo - D1o):| 370.8 1.838 FINE GRAVEL: 0.0% FINE SILT: 0.0%
(D75 /Dys):| 1.838 1.534 V FINE GRAVEL: 0.0% V FINE SILT: 0.0%
(Dys - Dys):| 1457 0.878 V COARSE SAND: 0.1% CLAY: 0.0%
METHOD OF MOMENTS FOLK & WARD METHOD
Arithmetic Geometric  Logarithmic | Geometric Logarithmic Description
KM KM ¢ pm q
MEAN (Xx): 285.4 246.0 2.024 244.1 2.035 Fine Sand
SORTING (0): 308.6 1.622 0.697 1.620 0.696 Moderately Well Sorted
SKEWNESS (Sk): 22.24 1.009 -1.009 0.294 -0.29%4 Coarse Skewed
KURTOSIS (K ): 660.1 5.330 5.330 1.064 1.064 Mesokurtic
GRAIN gIZE DISTRIBUTION
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Figure A3.15 GRADISTAT printout with logarithmic frequency plot for grain-size
sample 15.
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SAMPLE STATISTICS
SAMPLE IDENTITY: 16 ANALYST & DATE: TCF, 4/16/2013
SAMPLE TYPE: Unimodal, Moderately Well Sorted = TEXTURAL GROUP: Sand
SEDIMENT NAME: Moderately Well Sorted Fine Sand
hm (0] GRAIN SIZE DISTRIBUTION
MODE 1:| 245.5 2.028 GRAVEL: 0.0% COARSE SAND: 15.0%
MODE 2: SAND: 100.0% MEDIUM SAND: 41.3%
MODE 3: MUD: 0.0% FINE SAND: 42.4%
Dyg:| 1734 0.693 V FINE SAND: 0.4%
MEDIAN or Dso:| 269.1 1.894 V COARSE GRAVEL: 0.0% V COARSE SILT: 0.0%
Dgo:| 618.5 2.528 COARSE GRAVEL: 0.0% COARSE SILT: 0.0%
(Do / Dyg):| 3.567 3.647 MEDIUM GRAVEL: 0.0% MEDIUM SILT: 0.0%
(Dgo - D1g):| 445.1 1.835 FINE GRAVEL: 0.0% FINE SILT: 0.0%
(Ds5/Dos):|  1.835 1.635 V FINE GRAVEL: 0.0% V FINE SILT: 0.0%
(Dys - Dys):|  175.0 0.876 V COARSE SAND: 0.9% CLAY: 0.0%
METHOD OF MOMENTS FOLK & WARD METHOD
Arithmetic Geometric  Logarithmic | Geometric Logarithmic Description
pm KM ¢ pm q
MEAN (Xx): 334.4 295.4 1.759 293.7 1.767 Medium Sand
SORTING (0): 188.6 1.602 0.680 1.618 0.694 Moderately Well Sorted
SKEWNESS (Sk): 1.744 0.714 -0.714 0.293 -0.293 Coarse Skewed
KURTOSIS (K ): 5.919 2.903 2.903 1.064 1.064 Mesokurtic
GRAIN gIZE DISTRIBUTION
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Figure A3.16 GRADISTAT printout with logarithmic frequency plot for grain-size
sample 16.
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SAMPLE IDENTITY

117

SAMPLE STATISTICS

ANALYST & DATE: TCF, 4/16/2013

SAMPLE TYPE: Unimodal, Moderately Well Soted = TEXTURAL GROUP: Sand
SEDIMENT NAME: Moderately Well Sorted Fine Sand

Um (0] GRAIN SIZE DISTRIBUTION
MODE 1:| 203.7 2.297 GRAVEL: 0.0% COARSE SAND: 4.3%
MODE 2: SAND: 100.0%  MEDIUM SAND: 28.7%
MODE 3: MUD: 0.0% FINE SAND: 64.1%
Dyo:| 1481 1.518 V FINE SAND: 2.9%
MEDIAN or Dsy:| 216.7 2.206 V COARSE GRAVEL: 0.0% V COARSE SILT: 0.0%
Doo:| 349.1 2.755 COARSE GRAVEL: 0.0% COARSE SILT: 0.0%
(Dgg / Dyg):| 2.357 1.815 MEDIUM GRAVEL: 0.0% MEDIUM SILT: 0.0%
(Dgo - D1o):| 201.0 1.237 FINE GRAVEL: 0.0% FINE SILT: 0.0%
(Dys/Dys):|  1.541 1.332 V FINE GRAVEL: 0.0% V FINE SILT: 0.0%
(Dy5 - Dys):|  95.36 0.624 V COARSE SAND: 0.0% CLAY: 0.0%
METHOD OF MOMENTS FOLK & WARD METHOD
Arithmetic Geometric Logarithmic | Geometric Logarithmic Description
um pm ¢ pm ¢
MEAN (x): 243.5 225.0 2.152 220.0 2.185 Fine Sand
SORTING (0): 113.6 1.451 0.537 1.418 0.504 Moderately Well Sorted
SKEWNESS (Sk): 2.563 0.848 -0.848 0.151 -0.151 Coarse Skewed
KURTOSIS (K): 11.64 4.514 4514 1.179 1.179 Leptokurtic
GRAIN gIZE DISTRIBUTION
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Figure A3.17 GRADISTAT printout with logarithmic frequency plot for grain-size

sample 17.

180




SAMPLE STATISTICS
SAMPLE IDENTITY: 18 ANALYST & DATE: TCF, 4/16/2013
SAMPLE TYPE: Unimodal, Well Sorted TEXTURAL GROUP: Sand
SEDIMENT NAME: Well Sorted Fine Sand
Um @ GRAIN SIZE DISTRIBUTION
MODE 1:| 169.0 2.566 GRAVEL: 0.0% COARSE SAND: 0.0%
MODE 2: SAND: 97.0% MEDIUM SAND: 2.1%
MODE 3: MUD: 3.0% FINE SAND: 77.4%
Dyo:| 108.0 2.206 V FINE SAND: 17.5%
MEDIAN or Dsy:| 157.9 2.663 V COARSE GRAVEL: 0.0% V COARSE SILT: 1.0%
Dgo:| 216.8 3.211 COARSE GRAVEL: 0.0% COARSE SILT: 0.4%
(Dgo / Dyo):|  2.007 1.456 MEDIUM GRAVEL: 0.0% MEDIUM SILT: 0.3%
(Dgo - D1o):| 108.8 1.005 FINE GRAVEL: 0.0% FINE SILT: 0.3%
(D75 / Dys):|  1.442 1.219 V FINE GRAVEL: 0.0% V FINE SILT: 0.3%
(Dys - Dys):|  57.70 0.528 V COARSE SAND: 0.0% CLAY: 0.7%
METHOD OF MOMENTS FOLK & WARD METHOD
Arithmetic Geometric Logarithmic | Geometric Logarithmic Description
pm pm ¢ pm ¢
MEAN (x): 158.7 145.0 2.786 156.3 2.678 Fine Sand
SORTING (0): 46.04 1.836 0.877 1.317 0.397 Well Sorted
SKEWNESS (Sk): -0.430 -5.701 5.701 -0.110 0.110 Fine Skewed
KURTOSIS (K): 4.206 43.82 43.82 1.036 1.036 Mesokurtic
GRAIN gIZE DISTRIBUTION
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Figure A3.18 GRADISTAT printout with logarithmic frequency plot for grain-size
sample 18.
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SAMPLE STATISTICS
SAMPLE IDENTITY: 19 ANALYST & DATE: TCF, 4/16/2013
SAMPLE TYPE: Unimodal, Moderately Well Sorted = TEXTURAL GROUP: Slightly Gravelly Sand
SEDIMENT NAME: Slightly Fine Gravelly Fine Sand
hm (0] GRAIN SIZE DISTRIBUTION
MODE 1:| 1855 2.432 GRAVEL: 0.1% COARSE SAND: 4.2%
MODE 2: SAND: 97.9% MEDIUM SAND: 14.1%
MODE 3: MUD: 1.9% FINE SAND: 72.9%
Do 128.1 1.789 V FINE SAND: 6.7%
MEDIAN or Ds:| 188.6 2.407 V COARSE GRAVEL: 0.0% V COARSE SILT: 0.6%
Dgo:| 289.5 2.964 COARSE GRAVEL: 0.0% COARSE SILT: 0.3%
(Dgo / Dyg):| 2.259 1.657 MEDIUM GRAVEL: 0.0% MEDIUM SILT: 0.2%
(Dgo - D1p):| 161.3 1.176 FINE GRAVEL: 0.0% FINE SILT: 0.2%
(D75 / Dys):|  1.504 1.279 V FINE GRAVEL: 0.0% V FINE SILT: 0.2%
(Dys-Dys):| 7775 0.589 V COARSE SAND: 0.0% CLAY: 0.5%
METHOD OF MOMENTS FOLK & WARD METHOD
Arithmetic Geometric  Logarithmic | Geometric Logarithmic Description
KM KM ¢ pm q
MEAN (Xx): 246.9 187.1 2.418 189.4 2.400 Fine Sand
SORTING (o): 1388.1 1.882 0.912 1.437 0.523 Moderately Well Sorted
SKEWNESS (Sk): 46.13 -3.133 3.133 0.143 -0.143 Coarse Skewed
KURTOSIS (K):| 2238.2 34.54 34.54 1.392 1.392 Leptokurtic
GRAIN gIZE DISTRIBUTION
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Figure A3.19 GRADISTAT printout with logarithmic frequency plot for grain-size
sample 19.

182



SAMPLE STATISTICS
SAMPLE IDENTITY: 20 ANALYST & DATE: TCF, 4/16/2013
SAMPLE TYPE: Unimodal, Well Sorted TEXTURAL GROUP: Sand
SEDIMENT NAME: Well Sorted Fine Sand
hm (0] GRAIN SIZE DISTRIBUTION
MODE 1:| 245.5 2.028 GRAVEL: 0.0% COARSE SAND: 3.9%
MODE 2: SAND: 97.9% MEDIUM SAND: 40.1%
MODE 3: MUD: 2.1% FINE SAND: 52.3%
Dyo:| 160.3 1.466 V FINE SAND: 1.6%
MEDIAN or Dso:| 238.8 2.066 V COARSE GRAVEL: 0.0% V COARSE SILT: 0.5%
Dgo:| 362.0 2.641 COARSE GRAVEL: 0.0% COARSE SILT: 0.4%
(Dgg / Dyo):| 2.258 1.802 MEDIUM GRAVEL: 0.0% MEDIUM SILT: 0.3%
(Dgo - Dyo):| 201.7 1.175 FINE GRAVEL: 0.0% FINE SILT: 0.2%
(Ds5/Dos):|  1.515 1.340 V FINE GRAVEL: 0.0% V FINE SILT: 0.2%
(Dys - Dys):|  100.2 0.600 V COARSE SAND: 0.1% CLAY: 0.4%
METHOD OF MOMENTS FOLK & WARD METHOD
Arithmetic Geometric  Logarithmic | Geometric Logarithmic Description
um um ¢ pm q
MEAN (Xx): 258.8 229.9 2121 239.5 2.062 Fine Sand
SORTING (o):| 1191 1.848 0.886 1.391 0.476 Well Sorted
SKEWNESS (Sk): 2.325 -4.383 4.383 0.030 -0.030 Symmetrical
KURTOSIS (K): 12.00 35.60 35.60 1.138 1.138 Leptokurtic
GRAIN gIZE DISTRIBUTION
13.0 8.0 3.0 -2.0 -7.0
12.0 4
10.0 -
{ 80,
e
K=
g 6.0 |
(1]
8
()
4.0 |
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0.1 1 10 100 1000 10000 100000
Particle Diameter (um)

Figure A3.20 GRADISTAT printout with logarithmic frequency plot for grain-size
sample 20.
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SAMPLE STATISTICS
SAMPLE IDENTITY: 21 ANALYST & DATE: TCF, 4/16/2013
SAMPLE TYPE: Unimodal, Well Sorted TEXTURAL GROUP: Sand
SEDIMENT NAME: Well Sorted Fine Sand
hm (0] GRAIN SIZE DISTRIBUTION
MODE 1:| 245.5 2.028 GRAVEL: 0.0% COARSE SAND: 5.3%
MODE 2: SAND: 100.0% MEDIUM SAND: 46.8%
MODE 3: MUD: 0.0% FINE SAND: 47.5%
Dy:| 1741 1.300 V FINE SAND: 0.3%
MEDIAN or Dso:| 254.4 1.975 V COARSE GRAVEL: 0.0% V COARSE SILT: 0.0%
Dgo:| 406.1 2.522 COARSE GRAVEL: 0.0% COARSE SILT: 0.0%
(Do / Dyg):| 2.333 1.940 MEDIUM GRAVEL: 0.0% MEDIUM SILT: 0.0%
(Dgo - D1o):| 232.0 1.222 FINE GRAVEL: 0.0% FINE SILT: 0.0%
(Ds5/Dos):|  1.543 1.380 V FINE GRAVEL: 0.0% V FINE SILT: 0.0%
(Dys-Dys):| 1122 0.626 V COARSE SAND: 0.1% CLAY: 0.0%
METHOD OF MOMENTS FOLK & WARD METHOD
Arithmetic Geometric  Logarithmic | Geometric Logarithmic Description
KM Hm ¢ pm q
MEAN (Xx): 283.6 263.9 1.922 258.2 1.954 Medium Sand
SORTING (o):| 124.9 1.430 0.516 1.406 0.492 Well Sorted
SKEWNESS (Sk): 2.454 0.853 -0.853 0.135 -0.135 Coarse Skewed
KURTOSIS (K ): 11.21 4.250 4.250 1.119 1.119 Leptokurtic
GRAIN gIZE DISTRIBUTION
13.0 8.0 3.0 -2.0 -7.0
12.0 4
10.0 -
{ 80,
e
K=
g 6.0 |
(1]
8
O
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2.0 |
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Figure A3.21 GRADISTAT printout with logarithmic frequency plot for grain-size
sample 21.
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SAMPLE STATISTICS

SAMPLE IDENTITY: 22 ANALYST & DATE: TCF, 4/16/2013
SAMPLE TYPE: Bimodal, Poorly Sorted TEXTURAL GROUP: Slightly Gravelly Sand
SEDIMENT NAME: Slightly Fine Gravelly Very Coarse Sand
Um (0] GRAIN SIZE DISTRIBUTION
MODE 1:| 1316.0 -0.395 GRAVEL: 2.9% COARSE SAND: 28.0%
MODE 2:| 169.0 2.566 SAND: 95.6% MEDIUM SAND: 6.0%
MODE 3: MUD: 1.4% FINE SAND: 20.1%
Dyo:| 146.8 -0.589 V FINE SAND: 4.1%
MEDIAN or Dsy:| 860.9 0.216 V COARSE GRAVEL: 0.7% V COARSE SILT: 0.4%
Dgo:| 1504.1 2.768 COARSE GRAVEL: 0.7% COARSE SILT: 0.3%
(Dgg / Dy1g):| 10.24 -4.700 MEDIUM GRAVEL: 0.7% MEDIUM SILT: 0.2%
(Dgo - Dyo):| 1357.2 3.357 FINE GRAVEL: 0.9% FINE SILT: 0.2%
(D75 / Dgs):| 5.146 -6.846 V FINE GRAVEL: 0.0% V FINE SILT: 0.1%
(Dss5 - Dys):|  992.7 2.363 V COARSE SAND: 37.3% CLAY: 0.3%
METHOD OF MOMENTS FOLK & WARD METHOD
Arithmetic Geometric Logarithmic | Geometric Logarithmic Description
Um Um ¢ pm ¢
MEAN (x):| 1318.3 614.4 0.690 592.3 0.756 Coarse Sand
SORTING (0):| 4284.6 3.161 1.628 2.486 1.314 Poorly Sorted
SKEWNESS (Sk): 10.86 -0.749 0.586 -0.527 0.527 Very Fine Skewed
KURTOSIS (K): 139.0 8.037 7.397 0.646 0.646 Very Platykurtic
GRAIN iIZE DISTRIBUTION
13.0 8.0 3.0 -2.0 -7.0
8.0 : : : :
7.0 -
6.0
£ 501
E
(=)
'g 4.0
§
S 3.0
2.0
1.0 |
00 T T T T T r_'_‘_!'_'_‘ T
0.1 1 10 100 1000 10000 100000
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Figure A3.22 GRADISTAT printout with logarithmic frequency plot for grain-size
sample 22
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SAMPLE STATISTICS
SAMPLE IDENTITY: 23 ANALYST & DATE: TCF, 4/16/2013
SAMPLE TYPE: Polymodal, Very Poorly Sorted TEXTURAL GROUP: Sandy Gravel
SEDIMENT NAME: Sandy Very Fine Gravel
hm (0] GRAIN SIZE DISTRIBUTION
MODE 1:| 1586.0 -0.664 GRAVEL: 46.0% COARSE SAND: 10.2%
MODE 2:| 3400.0 -1.743 SAND: 53.3% MEDIUM SAND: 4.4%
MODE 3:| 9600.0 -3.243 MUD: 0.7% FINE SAND: 10.6%
Dyo:| 222.0 -4.723 V FINE SAND: 0.8%
MEDIAN or Ds:| 1810.5  -0.856 V COARSE GRAVEL: 8.3% V COARSE SILT: 0.2%
Dgo:| 26404.8 2.172 COARSE GRAVEL: 5.9% COARSE SILT: 0.1%
(Dgo / Dyg):| 119.0 -0.460 MEDIUM GRAVEL: 9.2% MEDIUM SILT: 0.1%
(Dgo - Dyp):| 26182.9 6.894 FINE GRAVEL: 9.3% FINE SILT: 0.1%
(Dss/ Dos):|  7.612 -0.028 V FINE GRAVEL: 13.3% V FINE SILT: 0.1%
(D75 - Das):[  6250.5 2.928 V COARSE SAND: 27.3% CLAY: 0.1%
METHOD OF MOMENTS FOLK & WARD METHOD
Arithmetic Geometric  Logarithmic | Geometric Logarithmic Description
MM um ¢ Mm q
MEAN (x): 8814.8 2309.4 -1.207 2128.6 -1.090 Very Fine Gravel
SORTING (0);| 16808.4 5.371 2.425 5.605 2.487 Very Poorly Sorted
SKEWNESS (Sk): 2.689 0.022 -0.022 0.173 -0.173 Coarse Skewed
KURTOSIS (K): 9.292 3.267 3.267 1.191 1.191 Leptokurtic
GRAIN SIZE DISTRIBUTION
13.0 8.0 3.0 -2.0 -7.0
7.0
6.0 |
5.0
e
£ 40 I _
g
0 3.0 []
E —
()
2.0 T
1.0
0.0 T T T T T T T
0.1 1 10 100 1000 10000 100000
Particle Diameter (um)

Figure A3.23 GRADISTAT printout with logarithmic frequency plot for grain-size
sample 23.
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APPENDIX 4: BETA Analytic Inc. Radiocarbon Dating Report

Beta Analytic Inc. Darden Hood
4985 SW 74 Court President
B ETH Miami, Florida 33155 USA
Tel: 305 667 5167 Ronald Hatfield
Fax: 305 663 0964 Christopher Patrick
Betaf@ radiocarbon.com Deputy Directors
Consistent Accuracy . . . www.radiocarbon.com

... Delivered On-time

March 7, 2013

Ms. Tanya C. Forde

Dalhousie University
Department of Earth Sciences
Life Sciences Center

1459 Oxford Street, Room 3006
Halifax, NS B3H 4R2

Canada

RE: Radiocarbon Dating Results For Samples L15A148WA, L01240SA, L10240WA, L20030PA,
L20324SA, L24041PA, L24175PA

Dear Ms. Forde:

Enclosed are the radiocarbon dating results for seven samples recently sent to us. They each
provided plenty of carbon for accurate measurements and all the analyses proceeded normally. The report
sheet contains the dating result, method used, material type, applied pretreatment and two-sigma calendar
calibration result (where applicable) for each sample.

This report has been both mailed and sent electronically, along with a separate publication quality
calendar calibration page. This is useful for incorporating directly into your reports. It is also digitally
available in Windows metafile (.wmf) format upon request. Calibrations are calculated using the newest
(2009) calibration database. References are quoted on the bottom of each calibration page. Multiple
probability ranges may appear in some cases, due to short-term variations in the atmospheric 14C
contents at certain time periods. Examining the calibration graphs will help you understand this
phenomenon. Calibrations may not be included with all analyses. The upper limit is about 42,000 years,
the lower limit is about 250 years and some material types are not suitable for calibration (e.g. water).

We analyzed these samples on a sole priority basis. No students or intern researchers who would
necessarily be distracted with other obligations and priorities were used in the analyses. We analyzed
them with the combined attention of our entire professional staff.

Information pages are enclosed with the mailed copy of this report. They should answer most of
questions you may have. If they do not, or if you have specific questions about the analyses, please do
not hesitate to contact us. Someone is always available to answer your questions.

Our invoice will be emailed separately. Please, forward it to the appropriate officer or send VISA
charge authorization. Thank you. As always, if you have any questions or would like to discuss the

results, don’t hesitate to contact me.

Sincerely,

Page 1 of 10
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4985 S.W. 74 COURT

MIAMI, FLORIDA, USA 33155

PH: 305-667-5167 FAX:305-663-0964
beta@radiocarbon.com

BETA ANALYTIC INC.

DR. M.A. TAMERS and MR. D.G. HOOD

REPORT OF RADIOCARBON DATING ANALYSES

Ms. Tanya C. Forde Report Date: 3/7/2013

Dalhousie University Material Received: 2/20/2013

Sample Data Measured 13C/12C Conventional
Radiocarbon Age Ratio Radiocarbon Age(*)
Beta - 343156 580 +/- 30 BP -25.9 o/oo 570 +/- 30 BP

SAMPLE : L15A148WA
ANALYSIS : AMS-Standard delivery
MATERIAL/PRETREATMENT : (wood): acid/alkali/acid

2 SIGMA CALIBRATION : Cal AD 1300 to 1360 (Cal BP 640 to 590) AND Cal AD 1380 to 1420 (Cal BP 570 to 530)
Beta - 343157 180 +/- 30 BP +0.4 o/oo 600 +/- 30 BP
SAMPLE : L01240SA

ANALYSIS : AMS-Standard delivery

MATERIAL/PRETREATMENT : (shell): acid etch

Beta - 343158 1990 +/- 30 BP -26.6 o/oo 1960 +/- 30 BP

SAMPLE : L10240WA

ANALYSIS : AMS-Standard delivery

MATERIAL/PRETREATMENT : (wood): acid/alkali/acid

2 SIGMA CALIBRATION : Cal BC 40 to 10 (Cal BP 1990 to 1960) AND Cal BC 0 Cal AD 80 (Cal BP 1950 to 1860)

Beta - 343159
SAMPLE : L20030PA
ANALYSIS : AMS-Standard delivery
MATERIAL/PRETREATMENT : (plant material): acid/alkali/acid
2 SIGMA CALIBRATION : Cal AD 1690 to 1730 (Cal BP 260 to 220) AND Cal AD 1810 to 1840 (Cal BP 140 to 110)
Cal AD 1840 to 1850 (Cal BP 110 to 100) AND Cal AD 1860 to 1860 (Cal BP 90 to 90) AND
Cal AD 1870 to 1920 (Cal BP 80 to 30) AND Cal AD Post 1950

60 +/- 30 BP -24.8 o/oo 60 +/- 30 BP

Dates are reported as RCYBP (radiocarbon years before present,
“present” = AD 1950). By international convention, the modern
reference standard was 95% the 14C activity of the National Institute
of Standards and Technology (NIST) Oxalic Acid (SRM 4990C) and
calculated using the Libby 14C half-life (5568 years). Quoted errors
represent 1 relative standard deviation statistics (68% probability)
counting errors based on the combined measurements of the sample,
background, and modern reference standards. Measured 13C/12C
ratios (delta 13C) were calculated relative to the PDB-1 standard.

The Conventional Radiocarbon Age represents the Measured
Radiocarbon Age corrected for isotopic fractionation, calculated
using the delta 13C. On rare occasion where the Conventional
Radiocarbon Age was calculated using an assumed delta 13C,
the ratio and the Conventional Radiocarbon Age will be followed by “*".
The Conventional Radiocarbon Age is not calendar calibrated.
When available, the Calendar Calibrated result is calculated
from the Conventional Radiocarbon Age and is listed as the
“Two Sigma Calibrated Result” for each sample.

Page 2 of 10
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BETA ANALYTIC INC.

DR. M.A. TAMERS and MR. D.G. HOOD

4985 S.W. 74 COURT

MIAMI, FLORIDA, USA 33155

PH: 305-667-5167 FAX:305-663-0964
beta@radiocarbon.com

REPORT OF RADIOCARBON DATING ANALYSES

Ms. Tanya C. Forde

Report Date: 3/7/2013

Sample Data Measured 13C/12C Conventional
Radiocarbon Age Ratio Radiocarbon Age(*)

Beta - 343160 2450 +/- 30 BP +1.0 o/oo 2880 +/- 30 BP
SAMPLE : L20324SA
ANALYSIS : AMS-Standard delivery
MATERIAL/PRETREATMENT : (shell): acid etch
2 SIGMA CALIBRATION Cal BC 790 to 410 (Cal BP 2740 to 2360)
Beta - 343161 250 +/- 30 BP -25.3 o/oo 250 +/- 30 BP

SAMPLE : L24041PA
ANALYSIS : AMS-Standard delivery

MATERIAL/PRETREATMENT : (charred material): acid/alkali/acid

2 SIGMA CALIBRATION :

Cal AD 1530 to 1540 (Cal BP 420 to 410) AND Cal AD 1550 to 1550 (Cal BP 400 to 400)

Cal AD 1630 to 1670 (Cal BP 320 to 280) AND Cal AD 1780 to 1800 (Cal BP 170 to 150)
AND Cal AD 1940 to 1950 (Cal BP 0 to 0)

Beta - 343162 2270 +/- 30 BP
SAMPLE : L24175PA

ANALYSIS : AMS-Standard delivery

MATERIAL/PRETREATMENT : (plant material): acid/alkali/acid
Cal BC 400 to 370 (Cal BP 2350 to 2320)

2 SIGMA CALIBRATION :

-22.4 o/oo 2310 +/- 30 BP

Dates are reported as RCYBP (radiocarbon years before present,
“present” = AD 1950). By international convention, the modern
reference standard was 95% the 14C activity of the National Institute
of Standards and Technology (NIST) Oxalic Acid (SRM 4990C) and
calculated using the Libby 14C half-life (5568 years). Quoted errors
represent 1 relative standard deviation statistics (68% probability)
counting errors based on the combined measurements of the sample,
background, and modern reference standards. Measured 13C/12C
ratios (delta 13C) were calculated relative to the PDB-1 standard.

The Conventional Radiocarbon Age represents the Measured
Radiocarbon Age corrected for isotopic fractionation, calculated
using the delta 13C. On rare occasion where the Conventional
Radiocarbon Age was calculated using an assumed delta 13C,
the ratio and the Conventional Radiocarbon Age will be followed by “*”.
The Conventional Radiocarbon Age is not calendar calibrated.
When available, the Calendar Calibrated result is calculated
from the Conventional Radiocarbon Age and is listed as the
“Two Sigma Calibrated Result” for each sample.
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CALIBRATION OF RADIOCARBON AGE TO CALENDAR YEARS

Radiocarbon age (BP)

680

660

640

620

600

580

560

540

520

500

480

460

(Variables: C13/C12=-25.9:1ab. mult=1)

Laboratory number:
Conventional radiocarbon age:

2 Sigma calibrated results:
(95% probability)

Intercept of radiocarbon age
with calibration curve:

1 Sigma calibrated results:
(68% probability)

Beta-343156
57030 BP

Cal AD 1300 to 1360 (Cal BP 640 to 590) and
Cal AD 1380 to 1420 (Cal BP 570 to 530)

Intercept data

Cal AD 1400 (Cal BP 550)

Cal AD 1320 to 1350 (Cal BP 630 to 600) and
Cal AD 1390 to 1410 (Cal BP 560 to 540)

570430 BP W ood

) 1 ) 1 ) ) ) 1 ) 1 ) ) 1

_—

] | Ll Ll I | ]

1290 1300 1310 1320 1330 1340 1350 1360 1370 1380 1390 1400 1410 1420 1430
Cal AD

References:

Database used

INTCALO9

References to INTCALOY database
Heaton,et.al.,2009, Radiocarbon 51(4):1151-1164, Reimer,et.al, 2009, Radiocarbon 51(4):1111-1150,
Stuiver,et.al, 1993, Radiocarbon 35(1):1-244, Oeschger,et.al.,1975,Tellus 27:168-192
Mathematics used for calibration scenario
A Simplified Approach to Calibrating C14 Dates
Talma, A. S., Vogel, J. C., 1993, Radiocarbon 35(2):317-322

Beta Analytic Radiocarbon Dating Laboratory

4985 S.W. 74th Court, Miami, Florida 33155 ¢ Tel: (305)667-5167 ¢ Fax: (305)663-0964 * E-M ail: beta@ radiocarbon.com
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CALIBRATION OF RADIOCARBON AGE TO CALENDAR YEARS

(Variables: C13/C12=0.4:Delta-R=30£60:Glob res=-200 to 500:1ab. mult=1)
Laboratory number: Beta-343157
Conventional radiocarbon age: 600+30 BP
(570+690 adjusted for local reservoir correction)

2 Sigma calibrated result?: Cal AD 440 to post 1950 (Cal BP 1510 to post 1950)
(95% probability)

22 Sigma range being quoted is the maximum antiquity based on the minus 2 Sigma range

Intercept data

Intercept of radiocarbon age
with calibration curve: Cal AD 1710 (Cal BP 240)

1 Sigma calibrated result3: Cal AD 1170 to post 1950 (Cal BP 780 to post 1950)
(68% probability)

31 Sigmarange being quoted is the maximum antiquity based on the minus 1 Sigma range

600+30 BP (570+690 adjusted) Shell
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©
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o
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-500 —f

-1000 = -1

-1500 -

Y
-2000 — . . .
200 400 600 800 1000 1200 1400 1600 1800 2000
Cal BC/AD
References:
Database used
MARINEO9

References to INTCALOY database
Heaton,et.al.,2009, Radiocarbon 51(4):1151-1164, Reimer,et.al, 2009, Radiocarbon 51(4):1111-1150,
Stuiver,et.al, 1993, Radiocarbon 35(1):1-244, Oeschger,et.al.,1975,Tellus 27:168-192
Mathematics used for calibration scenario
A Simplified Approach to Calibrating C14 Dates
Talma, A. S., Vogel, J. C., 1993, Radiocarbon 35(2):317-322

Beta Analytic Radiocarbon Dating Laboratory

4985 S.W. 74th Court, Miami, Florida 33155 « Tel: (305)667-5167 « Fax: (305)663-0964 » E-M ail: beta@ radiocarbon.com
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CALIBRATION OF RADIOCARBON AGE TO CALENDAR YEARS

Radiocarbon age (BP)

(Variables: C13/C12=-26.6:1ab. mult=1)
Laboratory number: Beta-343158
Conventional radiocarbon age: 1960+30 BP

2 Sigma calibrated results: Cal BC 40 to 10 (Cal BP 1990 to 1960) and
(95% probability) CalBC 0 Cal AD 80 (Cal BP 1950 to 1860)

Intercept data

Intercepts of radiocarbon age
with calibration curve: Cal AD 30 (Cal BP 1920) and
Cal AD 40 (Cal BP 1920) and
Cal AD 50 (Cal BP 1900)

1 Sigma calibrated results: Cal AD 10 to 10 (Cal BP 1940 to 1940) and
(68% probability) Cal AD 20 to 70 (Cal BP 1930 to 1880)

1960+30 BP Wood
2060 I L) 1 ] | | ] ] ] ] ] ] ]
2040 -
2020 -1
2000 -1
1980 -1
1960 T T l
1940 -
1920 — -1
1900 —
1880 —
1860 = -1
Y Yy Y
[ 1 [ ﬁ‘__
1840 T T T T T H| ‘
50 40 30 20 10 0 10 20 30 40 50 60 70 80 90
Cal BC/AD
References:
Database used
INTCALO9

References to INTCALOY database
Heaton,et.al.,2009, Radiocarbon 51(4):1151-1164, Reimer,et.al, 2009, Radiocarbon 51(4):1111-1150,
Stuiver,et.al, 1993, Radiocarbon 35(1):137-189, Oeschger,et.al.,1975,Tellus 27:168-192
Mathematics used for calibration scenario
A Simplified Approach to Calibrating C14 Dates
Talma, A. S., Vogel, J. C., 1993, Radiocarbon 35(2):317-322

Beta Analytic Radiocarbon Dating Laboratory

4985 S.W. 74th Court, Miami, Florida 33155 » Tel: (305)667-5167 * Fax: (305)663-0964 ¢ E-Mail: beta@ radiocarbon.com
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CALIBRATION OF RADIOCARBON AGE TO CALENDAR YEARS

(Variables: C13/C12=-24.8:1ab. mult=1)
Laboratory number: Beta-343159
Conventional radiocarbon age: 60+30 BP

2 Sigma calibrated results: Cal AD 1690 to 1730 (Cal BP 260 to 220) and
(95% probability) Cal AD 1810 to 1840 (Cal BP 140 to 110) and
Cal AD 1840 to 1850 (Cal BP 110 to 100) and
Cal AD 1860 to 1860 (Cal BP 90 to 90) and
Cal AD 1870 to 1920 (Cal BP 80 to 30) and
Cal AD Post 1950

Intercept data

Intercept of radiocarbon age
with calibration curve: Cal AD Post 1950

1 Sigma calibrated results: Cal AD 1890 to 1910 (Cal BP 60 to 40) and
(68% probability) Cal AD Post 1950

60+30 BP Plant material
180 T T T
160 = -
140 = -
120 = B -
& 100+ —
a
& 80 -
c
8
B 60
Q
Q
g
g 40 -
-
20 -
0 -(E -
.20 —
} ! M V} {H M H_‘
[ 1 I
40 T T 1 T T |'
1600 1650 1700 1750 1800 1850 1900 1950 2000
Cal AD
References:
Database used

INTCALO9
References to INTCALOY database
Heaton,et.al.,2009, Radiocarbon 51(4):1151-1164, Reimer,et.al, 2009, Radiocarbon 51(4):1111-1150,
Stuiver,et.al, 1993, Radiocarbon 35(1):137-189, Oeschger,et.al.,1975,Tellus 27:168-192
Mathematics used for calibration scenario
A Simplified Approach to Calibrating C14 Dates
Talma, A. S., Vogel, J. C., 1993, Radiocarbon 35(2):317-322

Beta Analytic Radiocarbon Dating Laboratory

4985 S.W. 74th Court, Miami, Florida 33155 * Tel: (305)667-5167 « Fax: (305)663-0964 * E-Mail: beta@radiocarbon.com
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CALIBRATION OF RADIOCARBON AGE TO CALENDAR YEARS

(Variables: C13/C12=1:Delta-R=30+£60:Glob res=-200 to 500:1ab. mult=1)
Laboratory number: Beta-343160
Conventional radiocarbon age: 2880+30 BP
(285070 adjusted for local reservoir correction)

2 Sigma calibrated result: CalBC 790 to 410 (Cal BP 2740 to 2360)
(95% probability)

Intercept data

Intercept of radiocarbon age
with calibration curve: CalBC 710 (Cal BP 2660)

1 Sigma calibrated result: Cal BC 760 to 540 (Cal BP 2710 to 2490)
(68% probability)

3100

2880+30 BP (2850470 adjusted) Shell
T T T T T T T T T

3050
3000
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2650 — N
2600 — -
Yy
2550 T T T —
850 800 750 700 650 600 550 500 450 400 350
CalBC
References:
Database used
MARINEO9

References to INTCALOY database
Heaton,et.al.,2009, Radiocarbon 51(4):1151-1164, Reimer,et.al, 2009, Radiocarbon 51(4):1111-1150,
Stuiver,et.al, 1993, Radiocarbon 35(1):137-189, Oeschger,et.al.,1975,Tellus 27:168-192
Mathematics used for calibration scenario
A Simplified Approach to Calibrating C14 Dates
Talma, A. S., Vogel, J. C., 1993, Radiocarbon 35(2):317-322

Beta Analytic Radiocarbon Dating Laboratory

4985 S.W. 74th Court, Miami, Florida 33155 « Tel: (305)667-5167 * Fax: (305)663-0964 « E-Mail: beta @ radiocarbon.com
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CALIBRATION OF RADIOCARBON AGE TO CALENDAR YEARS

Radiocarbon age (BP)

360

(Variables: C13/C12=-25.3:1ab. mult=1)
Laboratory number: Beta-343161
Conventional radiocarbon age: 250+30 BP

2 Sigma calibrated results: Cal AD 1530 to 1540 (Cal BP 420 to 410) and
(95% probability) Cal AD 1550 to 1550 (Cal BP 400 to 400) and
Cal AD 1630 to 1670 (Cal BP 320 to 280) and
Cal AD 1780 to 1800 (Cal BP 170 to 150) and
Cal AD 1940 to 1950 (Cal BP 0 to 0)

Intercept data

Intercept of radiocarbon age
with calibration curve: Cal AD 1650 (Cal BP 300)

1 Sigma calibrated result: Cal AD 1640 to 1660 (Cal BP 310 to 290)
(68% probability)

250+30 BP Charred material
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1450 1500 1550 1600 1650 1700 1750 1800 1850 1900 1950

Cal AD
References:
Database used

INTCALO9
References to INTCALOY database

Heaton,et.al.,2009, Radiocarbon 51(4):1151-1164, Reimer,et.al, 2009, Radiocarbon 51(4):1111-1150,

Stuiver,et.al, 1993, Radiocarbon 35(1):137-189, Oeschger,et.al.,1975,Tellus 27:168-192
Mathematics used for calibration scenario

A Simplified Approach to Calibrating C14 Dates

Talma, A. S., Vogel, J. C., 1993, Radiocarbon 35(2):317-322

2000

Beta Analytic Radiocarbon Dating Laboratory

4985 S.W. 74th Court, Miami, Florida 33155 « Tel: (305)667-5167 » Fax: (305)663-0964 « E-Mail: beta @ radiocarbon.com
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CALIBRATION OF RADIOCARBON AGE TO CALENDAR YEARS

(Variables: C13/C12=-22.4:1ab. mult=1)
Laboratory number: Beta-343162
Conventional radiocarbon age: 2310+30BP

2 Sigma calibrated result: Cal BC 400 to 370 (Cal BP 2350 to 2320)
(95% probability)

Intercept data

Intercept of radiocarbon age
with calibration curve: Cal BC 390 (Cal BP 2340)

1 Sigma calibrated result: Cal BC 400 to 380 (Cal BP 2350 to 2340)
(68% probability)

2310+30 BP Plant material

2420 T T T T T T T T

2400 — -

2380 = -

2360 — -
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2320 -1
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Radiocarbon age (BP)

2280 -1
2260 = -1
2240 = -

2220 - -

2200 -_Y_—,_ﬁ .

1 1 1
405 400 395 390 385 380 375 370 365 360
Cal BC

-

References:

Database used
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