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ABSTRACT N

. N
\

The Avon River estuary is in central Nova Scotia and\
is part of the northeastern arm of the Bay of Fundy. Three major \

\

rivers discharge into the estuary which is approximately 16 km long  \
A

and up to 2 km wide. There are three sand bodies at the estuary

mouth and another three within the estuary.

The Avon River estuary is macrotidal; tidal range is 15.6 m
at lunar perigee., Tidal currents represen£ the'only~ hydraulic process
that significantly affects sediment transportnagd distribution, Maxi-
mum bottom current velocities mc;'ease from 0,6 m/s at the estuary
m;mth to 1.7 m/s at tl;e head of the system. Every location in the .
estuarY is either flood current or ebb current dominant. .

Medn grain size forms a diffe;'ent pattern on the surface
of each sand body, but tﬁe overall trend is that grain size décreases
sharply from the mouth of the estuary to the estuary heaé; thus, there
is an inverse relationship between mean grain size and maximum current
velocity. Cumulative curve analysis indicates thHat sediment samples™
are composed of three log-normal grain populations. A large, coarse
population that isl present at the e;tuary mouth is absent at the estuary

.

head.
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Grain size distribution is a function of maximum flow
L 4

conditions; Shields' criterion indicates that the maximum grawn size
‘ ‘ ?
present in each logation can be transported by the local hydraulic re-

. .
gime. Each grain population can be related te a sediment transport
A1

mechanism; the coarse population is transported by traction, the

intermediate by intermittent suspensign, and the fine by suspension.
o ‘~ :

¥ »

The transition from traction to intern}'ittent;suspension occurs when
shear velocity approximately equals sgettling velocity; the intermittent
’ !

suspension - suspension transition ro?flectsj the condition that shear
] .
velocity is approximately equal to 5 times settling velocity. Hydraulic

sorting, produced by different transport rates for each transport
mechanism and by local physiography, limits penetration of coarse
sediment into the Avon River, and causes a deficiency of coarse sedi-

ment at the estuary head. This, in turn, produces the observed inverse

relationship between mean grain size and current velocity. ‘

There are three major classes of bedforms in the system

.

including ripples, megaripples, a\nd sand waves; transverse i)ars exist
in one small area. Surface bed conﬁgu»ration reflects maximum flow
conditions; each type of bedform occupies a diff’e'rent s%ability field on
plot's of water depth versus current speed and current speed versus

mean grain size. Flow regime increases from the estuary mouth to

the head, and internal structures reflect surface bedforms.
1
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Scdmacpt transport paths defme' net flood and net ebb
sediment tran.spoxit fBnes; transport zone position 1s a function of
hydraulics and local phy%iography. Sand bodies lie at the junction of
two or more transport zones. The three sand bodies at the estuary
mouth form an ebb tidal delta. At the estuary head, one sand body is
part of an ebb tidal delta, another is a tidal point bar, and the third
is a flood tid‘al delta. Glacial till deposited in the estuary and tidal
current transport of offshore sediment probably are the most important
sediment sourcges; shoreline erosi‘on also contributes a substantial
amount of sediment. Sediment transport rates, aerial photographs,
and surveying, echo sounding, and chart; data indicate that the Avon
River estuary has been stable since at least 1865 and that the system

<
is in approximate dynamic equilibrium.
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... sediments are a sort of epic poem of the earth.
When we are wise enough, perhaps weé can read in

them all of past history. For all is.written here. "

- Rachel Carson



CHAPTER |

INTRODUCTION

The major morphological features of coastlines are deter-
mined primarily by the tidal ramngc. Davies (1964) and Hayes et al.
(1973) have divided coasts into microtidal (mean range { 2 m), mesotidal
(mean range 2-4 m), and macrotidal (mean range >4 m).

All three types of coast have estuaries, defined by Pritchard
(1967) as "a semi-enclosed coastal body of water which has a free con-
nection with the open sea and within whi.ch the water is measurably diluted
with fresh water derived from land drainage'. Many studies exist of the
hydraulics and sediments of micro- and’mesotidal estuaries, but few of
macrotidal estuaries; macrptidal estuaries are common and are the
major loci of sediment accumulation on macrotidal coasts (Hay’es, 1975},
PURPOSE

The main purpose of this study was to examine sediment
dynamics on méertidal sand bodies within a macrotidal estuary; the
particular one chosen for study was the Avon River estuary, Nf)va

Scotia. Tidal range in the Avon is 15.6 m at spring tide (Canadian

Hydrographic Service, 1974-1976). The hydraulic environment of the

.

-



Avon was mvestigated m conjunction with the dxstr;bution and morphology
of sand badies, bawtlforms and mnternal structures, and grain size dis-
tribution. The objegt was to deternune the process - response relation-
' 1

ships between the hydraulic and scdimentologic parameters. A secondary
aim was to determine the process responsible for the origmnal influx of
sediment into the system.

Field work was conducted during the months of June, July
and August in 1974 and 1975, from mid-June to the beginning of August

1976, and for five days in February 1976. Most field work was carried

out using small boats. Other equipment and methods will be discussed

* »

in later chapters.
SCOPE '
The study dealt with the major intertidal sand bodies in the
Avon River estuary; minor intertidal sand bodies were not examined
because they are subaerially exposed only for short periods of time.
Subtidal sediments were not studied; echo soundiné records indicate only
one major subtidal sand body in the system (see Fig. 4-2). Swift et al.
(1967) made a preliminary investigation of subtidal sec.ii.ments in part
of the study area;'their results are shown in Figure 2-5. Fine sediments
were not examined as there is but one significant accumulation in the

study area and it is a direct result of a causeway constructed in 1970,

this study attempted to deal with natural phenomena only.



Winter conditions were hot studied 1n detail; four of the six
major sand bodies are maccessible in winter and the other two can be
reached only for short time periods. Observations made during a brief
period in February 1976 indicated few of the winter conditions noted 1n

»n
other parts of Minas Basin (Kmght and Dalrymple, 1970). For example,
. ndProzen 1ce-crust was observed on the surfaces of the sand bodies.
However, temperatures were unseasonably high during the field visit;

normal winter conditions may alter the sand bodies and produce the

1/
features observed by Knight and Dalrymple (1976).

Significance of the Study

This study represents one of the few investigations of
sediment dynamics in macrotidal estuaries. Also, it completes a set of
studies of the major intertidal sand body complexes in Minas Basin.

Sediments have been studied in many mesotidal estuaries on
the eastern coast of the United States (Coastal Research Group, 1969;
Meade, 1969; 'Schubel, 1971; Ludwick, 1974; Visher and Howard, 1974),
in the North Sea (van Straaten and Kuenen, 1957; Postma, 1961l; Reineck,
1967; Oomkens and Terwindt, 1960) and in otiler areas (Schou, 1967;

Kulm and Byrne, 1967). . This is an abb‘iate-d list; none of the areas are

macrotidal.



Relatively few macrotidal estuaries have been studied.

Besides Cobequid Bay, such studies include the Wash, England (Evans,
1965), Mont Saint-Michel Bay, France (Larsonneur, 1975; Phxlxéonneam
1956; Bourcart and Boillot, 1960; Dolct et al., 1965), the River Tay,
Scotland (Green, 1975), and the Ord River, Western Australhia (Wright
etal., 1973, 1975). Measurable salinity gradients exist in the River Tay,
the- Ord Raver and part of Mont Saint-Michel Bay; therefore they are
estuaries according to the definition of Pritchard (1967); the Wash may be
an estuary but Evans (1965) presents no salinity data. The present stfdy
adds to the literature an example of macrotidal estuarine sedimentation.

- Most major intertidal sand body complexes in Minas Basin
have been stud%ed. These include Five Islands stgdied by Klein (1970)
and Cobequid Bay studied by Swift and McMullen (1968) and Dalry;nple
etal. (1975). The Avon River estuary contains the only major sand body

complex that had not been examined in detail; thus this study complements

other investigations.,

Previous Work

Intertidal sediments in Minas Basin have been studied by
Klein (1963, 1964, 1968a, 1968b, 1970), Swift et al. (1967), Swift and ;
McMullen (1968), Atlantic Tidal Power Engineering and Management

Committee (1969), Knight (1971, 1972, 1977), Klein and Whaley (1972),



-
N

Pelletier and McMullen (1972), Dalrymple (1973, 1977), Middleton (1972),
Dalrymple et al. (1975), Kmght and Dalrympleﬁ;l‘)?S). Man): of these
are concerned with general patterns of sediment distribution in the
whole basin or large portions of it, others, especially Klein (1970),

Knight (1971, 1972, 1977), Klemn and Whaley (1972), and Dalrymple (1973,

1977) provide detailed descriptions of sediment distribution, current

#
v

velocities, and bedforms and internal structures on specific intertidal
sand bodies. In addition, Balazs and Klein (1972) have examined mineralogy
and roundness of some intertidal sands from the Minas Basin.

Previous studies of Minas Basin intertidal sediments indicate
that sand accumulates as sand bodies with asymmetric cross-sections
(Klein, 1970; Dalrymple et al., 1975; Knight and Dalrymple, 1975); most
sand bodies are located in Cobequid Bay and in the Avon River estuary
aru;l dre parts of large ebb tidal deltas (see Fig. 2-2). Bedforms have
been grouped into ripples, mega‘ripples, and sand waves (terminoiogy of
Klein, 1970); each bedform type forms under different hydraulic conditions
(Klein and Whaley, 1972; Dalrymple, 1977; Knight, 1977). Bedform flow

regime decreases towards the eastern end of Cobequid Bay (Middleton et al.
1976). Grain size distributions generally reflect local hydaulic ¢on-
ditions (R. Dalrymple, 1976, pers. comm. ); mean grain size decreases

towards the eastern end of Cobequid Bay and towards the head of the

Avon River estuary (Pelletier and McMullen, 1972).



6

There have been four previous studies of sediments 1n, the
Avon River Estuary. The earliest was by Kindle (19 1'7.) who studied
bedforms. IHe distinguished three types of bedforms; from his descrip-
tions (Kindle, 1917) these bedform classes correspond to the ripples,
megaripples, and transverse bars described in the present study (see
Chapter 5). Unfortunately, Kindle's study area was south of the causeway
at Windsor (see I-‘ivg. 2-2); that area 1s now a man-made lake so it 1s
impossible to replicate his observations and measurements.

Swift et al. (1967), Swift and McMullen {1968), and Pelletier

andAI:/IcMullen (1972) irivestigated sediment distribution and current

N
(velocit\y‘ in the Avon River estuary. Swift, McMullen, and Lyall (1967)

and Swift and McMullen (1968) described Western Bar and Middle Ground
as part of a delta (see Fig. 4-1 and the discussion in Chapter 4) and

!’

recorded current velocities in the main channel}at the estuary mouth
and in the channel to the east of Middle Ground. Pelletier and McMullen
(1972) have mapped mean grair; size and sorting of bottom sediments in
the Avon River estuary. Their results do not coincide withthe results
of the present study; comparison of the two sets of results is presented
in. Chapter 6.

Previc;us. workers in the Minas Basin have described forms
of sediment accumulation, bedforms, grain size distributions, and

hydraulics, and have exposed relationships between the hydraulic environ-

. e

[T
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ment and cach of the sedimentological parameters; the present study
extended this research into a macrotidal estuary. Prior to the present
study, the Avon River estuary had not been studied 1n detarl; sediment
distribution had not been related to hydraulics,  The major contributions
of the present study include a detailed examination of hydraulics, sand
body, grain size, and bedform distribution as well as an*analysm of

the process - response relationships of hydraulics and sediments in a

"

macrotidal estuary.

Summary
The purpose of this study is to determine the process - response
relationships between the hydraulic environment and the position and mor-
pology of sand bodies, bedforms and internal structures, and grain size
distribution in the macrotidal Avon River estuary, Nova Scotia. The study

is Iimited to summer conditions and coarse sediments on the major intertidal

sand bodies in the system; it represents one of the few investigations of

"sediments in a macrotidal estuary and complements studies of the other

major sand body complexes in Minas Basin. Intertidal sediments in Minas
Basin have previously been examined by several workers: four of these

studies dealt with the Avon River estuary although not in detail.
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CHAPTER 2

THE STUDY AREA

Location and Setting

s

LOCA TION

The Avon River estuary 1s located in central Nova Scotia;
the town of Windsor, at the southern end of the study area, has co-
ordinates of 450,00’ north latitude and 64°08" west longitude (Fig. 2-1).
The Avon empties into the southwestern part of Minas Basin; the basin
forms -the northea‘stern arm of the Bay of Fundy (Fig. 2-1). The study
area includes sand bodies that extend 8 km beyond the point where the
Avon enters Minas Basin, and the first 16 km upstream of the river
mouth. The reach within the Avon is rO}xghly 2 km wide; the study area
widens to 6 km at its northern end (Fig. 2-2).

Three major rivers, the Kennetcook, the Avon, and the
St. Croix, discharge into the study area; discharge from the Avon is eon-
trolled by a sluice gate 1n the causeway\across the river at Windsor (Fig.
2-2). (Discharge volumes will be discussed in Chapter 3.) The three
rivers account for 1626 km2 of the total 1835 km2 drainage basin area
of the Avon River System. A fourth river, the Cogmagun, has a drain-

2
age basin area of 142 km ; the remaining 67 km2 is drained by small

v

creeks,(lf‘ig. 2-4). Drainage basins igted on Figure 2-1.

B R
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BEDROCK GEOLOGY

Bedroc&g geology of the stluély area was mapped by Bell (1929)
and Crosby (1962). Four major units‘ underlie the study area and outcrop
on the shores of the estuary. The oldest unit is the stsiss1ppian Horton
Grﬁup which Bell #929) divides 1nto the Horton Bluff Formation and the
Cheverie Formation. Th;e Horton Bluff'qumation comprises part of the
western shore of the study area (Fig. 2-3), and has been described as
dark shales and sandstones by Bell (1960). The Cheverie Formation over-
lies the Horton gluff Formation and forms the northeastern shore and
part of the western shore c;f the Avo‘n (Fig. 2-3); it is primarily red and
grey shale withA sandstonea (Bell, 1929). ‘

The Cheverie Formation is overlain by the Windsor.Group,
" a Mississippian unit consisting of limestone, calcareous shale, gypsum,
anhydrite, and red shale (Crosby, 1962). The Windsor Group outcrops
along both sll;xorelines in the S(;uthern part of the study area (Fig. 2-3).
’i‘he PennsWvanian (? ) Scotch \}ﬂlage Formation occurs in the ;tudy area
;according/to Crosby (1962) although Bell (1929) does not 'agrée. It is
compo;:ed of grey sandstone and oc‘curs on the eastern shore of the Avon

Rix}er just north of the Kennetcook River (Fig. 2-3). The Triassic

Annapolis Formation is the youngest bedrock unit in the study area. It

consists of red sandstone, conglomerate, and breccia (Bell, 1929), and @ts

- . . . '
oldest member, the Wolfeville Sandstone, occurs in the northwest part

of the study area (Fig. 2-3). ) "

bl
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Fig. 2-3. Bedrock Geology
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Bell (1929) and Crosby (1962) have mapped a fault that strikes
perpendicular to the axis of the ‘Avon River and forms the contact‘be-
tween the Horton -Bluff Formation and the Chcv;ne Formation on the
western shore of the river. The fault cont'inues into the river where it
branches and causes an offsct on the eastern sl_lore (Fig. 2-3). Anoth.er

fault exists in the northeastern part of the study area (I'ig. 2-3); neither

Bell {(1929) nor Crogby (1962) indicates that it extends into the Avon River.

-~

SURFICIAL GEOLOGY

The map of surficial geology in the study area (Fig.. 2-4)
differs from the bedrock map (Fig. 2-3) because of Pleistocene till and
supratidal salt marsh overlying the l;edrock. The surficial map was
constructed from aerial photogz;aphs and from a surficial map b}r Trescott
(1969). Many areas of former salt marsh have beer.x reclaimedlas farm-
land; these are identifiable by the presence of dikes along the shore.
Supratidal shorelines vary from low-iying salt marsh to cliffs up to
21.6 m high (Fig. 2-4); in general, the Horton Bluff Formation and
Pleistocene till form the highest cliffs.

The intertidal zone of the study area, exclusive <of sand bodies,

is up to 2.5 km wide and includes several sedimentary facies. These in-

clude a wave-cut platform, gravel with a mud veneer, mud flats, gravel

and cobbles,and beaches. A large wave-~cut platform extends to the

north and east of Boot Island (Fig. 2-5). The platform has been cut in
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red sandstone of the Triassic Wolfeville Sandstone and 1s covered by
scattered cobbles and a patchy veneer of sand and gravel. Most loca-
tions have a higher and lower intertidal facies. In a few areas the
highest intertidal facies 1s a beach of sand or shingle (Fig. 2-5);
braches consist of sediment accumulations just below the high water
mark and penerally have poorly developed berms.” In many areas, the
higher mtcrt'idal facies is gravel with a mud veneer (Fig. 2-5); the mud
veneer generally is \less than 10 cr;x thick. \ (Figure 2-5 was derived from
field observations and aerial photograph int.erpretation. ) Gravel and
cobbl'es comprise the most common lo;ver intertidal facies; it occurg al-
most everywhere and in most places extends to lower low water, A few
areas have a sandy lower intertidal facies (Fig. 2-5). Harrow marks

¥
are common in areas of cobbles and sand.

I 4

Two mud {flats are adjacent to the study area, one-south of
i

Boot Island and the other immediately north of the causeway at Windsor
(Fig. 2-5). Prior to construction of the caus'eway in 1970 the latter mud
flat did not exist (see Plates 4-3 and 4-4); by 1975 the mud had accreted

®
vertically to a thickness of almost 5 m.

"LATE-PLEISTOCENE AND HOLOCENE HISTORY

Most glacial remains in Nova Scotia stem from the Wisconsin
glaciation; earlier Pleistocene glacial events are not well recorded
(Greenwood and Arnott-Davidson, 1972). Prest and Grant {1969) present

<

<@
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evidence for two sets of retreating ice-flow features in the Bay of Fundy
region. Flow direction of the older set was from the north; the more
recent set results from a radiating flow pattern centered to the southwest
of the Avon River. Prestand Grant (1969) believe that the more reccent
set was formed by an 1ce block stranded 1n the Nova Scotia uplands
(Fig. 2-1). Thus, in the study area, flows from retreating glaciers
originally were from the north and later came from t'he southwest.
The latter flow direction probably existed by 14, 000 BP; this post-dates
the -advance of the sea into the Bay of Fundy (Prest and Grant, 1969) since
sea lev‘el rise began 15, 000 to 20, bOO BP (Milliman and Emery, 1968).
Grant (1970) found rates of sea level risi of 0.30 m per
century for the Bay of Fundy during the last 4, 000 to 6,000 years. At .
least 0. 15 m per century is; due to the increase in tidal range that Grant
(1970) estimates to have begun about 6,000 years ago. The sea level rise
of the past few thousand years is still continuing but calcul.‘?\tions indicate
that tidal range in the Bay of Fundy is no longer increasing ((jrant, 1970).

The Avon River, and the entire Bay of Fundy system, is experiencing a

continued sea level rise of about 0.15 m per century (Grant, 1970).

.

Climate
The climate of Nova Scotia is humid and temperate. " Trescott
(1969) reports a mean annual temperature at Windsor, based on 77 years

of records, of 6.80C; the fifty year average for Windsor is 134 frost-free
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days (Canada Department of Transport, Met. Branch, 1967). Mean
annual pr;ecxpltation averages 1. 07 m at Winds.or based on seventy-
seven years of records (Trescott, 1969). An ann'ual mean snowfall of
1.64 m 1s included 1n the total precipitation. (Fresh water input into

the Avon River estuary as a result of this precipitation will be discussed
in Chapter 3.)

Wind data for the period 1968 to 1972 from Greenwood, Truro
and Halifax International Airport (Fig. 2-1) has been compiled from
Canada Department of Transport records by R.J. Knight and R. W.
Dalrymple (Canada Department of Transport, M?t. Branch, 1968-1972).
Mean annual wind speed is 15.6 km per hour; winter speeds average
17.4 km per hour and summer speeds 14.8 km per hour. A rose diagram

of wind direction frequencies is presented in Figure 2-6. A summary of

wind, temperature, and precipitation data is listed in Table 2-1.,,

Bathzmetry

The bathymetry o_f the study area is shown in Figure 2-7;
the map was constructed from echo sounding records and Canadian Hydro-
graphic Service Chart 4140 (Canadian Hydrograéhic Service, 1972). (See
Appendi:; A for detgils of e.cho sounding and map-making methods.) The
depth datum is higher high water. At the north end of the system, there

are two deép channels with north-south oriented axes separated by an

intertidal sand body named Middle Ground (Fig. 2-7). Maximum depth
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Fig. 2-7. Bathymetry; the contour interval is 5 m. Depths are m below
higher high water. The labelled cross-sections are illustrated

in Figure 2-8 and also were used for hypsometric calculations
{see Chapter 3). .
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15 25.4 man the western channel and 24.5 m 1n the eastern; the two
channels merge to the south of Middle Ground. Two smaller, shallower
channels with northwest-southeast oriented axes are to the wesﬂt of the
deep channels (Fig. 2-7). From west to cast, the north end of the study
area i1s composed of intertidal sand bodies, Boot Island Bar and Western
Bar, thatsaare at depths of 8.8 m. There 1s a slope of 1° from these bars
to 22.7 m of water in the thalweg of the western deep channel. The bottom
rises at 0. 5% to Middle Ground and then drops at 2. 5 to the thalweg of
the eastern deep channel. A slope of l. 5% exists from the cobbley eastern
shore to the eastern deep channel. Figure 2-8A illustrates a typical east-
west cross-section from the north end of the study area.

The greatest depths in the study area, 28.8 m, are found in
the thalweg of the single large channel south of Middle Ground (Fig.
2-7). This channel shallows to the south and terminates north of Hants-
port. A second, relatively deep channel lies to the east; the boundary
between these channels is a thin ridge of sand (Fig. 2-7). Opposite
Hantsport, as the eastern channel is followed upstream it bifurcates;
one branch continues u;; the eastern side of the system and terminates
3 km to the so;zth, the other swings to the west s;de of the river. The
western branch continues upstream along the western side of Hantsport

Bar. Depths in this reach are up to 19.1 m. A west-to-east cross-
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section rgrth of Hantsport 1s shown in Figure 2-8B., The western shore

slopes at 1° into the channel, the bottom climbs at 1° to the central ridge

and then descends at 1.5° to the eastern channel. The eastern shore
“~slopes down at l. 5° into the eas;ern E*h%mcl.

_-
The thalweg of the westérn éh%nel iaifurcates upstream
\ ne;é‘r Mitchener Poir;t, one branch turns squth and follows' the western
shore of the river; ultimately it passes in front of the caliseway'at
Wihdsor and into the St. Croix River (Fig. 2-7). Opposite Wallace
Point, another bifurcation dccurs; one brarr% t;xtends into the Kennetcook

River while the other swings south aleng the eastern side of the Avon and

terminates nofth of the St. Groix River (Fig. 2-7). Another channel

%
’

separates Newport Bar from the° mud flat north of the causeway and ex-
tends into the St. Croix River. Depths in the channels south of Mitéhener
Point are le'ss than 11.8 m; the study area shallows from'north to south.
The channels south of Mitchener Point contain only abéut 1 m of water

,ff\‘t ilp‘w tide; fh;y do nottt\iry only because of the delayed release of 4wa.ters
,ebbir;g frq;;z tidal reaches of the riv;er furt’hér upstream. - "I‘he full spring

tidal range in the estuary (15.6 m) is present only north of Hantsport.

~

e

A wesg—e:ast cross-se.ction of the southern\ reach of the study é.rea is
illu.stra_t;g"d in Figure 2-8C; slopes from th\ gstern shore to the western
channel are 3.5° and 0.5° up to the rest o Ne\‘,vpoqt Ba.r. The bottom
drops a‘t‘lo. 0° to the eastern channel and climbs at 9. 5° to‘tﬁe eastern

shore. Lo
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In addition to the large channels described in the preceding

*

discussion, there are several smaller channels in the study area including
one that lies between the main part of Middle Ground and the large spit

at its southern end and another along the eastern edge of Bootlsland Bar.

Also, there are several s\all channels, termed ''swatchways' by

Robinson (1960), th t acoss sAnd bodies. A swatchway bisects

Mitchener Bar, anothe ough the north-central part of Newport
Bar, and a third crosses Western Bar with a northwest-southeast
orientation. This discussion has concentrated on channel morphology

as the topography of the intertidal sand bodies will be discussed in detail

in Chapter 4.

Summary

The Avon River estuary is located in central Nova Scotia;
it empties into the northeastern arm of the Bay of Fundy. Three major .
rivers discharge into the estuary of the Avon. Bedrock geolc;gy consists of
Mi{ssissippian shale, sandstone and limestone, and Triassic sandstone:; ’
mostisurficial deposits are supratidal salt marsh and Pleistfcene till.
Adjacent intertidal facies include beaches, gravel veneered with mud,
mud.ﬂats, gravel wit cobblés. and a \f;/avé-cut piatform. Sea level

has been rising for4000 to 6000 years and at present is rising at appro-

ximately 0.15 m per century.
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Nova Scotia has a humid, temperate climate. Mean
annual temperature is 6. SOC, mean annual precipitation is 1. 07 m,
“and mean annual wind speed is 15.6 km/hr.
The "estuary has a main channel Vthz;t extends from the
northern to the southern end of the study area; water depths along
the channel thalweg tend to decrease towards the south. éeveral other
chaxlmels branch from the main channel; slopes perpendicﬁlar to channel

thalwegs tend to be consistent throughout the estuary.
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CHAPTER 3
HYDRAULICS
.o Tides

The Bay of Fundy is reknowned for its large tidal ranges.
At the Bay entrance, maximum tidal range is approximately 4.5 m;
range increases towards the head of the Bay and reaches a xp\éximum
0f16.3 m at Burnthat Heaci in the Minas Basin (see Fig. 2-2_). The
large tia‘éal ranges generally are believed to be the result of resonant
amplification of the semi.diurnal (MZ) tidal component. Harleman (1966),
Rao (1948), and Yuen (1969) point out that the resonant period of the Bay
of F:undy is not equal to the semidiurnal period of 12.42 hours; theyﬂ
suggest a two-stage amplification, one across the continental shelf and
the second within the Bay of Fundy. Duff (1370) and Garrett (197'2") contend
_ that the resonant period approaches 12.42 hours'if the system is gxtend-
ed to include the continental shelf in the Gulf of Maine; resonance results
ina qgai'ter wavelength standing wave overlqoking dynamic effects of the

open end. Numerical model studies of Bay of Fundy tides and residual

tidal currents were done by Tee (19%5, rei)orted in Greenberg, 1976)
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and Grecnberg (1976\); the models indicate that the system is in reson-

-

ance but tidal currents.in the Avon River estuary were not predicted.
A
Tidal range in the Avon River estuary varies between

8.2 m at neap tide and 15.6 m at lunar perigee spring tide; spring tide

range at lunar apogee is 12. 0 m (Canadian Hydrographic Service,

1974-1976, predictions for Hantsport; Fig. 3-2). Predicted tidal ranges

K

during periods when observations were made are shown on Figure 3-1.

Such large tidal ranges produce strong tidal currents which will be dis-

cuss;ed later in this chapter. Tides are‘\sjcrongly sem}diurnal with a
small diurnal inequality that is almost always less than 0.6 m.

The large tidal ranges act over the approximately 25 km2
surface area of the Avon River estuary (landwa}r& of the river mouth)

3 .
producing a tidal volume of 2.1 x 109 m atneap tide and 3.8 x 109 m3

at spring tide. In order to allow for the large variation in tidal range,

tidal coefficients (as described by Allen et al., 1969) have been calcu-
lated; the coefficient for a particular tide is calculated by dividing
the range of that tide by the maximum range that occurs in the area

{15.6 m).

Characteristics of the tidal curve were monitored by
recording water depth every half hour for a complete tidal cycle at 29

stations with a direct reading depth gauge; times of local high and low

water also were noted. Stations were located with hoyizontal sextant
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sightings. Because each station was occupied on a different day, tidal
coefficients were used to determine changes in‘;.he tidal curve caused
by the lunar cycle and position within the study area. Two additional
stations in the stﬁdy area have been monitored by Dr., Carl Amos of
the Bedford Institute of Oceanography; raw data from all 31 stations
are presented in Appendix B and station locations are shown on Figure
3-2.

Symmetry of the tidal curve is affected strongly by the lunar
cycle; the magnitude of the effect varies with position in the estuary.
In this discussion any tidal cycle with a tidal coefficient of less than
0.h77- (the coefficient calculated for the mean tida)l range of 12.0 m from
data givex; by\the Canadian Hydrographic Service, 1974-1976) is considered
to be a neap tide; any cycle with a tidal coefficient greater than 0. 77 is
a spring tide. Tidal coefficients can range from 0.53 at low neap tides
to 1. 00 E;.t hig!h spring tides. '

2

At neap tide the tidal curve is fairly symmetrical everywhere
in the study area; ebb and flood flow each last approximately 6.25 hours.
Near the‘he:gd of ﬂthe estuary ebb flow occasionally lasts slightly longer

~

than flood flow (up to half an hour) when the tidal coefficient approacheé

0.77. Figure 3-3 illustrates two examples of neap tidal curves, one from

4

the mouth of the system and the other from near the head.

N




Fig. 3-2. Current station locations.

.

Solid squares are

current measurements only, solid triangles are currents

and temperature, solid circles are currents, temperature,

and salinity, and open circles are stations monitored by

Bedford Institute of Oceanography.

responding to the numbers are:

1 Newport Bar 1 '
2 Newport Bar 2
3 Newport Bar 3
4 Newport Bar 4

4
5 Mitchener Bar 1

6 Ken;x"etcook Mouth
7 Hantsport Bar 1
8 Hantsport Bar 2
9 Hantsport Bar 3

" 10 Hantsport Bar 4

11 Hantsport Bar 5
12 Summerville

13 Horton South

14 \I\-Iorton North

15 L;Iiddle Ground 1
16 Middle Ground 2
17 Bedford Institute 2
18 Middle Ground 3
19 Middle Ground 4

20 Middle Ground 5

The station names cor-

21 Main Channel
22 Western Bar 1
23 Western Bar 2

24 Western Bar 3

' 25 Westérn Bar 4

26 Boot Island Bar 1
27 Boot Island Bar 2
28 Boot Igland Bar 3
29 Boot Island Bar 4

30 Boot Island Bar 5

31 Bedford Institute 3
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A. ESTUARY HEAD

{m)

B. ESTUARY MOUTH

"X /

WATER DEPTH

10

Tidol Coafficients

\ / — ou
5 -4 \ / - —— 062
N\ /
N ,
0 T T T e ) T T T v T
0 2 4 s 8 19 1z

TIME (Hours After High Tide)
Fig. 3-3. Neap and spring tidal curves for A) the estuary head and
B) the estuary mouth.
. -



33

At spring tide the tidal curves are slightly asymmetric at
the mouth of the estuary; ebb flow lasts approximately half an hour

longer than flood flow. The asymmetry increases in the onshore direc-

tion; near Hantsport Bar one tidal cycle can have 7.25 hours of ebb
f.‘low and 5.25 hours of flood flow. At Newport Bar the asymmetry 1s
even stronger; there can be as much as 8.5 hours of ebb flow with only
4 hours of flood flow. Figure 3-3 also depicts tidal curves from the mouth
and head of the estuary at spring tide.

Dyer (1973) and Wright et al. (1975) state that asymmetry
in a tidal cycle is developed by the crest and trough of the tidal wave
travelling at different speeds. Wave ce%erity is a function of water
depthas C = \/g_l_l where C is celerity, g is the gravitational constant,
and h is water dep.th. Since water depth is greater at the wave crest
(high tide) than at the trough (low tide), celerity of the crest is greater+,
than that of the trough. Thus it takes less time to move'}rom low to
high tide than from high to low (Dyer, 1973; Wright et al., 1975),

The above explanation assumes a progressive tidal wave;
the observed tidal curve asymmetry suggests that there may be a pro-
gressive wave in the Avon River estuary even though the Bay of Fundy

is believed to contain a standing wave (Duff, 1970). As previously dis~ -

cussed, the trough of the ?idal wave (low tide) can take as long as 1 hour

b

to advance approximately 6 km from Hantsport Ba;r to Newport Bar.
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Using the relationship of C = \/ﬁ, average water depth would be 1.4 m;
average water depths in the reach betwec\n Hantsport Bar and Newport
Bar approximate this value at low tide (see Fig., 2-7).

Although high t{‘de apparently occurs at the same time
throughout the estuary (a characteristic of standing waves), a progres-
sive wave would not be detected at high tide due to its rapid celerity.
Assuming an average wate;‘ depth of 10 m at high tide, the tidal wave
would travel at 35 km per hour. Water surface level changes very
little for roughly an hour near high tide (Fig. 3-3). 'I:hus, the tidal
wave could travel up to 35 km without being detected; since the study
areﬁs approximately 24 km long, high tide would appear to occur
simulianeously throughout the system if a progressive wave were .
present. Thus, it appears that a progressive wave may exist in the
Avon River estuary; Defant (1961, p. 464) believes that progressive
waves develop in most estuaries because of increased friction as a
result of shallow water depths.

If the Avon River estuary has a standing ti‘da! wave,
asymmetry in the tidal curve must have a different cause. It seems,
likely that inertia of the ebb tidal prism may cause the observed asym-
metry. At spring tide, the momentum of the large ebb tidal prism may
retard the flood tide; since the flood tide is forced by the rise of the tide

in the Minas Basin, the entire tidal volume can be flooded quickly, re-

- R
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sulting 1n no delay in the time of high tide. At neap tide, momentum of
the smaller ebb tidal prism is insufficient to retéxrd the flood tide.
Atlarge spring tides (tidal coefficient 2 0.92), a tidal bore
develops in the channel to the ‘east of Newport Bar (Fig. 3-2). It
attains an amplitude of approximately 0.15 m and advances upstream at
nearly 1 m per second. The bore develops because the deeper part of
the tidal wave (the flood tide) overtakes the shallower wave trough
which steepens the wave front until the wave breaks (Defant, 1961, p.
472); this can happen only when the amplitude of the wave is comparable
to the water depth so that, by C = \/a{, the celerity qfjthe incoming wave
is large relative to the celerity of the wave trough. Bores can develop
only in very shallow channels in the Avon River estuary as flood currents

reach peak speeds of approximately 2 m per second; thus water depths

must be less than 0.4 m for a bore to form.

Fresh Water Input

Considering the large tidal volumes described above, it was
necessary to verify that the Avon River actually is an estuary by
Pritchard's (1967) definition. If the Avon River is an estuary, tidal
volume ~ fresh wat;ar ratios and salinity distribution can be used to |
relate it to Pritchard's (196"() estuary classificatiqn sﬁcheme.

The amount of fresh water entering the ;&von River estuary

was estimated by stream gauging and drainage basin area plus rainfall -

NI S
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?

runoff ratios of nearby streams. The Kennetcook and St. Croix rivers
were gauged for several months; fresh water input from the Avon Rive;-
was estimated from Nova Scotia Department of Agriculture records of
flow through the sluice gate in the causeway a£ Windsor (see Fig. 2-5).
Rainfall - runoff ratios were calculated for each river; runoff for the‘
remaining drainé.ge basin area of the estuary was estimated usiné these
ratios and ratios from nearby rivers. The method is described in detail
in Appendix B. Fresh water discharge per tidal cycle was estimated
to be between 6.86 x 103 m3 and 1. 00 x 108 m3 based on estimates of
minimum (once per‘SO years) and maximum (once per 100 years) daily
discharge. Monthly discharges range between 8.70x J.O3 m3 and
1.55 x 106 m3 per tidal cycle; mean annual input is 1.18 x 107 rn3 per
tidal cycle. All measured and estimated fresh water input rates are listed
in Table 3-1.

Z‘t‘ida\l‘yo],ume - fresh wéter}azxput ratios range between 1350 for
minimum tidal range and maximurr; discharge per tidal cycle based on

’ -

monthly averages and 4. 37 x‘lO5 for maximum tidal range and minimum

monthly discharge. These values fall above the range of partiadly-mixed

-

t 4
(type C).estuaries in Pritchard's (1967) classification as they are greater

A V4
than 1000; therefore, salinity distribution in the Avon River estuary .~

~

should generally be that of a well-mixed estuary. However, Pritchard

(1967) doubts that well-mixed estuaries do exist in nature. If the .

e
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"TABLE 3-1: Fresh Water Input

- ) > , Small
Avon Coggzagun Kenfletcook St. Croix Creeks Total
Drainage
* Basin 433 142 487 706 67 Ye3s
Area (km) )
a 3 e
Runoff (m™/ ‘ .
tidal cycle) 3 T, 3 3 2' 3
minimum- 2.07x10 4.15x10 2. 07x19 o 2,07x10 «*2,50x10 6.86x10
daily - ’
(1/50 yr.)
_ .- |
maximum - ¢ % " ' 6 . 7 6 8
daily", C ¥ 2,52x10 7.14x10 2.89x10 3.55x10. . 3.66x10 " 1,00x10
(1/100 yz.)
P . .
@ 8’ 88x105 2:96}{105 8.68x106 ) 1.472{106 4,29x1 05 1. 18x107
-annual - } ’ . .
L . .
. . ) - 3 .
manimum - G o103 3.91%10° 1. 34x10°  1.94x10°  3.18x10°  B8.70x10
. monthly : o . . ,
%)
MAXIIUM 3 65x10° 1.20x10°  4.10x10° - 5:94x10°  5.63x10%  1.55x10°
monthly - ' S
r
L&

3

il =
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-

estimated maximum daily discharge of 1. 00 x 108 m3 per tidal cycle
were to occur, the tidal volume - fresh water ratio would be 21; strati-
v .
fithion shodld develop temporarily as ratios bet\vMOO are
. associated with stratified (tyﬁ_eﬁB) estuaries (Pritchard, 1967).
Salinity distribution was measurcd at 3 stations with an }
induction salinometer; v‘ertical salinity profiles were recorded every
' half hour for a full tidal cycle at each station. Fresh water discharge
was estimated to be lo.w:a'r‘ than n?ean‘ annual dis cl;argé during \\each day

of salinity measurement; tidal yolume - fresh water discharge ratios

. B
were over 1000 on each day. -

Also, vertical water,temperature profiles were recorded

L]

at 211 salinity stations and at16 additional stations. All raw salinity‘
data plus details of the measurement methods are included in Appendix

B; all stations are located on Figure 3-2.

Vert i?/p&mes reveal a slight salinity stratification in

-

the south'ern,part of the study area. At hig'h tide near the head of the

éstuary, there is a vertical salinity difference of 0,3%»; a difference
of equal magnitude exists at Simmerville (Figs. 3-2 and 3-4). At
lowtide, the vert ical salinity difference at the mouth of the Kennetcook

. River is 0, 1%. and there is no vertical difference at Summervillé"

i

(Fig. 3-4). Near Boot Island there is no vertical salinity‘difgfgfence

a;c, high or low tide (Fig; 3-4); waters are mixed vertically at the mouth

Cf the estuary.
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There is a longitudinal salinity difference of approximately
2. 0% from the head to the mouth of the estuary. At high tide, salinity

is 28.5% at the mouth of the Kennetcook River and 30. 5%o near Boot

.

¢
Island (Fig. 3-4). The Summerville station recorded intermediate

values.

\

\ These vertical and-,qulgitudinal salinity differences classify

i
the Avon River as a partially-mixed (type C) estuary by Pritchard's

(1967) classification despite high tidal volume - fresh water discharge

.
P

steep interface and salinity increases towards the mouth of the estuary;

/o
ratios. \'\!ertical salinity differences have a gentle slope rather thana

both of these conditions are to be expected in a‘'partially-mixed systém\

—

(Pritchard and Carter,-1971). B
Water temperatures were recorded with a direct reading
thermometer; a vertPcal temperature profile was measured every half

hour for a corriplete‘tidal cycle. Water temperature profiles at all
19 stations indicate that vertical temperature differences are usually

+

0.3°C or less. Surface waters are warmest due to solar heating; the

remainder of the water column usually has a uniform, slightly cooler

tempefature (the raw data is in Appendix B). A few profiles have warmer

water at the bdtiom of t@kwater column than at the top. This occurs after’

submergence of intertidal sand bodies on sunny days.

There(is a lateral temperéture‘ difference; temperatures are

higher near thehead of the estﬁary so that at each station, témpe-r_atpre 1s ,

*
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-

lower at' high tide ‘than at low tide. Heat transfer frgm asun-war\ﬁﬁq inter-
tidal sediments might produce the observed lateral temperature dif-
ference as there is more intertidal sediment relative 1&0 the total width

of the system at the estuary:head than there is at the mouth (see Fig.
2-7). Intertidal sediments generally are warmed to a depth of 5 ¢cm or
less; 1.43 x 104 cal/’cC (Weast, 1973, p. F-68) are required to heat

al m2 surface area. If th.e exposed sediment is 12°C warmer than the
water, 1.72 x iOS cal would be available to heat the incoming water; the

bottom 1 m of water could be heated-by 0.17°C. The observed lateral

temperature diffétence could be a function of heat transfer from inter-

» .

tidal sediments if,. during each tidal cycle, lateral tidal convection of

[

heat is minimal so that heat accumulates in each segment of the tidal

-

prism. However, low tide at night probably would result in‘heat loss:

In winter, the lateral temperature difference might be inverted as ex-

f . " —-‘v-—r‘—g\\
posed sediments would be colder than the water; water temperature 3

e

would be lower at the estuary head than at the mouth. Mean water

temperatures increase during the summer from roughly 14°¢C in June

-

to 20°C in August (see raw data in Appendlx B).

Waves and Sto rms :

-

WAVES ; Waves are not ari“importani hydraulic proceé;is on intertidal .
sand bodies in tk;e. Avon River estuary. Waye amplitudes tend to be small

i

o A iaia
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ds a result a result of small fetch. Swells from other areas do not"

¢

penetrate the system so that maximum wave height (H) can be predicted
,' .
by hindcasting/‘.\sing published graphs (Coastal Engineering Research
Centet, 1973)1{ wave height and period (P) are read from the graphs by
/o .

/
inputing fetc/l‘fl, wind speed, and wind direction. The average wind speed

of 20 km pe/él‘ hour (see Chapter 2) blowing across the maximum fetch of
26.3 km ( lee Fig. 2-2) would produce wave heights of only 0.5 m. For
1.3 m w;. /é:s to be generated, winds would have to blow at 44 km per hour
for 3 ho/ﬁrs over the maximum 26. 3 km fetch. The dominant westerly

winds (see Fig. 2-6) are limited to 9.4 km of fetch (see Fig. 2-2); the

average wind speed of 20 km per hour would genérate waves 0.3 m- '

Observed wave heights did not exceed 1.3 m; waves' greater

~~

n l m in height were seen rarely. On mostdays wave height was 0.3

A

0.6 m. As might be expected from fetch distances (see Fig. 2-2), ”
wave height normally was gr‘eatelxj at the mouth than at the head ‘c;f the
estuary.
‘ Waves do n;Jt affect intertidal sand bodies significantly
because each ;part.of a\ba;‘ is »subjeét to w;awe attack for short time -
~ periods. Waves inﬂuen;:e péttom sediments only while they 'feel"

battom; this pccurs wﬂen Lhe ratio of water depth to wavelength is

about 1/6 (Komar, 1976, p.. 41).

et —— it
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Wavelength can be predicted from wave period with the '
2. 2 L
formula H < 5.12(HP) (Coastal Engineering Research Cente'r, 1973).
The 0.5 m waves hindcasted for average wind conditions have wave-
lengths of 11.8 m; average waves would feel bottom in less than 2 m
of water. Of course, waves with longer wavelengths and smaller

heights would be superimposed on observed waves; these would feel

bottom in deeper water, but their smaller heights would minimize the

]

X <
effect on bottom sediments.

]
Because the water surface level chanpes at a oximatel
8 P%}; y

2 m per hour, the normal waves, only 0.3 to 0.6 m high, only affect

intertidal sand bodies for approximately one hour. Also, each part

. of an intertidal sand body is located within the breaker zone for a small

Y

fraction of the effective i:eriod, thereby redulcing the effect of waves at
 each position.
No major ‘ch‘anges in sand body conﬁgurafion have been ob-
» "

served as a result of wavae actiqn. ‘Minor changes in small-scale bed-
forms occur occasionally; these do not persist ;;h‘rough one tidai cycle.
Changes in surface features as a result of wave action will be desctibed
in Chapter 5. o

STQRMS: é}corms do not appear to have a major effect on intertidal
sand bodies mthe Avon Ri\;er(estuary. Large storms could affect\the
study area by qreaiting‘ large waves and/or. by ;s;igni.‘f:icantly ir;cr;aasing'the

A

tidal range through storm éurge. Abnormally large waves have not beex;t

bt e

.
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. /
e
observed during large storms; a hurricane during July, 1975 (recorded
H

winds of 130 km per hour from the southeast at Halifax International

Airport) produced waves with estimated amplitudes of 1.25 m (observed
from shore). ' .

Storm surge is relatively unimportaﬁt because of the large

.

tidal range variation (6.9 m) between neap and spring tide. Freeman

~

)
tal. (1957) report a storm surge of 1l m associated with Hurricane

— —

Edna of 1954 and MacMillan (1966, p. 112) lists a storm surge of -

1,88 m in the Bay of Fundy; these values are well within the normal

Y

tidal range variation. Tidal volumes would not be extended beyond *
spring tide levels unless maximum storm surge coincided with a large
spring tide. ( .

” Storms also could produce 1a'xge fre{sh water discharges

that could alter tidal currents and sediment discharge. However,

3 .
maximum fresh water discharge of 1 x 108 m (1/100 yr) results in an

increase in ebb tidal volume of approximately 5%. It is unlikely that

the corresponding increase in ebb velocities would' produce a large
change in sediment transport rates; smaller s‘to\rrns (1) \yr) wkoulc‘ij have _ s
negligible effects as they would increase the ebb tidal vélume less th?;z $-

"

f\ ' The July 1975 hurricane did not alter any of the intertidal
sand‘bodies in the Avon Rivér estuary. Obse,rva.'tio'n's resumed the day . i

) . . . ' et
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after the storm and revealed no changes in sand body morphology or

surface features.

A

Tidal Currents

Current velocities were measured with a (j\irect‘ reading
current meter at the 29 stations located on‘Figure 3-2. A vertical
current v<‘:locity profile was measured each half hour for a complete
ti<;a1 cy';le at each station. (All the measured current data appears in
Tabie B-1.) Additic;nal_current velocity data has been collected at
2 stations in the study area by Dr. Carl An‘ws of the B-edford Institute
of C;cean;)graphy; this- data is included in ‘Table B-1. )

| Tidal currents have maximim speeds near the half—tides and
minumum speeds at high and low water everywhere in the estuary. This
supports the standing wave hypothesis for the Bay of Fundy system; a
progressive Tv;ve would hdve maximum currex;t speeds at high and low
water and minimum speed; at the half-tides (Tricker, 1964, p. 29).

Tidal current speeds have the characteristic relationship
with the t'id;él curve illu\&rated in Fig\.;re 3-5A. Follawir;g low tide,
flood F}x;'rents accelerate quickly to a peak, drop slightly and level off,
and then decelerate slowly to high tide. Ebb currents accelerate siowiy
followirig ihigh wa‘ter, accelerate more quickly to a peak, an;I then de-"-
céle/ralte’ ra.p'idly to, low wate;'. The most rapid flow, égrir:g b'oth ebb

. M r ’ .
and flood stage, occurs while flow is channelized between sand bodies;

deceleration of the ﬂoodiﬁg tide begins as.sand bodies subméi'ge and.

-y MM ..
REE TN AN

~ -




16

pue

sopt3 Surxds (g

T |

B T e Agrany

v

-

sopn deau (v I0F 2Aan0 Tepr; ayj o3 peads jusiand [epny JoO uoneray °g-¢ Iy .

a33d4S LN3YHND

(s/ur)

aq3

poor4

Q3

podi g

{opts yOisg 403y SINOH) 3INIL

-\-t
Q
-
- ©
°
i

@( Qideg Jeiopm
peesdg jJuding

c8 0
UPIDNI0Y (10PIY

' T

=t

el

3GIL ONIYJS 8§

T e yigdey 8i10Mm

*  pesdg Ny

29 0
WMDY 0PI

=<

o

=l

3QiL dV3N 'V

H1d43C  ¥43ivm

{w)



. \

ebb currents accelerate rapidly when sand bodies bécome emergent.

The large tidal'curve asymmetry at the head of the estuary during b

spring tide (Fig. 3-3A) causes an increase in flood currsnt speed relative

to ebb current speed (Fig. 3-5A&B); the normal accelera%\i\on - decelera-

\

tion pattern is preserved.

At low tide, ebb current speeds drop to zero at the estuary
mouth, but, at the head of the system, they continue to flow until they
are reversed in direction by the iixcoming tide. At high tide flogd current
speeds drop to zero only within the Avon River. At the mouth of'‘the
system decelerating flood curre'nts do not reach zero'at high watel\;
current direction swings sloley to the west until the flow has fever\sed.
This _result.s in a tidal ellipse as depicted in Figure 3-6; the observed

ellipse is consistent with Coriolis force.

The observed relationship bgtween the tidal.curve and current
speed is partly a‘i:unction of the hyp;ometry of the estuary. At eveg\fi_/
location, the current speed r'equired to change the‘ water syfface level
by a fixed ‘amoﬁnt.‘m a set period of time is affected l:fy'cross~sec1;ional
area and the volume of water that must be moved throu;gh the cross-
section. Figure 3-2 shows the locations of three cross-sections that
were examined with respect to hypsometry; Table 3-2 lists hthe results
‘o_f ‘the investigation. “The data in Table 3-2 indicate that maximum

current velocities should occur when intertidal sand bodies are sub-
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Fig. 3-6. Tidal ellipse at the estuary mouth; successive measure-~
ments are numbered sequentially beginning at low tide,




TABLE 3-2. Effects of Hypsometry at three Cross-sections; the

cross-sections are located on Figure 3-2.

Volume 1 s
. Water Required Cross- Speed Speed -
Cross- .
section surface (m.’») sectional (m/s) (m/s) —Jg
level (m area (mz) required measured :
below HHW)
6 3 '
A 15.0 5.80x10 5.19x10 ™62 0.57 i
6 3 \g
12.5 8.03x10°  6.55x10 0.68 0. 81 A
6 4 s
2 10.0 8.57x10 1.0Ix10" . 0.47 0.72 "‘
7.5 1.13x10" \rve-l-xm\‘* 0.62 0. 66 b
5.0 1.22x10° 1. 01x10% 0.67 0.51. !
6 2
‘B 12.5 1.45x10 7.65x10 1.05'\/0. 89
10.0 1. 62.):].()6 1. 36}«{103 0.66 .0.74
B { 6 3 '
7.5 1.82x10 1. 70x10 0.59 0.68
5.0 2.57}:106 2.38x103 0.60 0.39
5 2 X
C « 12.5 4, 27xl(_)’ 2. 13x%10 1.11 .1. 17
10.0 4. 83x105 *5.951'{102 0.45 0.60
7.5 8.07x10°  8.50x10° 0.53 0.46 °
5.0 127100 1, 70x10° 0.41 0.45

¥

Required volume and speed are those needed to raise the water surface -
level 1 m in 1/2 hour; it is also assumed that speed is constant through-
out the entire cross-sectxon

2 ' -
.. Dashes indicate the max1mum elevation of nearby intertidal sand bodies.

3Measured speed is recoxded flood velocity at t.he approprwte Water
on the



n

® ' )
a€rially e.\gposed beca‘use of the small cross-sectional area of the flow.
At low water surface levels, current speeds often have less‘ than peak
values because the volume of water required to raise the water surface
level is relatively small. When intertidal sind bodies are submergéd,
the large cross-sectional area decreases the required current speed

. 2
(Table 3-2). Figure 3-7 illustrates the relationship between cross-

sectional area, the volume of water that must pass through a cross-

_section, and current speed for cross-section A; current speeds reach

maximum values while the intertidal sand bodies are subaerially ex-

posed (water surface level more than 10.0 m below higher high water)

" (Fig. 3-7). The hyposometric curve for the estuary is illustrated in

Figure 3-8.

Measured current speeds are comparable to predicted
4 -

"speeds (Table 3-2); several factors cause the observed differences.

L}

The predicted velocities in Table 3-2 were calculated assuming that

- . v

the water surface level changes ata constant rate; the discussion of
tidal curves earlier in this chaptér'indicé.te’s a variable rate of change.
Also, the measureéd current speeds in Table 3-2 are not averges of the

whole ‘cross-section; they come from a single station in either a flood or

ebb dominant zone (see the discussion later in this chapter).

~
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~

The predicted and observed current speeds for cross-

5

sections B and C are in better ag'reeme‘nt with each other than are those
- ‘k"

for cross-section A (Table 3-2). This prohably is a result of the loca-
tions of the cross-sections. Cross-sc;ction A is at the mouth of the
esiuary (Fig: 3-2); cross»sg'ctional area is relatively difficult to measure
accuraéely becduse of the large width and varied topography (see 1;‘ig.
2-6). Also’, thc;.re are several flood and ebbidominant zones along the
;ross-seetion sé that measur;ed speeds at ;)ne station, as presented in
Table 3-é, may not correspond to averag;e speeds across the whole
section. Cross-se.ctions B ar’xd C are within the Avon River (Fig.
3-2); there are few ebb and flood dominant zones on ei';:her cross-sectio‘n»
so that measured speeds may be more representative of average condi-.
tions, and c:;'o§s-sectional area is re'lativeliy easy to measure.-
Near-bottorn current hsp’é"eds were measured as closg”"to
t.hé bottom ;s poslsible; echo sotlmdiz‘ag:indi’cated that the current meter
- usﬁ;ﬂy was Oﬂ.‘:ls m .fré;_n the bottomn. Maxi;mim near-bottom current
spe‘éds range from 0.6 to '1.'7 m per sqcoﬁd; rpaximuni.speeds tend to bg
less tharrl m per gecc;nt;l at éhe mouﬂ; ‘of the estuary and greater than 1 m

per second near the head. Maximum flood current speeds and ebb -cu-

Y

rent s:peeds a;e,unequal at each: statiof (Fig. 3:;-9). Maximum mean’ ebb

_and, flood current spe‘éfds also ave shown on F i,gufe‘3-‘9‘; these, too, ‘show
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different ebb and flood values at each station. ~Maximum mean current

speeds tend to be greater at the head of the estuary than at the mouth,

-

and greater in channel areas than over intertidal sand bodies (Fig.
3-9).

Maximum near-bottom current speeds, maximum mean
current speeds, and net discharge directions (Fig. 3-9) all indicate that
’tidal currents form "cells" with half of each ceil dominated by ebb cur-
rents and the other half dofﬁin;\ted by flood Currents‘; the cells usually

are centered on sand body crests,  Distinct ebb and flood ¢urrent areas

. \ ‘
"have been observed in numerok\s tide -dominated locations (Kulm and

1

'Byfne, 1967; Schou, 1967; Houbolt;-1968; Coastal Research Group,

1969; Oertel, 1975). Similar ebb - flood systems also are common in
]

Minas Bas\in (Klein, 1970; Dalrymple et al., 1975; Knight and Dalrymple,
/ : ,

— N . - )

1975). t

- Figure 3-10 depicts the tidal current cells derived from

maximum near-bottom current speeds, net disch’afge‘directions , and
maximum mean current speeds as well as the positions of the cells
rela'tikre to sand body crests. T%g relationships between tidal current

cells, sand'bodies, and sediment tfanspoi't will be dis cussed in Chapter
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Hydraulic Parameters
In addition to mean speed and dis charge, the following

?

hydraulic parameters were calculated for each velocity profile:
“turbulence', speed.l m from the botft;m, shear velocity, .shear stress,
stream power, energy slope, the Darcy-Weisbach friction factor, rough-
ness height, depth of zero velo cify, Froude number, and Reynolds number.

(All the computed values are presented in Table B-3.) @

Hydraulic parameters were calculated from current velocity

-
]

data with a corﬁputer program; input data ‘consisted of current speed and
direction plus water depth for each point of.a velocity profile. Generally

it is accepted that current velocities and water depth have a logarithmic

#
relationship of the form’
u . 2.3 Y
U#_8'5+ . lc?g}.c (3-1) . \

4

| for rough boundaries (Blatt et al., 1972, p. 88); Sternberg (1968) found

velocity profiles to be logarithn{ic' 85% of the time.

¥ b}

The best-fit line

. . ‘ . R
between the logarithm of the depth and current speed was calculated -

for each vertical profile using the method of Gz;iffiths (1967, p. 441-

444); the correlation coefficient was calculated to determine the- good-

¢ .
/ T b

-

" nes’s of fitof thedine, + ° S T
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Most proi’iles are statistically logarithmic at the 95% level
of confidence. Deviations from the \thcoret‘ical loéarithmie velocibf‘
flistribu'tion probably are caused by non-uniformity of flow due to the
presence. of large bkdforms and by turbulence. Knight (1977) thoroughly
discusses the shaiae of measured vertical velocity profiles. Profiles

for which the linear regression is not significant at the 95% level may

give computed values of shear stress or shear velocity that do not reflect

true hydraulic conditions. Sediment transport rates computed from statis- B

tically insignificant profiles may not reflect actual conditions (see Chapter
"7 and Appendix E).
The size of the deviations from the best-fit line was calculated

from the sum of the squares of the velocity deviations -(2Udev by the

)
formula T =2 Udev7n-2/U*‘ This is the dimensionless parameter

celled “turbulence"; it is assumed that the major factor causing deviations
from the theor}atical semi-logarithmicvelocity - depth distribution is
large scale turbulence 1n the flow. :

Turbulence values are remarkably consistent c}uring a tidal
cycle and with location. Most values lie betwﬁeen 0 5 and 3. 0; during
a tidal cycle, turbulence ﬁgctuates between thé;fmits. There is na
apparent relation bgtween _tu-r‘bulence values and t;hektlida‘lQ curve or any
compu:ce;l hy(drauli‘c para.me;'ter; an examp;le of turbulence during a ti:lal -
'Ic;;cle is presented in i‘able 3.3, All computed turbulence lvalués are

a
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Time (hours from high tide)

TABLE 3-3: Turbulence values through a tidal cycle

I3

?

0. 00
0.50
1. 00
1.50 -
2.00
2.50
3. 00
3.50
4.00
4,50
5,00
5.50
6. 00
7. 00
7.50
8.00
8. 50
9.00
10. 00
" 10.90

Turbulence

59

L s m e

1.68
2.01
2.49
0.74,
0.92
1.04
1,69 ‘ \
2.81

0.90 | g
2.11 ’
1.24

1.87

0. 83

2.61

1.80 Y
0. 86 . ‘x
= P N
12,01 e
1.95 E
1.10 0 ‘
1.17 o ”

3
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¢

s : . . .
Discussions in chapters 8 and 9 reveal that maximum shear

velocity and shear stress are important for interpretation of grain size
distributi?ns, and that maximum stream power is useful for c;las,sifying
bedforms. Because the computed values of shear velocity ahd shear
stress fluctuate widely during a t.idal cycle (Fig: 3-11), maximum shear
velocity and shear stress are taken as the average of the 3 highest

instantaneous values during a tidal cycle. Maximum stream power, .

5 ' ‘
shear velocity, and shear stress tend to be greater near the estuary head

‘e

than at the mouth and greater in channels than over sand body surfaces.
Table 3-4 contains all computed values of maximum mean velocity power, .
shear velocity, and shear stress.

The Darcy-Weisbach friction factor and roughness height also
fluctuate during a tidal cycle in a similar manner to current speed (Fig.
3-12); most values of the friction factor are between 0.0} and 0.10
while roughness height generally ranges between 0.0l and 1. 00 m. z@‘oude

number has a diffefept relationship with the 'tidal curve than most other

-computed hydraulic parameters. Froude nurhber is lowest at high tide
and inc.reases towards low tide; following low tiée, values decreass
'high@de (Fig".« 3-12). In channel areas, there géner,ally is a short time
‘when Frc;ude numbers are low near low tide. ;:‘roude qnumbers generally
are between 0.01 and 0.15; few are larger than,Ol .?.5:. All cor'x;zput‘ed F;:oude‘

numbers,- friction 'fa_i:t‘brs, and roughness heights are listed in Table B-3,

-
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TABLE 3-4: Maximum mean \./elocity (m/s), shear velocity {m/s)e

shear stress (Kg/mS), and stream power (Kg /S3)

[ 4

Station

Bc;ot Island Bar 1 |
Boot Island Bar 2
Boot Island Bar 3
Boot Island Bar 4
- ——~— Boot Island Bar 5
Hantsport Bar 1
Hantsport Bar 2
*Hantsport Bar 3
Hantsport Bar 4
Hantsport Bar 5
Middle Ground 1
Middle Ground 2
Middle Ground 3
Middle Ground 4
Middle Ground 5
Mitchener Bar 1
Newport Bar 1
Newport Bar 2
Newport, Bar 3
' Newport Bar 4
~Western Bar 1
Wéstern Bar 2
Westerﬁ Bar 3
Western Bar 4.

Shear

Mean "Shear Streéam

. Velocity Velocity Stress Power

" 081 0.06 3.9  2.85
‘0,72 0. 04 1.84 1. 04
0.61 0. 05 2.19 1.09
0. 64 0. 05 2.73 1.42
0.67 0. 04 1.43 0. 82
1.13 0. 08 7.08 7.60
1.20 0. 09 8.28 8.65
1.02 0. 07 5.64 4.57
1,09 6. 08 7.38 6.29

£ 1.20 0.11 - 13.77  11.74
0.75 0. 06 3.23 - 2.02
o.és 0. 07 5.33 3.54
1.22 0.06  4.23 2.98
0.61 . 0-06 3.41 1.74 -
0.74 0,05 249 )24,
1.91. 0.08  6.92  11.95
1.17 0.08  6.62 - 4.86
1.02 0. 07 1.56 1.31
1.14 0.08  6.62.  6.26
1.09 0. 06 3.51 2.54
0.65 . 0.05,  2.50 1,43
0.66  0.05 - 2.26. i34
0.76-  0.07 - 4.76  2.74 .
0.74 . 0.04 1,85 . 120,
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- TABLE 3-4 (continued)

JStation

Main Channel -

Horton North
Horton South

Summerville

Kennetcook Mouth -

B.I1. Station 2

B.I. Station 3

Mean Shear Shear Stream

Velocity Velocity Stress‘ Power
1. 04 0.‘05 2.53 2.26
1.18 ° 0.09 8.58 5.54
1.27 . 0. 08 7.50 8.07
1. 07 0. 08 7,04 6.76
1.28 0. 08 5.93 6.70
1.19- 0.07 5.07 4.66
0.98 0. 06 3.73 3.10

=
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Mean Speed (m/s)

Height {m)

Roughness

—
0.8~
o\
\
] \
04
00 T )
nigh-tide ) low fide 10 high tide
Time (hours)
te- —014
08 010
04 -0.06
00 ' ’ d o0
I [T T T
high tide * 5 lowtide 10 high tide

Time (hours)

Froude Number

-Weisbach Friction Factor

Darcy

N

&
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Summary

Tidal range in the Avon River estuary varies between 8.2 -
. e 3 9 3
and 15.6 m; tidal volumes range fromm 2.0x 10" m to 3.8 x 10" m"™.
.Tides are symmmetric at neap tide and asymmejric at spring tide;
. \ .
the asymmetry increases from the mouth to the head of the estuary.
The ratio of tidal volume to fresh water input ratios ranges

L 23

between 1350 and 4,37 x 105. These ratios are above théWimit of

v . )

partially-mixed (type C) estuaries in Pritchard's (1967) classification;
nevertheless, vertical and longitudinal salinity gradients indicate that
the system has yme of the characteristics of a partially-mixed system.

"Waves and storms are unimportant processes in the Avon
River estuary. The small fetches do not allow;r _generati’on of large
waves and storm surge is small relative to the normal daily and monthly
variation in tidal rangé.

Maxin’mm near-bottom tidal current speeds tend to be
greater near .the head of the estuary and in channels than at the mouth
of the system and over inter~tidal sand bodies; tidal current speeds have
a characteristic relationship with the tidal curve that is produced by
the hypsometry of the estuary. ,.Maximum mean current speeds and
rﬁaximum near-bottom current speeds are unegual for the flood and ebb
stage at each station. Tidal currents form ‘cells thaé are centered on

sand body crests; half of each cell is dominated by ebb currents and half

by flood currents. The relationship of shear velocity, shear stress,
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and stream power to the tidal curve is similar to that of maximum near-

bottom current speeds.
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CHAPTER 4

DISTRIBUTION AND MORPHOLOGY OF'THE MAJOR INTERTIDAL

SAND BODIES

. Distribution

y

The six major intertidal sand bodies are ident‘ified on

Figure 4-1; three of the bars are located at the mouth of the estuary

and the other three towards the head. All six sand bodies are oriented

parallel to tidal current flow directions. In addition to the six major

sand bodies there is a minor sand body. This consists of a ridge

of sand oriented parallel to the shoreline and in the center of the estua;ry

neér Su.mmerville (Fig. 4-1). At its northern end, the ridge curves to

the east and widens into a patch of sand that is joined to the SM near

the low water mark (Fig. 4-1). The ridge terminates at its southérn end

on-a bedrock ledge that pziojects into the estuary from the western shore

(Fig. 4-1). The minor sand body is often unexposed at low tide as it

does not extend much higher than Jower low water (see Fig. 2-7).
Positioning of sand bodie%eems to be influenced by tidal

current flow patterns. Sand bodies always are located between channels,

o.and channels on either side of a sand body generally have net discharges

/

68
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\
*

1n opposite directions (see Fig. 3-9). The crest of a sand body generally
1$ the boundary béiwegn the areas of oppc;sing net discharge ditections;
this produces ebb and flood clpnncl systems similar to those described
by Robinson (196 0) and illustrated in Figure 3-10. The rclationship
between sand body position and fluid {low patte‘rns will be discussed in
Chapfer 10. Similar pz;tterns of sand body distribution have been ob-
serv’ed in other tlda.lly dominated areas (Houbo-lt, 1968; Ludwick, 1974).

Boot Island Bar, Western Bar, and Middle Ground (Fig. .

-~

4-1) méy be considered to form -pgrt‘of ah eb;) tidal delta (C(;as'tal

Research Group, 1969); ebb tidal deltas commlonly are associated w@th
Aestuar'ies (Coastal Researxch Group, 1969; Oertel, 1973, 1975; Hine,

1975; Hubbard 1975 Finley, 1975) A model for the morphology of '
mesot1da1 ebb tidal deltas has been proposed by Hayes et a(—l973
(Fig. 4-2B). According to the model, Boot Islapd Bar, .Western .
Bar, and Middle Ground are channel rnarg:m linear bars (Fig. 4-2A4B).

The model calls for a terminal lobe at the seaward end\of_the delta

Y

14

(Fig. 4-2B); a corresponding lobe is present inthe subtidal of the

Avon River system (Fig. 4-2A). There ai‘e no swash bars é;resent in .
the Avon River ebb tidal delta (Fig. 4-2A) as expected from thE model
of ‘Hayves etal. (1973)(Fig. 4-2B). This is a result of the relative in-
effectiveness c;f wave action in the macrotidal enyironment as previ;nusly
di‘ééussed, since it is wave action that causes the fo'rmatiox; of swashﬁ
bars (Oertel, 1972). + . \

\



Fig. 4-2. Comparison of the Avon Riyer estuary to meso-

and macrotidal estuary models.

g

A) The Avon River estuary mout"l.n
‘ e

B) Mesotidal estuary ebb tidal delta model (from’ Hayes, 1975),

|

C) Macrotidal estuary model {from Hagres,ll‘)75) , \

=
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. The model for ebb tidal deltas proposed by Hayes etal.
(1973) 1s considered ito be a model for mesotidal estuaries (tidal range

2 - 4 meters) (Hayes, 1975). This differs sigmficantly from the

model described by Hayes (1975) for macrotidal systems' and illustrated

1in Figure 4-2C. The macrotidal model calls for a wide mouthed,

2

funnel shapel system; the Avon River does not match this description

even though it is macrotidal (Fig. 4-2A&C).
It seems likely that the configuration of sand bodies at the

mouth of the Avan River resembles the mesotidal model more than the

macrotidal bzcause of the constraints to flow imposed by the cliffed"

-~

bedrc;ck shorelines (see Fig. 2-4). With unconsolidated shorelines,
tidal currents might widen the estuary mouth until it approached the
shape aepicted in the macrotidal model (Fig. 4-2C). Bedrock shorelines
confine the flow creating an e.xpand'mg jet at the mouth during ebb
flow, a condition that has i;een observed in mesotidal estuaries (Qertel,
1975) and is considered to be the reason for the formation of ebb tidal
deltas (Todd, 1968). i

Hantsport Bar seems to bg positioned as a channel’'margin °
linear bar w\?ith respect to the Kex.metc.ook River (Fig. 4-1). There is’ '
not a fuﬁy developed ebb tidal delta associated with the Kennetcook Rivgr
probably because a corresponding channel margin linear'ba; o;; the south

side of the Kennetcook would have to be perpendicular to the tidal

currents, an atypical orientation in macrotidal area® (Hayes, 1975),

e
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Matthener Bar appears to be a tidal point bar since 1t lies at a turn

-

e

- N .
in the estuary and it s ‘](2, od/to the shore (Fig. 4-1); tidal point bars

are found 1n other ﬁ:l:l\’rwcr systems (Land and Hoyt, 1966; Wright
N .

etal., 1975).

)

Morphology

Measurements of the surface morphology of the major
intertidal sand bodies were made wrth echo soundings, ‘surveying,
and interpretation of’aerial photographs. (See Appendix A for details
of the method used to measure sand body topography.) Sand bodies
range in length from 0.80 to 5.60 km. and in width from 0.40 to
0.95 km. Most sand bodies have a well developed crest running
parallel tko their length and they are all elongate parallel to the tidal
currents. The highest poih\t on each sand body varies from 7.2 to 9.2

o "o
meters below higher high water and in time of subaerial exposurédf?'ox"n
3 to 6 hours per tidal cycle.

Sand bodies in Cobequid Bay generally are widest towards
the head of the"bay and taper to a point towards the mouth of the bay;
the highest pointon a sand body usually is at the eastern end (Knight,
1977; Dalrymple, 1977). None of the sand bodies in the Avon River
estuary follows this pattern; only two sand bodies have their hghest
point near the head of the system, and none is Wider nearer the head

than it is towards the mouth of the system. The morphology of each

sand body is described as follows:

e»
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NEWPORT BAR Newport Bar 1s 3.92 km long and 0.95 km wide

at 1ts widest point and is roughly rectangular in shape (Fig. 4-3A).
The major topographic features of Newport Bar are its crest which’
1s near the eastern edge, and a lc;w relief chanmel in the north central
part of the bar (Fig. 4-3A). This channel appears to be a dead-end
flood channel as d‘cscnbed by Robinson (1960).

The surface oﬁ‘Newport Bar 1s gently-sloped to the west
of the sand body cre'st and steeply-sloped to the east. Slopes average
approkimately 0. 5° on the western side of the c¢rest and 10° on the
eastern side. The highest point on Newport Bar 1s on the sand body
crest and 'r; 7.5 meters below higher high water; the sand body 1s
subaerially exposed for 6 hours during each tidal cycle. The crest
on Newport Bar is 5.9 meters above the bottom of the adjacent channel
to the east implying a minimum thickness of at least that amount

(Fig. 4-3B).

MITCHENER BAR Mitchener Bar is the smallest sand body in the system
with a‘length of 0.80 km and a wich of 0.40 km. The bar is joiﬁed to the
shore and has a well-defined channel in the center that divides the sand
body *to two sections (Fig. 4-4A'). Mitchener Bar is the only sand body

without a well-defined crest. A poorly-defined crest is present in the

-

4 “
position shown in Figure 4-4A but no abrupt slope changes are associated

with it. To the west of the channel, the surface of Mitchener Bar slopes



N

O -

a+/

Fig. 4-3. Contour map and cross-section of Newport Bar. Dépths are
m below higher high water ’
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down at 1 to the east. East of the channel the bar slopes upward at

o
0.75 to the sand body crest. A cross-section of Mitchener Bar s -

< S
3

shc7vn in Figure 4-4B.

-~ ” ’
\" The highest part of Maitchener Bar 1s where 1t attaches

to the shore with an elevation of 8.6 m below higher high water. Most
of the sand body 1s subaerially expose¢d for 3 hqurs during each tidal
{{‘Q cycle; the highest point on the sand body'is 4.2 m above the channel J
to*the cast of the san‘d body (Fi1g. 4-4B) yielding & thickness of 4.2 m
for-Mitchener Bar. < |

A ) "
HANTSPORT BAR Hantsport Bar is 2. 84 km long and up to 0.81 km

wide and has a narrow southern end that is joined to the shore (Fig.

4-54). The sand body widens to the north and terminates in a wide
!
lobe; there is a spit projecting to the southwest from the western edge

of the lobe (Fig. 4-5A). A well-developed crest lies near the western
. N '
edge of Hantsport Bar; slopes are 1° to the east of the crest and 2°

to the west. Figure 4-5B provides a cross-sectional view of Hantsport

Bar.

-4

Hantéport Bar is subaerially exposed for 4 hours of each
tidal cycle. The highest point on the sand body is 4.5 m above the floor

of the channel to the west of the bar and is 9.2 m below higher high.water;
3 - » *

I

", Hants;po;:t Bar is 4.5 m thick.
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MIDDLE GROUND Middle Ground is the longest sand body in the system

at 5.60 km and 1s a maximum of 0.71 km wid'e; it is elliptical in ghape,
being narrow at either end and widest near the center (Fig. 4-6A).
’Th; most pr'omment topographic feature on Middle Ground 1s the large
cbb spit at the southern end (Fig..—}-()A); the spit extends north of the
_position shown in Figure 4-6A 1in the subtidal (see Fig. 4-2). There
fs a well developed crest on Middle Ground. On most of the sand bod;r
.the crest runs along the eastern side but towards the southern end it
crosses to the west and terminates (Fig: 4-6A).

Slopes to the east of the crest are 2. 5° and those to the
west are 0.5°. A typical cross—séction of Middle Gx:ound is shown
in Figure 4-6B. Middle Ground is at least 8.4 m thick and its highest
i)oint is 7.2 m below higher high water. Most of Middle Ground is

subaerially exposed for almost 6 hours of évery tidal cycle.

BOOT ISLAND BAR Boot Island Bar is 2. 53 km long and 0.40 km

wide as shown in Figure 4-7A. A spit projgcts to the southeast from
the eastern side of the sand body (Fig. 4-7A). The southern part of
Boot Island Bar has a crest along the eastern side; the crest terminates
where the spit joins the sand body (Fig. 4-7A).

The surface of Boot Island Bar slopes 7° to the east of
the crest and 1.5° to the \west. In the northern part of the sgnd boddy, the
surface of the sand body is slightly convex with slope.s of 0.5° to the

east and west of the sand body center. Two cross-sections are’shown
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Fig. 4-6. Contour map and cross-section of Middle Ground.
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in Figure 4-7B. Boot Island Bar s subacrially exposed for 4 hours

and its highest point is 8,9 m below higher high water, The wave cut
platform to the west of the sand body 1s 2.6 m below the highest point on
the sand body: this 1s a minimum thickness since it 1s not known 1f the

. ’
platform underhes the entire sand body.

WESTERN BAR The larger part of Western Bar is 2,85 l\m long and 0,55
km wide: the smaller section to the northeast is 0.87 km long and 0, 71 km
wide ‘and is separated fran the main part of the sand body by a channel
(Fig, 4-8A). "There is anpther scction of Western Bar to the north of that
shown in Figlire 4-8A but it is unexposed during most tidal cycles since it
is only slightly higher than lower low water (see Fig., 2-7); it has not been
examined due to its limited accessibility, The crest of Western Bar is on
' )

the western side of the sand body at the southern end. It crosses to the east
near the center of the sand body and back to the west towards the northern
end (Fig. 4-8A).

Slopes are 2. 5° to the north and east of the crest-of Western
Bar and 1° to the south and west, Figure 4-8B shows a t};pical cross-
section from Western Bar, The highest point on Western Bar is 8.9 m

below higher high water and the sand body is at least 2.5 m thick, Western

Bar is subaerially exposed for 4 hours.
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Sand Body Stability \\\

Comparative measurements made between a British Admaralty
Chart dated 1865 and scts of aerial photographs from 1963, 1964, 1973
and 1974 indicate that all six sand bodies in the Avoly River estuary are
\

\
remarkably stable, yritish Admuaralty charts updateyl to 1908 and 1916,

\
\

as well as a Canadian IHydrographic Service chart fron§ 1972, also indicates
that the sand bodies have been stable.There have been nd major changes
in any of the sand bodies since 1963; in each set of aerial‘photographs
the sand bodies arec the same size and shape, and are in the samgposftions.
Plate 4-1 shows the sand bodies at the mouth of the system|in 1963, If they
are compared to the same sand bodies in 1‘;74 (Pl\ate 4.2), no differences
1

ar\e found. The same is true of the sand bodies at the head df the estuary;
Plate 4-3 depicts them in 1963 and Plate 4.4, in 1974. e

The British Admiralty Chart of 1865 shows that five of the six

sand bodies have the same shape, size, and location that they have now

(Figs. 4-1 and 4-9), The only exception is Newport Bar which appears as

two sand bodies on the 1865 chart, These two sand bodies ar(i; in the same
location and have thve same length as Newport Bar but are s\ilit by a channel,
The present day Newport Bar has a channel at its northern epd that occupies
a similar position to the one on the 1865 chart but it does not bxtend far

{

\ \
enough south to divide the sand body (Fig., 4-3A). It seems likely that the

southern end of this channel has filled since 1865, Aerial photographs

reveal that the channel was filled prior to 1963; it has not been a conse-



Plate 4-1. 1903 Aerial photopraph of the estuary mouth,

the scale 1s 1:45,000
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Plate 4-2. 1974 Aerial photograph of the estuary mouth,

the scale 1s 1:45, 000
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Plate 4-3. 1963 Aerial photoeraph of the estuary head;

the scale 18 1:67,000






Plate 4-4. 1974 Aerial photograph of the estuary head;

the scale is 1:47, 000

R
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Frpg. 4-9. 1805 Bratish Adnmaralty map; soundnigs are in
fathoms below lower lotv water; underlined

readings are fathoms above lower low water.
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qucnco‘of construction of the causeway at Windsor 1n 1970.

Minimum thicknesses and highest elevation pointg were
calculated for Newport Bar, Hantsport Bar, Middle Ground, and
Western Bar from soundings displayed on the 1865 chart, Both thick-
nesses and clevations are similar to those surveyed in 1975; Table
4-1 compares 1865 and 1975 sand body thicknesses and highest eleva-
tions, Western Bar and Middle Ground seemn to be thicker in 1975 than
in 1865 and Hantsport Bar appears to have decreased in thickness since
1865. None of the apparent changes are 1argc; than 1.2 m (Table 4-1).

Apparent differences in sand body thickness and elevation
could be due to insufficient detail on the 1865 éhart or they mi{;ht represent
actual changes in sediment distribution. Soundings m;rked‘ on the 1865
chart are not closely spaced, and in somé cases there are no soundings on
what are now the highest parts <;f the sand bodies. (Compare Fig., 4-9
with Figs., 4-3A, 4-5A, 4-6A and 4-8A.) It seems likely that differences
in sand body thicknesses and elevations may be the result of insufficient
data from the 1865 chart; the possibility that sediment distribution has
changed will be discussed further in Chapter 10, It appears that all the
sand bodies in the Avon River estuary have remained almost constant in
terms of size, shape, position, thickness, and elevation for 110 years;

the system seems to have been in equilibrium since at least 1865,
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TADLE 4-1. Thickness and Elevationof Sand Bodies 1n 1%65 and 1975
{

Mimimum Thickness

(m) Elevation
2 3

Net Net
Sand Body 1865 1975  Change 1865 1975  Change
Hantsport Bar 5.4 4.5 -0.9 10.1 9.2 10,9
Middle Ground 8.2 8.4 0,27 7.4 7.2 +0.2
Newport Bar 5.9 5.9 0.0 7.8 7.5 +0.3
Western Bar 2.3 2.5 +0.2 10,1 8.9 +1.2

meters below higher high water

a positive net change indicates an increase in thickness, a negative

net is a decrease in thickness

3 . . . . .
. a positive net change means that the bar has grown higher with time

Minimum thickness and elevation for 1965 were calculated using the
elevations recorded on the British Admiralty Chart of 1865; if their

soundings were not at the base and crest of a sand body, the elevation

and thickness is inaccurate.
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Summary
. All six major intertidal sand bodies lie betwc'uc;n channels
of opposing net discharge and are oriented parallel to tidal current
flow. “Fhe three sand _bbdies at thé"mouth of the estuary form part of
an ebb tidal delta that bears more resemblance to the mesotidal model
than the macrotidal model of Hayes (1975); this is probably a result of

.

confining bedrock shorelines. Hantsport Bar appears to form part of
an ebb tidal delta at the mouth of the Kennetcook River, and Mitchener
Bar seems to be a tidal point bar.

Sand bodies range in length from 0.80 to 5.60 km and in
width from 0.40 to 0.95 km. Most sand bodies have a well-developc{d
crest running parallel to their length; slopes on one side of the crest are
ge;ltle, typically lo, and steep on the other side, usually about 2. 5%,
Subaerial exposure ranges from 3 to 6 hours as the highest point on
each sand body varies from 7.2 to 9.2 m below higher high water.

Fivero™he six sand bodies appear to have been stable
for at least 110 years; comparison of recent aerial photographs with
a British Admiralty Chart from 1865 reveals no significant changes
in sand body positior;s or shapes. A channel at‘the southern.end of

Newport Bar has been filled in since 1865. No major changes in sand

body thickness or elevation are apparent.
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CHAPTER 5
BEDFORMS, OTHER SURIFACE FEATURES, AND INTERNAL STRUCTURES

Bedforms

Several bedform classification schemes relate sur_fébce mor-
phology to hydraulic properties (Simons et al., 1965a; Boothroyd, 1969).
In this discussion, the division of bedforms 1nto classes 1s not based on
hydraulics; it is purely descriptive and derives from observations and
measurements. Hydraulic requirements for the bedforms described
below and their relationship to other classification schemes will be dis-
cussed in ‘Chap;er 9. The terminology used in this study is identical )
to that of Klein (1970) and is compared to the terminology of other workers
in Table 5-1.

There are four types of bedforms in the Avon River estuary.
Three of these, ripples, megaripples, and sand waves, are fairly abuﬁdant,
while the fourth, transverse bars, occurs only in one location. The three
abundant bedform types occur in sets with individual bedforms regularly
spaced, that is, they have easily recognizable wavelengths. Transverse

bars seem to form individually; they are not found in sets with constant

wavelengths.

93 .
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TABLE 5-1. Comparison of Bedform Terminology

¢
Klein (1970) and
the Present Study Simons et al. (1965) Boothroyd (1969) Costello (1974)
Increasing
Waveleneth
TRipples Ripples Ripples Ripples
Megaripples Dunes Megaripples Dunes
Sand Waves - Sand waves Bars



a5

Numerous megaripples, sand waves, and transverse bars
were measured using a Brunton compass and a tape measure; ripples
and other surface features were not examuned systematically as only
a few measurements were made. Wavelengths were calculated by
measuring the total distance perpendicular to the crests of 3 adjacent
bedforms and averaging the distance; recorded height was the averaged
vertical distance from bedform crest to trough. Lee and stoss stopes,
as well as crest strike, were measured using a Brunton compass.
Measuren;ents of all parametedrs were made on several days at each
station. The raw data are listed 1n Appendix C; crest strike directions
have been corrected for magnetic declination.  Description and distri-

bution of each bedform class is discussed below.

- ’

-

RIPPLES Ripples are the lowest order (smallest) bedform in
the system with wavelengths conimonly close to 0.30 m and heights of
less than 0. 05 m, Two types of z:ipples can be distinguished, sinuous
ripples (Fig. 5—;) and linguoid ripples (Fig. 5-2). Sinous ripples
cover large ‘areas on Newport Bar and Mitchener Bar {Fig. 5-3) while
linguoid rip{Jles are common on Middle Ground and Boot Island Bar
(Fig. 5-4); linguoid ripples also occur on parts of Newport~Bar (Fig.
5-3)‘. Wave-formed o:scillatory ripples are found occasionaliy but are

not considered to be important bedforms; their distribution will be dis-

cussed later in this chapter.
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Fig. 5-2, Linguoid ripples; the scale 1s decimeters and centimeters
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Fig. 5-3. Bedform distribution

MITCHENER BAR

at the estuary head
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MEGARIPPLES Megaripples are second order bedforms with wave-

lcngtlis commonly less than 10 m and heights up to 0.85 m; a few '

wavelengths are greater than 10 m (Fig. 5-5). (See Table 5-2 for
3“., .

a summmary of megaripple measurements; all the raw data are in

Appendix C.) Lee slopes range from 23°% 10 29° and stoss sides from
o 0 o (o

2 to 20 with most values lying between 4 and 10" (Table 5-2); mega-
ripples tend to have sinuous crests that are oblique to sand body crests

but normal to tidal currents (Table 5-2). Two types of megaripples
‘ (
can be distinguished in the field by relative steepness of the stoss

.

slope and relative height-to-wavelength ratios; the significance of

" the two types of megaripples will be discussed in Chapter 7, they are
’ N -
both illustrated in Figure 5-6. '

Megaripples are found on all six sand bodies (Figs. 5-3

¥

gnd 5-4). Each area tends to have consistent wavelen

but there is a large variation in these parameters fror\{i areato area
. \ K L .

(Table 5-2). Mega’ripples on Boot Island Bar and Wester
small in both height and \A}aveleng.th with mean height of 0.26 m.

and average wavelengths of 5.2 m (Table 5-2). On Middle Ground, the

100

bedforms have mean heights of 0.37 m and wavelengths of 9.7 m. New-

port Bar and Mitchener Bar h?;ve megaripples wlth long, mean, wave-
lengths (11.1 m) and large avelrage heights (0,61 m); mean wavelengths
and average heights are 4.9 m and 0.30 m on Hantsport Bar (Table

5-2).



101

SI939MUTIUSD PUR SIIIIWIDIP ST 2[eDS 3Y) umww@&h.mwmz .m...m ‘B1g




102

TABLE 5-2. Summaryof Megaripple Mecasurements
) 2
Location Length  Heiwght  Strike Lee §toss Sand Body
o Slope Slope Crest
_(m) (m) ) (©) ©) Strike (°)

Boot Island 3.9 0.26 49 28 8 \4‘ 163
Bar (east)
Boot Island 6.5 0.26 48 27 12 163
Bar (west)
Hantspoxt . 5.4 0.30 69 27 7 128
Bar (east) :
Hantsport 4.5 0.30 66 26 5 128
Bar (west)
Middle 9.7 0.37 82 25 6 7
Ground
Mitch T e

enener 9.8 0.65 61 29 5 16
Bar - ‘
Newport Bar o 12.3 0.57 82 20 15 23
Western Bar 3.8 0.21 74 30 8 142
(south)
Western Bar 3.6 0.29 85 20 14 142

(north)

1Lee slope is always in the ebb direction

2
Stoss slope is always in the flood direction



Fig. 5-6. Comparison of the 2 megaripple types:

A) high height - length ratio and

B) low height - length ratio.

-

The scale is decimeters and centimeters
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Other features are assoclated with megaripples including
falling water marks, scours, spurs, ancll Liquefiaction surfaces. Falling
water marks consist of a series of small parallel horizontal ridges
z;lbxxg the lee face of a megaripple (Fig. 5-7); they are created by a
falling water sxlrfzxcc. Scours occurring in the troughs £>f megaripples,
can have diameters of over a meter and their axis of rotation is in the

vertical plane; there are often ripples within the scours that reflect the

direction of rotation (I'ig. 5-8). Spurs also form in megaripple troughs,

»

hi 4
they-are oriented parallel to current direction and are widest at their

upstream end (Fig. 5-9). The stoss s%rfaces of megarip‘p\les are almost
always covered with ripples (Figs. 5-5, 5-6, and 5-7); liql;é&faction and
o

,fluid escape can flatten rippled surfaces producing the char’acte\ris tic
surface shown in Figure 5-10. During subaerial, exposure, small run-
off deltas often form in pools aloné megaripple .troug'hs (Fig. 5-8).

The features described above are not found everywhere
that there are mwaripples; many megaripples do not have any of these
features. Liquefaction surfaces, falling water rr;arks, circular scours,
and spurs are common on Hantsport Bar, Mitchener Bar and Newport

Bar. None of the features is abundant on the d bodies at the mouth

e L3

of the estuarir, possibly as a result of coarser|grain size (seesChapter
6); falling water marks are observed occasionally and the other features

are rarely seen.

-

» e
et DA



105

r

"S1939WIUIY DUF SISJOUWITIIP ST |areds ayy

"ST2A3] 93€JINS I9}EM IamO]
Ata

ATSS333ns An 3391 axe Aayz ‘adey dirs 9yl 3uole saury ['luoz1JO0Y

Jo satxas v sae sylew ayj ‘ajddrrefsw e uo siewr 1aeam duriey °y-g 8y

O O e e e [T e ottt s freimces .5 .




~1

1,06

#4i "Inoss a3y ojug BI[3pP-0adTwW e 31

2IUNOY sew uornlelor fpaq 2y} furyrals
"ThAnl e A patuxoy anoos ®Yyl -ydno

"SI919WTuUad pue 9.,
nq sey Jjrount adeys-
‘uornlejor jo srxe Te -

+

11 afddraedows v ur 3

.

H

+

'

.



107

*SI313WTIUID PUP SI31ALLTIAP ST
91®2s 8yl rosle Juasaid axe syrew JIatem JuifIe} pue Inods v Cade) drys
s1ddraenowu a1y o3 remotpuadiad st sixe ands 2yl "ydInoxy arddrartory e ur andg cg-g 317




108

z

*SI1913WITIUID pUP SIIIIWIDIAP ST 9]eds
4L *29®yins 2yl padsnpoxd pinyy Jurdessa fejddiredaw e uo adejins uonaeyonbrt g1-g *91g




» 26

109

Megaripples can be distinguished from sand waves (des-
cribed below) by the presence of scour pits and relatively sinuous
crests; sand waves tend to be strarght-crested and do not have scour
pits associated with them. Megaripples and ;and waves fall into dif-
ferent f1elds on a plot of wavelength versus height (Fig. 5-11); sand
waves have higher length to height ratios than megaripples; the boundary
between the fields approximates the line with the equation height =
0.103 (length) - 0.570 (Fig. 5-11). Also, mepgaripples are more regular-

ly spaced than sand waves.

SAND WAVES Sand waves are the highest order (largest) bedform

in the study area, with heights up to 2 m and wavelengths up to 70 m;
they are found in three places, Boot Island Bar, Western Bar,+and at

the northeastern end of the sand ridge in the center of £he estuary (Fig.
5-4). Megaripples often cover the stoss surfaces of sand waves; Figure
5-12 is an aerial photograph of sand waves showing megaripples on their
surfaces. Note that the meg'aripple crests axe not parallel to the sand .
wave crests, and that current directions are perpendicular to the mega-
ripple crests and therefore, oblique to t?le sand wave crests. A ground
level view of a sand wave appears in Figure 5-13. On Western Bar,
sand wave crests are not straight but curved; some have two curves re- -

sulting in an S-shaped crest (see Plate 4-2); he'ights of the sand waves

increase towards the north. On Boot Island Bar height gradually in-

a

*
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creases from 0.22 mto 1.5 m from north to south. Slopes on sand

. o (@]
waves range up to 27 for the lee face and up to 10 for the stoss.

TRANSVERSE BARS Transverse bars are tfbﬁ.ﬁth, and rarest,
wbcdforn):f in the Avon Rivew cstuary; they are found only on pagt of
’Mltchener Bar (Fig. 5.-3). Only a few are present and their average

l:eight is 0.45em. Lee slopes average 26? and stoss slopes, 1°. :I‘hey
occur in steps resembling a series of terraces and their crests are

sinuous (Fig. 5-14).

Transverse bars occur on Mitchener Bar probably
because of its similarity to a point bar (see Chapter 4). They are

common phenomena in braided rivers (Smith, 197L; D. Cant, 1976,

personal communication) and have been observed on point bars in at

-
-

least one other tidal river (G. Patton, 1975, personal communication).
They appear to exist on, and to be restricted to Mitchener Bar because
it is the only bar whose position is similar to that of point bars in a

- ? -
fluvial environment.

. . Other Surface Features -

Several other surface fentures occ

blocks, mud pebbles, and mud drapes. Symmetric wave-formed ripples
occur on days of greater than normal wave activity, Wave action can be

sufficient to plane off current ripples and leave either a planed surface

$A
i
.
4
8
11‘

LR
A
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o 2
or produce symmetric ripples (Fig. 5-15); in the Avon River estuary,

-
]

wave action has ncver been observed to destroy higher order bedforms.
The sand bodies at the mouth of the estuary displa)" wave~-formed ripples
more often than those at the head of the system because wave action is
stronger at the mouth. Waverformed ripples are destroyed within one
tidal cycle of their formation.K

Ice-rafted blocks are scattered %',er the surfaces‘ of all the
sand bo}dies (Fig. 5-16); notable c;ncentrations occur on the southern
and western sides of Western B&r and on the western central area of
Middle Ground (Fig. 5-4). Current crescents-a:"e found around many. ice-
rafted blocks, especially larger ones (Fig. 5-16). Other large o/b/_/jects

have current crescents formed around them; this happens freque&:tly
\

b
with ice-rafted- pieces of salt marsh. ‘ .o

The southern end of Newport Bar has a region where
previously déposited muddy sediments are ripped out by scoﬁring. This
produces numerous mud pebbles that cover the surface of the sand i)ody
in that area (Fig. 5-17). Mud drapes are formed by fine sediment settling
out of suspension during late~stage flow and covering the troughs of ripples
with a layer of mud (Fig. 5-18), Almost all the ripples on Newport Bar
have mud drapes; they also are very co_mmOI; on Mitchener Bar and on
rip‘p}es on the stoss side of megaripple.s on Hantsport Bar. Mud drapes

are rarely, if ever, found on any of the sand bodies at the mouth of
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the estuary, probably because there is noticeably less mud in sus-

pension at the mouth of the system than at the head.

Internal Structures

Internal structures were examined by digging trenches N
and by making cpoxy peels. (See Appendix C for details of the methods

/

used and for the raw data.) Small- and larg/e/-scale cross-bedding,
parallel lamination, and reactivation surfa/ces are the most common
structures; flaser bedding is found also. Large and small-scale
cross-bedding can be either fl?oti or ebb oriented. Small-scale cross-
beds have average dip ;ngles lof 21° and set thicknesses of 4 ¢m; in some
peels both ebb and flood oriented cross-beds are found together (Fig.
5-19). .The occurrence of ebb and flood oriented structures at the same '
location is the result of bedform reversal; the mechanism for this will
be discussed in Chapter 7. Most small-scale cross-beds sets are
tabular to wecige—shaped, but a few trough sets are found. (A summary
o f the measurements pf internal structures appears in Table 5-3.)
Large-scale cross-bedding, with average dip angles of 23°
and set thicknesses of 1(; cm, is the most common internal structure.
Most of the sets are tabular to wedge-shaped wi-th trough sets e:ncounte:;ed
in places. Commonly, flood and ebb oriented sets occur at the same
locat~i0n (Fig. 5-20). Reactivation surfaces are found in-most peels

and trenches that have large-scale cross-bedding (Fig. 5-:?20); they
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TABLE 5-3. Summary of Internal Structures

Structure

small-scale flood
cross-bedding

small-scale ebb
cross-bedding

flaser bedding

small-scale trough
cross-bedding

large-scale trough
cross-bedding

large-scale flood
cross-bedding

large-scale ebb
cross-bedding

parallel lamination
reactivation surfaces

low anple ebb
cross-bedding

—

Average Average Set’
Dip Angle Thickness )
(°) (m) Associated Surface Features

22 0. 04 ripples, transverse
bars with rippled surfaces

20 0. 04 ripples, transverse
bars with rippled surfaces

- - ripples with mud drapes

- 0.17 ripples
~
- 0.12 megaripples
24 0.14 sand waves, megaripples
]

22 T0.17 sand waves, megaripples
- 0.15 ripples, transverse bars
9 ¢ - sand waves, megaripples
8 0.20 transverse bars

na
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consist of gently dipping coarse layers bct\wccn sets of cross-beds
and represent former bedform surfaces (Klewn, 1970).

Flaser bedding &crmmology of Reineck and Wunderlich,
1968) occurs only near the southern end of Newport Bar (Fig. 5-21).

It appears to be formed as a result of burial of mud drapes by sand;
very thick mud drapes are common 1in the area where flaser bedding
1s found (Table 5-3).

The distribution of internal structures is related directly
to the distribution o'f bedforms since each type of structure is generated
by speg‘)‘ic kinds of bedforms (Blatt et al., 1972, p. 115). The overall
distribution is revealed by con'glparing.Figures 5-3 and 5-4 with the
data in Table 5-3.

»'/ Small-scale cross-bedding is generated by ripples and is
found underlying the rippled areas on Boot Island Bar and Middle Ground
{Table 5-3).\A11 rippled areas are not underlain by small-scale cross-
bedding; most of the rippled surfaces of Newpor? Bar and Mitchener
Bar are underlain by parallel lamination (Fig. 5-22; Table 5-3) that
appears to be upper flow regime parallel lamination. The association
of upper flow regime parallel lamination with rippled surfaces may

' N
indicate that ripples form during late-stage flow; this will be discussed
furthe'er in Chapter 9, Parallel lamination also is associated with the

%

transverse bars on Mitchener Bar {Table 5-3).
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“variation does not appeai' to be related to position ona saﬁ@ body, and S
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)

Large-scale cross-bedding underlies the megarippled

areas on all the sand bodies (Figs\. 5-3 and 5-4; Table 5-3). The ratio

of flood oriented sets to ebb oriented sets at a given locat’?n is greater

in areas having megaripples with steep stoss sides. Large~sca{1e cross-

o~

' bedding also is associated with sand waves. Set thicknesses do not

reflect the height of the sand wave but that of the megaripples on its

kL

surface .(I-‘i'g. 5-23). It appgaré'that"t‘he internal structures of sand

LN

waves are generated by migration of megaripples over the sand wave

‘rather. than ‘by inigratibzl of the sand wave itself.
| o 4
Generally, large-scale cross-bed sets are approximately
. . : . . :
1/3 as high as the bedform that generates them although there is a lot .

of variation in bedform height - set thickness ratios. The observed

there is no difference between sand bodies. Herringbonhe cross-bedding

tends to be produced‘more commonly by sand waves‘,tha:n megaripples,

v . .
¥ . .

“and, generally, it occurs more often in areas that are neither strongly

flood hor strongly‘ ebb dominant such as near sand body crests;

-,

Dalrymple (1977, personal communication) observed similar distribuz
tions of herfingone cross-bedding in*Cobequid Bay. ’
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- f
Small-scale cross-beds'are finer grained than large- \\ i

scale cross-beds. This is a result of grain size control of bedform

type (see Chapters 6 and 9) rather than a dir.e\ct;ilresponse of cross-
v N ) ¥
bed scale to grain size.

Summar y

Thre;s of the four bedform types, ripples, megaripples
and sand waves, cur in sets with easily rebggnizable wavelengths;

+ transverse bars appear to form iﬁdividually. Ripples are the small-
est order bedforn‘u and are found on every sand body. Megaripples

are second c;rder. bedforms and are found on each sand body also;

ripple and megaripple crests are oriented perpendicular to current

flow. Sand waves are found only at the mouth of the estuary and are ‘ 3
M s ' ‘ : < 4 ’

- ) [

oriented oblique to current direction; they; are the largest bedform.
9 - N

°
ot

Transverse bars occur on Mitchener Bar only. Other surface features

include wave-formed ripples, current crescents, ice-rated blocks, S

mud peb‘bles, and mud drapeées; none is abundant. " ' p——

Small- and large-scale cross-bedciing, parallel lamination,
- . | . 'ii ‘;r:
and reactivation surfaces are the most common internal structures;

flaser bedding is also found. Internal structures reflect surface bed- ’ :

LY
3

forms; small-scale 'cross-b‘edding and parallel lamination occur ‘

beneath rippled surfaces, large-scale cross~bedding and reactivation ,

v - ¢
] ) . o A
. . R -
. .
. . . .
. . K
.
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surfaces are associated with meparipples and sand waves. Ebb and -

¢
flood cross-bed sets often are found at the same location; the relative

amount of each varies with position on the sand bodies.
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CHAPTER 6
GRAIN SIZE DISTRIBUTION

Textural Analysis

Four hundred and seventy-one sediment samples were

£

collected from the surface of the six n{éjor intertidal sand bodies;

-

237 in 1974 and 234 in 1975.
Sediment sample y\itions were located gsin"g horizontal
sextant sightings and pace and ;;mpass. A series of points parallel
to the axis of each sand body, at approximately 400 m intervals, were
fixed ﬁsing horizontal sextant sightings. The points generally were
near the sand boqdy crest; samples were collected from each sighted
point, and additional sample locations were fixed by pace and compass.
Usually, one sample location was chosen on either- side of the line of
sighted poi;1ts at a distance of apprdximately*é:i)O m; if the sand l;ody ‘
was too narrow, a sample location was established near its edge. Hﬁ
i .

there was significaptly more than 400 m between the sig‘ﬁted peint and

the sand body edge, additional sample locations were established;

4
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this was done also if a noticeable grain size chq}lg>e occurred. Sample
locations are shown on Figures 6-1 and 6-5.

Samples were collected by hand from as close to the sediment
surface as possible in order to sample only sedim'ent that was being
actively transported. One sample was taken on rippled surfaces; points
with megaripples, transverse bars, or sand waves were sampled both
on the crest and near the bottom of the slip face of the bedform.

All samples were sie;ved, and textural parameters were
calculated by moment staltis tics. (Se’e Appendix D for methods of
mechanical analysis anci caleculation of textural parameters.) Mean
grain size, standard deviation and skewness have been examined in detail.
Results of all gra;.n size analyses are present%d in Appendix D. All sié;:
gradés are expressed in ternis of the Udden-Wentworth scale (Wentworth,
1922).

~

GENERAL TRENDS: Several general trends emerge from textural

analysis of the sediment samples: Textural parameters did not change:
be'tvireen 1974 and 1975; ave'rage mean grain size, sorting, and skewness
were consistent fron; year ;to );ear on each sand body‘(;l‘able 6-1), Mean
grain size de;:-reaSes from the mouth to tlﬂ1e he;.d of the estua;c'y; Boot
Island Bar, Western Bar, and Middle Qround are noticeably c‘o-arse_r
than Halnf;sport'Bar, Mitchex.mz; Bar, and NewportiBar. Trough samples .

tend to be coarser than crest samples from the same bedform.

/
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TABLE 6-1." Comparison of textural parameters from 1974 and 1975

(All sizes are in phi units) ,
‘ 1974 . ) 1975
X, ) Sk x ) Sk

Boot Island Bar 1.29 0.80 -0.53 1.43 0.83 -0.73
Western Bar i 1.08 0.99 -0.32 0.90 0.96 -0.21
Middle Ground - 1.92 0.63 .-1.14 1.81 0.63 -0. 82
Hantsport Bar  1.96  0.52 0.20 1.85 0.49 6731
Mit'chener Bar 2.34 0.41 0.1l 2.;9 0.45 0.21

_Newport Bar 2.92 0.51 0,24 2.89 0.48 0.27

TOTAL 2.03 0.64 ~0.36 1.96 0.63 .-0.21

i

Some of the difference between the two years results from different

sample locations during each year; see Figs. 6-1 and 6-5,

LS e
P -

L WO



Most sand bodies in Cobequid Bay (sece Fi;;. 2-2) are
coarsest near low water and finest at higher elevations (Dalrymple,
1977). Sand bodies at the head of the Avon River estuary exhibit this
trend but those at the mo'uth do not; Boot Island Bar has the opposite
relationship between mean grain size and elevation.

Standard deviation general’ly is consistent on the surface
of each s.and body; few t.rends were detected. There is a decrease in
standard deviation towards the head of the estuary; sand bodies at the
head of the system are better so.rted' than those at the mouth. Trough
samples tend to be slightly better sorted than crest samples from the
same bedform.

Sediment samples from sand bodies at the mouth of the

estuary are almost all negatively skewed while most samples from the

estuary head are positively skewed. Skewness values tend to be more

134

positive towards the center and higher parts of a sand body than towards

lower, marginal areas. . .

v

Textural parameters of the sa'/mples collected in the preseht

study diverge from the results of Pelletier and McMullen (1972). Re-

sults of the present study probably are more reliable than those of

4
A

| Pelletier and McMullen {1972) as their results were based on signifi-

cantly fewer samples.

RS 2
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’

BOOT ISLAND I;>AR: Locations_of all 58 samples collected from Boot ¢
Island Bar are shown on Figure 6-1. Mean graif size range; from very
coarse sand (-0. 08 phi) to finc sand (2.55 phi). Mean sizes aré coarsest

at the southern end of t‘he sand body and finest at the northern end; there

a

is a coarse to fine gradation from south to north with no discernible east -
west trends in mean grain size. Figure 6-2 depicts mean grain sizes on
Boot Island Bar.

Swift et al. (1967) indiycated that Boot Island'Bar was sand.

Pelletier and McMullen (1972) mapped median grain sizes on Boot Island

13

Bar as fine sand to very fine sand (2. 00 to %. 00 phi); they collected c:nly o

90 samples (on a 2 km grid) from all over Minas Basin, so their results
may not be as precise as those of the present stuc'iy.
- .

Standard deviation varies between moderately well sorted
(0. 54 phi) and poorly sorted (1. 09 phi) with most values in the moderate-
Iy. sorted range (d. 71 to 1. 00 phi);verbal descriptions of sorting are
i‘f{om Folk (1974). Samples from the northern end of the sand body tend
to be better sorted than those at the southern end; there ar-e- n; ;a:s;-—w;s—t
sorting trends. Figure 6-3 illustrates sorting values on Boot Island Bar.
Pelletier and M;;Mullen (1972) indicated that Boot Island Bar was moderate-

ly sorted (0.81 to 1.29 phi on their scale); this is essentially equivalent

to the results of the present studfm '

ey

(
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Fig. 6-1. Estuary mouth sediment sample locations. Two samples »%
were collected at each station ending with a ""C'; the second

sample label ends in "T". Textural Parameters of both samples
are listed in Table D-1. "
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Western Bar

Boot Islond Bar

PR

[+
- 3 N
“ !
UK SVC A

Fig. 6-2. Mean grain sizes at the estuary mouth, Coatour vdlues

are phi units based on moment measure means for all
samples on each sand body

*



Boot Island Bar

.
7

Western Bor

Qs

Fig. 6-3, .Sorting at the estuary mouth. Contour values are phi

units based on moment measure sorting of all samples

.on each sand body
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-

Skewness values range between -?. 39 and 0.51; mostsamples
arenegatively skewed and have values between 0. 00 and -2:00. Samples
at the northern end of Boot Island Bar tend to be more ncgatively:;s\kewgci
than those at the southern end (Fig. 6-4). All positively skewed
samples were collected from the center of the sand body towards the
southern end (Fig. 6-4).

’ ‘ K
WESTERN BAR: A total of 74 sedm.les were collected from

Western Bar; their locations are shown on Figure-6-1. Mean grain size

ranges from very coarse sand (-0.33 phi) to fine sand (2. 02 phi); most
sam;/ﬂes are in the medium to coarse sand range.(0. 00 to 2. 00 phi), )

Th7/northei-n and southern.ends of Western Bar are slightly coarser

thAn the center; the northeastern section with sand waves is significantly

* coarser than the rest of the sand body (Fig. 6-2). Swift et al. (1967)
' red Western Bar to be sand and Pelletier and McMullen {19Mm)
reported it to fine sand to very fine sand (2. 00 to 4,00 phi).
Standard deviati aries from well sorted (6.48 phi) to very

poorly sorted (2 13 phi) with most values in the modera.te_lx\so\rted range- .

) Tt
(0.71 to 1.00 phi). There are no obvifus sorting trends although the T

center of the sand body ténds to be slightly better sorted than the,ma'rginsi
Figure 6-3 dep1cts sorting on Western Bar. Accordmg to Pelletier and
‘McMullen (1972), sortmg varxed from very well sorted to well sorted to
moderately sorted (0.00 to 1.29 phi by-Ntheir classification) from north

*

to south.’

Ty
|



Western Bar

N
: . Fig. 6-4. Skewness at the estuary mouth. Contour values are
based on Moment measure skewness., Locations of
saraples with positive skewness are identified with
. triangles S . o

.
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" Most samples from Western Bar are negatively skewed

e (Fig. 6~4); po 'tivcjgy skewed sediments were collected from the

w

northern and eajtern parts oI the sand body (Fig. 6-4). Skewness
h .

. A

values range fr ~1.15 to 0.79; most are between 0. 00 and -1.00.

e B et

" *The western and southern sides of the sand body are more negatively

. - .
A g 2 e,

skewed than are the eastern and northern sides (Fig. 6-4), _ ‘

gl

- . —
" MIDDLE GROUND: Positions of the 112 samples collected on &\4idd1e

/’ Ground are marked on FJ,gure 6-1. Mean grain size varles beb&;een

e “

-,

e, e b

~coarsg sand (D. 35 ph1) and very fine sand (3. 5.10 phl), Fhost samples

b

E T s TE U N

]
A ¢ .

have mean sizes in the medmm sand or fine sand range (1.00 to 3.00

- phi). The coarsest parts-of Middle Ground are at the northern and _ :,i
southern ends and the finest part is near the c’e’afer; there is a gradaﬁon 5

-
[ 1 -

. from coarse to fine to cogrse again from north to south (Flg 6- 2)«. Again,”’
0 N
.thereare no djstinét east~west trends in mean g,r’ain size. Swift ;e_t_a_x}_. ' ]

?

(1967) 1abelled Middle 'cr'ound é.'s sand; Pelletier and McMullen (1972).

L] -

1nd1cated that median grain size increased towards the sand body center R "

from either end from betWeen 0. 00 and 00 phl to between -2 00 and: L ’ g

0: 00- p}g, -and theh dropped sharply to less ‘than 4. GO#phz at the center.

o

' Smndard devxafmn rangei from very well sorted (0 32 ph1}

XS to poorly sorted 1. 12 phi) with most sazhples bemg moderately welI
“."sorted (0.50 to O 71 ph1) There are no d1stmct sorting trends (Fzg. .

' l. o 6- 3), although%he sand body center may be shghtﬂr better gorted tha

) .
(3] ' . . )
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the ends. Pelletier and McMullen (1972) described Middle Ground as

poorly sorted (1.30 to 2.29 phi) with a small area at the northerﬁ end
. ) P
that was moderately sorted (0.81 to 1.29 phi). o
. \ . .
The only positively skewed sediment samples from Middle

-

Ground were collected from the ebb spit at the southern end of the sand

body and from the region of finevgrall'ined sediment at the center of the

sand body; all other samples are negatwely skewed (Fig. 6«44“ Sedlment

-~

tends to be more negatively skewéd on the east side of Middle Ground

i
3

than on the west; skewness values ‘range between -2.45 and 0.56 with
e

HANTSPORT BAR: 77 sedlmen; ‘samples were taken from Hantspért s

H
\

most values between 0. QO and -2 00

x

Bar; Figure 6-5 is a map of their locations. 'Mean grain size ranges

from coarse sand (0.96 phi) to fine sand(2.41 phi). Goarsest samples

are at the southern end of the sand body; mean grain size becomes pro- *

gressively finer towards the northern end. No east-west tends in mean

o .

~ grain size are ére,sent (Fig. 6-6), Pélletisr-and McMullen (1972) mapped

Hantsport Bar as coarse sand td medium gand (0.00 to 2. 00 phii'. ’

'qu san:zples,on ,Hantqurt Bar are rhode_ratelir sartéd (-0. 74

and 0,78 phz), all the rest are well sorted to moderaf:ely well sorted

>
- {0. 37\) 0.67 phﬂ Standard devmhon seems to decrease towards the

- .

northern end of the sand body (Fig. 6 ~7)s Pelletner and McMullen

(1972) cons;dered Hantsport Bar to be moderatel? SOrtad (0. 81 fo 1. 29

'/:"-' ',,,C
S
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Almost all sediment samples collected from Hantsport Bar

are positively skewed; a few n"egatively skewed samples were collected
' 13

at scattered locations‘(Fig. 6-‘8). Skewness values range between -21‘04

and 1.27 and most values arec between 0. QO and 1. 00; there are few trends

in skewness values (Fig. -6-8).

MITCHENER BAR: The 39.scdiment samplé's collecteci on Mitchener
Bar are located on Figure '6-5;:; mean grain size varies between medium
sand (1.63 phi) and very fine sand (3. 06 phi) with all exce.pt these.two
sarr;ples in the fine sand rang;e (2,00 to 3. 00 phi). No trends in mean
grain size'a,.re discernible (Fig: 6-6). Pelletic;.r and McMullen (1972)

S
plotted median grain size on Mitchener Bar as 2. 00 to 4. 00 phi.

With the exception of one moderately sorted sample (0.67 phi),

all standard deviations on.Mitchener Bar-fall'into the well sorted cate-

gory (0,35 to 0. 5'0;phi). Again, no trends in the sorting distribution

r

are apparent (Fig. 6-7). Pelle& axid McMullen {1972) also labelled
Mitchenér Bar as well sorted (IO. 51 to 0.?0 phi in their scheme). ’

Sediment samples from most c')f‘ Mitchener.Bar as positively

skewed; several negatively skewed samples were collected from the ~

" southern end of the\sand bods; (Fig. 6-8). Skewness values range from

-1.27 to'1.36 and ar'e more positive towards the north and east of the
ra , \ ‘, 9 . i n .



Mitchener Bar

N

w'" ‘ ) ’ v

F1g 6-8. Skewness at the estuary head.,Contour values are ba,sed

‘on moment measure skewness. 'Locations of negatively
‘skewed saimples are 1dent1f1ed W1th trxangles
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NEWPORT BAR: A total of 111 sediment samples were collected on

Newport Bar; locations ‘of these samples are shown on Figure 6-5.

-
~

Mean grain size ranges from fine sand (2.30 phi) to very fine sand
(3.49 phi); most samples are in the fine sand range (2. 00 to 3. 00 phi).
R There seems, to be a decrease in mean grain size from west to east at
\ : . ’
\ the northern end of the sand body; no other trends are recognizable
S o ' ~ e
(Fig., 6-5). Pelletier and McMullen (1972) mapped median grain size
on Newport Bar as 2. 00 to 4. 00 phi.

\\ ' ;I"he standard deviations of two samples are in the moderately
\ " sorted range (0.72 £o 0. 8? phi); mo.st of the oth;ar sampies are well °

‘\\\ Vsorteci (0, 3:5 to 0.50 phi), the. rem'ainder are I;qodgqately well sorted

XO.VSO to 0.71 phi). This is markedly different“from" the plot of Pelletier
a:\'\xd McMullgn (1972) which showed the southern end of Newport Bar as
p‘; rly sort'ed (1“. 30 to 2,39 phi) becoming modera?ely sorted (0.81 to

1.29 phi) and then well sorted towards the northern end (0.51 to 0.81

\

pl;i).\‘ The results of the present study do not reveal any distinct sorting"
{ . 0

trends -(Flg_. 6-7).‘\\ -

i N

- Most sediment samples collqéted from New:poﬁ Bar are -

positively skewed althougha fgv? negatively skewed samples were taken

€

»

from the southern and western parts of t and body (Fig. 6-8). Skewnes

values range between -2,84 and 0. 75; mgst are between 0. 00 and 0.5(;

- Few other trends are apparent (Fié. 6-8). - Y
‘ A . o, N
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Textural Parameters and Bedforms RN
A strong correlation exists between mean grain size and
bedform type. Sediment samples from sand waves are the coarsest

in the study area; meag grain size on sand waves is almost always
, . [
coarse sand or very doarse sand (-1.00to 1.00 phi). Megaripples

v

oveflap this range; they have mean grain sizes from coarse sand to
fine sand (0. 00 to 3.00 phi), Sediment samples from rippled areas

have mean grain sizes from médium sand to very fine sand (1. 00 to

L]

4. 00 phi). Although there is appreciable overlap in the rfanges of mean
grain s’ize for dszerent bedform types, the majority of samples fall into
distinct classes (Fig. 6-9). |

There is 2 rel:atiox‘ls‘hip betwe‘en t;e:d{orm type and standard

deviation. Ripples a'.,};e better sorted than megaripplés which are better
. ” .
sorted than sand waves (Fig. 6-9). However, this is not solely a func-

tign of bedform type but is a result of the decrease in mean grain size

that accompanies £ transition from sand waves to megaripples to ripples.

In many studies, sorting has been observed to be better in.finer sand grades

than goars'er. Inman (1949) ha; exblai.ned this by hydraulics; it also may

from the momth to, the

account for the decrease in standard deviation

? ¥

head of t% estuary as mean grain size also decreaﬁsels in that direction.
v . ’ ) '.“ .
This point will be discussed in more detail in Chapter 8.

-
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Cumulative Curve Analysis

Naturally occurring grain size distributions can reflect
0 s . \'f
sediment source (Shea, 1974), debositional processes (Visher, 1969),
or bath. Grain size parameters have been used to distinguish depo-

sitional environments; Friedman (1961) plotted skewness versus sorting

~——

and Passega (1964) plotted the coarsest one pércentile versus median
. 1
grain size. Neither approach is entirely successful. :

Numerous authors have noted that man;r grain size distribu-’
f:ions have marked discontinuities. Visher (1969) suggested that the whole
population actually is composed of a number of truncated log—norx:nz;l
components, and interpreted each grain population as a reflection of a
different sedimenf transport mechanism.

However, ‘Tanner (1959, 1964), Spencer (1963) and others

P

" believe that cuniulative curves are composed of overlapping normal

dis&ibuﬁons; Middleton (1976) has shown that the two methods yield

different results, and that dissected overlapping normally distributed
grain populations can be interpreted with respect to hydraulics.
In this study, the purpose of cumulative curve analysis is
N : ‘ .
to relate grain size gillgribution to hydraulics. This discussion will

~

deal only with the'results of cumulative curve analysis; hydraulics will

- -

be-related to grain size distribution in Chapter 8.



ey

Cumulat.ivc curves of all 471 sediment samples were
plott\ecl on probability pa};er. Each curve was examined; several
trcnds;emergcd. Over ninety percent of the curves have marked dis-

A
continuities. ’f!lcrc 1s no apparent relationship between location and
the presence of discontinuitigs in cumulative curves although most

curves without marked discontinuities are from samples collected at

the mouth of the estuary,

. .
-
Wt “ ‘.

\r‘

i

:Cumulative curves can be divided into three gr&ups based
on the relative amounts of the coarse (C), i.ntermec.liate (A), and fime
(B) populations. A population ‘was considered small if it congtitutes \
less than 10% of ?fne total sample, moderate if 10-30%, and large if
more than 30%. The‘th'ree groupings are: ;

. | a

(1) large intermediate population, small fine, and small e

coarse;’ \ . .o

(2) moderate or large intermediate, small fine, and

moderate or la;cge coarse;

(3) moderate or large inter£nediate, m,oderate or large fine,

and small coarse. .
Group 1 accounts for é;;Prqximately 30% c;f all samples, grox‘lp 2 fo/r xy)t
quite 25%;y and the nremainin‘g 45% belong to group 3. Figure 6-10 il-

3

lustrates typical Group 1, Group 2 and Group 3 curnulative curves. 5

] '

kY
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6-10, Tyi)ical group 1, 2, and 3 cumulative curves



There is a strong correlation between location and cumulative
curve group. No group 2 curves are from sand bodies at the head

of the estuary; the only samples with 10% or more of population C are

+

from the mwouth of the estuary; and most curves from the estuary mouth
belong to this group. Almost all group 3 samples come from sand

bodies at the head of the estuary; the few-exceptions are from the finest

part of Middle Ground (Fig. 6-2). Group | curves oceur on all sand

bodies but they do not dominate except on Middle Ground. Gfoup 3
' N

curves are dominant on sand bodies at the head of t.he system; Western

Bar and Boot Island Bar have mainly group 2 cumulative curves.
Cumulative curve,v'ariation' with location is reflected in the

a_veﬁge grain size distribution of each sand body.. The averé;;e grain

size distribution of the whole system is presented in Table 6-2; the

-

¢
distribution is bimodal, Comparison of this curve with the average

grain size distributionof each sand body reveals broad trends in grain

size distribution (Table 6~2). At the estuary mouth, coarse size frac-

L4

tions contain greater than average amounts of sediment; the opposite is

true at the estuary head (Table 6-2). There is a _thii-d, coarse. mode" '

AY

(1.25 p'hi) at the éstuary mouth that is not presen£ at the head, and

the average fine mode (3. 00 phi) is,shi)fted to 2.75 phi at the estuary -

-

mouth (Table 6-2). All these t;'e'nds reflect ;:he aTeal digtriBution o;.’

cumulative curve groups. Also, skewress values vary with cumulative

v “

curve © O awane ] oo
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TADLE 6-2. Average Grain Sicc Iistribution for cach Sand Body and

the Whole System (All values are pergents)

00

Hants- Mitch- New- Boot West- Mid- ‘ " denotes a ;“(’dc
Size  port ~ener  port Is. ern dle Aver. Aver.
(phi) Bar Bar Bar Bar \/Bar Gro-~ Head Mouth Total
: undf
-3.25 0.00 0.12 0. 00 014 1,03 0.0 0.02 0.35 0.20
-3.00 0.01 0.05 0.00 0.16% 0.15 0.00 0.0} 0.09 0.05
-2.75 0.0l 002 0.00 0.14° 0.14 -0.18- 0.01 0.17" 0:10
2,50 0.03% 0.06 0,00 0.33 0.27 0.05>=0.02 0.19 0.1
22,25 0.02 0.08% 0.00 0.33 0.40 0.05 0.02 oigs- 0.13
22.00 0.02 0.07 0.00 0.45 0.48 0.07 0.02 0.28 0.16
-1.75 0.02 0.09 0.01% 0.52 0.63 0.09 0.03 0.35 0.20
-1.50 0.03 0.10 0.00 0.81 1705 0.15 0.03 0.55 0.31
-1.25 0.03% 0.10 0.00 - 0.95 1.35 0.22 0,03 0.70  0.39
-1.00 o.ég\\\gllo 0.00 1.09 1.63 0,23 0.03 0.80 0.44 -
20.75 0.03 Q.11 0.00 1.35 2,29 0.32 0.04 1.07 *0.59
-0.50 0.04 0.11 0.01 1.55 2.57 0.33 ‘0.04 1.17 . 0.65
-0.25 0.06 0.14 :9.01 2.12 3.51 0.53 0.05 ‘1255 0.92
0.00,0.08 0.16 0.01 2.78 4.51 69 0.06 2.19 1.21
0.25 0.13 0.19 0.02 3.56 5.60 0.92 0,09 2.8 1.56
0.50 0.24 0.25 0.03 4.44 6,63 1.22 0.15 3.47 1.94
0.75'0.47 0,29 0,04 4.77 6.77 1.45 0.24 3.72 2.1l
1.00 '1.27 0.45° '0.07 5.55 7.47 1.93 0.58 4.34 2.61 ‘¢
1.25 4.28 1.15 0.16 6.85% 8.96% 3.32 1.86 5.81% 3.99
1.50 6.81 1.96 -0/16 5.35 7.06 3.77 2.94 5.22 4.49
. 1.7514.58  5.98 0.40 '7.08 8.77% 6.74 6.63 7.74 6.19
200017.83 12.59 1.08 7,55 7.5 8.96 9.29 8.72 8.98
2.25 18.77% 20.95% 4.20 8.25% 5.97 15.24% 12, 50% 11.32% 11. 86%
2.50 8.82 12.10 5.31 4,35 2.32 12.53 7.81 '7.65 7.72
2.7510.24% 15.40% 12,03 7.10 3.18 16.92%11.99 10.45% 11.16
3,00 8.58 13.59 23.81% 12.82% 5.16%11.98 16.37% 9.92 12:90?
3.25 3.77 6,04 16.50 5.53 2.63 4.94 9.95 4.28 6.90
3.50 2,12 4,13 15.42 ©2.53 1.11 3.51 8.52 2.50 5.28
3.75 0.82 1.86 8.22 0.75 0.29 1.62 4.37 1.00 2.55

40 1,02
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tively skewed, and group 3 curves are positively skewed. Implications

of areal grain size differences will be discussed in Chapter 8.

CUMULATIVE CURVE DISSECTION: Cumulative curves from 59
sediment samples were dissected graphically using the method of

Cassie (1954, 1963) which assumes that cumulative curves fresult from
\ )

the summation of overlapping normal populations. Each population
dissected by Cassie's method was tested against the observed cumulative

curve with a chi-squared statistic; 176 of 177 populations were found

to be significant. The remaining population is.vffetiarse tail of a
» P

sample and has an anomalously high weight in one size fraction; the

*
population was found to be significant if this one fraction was not inclu~
iy

, 0
ded in the test.
After a cumulative curve had.been dissected and each

population tested for significance, the mean and standard deviation of
» ' ‘

seach populatién was computed.graphically using the method of Inman

(1952); means were computed using the formula (phi_ + ph'ilé)/z and

84

standard deviations with (phi84 - philé)/i! Avérage characteristics of
dissected populations for each sand bodly are presented in Table 6-3;

implications of differences in the dissected populations are discussed

in Chapter 8.
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Curves were selected to repréegent all the samples on each
-

.
’ < ~

sand body; the proportions of all 3’cutve groups“wqx:\c maintained and
typical members of cach group were chosen for dissection. Eifty-five

of the 59. gurves _coyld be dissected into 3 populations and one into 4
-: ’,s":"-‘s"’Z:f Gk 2

populations; the remaining 3 samples are composed of 2 populations.

-

Results of cumulative curve disscction are as follows for each sand body.

Boot Island Bar: Nine of the 10 cumulative curves from Boot Is;and Bar

samples that were dissected are group 2 sampies; the tenth is a group 1‘
sample. The proportion of the C population tends to decrease slightly
from north to south and averages 48.9% for the '/whole sand body. Also,
the size of eéual overlap between the C population and the A population
increases from north to south; average equal overlap size is 1. 84 phi.
The proportion of C tends to be less in ebb dominant areas than in flood
dominant zones; the lone group 1 sample is from an ebb dominant zone.
Population C has an average mean size of 0, 72 phi and an average
sta;ndard deviation of 0.61 phi.

The B population is small in all Boot Island Bar cumulative
curves comprising, on the average, 0.78% of each sample;‘ in 3 samples
there is no B population. The coarse end of the B population equally
overlai;s the A p;)pul;‘if:ion“at an a;rerage of 3.43 phi; its a\.rerag&ean
size is 3.92 phi and its average standard deviation is 0.12 phi. There

do not appear to. be any trends in the B lﬁopulation distribution.
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¢

On Boot Island Bar the A population averages 50. 3%
of each sample. Since the B population 1s constant 1n size, the A
population distribution is the inverse of' the C d;strlbution; the pro-
portion of A tends to.mcreasc from north to south and to be larger in'
?bb dominant areas than in flood dominantregions. The average mean
size of A is 2,44 phi and t\che average standard deviation is 0.41 phii

e

A eéually overlaps C at 1. iand B at3.43 phi.

g
Western Bar: All eight cunfulftive curves from Western Bar that were

dissected are group 2 curves.! There are no trends in the proportions of

the A or C populations; B population percentages are small everywhere.
The C population averages 70.2% of each sample and has an

average mean size of 0.36 phi with an average standard deviation of

0.71 phi; it equally oygr:aps the A population, on the average, at

1.49 phi. Tl;e average mean size of*the A population is 1.87 phi anq its

average standard deviation is 0,37 ;:hi; it equally overlaps the C popula~

tion at 1.49 phi and the B populafion at 2.77 phi, and cpmpr;ses an average

of 26. 5% of ea.ch. sample. Percentage.s of the B population a’werage 3.25;

on the average it‘_ equally overlaps the A population at 2. 7::7 phi. The B

population has an average mean size of 3.2l phi and an average standard

deviation of 0.28 phi {see Table 6-3).

Middle Gi'omid: Fourteen cumulative curves from samples on Middle

Ground were dissected; two of them are group 3 curves, six belong to

group l, and six are group 2 curves. The group 3 curves are associated

2
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with the area of fine sedrment near .the center of the bar (Fig. 6-2);
there 1s no d‘xstinct trend in the distribution of group l and 2 curves
allthough more group 2 curves are from the north end of the bar than the
.
south end. Within eacl.l curve grouping thefe are no apparent trends
in the relative proportions of populations A, B and C,
Average mean grain size of the C population’is 0.48 phi,

0.69 phi, and 1. 10 phi and the average standard deviation is 0. 74 phi,

0.50 phi, and 0.56 phi for group 1, 2 and 3 curves respectively; 0.66

” N

phi and 0.61 phi are the average mean size and average standard devia-
tion of the C population for the whole sand body. Population A has an
average mean size of 2.19 phi for group 1 curves, 1.76 phi for group 2,
and 2. 35 phi for group 3; the average mean size for the whole sand ‘body
is 2. 03 phi. Average standard deviations are 0_. 43 phi for group 1,

0. 58 phi for grouia 2, 0.34 phi fo\r group 3, and 0.48 phi for .the whole
sand'bod;f. Population B has'&n average standard deviation ;)f 0..51 phi,
10.57 phi', and 0.50 phi for group 1, 2 and 3 cu;‘\f'es respectively. Average
mean size is 3.65 phi, 3.69 phi, and 3. 33 phi for the three grx;ups. For

*

the entire sa;ld body, the average mean si‘z.e of population ’B‘is 3.61 phi

and the ave;age standard deviation-is 0.53 phi. ,‘
Population C equally overlaps populatior.l A at 1.44 pbhi,

1. 35 phi, and‘1;55 phi fc_)r. group 1, 2 and 3 cu.rvgs éespectively; popula -

tion A terminates at 3.25 phi, 2.54 phi, and 2. 75 phi for the three groups.
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For the entire sand body, the average equal overlap size of population
B \ ' »
C is 1.42 phi; it is 1. 87 phi for population A. The average proportions are

[}

21.1% of populatlon C, 6.6% of population B, and 72.7% of population A.

Hantsport Bar: Ten of the 11 cumulative curves from Hantsport Bar
4

samples that were dissected are group 3 curvels; the eleventh belongs to

group 1. The only trend in relative populgtion proportions is that 'popu-

-

lation B tends to decrease from north to sputh. The average percentage

\

of population C in each sample is 0.8%; it is 66. 4 Jo for population A and

32.8% for population B.
™ Ve
The average mean size of population C is 0.31 phi and th%
average standérd deviation is 0.41 phi; population C equally overlaps
population A at an average of 0.63 phi. Population A extends, on the
average, to 2. 05 phi and has an average mean size of 1.57 phi and an

average standard deviation of 0.27 phi. The average standard deviation

of the B populatmn is 0. 31\phl and its average mean size is 2 47 phi.

~

Mitchener Bar: All four curkulatlve curves from M1tchener Bar samples

)

belong to group 0 trends in relative population propor-

tions.  Ave of proportions of the three populations are: population; c

0.33%, populatior A*6%.2%, and population B, 34.3%. Population C
equally overfaps population A at 0.83 phi; population A extends from

0. 83 phi fo 2. 08 phi.



The average mean grain si1ze of population C is-0.10 phi
and its average standard deviation 1s 0. 68 phy; population‘ A has an
average mean grain size of 1,69 phi and an average standard deviation
of 0.31 p‘hi. Av'erafgc standard deviatxoﬁ of population B 1s 0.43 p‘hi-

and average mean grain Sizé¥s 2,63 phi (see Table 6-3).

Newport Bar: Eleven of the 12 cumulative curves from Newport Bar
samples belong to group 3; the other 15 a ;group ] curve. The propor-
tion of population B tends to increase from north to south; it averages
39.3%. Population C averages 0.62% of each sample and equally over-
laps the A population at 1.47 phi; the A population extends to 2.86 phi
and averages 60.1%. e
Average mean size of population B is 3. 17 phi and its
average standard deviation is 0.29 phi. Population A has a;n average

»

standard deviation of 0.28 phi and an average mean size of 2. 36 phi;

4

the average mean size of population C is 1. 04 phi and its average stan-
’ ¢

dard deviation is' 0.43 phi.
Synthesis: Earlier in this chapter, it was noted that sediment samples
at the head of the estuary are finer than those at the mouth. Cumulative

curve dissection reveals the cause of this difference - the presence of

‘a large coarse population at the mouth of the estuary. The average
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percentage of population C at the estuary mouth is 42. 17 and 1ts
average equal overlap size with thé¢ A population is1.57 ph1 (Table
6-3); an average of only 6. 3% of cach sample #om the head of the
system 15 coarser than 1.57 phi (Table 6-3). The mea;n s1ze of the C
population is consistent throughout the estuary; it is better sorted at
the hecad than at the mouth (Table 6-3).

Table 6-3 shows that the A population changes with location;
both the coarse and fine points of equal overlap between the A and adja-
cent populations occur at coarser grain sizes at.the estuary head than at
the mouth. Thn A population is coarser and better sorted at the estuary
head than at the mouth (Table 6-3); samples at the estuary head have a
slightly laréer A populaﬁon ;han samples at the mouth. The B popula-
tion also changes with location; it equally overlaps the A population at
a coarser size at the estuary head than at the mouth, is coarser and

better sorted towards the estuary head, and comprises a larger per-

centage of each sample near the estuary head (Table 6-3).

Summary ° K/

Textural apalysis indicates that sediment is finer\and better -

\

sorted at the head of the estuary than at the mouth; .sd;'ting is }\calatively

uniform on each sand body. Each sand body has a unique trend ihe\an

-~

g(r@in size; Boot Island Bar grades from fine sand at the north to coarse

»
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/

sand everywhere. Yantsport Bar grades from fine sand to medium

sand from north to south; Mitchener Bar 1s fine sand and Newport Bar

is fine sand to very fine sand. Sand waves tend to be coarser and more

»

poorly sorted than megaripples which are coarser and more poorly

A

sorted than ripples. ..

.

Cumulative curve analysis reveals a large coarse population

at the estuary mouth that is not present at the head. The estuary mouth

s

has much more sediment that is coarser than 1.57 phi than the head
Al

odoes'. Both the intermediate and fine populations are coarser at the
. L4
estuary head than at the mouth. The fine population increases in per-

centage from the mouth to the head while the intermediate population

is fairly constant in proportion throughout the estuary.
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CHAPTER 7
SEDIMENT TRANSPORT -

Sediment Transport Paths

Numerous studies 1n tide-dominated areas have m\eported
distinct zones of ebb and ﬂoor‘i‘ sediment transport (Coastal Res‘x\?arch
Group, 1969; Ludwick, 1974; Oertel, 1972; Houbolt, 1968; among others);
similar patterns also occur in Minas Basin (Klein, 1970; Dalrymple et al.,
1975; Knight and Dalrymple, 1975). The Avon River estuary can be divi-
ded into zones of ebb and flood sediment transport using sand body and
channel morphology, sandwave and megaripple morphology and migration
directions, and cross~bed orientation.

Zones of ebb and flood sediment transp‘ort were inferred from
sand body and channel mor;:;hology using the techniques of Robinson (1960);
flood and ebb channels are mutually evasive, flood channels have a closed

.
gnd in the onshore direction and ebb channels are closed in the offshore

direction. Several ""dead-énd" flood channels can be identified as well as a

few dead-end ebb channels (Fig. 7-1). The major flood channels are be-

165
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Fig. 7-1, Ebb and flood channels. Arrow direction reflects
dominant transport direction .

- ' 4 - S
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. tween Western Bar and Boot Island Bar, the ¥mall channel bisecting
Western, Bar, between the spit and the main portion of Middle Ground,

[

between the western shore of the.Avon and the central éan.d ridge, to
the east of Hantsport Bar, through Mitchener Bar, along the castern
side of Newport Bar, and down the center of Newport Bar (Fig. 7-1).
El;b channels occur along the western side of Newport Bar,’ at the
northeastern edge of Newport Bar, on thegywestern edge of Hantsport
Bar, along the eastern sho;e of the Avon River near Summerville,
along the eastern edge of Boot Island Bar, and the main channel at the
estuax%z mouth (Fig. 7-1),

Megaripple morphology and bedform migration directions
were used to verify the sediment transport directions inferred from
sand body and cHannel morphology. Megaripples can be divided into
two groups by their wavelength - height ratios and stoss angle steepness '
(see Chapter 5). Each type of m;garipple is related to a differefat net
migration. direct.ion; rmegaripples wi;h low wavelength - height ratios
and steep stoss angles are associated with flood migration directions
and megaripples with high wavelength - he\ight ratios migrate irlz the elbb

[ >

direction.

( The two megaripple morphologie's result from reversal of

bedform orientation. During each tidal cycle, bedforms reverse their

orientation as illustrated in Figure 7-2; bedform reversal has been

documented on many sand bodies in Minas Basin (Klein, 1970; D. ' - - ple

[4

[ 1
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Fig. 7-2. Stages in bedform reversal. The arrow depicts
&

the flow direction causing the changes in
d \J
surface shape and internal structures shown

4

in stages 1 to 4.,

©
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¥

N
etal., 1975, I\'nlgh‘t and Dalrymple, 1975). Stage 1 on Figure 7-2

shows a bedform in equilibrium with the most recent {low direction.

. ~

After the flow has reversed, the morphology of the bedform begins to
reverse as in Stage 2, the process continues until the bedform is
completely reversed (Stage 4). Reactivation surfaces are formed by
burial of the old bedform surface. If the previous flow dircction is
dominant, however, the reversal ma;r not be completed ar;d the bedform
morphology may resemble an intermediate stage (e.g. Stage 3). )

J.Xt.low tide, megaripples in flood-dominant areas resemble
Stage 3, or in extreme cases, Stage 2 of Figure 7-2. Thus flood-
dominant megaripples have lower wavelength - height ratios and steeper
stoss slopes thanebb-dominant megaripples. Also, remnants of the up-
stream end of the previous bedform often are present; Figure 7-3 com-
p-ares t};e morphology of an ebb-dominant megaripple with that of a
f100d~domin§nt megaripple. ’

driental‘.ion of prese‘rved cross-beds also is dependent on
net sediment transport direction. Figuré 7-2 illustrates the relationship
between bedform orientation and cross-bed orientation; bedforms in flood-

dominant areas have more flood-oriented cross-beds than e'bb-oriented

cross-beds, - Interpretation of preserved cross-beds must only consider

~

sets that are below the most recently formed set as subsequent tidal

e
cycles may alter the uppermost set. Figure 7-4 depicts the internal

structures of both an ebb and a flood dominant megaripple; a reactivation



ix

Fig. 7-3. Flood and e¢bb dominant me\garx*pplc.s.

'

|

{
A)are flood and B) are ebb;

the scale is'decimeters and centimeters.
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¢ Fag. 7-4. I.r.]terwnal structures of flood and ebb megaripples.

o

A)are flood and B) are c%;

the scale 15 20 cm. long.
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Bedform 'mx;_'r‘atioﬁ'dlrcctxons also were used to indicate
sediment transport directions; sce Appendix E for the method of bed-
form migration measurement. Sediment transport directions derived
from megaripple morphelogy, cross-bed orrentation, and bedform
migration directions arc, consistent with directions inferred {rom sand
body and channel morphology, the net sediment transport directions
on sand body surfaces and in channels are shown on Figure 7-5.

The net sediment transport directions shown on Figure 7-5
revleal several trends. Sedim:znt transport tends to occur in elliptical

cells that are centered on intertidal sand body crests; elliptical trans-

port cells have been recognized on many intertidal sand bodies in Minas

Basin (Klein, 1970; Dalrymple et al., 1975; Knight and Dalrymple, 1975)

and in other tidally-influenced areas (Houbolt, 1968; Reineck, 1963; Smith,

1969). Sediment is transported by flood currents along one side of a sand

body and then dumped across the sand body crest where it enters an ebb

dominant zone. The grains are then carried in the ebb direction along

% l

the opposite side of the sand body, and are returned finally to the flood

dominant area. Transport paths on Hantsport Bar (Fig. 7-5) provide ah

excellent illustration of this process. Sediment is transported to the south

along the eastern side of the sand body by flood currents, across the sand

body crest near the southern end, and to the north along the west side by

ebb currents (Fig. 7-5). The cycle is completed by west to east transport

at the northern end of the sand body by ebb currents (Fig. 7-5).
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Fig., 7-5. Net sediment transport directions. Arrow hdads are directions
from bedform migration studies; long arrows are net transport direc-
tions computed with Engelund and Hansen's equation. Net sediment
transport rates (m3/m width/tidal cycle) are shown for 3 stations
near the center of the estuary. The 4 cross-sections used for inte-
grated net sediment transport rates are located.
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- <Sediment transport paths at the estuary mouth correspond
with those expected in an ebb tidal delta. The central channel has

tra)wport i the ¢bb direction, the imtertidal sand bodies have both ebb

’

/
and {lood zones, and the outer margins of the system are flood dominant

«

(Fi’g,. 7-5). This 1s sumilar to the pattern described 1n the ebb tidal

!

/clta model of Hayes et al. (1973) depicted 1n Figure 4-2; numerous

mesotidal ebb tidal deltas have similar patterns (Coastal Rescarch

Group, 1969; Oertel, 1972, 1973; Wright and Sonu, 1975; Finley, 1975;
g
Hubbard, 1975). ' -

Within the Avon River, most flood dominant areas are
shallower in water depth than ebb areas. Most net ebbtransport.is
confined to a long, relatively deep channel that n“i’eanders between
shallow flood dominant zones (Fig. 7-~5). Similar patterns were des-
cribed in Dénmark.by van Veen (1950; repor‘ted in Schou, 1967) and

.

from Yaquina Bay, Oregon (Kulm and Byrne, 1967).
&

Sediment Transpor@tes

BEDFORM MIGRATION: Net sediment transport rates were computed
by calculating the '\}olume of sediment transported past a point during

’
one tidal cycle. The formula used is that of Simons et al. (1965b); xjﬁt
sediment transport rate per umit width per tidal cycle equals bedform

height times migration distance during one tidal cycle times grain con-

centration. The method and its limitations are described in detail in

s
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Appendix E. Computed transport rates range from 0. 003 to 1.26 m
per unmit wadth per tidal cycle. Scdiment transport rates calculated
from bedform migration measurements on intertidal sand bodies at

N -
the estuary mouth are displayed on Iigure 7-6; transport rates at the
head of the system are shown on Figure 7-7.  These are mimimum
sediment transport rates; only sedunent moving on the bed can be
momtored using bedform mugration rates as other transport mechanisms
can cause sediment to bypass bedforms. Note that sediment transport
directions tend to be oblique to sand body crests (Figs. 7-6 and 7-7);
this will be discussed further in Chapter 10.

Net sediment transport rates in the Avon River estuary show
a few general trends. Rates tend to be higher near the head of the

i 3
estuary than at the mouth. The average rate is 0. 06 m per meter
. . . 3

width per tidal ¢ycle on Middle Ground, 0.02 m fg;S‘Boot Island Bar,

3 o 3 . .
and 0.10 m™ on Western Bar; itis 0.67 m per meter width per tidal

3 :

cycle on Newport Bar and 0.48 m on Mitchener Bar; Hantsport Bar
has an intermediate mean net sediment transport rate of 0.19 m
per meter width per tidal cycle.
* Three sand bodies haye areas of both ebb and flood net
transport: Hantsport Bar, Boot Island Bar, and Western Bar. There

is no significant difference between average net transport rates in the

flood area and those in the ebb zone on Boot Island Bar. Flood rates

7]
-
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\ .
(f\’i\ . Hontsport Bar

Mitchener Bor

Fig. 7-7. Sediment transport rates at the estuary head. All rates are net
transport rates for a complete tidal cycle in m3/m width. Arrows
indicate net transport directions. The longer arrows projecting from a
aquare depict rates computed ‘with Engelund and Hansen's equation; the
smaller arrows represent rates calculated from bedform migration rates. .
The sand body crest is illustrated with a thin line.



are higher than ebb rates an both Hantsport Bar and Western Bar.
3
On llantsport Bar, average transport rates are 0.21 m per meter

3
width per tidal cycle 1n the flood area and 0.17 m 1n the ebb repion;

p 3
average net sediment transport rates are 0.16 and 0.07 m™ per \
meter width per tidal cycle on the flood and ebb side of Western Bar

) ‘ 3
respectively.  Boot Island Bar has mean net transport rates of 0. 02 m

3
in the flood zone and 0.03 m per meter width per tidal cycle in the

ebb region. : €

Differences in net transport rates betlveen adjacent ebb
and flood areas may be due partly to differences in the width of each
zone. If each sand body is essentially a closed sediment system with
elliptical transport as suégested by Klein (1970), transport rates per
unit width must be grea‘ter in narrower zones. Thrans‘por,t rates an

Western Bar and Hantsport Bar support this idea. On each sand body,

-

.

the ebb transport volume obtained by multiplying the ebb transport rate
by the width of the ebb zone nearly equals the flood transport volume

computed in the same manner. However, transport zong‘&h‘sand body

’
Y

. e
" surfaces often are parts of larger transport zones that ircluyde channels;

)

a balance between transport rate and zone width must consider the en-
tire transport zone. This problem will be discussed later in this

chapter.
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There is no 1'ciatxonsllip between net sediment transport
rate as dctcrmmEd from be,d[orm migr‘atzon rates and down-current
location within a flood or ebb transport arca; net transport rates
neither increase nor decrease systermatically i the 4ransport direction.
Also, there 1s no consistent relationship bet\\'ee;l net sediment transport
rate a%nd bedform type.

Megaripples are smaller than sand waves (see Chapter 5)
and ;‘orm under Righer flow s'trengths (sce Chapter 9) so tha‘t they might
be expected to migrate ahd transport sediment more quickly than sand
waves, but net transport rates for the two bedform types are similar.
The net rates are similar becausg,méga'ripples migrate fu;t}&er than
sand waves in both the flood and ebb dirgftion so that their net migration
is small; c%gspite their slower migration }'ate in each-direction,' sand

¢

waves can ha'v‘e as large net transport rates as megéripplés because
net rate is the-residual of flood mig?atio;l minus ebb migratior;.

| Bedioz%rh migration studies do not .indicaée é.ny relationship
beéween net sediment transport rate and mea;x ;_g’rain size or sediment
sorting on any sand body. The trends that exist in mean grain size and
sorting on each sand body (see Chapter.6) are not reﬂgcted in the net
sediment transport rates displayed .oxi Figlires 7-6 and 7-7. Relation--

ships between seﬁ_i;nent transport rates and grain size distribution will

be discussed in Chapter 8.
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TRANSPORT EQUA TIONS: Sediment transport rates wWere calc&.llated
with a computer program written by R. W. Dalrymple; the program

utilizes the transport equations of Einstein (1950), Bagnold (1956),

«

Engelund and Hanscn (1967), Toffalet: (1969), and Ackers and White (1973).
Appendix E co‘ntains a brief description of the computation method and

the limitations of applying transport equations to the Avon Ri%ev estuary.
. ;\&1, N
The Einstein transport equation considers bed load transport
/
as a stochastic process; eac/H grain has an equal probability of motion.

The equation rela:téjs flwid igew to thi.s probability. Transport rates are
corr'lputed separatel;} f_or“ea.cﬁ grain‘size (1/2 phi intervals) and then
summed to give fthe total transport rate; correction factors are added

for form resistance, :\relocity c!is}ribution, and "hiding' of small grains ~
by larger ones. The formula is derived in Einstein (1950); Yalin (1972) -
discusses limitations of fhe equation.

Bagnold's transport equation relates sediment transport rate

to the efficiency of available energy in doing work. The total amount of

~
P
v

work, derived from physics, is multiplied by an efficiency factor. The
formula is applied to median grain size only and uses a critical shear stress
for motion derived by Bagnold. Yalin (1972) and Raudkivi (1967) discuss

Bagnold's equation; a full derivation is given in Bagnold (1956).

n
»

&

Y
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Engelund and Hansen (1907) use an approach similar to that
of Bagnold by relating sediment transport to available ¢nergy; the dif-
ference is that Engelund and Hansen are concerned with surfaces with
dunes (megaripples) and consider ii)o lift required to lift a grain to the
height‘of a bedform. Engelund and Hansen's equation is simple in form;

sediment discharge (QS) is calculated with the formula
‘)’

< 25 (D)
Q=01 ((7 ~y)D (4 )

The complete derivation is in Engelund and Hansen (1967).

Toffaleti {1969) uses a more empirical approach than the
others; his reasoning is simlilar to that.of Einstein in that probabilities
. . )
of grain motion are considered. Also, Toffaleti's equation considers

transport of individual grain sizes (one phi intervals}) as does Einstein's./
The formula shows good agreement with measured sediment ‘éransport
rates for rivers; this data plus the derivation is presented in Toffaleti
(1969).

The Ackers and White transport fu.nct':ion is another Bagnold-
like model; it relates particie r‘notioh to available energy. Ackers and
Whit_e (1973) developed their formula for flumes but their tests, in natural

systems gave results that are‘icbmﬂparable to other formulae. The func-

tion is dei‘ived in Ackers and White (1973). The rates predicted by each
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equation were compared to rates calculated with the other equations
and with transportTates computed from bedform magration rates.
Each of four transport equations has at least one major
flaw. The Ackers and White (1973) cquation produced unreasonably
high transport rates that were up to one, or more, orders of magnitude
larger than rates calculated from bedform migration rates.” Bagnold's
(1956) transport function gave inconsistent results; at some stations
computed rates were much greater than measured while at others the
inverse was true. White et al. (1975, 1976) report that Bagnold's
_ formula does not yield equivalent results for different grain size ranges,
Toffaleti's (1969) equation also produced inconsistent res-ults; its accuracy
also has been found to vary with grain size (White et al., 1975).
Although Einstein's (1950) transport equations probabl'y are
the mo;t widely used (Yalin, 1972) and are considei:ed by some to be the
most reliable (Shen, 1971), they proc‘lucéd’ transport rates that are consistent-
ly lower than measured rates; transport rate was calculated to be zero
for many profiles even though? values are s;bove Shield's critical values.
" White et al. (1975, 1976) ?.lso found that Einstein's transport equations
tend to underestimate transport rate. )
Engelund and Hansen's (1967) equation gave the most con-

\

sistent results when compared to bedform migration rates (FKig. 7-8). .

. o]

White et al. (1975, 1976) also found Engelund and Hansen's equation to be -

s,
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reliable and to work well for all grain sizes although it tended to
overestimate transport at low shear velocities.,
, .

Dalrymple (1977) computéd sediment transport rates n a
macrotidal environment (Cobequid Bay, see Itg. 2-2) using fluorescent
tracers and bcdfor‘m migrafion rates; he compared these rates to the
products-of several transport equations and found that Engelund and
Hansen's formula agreed most closely with the measured rates.” The
single disadva;ltage of this transport equation is that it does not yield
.transport rates for individual grain size fractions. Since Engelund and
Hansen's transport equation proved to be the most consistent of the five
equations, all computed transport rates used in this study are products
of that equation. The results of Einstein's equations were used to com-
pare relative transport rates of differ‘ent grain size fractions.

In most cases, sediment transport rates and directions
computed with Engelund and Hansen's formula agree with rates and direc-
tions calculated from bedform migration rates and with dominant current
dir\ections (Figs. 7-6 and 7-7 and éhapter 3). Rates tend to be greater
near the estuary head than at the mouth and tend to decrease laterally

from channel thalwegs to sand body crests (Figs. 7-6 and '7-7); this cor-

responds with trends in current velocities (see Chapter 3),
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During a tidal cycle, sediment transport rates vary in a
similar manner to current spéeds (see Chapter 3), although transport
rates \}ary as the fourth to sixth power of current speed.  Iollowing
low tide, transport rates accelerate rapidly to a peak, level off, and
decelerate to high tide. After high tide, transport rates accelerate
slowly to a peak late in the ¢bb stage and then drop rapidly to low watér
(Fig. 7-9). Most tidal cycles follow this patte;n with few inconsisten-
cies; peaks tend to be higher at the estuary head than at the mouth.

g8t The highest values of sedimen;: transport for each tidal
cycle always occur with flow in the dominant direction. The highest
values only occur for short time periods and often are several times
larger than any other values. In some cases it is the volume of sediment
moved by the highest single transport rate that determines net transport
direction. Stations Newport Bar No. 2 and Mitcher;er Bar No. l are
good examples of this phenomenon (Table 7-1). The large rate of
9.07 m3/tidal. cycle at 4.17 hours a\t Mitchener Bar No. l.ahd the rate
of 7.36 m3/tidal cycle at -2. 83 hours at Newport Bar No. 2 determines
the net transport direction in each case (Table 7-1). (Table E-1 lists
all sediment transpor{ rates computed with Engelund and Hansen's formula. )

SEDIMENT TRANSPORT RATES NEAR EACH SAND BODY AND IN THE

MAJOR CHANNELS: Sediment transport rates and directions in the

following discussion were derived from bedform migration studies and
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TABLE 7-1. Sediment Transport Rates for two stations where net
Transport Direction 1s determined by the results of one
Profile; all rates are m3/metcr width/hour, time is in
hours from high tide and direction is flood (F) or ebb {E);

3 .
net rates are m /meter width/tidal cycle

MITCHENER BAR 1 NEWPORT BAR 2
.Time D;r. Rate Time Dir. Rate
-2.83 F  2.49 -10.08 E 0. 01
233 F3.25 -9.58 E 0. 03
-1.83 | F, 0.22 -9.08 E 0. 06
-1.33 F  0.26 .17 E 0..00
-0.83 F . 0.02  1.67 E 0. 00
‘ -0.33 F 0. 00 2.17 E 0. 03
0.17 F  0.00
8.67 F  0.06 -2.83 F 7.36%
9.17 F  0.09 -2.33 F 0.24
-1.83 F 0.00
0.67 E  0.00 -1.33 F 0. 01
1.17 E  0.03 -0.83 F 0. 00
1.67 E  0.04 -0.33 F 0. 00
2.17 E ., 0.00

2.67 E 0.27 Net F 3.75

187



188

rates calculated with Engelund and Hansen's transport formula.

v -

Newport Bar: Net sediment transport rates on Newport Bar range

[4

3 .
from 0.22 to 3.75 m per tidal cycle; all transport rates n this®
discussion are per umt (one meter) width. In channels adjacent to
3 .
Newport Bar rates vary between 1.39 and 6.20 m  per tidal eycle.

All net transport on the sand body surface 1s 1n the flood direction; \

2

1t 1s in the ebb direction in both adjacent channels (Fig. 7-7).

Transport rates scem to be lower near the center of

Newport Bar than at the ends; theresare no other trends on the sand

‘

{
body surface. The high transport rate at Newport Bar station 2
probably is not related to rates calculated from statistically insigni-
ficantly current velocity profiles since the only insignificant profiles

are low velocity profiles. (See the discussion of statistical significance
¥

of velocity profiles in Chapter 3, and l;the discussion of the effect of °

statistically insignificant profiles on sediment transport rate in Appendix

E; all sediment transport rates are listed in Table E-1.) One profile

’

accounts for most sediment transport at/Newport Bar station 2 (Table
7-1); it is impossible to determine the accuracy of the magnitude of

this value. .

a .

High transport rates in the channels adjacent to Newport Bar

-

¢

may be due to relative width of ebb and flood dominant zones. Since

‘Newport Bar does not a{ppear to be accreting or eroding (see Chaf)ter 4),
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and since sediment transport rates imply little or not net transport
through 4 cross-sections of the estuary (see the discussion later 1n

this section), total ebb tr‘ansport must nearly equal total flood transport.
I"lood transport areas are approximately 5. 3 times as wide as ebbrareas;
ebb transport rates should be proportionately higher. (The relationship
between transport rates and channel and sand body stability will be dis-
cussed in Chapter 10.)

Mitchener Bar: Transport rates near Mitchener Bar range from 0.10

to 1.26 m3 per tidal cycle on the bar surface and reach 2.45 m3 per

tidal cycle in the adjacent channel (Fig. 7-7). On the bar surface all

net transport is in tﬁe flood direction while in the adjacent channel net
transport is in the ebb direction. Again, the high ebb transport rate

in the channel probably is due to a flood to ebb area ratio of approximately
2.8; there are no ather trends in slediment transport rates near Mitchener

Bar.

Hantsport Bar: The lowest net transport rate on Hantsport Bar is 0,03

3 5 3
m_ per tidal cycle and the highest is 0.39 m per tidal cycle; in the
@

channels to the east and west of the sand body, net transport rates range
) 3
between 0.10 and 2.17 m ™ per tidal cycle (Fig. 7-7). Rates are higher in

ebb dominant channels than in fiood dominant channels; flood areas com-

i)rise 76 percent of the width of the Avon River at Hantsport Bar.

. .
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The anomalously high rate of 2.17 m  per tidal cycle at
Hantsport Bar station 5 may be due to high ¢bb transport rates calculated
for several current velocity profiles that are not significant at the 95%

’

level (sce the discussion in Appendin E and Table IN-1); lower rates for
these profiles would reduce the net transport rate to a level consistent
with nearby stations (Fig. 7-7). Hantsport Bar station 4 has one flood
profile that appears to have an anomalously low transport rate (Table

E-1); a more accurate value would increase the net flood transport at

Hantsport Bar station 4.

v

Middle Ground: Net transi)ort rates on Middle Ground.;range from 0. 01

.
to 0.16 m3 per tidal cycle; most rates on the sand body surface are less
than 0.10 m3 per tidal cycle and all are in the flood direction. In the
adjacent channels ratts vary between 0.0l and 0. 51 m3 per tidal cycle
(Fig. '1:-6). Flood rates are similar in magnitude to ebb rates.

At two current velocity stations the net sediment transport
directions predicted by Engelund and Hansen's ;’ormula do not agree

with directions derived from bedform migration measurements and

sand body and channel morphology. Middle Ground station 1 has a cal-

o

culated net transport in the ebb direction (Fig. 7-6) although channel”™
morphology and nearby bedform migration rates predict flood transport
~

for this region. Four profiles are statistically insignificant at the 95%

level (Table E-1); in addition, profiles had to be eliminated because of
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negative slopes or because they consisted ol only one point (see the
discussion i Appendin E). Since the net transport rate at this station
1s small (Fig. 7-6)}, a small change 1n the computed rates for one or
more of these profiles could change the net transport direction.
Middle Ground station 3 also has a computed net ebb
transport 1n an arca that would be expected to be flood dominant (Fig.
7-6). Five profiles are wngfgnificantht the 957, level including 3 flood
profiles with anomalously low transport rates (Table E-1); a slight in-
.~
crease 1n the transport rate for these profiles would reverse the net
transport direction. Results for .Mlddle Ground stations 4 and 5 are
inconclusive since small \changes 1n transport rates for t‘he statistically
insignificant profiles from-each station could reverse the net transport
direction (Table E~1). The difference in the calculated net transport rates
between Middle Ground station 2 and Bedford lfas_mtute station 2 (¥ig. 7-6)
probably is related to the inclusion of statistic':a'lly insignificant profiles;

the close proximity of the stations, and the nearly equivalent tidal co-

efficients (Table E-1), reduce the possibility that the difference is real.

¥

Boot Island Bar: Thf‘ Jowest net sediment transport rate on Boot Island
Bar is1 0.003 m3 per tidal cycle; the highest is 0. 05 m3 per tidal cycle.
In the adjacent channels rates vary b‘etween 0.02 and 0.15 m3 per tidal
cycle. Flood and ebb rates do‘not di{fer significantly in magnitude (Fig.

7-6).

e —
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Boot Island Bar station 2 has a calculated ebb net transport

-

m a region where flood transport 1s expected (Fig, 7-b). As in the case

-

ok the Middle Ground stations, the low net transport rate at Boot Island
Bar station 2 could be I‘OVCI‘h(;(l 1in direction \V{th a small change 1n
calculated rates for statistically 1nsignificant pr'oflles; there are 1l pro-
files from Boot Island Bar station 2 that are insignificant at the 95% level.
Boot Island Bar station 3 produced inconclusive results; sand body and
channel morphology do not indicate a probable‘transport direction and
there éxre no nearby bedforms that are suitable for migration measure-

9, 3 .
ments (see Chapter 5). The net ebb transport rdte of 0.06 m per tidal

cycle could reverse direction easily with small changes in the 8 statistical-

ly insignificant profiles recorded at this station (Table E-1).

Western Bar: Net sediment transport rates on the surface of We;tern
Bar range from 0. 01 to 0. 39 n13 per ti'dal cycle; most rates are between
0.03 and 0. 08.m3 per tidal cycle. Rates are highest on the sandwave
zone (see Chapter 5 and Fig. 7-6) and are slightl.y higher on the north-
western end of the sand body than on the southeastern end. In the adja-
cent channels rates vary between 0.0l and 0.10 m3 per tidal cycle; there
are no significant differences in magnitude of ebb and flood tfansport

rates.
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4
Western Bar station I has a surprisingly low net transport

rate; there are ievcral statistically ms}gniﬁéant flood profiles with low
transport rates that may account for the low transport rate (Table E-1).
'Iihe net ebb transport computed for Western Bar station 3 disagree.s with
sand body and channel morphology. Again, several profiles that are in-
significant at the 95% level were recorded at Western Bar station 3, and
a small:change in the rates calculated.for these profiles coulcli'reverse the
net transport direction (Table E-1)..

Fo ' ;
Major Channels: Sediment transport rates were calculated for six

\statioris\ in the major channe:l;:s of the Avon River estuary; the six stations
axje Bedford'Institute station 3, Main Chanrfel, HortonnNorth, Ho\iton

. South, Summerville, and Kennetcook Mouth (Figs. 7-6 and 7-7). Absolute
transport ;‘étes were not computed since sediment samples could not be
collected as a grab sa‘mpler was not available. The same sediment sample

was used to compute sediment %‘ansport rate at each of the six stations so
that relative rates couid be established among the six stations.

| All six stations have calculated net sediment transport direc-
tions that agree .with' sand body .anq channel }norého'log;r. At the mouth of
ﬁe system Bedford Institute station 3 has a small net ebb transport rate;
Main Channel and Horton North also have srr;all fxet”t'rans‘po'rt rates i’n. the

ebb direction. Horton South has a moderate transport rate in the flood

direction while Summerville, on the opposite side of the central sand
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ridge (see Chapter 3), has a moderate net ebb transport rate.
Kenneteook Mouth has a large net sediment transport rate in the ebb
direction. (Sce Table E-1 for calculated sediment transport rates of

the six stations 1n the major channels; the stations are located on Figure

3-2.)

.

NET SEDIMENT TRANSPORT IN THE ESTUARY: Net sediment trans-

port for a tidal cycle was calculated for four cross-sections of the study

area; the cross-sectioms are located on Figure 7-5. On each cross-section,

transport rates were considercd to decrease with water depth from maxi-
mum values at channel thalwégs to near zero at the crest of Hantsport Bar;
net transport rates ;:omputed from i)edform migration rates were com-
bined with estimates for the channels to produce an average sediment

by .
transport rate for each transport zone. The average rate for each zone
was multiplied by the width of that zone ;co yield the total volume of sedi-
ment transported during a tidal cycle in each transport zone; flood and

ebb Zones were subtracted giving the net volume of sediment transported

across the cross-section during a tidal cycle. ’

Results indicate very little net sediment transport; rates

3 . 3
range between 0.93 m™/tidal cycle in the gbb direction and 0.33 m™ /tidal.

fad

-

cycle in the flood direction (',:l‘able 7-2). The implications of net sedi-

-

ment transport rates on sand body stability will be discussed in Chapter 10.

-

{
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TABLE'7-2. Net Sediment Transport Rates for I'our Cross-Sections

S
(A1l the cross-sections are located on Iligure 7-5) /7 }

3
Cross-Section Transport Rate (m /tidal cycle) Dircction
A ’ ' 0.33 Flood
B 0.38 Ebb
C - 0.03 : Ebb
D . 0,93 '~ Ebb
®
°
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Summary

Sediment transport paths were determined using in.ternal
structures, bedform migration (Iirec@ons, and sand body and channel
morphology. Transport paths form clliptical cells centered on sand
body crests; transport on cither side of a crest has sediment transport
in opposite dircctions. Near the estuary head ebb transport is confined
mainly to channels and most sand body surfaces are flood douminant.

Sediment transl;ort rates were calculated with Engelund
and Hansen's transport formula and with bedform migration rates;
transport rates are greater at the estuary head than at the mouth and
alie'highe“r near channel thalwegs than sand body crests. During a tidal
cfcle the highest flood transport rates occur early in the flood stage . /)
and the highest ebb rates occur late in the ebb stage. Net transport rates
computed with Engelund and Hansen's equatfon are, in most cases, con-

sistent with rates and directions determined from bedform migration rates.

. % . . ’ "
.However, statistically insignificant current velocity profiles appear to in-

1)
1

fluence net sediment transport rate; this problem is discussed in Appendix

E. All net sediment transport rates are displayed on Figures 7-6 and 7-7.



CHAPTER 8
INTERPRETATION OF GRAIN SIZE DISTRIBUTIONS

As discussed in Chapter 6, some authors believe that
grain sm‘e distributions are related to source material {(Shea, 1974)
while others attribute observed grain size distributions to deposition-
al processes (Visher, 1969; Friedman, 1961; among others). This
chapter attenipts to relate the grain size distributions described in
Chapter 6 to hydraul‘ics; results indicate that grain size distributions
in the Avon River estuary can be interpreted with respect to hy- .
draulic processes. Sediment transport mnechanisms are r‘eflecte'd in
the observed sediment distribution; textural parameters and cumulative
curve shapes are influenced by hydraulic processes and can be inter- ’

preted in terms of these processes. s -

&
Initiation of Motion

Both cumulative curve shape and textural parameters are

3

affected by the coarsest grain size preéent at any location. If érain

. L4
-size distributions reflect local hydraulics, then the coarsest sediment
at any location should be the coarsest size that can be transported by

the local currents.. - . . : Y

197 |
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A criterion for competence of a given flow was established
by Shields (1936) and has been examined by the Comnuttee on Sedi-,
mentation (1966) who compared the results of several workers; Shields'
criterion was found to be rcasonably accurate. Sternberg (1966, 1967,

L 4
1971) verified that Shields' criterion as applicable to tidal currents in a

'

+ /
shallow marine environment.

Using Shields' criterion, the maximum grain size that can
o
be transported by the largest shear stress values recorded during a

s 7
-~

tidal cycle was calculated for cach current velocity station; stations

-

at which sediment samples were not collected were eliminated (see
Chapter 7). " At most stations near the estuary mouth, thﬂe coarsest

grain size present corresponds with competence .predicted by Shieldsl
criterion (Table 8-1; Fig. 8-1). A few exceptions occur on Boot
Island Bar, Western Bar, and Middle Ground where a few percent of
some samples are too coarse to be transported (Table 8~1); this could
represent locally derived material since Boot Islan'c.i Bar sits on a wave

" cut bedrock platform (see Chapter 2). Tidal cycles with larger tidal co~
efficients than those recorded may generate sufficient s-hear to transport
r;lost, or all, of the "lag" sediment. At.most es'tuary mouth stations,
Einstein's transport equa‘tio‘ns indicate that the coa?sest gr;;\in size

present is transpoBted slowly. This aprees with Shields' criterion and

provides evidence that hydraulics contrpl the coarsest gréin size pres ent.

-



TABLE 8-1. Initiation of Movement

T.C. is theoretical competence

C.S.P. is coarsest size present (sicve containing coarsest sediment)

Station
Boot Island 1
Bar 2
3
4
5
~ Middle 1
Ground 2
3
4
' 5
Western Bar 1
2
3
4
Hantsport 1
Bar 2
3
4
5

Mitchener Bar 1

3

Newport Ba::: 1
2
3

4

-

t

Tidal ~(dynes T.C. C.S.P. % Ein.

Cocff. /cm?) {phi) (phi) Lag (phi)*
0.76 48 -2.50 -2.50 0.0 -2.75
0.76 20 1,50 -2.00 0.2 -1.75
0. 79 32 -2.00 -2.50 0.1 -1.75
0.79 43 ~2.25 -2.00 0.0 -2.25
0.62 16 -1.25 -1.75 9.0 -
0.65 56 -2.50 -1.50 0.0 -0.75
0.65 67 -2.75 -2.50 0.0 -2.25
0.91 53 -2.50 -2.50 0.0 -2.25
0.76 44 -2.50 -1.50 0.0 -1.75
0.81 28 -1.75 -3.50 1.5 -2.25
0.64 27 -1.75 -3.00 1.5 -1.75
0.64 28 1,75 -1.50 0.0 -1.75
0.88 63 -2.75 -2.25 0.0 -2.25
0.81 24 -1.75 -1.75 0.0 -1.75
0.77 99  -3.25 -0.50 0.0 -0.25
0.77 89 -3.25 -1.00 0.0 -0.75
0.77 62 -2.75 0.00 0,0 0.75
0.75 102 ° -3.50 -1,75 0.0 -1.75
0.81 174 -4.25 0.00 0.0 0.25
0.88 227 -4.50 -1.25 00  -1.25
0.77 527 -5.75 0,75 0.0 0.75 .
0.72 132 -3.75 0.00 0.0 . 0.25
-0.58 67. -2.75 -1.00 ‘0.0  -0.25
0.70 . 45 -2.50 0.00 0.0 0.25

199

* Ein. is the coarsest size transported as predicted by Einstein's equation

W
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Fig. $-1. Predicted competence versus coarsest observed grain
s1ze. Observed maximum grain size is the coarsest sieve fraction;
predicted competence is Shields' criterion computed for maximum

L

shear stress. The line of predicted = observed is plotted.

1

-~
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' {Shea, 1974’). Visher (1969

At the estuary head, the coarsest grain s1ze present always
1s much {iner than the coarsest size that could be transported by the
‘ N

locdl currents (Table §-1). Thus, while the coarsest grain size present
at each location at the estuary mouth appears to be controlled by hy-
draulics, near the estuary hoad the coarsest grain size prescent is not

1
determined by the local hydraulic environment. The reason for this
apparent discrepancy will be discussed later in this chapter.

Virtually all sediment on the surfaces of the intertidal

sand bodies can.bc transported by their respective local hydraulic regimes.

The relationships between hydraulics and cumulative curve shape and those .

between hydraulfcs and textural parameters will be exafhined separately

in the following sections.

Cumulative Curve Shape
i‘

RELATION OF TRANSPORT MECHANISMS ‘TO CUMULATIVE CURVES:

Several authors have aciv;mced the idea that each normally distributed grain
population contributing to a curr_;ulative curve is related toia depositional
mechanism (Fuller, 1961; Moss, 1962, 1963, 1972; Spencer, 1963; Visher,
1923‘5; Middleton, 1976); other workers believe that grain populations are a
function of ;odrce materiag or m;chanical breakage of original material
;\as associjated the cearse (C) éopﬁlation with

surface creep or traction, the intermediate (A) population with saltation,

and the fine (B) population with suspension. Middleton (1976) argues

.
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that since saltation 1s ummmportant in water (Kahinske, 1943), the A
population actually 1s transported by mntermittent suspension rather
than saltation; Francis (1973) verified experimentally that grains are
transported by mturnnttcn‘t suspension. *

If grain size populations reflect traxnsport mechanisms,
then cach "break' in a cumulative curve should represent a transition
from one mechanism to another. Middleton (1976) examined the break
between populations C and A and was able to relate the break to a
transition from traction to intermittent suspension transport for a number
of modern rivers.

Hydraulic theory predicts that the coarsest sediment that
can be suspended will have a settling velocity, w, that is approximately

equal in magnitude to the root mean square of the vertical velocity

fluctuations; the criterion for suspension is then

w = /v (8-1)
Since turbulent velocity fluctuations are difficult to measure, some

workers have related the magnitude of /3' to the magnitude of the

shear velocity U,; Bagnold (1973) found the relationship

SO ru, =111 (8-2)

McQuivey (1973) found ratios up to 1. 74 for small flume data and

Bowden (1962) measured turbulence in tidal currents and found \/—:7'

-



to be 1.2 times as larce as U o Middleton (1976) combined equations i
S-1 and 8-2 to form a c¢riterion tor suspenstion of w/U % 1; (8-3)
this criterion has been verified experimentally by I*‘xh“ancm (1973).
o

Since U is one of the hydraulic parameters that have been
calculated for the measured velocity profiles (see Chapter 3), the
relationship between the C - A break ina cumulative curve and the
mitiation of suspension could be tested for samples from the Avon River
estuary; the C - A boundary 1s defined as the point of equal overlap
between the C and A populations (see Chapter 6). For each current
station the settling velocity of the grain size at the C -~ A population
boundary of the appropriate sediment sample was 'taken from Graf
and Acaroglu (1966). The settling velocity values first were compared

to values of time-average U _; time-average U _ values are too small

A
-

to indicate suspension of the appropriate grain size. ! g

If maximum U, lfor each tidal cycle is compared to the
appropriate w, w/U_ ratios fit the suspension criterion of equation
8-3 (Fig. 8-2). w/U:,‘: ratios range between 0.38 and 1.70 with an
average of 0.90; the averape value of 0.90 is close to the criteriotn
of w/U_ = 0.8 established by Engelund (1973). All w, maximum U_,
and w/U_ ratios are listed in Table 8-2. .

. Sediment transport rates calculated with Einstein's trans-

port equations support the theory that the break between the C and A
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TADLL &-2. Imitiation of Intermiattent Suspension

Station
"Boot Island

Lar

Maddle

Ground

Western Bar

Hantsport Bar

Mitcherer Bar

Newport Bar

[6 s TR S UY)

H’ﬁWN'—‘

(92 T - S VU

= W

C - A
Trdal Break
Cocff, (ph1)
0.76 2.00
0.76 2.00
0.79 2,20
0.79 2.00
0.62 1.70
0.65 1.40
0.65 0.70
0.91 1.20
Q.76 0.90
0.81 1.00
0.64 2.30
0.64 1.00
0.88 2.00
0.81 1.60
0.77 0.70
.0.77 0.35
0.77 0.90
0.75 0.75
0.81 0.75
.0.88 0.90
0.77 1.35
0.72 <1.25
0.58 1.35
0.70 2.00

1 . . . .
Suép. Ein. is the coarsest grain size transported by suspension

as calculated by Einstein's transport formula.

Max. Susp.

w {em U (cm e Ein.
[sec) /sec) w/U (phi)
2.5 6.0 0.42 0.25
2.5 4.5 0.56 0.75
2.7 5.6 0.48 1.25
2.5 5.0 0:50 0.25
4.2 ) 4.0 1. 05 0.25
4.8 6._0 0.80 1.25
2 7.0 1.31 0.75
6.5 6.4 1. 02 0.75%
8.5 6.8 1.25 0.75
7.0 5.2 1.35 0.75
2.3 5.2 0.44 0.75
7.0 5.2 1.35 0.25
2.5 7.0 0.36 0,25
4.4 4.9 0.90 O..ZS
9.2 8.0 1.15 0.25
15.8 3.3 1.70 0.25
8.5 7.8 1.09  0.75
9.0 8.2 1.10 0.75
9.0 11.0 0.82 0.75
8.5 8.6 0.99 0.75
5.0 8.4 0.60 1.25
6.0 4.3 1.40 1.25
5.0 8.1 0.62 0.75
2.5 6.6 0.38 1.75

Mean 0.90
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R ad populations represats the transitioh from traction to intermittent {
N i . o A

» ¢ ~ ) - . N :3‘

suspension transport on four of the $ix sand bodies. The coarsest "

7 grain size that Einstein's formula predicts will be suspended at a givén

. - I % . & i

station corresponds to the grain size at the C - A break in the appro- v

- - -

priate cumulative curve for samples from Aliddle Ground, Newport

P

iiar, Mitchener i3ar, and Hantsport Bar (Fig. 8-3). Boot Island Bar

and Western Bar do'not fit the pattern established by the other sand t

~,
bodies (Fi‘g. 8-~3); Einstein's formula predicts%nsion at coarser

grain sizes than those at which the C - A transition occurs (Table

R 8-2). The reason for this diécrepancy is not apparent. K

v

. Thus, the break between cumulative curve populations C
L'd

and A probably reflects a transition from traction to intermittent sus -

penéion transport. Also, examination of the coarsest sediment present

and the relation of the C - A population boundary indicates that grain

size_distribuéion reflectﬁs ma;{il:num, rather than avera;ge, flow con- °

ditions. . | t ‘ .

The boundar.y between cumulative curve populations A and &
.

- -

B has not been related to hydraulics; Einstein et al. (1940) contend that ;

: . % .
- a gradual transition occurs from suspended bed material load (pppula- .

, cod ' B
. ; i
tion A) to wash load (population B) and:that population B is a fungtion of

o

) sediment supply. However, since the C and A populations are rélated ' .
S , - A
to sedimenth’transport mechanisms, it seems ppdbable that population JUNFA

. ) -
} B

. ! m‘. |
L
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B also should bc.associated with a transport mechanism, as profwsed
by Visher (1969): Alsc;, the results ok this-study suggest that population
B can be related to hydraulics.

Grain size at the A - B break varies directly with maximum

U,... The A - B break occurs at coarser grain sizes at stations with

higher maximum U, values (Table 8-3); avew size at the A - B

break is 3.43 phi at the estuary mouth and 2.37 phi at the head. This

suggests that population B is controlled by flow jntensity; strenger

flows are capable of suspending coarser sediment. Also, the ratio be-
tween maximum U, at a station to settling velocity of the grain size at’
the A - B break is reasonably consistent (Table 8:3; Fig, 8-4);.

Hantsport Bar and Mitchener Bar deviate fron'ﬁt'f_g'is trend for no apparent

reason. The ratio U*/w'has been calculated instead of w/U because

of the small numbers yielded by w/U,,. - X

U*/w ratios average 5.13 with a standard deviation of 2.40.

The variation of U, /w ratios listed in Table 8-3 reflects factors such

I

as the statistical nature of turbulence and unequal tidal coefficients for

the measured tidal cycles; however, the data suggest that a criterion

for the transition from intermittent suspension to suspension transport

is, . _ N )
' U, /w=5 (8-4)

b
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TABLE &-3. Criterion for Transition to Suspension

A-B Max.
Tidal Break w (¢cm U, {cm U Jw
Station Coeff. (ph) /sec) /sec)
Boot Island 1 0.76 <4.00 - 6.0 -
Bar 2 0.76 < 4,00 - 4.5 -
30,79 3.60 0.5 5.6 1'1.20
4 0.79 3.25 0.8 5.0 6.25
5 0.62  <4.00 - (4.0 -
Middle Ground 1 0.65 2.75 1.5 6.0 1.00
2 0.65  <4.00 - 7.0 ;
3 0.91 3. 00 1.2 6.4 - _ 5.33
4 0.76~ 260 1.7 6.8 4.00
5 0,81 2.80 13 5.2 4.00
Western Bar 1 0.64 3.'2-5 _ 0.8 5.2 6.30
2 0.64- 3.30 0.8 5.2 6.50
3 0.88 3,50 . 0.7 7.0 10.00
4 0.81 <4.00 - 4.9 -
/ | A
Hantsport Bar* 1 0.77 2.00 3.0 - 8.0 2.67
2 0.77 1.87 3.6 9.3 2.60
30,77 2:00 3.0 7.8 2.60
4 0.75 2.80 1.3 8.2 6.31
5 0.81  2.00 3.0 110 4,30
"Mitchener Bax 1 0.88  2.00 3.0 . 8.6 2.87°
. _ o .
Newport Bar -‘»1"’qf.77,‘ 2.75 .1,5-‘__ 8_‘.;@\‘ $5.60
2 0:72 2065 - 1.7 4.3 2.53
w3 Qes  2.85 L3 N 7S SR "
. .4 0.70 '2.75. 1.5 6.5 4.30
Co. Lo e A . N N

" Mean 5.13,

- L UL
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This is approximately 445 times higher than the U./w = 1.11 (the
reciprocal of the mean w/U‘: ratio) criterion for the initiation of inter-
mittent suspension. Francis (1-973) reports rapid change in transport
mechanism with small changes in U',‘ /w ratios o;( similar magnitude; this
supports the criterion for suspcnsion in equation 8-4 as representing a
real change from equation 8-3 and signifying a change in transport
mechanism. ‘

Relative transport rates of different grain size fractions
calculated with Einstein's transport formula (see Ghapter 7 and
Appendix E) reveal trends that affect cumulative curvé shape. As

4
previously discussed, Einstein's formula predicts the initiation of
ediment suspension at the C - A poi)ulation boundary (Table 8-2);
thekte,é.f transport also increases dramatically asitrgnsport shifts
from traction to intermittent suspension as expected in such a transi- (
tion (Table 8-4). There is no corresponding rapid increase in transport

rate at the A - B boundary. . L

HYDRAULIC SORTING: The relationship between cumulative curve

shape dnd hydr;\\fﬂ?k, relative transport rates for different grain size

[

_ fractions, and the results of cumulative curve analysis (see Chapter 6)

L3

suggest that hydraulic sorting is operating in the Avon River estuary.
The observed head to mouth variation in'cumulative curves can be

. explained by hydraulic sorting; the effect of hydraulic sorting on tex-

o

tural ﬁarameters will be discussed later in this chapter.
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Several lines of evidence point to hydraulic sorting of an
original grain population at the estuary mouth as a result of different
transport rates for different transport mechanisms and, therefore,
different grain size populations. The process develops from the
relatively coarse sediment at the estuary mouth (see Chapter 6)-be1ng
subjected to a relatively low current regime (see Fig. 3-9) which pre-
vents coarsc sediment from being suspended.

Sediment transport paths near the central sand ridge a:ppear
to limit the penetration of coarse sediment into'the Avon Ri;\rer. lnte;r-
tidal sand waves exist on the northeast part of the central sand ridge
and echo sounding records indicate that sand waves also are present in
the subtidal to the west of the central sand ridge. Since sand waves
are associated with coarse sediment (see Chapter 9), coarse sediment

w

must extend into the Avon River as far as the central sand ridge; ob-

servations indicate that coarse sediment exists in the intertidal near
- . o ’
the bedrock ledge north of Hantsport and on the intertidal sand waves at

the northeast end of the central sand ridge. Thus, the limit of doarse

sediment penetration into the Avon River must lie between the central

. ,// R )
sand ridge and Hantsport Bazx: - = . /

Most coarse sediment is ’cran_s’ported by traction; current *
velocities recorded in the flood channel west of the central sand ridge

. (station Horton South in Table B~1 and on Figure 3+9) cannot suspend ,

v

sediment coarser than 0.75 phi and Einstein's transport equations
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indicate that suspension occurs at grawn sizes finer than 0.25 phi

(Table 8-5). (T&blc 8-5 also indlicatcs that grain size fractions that

arce transp;)rted exclusively by traction move a‘t a much slower rate than
grain fractions that travel mainly by suspension.

The width and position of the ebb channel south of Hants-
port seems to prevent coarse scdiment from reaching Hantsport Bar
(Fig. 8-5); the channel is too wide for sedim’ent moving by traction to

/ .
cross before being entrained in the ebb transport system (Fig. 8-5).
Table 8-5 indicates that traction lt.zad moves much more slowly than
sus&pgndefd load so that during each tidal stage the distance traveled
b’y _eac}; gr:in is a function of transport' meachanism.

Figure 8-5 illustrates how'different transport rates for
different t:canspo&t mechanisms produce hydraulic sorting and‘ li'mit

N\
the penetration of coarse sediment into the Avon River, The step

’

: [ :
length of distance traveled during a tidal stage is sufficiently different
for traction and suspended transport that suspended sediment is able to
cross the ebb channel while the traction load is not (Fig. 8-5). The

crucial point in the transport path occurs where the ebb transport zone
A

curves around the bedrock ledge and aligns with the river axis; sediment

still in the ebb channel at this point cannot reach Hantsport Bar.

&
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central sand ridge

/ |
0.5
]
bedrock :3 o A |

coarse ’ /

fine

Hantsport @

hantsport bar

Fig. 8-5. Hydra'ulic sorting as a functios of differential transport rates.
For the fine (intermittent suspension) and coarse (traction) populations,
‘arrow length is proportional to travel distance during a tidal cycle.
Other arrows net transport directibns; see the text for an explanation
of the sorting process.



Since current velocities were not measured 1n the center
of the ebb cgannel near Hantsport, it was assumed that the net distance
traveled in the ¢bb channel 1s approximately 1.5 times greater than
net flood travel distance on the western side of the central sand ridge;
transport rates for the ebb channel were chosen to be typical of other
stations near Hantsport Bar. Sediment transport rates presented in
Table 8-5 were transformed into travel distances, also listed in Table
8-5, by calculating migration distance for bedforms with heights of
0.3 m; echo sounding records indicate that bedforms of this height
exist in the ebb channel near Hantsport. Thus, penetration of coarse
sediment into the Avon River is limited by hydraulic sorting caused by
the positions of ebb and flood transport zones that are functions of local
physiography and relative transport raFe of traction and suspended grain
‘populations; t@raulic sorti)ng is not necessarily a general characteristic
of macrot‘idal éstuaries.
Figure 8-6 illustrates the different transport paths of
coarse 9action) and fine (suspended) sediment in the Avon River estuary.
The process of hydraulic sorting plus hydraulic control of
position of breaks i the curve explains many of the observed charac-
teristics of cumulative curve shape. As discussed in Chapter 6, N
sediment near the estuary I;ead is deficient in grains coarser than 1.5
phi. Hydraulic sorting accounts for the lack of coarse grains near the

estuary head; grains coarser than 1.5 phi are transported slowly by

traction and cannot penetra\te to the estuary head. -
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Fig. 8~6. Transport paths of different grain size fractions. The

coarse fraction is transported by traction and the fine is trans-
ported by intermittent suspension,

-
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 goncentration of suspended material producedjy increased resuspension
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Exclusion of coarse material from the estuary head by
hzmiraufic sorting also explains the apparent discrepancy between
critical shear stress and the largest grain size present at thé estuary
head. At the estuaryanouth, the largest grain size present always is
close to the competence of the flow as predicted by Shields' critgrmx;;
the same should occur at the estuary head. As previously discussed,
the coarsest sediment present near the estuary head is much finer
than the thec‘)‘retical compet.ence of the flow; hydraulic sorting accounts
for this discrepancy by preventing coarse sed.iment from reaching ‘the
estuary head.

Thus the difference in proportion of population C from the
estuary mouth to the head is largely a function of hydraﬁlic sorting;
the hydraurl\i;: regimé of each area élso affects the proportions of each”
grain ‘size population. Both the C - A and A - B boundaries occur at
coarser grain sizes at the estuary head than at the mouth as a result of
the stronger hydraulic regime at the estuary head. Thus the large B
~ .
population at the estuary head (see Chapter 6) is a result of the highér

9 \ .
as a result of shallowing and increased flow strength, and the small B

popula'xtion at the estuary mouth is a result of the relatively we:iki"hy-

draulic regime. The proportion of population A does not vary dramatical-

&
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ly with location (see Chapter 6); its exact proportion and grain size

range are governed by hydraulic regime Ehroughout the study area.
. ' [

-

‘Textural Parameters

.

*GENERAL TRENDS: Textural parameter values can be int-erpreted
in light of 'hydrauli; sorting. Normailly, mean grain ;izc is expected
to be coarser in regions with stéong currents and finer in aréas with
relatively weak currents; the ,reverse is true in the Avon River e€stuary
(see Figs. 3-9, 6-2‘and 6-6). Separation of the original grain size

population at the estuary mouth by hydraulic sorting cause€the inverse

relationship-between mean grain size and current strength. The pre-

S

viously discussed deficiency of coarse sediment #t the estuary head

v
£y

is expressed a% finer mean grain sizes by textw analysis. Mean
N »

4

grain s:z._zels“'at i:he estuary mouth ;.1:3 representative of the local current
regime as there are x;o grain size‘ defi;:iencies and ’on the sand bodies
. v e
* there is virtually no CO;.fse "'lfag'” that cannot. Sg trahsported.
Grain size sorting also can be relafed to bydraulic sorting.

\

A‘sliiIﬁstra}ted in Figurés 6-3 and 6-7, sediment tends to be better sorted

_at the head of the estuar;r tf;aﬁ at the mouth. Inman (1949) used hy-

;-

" draulic theory to ej:plaih the general tencienéy for fine sand to be better

sorted than finer or coarser material. As sediment in the intermittent

) :
L] . . w*

suspension population mc}\res' furthefy frqm its source, in this case from

."the estuary mouth to the .heé’.& y it ghould bce‘:g:oxjnéu more poorly sorted
rather than befter sorfed {(Inman, 1949). *"In addition, elifnination of

B ~ 1
»

&

.
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coarse sediment input into.the estuary head by hydraulic sorting
reduces the range of grain sizes present which, in turn, causes better
- »
,sorting at the estuary head than at the mouth. e

/
Thus, in the Avon River estuary, textural parameters are

not always indicative of the strength of the hydraulic regime; textures

at the estuary mouth do reflect current strength but texf:ures'aé the

estuary head do noft. It is beyond the scope of this thesis to investigate
.~

the relationship between current strength and textural parameters in

other sedimentary-environments or to apply this relationship to ancient
/

sediments; however,- it appears that the statistical parameters commonly

used to describe texture do not necessarily reflect hydraulic regime and

that interpretation of palec-hydraulics from textural parameters is not

. simple. In-this study, cumulative curve characteristics are more use-

-. ful than statistical parameters for interpret'ing hydraulic environment.

TRENDS IN MEAN GRAIN SIZE ON A SAND BODY SURFACE: As dis-

cussed in Chapter b, three of the six major intertidal sand bodies, .

\

Middle Ground,” Hantsport Bar, and Boot Island Bar, have distin)ét

trends in mea:n"grain size. Tl.;eée trends can be explained by local
Hydra.ulic envifonment and physiography. . S

N " X
Mlddle Ground Mean grain size on Middle Ground grades from very

* fine sand near the sand body center t;ymedmm sand at erther end (see
Fig. 6« 2) the trend reflects local phys:.ography and 1ts effect on hy~

.
e R
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draulic regime. Seismic investigations of Minas Basin conducted by

-

‘Bedford Institute of Oce;mography reveal block-faulted bedrock at the
. 4

"core of Middle Ground (C. Amos, 1976, pers. comm. ); the sand body

LT

gl

center is underlain by bedrock but the ends are not. DBedrock extends

-

vertically to approximately 2 m below the sediment surface. (The

S M st

effect of the bedrock on formation and stability of Middle Ground is

discussed in Chapter 190.)

Thp\?edrock core of Middle Ground i5 nesponsible for

. P

the region of fine sediment near the sand body center. Since the

.

bedrock extends vertically almostto the half-tide mark, the bedrock

1
‘.
\
’

o
*

surface is not subjected to peak velocities during either the flood or
. r - b

ebb tidal stage as peak velocities occur at lower water levels (see

[,

I A AT T L. R
- ot L U -
N el g, Ca

Fig. 3-7 and the discussion of hypsometry in Chapter 3), Relatively'

weak currents over the bedrock surface allow deposition of relatively

.

fine sediment. -

Hantsport Bar: The gradation from fine sand at the north to medium

sand at the southiehd of Hantsport Bar (see Fig. 6-6) also is a function

™yt

. of 16cal hycifaulic conditions resulting from phhsiography. The tidal

_priém of the Kennetcook River and size and position of ebb and flood

1

T e
LD S e Y

areas alte; lcéa,ﬂ]~ hydrauli;:s. Near the south end of Hantsport Bar

D

the large ebb dominant tidal prisin of the Kennetcook River causes o

'swift,qb,b currents on the southwestern edge of Hantsport Bar (see
o . - . ..

¥

" ‘F’ig.‘ 3~9). The flood channel to the east of Ha:ni:spo;'t Bar &e'prq

ases
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e
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v

in‘width from north to south {sce Fig. 7-7.); decrease in area increases
current velocities t(\)wards the south. Relatively strong currents over
both ebb and flood zones at the‘ southern end of the sand body cause
deposition of compara'tively coarse sediment.

Towards the north end of Hantsport Bdr the flood channel
to the east of the sand body is relatively wide, so that currents are

.o N

slower, and finer sediment is deposited in %he flood zone (see Figs. 6-6‘
and 7-7). On the ebb side of Hantsport Bar, the expanding je't of the
Kennetcook Rive;' ebb tidal prism decreases in velocity as it proceeds
north so that mean grain size decreases in the same direction. ~The
larg‘\e ebb area at the north end of Hantsport Bar results from a widen-
ing of the el;b dominant zone (see Fig. 7-7')';A the lowest maximum cuy-

rents recorded near Hantsport Bar were measured over this region and

mean grain size also is finest in. this area (see Figs. 3-9 and 6-6).
, ,

»

Boot Island Bar: The gradation from fine sand at the northern end

to coarse sand at the southern end of Boof Island Bar is a result of

local hyd.raulics; again, the cause of the local current regime probably

is physiog‘raphy., It appears that maximum U, increases from north
_ . ) . .
". to south on Boot Island Bar; Boot Island Bar stations 3 and 4 were
sampled during the same tidal c"yéie and follow such a pattern (see

' Fig. 3-9). However, Boot Island Bar station 5, located near the south-

/ ern end of the sand body, has a very low maximum U;.=; the extremelJy

" low tidal coefficient (0.62) for easured tidal cycle may account for

-
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this apparent anomaly. Since mean grain size at the estuary mouth

is directly related to current strength, the southern enq of Boot Island
' /

\. /
Bar probably conforms to the trend; thus the north - scu

th increase in

mean grain size probably is due to increasing maximum current velo-

city from north to south. y
P :
North to south increase in current velociw/_@got Island

£
Bar probably results from constriction of flood‘currents by Boot Island.

Southwest flowing flood currents are conf@p/ed between the main ebb

channel to the east and Boot Island to the south (see Fig. 7-6); the

reduced cross-sectional area of the flood zone results in higher cur-

-

rent velocities and, consequently, in coarser sediments from north

to south.

-
Y

/” Summary

-
B /” Grain size distribution in the Avon River estuary can

be explained by hydraulic processes; sediment size parameters tend

.

&«
current velocities rather than average flow con-

.

ditions. Each segn‘ien:c of a curnulative curve is the expression of a

x
3

differén’g sediment transport mechanism; the C population stems from

traction, the A population from intermittent suspension, and the B.

population from suspénsion. Lo oo '

L
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The A - B population boundary occurs at the grain si-ze
whose settling velocity is approximately equal to 1/5 of the magnitude
of the maximum ;hear velocity at each location. The T - A boundary
reflects the hydraulic condition that settling velocity nearly equals
maximum shear velocity. At the estuary mouth, the coarsest grain
size present corresponds to the competence of the maximum shear
velocity as predicted by Shields' criterion; at the estuary head, the
same criterion predicfs the occurrence of much coarser grains

than actually are present.

ic sorting causes the observed gra_in size dif-
ference beth?en he estuary h and/ mouth, and creates a deficiency
of coarse sedirpent at #fé estuary head. The intermittent suspension
and suspension populations at the estuary mouth are transported into

the head of the Avon River estuary while the traction population re-

mains at the estuary mouth. The observed inverse relationship be-~

v

tween hydraulics and textural parameters also is a function of hy-

L

M . "\"».
draulic sorting. Textural parameters at the estuary mouth reflect

while at the esQary head mean grain size is much
finer than expected; hy aulic sorting limits the penetration of coarse
sediment into the Avon River. Textural trends on individual sand bodies

result from local flow conditions c:_auséd by physiography.

SRR Jp e

R it



CHAPTER 9 , ’
BEDFORM STABILITY -

Bedform distribution in the Avon River estuary (see
- 3
Chapter 5) is a function of variation of hydraulic conditions and

sediment distribution; bedforms are a resp'onse to local hydrauiics

and grain size.  Approximate hydraulic and sedimentologic limits

)

can be’determined. for each bedform type by relating observed com- °
_ ) \ . ! ’

binations of hydraulics, grain size, and bedform type to established
bedform classifications. ! ' :

.
Bedform Classifications

In the following discussion, i:he terminology that des-
‘cribes bed geometry has been a:dopted from Southard {1975); a bed-»

form is regarded as an individual element of the bed géometry and

a-bed configuration is the overall bed geometry.

Many authors have discussed the concept of flow regime
in relation to bedform hierarc’hy;‘,thai is, the se.qnuence of bed con-

figurations expected as flow power increases; some bed configuration

[

hierarchies are based on field observation (Harms and Fahnestock,

- e
>
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1965; Boothroyd, 1969; Coleman, 1969; Boothroyd and Hubbard,

1975), others have been derived experimentally (Simons and Richardson,

1961, 1971; Simons et al., 1965a; Bogardi, 196]1; Harms, 1969; A;Iercer,
1971; Southard, 1971, 1975; Southard and Boguchwal, 1973). Generally,
bed configuration hierarchies described from field data correspond to
sequences generated in flume experiments although large bedforms
found in nature cannot be produced experimentally. A typical bed
configuration sequence is: plane bed < ripples +dunes ¥ plane bed
(movement) Yantidunes v(fléw strength 'indrea"ses from left to right).

The relationship of this sequence to bed configurations in the Avon

River estuary will be discussed later in this chapter.

,Bed configuration stabi_lity\:fields‘that have been derived.
exﬁ;erimentally define limits of each type 5f bed configuration p‘lotti‘.ng
two or more hydraulic and/or Sedirnent‘ologic parameters against
veach other. Application of experimental schemes to field conditions,
parti.cularly macrotidal conditions, is limitecf by several factors,

4 =7

Virtually all bed configuration stability fields have been derived for

’

steady’flow conditions; tidal environments have unsteady flow con-
- } . N
ditions and small changes in flow strength can cause large changes in .

bed configuration (Simons: and Richardson, 1962). . Allen (1973), Karez

4 ’

- 5.

P

. .
b At~

- -
L o st

PR SR,

(1972), and Southard (1971) %{uestmn the accuracy w1th wh1ch expenmental-

w

ly derwed bed conflg\rratmn s\blhty fxelds chn duphcate natural systems ﬁ

i
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[V

Two major application problems arise because of unsteady

flow in tidal environments. Unsteady flow conditions create the problem

L

of bedform response to changing flow. In natural systems, bedforms
lag behiné changes in flow strength (Allen et al., 1969; Kachel and
Sternberg, 1971; Allen, 1974; Allen and Friend, 1976a). Allgn and
Friend (1976b) derived an equation for minimum bedform‘r!e;spo‘nse
-time to flow changes; not surprisingly, their resultf indi'ééte that,

response time is less for smaller bedforms. The main ques}ions
/
are: do bed configurations observed at low tide exist for the complete

i

tidal cycle, and under what flow conditions do the observed bed con~

figurations form? These questions will be discussed later in this

-

chapter.

.,

One of the more commonly used bedform classification ' :

h
<

schemes was derived by Southard (1971); threg-dimensional stability ~ - . ” s

fields are constructed by plotting ‘water depth versus mean Cu\r\x«ent
N ‘ 5

velocity versus median grain size, The data are displayed on two -

graphs: one is mea’ﬁ"grain size versus current speed and the other

f
3
b

'

is current speed versus water depth. Because of the large water

depth and current speed fluctuations in a macrotidal environment, it

~
~

1s necessary to plotnf-low conditions t{at create the observed, stable

[y

bed con.flguratlon Plotting current speeéd, versus water depth .

through a tldal cycle indicates that observed\bgdfo.rm is a function of

N
N

. near-—rna.mmum current speeds, and that nearwm\lmum condmons . i \
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persist/ffor much of the tidal cycle (Fig. 9-1).

/,' Plots of current speed versus water tepth and mean
!

grain size versus current speed were constructed using maximuni
' N
i .

!

cur‘i;ent speed and the water depth associated with that speed (Fig.
9-2). Ripples, megaripples, and sand waves each };lot in a separate\
f::l—;,\r_ﬁ)wd waves can be distinguished from megarippled sand
/waves on Fig, 9-2B but there is no separatit;n on Figure 9-2A: The
significance of the apparently anomalous poipt, NI, will be discussed

later in this éhaISter. The bedform ét%bility fields of the present

study correspond to experimentally derived fields of Southard (1975)

/

' ’and Costello (1974) and the fields established by Dalryﬁ;iﬂ;a,(I‘)??)
;‘o,r Gobequid Bay bedforms (Fig. 9-2).
lein and Whaley (1972) Separat“ed“ sand waves from
megarippl 8s in Minas Basin using $outhafd's (1971) method by plotting
. current speed and water depth during tim;as of bedform migration.
. Bésed on data of Klein (19 70j, they assumed that sand fwayes migrated'
only during ﬂood‘f}ow and‘.'me gé.;‘jipjales only dtiring ebb. Migration
was assumed to beoccux"ring v;rhen boils ‘were present on the water,
surface. Their results‘ ix'ldicate tha;t sand waves and megar‘ipplgs are.
sta:ble at similar flow. strenéth% i)ut sand wé.V{es migrate at ghallower

water dépfhs (Klein and Whaley, 1972). s ‘ S : '
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20

I Ripples Sand Megaripples

PR TIPSR RS A L

Depth (m)

L

0-2 .04 .06 08 10 2.0 3.0

- Speed  (m/s)

y ~ - o .
PP N T

Fig. 9-1. Relation of observed bedform to water depth and currént speed
through a tidal cycle. The dashed field boundaries were extrapolated from
Costello {1974 ); the solid field boundaries are from Dalrymple (1977). Each
data point represents measured current speed and water depth at one time
during a tidal’ cycle, data was collected at half hour intervals. A solid line - B
connects ebb current points, and a dashed line connects flood current points. oo
The observed bed configuration was~lood dominant megaripples.
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Fig. 9-2. @bserved bedform as a function of A) maximum current velccity - 4
and water depth and B) current speed and mean grain size. In part A,
dashed field boundaries were extrapolated from Costello (1974); solid field .
boundaries are from Dalrymple (1977). In part B, solid field boundaries are i
from Southard (1971); dashed field boundames are from Dalrymple (1977).

hfg v mchgates that the bed is subt:dal so that bed configuration could
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The results of the present study disagreg with those of
Klein and Whaley (1972) (Fig. 9-2%. Sand waves and megaripples

accupy different regions on a plot of current speed versus water depth,

b —— =
S i oy i

but it is current speed rather than water depth that forms the boundary ~

between the stability fields (Fig. 9-2A). Klein and Whaley's assump-

tion that each bedform type migrates in one direction only is not valid

for the Avon River estuary (see the discussion of bedform reversal

mn Chapter 7). Many sand waves in the Avon River estuary have mega-

ripples superimposed on them, and it is thef migration of these mega-

ripples that causes‘migration of the sand waves (see Chapter 5); thus

flow depths azie identical for the two bedforms. Also, Klein and Whaley's

(1972) results disagree with the experimentally derived stability fields

of Costello (1974). . ‘
Observed bed Eonfigu.ration was plotted on a graph of average

maximum shear velocity (see Chapter 3) versus mean grain size (Fig.

9-3). Again, ripples, rippled sand wavés. megarippled sand waves,

'
T ey

and megaripples each occupy a separate field; ripples and megaripples
lie within the experimentally derived ripple and megaripple regions
* of Vanoni (1974). .

Simons and Richardson's (1961, 1971) bedform cléxssification !

based on plotting stream power versus median grain size is shown in

- . .*g;}wm‘—-wm I
-
s

Figure 9-4; observed bed configuration is plotted on the graph. Aveérage ﬁ
o ’

’
s -

r
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Fig. 9-3. Observed bedform as a function of maximum shear -

the Avon River es

velocity and mean grain size. The solid and dashed

field boundaries separating ripples, dunes, and plane bed -
are from Vanoni (1974). The line scpai'ating ripples from
no movement is ’baSed on Shields' criterion and the line

separating traction and suspension is a plot of shear

-

velocity equal to settling velocity.  The dashed line

. ® .
separating dunes and sand wa'ves is based on data from

b}

tuary and on data from Dalrymple (197’)

B

for Cob‘erquid Bé.y.
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‘maximum istream power (see Chapter 3) was used as bedforms
reflect near -maximum flow cor‘lditions {Fig. 9-*115). Figure 9-4 was
taken from Allen (11968)3 stream power and median grain size values
on the axes and staiJility field boundaries are ‘t;hose that were deffived
experimentally by Simons and Richardson (1961) and modﬁied by Allen‘
(1968).
- Most of the Avon River.‘::stuary 3data fit the bedform stabili-
ty re’gionsaof A‘llen (1968) {Fig. 9-4). As expected, ripples and mega-
ripples fit the categofies of ripples and dunes r‘es'I;ectivély, and areas
vs;ith plane,b‘ed fall into the dunes respectively, and areas with plane .
bed fall into ttlxe transition zohg;" the appafeﬂntly, anomalous rippled
point, N1, reflects a;1 obsexyeci bed configuration thalt is ﬁoﬁt‘ in equili-
brium with flow co‘nditions. The significance of point Nl will be dis~
cussed later in this chapter. . o <
. Sand«wa.tyes ;:;anhot be dis ﬁnguiéhéd from megaripples in_

terms of stream power, but the tendency foiLASapd waves to be ﬂ‘cpar;er ‘
than meg;'ripplfes (see Chapter 6) causes separation of the two bedform
.'types withix; the dune sta.bilityfﬁe;ld (:Fig.~ 9:-4); the stability ‘ﬁeld of
‘ savnd‘ ;vaves as., oppose;d to that of'mega.xripplﬂes, vavlso will be di,s'cussed'"
late;r in this E;hapter . Klein and Whaléy (19 72) tried to sepa,z'::;te‘\Mi;lés :

Basin sand waves from megaripples with a plot of stream power

. versus medié,n_grain size but were unsuccessful probably as a result.of

»
ey
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their assumption about migration time of sand waves versus mega-
ripples. They also found that stream power values of megaripples

and sand waves overlapped and were within the ripple and dune fields

of Figure 9-4, The dunes and megaripples that they studied had nearly

identical mean grain sizes so that no grouping of each bedform type

occurred.

Athaullah (1968) separated upper flow regime, transitional,

ﬁ‘:

and lower flow regime bedforms by plotting Froude number against the
ratio of water depth to median gi'ain size., Most data points from the
Avon River estuary are beyond ‘his experimental range (Fig. 9-5);
extrapolation of his flow regirrfe boundar’ies do not yield gopc} separation
of bed cc;nfiguratiom_f{s (Fig. 9-5).
There is not a good separation of lower flow regime and

transitional bed configurationsi the only station with plane bed, plotted

| as point Nl (see the discugsion later in this chapter), “lies m the v.-;xppro.-

priate region, but so ,do‘s‘everal" megarippled stations (Fig. 9-5).

ot e

c

However, Athaullah's trend of flow regime transition occurring at
' t

-

progressi\;ely lower Froude numbers-as D/d‘50 increases appears to .

be applicé.ble to the Avon River estuary as a transitional bed configura-
, _ & '

tion forms at a Froude number of 0.23 (Fig. 9-5). .

3
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Of the thr pproaches to bedform classificatio;l pre-
sented in Figureé 9-2 to 9-4, the approach of Southard (1971, 1975)
(Fig. 9-2) appears to.work best. Obser\;ed bed configurations fall
into distinct stability fields that agree ‘wiEh experimentally derived
classifications (Costello, 1974; Southward, 19'75) and with clas_sific'a—
tions based on field ol;servations (Boofhroyd and Hubba.rd, 1975; .

Dalrymple, 1977; Knight, 197’7). Simons and Richardson's (1971)

%
I

method (Fig. 9-4) les, transitional, and uppér flow

regime features from larger bedforms but does not differentiate mega-

ripples and sand waves in terms of flow strength.

Stability Limits of each Bedform Type

Stability fields can be constructed based on the fields

displayed on Figures 9-2 to 9-4 and on other hydrauli¢ and sedimento-
N M . . 4 '
logic data. Absolute boundary conditions cannot be determined for

most bedforms; but relative limits and bedform sequences can be
) [

established; stability range'for~ each bed configuration is discussed

below.

. RIPPLES: Ripples are the'products’of relatively Iow flow strengths

and relatively fine grain sizes. Ripgl® distribution at the estuary

.
A Y

mauth, (see Fig. 5-4) reveals that maximum current velocitie’s are low
o - ! . .

(s,.ée\\Fig. 3-9) and rhean grain sizes are fine, (see Fig. 6-2)in these

v , . . , " , s .

. N N
. » L N
N .
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(sce Fig. 6-6). This apparent discrepancy can be resolve'd“by

239
b

areas. Figures 9-?. to ;9-4 all indicate that ripples are stable under
conditions of low flow sturengtlll and fin*e mean grain size. B

Ripples at the estuary-head do not fit the low flow
str.ength criteri'oyn; both Newport Bar and Mitchener Bar are high

current velocity areas g'see Fig. 3-9) with fine mean grain sizes

examinatio;i of ripple form and internal structures on Mitchener Bar
and Newport Bar as well as consideration of pointKNl on Figures 9-2
to 9-4. |

As discussed in Chapter'S, ripples on Newport Bar and
Mitchener Bar tend to b‘e strai;;ht-cre-sted o‘r sinuous rather than
linguoid like those at the estuary mouth. Allen (1969) relates degree.
of cre;st sinuosity to flow duration; straight-crested and sinuous ripples
are produced _b.y shorter dur;tion flows than are linguoid forms. Thus,
ripples on Newport Bar -and N.Iifch.engr Bar form during shorter duration £,
flows than ri'pple‘s at the estuéry mouth. Also, internal structures in

rippled areas at the estuary head are different from those at the estuary

mauth. Rippled areas at the-estuary mouth are underlain by small-

scale cross-bedding (see Chaptér 5); at the estuary hea}fi there is some
small-scale cross-becidiﬁg undérlying ripples, but the'main internal 3
structure is parallel Ia,izxination {see Chépier 5). Parallel lamination

. ' . ,
generally is formed on an upper flow regime plane bed (Walker, 1965).
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Surface configuration and internal structures of ripples
at the estuary head indicate that those ripples are not in equilibrium

with average maximum flow conditions. Because current velocities

are high (sce Fig. 3-9) and parallel lamination is found (see Chapter
5), it appears] that upper flow regime plane bed is i'ep'resentative of
average maximum flow conditions and that ripplés form during late-
stage, low velocity flow prior to sand bédy emergence. Straight-
crested and singous lripples are: presg’nt'because late-stage flow
duration is insufficient to dgveloi: linguoid bedforms. If theseklate-

stage structures are discounted, point Nl on Figures 9-2 to 9-4 cor-

¥

rectly identifies the bed configuration (plane bed) corresponding to

x

average maximum flow conditions.

Thus, in the Avon River estuary ripples are a function of

relatively low current velocities and relatively fine mean grain sizes;

ripples at the estuafy mouth.are located in areas where low current

~ L

velocities are the average maximum flow conditions. At the estuary .

h

ead, the low velocity - fine mean grain size criterion for ripples is
met only-during late-stage flow; the equilibrium bedform for average

maximum flow conditions, upper flow regime plane bed, is reflected in

i

- rippfe morphology and internal structures. Criteria for ripple stability *

are listgé in Table 9-1. N

L ' . A
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TABLE 9-1. Criteria for Bedform Stability

4

‘ , Increasing
Observed Mean Flow Flow
Bedform Grain Size Strength Regime
Ripples fine lower
' Sand ‘Waves coarse . lower
Megaripples medium ’ lower :
1
Transverse Bars fine trapsitional ,
' J
4 1 .
late-stage ‘ ’
Ripples fine . v upper

reworked plane bed or antidunes

»

i

<
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N / . ‘::‘;“‘&
\MEGA IPPLES: In the Avon River estuary, megaripples exist in .
= '

\ ’:
/ . . N
areas of high flow strength and intermediate mean grain size. Figure

Ly

9-4 illustrates the limits of megaripple stability in Simons et al.
‘ .
(1965a) classification; stream power confines megaripples be

een
ripples and upper {low regim‘e plane bed while grain size constrycts a
boundary l?etween miegaripples and sand waves. Figuxée 9-4 also
the close correlgtion of megaripples with the. dune field of Allen (i96 ).
Southar?«'s\(l‘)ﬂ , ' 1975) classificaﬁion schemé indicates

that megax:ipples o‘ccupy the higblest flow strength field in the lower \
flow regime (Fig. 9-2); plotting \;hear velocity against mean grain size \
also places megaripples in the highest flow strength region (Fig. 9-3).
These classifications also place megaripples at finer mean grain sizes
than sand waves (Figs. 9-2 and 9-3).

’ On Figures'9~2.tor9-4'*.t§1eré~are a few points within mega~
ripplé fields where megaripp'les were not the obsérved bed configura-

& -
» o~ v
tion, and a few megaripples were observed atBtations that fell outside

£
4

of the established fields. This proBabiy reflects a longer relaxation .

time for megari};ples than fo&r;pples; relaxation time i\s the time reciuired
for a bedform' to be altered inté‘anotl;gr fornll.' "Because megaripples are
much larger than‘ rippies (see Chgpter.g), they should ‘have a longef rela-: 3
. xation tix‘*rié sin,ée relax;tion time is r(elatea directly to.bedrform (Allen and
I;‘r'iend (1976b). ’ Siqnlc~e ’meg;ripples are ‘;he producfs of av.eragé maxjmum

%" ¢ . «
. : »
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flow conditions, flows that could initiate change towards a different
bedform are too short in duration to cradicate megaripples. (See
Table 9-1 for the stability criteria of megaripples. )

»

SAND WAVES: The stability field for sand waves consists of inter-

mediate flow strength and coarse mgan grain size. Figure 9-2 best

. . ~~
illustrates the relationship between sand waves and other bedforms;

sand waves occur in coarse sediment and at flow strengths that are

2
§ , :
intermediate between ripples and megaripples. ‘As previously dis-

4 N
n

cussed, Simons and Richardson's (1971) classification does not di_s-
tinguish sand waves from megaripples in terms of flow strength (Fig.

9-4); the possible significance of the grain size boundary bet\wéen the
L . '

N
v

two bed configurations will be discussed later in this chapter. Figure
9-3 also indicates that sand waves occur in coarse sediment and at
intermediate flow strengths. Rippled sand waves have different

stability fields from megarippled sand waves on Figures 9-2 to 9-4;

7

megarippled sand waves tend to be associated with coarser sediment \
\ - L

and ‘greater flow strength than rippled sand waves although the dis-

tinction is not apparent on Figure 9-2A. ' :
~ @

-

TRANSVERSE BARS: Transverse bars cannot be placed on Figure 9-1

since no current velogity measurements were reqorded over them
because they occupy such.a small area (see Figs. 3-2 and 5-3). How- .
ever, curtents over other parts of Mitchener Bar are strong (see Fig.

- 3-9) and mean grain size on transvetrse bars is fine (see Fig, ¢ *



-

b

Culbetrtson &nd Scott {1970) found tr:'lmsverse bars to be transitional
between the lower and upper flow regimes,

The association of fine mean grain size and high Elg%rent
velocities is similar to the conditions for upper flow regime plane-
bed; an area of late-stage ripples underlain by paréllel lamination
adjoins the region of,transverse bars on Mitchener Bar as does a

v

zone of megaripples (see Fig. 5-3). It appears likely that transverse
®

bars are representative of trgnsition or upper regime flow conditions.
Although transverse bars .and upper flow regime plane bed

may be bed .configurations with overlapping stream power - grain

size cllaracteristic;s, the occui'rence of transverse bars may be con-

trolled by other fz:ctors. Transverse bars usually are associated with

fluvial systems (Smith, 1971). As transverse bars occur only on a

small area of Mitsgxéher ‘Bar (see Figs. 5-3 and 5-4), and Mitchener

Bar appearg to be a point bar Esee Chapters 4 and 10), transverse bar

development maylbe ca;lsed by some flow characteristic of fluvial

systems and may not be a function simply of flok strength and grain

size.

¥

-

TRANSITIONSBETWEEN BED CONFIGURATIONS: Since each bed

configuration observed in the Avon River estuary occupies a distinct

field on plots of flow strength ire'rsug mean grain size (Figs. 9-2 and -

9-3), thgre must be a set of hydraulic and-grain size conditions that

cause a transition between stable bed configurations.

244
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Boot Island Bar provided an op.portunity to investigate the
transition between ripples and sand waves as rc;:ions of these bedforms
arc adjacent on that sand body (see ng. 5-4). ‘Current velocity stations
Boot QIsland Bar 3, 4, and 5 (see Fig. 3-2 for locations) were recordefl
over a rlippled area, at the transition, and over a zone of flood domi-
nant sand waves, respectively. Figure 9-6 compares water depth -
current speed plots through a tidal cycle for each station; the station*
over sand waves (Fig. 9-6C) has a higher a;qrage maximum current
speed than the station at the transiti’oxﬁfi@. 9-6B) which in turn has a'
greater average maximum curreént speed than the station with ripples
. {Fig. 9-6A). Average mgtximum current speed at the ripple - sand
wave transition corresponds closely with the ripple - sand wave
boundafy established experimentally by Costello (1974) (Fig. 9-6B).

) ¢

A3

There also is a grain size change from ripples to sand waves. Mean
grain sizé at e;ch_ of the three stations is-listed on Figure §~6; sand
waves are coarser than the transition zone which is coarser than

riﬁp}es. Transition from ripples to sand waves apparently is governed
by increasing flow, ;trength; for a mean grain size :;f 1. 09 phi, the
transition ocwrs:at tfxe flow conditions measured at Boot Island Bar x
station 4 as illustrated on Figure 9-6B. '

The transition from rr;;agaripples to sand waves could not be

documented from field observations as there is no place in the estuary

with a transition between the two bed configurations. However, '* =

‘:' gl

vo
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I

-

9.3 implies that the transittion from sand waves t6 megaripples ma
N y.
- / 3

be a function of transport mechamism. The curve for w-U, has been

-

»

-

plotted on Figure 9-3; megaripples fall above the curve and sand waves

~
e

lic either close to the curve or below 1t. As discussed i Chapter 8,

A

U -w is a criterion for suspension; points that plot above the 'curve
should be from areas where transport 1s mostly by intermittent sus-
pension while those that plot below the curve should bé from areas

J

where traction is the dominant transport mechanism. Thus, Figure
L
A X ¢

9-3 indicates that the transition from sand waves to megaripples
¢

occurs when the dominant transport mechanism changes from traction

N . L

-~

to intermittent suspe;msion. Dalrymple (1977) also found a similar

relationship between megaripples and sand waves; the field boundaries

on Figure 4-3 were constructed using Dalrymple's (1977) data and

’

data from the “Svon River estuary. Of course, transport mechanism A

hY

-

control of bed configuration is not a case of either traction or inter-
mittent suspension transport; bed configuration is related to the rela-
tive importance, or proportion, of each mechanism.

Seven of the 59 sediment samples whose curnulative curves
were diss‘gcted isee Chapter &) were collected from sand waves; 9
others were collectec? from megaripples at the estuary mouth. Charac-~

teristics of the dissected cumulative curves also imply that the

transition from sand waves to megaripples is a function of a change
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in transport mechanism. As discussed in Chapter 8, the € (coarse)

N -

population signifies transport by traction and the A (intermediate)
population is affunction of intermittent suspension. Sediment samples

from sand waves average 52. 0% C population and 46.7% A; those from
% »

%

megaripples af\the estuary mouth average 24.5% Cand 74.2% A. If

safd waves are related to transport domi.nantly by traction, it would

>

explain the association of sand waves with coarse mean grain sizes

-

displayed on Figures 9-2 to 9-4; intermittent suspension is less like-

v

ly to occur at coarse sizes. .

OVERALL TRENDS AND BEDFORM SEQUENCES: Several trends.in
besiform’ distribution can be ex’plai,ned in terms of bedform st;bility
criteria and bedform response to average.maximum hydraulic conditions.
Among these is the tendency for bedforms to increase in size in the
direction of net sediment transport. Sand waves on Boot Island Ba.;‘ :
demonstrate this trend; sand waves are very small at the ripple - sand
wave transition which is at Boot Island Ba‘r station‘ 4 (see Fig. 3-2)

and graw to 1 m in height at the-southern end of tﬂhe sand body. Sand
waves on Western Bar and megaripples on Middle Ground and Hantsport
Bar also exhibit this trend. Gee (1975) and Allen and i“riend (1976b)
have shown that dunes {megaripples) grow with time ux_util a limiting
size is attained; a nﬁégaripple migrating in the netlsediment transport

direction would increase in size in that direction, and the same process

may apply to sand waves.
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Increase in /b/cdform) height also could be due to a down-
stream increasc in flow strength; on Boot Island Bar sand wave height
increases in the same direction as flow strength,

The bedform distribution displayed on Figure 5-3 and 5-4
reveal.s anncreasce in flow regime in the onshore direction; s&ch a
trend conforms with the increase in flow strength from the mouth to
the héa‘d of the cstuary (see Tig. 3-9). At the estuary mouth, bed-
forms are entirely lower flow regime forms including ripl;les, sand
waves, and megaripples.

The flat area of fine sediment an Middle Ground (see
Figs. 5-4 and 6-2) results from shielding of this grea from strong

. .

currents by underlying bedrock (see discussions in Chapters 8 and

18); the flat surface probably is caused by organic Binding of the

sediment by the polychaete Spipphanes wigleyi. Up to 3006, 000

. 2 ' e -
worm tubes per m have .been counted in this area (V. Tunnicliffe,
1975, pers. comm. ).

Lower flow Jegime bedforms are represented within the

Avon River by sand waves on the central sand ridge near Summerville
(see Fig. 4-1)'3}@ by megaripples on Hantsport Bar, Mitchener Bar,

’

and Newport Bar (see Fig. 5-3). On Newport Bar and Mitchener Bar
transitional forms (transverse bars) and upper flow regime plane bed

are representative of average maximum flow conditions; atlow tide,

L
\
’
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st

-
N ,
£ ~, ,

\
upper flow regime features are covered by late-stage ripples. Thus,

progressively higher flow regime bed configurations are observed

b
I o A s
* .

in the m;s,-imr.@g;‘&.zroctmn from the estuary mouth. Observations indicate -
that this ‘trﬁcnd continues into the Kennetcook and St. Croix rivers.
No sand waves were observed i these rivers; most bedforx;\s were
megaripples, transverse bars, and surfaces covered by sinuous, late-
stage ripples. Observations were limited to 8 km upstream of where
these rivers empty into the Avon River ¢stuary (sce Fig. 2-1).

The criteria for bedform develepment (Table 9-1), overall
trends of bvedform distribution, mean grain size, and flow strength
allow the construction of a bedform sequence for the Avon River es-
tuary; this sequence is illustrated on Figure 9-7A. A similar sequen’ce
derivcé_ by Boothroyd and Hubbard (1975) for mesotidal estuaries is
displayed in Figure 9-7B. The two sequences differ in that, in the
mesotidal sequence (Fig. 9-7B), megaripples and sand waves occur iy
at the same flow strength, and sand waves evolve from low-order
megaripples while in the Avon River estuary (Fig. 9-7A) sand waves *

share a common boundary with ripples and are stable at lower flow '

strengths than megaripples.
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Summary \

Observed bedform distributionsin the Avon River

e

e

estuary 1s a function of average maximum flow conditions. Stability
5 .
fields for each bedform type can be best distinguished by plotting .

.

current speed versus water depth and méan grain size versus current
speed.

Ripples are found in areas of low flow strength and fine
mean .grain size. Megaripples are stable in regions with high flow
strengths and fine to intermediate grain sizes; sand waves exist in
areas of intermediate flow strength‘and require relatively coarse

mean grain sizes. Transverse bars occur in a region of high flow
. \
strength and fine mean grain size; they appear to be transitional be-
\
i

tween lower and upper flow regime bedforms. Upper flow regime“x .

\ . b
0

plane bed is formed in areas with high current velocities and fine "
, . ‘ ,
meap/grain sizes but is re-worked into ripples by late-stage flow.

A transition from ripples to megaripples results from an ¢

increase in flow strength; observed hydraﬁlic conditions’at the tran-
' \

sition fit experimentally derived boundaries. The transition béa\tween

\

sand waves and megaripples seems to be a function of a change in
.

*

transport mechanism; sand waves appear to be associated with tractign

transport and megaripples with transport by intermittent suspension.




-
o

Bedform distribution indicates an increase in flow regime

.

in the onshotre direction. Only lower flow regime bedforms (ripples,

v

megarippless and sang waves) eaist at the estuary mouth. Megaripples

&
N

extend into the Avon River bwt sand waves dre excluded because flow

»

gtrength 1s too great and mean grain s@cs are too fine. Transitional

. -
¥
(transverse bars) and upper {low reginfe features (upper flow regime
. A}

d . hJ
plane bed and antidunes) are found only on Mitchener Bar and Newport

Bar. In¢reasing flow regime bed he onsho/{*e direction reflect

X

increasing flow strength in the same direcfion;qhe bedform sequence

-
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»
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CHAPTER 10
5,

CONTROL OF SAND BODY SHAPE AND POSITION

BY SEDIMENT TRANSPORT PATHS

Ve
Sediment transport processes are responsible for sand

body shape and position in the Avon River estuary; each sand body
reflects sediment transport paths produced by locaq hydraulics. As
. [
discussed in Chapter 7, sediment transport paths form cells that
tend to be centered on sand i)ody crests (see Fig. 7-5). However,
for the purpose of discussing sand bod;r shape and position as a
f}mctio;m of sediment transport paths, s‘and body crests can be con-
sxéered as boundaries betweer: sediment transport zones. General-
ly,' each sediment transport zone consists\of a central channel that
slopes up én either side to a sand body crest or shoreline; net sedi-
ment transport is in one direction within the transport zone. Thus,
sand body crests represent channel boundaries as net sediment
transport is in opposite direction‘s on either side of a crest. Similar
relationships among sediment-transport zones have been described

in other tide-dominated environments (Coastal Reseaxch Group, 1969;

Ludwick, 1974; among others).
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Houbolt (.1968) attributes the dechlopmcnt of asymmetric
sand body and channel systems to longitudinal helical flow that causes
scdiment :accumulatlon alc.)ng the margins of a channel. However,
n';CdSUI‘C(l current directions do not indicate that hch_cal flow exists
in the Avon River estuary; measured deflections are opposite to those
predicted by helical flow. Sand body axes are obliqué to flow directions
so that bottom currents are deflected by the sand bodies.

Bottom currents are deflected upslope on the upstream
side of the sand body; on the downstream side, bottom currents are
deflected towards the sand body axis (Fig. 10~1). Knight (1977) be-
lieves that friction slows the portion of t!;e flow nearest the sand
body 'causing a curve;i flow path (Fig. 10-1); spiral flow on the doxv;x~
stream side of the sand body crest could cause the observed deflec~

tion. ’

Current directions near Hantsport Bar illustrate this

principle; bottorn currents are deflected by an average of 2° on the ,

stoss side of the sand body and 6. 5° on the lee side (Fig. 10-2). The

stoss side is always the upstream side of the"sand body crest, and the

lge side is always the doxyr;'stream side. The magnitude of the upstream

and downstream deflections vary with position as sand bodié; are
(”‘asymmetric (see Chapter 4); the steep and gentle sides cause different

»

amounts of deflection. Average deflections for other sand bodies are

Ay
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Brxg 10-2. Surface and bottom current directions near Hantsport Bar
for A) ebb and B) flood. Surface currents-are solid arrows
and bottom currents are dashed arrows.,
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linst‘ed in Table 10-1; all raw current direction data 1s 1n Tlable B-1. ' ‘?
The relationship depicted .m Figure 10-1 also explains

the tendency for sediment transport to be oblique to sand body crests

and for transport to have a shight upslope component (see Figs. 7-6

and 7-7); deflected bottom Currcnts_&have a transverse directional

component which causes upslope transport (Fig. 10-1). Be‘dform

crest orientation reflects the transverse component of sediment

transport; bedform strike 1s obliéuc to sand body crests (see Chapter

5). Sediment transport paths and bedform crests that a;'e oblique to

sand body crests have been described from other tidal environm;nts

{(Houbolt, 968; Terwindt, 1971) and from other parts of Minas Basin

(Klein, 1970; Knight and Dalrymple, 1975; Dalrymple etal., 1975).

, Individual Sand Bodies

Each intertidal sand body can be related to two or more
sediment transport zones; the position of each transport zone can
be explained in terms of local flow conditions produced by local
physiography. The transport zones that are responsible for the
shape and position of each sand body are discussed below. .

)

' BOOT ISLAND BAR: Boot Island Bar is the product of a junction

of three sediment transport zones; two of these are flood transport
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’

TABLE 10-1. Average Bottom Current Deflection on each Sand Body;
. »
numbers arce degrees of difference between bottom and
N *
surface currents averaged for all stations on the gand
body. Upstream values are deflection towards the sand

body and downstream values are deflection towards the

sand body axis; this relationship 1s depicted in Figyre.

4

10-1. ' ,
Sand Body Upstream Downstream
Boot Island Bar 3.3 10.3
Western Ba:% 3.5 5.5
Middle Ground 1.0 8.0
Hantspc;rt Bar 2.0 6.5
Mitchener Bar 4 1.0 7.0
Newport Bar 4, 0' . 11.5

i&'
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zones and the third is an cby transport vone (sce Iig. 7-5);"/'I‘he

a L
position of each zone resulis from Boot:-Island Bar bewng part of an

cbb tidal delta (sce Chapter ). Flood trinsport zones are created
by, flood dominant flow 1n the marginal flood channel (sce Fig., 4-2)

cutting across the channel margin lincar bar (Boot Island Bar) and

v

into the main ebb channel (sece Fig. 7-5). Flood d01ninént flow is

forced to cut across Boot Island Bar by a bedrock barrier to‘flow

(Boot Island and the associated wave-cut platform)| (see Fig. 2-5).

The ebb transport zone on Boot Island Bar stems from thd main ebb

channel (seé Fig. 7-5). &

WESTERN BAR: Western Bar also is part of the Ebb tidal delta (see

F‘ig.. 4-2) and is composed of two ebb and two flood sediment transport'
z'o.nes (see Fig. 7-5). The southern flood transport zone is pa:;'t of the
northerly flood'zone on Boot Island Bar (seé Fig. 7-5). The northern
flood transport zone on Western Bar also results from flood dominant

flow in the marginal flood channel to the west of the ebb tidal delta

.

scutting across the channel margin linear bar; small flood transport

L)

zones bisect channel margin linear bars in other ebb tidal deltas
(Oertel, 1975). !
The eastern ebb sediment transport zone bn Western Bar

is pa.r:t of the main ebb channel (see Fig. 7-5); the western ebb zone

probalﬂy results from local flow complexities possibly caused by the
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presence of the wave-cut platfornt near Boot Island (sce Fig, 2-5)
which extends under Western Bar (C. Amos, 1976, pers' comm. ).

. )
The boundary between the western ebb transport zone and the {lood
¥

I

transport zone to the east {(sec Fig. 7-5)1s marked by a region of
1ce-rafted boulders; the boulders remain exposed because net sedi-
ment transport on cither side of this arca 18 away from the region of

boulders (sce I1g. 7-5) so that sediment tends to be eroded, rather

than deposited in this zone.

MIDDLE GROUND:  Middle Ground has the shape and position of

é
a channel margin linear bar (sce Fig. 4-2) but its existence is not

rclated entirely to the ebb tidal delta. ‘ As discussed earlier (see

Chapters 7 and 8), the center parvty(vliddle Ground is cored by
]

block-faulted bedrock (C. Amos, 1976, pers. comm.); sediment

transport zone position reflects the presence of a bedrock core,

v

Presence of a bedrock core also is reflected in the
surface features of Middle Ground. A vertical aerial photograph of
the sand body reveals the {ine-grained flat region near the sand body
center (see Plate 4-2). North of this region,-there is a well-developed

drainage pattern that results from run-off priot to emergence; the bed-

x

rock core probably does not extend under the re-éﬁon of well-developed

drainage as underlying bedrock would altér the drainage pattern. The

southern extent of the bedrock probably coincides with the southetn

-

o)

-
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end of the flat-bedded arca (see })Iats 4-2); again, there 1s a change in
drainage pattern as well as surface bcd\form. The bedrock core cannot
extend as far south as the megarippled zone (sce IMig. 5-4) as the flow
strengths required for megaripple formation cannot occur over the
bedrock surface (see the discussion in Chapter 8).

The shape of Middle Ground is controlled by its bedr.ock
core. Sediment accumulation has the form of two overlapping half-
bodies around the bedrock core; half-bodics result from flow that is
deflected around a stationary object (Streeter, 1971, p. 409). Figurej
10-3 1llustrates the cffect of bedrock on the growth of Middle Ground.
The ar'ea north of the bedrock is protected from strong ebb currents,
~and swift flood currents cannot influence the region immediately south
of the bedrock (Fig. 10-3); sediments ate deposited in each of the
shadow zones during the appropriate tidal sta;;e.

Middle Ground is modified by the main ebb channel to the
west and the marginal flood channel to the east (see i?ig. 7-5). At
the southeastern edge of the sand body the marginal flood channel
crosses the sand body and joins the main ebb channel, possibly as a
response to constriction by the eastern shoreline (see Fig. 7-5).

The main ebb channel transports the sedim!ent moved into it from the

marginal flood channel to t%a north céusing the formation of a large

ebb spit (see Fig. 7-5).
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The northern end of Middle Ground has net flood sediment
transport (see Fig. 7-5)as it1s exposed to strong flood currents but
is protected from strong ebb Y’lows. The southern end of the sand
body 1s not mfluenced greatly by ebb flow since the strongest ebb
currents develop after sand body emergence (sce Chapter 3).

Thus the sediment transport zones on Middle Ground are
a function of both ebb tidal delta development and Middle Ground's
bedrock coré. If the bedrock core did not exist, a sand body probably
wou/l;l occupy a site near that of Middle Ground as both‘edges of an ebb
tidal delta should be bounded by channel margin linear bars (sce
Fig. 4-2), but it is unlikely that the sand body would rise so far above
the sea bottom. Along the western edge of the sand body, the junction
between the major flood and ebb transport zones on Middle Ground is
marked by numerou’s ice-rafted boulders; as on Western Bar, this is
probably a lag deposit that results from sediment being removed from
this area. However, it may be that this is a preférred zone for depo-
sition of ice-rafted material.

HANTSPORT BAR: Four sediment transport zones exist on Hantsport

Bar; these include two large ebb zones, a large flood zone, and a small
flood zone along the western edge of the sand body (see Fig. 7-5). The
positions of all four transpo;‘t zones can be related to topography and
resulting flow paths. As discussed in Chapters 4 and 7, Hantsport

Bar is a channel margin linear bar with respect to the Kennetcook
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River and the channel to the east of the sand body 1s a marginal flood
channel (see Fig., 7-5), ‘
Position of the major ebb sediment transport zone at
the southwest side of Hantsport Bar (sec Fig. ”-5) 1s controlled by
the interaction of the ebb tidal prisms of the Avon and Kennetcook
rivers, As depicted in I‘:igux'c 10-4, channel margin linear bars
normally parallel a central ebb channcl that extends straight out from
a river mouth or tidal inlet. T}‘xe cbb tidal pris‘m of the Kennetcook
River is deflected to the north by the Avon River ebp‘ tidal prism;
the ebb channel 1s forced to the north. Thus, the ebb transport zone
at the southwest part of Hantsport Bar, the crest of Ha.ntsport Bar,
andithe flood transpogt zone to the east of the sand body are all de-
flected to the northeast (Fig. 10-4).

* The ebb transport zone at the north enci of Hantsport Bar
and the flood transport zone on the western e'dge of the sand_ body
result from the abrupt Wiciening of thé Avon River south of Hantsport
(see Fig. 7-5). Flood currents diverge as th‘ey enter the wider
region and are deflected to the river margins by the central ebb zone
(see Fig. 7-5). The orientation of the ebb transport zone at the north
end of Hantfport Bar reflects a shift in the ebb channel to the north of
the sand body; the shift is produced by the flow barrier created by the

shoreline at Hantsport and the bedrock‘l}dge north of Hantsport (see

Fig. 4-1).
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A

MITCHENER BAR: Parts of two sediument transport zones form

v

Mitchener Bar; these include the ebb channel to the east‘of the sand
body, and the flood channel that bisects the sand body (see Fig. 7-5).
As described in @haptcrs 4 and 9, Mitchener Bar appears to be a tidal
poiwnt bar at a bend 1n the Avon River (Fig. 10-5), 1t 1s sumilar in form
to the scroll bars of Jackson (1976a,b) (Fig. 10-5). Sediment trans-
port zones develop from flow that is moving straight ahead as it
.rcaches the bend in the river; a different part of the sand body is .
sl.lcltered ‘from peak currents for each tidal stage so that net transport
direction at each location reflects the tidal stage with stronger cur-

rents (Fig. 10-5).

NEWPORT BAR: The effect of sediment transport paths on the position

and shape of Newport Bar.probably is not as simple as indicated on
Figure 7-5. Newport Bar probably is a flood tidal delta as described
by Hayes (1975) (Fig. 10-6). There is a depression, or small channel,
Slthat cuts across the northern end of Newport Bar (see Fig. 4-3}); this
corresponds to the flood ramp in Hayes' model (Fig. 10-6). Several
short term changes have been observed in the flood ramp; at times
there is a well-developed small channel in this region, at others, a
shallow depression. The duration of each configurétioﬁ usually is just
a few days and does not appear to be related to neap - sprin%;tidal

range changes.



A SCROLL BARS

N

B MITCHENER BAR
FLOOD

Fig. 10-5. Mitchener Bar and scroll bars. Scroll bar shape (A) is

from Jackson (1976a,b); arrows are net sediment transport
directions.
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x A FLOOD TIDAL DELTA MODEL

8 NEWPORT BAR

Fig. 10-6. Comparison of Newport Bar to flood tidal deltas. Arrows

indicate net sediment transport directions for A) mesotidal flood
tidal delta model of Hayes (1975) and B) Newport Bar.
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Sedmment transport directions illustrated on Nigure 7-7
fit the flood tidat delta model for Newport Bar. The northern end
ol the channel 1o the' east of the sand body has net sediment transport
i the ebb direction while net transport in the southern end of the
same channel 1s in the flood direction (see Fig. 7-7). These transport
directions agree with Hayes' (1975) defingtion of margmnal "ebb" channels
(Fig, 10-6); the position of the sand body crest alsor fits the flood tidal
delta model.

The shape of Ne.wport Bar is related to its flood tidal delta
origin and the shoreline configuration of the A:fon River. Flood cur-
rents reach the bend in the river near Mitchener Bar and proceed
straight ahead over the flc;od ramp (Fig. 10-6); the sudden widening
of the river relative to flow direction created by the bend causes forma-
tion of the flood tidal delta in a similar manner to those formed land-
ward of a tidal inlet (Hayes, 1975).‘ In a typical flood tidal delta, there
are ebb dominant areas on either side of th;: flood ramp (Fig. 10-6).
The bend in the Avon River aligns the south side of the tidal delta with
the flood direction so that flow must complete a full circle befor.e it
can ebb (Fig. 10-6); the ebb transport zone to the west of Newport Bar

is a result of this phenomenon.

CENTRAL SAND RIDGE: The central sand ridge near Summerville

14

(see Fig. 4-1}is formed by an ebb transpo(/t zone to the east and a

flood transpbrt zone to the west (see Fig. 7-5). The bedrock ledge .
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north of Hantsport influences the positions of the ebb and flood transport
rones; ebb flow 1s deflected to the east of the ledge so that the western

half of the river 1s protected from étrung ebb currents (see Fig. 4-1)

Stability of the System

As noted 1n Chapter 4, acriwal photograph, echo sounding,
surveying, and chart data all suggest that sand bodies in the Avon River
estuary are 1n dynamic equilibrium, sediment transport studies also
suggest that the system 1s in dynami¢ equilibrium (see Chapter 7).

As discussed in Chapté‘r 4, comparjson of soundings on British Admaralty
charts from 1865, 1908, and 1916 shows that all three have 1dentical
depths recorded 1n gach position (see Fig. 4-9); this could reflect

either no change in the sand bodies w;t}; time, or that no new soundings
were made when the chart was updated. Also, aerial photographs from
1963 and 1974 do not indicate any change in sand bpdy position or shape
between those years (see Plates 4-1 to 4-4).

Echd sou.ndingland surveying data of the present study
(measurements were carried out over a two-year period) do not reveal
any large changes since the earlier charts (see Table 4-1 and the dis- ¢
cussion in ‘Chapter 4) and agree with a Canadian Hydrographic Survey

" chart surveyed in 1969 (Canadian Hydrographic Survey, 1972). Figures

10-7 and 10-8 compare the results of the present study and the 1969

survey. The figures are contour maps of each sand body constructed

L ol
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Fig. 10-7. Contour map and soundings of sand bodies at the estuary head.

Contours are from data of the present study; the small case soundings
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Fig. 10-8. Contour map and soundings of sand bodies at the estuary
mouth. Contours are from data of the present study; the small
case soundings are from 1969 Canadian Hydrographic Survey data;
all depths are meters below higher high water, S
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]
from surveying data of the present study with soundings from the 1969
survey superimposed on them. Cross-sections drawn by Amos (1976)
from a rcc.ent hydrographic slux:vcy conducted by Bedford Institute of
Oceanography also correspond to the results of the present study and
to those of the 1969 survey; Iigare 10-9 eompares cross-sections

5
from the 3 studies.

However, Amos (1976} claims that nearly 2 m of vertical
accretion has occurred since 19¢9 based on his interpretation of the
1969 hydrographic data (Fig. Y0-9); deposition is attributed to environ-
mental response to constructiokh of the‘causeway at Windsor in 1970°
(see.Chapter 2). Amos (1916) alcuiates that this a‘\céretion represents

3

A 7
approximately 8.0x 10 m(of sediment in seven years. Sediment

transport( rates calculated in the'prégent study discount the possibility
of rapid accretion as, fot 8.0 x 07 rr‘13 of sediment to be deposited in
seven years, the net transport rate would have to be 7.66 m3 per tidal
cycle per meter width of the entire Avon River; this is almost an order
of magnitude larger than anay sediment transport rate computed in this

study. Also, since the whole width of the Avon is not flood dominant,

.transport rates in the flood transport zones would have to be even

* .

larger.
2 i
Net sediment transport rates for four cross-sections

across the estuary indicate that there is little, if any, net sediment

transport into the Ayvon River estuary (see Chapter 7); the cross-section



Fig. 10-9. Comparison of cross-scctions across the estuary, for 3
surveys. Depths are meters below higher 'high water.
1969 1s the Canadian Hydrographic Survey ?ﬁaiﬁ (Canadian
Hydrographic Survey, 1972), 1975 is from ;hc present

study, and 1976 is from Amos (1976).
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.

at Hantsport Bar (sec¢ Fig. 7-5) has a computed net traﬁbport rate of
0.03 mj/tidal cycle in the ebb direction (see Table 7-2). This is

2 orders of magmtude lower than the rates required to produce the
recent accretion in this area reported by Amos (1976).

Tidal range at Hantsport has decreased an average of
approximately 0.5 m :-;1.nce construction of the causeway in 1970 (Amos,
1976); howgver, this change 1s small relative to normal neap to spring
variations (see Chapter 3). It is probable that sediment distribution
would be affected by the change in tidal range, but it is unlikely that a
0.5 m deerease in tidal range could cause 2 m of vertical accretion.

Amos (1976) can account for less than 1/3 of the required
sediment volume by shoreline erosion and indicates that the only avail-
able source is the ebb tidal delt;. at the estuary mouth. A 45% decrease
in the volume of the ebb tidal delta Would be required to provide the
necessary sediment; a decrease of this scale would be noticeable on
aerial photographs and on hydrographic records but it has not been
observed. It seems likely that large-scale deposition has not occurred
since construction of the Windsor causeway; the apparent.accretion re~
ported by Amos (1976) app’ears to be the res{ilt of his interpretation of
the 1969 survey data (Fig. 10-9)0. Thus, all hydrographic data, as well

B
as aerial photographs and sediment transport rates, indicate that the

Avon River estuary is in approximate dynamic equilibrium and has been

since at least 1865.



Sediment Source

POSSIB LE SOURCES: | Thergh\are four possible sources of sediment

in the Avon River estuary including river input, remnant glacial till,
shoreline cerosion, and tidal current transport of sediment into the
estuary trom Minas Basin., The relative importance of each of these
sources can be evaluatgd using data collected in the present study;
each potential sediment source 1s d'is cussed below.

River Input: The Avon, St. Croix, Kennetcook, and Cogmagun rAvers
(see Fig. 2-1) probably do not contribute mu;h sediment to the Avon
River estuary. None of these rivers discharge much sediment even
at peak flow stage, and most of their sediment load is fine sediment
(Amos, 1976). However, it is possible that extremely large floods

with an occurrence intensity of 1, 000 years, for example, may contri-

bute some sediment to the estuary.

Remnant Glacial Till: Glacial till originall{ deéosited within the Avon
River estuary potentially is an important sediment source. Pleistocene
glacial outwash also is a possible sediment source, but relatively little

is found near the Avon River estuary (see Fig. 2-4). If till within the
estuary were an imporf';ant sediment source then %here should be a high
proportion of coarse sediment in the system. While there are signiﬁcant'
amounts of coarse sediment at the estuary moutﬁ, there is little cparse

sediment at the estuary head (see Chapter 6). Also, glacial till probébly

v



-

would include a significant amount of sediment that would be too
L4
coarse for the hydraulic regime to transport; this sediment should be
found as lag deposits. Liattle, if any, lag sediment has been found in
the Avon River estuazy (see Chapter 8) although it 1s possible that lag
sediments are concentrated in subtidal channels or are buried beneath
1

intertidal sand bodies.

Shoreline Erosion: Shoreline erosion apparently contributes a sub-

v

stantial amount of sediment to the Avon River estuary; shoreline retreat
\\
within Minas Basin, including the Avon River estuary, averages approximately
/
0.5 m per year (Amos, 1976). However, if shoreline erpsion within the
N )
estuary itself were the major source of sedimenty the coarse sediment
deficiency at the estuary head would not be as pronounced as it is (see
Chapter 6). Coarse sediment that presently is at the estuary head may
be the product of shoreline erosion, but shoreline erosion within the

estuary itself probably is not the major sediment source in the system.

Tidal Current Transport of Sediment from Minas Basin: Transport of

sediment from Minas Basin into the Avon River estuary by tidal currents

probably is a major source of sediment in the system. Tidal currents *

.

are capable of transporting all sediment presently in the system (see
Chapter 8); also, the excess fine sediment at the estuary head as a
result of hydraulic sorting (see Chapter 8) indicates transport of the

.

finer sizes from the mouth into the estuary head. Thus, grain 'size
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distributions infer that tidal current transport of offshore sediment is
{
an 1mportant source of sediment in the Avon River €stuary.

RELATIVE IMPORTANCE OF CONTRIBUTING SOURCES: As dis-

cussed above, river input can be eliminated as a major sediment source

N

in the Avon River estuary., CGrawm size distributions imply that tidal

current transport of offshoré®sediment is the most important source

.

of sediment, that shoreline crosion contributes a substantial amount

of sed;‘g?ent, and that remnant glacial tiil may or may not be an 1mportar{t
sediment source. In order to establish the relative importance of each
sediment source, a mineralogical examination was conducted of sediment

samples collected from each of the six major intertidal sand bodies.

The examination used standard petrographic techniques; the method is

described in detail in Appendix F; results of the investigat& are listed
: |
in Table 10-2.

;;t; |

The only apparent trends in the minéralogical data are the

Cod
greater abundance of rock fragments at the estuary mouth relative to

the estuary'head, and the higher proportions of xlion—quartz mineral
grains at the estuary head than at the mouth (Tal]i:le 10-2). These
trends reflect tiué difference in mean grain size }from the estuary mouth
to the head (see Chapter 6) and are a function ofj hydrauli)c sarting (see

Chapter 8). Two of the sediment samples from the estuary mouth that
- , ' y

'were examined petrographically were sieved and the finer than 2 phi

o~
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fraction was re-examined petrographically, the results are listed in

Table 10-2. Both samples are more similar 1n composition to samples

———

from the estuary head than those from the mouth in that there are fewer

.

sandstone fragments and accessory minerals are more abundant (Table
10-2). The variation in abundance of sandstone fragments does not
sienify different so’dmwnt sources for the head and mouth of the system.
Because of hydraulic sorting, coarse sediment, with a relatively large

proportion of sandstone fragments, does not penetrate to the estuary

» \/ .
head (see Qhapter 8) so that fewer sandstone fragments are found there.

Also, many} of the cor.lstituent grains in the sandstone fragments are

as large as the finer grains at the estuary head; these cannot be trans-
ported to the head except as individual grains. Accessory munerals are
concentrated in the finer grain sizes as a result of the hydraulic equi-

1., 1972); the nearly uniform

—

valence of their high densities (Blatt ;e_t_

.

composition of the finer grain sizes throughout the estuary implies

L3

‘ L0
that most sediment was 1gleriveci from the same source. v
‘r

Grain size distributions and mineralogy indicate that

transport by tidal currents or remnant glacial till is the most likely

major source of sediment in the Avor River estuary. The presence of

W

sandstone and shale fragments suggests that shoreline erosion contri-

butes a substantial arnount of sediment as the fragnients appear to be

derived from-the Horton Bluff Formation and the Annapolis Formation

’
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which outcr.op along the Avon River estuary (sce Fig. 2-3). If
remnant glacial till is the source of most of the sediment ;n the system, ' ., |
then lag sediment must be present in subtidal channels and the inter-
tidal sand bodies represent placidl sediments that have been reworked
by tidal currents; this possibility cannot be discounted as lag deposits
are present in several areas in the estuary (Fig. 10-10), Amos (1976)
reportls a lack of sand-si1zed sediment in central Minas Basin and attri-
butes 1t to transport of the sand fraction into Cobequid Bay and into the
Avon River estuary (see Fig. 2-2); this supports an offshore source
area for sedixxx)ent in the Avon River estuary.

There is an area of rapid coastline erosion to the west of
the Avon River estuary in Minas Basin (Amos, l97~6, pers. cc;mm‘) d
that is a potential sediment source; longshore drif; probably is west
to east as dominant winds are from the west (see Chapter 2). However,
tidal currents may offset the effect of longshore drift. Tee (1975, re-
ported in Greenberg, 1976) predicts clockwise resiédual currents in
Windsor Bay; this agrees with the observed tidal ellipse at the mouth
of the Avoin River estuary (see Chapter 3) (Fig. 10-10). Currents in
the western end of Minas Basin have not been m?asured in enough
detail to verify sed%ment transport direction or rate; 2 stations monitored
by Amos (1976) agree with-Tee's (1975) model (Fig. 10-10). Thus,
speci.f.ic offshore sediment sources for the Avon River estuary cannot be

identified.
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Area of raptd
shoreline erosion mI

Log

L.L_a

Observed currents

Predicted residyo!

currents

Fig% 10-10. Areas of lag, rapid shoreline erosion, and preaicted and
measured residual currents in Windsor Bay. Lag areas
are known areas; other lag may exist. Predicted currents
are from Tee (1975; reported in Greenberg, 1976); ob-
served currents are from Amos (1216, pers. comm. ).
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It may be concluded that sediment 1n the Avon River estuary
probably has been derived from thrc'e sources. The most important
appears to be tidal current transport from an offshore sediment
source. Any remnant glacial till 1in the system has been reworked so
that coarse lag remains in subtidal channels and the remainder 1s
deposited on intertidal sand bodies. Some §edimcnt produced by shore-
lxne'EmS\ign within the stuary also has been mcorporatc;d into inter-

T — ~ w——'—r-/
tidal sand bodies. .

Summary

Intertidal sand bodies in the Avon River estuary lie
between sediment transport zones of opposite net sediment transport
direction; sand body ‘crests represent transport zone boundaries.
Position and size of sed‘iment transport zones is a function of hydrau-
lies and local physiography; transport is oblique to sand body crests
as a result of flow that is oblique to sand body crests and bedform
orientation reflects an upslope component of sediment transport. Survey-
ing, echo sounding, and sediment transport rate data of the present study
all indicate that the Avon River estuary is in dynamic equilibrium. ‘

Sediment transport patterns inEicat,e that the intertidal

sand bodies form the following morphologic units. Boot Island Bar and

Western Bar are part of an ebh tidal delta. The bedrock core of Middle

AREEY
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Ground causes deposition in areas protected from strong currents;

the sand body surface 1s modified to fit the expected ebb tidal delta

-

morphology. Hantsport Dar also 1s part of an ebb tidal delta while

Mitchener Bar 1s a tidal point bar and Newport Bar 1s a flood tidal

delta.

A,

o¥

Grain size distributions suggest that tidal current transport
of sediment from offshore into the estuary is the most probable major

sediment source for the Avon River estuary. Mineralogical analysis

implies a substantial component is derived from shoreline erosion
at the mouth of the estuary; remmnant glacial till may be an important

~

source but no coarse lag sediments have been observed.
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CHAPTER 11
CONCLUSIONS

The important conclusions of the present study have been
grouped according to topic; they include observed, calculated and in-
ferred results. Following each conclusion aéhapter(s) is referenced
that contains the discussion(s) which provide the b’asis for the cé)n- :

clusion.

Hydraulic Environment

Three conclusions about hydraulic environment are
listed below; those with maximum influence on sediment transport

and distribution have been included. Many other aspects of the hydrau-

z

lic environment are described in Chapter 3.
1. Strong currents measured in the Avon River estuary are generated
by tides; other hydraulic processes do not strongly affect sediment

movement in the estuary (Chapter 3).

3

+2. Either flood or ebb currents.are dominant at any one location; a

®

distinct pattern of ebb and flooc¢ dominant regions exists (Chapter 3").

-
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-

3. Current velocities increase from the estuary mouth to the estuary

head (Chapter 3). - : .

~

Girain Size Ihstribution

1. Mean grain size tends to be vr‘nuch finer at the estuary head than at
the mouth; this results in an inverse relationship between maximum
current velocity anc,l mean grain size (Chapters 3 and 6).
2. There is a large cosirse se'diment popul.ation at-the estuary mouth
that :is not present at the head of tfxé: system (Chapter 6).

« 3. Grain size distribution reflects maximum, rather than average, flow

{
conditions (Chapter 8).

- 4. At the estuary mouth, the shear stress required to transport the
maximum grain sizg present according to Shielcis’ criterion correspon-ds
*  to the maximum measured lear stress during a tidal cycle; a.t- the estuary

heaé the coarsest grain size present is finer than the predicted compe- L
tence of the flow (Chapter 8). -
5. Each grain size population represents a transport mechanism; the |
coarse 'populatilc;n is transported ‘by traction, th;z intermediate by inter-
mittent suspension, and the fine population is moved by suspension

(Chapter 8). - L <

i

-~ v

5 . P ,
6. The traction - intermittent suspension boundary ocecurs at a grain

size where settling velocity approximately equals maximum shear velo-

city (Chapter 8).
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7. The intermittent suspension - suspension boundary corresponds to
the COl’ldithX‘l that maximum shear velocity Lb approximately 5 times
settling velocity (Chapter 8).

8. The difference in mean grain size between the estuary head and

-

mouth 1s a result of hydraulic sorting; different transport mechanisms

have different transport rates which produces the hydraulic sorting

(Chapter 8).

9. For sediment to enter the estuary head, it must cross an ebb domi-
nated zane north of Hantsport Bar. This is only possible if the distance
that the sediment can be transported during the flood stage is greater
than the width of the ebb zone. Coarse sediment, moved by traction,
_cannot\cross the ebb dominant zone in a few tidal cycles, but finer sedi-
ment, transported by intermittent susper;sion, can cross this zone before
it i; entrained into the ebb system. Thus, fine sediment can penetrate

to the estuary head, but coarse sediment is returned to the estuary mouth .

(Chapter 8).

Bedforms and Internal Structures

1. There are four bedform types in the.Avgn River estuary; ripples,»

megaripples, sand waves, and transverse bars {Chapter 5).

2. Internal structures reflect surface bed configurations (Chapter 5).

N
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3. Bedforms reflect maxumum, not average, flow conditions
(Craptcr 9).

if Bedform stability fields are best distinguished on plots of current
sp%ﬁed versus mean grain size and current speed versus water depth;

! . . .
rxpples occur at low current speeds and fine mean grain sizes, sand

wavis at coarse mican grain sizes and intermediate current speeds,

1
1

and ﬂ\uap,aripples form at high current speeds in areas with intermediate
mean grain sizes (Chapter 9).
5. Flow“:;‘regime tends to increase towards the estuary head (Chapter 9).

.6, Uppef flow regime plane bed is the stable bedform in part of the

_estuary head; observed ripples form during late-stage flow {Chapter 9).

A b4
Sand Body Position, Sediment Source, and System -

-

Stability

SAND BODRY POSITION .

1. Sand bodies lie between sediment transport zones; sand body crests
are transport zone boundaries. Transport is oblique to sand body crests
with an upslope component; transport zone position is a functiqn of local
physiography and hydraulics (Chapters 7 and 10).

2. Shallow san‘d body surfaces tend to bc; flood dominant and deep channels

tend to be ebb dominant (Chgpter 7). -
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3. Western Bar and Boot Island Bar are part of a large e¢bb tidal

delta at the.estuary mouth (Ghapters 4 and 10).

4. Middle Ground formed around a bedrock core and has been modified
to fit the e¢bb tidal delta model (Chapters 4 and 10).

5. Hantsport Bar 1s part of an ebb tidal delta with respect to the
Kennetcook River (Chapters 4, 7 and 10).

6. Mitchener Bar is a tidal point bar and Newport Bar is a flood tidal
delta (Chapters 4 and 10).

7. The Avon River estuary fits a mesotidal estuary model rather than
,@ macrotidal estuary model (Chapters 4 and 10).

SEDIMENT SOQURCE

1. Three sources probably contribute sediment t6 the Avon River

estuary; shoreline erosion, glacial till deposited in the estuary, and

tidal current transport of offshore sediment (Chapter 10).

2. Shoreline erosion contributes siggificant sediment bu't is not the
~major sediment source (Chapter 10).

3. Transport into the syséem from an offshore source by tidal currents

probably is the major sediment source (Chapter 10).

SYSTEM STABILITY

I. Aerial photograph, echo sounding, surveying, and chart data do not

indicate any changes in sand body size, position, or shape since 1865

!

(Chapters 4 and 10).

290

2. Net sediment transport per tidal cycle through 4 cross-sections of the

Avon River is essentially zero (Chapter I’?).
|
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3. All data sugpest that the Avon River estuary is in approxumate
dynamic equilibrium (Chapter 20).

It 1s hoped that the preceding pages have revealed the
"beauty' that Joseph Howe obviously missed as he arrived in Windsor
in 1828,

. It being high tide, you see none of the mud and much

of the beauty of the Avon ..., "

~ Joseph Howe, 1828
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APPENDIX A: ECHO SOUNDING AND SURVEYING METHODS

.

Echo Sounding

Soundings were maée using a-Furuno 200A echo sounder;

this model provides a continuous depth record. The transducer was

]

mounted over the side of the 4,4 m Crosby Sled used for field work;

it was placed as near amidships as possible to reduce integference

caused by surface waves. 'Ship spg?_d was kept as constant and as slow

|
[

as possible to obtain maximum detail.

o e

Traverses were runyparallel and [@endicular to the

river system; locations of all runs are shown in Figure A-1. Hori-
- 6 - . »

zontal sextant sightings were used to locate the traverse positions.

Sightings were made at the béginni.ng and end of each traverse as well

as at several intermediate points.that‘wére marked on the recgrd.

*

L

between sightings and linearly interpolating the record over the cal-

‘culated distance. A correction was made for water level by relating

the high tide level on each day to the ‘Canadian Hydrographic Service
bench,fna;rk on the ,govei;x;me'nt whﬁf at i{antspprﬁ (BM 1, 196'9{ 0,55 m

~r

. above higher high water). Each trdverse was corrected relative

- . > %

.
, . . ' . .. m},, B v-
R . * ‘e . .
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Locations were plotted by assuming constant ship speed |, -
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to" that day's high water level by estimatihg water level position
at thelbeginning and end of the traverse and linearly interpolating
the record. “ Water levels were.estimated from tidal curves for
days of sim‘ilar tidal range at sta‘tions near the traverse locations.

Thus, all the records were adjusted to a common base; the bathy-

metric map (see Fig. 2~7) was constructed from the adjusted echa

- \ N
osounding records. s \5

Surveying

-

Sand bodies were surveyed using a Wilde NA2 level, a

Wilde T2 theodolite, a.metric stadia rod, and a compass._ -The
procedure used in surveying a sand body was as follows:
The initial instrument position was located by horizontal

-

sextant sightings; it was usually chosen to be near the sand body

317

crest. Many points were surveyed in all directions; if no obvious slope

v,

change existed in 2 given direction the points were more greatly spaced
than in other areas. For each point, the position of the upper and lower

stadia marks, the center line, and the compass bearing from the in-

N

strument to the stadia rod were recorded. Points were surveyed to
the maximum readable distance in several directions from each in-

strument position; the instrxumén?c was 'then moved and a backsighﬁ
- . ' 4 ) . * » ’
- made to the last stadia rod position. - This process.was continued until
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t.hfe lentire sand body was surwveyed. i{ a sand body could m‘r)t be
complcted in one day, a stake was left and surveying resumed at
that point on thé next day. 113 points were surveyed on Middle
Ground, 34 on Boot Island Bar, and 78 on Western Bar; 36 sightings
were taken on Mitchener Bar .wzxil'e Hfgntsp(ﬁrt Bar had 61 and Newport
Bar 147. ¢

Newport Bar, Mitchener Bar, and Hantsport Bar were
linked by sighting from one sand body to another. Tw‘b -way radios
. were use.d to aid in reading the stadia marks over such long distances.
Har;tsport Bar was tied in to the Canadian Hydrographic Service bench
mark on the government wharf at Hantsport (BM 1, 1969., 0.55 m above
higher ‘high water) by sighting to the wharf and measuriné the
vertical distance to the bench mark, Boot Island Bar and Western
Bar were linked in the same manner as the sand bodies)at the head of
the estuary, and Boot Island Bar was tied in to Canadian I:Iyd;'og‘raphic
Service Post 5361 on Boot Island (2. 79 m above higher high watezl)
Pbe surveying from the sand bc;dy to the post.

I'vﬁc‘ldle Ground is tao Afa;;from ,shore or any other sand body

to be tied in by surveying. It was assumed that on anm'east-west line’

between Middle Ground and Western Bar the water surface was level.

Using two-~way radios, ‘stakes were placed simultaneously at the water's

edge on-both sand bodies. se pc;ints were then tied in'to other points

on each sand body.
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Contour maps were made frem surveying data by plotting

the initial point on a sand body and locating the other points relative\,...\./‘

to it. Distances werc calculated by the formulae (Up-L). (4. 07.\:102) cm

\

for the level and (UP-L). (1:014::102) cm for the theodolite where U

and L are the upper and lower stadia readings in ch@ct@vely.

Calculated distances were plotted on the appropriate bearings after

o
the magnetic declination of 22~ had been subtracted from the measured

values. Linear interpolation of elevations was used to determine where

a contour crossed a surveyed line. .
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APPENDIX B: MEASUREMENT OF CURRENT VELOCITY, WATER
TEMPERATURE, AND SALINITY, AND ESTIMATION OF .‘

FRESH WATER INPUT

Measurement of Current Velocity, Water Temperature, and Salinity

4 ~

Currents were measured using an Endeco Type 110 direct
reading current meter; speeds are measured by electrical-induction
generated*by an impellor and direction is mea‘sured with an internal
compass. Speed is read in knots on a 0 to 5 scale with an écguracy
of £0. 15 knots (0. 08 m/s) and direction is read in degrees with +7.2°
accuracy.. Each currenjc station was occupied for a complete tidal
cycle; stations were located w’ith Pori‘zontél ‘sextantgi)ghtin"gs. A

reading was taken of current speed and direction with the meter at

the water surface, the meter was lowered 0.91 m and speed and direc-’

Id

tion were recorded again. This was continued until the ballast weights
i

on-the meter struck/bottom yieldh{g an "instantaneous" vertical velo-

r A *

city prof:'fle; five to ten minutes were required to complete a profile.

at high tide. A vertical profile was measured each half hour for the /

thirteen hours that the station was occupied. All current measurements

-~

are presented in Table B-1. -
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Water temperature was measured with a direct reading
' thermometer within the Endeco Type 110 current meter. The scale

!
. ) 0
was marked in deprees Celsius and w;{s accurate to 0.2 C. Tem-

»

perature readings were taken concurrently with current speed, direc-

' ©
tion, and depth to the meter yielding vertical temperature profiles for

every half hour of cach measured tidal cycle. The thermometer was

not always functioning properly; temperature was not measured during

all tidal cycles.

Sal#nity was measured with a Beckman RS5 salinometer;

| .
this instrument measures salinity as a function of conductivity.

Salinity is read?in 0. 01 parts per thousand. The salinometer probe
i \ r'\,

was attached to|the Endeco Type 110 current meter so that it would
P

not interfere with operation of the meter. Vertical salinity profiles

» were recorded at thé same time as current and temperature profiles.

. The salinometer was not available often; only 3 salinity sta}tions could -

‘be recorded. All water temperature and salinity measurements are
Lo .~

presented in Table B-2.

Estimation of Fresh Water Input

Fresh water input was estimated by stream gauging and
from drainage basin measurements plus rainfall - runoff ratios of

nearby rivers, Discharges were measured of the three major rivers

]
«

. flowing into thé Avon River estuary, the Avon, the Kennetcook, and

+
4
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the St. Croix. The St. Croix and its major tributary, the Herbert,

were cach gauged with a Stevens A-71 stage recorder. The stage

recorder is designed to record water surface level continuously; it

L . N
was placed far enough upstream to eliminate tidal influence.

Problems were encountered in gauging both rivers.

Vandals tampered with the stage recorder after ten months of

operation on the St. Croix River; it was not re-installed. Also, few
A '

calibrations of currersit speed to water level were made on the St.
Croix.

The Herbert River was gauged successfully for only six

months as ice buildup damaged the float causing termination of

measurements.. The operational period on the St. Croix River was

August, 1974 to June, 1975 and August, 1975 to February, 1976 on the

Herbert.

" " The Kennetcook River waé gauged by Bedford Institute of
Oceanography for the period August to December, 1975 and May to July,
1976"'.' Water surface level v'va's'read from a permanently emplaced
ataﬁ? and calibrated with “cur're'n't velocity measurements, Disé:harge
fxibm the Avon River was est_imated from Nova Scotia Department of

. Agric'ulture‘r;cords £or~ the period January, 1975 to Déacernber’Sl,
1;)75; their recor;is are not of discharge but t.imes when th_e_s‘luice gate

in the causeway at Windsor is épqg. '],:he gate usually was opened long £ -

enough to allow a'drop in Water level

s

1.3 m; 10% was addegl to the dis-

1)
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charpe estimates to account for leakage through the causeway
(D.C. Milligan, 1976, personal commumecation). Discharge esti-
mates from gauging on the St. Croix, Herbert, and Kennetcook Rivers >
plus cstimatgs for the Avon River are presented in Table 3-1.
Drainage basin area of'tha Avon River, the St‘ Croix {-':‘
River, and the Kennetcook River wés ob%med from Montreal Engmeermg
*Co.; dglnage area of the Cogmagun River was measured from topo-
graphic maps. Rainfall - runoff ratios were calculated for the Salmon
. River and the Annapolis River (see Fig, 2-1) (data from Canada Depart- ° \
nient of the Environment, Water Resources Branch, 1974); runoff per
kmz of drainagé basin was computed. Assuming an equivalent rainfall -

runoff ratio for the Avon River system, runoff p¢=:rw‘l§m2 was calculated

¢
. " Ray ~ é
using rainfall data from Trescott (1969). Discharges estimated from | . z ?
. ; < oo T .
drainage basin area and rainfall - runoff ratios are listed in Table 3-1. §
. ) ‘ ) L4
F
;
- \ .
\ *
1
| B
4



TABLE B-1. Currenl Measurements 7

The following pages list all raw current velocity data.

..—-\u_-"

The name of the station, date of occupation, low and high tide
heights (m), tidal coefficients, and the time of high tide (hours
and minutes) are given for each day. Time relative to_high tide
(hours and h.undredths; negative values are hours before high
tide, positive values are hours after high tide), water depth (m),
current speed (m/s),- and direction (degrees from tru’e.north)

. ' . /
are listed for each profile. All current stations are located on

‘Figure 3-2.
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TABLE B-2. Temperature and Salinity Measureéments

E
B R R W .
.o ko ""M
':'.\57“." P .
TN

»

All temperature and salinity data are presented in the
following pages. ‘In addition to the station name, the time relative
to high tide (hours and hundredths; negative values are hours be-

fore high tide, positive values hours after high tide), water depth (m),

water temperature (OC), and salinity (%,) are listed for each profile.

Missing temperature readings are listed as 0. 0’ c. All'temperature

and salinity stations are located on Figure 3-2.
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TABLE B-3. Hydraulic Parameters

This t&&le presents all the hydrauic parameters cal-
culated from the current velocity data in Table B-1. The station
name, date occupled, tidal !lelghts (m), lame of high tide (hours
and minutes), and tidal coefficients are listed as well as the time
of each profile relative to high tide (hours and hundredths; negative
values are hours before high tide, positive values hours after high
tide). Each profile is designated as flood (F) or ebb (E). ‘tThe cal-

%
culated parameters and their units are:
e

Total Depth - water, depth (m)

Bottom Direction - average direction of current flow (degr'ees)

Mean Speed - averagecurrent speeci (m/s) !

Discharge - volume flow rate of water (m3/s)

Total Net Discharge - flood minus ebb dis éharge for the.complet'e
tidal cycle; positive value$ indicate‘nelt discharge
in the flood direction, negative valués in t ebb
direction (m3)

I‘JlOO - current speed } m above the bed (m/s)

Turb - turbulence intensity as a ratio of shear xtelocit; (defined in
Chapter 3) (dimensionless) |

Ustar - shear veloc‘ity (m/s)

Tauk- shear stress at the bed (Pa) or (kg/m.s) N '. x

<

1



362

Stream Power - powcr'of the flow/untt arca of bed (kg/s3)

Energy Slope - slope of the encrgy grade line (dimensionless)

F- bar.cy—Wciébach friction factor

Ks - bed roughness element height (m)

Zo - calculated height above the bed of zero velocity (m)
A

Froude Number - (dimensi&mlcss)

Reynolds Number - (dimensionless) l

Correlation coefficients were calculated betweay the
measured \;elocity profiles and the theoretical logarithmic velocy
profile; all profiles n(?t significant at the 80% level are marked with a
large dot, profiles marked wit’h a small dot are sigpificant at the 80%

level, and all dthers are significant at the 95% level. '
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" APPENDIX C: INTERNAL STRUCTURE MEASUREMENT

&Y
Internal structures were examined using trenches and

-

peels. Trenches were dug perpendicular to bedform crests; one

+
|

wall was kept as vertical as possible and smoothed with a trowel.
Trench length ;:/as governéd by bedfc;rm wavelength; they 'were
usually dug 0.5 to 0. 75 m~deep unless ;;he water table was shallower
than that d‘epth. In areas of relatively coarse sediment, internal : /\
structures were visible after the vertical wall was allowed to dry
and measurements could be made directly.
Usin':the method of Barr et al. (1970), epoxy peels were -
made in areas where structures could r;ot.be observed directly. A
trench was dug as described a;bove, and a Masonite board of the ‘\
desired size and shape was positioned with its lower edge against the
vertical trench face so that?.it- made approximately a‘45O angle:with - '
the face. End boards were err;placed to prevent the epoxy from
squeezing out at the ends. The époz-:y mixture was poured onto the - . .
board and then the "I;/Iasonite was slowly zigised until it lay against the

trench face; the board was packed with sand to ensure that it remained

in contact with the face and that the epoxy penetrated into the sedi-

o ment. The peel was dug out after hardening. /
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In 1974, the epoxy mixture consisted of equal parts of
o :
Ciba-Geigy Araldite 6005 resin, Araldite 6010 resin, 850 hardener,

and 830 hardener; this mixture had a hardening time of approximately

v

3 hours. Araldite 6005 was unavailable in 1975 so the mixture used

was 2 parts of Araldite 6010 to one part of 850 hardener and one part.

Rl

of 830 hardener; the hardening time was $imilar to the 1974 mixture.
The amount of epoxy mixture used was a function of the size of the

. 2
peel to be made. Generally, 1 liter of mixture wouldl make a.0.1m

peel.

/

During the 1975 field season, it was disgovered that the
hardening time co%}’d be reduced s‘ig%ﬁca{ntly if a one-to-one mixture
of Araldite 6010 and 850 hardener was prepare& 45 minutes to one
hour before po‘uring. The mi%ture was poured as it started~ to become
warm and less viscous. The lowered viscosity allé)wed ample pene-
tration and hardening time was reduced to ‘approximately one hour

after pouring. Several of the 1975 peels, and all of the 1976 peels,

I

were made using this method.

Sorne areas did not allow trenching because of a very high

water table. Internal structures were examined using modified Klovan

»

box cores (Burger and Klein, 1969). The cores were oriented perpen-

dicular to bedform crests and driven their full lengfh into the sediment.

v
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After removal, peels were made directly from the box cores using

the method described above.

Measurements of internal structures were made in the
field and on peels using a tape measure and a Brunton compass.
Set thicknedses were defined by the average of at least 3 measurements
from cach set; dip angles also were averages of several measurements.
Dip angles from peels were corrected for inclination of the peel. Ebb
oriented 'structures at the surface of a peel or trench were not inclu-
ded in flood-to-ebb set ratios since they were formed by the last ebb

tide and might be destroyed on“the next flood tide. All measurements

of internal structures are presented in Table C-2.

!
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TABLE C-1. Redforn easurements

1Lee Slope always denotes the ebb direction
ZStos's Slope always refers to the flood direction

3 i q: : c e o : '
S indicates sand waves; T signifies transverse bars; all others are
megaripples

4E refers to migration in the ebb direction; F in the flood direction

/¢

) Lee1 Stossz Migration
Length Height Strike  Slope Slope Rate
Location (m) ~(m) (°) (©) (9) (ecm/tidal cycle)
Boot Island 9.5 .15 39 26 18 - -
Bar 23. 253’" .50 35 34 4 - -
2.4 .25 38 33 ) ’ - -
23.8S .55 . 23 25 8 10 E4
2.6 .20 38 31 7 5 E
6.8 .30 53 25 15 . 8 E°
25.38 .50 28 27 11 10 E
2.6 .50 43 30 ) 7 5 E
N\ 6.8 .25 43 29 14 "8 E
39. 8S .65 33 32 10 20 F
34.8 .60 38 - ~27 9 20 F
2.2 .30 45 34 6 5 F
7.0 .30 48 32 24 15 F
4.2 .20 63/ 35 7 5 F
7.0 .30 43 25 19 10 F
6.0 .23 48 32 4 3 F
3.9 .29 51 34 8 4 F
‘4.0 . .35 45 32 9 3 E
3.7 24 46 3311 3 F



-

\

375
" TABLE C-1 (continued) )
Leel Stoss2 Migration
Length ,  Height Strike Slope Slope Rate
Location (m) (m) (°) (°) (°) (em/tidal cycle)-
Boot Island 3.8 ; .26 49 28 13 3 E
Bar (cont.) - 3.8 .31 47 31 .15 4 r
15.6S .60 36 33 10 - -
3.0 .20 67 25 4 - -
2.8 .25 60 26 4 - -
17. 68 .10 11 20 7 - -
41.28 .95 38 28 8 15 °E
19. 1S .15 48 31 7 15 E
3.3 . 05 63 23 2 55 E
5.1 .10 63 26 7 55 E
41.28  -1.00 36 21 13 15 E
14.65 .20 38 32 12 15 E
3.3 15 43 28 8 T F
42.4S .90 38 35 14 5 F
18.4S .20 33 20 7 38 F
49.6S 1.20 38 28 8 5 F
6.7 .25 53 20 7 5 F
18. 0S .25 53 24 8 25 E
3.0 .33 - 47 27 9 15 E
12.3 .36 49 19 11 . 5 F
4.7 .22 46 18 13° 10 F
3.6 .23 51 23 2 5 E
2.9 E

.25 - 48 32 8 15
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TABLE C-1! (continued)

1 2
Lee Stoss Migration

Length Height Strike Slope Slope " Rate
Location “ (m) (m) (©) () (°)  (cm/tidal cycle)
Boot Island 3.7 20 50 24 5 5 E
Bar.(cont.) 12.0 .29 45 21 10 \i F
9.5 .34 18 14 13 10 F
Han'i?s!port Bar 5.0 .48 63 21 8 - -
4.4 .33 88 32 7 -
2.1 .10 73 2% 4 - -
4.3 41 53 24 3. -
5.2 .53 63 25 6 - -
2.7 .30 68 27 7 - -
4.9 .30 50 24 9 10 E
5.2 .30 63 18 5 72 E
5.4 .30 66 28 5 28 E
6.0 30 66 23 6 9% F
5.6 .30, 56 18 11 65 F
9.0 .70 70 22 15 50 F
4.5 .30 66 29 6 30 E
3.8 .25 57 25 3 13 E
2.1 .29 . 67 24 9 10 F
7 3.2 25 69 3310 40 F
2.4 .12 70 28 6 -
2.2 .21 65 28 10 50 E
8.7 .29 64 31 3 - -

. - :&“w' .
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TABDLE C-1 (continued)

1 2
Lee Stoss Migration

. Length Height Strike  Slope Slope Rate
Location (m) (m) (°) (°) (°)  (em/tidal cycle)
Hantsport Bar 2.9 .31 67 24 9 80 E
(cont. ) , 3.3 .22 68 36 5 40 F

3.0 25 66 23 5 50 E
3.6 .35 66 27 7 80 E
3.3 .20 68 16 6 10 F
2.8 .30 54 30 4 - -
2.9 .26 72 24 6 - -
1.6 12 74 26 6 -
2.3 L1700 63 26 7 - -
2.9 . 09 69 12 5 - -
2.6 .17 58 29 5 - -
2.2 .15 77 29 5 - -
4.8 .15 81 22 1 13 E
5.2 .38 68 30 1 30 E
10.4 .15 72 27 L 50 F
5,6 :41 68 31 d .10 E
5.3 .30 71 20 3 92 F
5.3 .30 67 24 5 28 E
5.6 .30 76 - 29 2 72 E
5.6 .30 7% 33 2 65 r;
Middle Ground 4.7

.50 98 26 1 4 F



¥
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TABLE C-1 (continued)

Lecl Stoss2 Migration

Length  Height  Strike Slo;)_e Slope Rate
Location (m) (m) {9) (°)  _(°) (em/tidal cyele)
Middle Ground 3.0 .50 93 26 4 8 F
( cont.) 16 3 1.00 78 38 6 22 F
13.3 .40 113 30 6 42 F
6.6 .20 53 31 12 3 F
14.5 .20 98 23 8 16 F
5.4 .50 83 16 1 4 F
2.9 .40 103 16 2 8 F
16.5 .90 58 33 8 22 F
13. 4 .40 103 27 6 42 F
6.2 .20 63 31 6 3 F
12. 1 .10 73 14 3 16 F
14. 2 .20 77 9 6 25 F
¢ 6.2 .20 66 24 5 10 F
14. 3 .40 103 27 7 5 F
16. 1 1.00 73 31 7 5 F
‘ 14.5 .20 78 11 3 25 F
6.4 20 63 29 3 10 F
14.2 .50 108 31 4 5 E
17.5 .90 70 34 8 5 F
4.2 .15 82 23 4 55 F
2.5 .18 94 10 6 35 F
12.8 .23 70 25 5 5. g
3.9 .14 77 28 9 8 F

ot ORI

ey
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TABLE C-1 (continued) !

1. 2
Lee Stoss Migration

Length Height Strike  Slope Slope Rate
Location (m) (m) () _®) _(°)  (em/udal cycle)
Middle Ground 16.2 .3'2 87 28 6 3 F
( cont.) . 4.9 .20 91 29 6 5 F
2.0 11 73 26 6 55 F
2.5 .30 68 16 12 35 I
13.8 .40 96 25 4 3 F
3.7 .22 82 28 13 8 F
19.4 .48 84 25 4 5 E
5.7 .25 80 28 5 5 E
Mitchener Bar - T .45 12 25 1 19 F
- T .45 130 27 1 ) 22 F
12.0 .90 58 31 11 N e -
9.0 .80 61 27 7 48 F
- T .45 14 26 1 19 F
-T .44 126‘ 27 1 22 F
7.2 .76 63 26 6 48 'F
- T . .50 128 21 1 300 F
3.1 .48 67 30 6 110 F
© 20.4 . 51 59 28 7 - -
12.4 .52 63 26 5 - -
- T .34 131 15 1 300 F

C 4.7 .58 64 . 35 3 110 F



TABLE C-1 (continucd)

Location

Newport Bar

Western Bar

380

Leel Stossa Migration
Length Height Strike  Slope Slope Rate
(m) (m) (°) °) (°)  (ecm/tidal cycle)

10.7 .60 96 15 27 115 F
23.0 .50 64 6 17 100 F
35.0 .70 33 3 18 150 F
23.2 .90 116 30 21 25 F
11.3 .50 96 8 12 115 F
23.5 .60 60 11 21 100 F
235 .80 98 28 11 25 F
35.0 .60 " 93, 4 15 150 F
13.9 .80 92 30 18 130 F
11.1 .65 98 29 21 105 F
15.5 ,20 86 25 6 180 F
35.2 .30 88 29 7 306 F
45.4 .32 96 28 3 305 F
11.7 77 9l 25 19 130 F
10.1 .60 93 21 21 105 F
13.8 .20, 92 24 6 180 F
3.9 .22 75 34 10 3 E
2.6 .18 70 35 3 40 E
3.7 .36 85 20 10 10 F
4.3 .11 91 21 12 15 F
2.7 .23 79 19 5 40 F

A
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TADLE C-1 (continued)

1 2 .
Lee Stoss Migration

Length Height  Strike  Slope  Slope Rate
Location (m) (m) (?) © () (em/tidal cycle)
Western Bar 8.3 .2+ 78 30 10 15 E
{cont.} 1.7 .10 68 32 6 20 E
4.6 .23 81 © 28 7 20 E
5.9 .51 73 23 11 - -
3.7 .56 68 30 9 - -
2.7 .20 83 21 14 - -
2.4 .20 78 270 18 - -
2.4 .18 53 22 6 - -
2.4 .18 28 32 9 -
4.9 .10 68 29 13 - -
: 3.2 .28 73 20 15 - -
3.0 .15 108 13 3 25 E
3.1 .25 48 34 9 20 E
2.8 .30 78 24 36 30 F
4.5 .15 93 ‘ 23 4 4 E
2.7 .15 48 31 11 ~ 5 E
3.6 .20 80 29 12 & E
60. 0S 1.30 60 30 8 ‘ 20 E
89.25 1.30 60 30 8 30 F-
4.8 .40 83 ~ 30 15 100 F
7.5 .20 103 30 5 75 E
2.5 .25 73 32 8 18 E



TADLE C-1 (continued)

Location
Western Bar

(cont.)

Length Height  Stnike
1.0 40 78
1.4 o .30 23
1.3 .25 83
4.2 .10 98
2.9 .25 18
3.9 .20 73
2.6 .20 98
4.7 .15 98
5.6 .35 86
3.1 .20 74
2.8 .26 82
1.9 .27 88
3.0 .23 70
2.1 13 85
8.2 .29 78
1.3 . 09 81
3.9 14 77
63.6S 1.35 40
76.6S 1.30 48
3.9 ~20 88
1.4 .15 33
3.9 .45 76
4.8 .50 93
5,2 V10 93
2.4 .35 83

Lec1
Slope

)
34
28
30
23
28
33
34
32
31
29
11
11
33

7
33
29
28
26
29
29
25
35
29.
39
34

Stoss Migration

Slope Rate

(°) _ (cm/tidal cycle)
13 10 E
14 42 E
12 33 E
7 25 E
7 20 E
8 6 E
7 5 E
11 4 E
12 31 F
7 10 E
13 10 F
10 15 F
7 3 E
4 40 F
[ 15 E
10 20 E
b 20 E
8 20 E
15 30 F
9 33 E
5 42 E
10 10 E.
18 100 F -
4 75 E
11 18 E
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TABLE C-2. Internal Structure Measurements

Average Average Ebb-Flood .
. Dip Angle Set Thick- Thickness

Peel Number Structure (°) ness (cm) Ratio
Boot Island large -scale flood 22 12 1.6
Bar A cross-bedding

large-scale ebb 7 15 13

cross-bedding

@ . .

Boot Island _ large-scale flood 31 8 1.2
Bar B cross-bedding

large-scale ebb 25 9

cross-bedding
Boot Island large-scale flood 24 127 1.2
Bar C cross~-bedding, ’ ’

large-scale ebb 22 14

cross-bedding :
Hantsport large-scale ebb 29 | . v 30+ -
Bar A cross-bedding
Hantsport large-scale ebb 26 8 -
Bar B cross-bedding
Hantsport large-scale flood 30 11 - 1.0
Bar C ) cross-bedding

large-scale ebb 30 ¢ 11 .

cross-~bedding ‘

large-scale trough - 12

cross-bedding ‘

: ' " ehb 27"‘ 6



TABLE C-2 (continued)

Peel Number

Middle Ground
A

‘Middle Ground

B

‘Middle Ground®

C.

. Middle Ground

D . ¢
.
.

Middle Ground
E

Middlﬂ.‘e Ground

F

Mitchener Bar A

"=

Structure

small-scale flood
cross-bedding

small-scale ebb

" cross-bedding

large -scale flood
cross-bedding

large-scale ebb
cross-bedding

laxge-scale flood
cross-bedding

" large-scale ebb

cross-bedding

large-scale flood
cross-bedding

\

small-scale flood
cross~bedding

small-scale ebb
cross-bedding

large-~scale flood
cross-bedding

large-scale ebb
cross~bedding

reactivation surface

384

Average Average Ebb-Flood
Dip Angle Set Thick-  Thickness *

) ness (cm) Ratio

20 2 . 2.2

19 4

27 9 -

15 30+ -

26~ 13 0.2

10 . b

28 13 -

18 6 0.8

]

20 5 >

17 16+ L1
- 26 9
'

12



TABLE C-2 (continued)

Peel Number

Mitchener
Bar B

Mitchener
Bar C

",

Mitchener
Bar D

' Newport
Bar A

Newport
Bar B

1

Newport
Bar C

Structure

low-angle ebb
cross-bedding

parallel lamination
small-scale floo&
cross-bedding

small-scale ebb
cross-bedding

parallel lamination

¥

parallel lamination
parallel lamination
large-scale flood

cross-bedding

large-scale ebb
cross-bedding

»
parallel lamination

small-scale trough

cross-bedding

- stnall-scale flood

cross~bedding

Average
Dip Angle
S

8

»

20

15

730

Average
Set Thick-
ness {cm)

385

Ebb-Flood
Thickness
Ratio

20+

10

30+
30+

" 18

0.3



TABLE C-2 (continued)

386

Average Average Ebb-Flood
Dip Angle Set Thick- Thickness
Peel Number Structure (°) . ness (cm) Ratio
Newport small-scale trough™ - 20 0.4
Bar D cross~-bedding
‘ small-scale flood 22 4
cross-bedding
small-scale ebb 26 : 2
cross~-bedding )
) flaser bedding - -
Western l rge-scale ebb 15 ‘ 30+ -
Bar A cnoss-bedding
’ -" . /
Western large-scale flood 20 11 1.1
Bar B cross-bedding :
large-scade ebb ) 22 12 i
cross-bedding - .o
reactivation surface 7 -
Western large-'-scalecbb 20 .. . 60+
Bar C , »cross-bedding '
Western large-~scale ebb 16 - 30",

Bar D cross-bedding - B

. .
- [ S RSOR——

|
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TABLE C-2 (continued)

Peel Number

Western
Bar E

i
i

- Western
Bar F

a2

cross-bedding

3

Average
Set Thick-
ness (cm)

387 .

-
RIS | .
R s = T -

Ebb-Flood =< -
Thickness :
Ratio o

Average>
Dip Angle
Structure ~(9)
large-scale flood 27
.cross-bedding
large-scale ebb C32
cross~bedding .
reactivation surface 8
large~-scale flood 19
cross-bedding
large-scale ebb 26" .-

20

22

[
e
‘
o
0.5 -
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APPENDIX D: SEDIMENT SAMPLE ANALYSIS

Mechanical Analysis

The procedure used for xﬁcchanical analysis was identical

LY
.
-

to that of Dickson (1974); also see Folk {1974) and Carver (1971). Samples
were washed, dried, a;xd split. The -3.50 to -1. 00 phi fraction was
hand sieved at 1/4 phi intervals and the ~-1. 00 to 4. 00 phi fraction was
JSieved at 1/4 phi intervals using a Rotap; eachnestof sieves was shaken
for ten minutes. The weight of each 1/4 phi fraction was then record.ed.
Since only a few samples had appreciable amounts of fine sediment,

analysis was not extended beyond 4. 00 phi.

Calculation of Textural Parameters

‘ , Textural parameters were calculated using a computer
program written by R.W. Dalrymple; the program was designed specifi-
cally to accept sieve data obtained by the method of Dickson (197'4). For
. eavch sample; the fre:quency curve was generated by differentiation of
, the cumuldtive curve; lo catic;ns ‘of modes were e'stimated from the
percentage data. Percentiles were interpolated from the cumulative

curve by the method of Akima (1972) for data that was not too open-

v ended,

388
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Median, meah, staildard deviation, skewness, and kurtosis
were calculated by the methods of Folk and Ward (1957), Inman (1952),

and Trask (1930) unless the data was too open-ended. Moment statis-

*

tics were computed by the method of Seward-Thompson and Hails (1973)

using a linear interpolation between data points of the cumulative curve.

-

. Open-endedness of more than 5% in either the fine or coarse tail was

not accepted. Computed textural parameters for all sediment samples

are presented in Table D-1.

ey weabn

-
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TABLE D-1. Grain Size Distributions

Grain size clis;tribution;; of all 471 sediment samples

are listed on the following pages. The sample name appears above
cumulative weight percentages at the 1/4 phi intervals; the corres-
ponding phi classes are listed in the left-hand column of the pa.ge.

In addition, values of themoment measure mean, standard deviation,
skewness, and kurtosis are printed below the cumulative weight
percentages. A blank space b.el‘ow the cumulative weight percentages

indicates that the sample is too open-ended for calculation of moment

measure textural’parameters.

390 \ i
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' APPENDIX E: CALCULATION OF SEDIMENT TRANSPORT RATES

’

Bedform Migration

- Bedform migration rate was measured by emplacing a

»

take at the bedform crest. A mark was made on the stake at the
- '/\

s&diment surface and a: vx;asher was placed over the stake; the diameter

of the washer was large enough to permit free movement on the stake.
bﬁistance‘s fro;n the stake to 'adjac.ent Dbedforms were

measured after one, or at'most two, tidal cycles. Distance from the ‘

' Sedimentbsurface to the mark on the stake and the ;avasher ;vere

¥neas'ure:i e;lso; height and wa;,velength of the bedform was measured

‘ _dt botht,'low tides. LI‘B'edform migration rates were then ca:lcﬁlated f;'om s

1

the measured distances; the washer was used to determine if more than _

~

[y

one beriform crest had p;asse—d the stake. E -.

Sedimggt transport ra;est could then !be“calﬁcjul‘at_ed for 3 upit‘
‘width, of the bedform kby_'assurning a. 'triar;gul’ax cr~oss-s.ev<n:£ion perpendicu~
\ 1ar~t<; the crest of the bedfor'I;n and calcu;lating" t;he area of that c;oss-

section using bedform height. The volufne; of sediment transported .

per upit width equals the bedform height times the migratiqn éis,tance

401 %
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times the concentration of grains; 2 grain concentration of 0.60 was
used as it is similar to vajues reported‘by Inman (1963), Raudkivi
(1967), and Kachel and Sternberg (1971). The formula used for transport
rate is essentially identical to that of Simons et al. (1965b).

Calculation of sediment transport rates from hedform
migration rates is limited by the degree to which the cross-sectional
area of a bedform can be dpproximated as bedform shape is extremely
variablé. Also, the estimated concentration of grains may not be

&
entirely accurate. In addition, all sediment transported as bedload

.

>
may not move as part of a bedform; some sediment may bypass each

bedform so that bedform migration rate would underestimate transport
rate. The accuracy of sediment transport rates calculated from bed-
form migration rates depends directly on the accuracy with which the

magnitude of all these factors can be estimated.

Transport Formulae

= APPLICA TION: "The five sediment fcransporf formulae were applied
_to the Avon River estﬁ_ary by calculating an instantaneous sediment

transport rate for ea:ch"curr,ent velocity profile at each current velocity
station. Input variables included hydraulic parameters computed from

current velocity measurements (see Appendix B) and the grain size

4distribution~at; each station. Since profiles were recorded at equal time
o ; ‘ : . e ‘ )
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intervals (1/2 hour), a vector summation of‘ the instantaneous rates
could be calculated; this yielded the net sediment transport ra;e and
direction for a' tidal cycle alt,.tha‘t station. The computed instantaneous
transport rates for each profile, and the net transport for each station,

are listed in Table E-1.

LIMITATIONS: There are several inherent limitations in the applica-
tion of transport formulae to a system like the Avon River estuary.
All the formulae were)deri;ved for unidirectional flow and for more
uniform flow conditions than are found in a macrotidal estuary.
Einstein's and Toffaleti's equations account for transport ra‘tes at
different size fractions but the other equa..tions;,do not; since there
probably are three a’.’ct‘ive mechanisms c;f sediment transport, usinzigb
D50 or D35 to compute a‘ representative rate for the entire sample
-may not be justified. Also, White et al. (1975, 1976) found no equatic;n
éhat“was better than within a 'facto"r of 2 of the actual sediment trans-

* port rate more than 68% of the time.

Prébably the largesf source for error in co’mputecdl sediment |
transport rate concerns t};e accuracyan the calculated hydraulic data
used as input. A's described in Ap:p'er;dix B, for each ;reipcity‘proﬁ;e
a best~fit line was “calculated :;'elating cu?z“'e,nt speec:i to the ‘lo*garith'm ) ;
of vthei water depth; Ihy’dx;a'ul‘ic paramete:.rs wﬁe'rve computed 'based"on the - |
slopé of this line. -However; a numbex of regression lines at g.each

’

PP L i T
e, T
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. with low net transport rates pérld large numbers of statistically insig-

“

station are not statistically significant at the 95% level probably as ) -\
”

a result of large-scale turbulence fluctuations. Sediment transport i«‘»‘

rates have been calculated fronr these profiles and are included in the

net transport rate for each station; if turbulence effects could be

" eliminated from the hydraulic data, re-calculated sediment transport

rates could alter the net transport rate and/or direction at several

TR
R

stations that have humerous insignificant profiles and low net sediment
transport rates.

Current vélocity profiles that have negative slopes to thei

depth « current speed regression lines due to turbulence f{u;:ma !
were elimir;ated from sediment transbort computations since resulting
transport rates would be meaningless. Also, at low flow stages ¢ o
: . S ¥

when only one current velocity reading could be made l?ec;a}lse of in~ ' o
sufficient water depth, hydraulic parameters, and thus sediment trans-
port rates, could not be calculated. This probably results ina decrease "‘ ‘
in computed flood ‘;;ra.nsport rela‘tive;to ebb because, at low flow stages,
ebb currents ée:}d to be slower than low st‘a’ge flood currents.

_Thus, several fa‘c_tors are capable of significantly ;ltexing.
net sediment transport rate., This is parti*cfularly true at stations

nificant and/or one point current velocity profiles; there are several

such, stations (sée Table E~1). However, at most stations net sediment

- ¥
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transport rates and directions are consistent with rates and directions
computed from bedform migration rates; transport equations are useful

in this study but the numerous sources of error must be remembered.

’

AN
.

AP &



o —

(

TABLE E-1: Sediment Transport Rates Computed with Engelund

and Hansen's Transport Formula

Times are in hours from high tide, transport rates for each profile
.3 - 3
are in m per hour per unit width, net transport rates are m per
-
tidal cycle per unit width, and the net direction is the vector resultant

of the sum of the profiles in degrees from true north. Transport

¥

rates f%l-lcwed by an asterisk were computed from hydraulic profiles

whose water depth -~ current velocity regression line were statistically
14 . :
insignificant at the 95% level. Profiles for which no rate could be

calculated are not included in the table. Tranéport rates have been

. 3
rounded to the nearest 0,01 m”; net transport rates were calculated
before rounding. The tidal coeffifient for the measured tidal cycle

is in brackets below the station name.

. . -

Nid
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NEWPORT BAR 1

NEWPORT BAR 2 NEWPORT BAR 3

407

NEWPORT BAR 4

(0.75) (0.70) (0. 56) (0.68)

Time Dir.Rate Time Dir. Ra:te Time Dir. Rate Time Dir. Rate
*8.25 E  0.86 -10.08 E 0.01%-1.92 F 0.03° -3.33 F 0.144
-7.75 E 12.54 -9.58 E 0.03 -1.42 F 0.00v -2.83 'F 0.35
23,50 F  0.45 -9.08 E 0.06 -0.42 F 0.00% -2.33 F 0,26
2.50 F 077 -2.83 F 7.36 0.08 E 0.00 -1.85 F 0.1l
-2.00 F  0.00% -2.33 F 0.24 0.5 E 0.00 -1.33 F 0.0l
-1.00 F 0.00 -1.83 F 0.00 1.08 E 0.0l -0.83 F 0.00%
20.50 F .0.00% -1.33 F 0.0l 1.58 E 0.08 -0.33 F 0.00%
1.00 E  0.00% -0.83 F 0.00 2.08 E 0.26 0.17 F 0.00%
1.s0 E 0.00 -0.33 F 0.00% 2.58 E 0.62 0.67 E 0.00
2,00 E - 003 117 E 0700 3.08 E 0.56 1.17 E 0.00
2,50 E 0.03 1.67 E 0.00% 3.58 E 0.79 1,67 E 0.02
3,00 E 0.13 2.17 E 0.03 ;4.08 E 0.51% 2.17 E 0.07
3.50 E 0,03 458 E 0.97 2.67 E 0.06
NET 200  3.75 8.08 F 0.41] 3.17 E 0. 04x
NET ~ 8  6.20 8.58 F 0.07% 3.67 E 0.05

9.08 F 0.24
9.58 F 0.14 NET 180  0.32

_10.08 F 0.10 )
‘ 10.58 F 0.0l
NET 11  1.39
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:‘é
MITCHENER BAR 1 HANTSPORT BAR1 HANTSPORT BAR 2 HANTSPORT BAR 3
(0. 85) (0. 76) (0. 76) (0.76)
Timg Dir. Rate Time Dir. Rate Time Dir. Rate Time Dir. Rate .
.2.83 F 2.49 -8.42 E 1.3 -8.67 E 0.01* 0.58 E  0.00
-2.33 F 3,25 -7.92 E 1l.15 -8.17 E 0.00 1.08 E  0.00
Z.ss F 0.22 =-3.92 F 0.00 -7.67 E 0.00 1.5 E  0.13
-1.33 F  0.26 -3.42 F  0.00% -4.17 F 0.00 2.08 E  0.11
-0.83 F  0.02 -2.92 F  0.00% -3.67 F 0.03% 2.58 E  0.29
-0.33 F 0.00 -2.42 F 0.02 -3.17 F 0.63 3.08 E  0.02
0.17 F 0.00 -1.92 F 0.0l -2.67 F 0.93 3.58 E  0.09
0.67 E 0,00 -1,42 F 0.0} -2.17 F 0.17 4,08 E  0.10-
1.17 E 0.03 -0.92 F 0.00 -1.67 F 0.0l 8.58 F  0.15
1.67 E  0.04%* 0,08 E  0.00% -1.17 F 0.02  9.08 F 0.15 -
\Z‘i E 0. 00 1.08 E 0.00% -0.42 . F 0.00 9.58 F 0.27 /
2. 67\30\”- 1,58 E 0,02 1.33 E 0,02% 10.08 F  0.48
3,17 E  0.97F 208 E 0,01 1.83 E 0.07 10.58 F  0.17
3.67 E 0.4l 2.58 E 0.0l 2.33 E 0.90 11.08 F. 0,01
4,17 E 9.07 3.08 E 0,03 2.83 E 0.62 11.58 F  0.00
8.67 F  0.06% 3,58 E  0.06 3,33 E 0.01* 12,08 F  0.00%
9.17 F  0.09 : ' 3.83 E 0,04 12.58 F  0.00
NET 306 1.29
NET 357 2,45 NET 200 0.10 NET 142 0. 24
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HANTSPORT BAR 4 HANTSPORT BAR 5 MIDDLE GROUND1 MIDDLE GROUND 2

i

(0.73) (0.78) (0.63) (0.63)
Time Dirx. Rate Time Dir._Rate Time Dir. Rate Time Dir. Rate
.67 F 0,02 -7.75 E  0.67% -0.08 E 000 0.17 E  0.00
1,17 F 0,00 -7.25 E  0.14% 0.42 E 000 0.67 E  0.00
£0.67 F 0,00 -4.25 K 0.59 0,92 E 000 117 E  0.05
_0.17 F 0.00 -3.75 F 0.21 l.42 E 0.0l 167 E  0.09
0.83 E  0.00% -3.25 F  0.00% 1.92 E 0.1 2.17 E  0.09
1.33 E  0.04 -2.75 F 0.02 2.42 E 0.06 267 E 0.6
1.83 E 0.06 -2.25 F 0.04 2,92 E 0,01 317 E  0.05
233 E 0.09 -1.75 F 0.0 3.42 E  0.00% 3.67 E  0.20
2.83 E 0.08 -1.25 F 0.00 3.92 E 0.0¢4 4.17 E 0.0’
3,33 E  0.20 -0.75 F  0.00% 4.42 E  0.00% 4.67 E 0,03
3,83 E  0.31 -0.25 F  0.00%+ 4,92 E 0.0l 517 E  0.16
433 §° 027 025 E 0004 542 E 0.0 717 F  0.04
4.83 E’ 0.39 0.7 E 0.00 5.92 E 0.00° 7.67 F 0.04
5,33 E 0,00 1.25 E 0.0l 6.92 F  0.00% '817 F  0.05
5.83 E 0,00+ 1.75 E 0.14 7.42 F 0.0l 8.67 F  0.13
6.33 E 0.00 2.25 E 0.08 7.92 F 0.00 9.17 F 0.0l
6.83 F  0.00¢ 2,75 E 003 842 F 000 9.67 F 0.00°
7.33 F 0.66 3.25 E 0.39 892 F 0,01 10.17 F  0.00
7.83 F 0.61 3.75 E  0.41 9.92 F  0.00 11.17 F  0.00
8.33 F 0.01 4.25 E 1.36 1042 F  0.00 11.67 F  0.00
.83 F 0.22 4.75 E  1.97% . 12.17 F  0.00
9.33 F  0.24 NET 351  0.13
9.83 F  0.22 NET 297  2.17 " NET 357 . 0.27
10.33 F  0.04
10.83 F 0,00

NET 139 0.29

LR Ao
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MIDDLE GROUND 3 MIDDLE GROUND 4 MIDDLE GROUND 5§ ?siif\m BAR 1
(0. 88) (0.74) (0. 78) (0.74)
Time Dir. Rate Time Dir. Rate Time Dir. Rate Time Dir. Rate
-8.67 E 0.09 -858 E  0.00% -4.92 F  0.00 -4.67 F  0.00
-8.17 E 0.00 -8.08 E 0.00 -~4.42 F  0.01* -4.17 F  0.00
-7.67 E 0.0l -4.08 F , 0.00 -3.92 F  0.00¢+ -3.67 F 0.0l
-7.17 E  0.00% -3.58 F  0.00% -3,42 F 0.0l -3.17 F 0.0l
-4.67 F 0.05 -3.08 F  0.00% -2.92 F 0.0l -2.67 F  0.00
4,17 F 0.02 -2.58 F 0.00 -2.42 F  0.02 -2.17 F  0.00°
-3.67 F 0,14 -2,08 F 0.0l -1.92 F 0.0l -1.67_ F  0.00
3,17 F  0.00% -1.58 F  0.00 -l1.42 F 0.0l -1.17 F o0- 00
-2.67 F  0.00% -1.08 ¥ 0.00 .,-0.92 F  0.00% -0.67 F  0.00¢
-2.17 F 0.0l* -0.58 F  0.00 -0.42 F .00 -0.17 E  0.00
-1.67 F 0.00 -0.08 F 0.00 0,08 E oo 0.33 E  0.00
-1.17 F 0.03 0.42 E 0.00 0.58 E .00 0.83 E  0.00
-0.67 F 000 0.92 E 0.00 1.08 E 0.00 1.33 E 0.04
-0.17 F  0.00 1.42 E 0.001 1.58 E 0.00 1.83 E  0.04
0.33 E  0.004 1.92 E 0.06 2.08 E 0.03 2.33 E 0.14
‘0.83 E 0.00 2.42 E 0,08 2.58 E 0.02 2.83 E  0.08
1.83 E 0.08 2.92 E 0.00 3.08 E 0.00 3.33 E 0.0l
2.33 E 0.19 3.42 E 0.00*+ 3.5 E 0.02 3.83 E 0.0l
2.83 E 0.09 3.92 E  0.00% 4.08 E 0.02%* 4.33 E  0.01%
3.3 E 0,07 4.58 E 0.00 4.83 E  0.00
3,83 E  0.07 NET 333 0.07
NET 8 0.17 NET 301 0.01 NET 331 0.15

o e >

[ g—
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BOOT ISLAND

BOOT ISLAND

BOOT ISLAND

411

"BOOT ISLAND

BAR 2 (0.74) _ BAR 3 (0.79) BAR 4 (0.79) BAR 5 (0.62)

Time Dir. Ra;te Time Dir. Rate Time Dir. Rate Time Dir. Rate
3.75 F  0.00 -10.17 E  0.01% -9.92 E  0.00 -0.08 F  0.00
23,25 F 0.00% -9.67 E  0.00% -9.42 E  0.00 0.42 E  0.00
22.75 F  0.00% -3.67 F  0.01% -3.92 F 0.05 0,92 E  0.00
-2.25 F  0.00% -3.17_ F  0.01% -3,42 F  0.00% 1.42 E  0.00
0.75 F  0.00 .-2.67 F  0.00% -2.92 F 0.0l 1.92 E  0.00
0.25 E  0.00¢+ -2,17 F 0,00 -2.42 F 0.00% 2.92 E 0,00
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APPENDIX F: PETROGRAPHY

L)

Twelve sediment samples were exarpined petrographically.

-~ | 2
A sample was chosen from a bedform crest on either side of the crest ~UJ

on each sand body. Each sample was impregnated with CIBA-GEIGY
RP-103 casting resin and then thin sectioned.
AGr'aAins were identiﬁed'aﬁd point-counted under a petrographic

"microscope using standard petroérai)hic techniques (see Kerr, 1959).
Approximately 500 counts were made on each sxample; a grain was counted

. v

only if it fell directly beneath the cross hairs. 'The first two samples

processed were rgcount_éd after the twelfth to theck for consistency.

Results of the investigation are presented.in Table 10-2. S
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