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The Fraser River estuary is a high-energy, salt-wedge system on the west coast of Canada.
Results from channel surveys indicate that resuspension and deposition of sandy bed-material
are affected by the salt-wedge. As the tide rises, the salt-wedge migrates into the channel and
rapid deposition of suspended bed-material occurs. This is related to interference in the pattern
of sediment exchange between the flow and the bed and reduced turbulence in the upper layer.
During falling tides the salt-wedge moves seaward and resuspension begins as the tip of the
wedge passes, in response to enhanced turbulence in this region. Resuspension is then sustained
by accelerating downstream flows.

ADDITIONAL INDEX WORDS, Salt-wedge estuory, bed-material, resuspension, deposition,
ealt-u.edge. turbulence.

INTRODUCTION

Suspended sediment in estuarine channels is
transported as wash load and bed-material
load. Wash load is fine sediment transported
entirely in suspension and is not found in
appreciable quantities on the bed. Bed-material
load is bottom sediment that is coarser and is
transported episodically through resuspension.
Although wash load may be volumetrically
important, bed-material transport controls
channel morphology and is crucial to many
aspects of estuarine management.

The erosion, transport and deposition of sus
pended bed-material in estuaries is controlled
by a variety of factors inc! uding the compo
sition of bottom sediment, river conditions,
tides, waves, meteorological conditions and
density stratification. Although the effects of a
number of these controls are reasonably well
documented (e.g. ALLEN et al ., 1980; MILLI
MAN, 1980; GELFENBAUM, 1983), less is
known about the role of density stratification,
especially in highly stratified, salt-wedge chan
nels. The Main Channel of the Fraser River
estuary, Canada (Figure 1) is a mesotidal, sand-
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rich, salt-wedge estuary (MILLIMAN, 1980)
and the purpose of this paper is to examine the
role of the salt-wedge in bed-material resuspen
sion and deposition within the channel.

SETTING

The Fraser is a sand-bed river, with a mean
annual discharge near the mouth of 3,400 m3s- 1

(WATER SURVEY OF CANADA, 1985), that
drains 250,000 krn ' of southern British Colum
bia into the Strait of Georgia. The drainage
basin is very rugged, comprising sections of the
perhumid Coast Mountains, the subhumid Inte
rior Plateau, and the western flanks of the Car
iboo Mountains and part of the Rocky Moun
tains (CHURCH et ai., 1987). Mean daily
discharges and total daily suspended loads for
1985 at Mission, the closest station to the estu
ary where flow and suspended sediment condi
tions are continuously monitored (74 km
upstream of Sand Heads), follow the typical
annual pattern (e.g., MILLIMAN 1980) (Figure
2). Discharge is low in winter between January
and March and the spring snow-melt freshet
begins in mid-April. This produces a rapid rise
in discharge that peaks on June 6. Discharge
falls gradually during the summer to mid Octo-
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Figure 1. Outer Main Channel of the Fraser River estuary, showing locations of sampling stations near Steveston and Sand
Heads.

ber, rises slightly in November and declines to
winter lows by December. The suspended load
follows a similar pattern during rising spring
discharges, but the load peak occurs on May 28,
9 days earlier than the discharge peak. Loads
drop off very rapidly after May 28 and by the
end of July are near pre-freshet values. This
pattern in suspended load occurs because the
supply of easily eroded, fine sediment that col
lects near river banks over the winter is quickly
exhausted early in the discharge season
(CHURCH et .a., 1987).

Tides in the estuary are mixed, semi-diurnal
with a mean range at Sand Heads of almost 3
m , decreasing landward and with increasing
river discharge (AGES and WOOLARD, 1976).
The tide, in concert with river discharge, con
trols the position of the salt-wedge (HODGINS
et al., 1977). During low river discharges the
wedge intrudes over 30 km upstream of Sand
Heads at high tide, but during high discharges
the maximum high tide intrusion is less than 7
km (WARD, 1976). Density stratification
increases and the salt-wedge is better defined
as river discharge increases (HODGINS et al.,
1977).

METHODS

Field data were collected during three one
week cruises (April 22-28, May 20-26 and June

16-20, 1985) on the C.S.S. Richardson. Sam
pling was carried out over 3 rising and 2 falling
tides as the vesesl was anchored at stations
near Sand Heads and upstream at Steveston
(Figure 1). Vertical profiles were taken, at 1 or
2 m depth intervals and hourly time intervals,
of suspended sediment (using a pump sampler
and USP-61 river sampler), water temperature
and salinity (using a YS1 Model 33 S-C-T
meter) and current speed and direction (using
an NBA Controls DNC 3 current meter). Water
temperature and salinity were used to calculate
density. Suspended sediment samples were col
lected in 0.5 I and 20 I volumes. A Shipek sam
pler was used for bottom sampling.

Shear velocity (u.), a parameter that is con
sidered a good indicator of the ability of a flow
to suspend bed-material, was calculated from
velocity profiles (BLATT et al., 1980, p.1l3).
Suspended sediment concentrations were deter
mined using pre-weighed 0.45 un filters. Veloc
ity and sediment concentration profiles were
used to calculate suspended load. Grain size dis
tributions of suspended sediment were assessed
using the bottom-withdrawal method for high.
concentration 0.5 I samples taken at low tide,
and sieve and sedigraph methods for samples
obtained from 20 I samples (McCAVE, 1979).
Sieves provided grain size distributions of bot
tom samples. The method of moments was used
for grain size statistics. Grain size classification
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Figure 2. Mean daily discharge and daily suspended sediment load for the Fraser River at Mission during 1985 (data from Water
Survey of Canada, 1985).

follows the Udden-Wentworth scale (e.g.

BLATT et al., 1980, p.57).

BED-MATERIAL RESUSPENSION

The distinction between wash and suspended
bed-material loads is made on the basis of grain
sizes of sediment on the bed and in suspension
(e.g. DYER, 1986). For the sampling station at
Mission, CHURCH et al, (1987) found that wash
load consisted of sediment finer than 0.125 mm
(very fine sand) and suspended bed-material
load of material coarser than 0.125 mm. The
bed samples we obtained from the estuary (Fig
ure 3) are composed of poorly sorted, positively
skewed fine sand at Steveston and positively
skewed, moderately well sorted medium sand
downstream. These results are virtually iden
tical to samples collected during an extensive

survey in the estuary by PRETIOUS (1956),
indicating our samples are representative of
long-term bed composition. There is very little
material finer than 0.062 mm in our samples (2
to 9%) but a significant portion of the bed
material (13 to 24%) consists of sediment finer
than 0.125 mm. In addition, our analyses of sed
iment in suspension during high tides (dis
cussed below), plus those of MILLIMAN (1980)
for the estuary, show that all material in sus
pension is less than 0.062 mm at high tide. The
following discussion, then, uses 0.062 mm, the
boundary between silt-clay and sand, to sepa
rate wash and suspended bed-material loads in
the estuary. Thus, the amount of bed-material
in suspension is represented by the % sand in
suspension. The effect of the salt-wedge on bed
material resuspension is apparent during both
rising and falling tides.
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Figure 3. Grain size characteristics of bottom samples for May 24, 1985.

where u is the upper layer flow velocity, 'Y is the
density ratio:

stant exchanges of sediment between the bed
and water column (MIDDLETON and SOU
THARD, 1984). The salt-wedge cuts off this pat
tern of exchange and material that is deposited
is not replaced. The net result is a decrease in
sediment concentration and grain size in the
upper layer, with transport restricted to wash
load.

In turbulent flows there are velocity fluctua
tions produced by eddies generated at the bed
(MIDDLETON and SOUTHARD, 1984). It is
the vertical component of these velocity fluc
tuations that is responsible for keeping sedi
ment in suspension. However, when flow is
stratified and density decreases upward turbu
lence must work against buoyant forces, result
ing in a decrease in turbulent energy (TRIT
TON, 1977, p.286l and, presumably, a decrease
in suspended sediment capacity. In stratified
flows the ratio of turbulent to buoyant forces is
provided by the interfacial Froude number F':

Rising Tides

At low tide in June (0800 hrs), shear veloci
ties are similar at Steveston and Sand Heads
but sediment concentrations, loads and size are
slightly higher at Sand Heads, probably
because of the slightly higher river discharge
on June 11. The salt-wedge appears at Sand
Heads at about one-third flood (l000 hrs), but
does not appear at Steveston (Figure 4). At
Steveston, velocity, concentrations, load, mean
grain size and % sand remain relatively con
stant during the first third of the flood cycle
then decline as high tide approaches (1600 hrs)
(Figures 4, 5). At Sand Heads the initial decline
in sediment transport is much more rapid, cor
responding with the appearance of the salt
wedge. Particularly dramatic is the decline in
bed-material in suspension (% sand) as the flow
becomes stratified. This is likely related to loss
of contact of the dominant downstream flow
with the bed and the reduction of turbulence in
the upper layer.

As the salt-wedge intrudes into the channel
the fresh water flow is lifted above the bed. In
unstratified flows the transport of suspended
bed-material load is intermittent, with con-

F' = u/("ygh'j05

'Y = 1 - (p';p.)

(1)

(2)
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Figure 4. Temporal variations in water density, velocity, suspended sediment concentration, interfacial Froude Number and
shear velocity for the two stations. Water surface position was determined with an echosounder. Dots representing sampling
points.

where Pr is the density of fresh water, P, is the
density of sea water, g is the acceleration due
to gravity and h' is the depth of the density

interface (WRIGHT and COLEMAN, 1971).
Values of F' less than 1 indicate a dominance of
buoyancy and a suppression of turbulence. The
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dictions supplied by the Institute of Ocean Sciences, Sidney, B.C. Suspended loads arc net values per unit width of channel. Mean
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stratified flows in the Fraser during all survey
periods have values of F' less than one (Figure
41, suggesting that rapid deposition of bed
material load may be related to a reduction in
upper layer turbulence.

Falling Tides

At high tide in April and May (0800 hours)
the salt-wedge is positioned in the channel and
sediment concentrations are extremely low,
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mean grain sizes are extremely fine and there
is no bed-material in suspension (Figure 4, 5).
As the tide falls the wedge is flushed out of the
channel. In April, the wedge persists in the
channel much longer than in May (1400 hrs)
and although surface velocities are high as the
tide falls, velocities near the bed, and hence
shear velocities, are low. As the wedge tip
passes the anchor station and shear velocity
increases there is entrainment of bed-material
and associated increases in concentration, load,
mean grain size and % sand (Figure 4, 5: 1200
1400 hrs). As the flow decelerates slightly
toward low tide (1600 hrs) in April, sediment
concentrations continue to increase probably
because flow conditions have not reached their
sediment-transporting limit and continue to
erode bed-material (Figure 4).

During May, high river discharges force the
salt-wedge out of the channel much more rap
idly than in April (Figure 4: 1000-1200 hra) and
maximum shear velocities occur near mid-tide
and decline towards low tide at both Steveston
and Sand Heads (Figure 4). Shear velocities are
also considerably higher in May than April
because of higher river discharge, and are
higher at Sand Heads than Steveston in May
because of the slightly larger tidal range. As
the tide falls in May and the salt-wedge tip
passes the anchor stations, sediment concentra
tions, loads, mean grain size and bed-material
entrainment increase rapidly towards mid-tide
(1200 hrs). They then remain relatively con
stant as low tide approaches (1600 hrs), follow
ing the pattern of shear velocity (Figures 4 and
5).

It is apparent from these results that initial
bed-material entrainment corresponds with the
passage of the salt-wedge tip and that this is
sustained afterward by increasing shear veloc
ity in the accelerating current. WARD (1976)
investigated the behaviour of the salt-wedge in
the Fraser and found that intense turbulence
was generated at the wedge tip as it migrated
down the channel. Sediment entrainment is
strongly controlled by near-bed turbulence
(MIDDLETON and SOUTHARD, 1984) sug
gesting that turbulent fluctuations associated
with the wedge tip may produce enhanced con
ditions for bed erosion.

It must be pointed out that the much higher
suspended concentrations and loads in May rel
ative to April also reflect the passage of the

pulse of mobile sediment that characterizes the
early freshet period in the Fraser, rather than
being entirely resuspended bed-material. The
April data collection preceded the rise in sus
pended load in the river, but the May data were
collected immediately prior to the peak in load
(Figure 2).

DISCUSSION

Most of the recent reviews of estuarine sedi
mentation (e.g. DYER, 1986; NICHOLS and
BIGGS, 1985) include a conceptual model of
salt-wedge sedimentary process, citing the
microtidal Mississippi as an example. In this
model sediment transport is accomplished pri
marily by river flow. As it meets the tip of the
salt-wedge the river water rises, leaving its
bed-load behind. The coarser fraction of the sus
pended load settles through the halocline at the
wedge tip, while the finer component continues
downstream over the intrusion. The model,
however, is based on research that has focussed
on the river mouth area (e.g. WRIGHT and
COLEMAN, 1971, 1974; WRIGHT, 1971) rather
than on zones within the confines of the chan
nel. Salt-wedge dynamics beyond the river
mouth, however, are affected by effluent expan
sion, thinning and deceleration and as such dif
fer significantly from channel dynamics
(WRIGHT, 1971). Quantitative evidence for
suspended sediment behaviour in salt-wedge
estuarine channels is lacking. This study pro
vides some insight into sediment suspension
processes in salt-wedge channels, but more
research is required to adequately test and
refine the salt-wedge sedimentary model. Of
particular importance are the relationships
between the salt-wedge and flow turbulence.

CONCLUSIONS

The following conclusions can be drawn about
the role of the salt-wedge in bed-material resus
pension and deposition in the Fraser Estuary.
(1) The estuary bed is composed almost entirely
of sand, which represents the bed-material
load.
(2) During rising tides the salt-wedge migrates
into the channel, producing rapid deposition of
suspended bed-material. This appears to be
related to interference in the pattern of sedi-
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ment exchange between the flow and the bed
and reduced turbulence in the upper layer.
(3) As the tide falls, the salt-wedge moves sea
ward and bed-material resuspension begins as
the tip of the wedge passes, in response to
increased turbulence in this region. Resuspen
sion is then sustained by accelerating down
stream flows. These effects are enhanced by
high river discharge.
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o RESUME []
L'estuaire de la Fraser River est situe sur la cote ouest du Canada, en milieu de forte energie et com porte un coin sale. Les resultats
des campagnes dans l'estuaire indiquent que les processus de remise en suspension et de depot du materiel sableux du fond sont

affectas par le coin sale. Au cours de la maree montante, Ie coin sale migre dans Ie chenal et il se produit un depot rapide du
materiel en suspension. Cc phenomerie est lie a linterference entre ]e courant et le fond sur la repartition des echanges de sed
iments et a la turbulence reduito de la tranche d'eau suporieure. A maree descendante, Ie coin sale se deplace vers la mer et la

remise en suspension commence, en reponse a l'el evat ion de la turbulence, avec le deplacement de la pointe du coin sale.-Cath
erine Bressolier, EPHE, Montrouge, France.

n ZUSAMMENFASSUNG n
Das Fraser River Astuar an der Westkuste Kanadas ist ein "high energy" System, in dem sich ein Salzkeil mit der Tide hin und
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her bewegt. Die Ergebnisse von Peilungen zeigcn, dall die Resuspensionen und Ablagerung von sandigern Bcttmaterial durch den
Salzkeil beeinflullt werden. Mit dem Tidcstieg gelangt dcr Salzkeil in das Rinncnsystem und als Folge davon kommt es zu schnel

len Ablagerungen von suspendicrtem Bcttmaterial. Dieser Vorgang crgibt sich aus Intcrferenzen in der Vcrteilung des Sedimen
taustausches zwischen der Stromung und der Gewassersohle. Vermindert werder dadurch auch Turbolenzen in hoheren Wasser
schichten. Wahrond dcs Tidefalls bewegt sich dcr Salzkeil seewarts und Resuspensionen beginnen infolge der Erhohung' der

Turbolenzen unter der Kuppe des ablaufenden Salzkcils. Die Rcsuspensionen werden durch die Beschlcunigung der seewart.igen

Strornung aufrechterhalten.-Reinhard Dieckmann, WSA Bremerhaven, West Germany.

n RESUMEN D
EI estuario del rio Fraser es un sistema de alta energia, parcialmente estratificado en la costa Oeste del Canada. Los resultados

de la toma de datos en el canal indican que la resuspension y sedimentaci6n de los materiales arenosos del fondo esta afectada
por la cuna de agua salada. A medida que sube la maroa, la curia salada emigra hacia aguas arriba del canal, produciendose una
sedimentaci6n rapida del material de fondo en suspension. Estc proceso esta relacionado con la interferencia en el intercambio de
sedimentos entre el flujo y el fondo, al disminuir la turbulencia en la capa superior. Durante la bajada de la marea, la cuna salada
se mueve hacia el mar y la resuspensi6n comienza a medida que el extremo de la cuna se desplaza, en respuesta al incremento de
turbulencia en esa regi6n. La resuspensi6n se mantiene en tonces debido al flujo descendente acelerado.-Department of Water
Sciences, University of Cantabria, Santander, Spain.
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