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ABSTRAeJ
Changes in channel morpbology in response to two Rood events were measured witbin tlaree
reacbes on the Sainte Marguerite River, Quebec. The first event was the spring frahet 
peaking in mid-May, 1996- wbile the second event -peaking on July 20, 1996- wu the largest
flood on record for the region. Tbe resultant cbannel adjustments can be classified as tither
bedform evolution -in wbich a clear, systematic pattern of adjustment is evident- or as
bedform change, in which local hydraulic and sedimentologic conditions produce a seemingly
random pattern of channel mobilization. Where bedform evolution bas occurred, it is
consistent with the e~isting paradigm for meander development. Sediment transport
calculations based on the 'inverse' or 'morphologie' method were strongly correlated to reach
average mobility ratios. The average rate of transport in response to the larger nood
approached those reported by others for a braided system (Goff and Ashmore, 1994).
Potential spawning zones within the three reaches were ail subjected to significant net seour
and/or fill following the second event; severa1 potential spawning zones were significantly
affected by the lirst event. The presence of bank protection upstream of a potential spawning
zone seems to be a determinant in the severity of the impact by promoting erosion of tlaese
zones.

SOMMAIRE
Les changements morphologiques du chenal résultant de deu~ crues furent mesurés sur trois
tronçons de la Rivière Sainte Marguerite (Québec). Le premier événement fut la crue
printanière -qui alleigna son apogée à la mi-mai 1996- alors que le second événement, dont le
point maximum fut atteint le 20 juillet 1996, représente la plus importante inondation qll'ait
connue la région. Les ajustements du chenal résultant de ces événements peuvent représentés
soit une évolution des éléments morphologiques du lit, lors de laquelle l'ajustement se renète
par un ré-arrangement spatial systématique et évident de ceux-ci; soit un changement des
éléments morphologiques, lors duquel les conditions hydrauliques et sédimentologiq ues
prédominantes résultent en une mobilisation aléatoire des éléments du chenal. Les calculs de
transport sédimentaire basés sur la méthode .... inverse" ou "morphologique" correspondent de
très près aux ratios moyens de mobilité des tronçons. Le taux moyen de transport en rép4Jnse à
la plus importante des deux inondations se rapproche de ~eux décrits par d'autres auteurs
pour des systèmes proglaciaux (Goff et Ashmore, 1994). Les aires de frai potentielles dans les
trois tronçons furent tous soumis à une érosion et/ou une déposition nette considérable suite au
deuxième événement; plusieurs aires de frai potentielles furent aussi affectées de façon
significative par le premier événement. La présence de revêtement des berges en amont des
aires de frai potentielles semble déterminer la sévérité des impa~ts de chaque événement en
facilitant l'érosion de ces aires•
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Il) INTRODUCfION

This work was undertaken as one of a number of projects initiated on the Sainte

Marguerite River through the Centre interuniversitaire de recherche sur le saumon

atlantique (CIRSA). It was one of several geomorphologic studies attempting to

understand the geomorphic controls on the physical salmonid habitat on the Sainte

Marguerite. In particular, the overall geomorphologic program focused on developing a

more complete understanding of how the system has responded to environmental

perturbations such as road building or logging and to elucidate the ramifications for

salmonid habitat. Obviously, this is quite an ambitious task, requiring large quantities of

data on parameters that are often difficult to quantify.

Given the goal of understanding the geomorphic processes responsible for

determining the quality of salmonid habitat within the system, the projects were specified

accordingly. For the work reported here, three study reaches were selected to represent a

range of channel morphology and substrate, within which salmonid spawning and rearing

habitat could be examined. Specifically., the spatial distribution of bed scour and bed

forro change/evolution within the rime environment was to be examined by making

detai led topographie surveys of the bed and through scour chains installed in the riffle

zone. Riffle environments were the focus for this work because of their role in Atlantic

salmon spawning, as weIl as their importance in controlling hydraulic habitat for juvenile

rearing; the sedimentology and geomorphic stability of these bed elements is a key factor

in the overall productivity of a salmon-bearing system such as the Sainte Marguerite

River.

In addition to documenting the net scour and fitl occurring within the riffle zones,

a partial explanation of these patterns was to have been attempted using a map of shear

stress calculated by a two-dimensional finite element model for fluid flow within the

stream channel developed by other members ofCIRSA. This model would have provided

an approximate reconstruction of the peak shear stress conditions, which could likely

have been related to the observed patterns of maximum scour. A detailed map of the

rcach topography was required to run this model, as were estimates of the upstream and
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•

downstream peak water levels. The finite element model was to be run over a reach of

approximately 400 m of river channel~ in the middle of which was the study riffle.

However~ the extraordinarily wet 1996 field season --which precluded much

tieldwork before August and culminated on July 20 in the largest flood on record for the

basin-- forced a reevaluation of the principal research questions. Reevaluation was

necessary because the majority of the scour chains installed in the rime environments

were lost during the flood, before they could he reeovered. Even if the chains had

remained_ there were now two events that had to he eonsidered in an analysis of net scaur

and fill, whieh precludes meaningful conclusions about the actual patterns. As it was,

15% of the chains remained in place following the flood, of which most were found along

the channel margins or in other lower energy environments. Measurements of bed

mobilization occurring in the absence of net bedfonn change/evolution were therefore

impossible to detennine.

The utility of the finite element model in predieting net bedform response under

these circumstanees was very questionable; while it is reasonable to expect sorne relation

between peak shear stress conditions and maximum depth of seour, it does not neeessarily

follow that peak shear stresses will be related to the patterns of large-seale hedform

evolution.

Although it was still possible to run the finite element hydraulic model given the

available hydraulic data, the extensive morphologie change presents a problem. Thal the

bed has been substantially modified by the July 20 flood event invalidates the assumption

implicit in the model that the bed constitutes a static boundary. In addition, limit

conditions at the upstream and downstream boundaries become increasingly uncertain

once the slatie bed condition has been violated. A good example of this pitfall is provided

by House and Pearthree (1995)~ in whieh they have found that initial estimates of flood

magnitude for an extreme event May have been far too high when made in an alluvial

channel reach (2080 m3/s versus 750-850 m3/s from a 50 km2 basin). They write that --for

the Bronco Creek basin in Arizona--

UDynamic adjustrnents that occur in the bed and banks of an alluvial stream during large floods

may result in the final channel area being different from that associated with the peak discharge.
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Furthennore, the attainment of maximum depth, stage, cross-sectional ace~ and dischacge may not

be synchronous. [Quick, 1991] Channel roughness may decrease during a flood, particularly if

bars are removed or streamlined...the timing of the changes in roughness in relation to peak

discharge is al50 unknown." (p. 3068)

1.1) OBJECTIVES

Given the data available --which consisted of very detailed topographie surveys

bracketing two significant flood events in three reaches of the Sainte Marguerite River, as

weil as sedimentologic data in each reach- a new focus was developed. Comparisons of

the topography before and after the two significant flood events revealed systematic

patterns of morphologie change. The changes were quantified by calculating the volumes

of sediment eroded and deposited, and the patterns associated with these changes were

revealed using a Geographie Information System (GIS). Flow conditions were then

combined with the existing understanding of channel dynamics to explain the magnitude

and spatial extent of these morphologie changes in each of the three reaches. The revised

focus was to develop an understanding of the magnitude and spatial distribution of

bedform evolution and change; the distinction between evolution and change is made

below.

The tenn bedform evolution refers to a systematic trend of morphologie

adjustment occurring during high flow events in response to the prevailing channel

pattern. A typical example of this would he the growth of a point bar in a meandering

system, in which the point bar will more or less continuously aggrade and propagate

outward as the bank opposite retreats. Indeed, meander development and maintenance

can be viewed in the context of an equilibrium channel pattern; one would expect an

artificially straightened channel to progressively reestablish a meandering pattern, which

would be an example of bedfonn evolution (Langbein and Leopold, 1968b).

Seemingly random patterns of net change in sediment storage can also occur.

Rather than reflecting an overall tendency of the channel to evolve in response to channel

scale characteristics of the fluid flow field, such changes in net storage are most likely

caused by local and/or transient sedimentological and hydraulic conditions. These
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changes to the bed can he viewed as stochastic variations-or noise-as they do not

necessarily represent a temporally or spatially consistent pattern of fonn adjustrnent.

Based on this, one cao distinguish between bedfonn evolution and bedfonn

change; bedfonn evolution is driven by overall reach scale patterns of change, while

bedfonn change is driven by local sedimentological and hydraulic conditions.

The July flood provides a unique opportunity to examine in detail the precise

effects of an exceptional flood on channel morphology. The revised objectives of tbis

studyare:

1. to identify and compare patterns of morphologie channel adjustments in each of

the three reaches for the exceptional July flood event as weil as the more

frequently occurring spring freshet,

2. to understand how the channel adjustments are related to event magnitude,

3. to make sediment transport calculations based on the observed morphologie

changes. and

4. to identify the environmental factors controlling the stability of potential

spawning zones on the Sainte Marguerite river.

In the coming chapters, maps of net erosion and deposition produced using a GIS

are examined to identify the pattern and magnitude of net morphologie change. Then. the

patterns exhibited are placed in the context of the existing paradigm for meander

development. Sediment transport estimates are made using the caleulated volumes of

erosion and deposition. Then, the efTects of the two flood events on potential spawning

zones within the three reaches are also examined.

1.2) LITERATURE REVIEW

1.2.1) CHANNEL MORPHOLOGY

Il is believed that channel fonn in alluvial rivers is closely related to the processes

of fluid and sediment transport, which in tum are influenced by the resultant bedforms in

a mutually reinforeing interaction (Keller and Melhom, 1983; Chureh and Jones, (982).
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Channel bedfonns are generally classified --or more precisely, defined-- by the processes

theoretically producing them.

An alluvial river flows within a floodplain of its own sediment. This floodplain is

composed primarily of sediment deposited within the channel as laterai accretions, though

vertical accretions directly to the floodplain surface will also occur during overbank flood

events (Wolman and Leopold, 1957; Leopold et al., 1964; Desloges and Church, 1987).

Lateral channel migration has been observed to occur with little net change in channel

width; net bank erosion is generally equal to the net deposition occurring on the point bar

opposite~ thereby maintaining a relatively constant channel width (Wolman and LeoPOld~

(957). Channel meandering, the result of the lateral channel migration. is common in

alluvial channels and can be geometrically described as a wave, the wavelength of which

is scaled by the channel width (Leopold et al., 1964; Keller and Melhom. 1973; Hey,

1976).

Within the channel itself a number of different morphologie elements are

apparent~ independent of channel pattern. The fundamental morphologic units identified

within the channel are the bar, pool and riffle.

Bars develop as the result of deposition of sediment within the channel, or by the

defonnation of the bed to fonn elements producing hydraulic resistance (Leopold et al. ~

1964; Keller and Melhom, 1973; Church and Jones, 1982; Ashmore, 1990). Divergence

of flow is thought to cause the stalling of bedload sheets, which may accrete on to

existing bars or fonn the nucleus for bar growth (Keller and Melhom, 1973; Church and

Jones, 1982; Leopold and Emmett, 1984; Ashmore, 1990; Ferguson, 1993).

The crest of the downstream edge of the divergence-associated sediment deposit

forms the riffle, whereas the upstream deposit forms the bar (Church and Jones, (982).

Bars as observed in the field are rarely the products of a single event; rather, they are

produced by the accumulation of a number of smaller "unit" bars. As such, most bars

may be appropriately referred to as "complex" bars (Church and Jones, 1982).

Several types of unit bars were described by Church and Jones (1982), which may

form the nucleus for development of a number of complex bar types. Unit bars are

typified by an upstream sediment ramp along which sediment is transported and a
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downstream avalanche face where deposition occurs. Vertical accretion occurs as well~

when sediment in transport stalIs before reaching the avalanche face (Church and Jones~

1982).

Severa! types of complex bar cao be produced. Church and Jones describe five

types of complex bar; theyare 1) transverse and 2) medial bars --occurring in the middle

of the channel and producing a bifurcation of the main channel-- 3) point bar s--occurring

along the inner bank of a meander bend-- 4) lateral bars -having the form of a point bar

and the resultant thalweg sinuosity in the absence of meandering-- and 5) diagonal bars

which traverses the channel diagonaHy. This classification is quite useful in its

simplicity, and will be adopted for the current work.

An additionaI feature common to bath point and lateral bars deserves mention:

secondary or chute channels along the ioner bank. have been reported, the creation of

which is attributed to the upstream exclusion of bed!oad (Church and Jones, 1982;

Ferguson and Ashworth~ 1991). To differentiate this form from the incipient braid

mechanism of chute cutoffs (Ashmore, 1990; Ferguson, 1993), the term 'secondary

channel' will be adopted herein.

Pools have received far less attention. These fonns are relatively self-evident in

the field, and are the product ofbed erosion. It has been hypothesized that while bars are

the products of divergent flow, pools are produced by scour associated with convergent

now (Keller and Melhom, 1973; Richards, 1978; Church and Jones, 1982). It has also

been hypothesized that pools are the products of cyclic development and decay of macro

turbulent eddies within the channel (Hey, 1976; Richards 1976a, Richards 1978). The

role of vertical vortices in the generation of highly localized extreme bed erosion at points

of great stream curvature may also be important (Mlynarczyk and Rotnicki, 1989). Work

on small streams indicates that pools may also fonn where the flow pattern is modified by

large organic debris or other non-alluvial elements (Keller and Swanson~ 1979; Mosley.

1981; Beshta and Platts, 1986; Andrus el al., 1988).

Riffles, however, are less easily c1assified than bars or pools. This is in part

because riffles represent bath a bed feature and a stage-dependent flow condition. This

stems back ta the use of the word "rime" by fishermen ta describe shallow, rapidly
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flowing water with a roughened water surface (Leopold et al., 1964). These flow

conditions are most often associated with zones of thalweg shallowing, and the tenn rifile

was adopted to describe these zones of locally elevated bed by Leopold et al., (1964).

However the definition of these bedfonns is difficult to objectify as a result of the

combination of topographie and stage-dependent hydraulic characteristics used to defme

them.

Keller and Melhom (1973) describe riffles as occurring at the inflection between

one bend and the next through divergent flow and deposition, producing a relatively

shallow, symmetric cross-section. Others also believe that altemating convergence and

divergence associated with secondary circulation ceIls is responsible for riffle fonnation

(Hey. 1976; Richards, 1978; Church and Jones, (982). Richards (l976b) argues that

riffles are indeed shallower and wider, on average, than pools lending support to the

convergence/divergence hypothesis.

Given that riffles are implicitly the product ofdeposition and are therefore often, if

not always, associated with an extant bar deposit upstream, it is often difficult to

distinguish between submerged bar and rime. In fact, any such distinction is to sorne

degree an artifice of the classification scheme. However, the distinction made by Church

and Jones (1982), in which the downstream edge of the bar-riffle depositional unit is

determined to be the rifile and the upstream accumulation of sediment is determined to be

the bar is a useful conceptual framework. Within this framework, riffles cao he viewed as

the primary elements for hydraulic resistance, while bars act primarily as sediment storage

elements (Church and Jones, 1982; Church 1994).

Other workers have made various attempts to develop objective criteria for

identifying riffles and pools. A brief review of these attempts is presented by Richards

(1976a), follo\ving which it is proposed that the exponents of the at-a-station hydraulic

geometry are the most appropriate criteria for distinguishing rimes and pools. This

hydraulic definition is an integral part of the velocity reversaI hypothesis of pool-riffle

development and maintenance, and is therefore based on a theoretical process-fonn

relation (Keller, 1971; Lisle, 1979; Carling, 1991; Clifford and Richards, 1992; Keller

and Florsheim, 1993; Sear, (996). A more practical field technique based simply on the
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bed topography and an objective threshold for cumulative elevatioo changes between one

bedform and the next has been proposed (O'Neill and Abrahams, 1984).

It should be noted that there is another scale at which bedfonns may he classified;

the scale of the megaform. It has beeo observed that zones of sedimentation, consisting

of bar assemblages and areas of local braiding, may develop in respoose to oon

equilibrium conditions ofsediment transport and storage (Church~ 1983). A review of the

relevant literature is presented by Nicholas et al., (1995).

T0 summarize, the terminology for fluvial forros will be drawn from the above

literature; specifically, the classification of complex bars resulting from development of

unit bars summarized by Church and Jones (1982) will be adopted. Riffles will be

likewise taken to refer to the downstream edge of sediment deposition along the thalweg,

which act primarily as elements of hydraulic resistance as opposed to sediment storage,

and which therefore have a definite association with the local flow conditions. Pools are

rather self-evident forros. though it should be noted that vertical vortex scour or flow

deflection scour May be important in the local depths of scour within the pools. Other

features, such as bedload sheets, avalanche faces and secondary channels will be

described using the tenninology adopted by Church and Jones (1982) because of its wide

use in other, subsequent literature.

1.2.2) MEAN DER DEVELOPMENT

There has been extensive discussion in the literature regarding the initiation and

maintenance of meanders in alluvial channels. Workers initially posited that secondary

circulation within the channel controlled the spatial location of erosion and deposition

involved in the natural meander activity (Leliavsky, 1955; Prus-Chacinski, 1954). An

attendant issue is the development and maintenance of the riffle-pool sequence, which is

intimately linked to channel pattern.

Langbein and Leopold (1968a) have examined the nature of bedforms within

alluvial channels, and came to the conclusion that gravel bars --and therefore the attendant

riille-pool sequence-- cao be weil described by kinematic wave theory. This initial work
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suggests that the transport rate of sediment within the channel is controlled by the spacing

of the mobile particles, with the result that accumulations of sediment will tend to fonn.

The same authors have explicitly described channel meandering as a stable

equilibrium channel pattern, resulting from the tendency of a river to minimize the

variance of shear stress and friction. Field observations have been presented to support

this position; it is argued that the channel depth, slope and velocity adjust to attain a

condition of minimum variance of shear stress and bed friction. It is argued on the basis

of the collected field data that the meandering pattern is more stable than a straight

channel pattern as a result.

Subsequent work has suggested that planfonn convergence and divergence control

the location of erosion and deposition, and thereby channel pattern (Keller and Melhorn,

1973, Church and Jones, 1982). It is argued that the convergent flow occurring in pools

during formative discharges result in erosion and therefore maintenance of its relatively

Iow average elevation, whereas the flow divergence typical of the riffle environment

results in deposition.

Based on the observed similarity in the spacing of the riffle-pool units in both

meandering and straight channels, Keller and Melhorn proposed that the regular spacing

of riffle-pool elements limits the scale of meander development, noting that the meander

wavelength seldom exceeds twice the riffle-pool spacing of 5 to 7 channel widths. This

raises the ultimately sensible point that the channel pattern and longitudinal forrn must be

closely tied. That the riffle-pool spacing seems to be independent of the occurrence of

meandering does imply a limitation to the spatial dimensions of meander bends.

A more direct approach was taken by Hooke (1975), who assumed that bed

geometry adjusts to transport exactly the incident sediment flux. This is achieved through

progressive erosion or deposition, which modifies the local hydraulic conditions until

they are sufficient to transport the sediment arriving at that point. This reflects the view

of channel adjustment proposed by Keller and Melhorn (1973) who wrote "development

of the shoals May be considered as a metamorphosis resembling a feedhack mechanism in

which process and fonn evolve in hannony." Hooke reported that the sediment transport

field is ultimately responsible for the development of the observed channel pattern.
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Secondary flow is downplayed as a mechanism shaping the channel pattern.

Instead, Hooke asserts that the radius of curvature for the meanders controls the

occurrence of flow separation along the downstream edge of the point bar, and therefore

the sediment transport field. It is argued that the meandering pattern is inherently stable,

and will tend to reestablish a meandering form following a perturbation through the

interaction between bend curvature, flow separation and sediment deposition.

The importance of the radius of curvature is further explored by Hickin (1974),

and by Hickin and Nanson (1983). Meander scrolls were examined to determine the rate

and direction of channel migration on the Beatton River, British Columbia. It was found

that, typically, meanders developed to the point where the ratio of the radius of curvature

ta the channel width (Rjw) took a value close to 2.11, with a standard deviation of only

0.13. 1t was concluded from this that the value of 2.11 for Rjw represented a value for

which flow resistance reached a minimum value.

Hey (1976) came ta the conclusion that meander wavelength was a function of the

channel width only, with the form

(1) À=41tW,

where À. is the meander wavelength, and w is the channel width. This is based on

the supposition that meander wavelength is dominated by the existence of two helicoidal

flow ceUs within the channel, which are responsible for a pattern of alternating channel

bars. Following this argument, one cornes to the conclusion that meandering is an

inherent property of the fluid, and would be a function of bed material only insofar as it

determined the channel cross-sectional geometry and therefore the width.

Support for this cornes from several studies that have established the existence of

two helical flow ceUs. Bathurst, Thome and Hey (1979) measured the primary and

secondary flow components at various discharges within the River Severn. The

secondary circulation pattern is dominated by a skew induced secondary celI, while a

smaller cell ofopposite rotation may exist against the outer banle Thome and Hey (1979)

report that the cell ofopposite rotation is not a relie cell from the previous bend, but rather

a result of the interaction of the skew-induced cell and the outer bank. Il was further

reported that the helicoidal cell associated with a bend was displaced from below as a cell

10



•

•

•

of opposite rotation developed at the entrance to the next bend. The result was a set of

vertically stacked ceUs at the inflection point between the two bends.

Parker (1976) contradicts the supposition that meandering initiation is a function

of the flow conditions; he posits, tirst of ail, that meandering and braiding are the

products of essentially the same mechanism, and second that the mechanism responsible

for initiation of submerged channel bars is the result of sediment transport and bed

friction. In the model for bed development put forward by Parker, secondary circulation

is not a component. However, it is conceded that secondary circulation seems to play a

significant role in the further development and maintenance of the meander, following its

initiation by submerged bar deposition. Once thalweg sinuosity has been established, the

feedback mechanisms alluded to above contribute to meander.development ta the

equilibrium condition for which Rc/w takes on the appropriate value (2.11 on the Beatton

River, for example). Therefore, the mechanisms for meander initiation described by

Parker are not inconsistent with the model for meander equilibrium form based on the

fluid flow structure.

Begin (1981) further elucidates the secondary mechanism of post-initiation

development. A functional relation between Rjw and the force per unit area exerted on

the channel bank was developed based on the conservation of momentum as the fluid is

accelerated centripetally around the bend. From this relation, it was found that Rjw

values between 1.3 and 4.1 produced a maximum force per unit bank area. This is

supported by the field evidence provided by Hickin (1974) for which maximum rates of

channel migration occurred when Rjw was approximately 2.11. The model developed by

Begin includes bed material composition, however, thereby explaining how R/w cao be

determined by the texture of the alluvium.

Ta summarize, meander development and maintenance is related to a number of

interdependent factors. In a spatial sense, the meander wavelength is adjusted to very

nearly twice the rime-pool spacing. In this way, it may seem likely that wave-like

properties determine the ultimate meander form by controlling the riffle-pool spacing.

Howcver. the meander wavelength has also been related ta the fluid structure alone.
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1.2.3) SALMONID SPAWNING HABITAT

Saimonid spawning habita~ the quality of which is critical to the success of the

fish population~ is strongly influenced by the mobility of the streambed. Spawning is

typically observed to take place behind riffle crests~ which are areas of inflow to the bed

(Stuart. 1953; Milhous~ 1982). The circulation of water through the gravel maintains an

appropriate dissolved oxygen concentration and evacuates waste products produced by

the developing eggs.

Several studies of subsurface flow in alluvial channels confinn that aquifer

recharge is associated with the rime environments; Bencala el a/.~ (1984) and Bencala

( 1984), reported that water was transferred through the sub-surface from one pool to the

next by flow paths sub-parallel to the riffle. Subsequent investigation reported that stream

water recharged the surrounding aquifer in riffle zones~ while the aquifer discharged to the

stream in the vicinity of pools. Furthermore, these flow paths persisted over a range of

stream discharges and aquifer conditions (Harvey and Bencal~ 1993).

The bunal depth of the eggs is typically between 10 and 50 cm (Milhous, 1982;

Lisle, 1989). The spawning is thought to occur in a fairly narrow range of gravel sizes

(Milhous, 1982). For example, Platts et a/., (1979) report that Chinook salmon spawned

in gravels with median diameter of 7 to 20 mm.

Another important feature of the substrate~ besides its mean size, is the amount of

fine sediment. Material carried in suspension will often infiltrate the existing grave1

matrix, thereby reducing the gravel permeability, the dissolved oxygen concentration and

posing a physical barrier to the emergence of fry from the gravel (Vaux~ 1962; Phillips,

1971; Koski, 1972; Beshta and Jackson, 1978; Carling and McCahon, 1987). Siltation of

spawning grounds has becn observed to produce 100% egg mortality rates~ indicating the

significancc of infiltration of fine sediment (Tumpenny and Williams, (980).

Entrainment of the channel bed during a flood event may improve spawning

habitat by flushing the fine particles from the gravel matrix (Adams and Besht~ 1980;

Carling, (987), or it may adversely affect it by introducing fines to lower levels in the
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substrate (Lisle, 1989; Nawa and Frissell, 1993). There is also the direct threat of

scouring the bed to the depth of the egg burial, especially in the more geomorphically

active streams of the Pacifie Northwest (Lisle, 1989; Nawa and Frissell, 1993).

1.2.4) CIIANNEL SCOUR AND FILL

ft was reported by Leopold and Emmen (1984) that seour depths were not a

function of location within the riffle-pool morphologie unit, nor of channel curvature.

However, scour and fill cao vary across the channel --being higher within the thalweg-- as

\-vell as downstream (Neill, 1969; Laronne et al., 1994).

The patterns of scour and fill reportedly reverse as the flow level changes, thus

areas scoured at flood stage tend to fill at low flow and areas filled at flood will scour at

during low flow (Andrews 1979). Leopold et al., (1966) related the measured scour in a

sand bed river to the square root of the peak specifie discharge, though it is believed that

the reported functional relation was a funetion of the migrating bedforms (Colby, 1964;

Foley, 1978). Carling (1987) examined scour in a gravel bed river, and found that this

relation significantly underestimated scour depths.

Hassan (1990), using both magnetically tagged tracer particles and scour chains

confirrned that scour and fill depths are functionally related ta discharge, and that the

relative magnitudes of seour and fill were related to morphology. In general, for most

sections during most events, the thalweg scour depths were higher than those on the bar.

though a strong relation between scour or fill depths and bar/thalweg designation did not

seem to exist. Hassan (1990) eoncluded that "'the changes in the burial, scour, and fill

depths indicate that the filling and scouring process is sporadic and has spatially a highly

differential pattern which changes between events, during and event across the channel

and downstream." (p. 355) In addition, the data collected did not fit the functional

relations proposed by Carling (1987) and Leopold el al., (1966), indicating that the

relation between diseharge and the channel bed is site specifie to sorne degree.
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1.2.5) SEDIMENT TRANSPORT ESTIMATION

Many equations based on relating shear stress or sorne equivalent measure offluid

force ta sediment transport rates have been proposed., though a generally applicable

equation has not yet been developed (Reid and Frostic~ 1994). A review of various

bedload formulae was undertaken by Gomez and Church (1989), from which it was

concluded that none of the twelve bedload transport formulae examined were adequate

predictors of sediment transport rates; typically, order of magnitude errors in prediction of

transport rates were observed. The data against which the various formulae were tested

came from four sets of field data representing as close to equilibrium transport as possible

and from three sets of flume data. The failure of these fonnulae is in large part due to the

complexity of the entrainment threshold for heterogeneous gravel beds.

However, event-scale transport rates may be calculated from net changes in

sediment storage within the channel (Popov, 1962; Hubbel.. 1964; Neill, 197L 1987;

Church el al., 1987; Carson and Griffiths, 1989; Lane et al., 1995; Ashmore and Church,

1995). This altemate technique has been called the "morphologie"" or "inverse" method.

The method described by Ashmore and Church (1995) is based on a general

statement of continuity of mass as follows:

(2) 8qb/ôx+aqtJ!ày+( I-p)8zJât+8CtIéJt= 0

Where z is the bed elevation, qb is the transport per unit width of bedload, x and y

represent the downstream and transverse directions, Cb is the concentration of transported

sediment (by bed area) and p is the porosity. By integrating across the channel, this

equation can be reduced to a finite difference fonn for changes along the channel

direction:

(3) ~QtI~+(I-p)MtI~t=O,or (I-p) ~V+(QIx>-QbJ~t=O

and

(4) ~V=Vi-Vo

Qb is the sediment transport rate, Ab is the sediment depositlscour cross-section for

the channel, and ~v= M b ~x is net volumetrie change in storage of sediment within the

reach of length ~x.
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According to Ashmore and Church, this fmite difference equation can he used to

calculate the change in sediment transport within a reach based on storage changes. Note~

however, that an input sediment transport rate is required to use this method in producing

downstream estimates of sediment transport. In addition~ any component that is carried

through the reach without interacting with the morphology is not recorded. This type of

behavior is a function of both the time scale at which changing morphology is recorded,

and of the sediment transport mode.

Other, simpler methods are based on estimates of the step length for gravel

transport, that is, the distance between centroids oferosion and those of deposition (Neill,

1971; Church el al., 1987; Neill~ 1987; Carson and Griffiths~ 1989; Goff and Ashmore~

1994; Lane et al., 1995). This step length morphological method has been applied to both

meandering and braided channels.

1.2.6) EXTREME FLOOD EVENTS

The literature pertaining to the geomorphic impacts of rare flood event is, by

definition, sparse. Given the nature of such events. the data is usually insufficient to

accurately quantify the impact because there is little by way of pre-flood information.

Observation of the change in channel pattern from air photos is common practice in such

cases (Desloges and Church, 1992), or reliance upon previously existing cross-sectional

information (Miller, 1990). As such, the available data are often inadequate to detennine

the net vertical component of change or --if cross-sectional data is used-- the extent of

planfonn adjustment.

From what data are available, however, there seem to be several typical responses

to large floods. The first~ most obvious adjustment is a widening of the channel, often by

2 or 3 fold. Such widening is often observed in arid and/or alpine environments.. where

there is sparse riparian vegetation (Warburton, 1994; Huckleberry, 1994). This widening

is often associated with a shift in channel pattern from a single thread meander to a

braided channel (Desloges and Church, 1992; Warburton, 1994).

Warburton (1994) reported a cycle of channel pattern change from a single thread

to a braided pattern on a proglacial meltwater stream. The initial shift from single thread

15



•

•

•

to braided pattern occurred in response to a flood even~ while the subsequent retum to a

single thread pattern occurred more gradually.

Desloges and Church (1992) previously described such a process of sudden shift

in channel pattern, followed by a graduai relaxation. The authors report on the effects of

two extremely large events on the Noeick River, British Columbia, resulting from glacial

outburst flooding. The events described were approximately 2.4 times larger than the

maximum probable meteorological flood. The channel response to the first flood was

predictably an overall widening of the channel, with significant areas of braiding. This

channel widening/braiding occurred on a forested flood plain. The second event produced

only minor redistribution of sediment made available by the scouring effects of the first.

It was concluded that a new equilibrium, a new regime, had been established during the

brief but powerful first event, thereby explaining the relativeiy minor effects produced by

the second. In this \\'3)'", the channel had undergone a step change in regime, which would

likely be followed by a graduai return to a morphology similar to that existing previously.

The authors write "that regime adjustments can occur rapidly in alluvial channels, and

that the "equilibrium' between alluvial morphology and the goveming conditions change

in such a way that stream power increases out of proportion to the increase in sediment

supply or grain size. In the reverse circumstances, however, a long period of non-regime

adjustment is required." (p. 362).

Miller (1990) examined channel response to various large floods in the Central

Appalachian region. It was noted by the author that ~~despite the abundance of literature

describing geomorphically effective floods, there are relatively few studies that attempt to

provide quantitative information on what threshold conditions, if any, distinguish floods

that are effective from those that are not." (p. 120). The term Hgeomorphical1y effective"

refers to floods that cause substantial reworking of the river floodplain of a type and

magnitude that could not be accomplished by a number of lesser events. Miller reported

that, in the Central Appalachians, the size and intensity of the rainfall event are not

sufficient to predict the effectiveness of a given event.

By examining severai floods occurring in the region, Miller noted that the most

geomorphically effective flood did not exhibit the highest rainfall intensity, nor the largest

16



•

•

•

cumulative precipitation amounts. Furthermore~ the effectiveness of a given event was

spatially variable, in general being much more effective in the steeper, confined valley

tributaries than in the larger channels. Miller attempted to identify sorne criteria for a

threshold using unit stream power. He wrote:

"these results suggest a trend, but they do not establish a clear threshold suitable for predictive

purposes: unit stream power values exceeding 1000 W/m2 were calculated for sites where

geomorphic impacts were negligible, and severe erosion was observed near sites with calculated

values as low as 45 W/m2
• ft is noted that the erodability of the bed must he considered...the

highest values were associated with a bedrock canyon."

However, Miller continues,

"for valleys wider than about 200 m, evidence discussed in this paper clearly shows a trend

towards increasing severity of erosion with increasing values of unit stream power. Narrower

valley reaches are less sensitive to unit stream power. in part because they are more Iikely to have

resistant boundaries and in part because the channel more often runs parallel to the valley margins

and there are fewer opportunities for the central core of the flow to cross from the channel onto the

adjacent valley fioor. To the extent that a threshold value of unit stream power can be associated

with severe channel erosion, 300 W/m2 appears to be a reasonable minimum estimate of that

threshold." (p. 132).

It was reported by Miller that an event occurring on June 21 to 24, 1972, on the

eastern seaboard of the United States in which 269 mm of rain [ell in 12 hours, did not

produce significant floodplain modification; only local channel widening and scattered

examples of floodplain erosion were observed.

This concept of a threshold for severe flood impact on alluvial channels \vas

further examined by Magilligan (1992). An approximate minimum threshold for

potentially catastrophic channel modifications was identified, corresponding to

approximately 100 N/m2 or 300 W/m2
, which concurs with that proposed by Miller (1990)

for a geomorphically effective extreme event. Magilligan (1992) reported that such

threshold values were typically attained by floods ranging from 2 to 18 times the 100 year

flood discharge.
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The susceptibility of a given region to catastrophic floods has been examined; this

involves both physiographic and climatic aspects. (Baker~ 1988). While climate is

obviously very important in determining flood susceptibility~ it is constrained by the local

physiographic conditions such as soil permeability, drainage density, vegetation and

hillslope gradients which controls the hydrologie response of the drainage basin to

precipitation inputs (Baker, (988).

The extent and persistence of the channel changes are also controlled by local

physiographic conditions. Nolan and Marron (1985), for example, report that in

Califomi~ the interaction between hillslopes and the channel influence the severity of

channel modification due to a large flood, as weil as the time required for channel

recovery. More generally Gupta (1983) reported that the persistence of the effects of

large floods was primarily related to the (in)abilily of the "normar' regime to rework the

material introduced during the large event. Il is proposed that the malerial introduced by

the large flood and bedforms formed during it May he treated as lag fealures; a condition

of disequilibrium between the channel fonn and the flo\v regime will persist UDtil the next

high magnitude event. Arid environments generally permit flood related channel

alterations to persist much longer than in humid environments (Harvey, 1984).
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12) STUDV SITE

Research was carried out on the Sainte Marguerite river, located in the Saguenay

region of the province of Quebec (Figure 2.1). This river consists of two main branches,

the North-East branch and the Principal branch, which drain a total area of2135 km2
• The

river exhibits a variety of substrate types, ranging from predominantly sandy reaches to

lag deposits of glacially transported boulders. However, a cobble-gravel bed is common

throughout much of the river course. Atlantic salmon spawn at various locations on the

Sainte Marguerite. and the related sport fishery plays a prominent role in the local

cconomy.

Three study sites were selected on the upper section of the Principal branch, which

drains approximately 285 km2
• This section of the Principal branch was altered during

construction, in the early 1960's, ofhighway 172 along the northern edge of the Saguenay

fjord. The three study reaches are located within a section of channel that was subjected

to extensive channelization, which consisted of re-routing the river channel through the

neck of the existing meanders, thus creating a straighter channel of higher gradient. Air

photo images are presented for the years 1950 and 1995 for the channelized reach.

highlighting the impact of the road construction on the system and the location of the

three study reaches (figure 2.2). There is a general trend of downstream fining of

sediment texture and channel gradient reduction throughout the channelized reach, a point

that is illustrated later. The study reaches cover a range of sediment textures and channel

slopes.

The study sites were located within the channelized reach to illustrate the

morphological response to floods of different magnitudes in reaches of contrasting

substrate, slope and pattern.
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1950

SCale (km)
1

Figure 2.2 Channelized Reach of the Ste. Marguerite River, 1950 and 1995
air photos: 1950: AI2492-396, 1995: Q95402-219, Q95422·132 and 130
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2.1) CHANNELIZED REACH OF THE SAINTE MARGUERITE RIvER

During the 1960's, a highway linking Tadoussac and Chicoutimi was constructed,

sections of which were built upon the floodplain of the Sainte Marguerite River. To

protect the highway from flooding and to minimize the number of bridges that needed to

be built~ a fairly long section of the river was channelized; this section of river is

illustrated in figure 2.1.1. Within this stretch of river, aIl meanders were bypassed by

man made channels cutting through the neck of the meander. This resulted in a straighter,

steeper channel which would theoretically flood its banks less frequently than in its

previous state. The channelization also had the effect of physically distancing the river

from the highway, theoretically reducing the direct threat oferosion ta the roadway.

The valley sides exhibit a number of terraces eut into sandy glacio-fluvial

material~ with evidence of past fluvial erosion at various elevations, indicating

progressive down-cutting into the fill material (figure 2.1.1). The glacial sediments are

subject to gully erosion in a number of places, which likely constitute a significant

sediment input to the channel. The river floodplain also encroaches on a nurnber of

colluvial fans and inactive paleo-landslides. The landslides are to sorne extent vegetated,

and do not seem to be active at present (figure 2.1.1). The contemporary floodplain is

defined at its borders by scarps in the glacial materials caused by fluvial erosion.

2.2) HISTORICAL CHANNEL CHANGES ILLUSTRATED BY AIR PHOTOS

A comparison of the channelized reach morphology between 1961 --just after the

beginning of channelization-- and 1990 provides sorne indication of the activity over the

last three decades (figure 2.2.1). Sorne areas underwent rapid and extensive channel

change. while most of the channe1ized reach has remained relative1y stable.

Measurements of net tenace erosion and point bar growth made using a zoom transfer

scope (Driscoll, 1996, internai report) are presented on figure 2.2.1 as weil, ta provide

sorne indication of the magnitude of net channel adjustment over this time periode
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2.3) CHANNEL RESPONSE TO CHANNELIZATION

The imposed channel alteration have produced increased rates of bank and terrace

erosion during the past three decades, and presumably higher rates of local sediment

transport as weil. Note, however, that over most of the channelized reach channel

alterations have been fairly minor.

In part this lack ofactivity at the downstream-most end of the channelized reach is

due to the existence ofa local base level control al the confluence of the Principal and the

Northwest branches downstream of the channelized reach. A coarse alluvial fan has been

deposited at the mouth of the steeper Northwest, creating a boulder rapid channel section

downstream~ within which significaot vertical erosion is improbable under the current

runoff regime. Upstream of the fan~ the main channel exhibits a tortuously meandering

pattern which progressively grades into the gravel bed pattern observed in the upstream

study reaches; this transition from sand to grave1 bed cao he seen in figure 2.2 just

downstream of reach 3.

Additionally, coarse material supplied to the river during the historical erosion of

the glacio-fluvial fill --as weil as through present-day bank retreal-- May proteet the bed

from degradation. While this sediment is not a lag deposit~ it does reduce channel activity

through its relative immobility.

2.4) CHARACTERISTICS OF THE THREE STUDV REACHES

The three reaches selected for this study exhibit a range of sedimentological,

morphological and channel slope characteristies (figure 2.4.1); sedimentological data on

figure 2.4.1 was derived from bulk samples taken al the bar heads in each of the reaches.

Sediment sampling methodology is described in chapter 3. There are no tributaries to the

Sainte Marguerite in the stretch of river between the upstream- and downstream-most

reaches, and therefore the discharge through each of the reaehes is essentially the same.

The upstream site --reach 1-- has the highest channel gradient, and the coarsest

sediment. The channel is relatively straight, with two lateral bars (bars 1 and 2, figure
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2.4.1). Upstream of the reach is a complex point bar, which stores a large amount of

sediment.

Reach 2 is 500 m downstream of reach l, and exhibits sunilar sedimentological

charaeteristies and channel slope (figure 2.4.1). A terrace at the upstream reacb limit

supplies large amounts of graveUy sand to the reac~ whicb is reflected in the greater

range ofsubstrate size. The reach morphology is dominated by a central point bar (bar 2);

the adjacent cut bank bas been protected by rip rap.

The third reach is almost 4 km downstream, and bas a much lower channel

gradient. ft is located just upstream of the transition from gravel bed to a sand bed

channel pattern. The upstream boundary is located just below a loose, bouldery weir·like

structure built across the channel. The "weir" was likely emplaced in the 1970's to

mitigate potential bed incision adjacent to the highway, or possibly to provide temporary

sediment storage upstream. The segment of the reach downstream of the weir is fairly

straight~ and contains a lateral bar of fine gravel (bar 1), and a medial bar just downstream

(bar 2). Downstream, a meandering pattern develops; there is a fme gravel point bar (bar

3), followed by a sandy point bar (bar 4).

Reach sedimentology was eharacterized by bulk samples taken at the bar heads,

grid-by-number samples upon the bar surface at several other locations, and by field

sketches of the planimetrie variations in sediment texture made upon detailed topographie

maps based on reach surveys. Sediment sampling methods are described in chapter 3, and

the sediment texture data is Cully presented in Appendix A. Reach-scale sedimentology is

summarized in figure 2.4.2. Based on limited point sampling combined with visual

surveys, these maps illustrate the main patterns of bed material textures in the study

reaches.

There is Iittle sedimentological variation within reach 1 (figure 2.4.2). Several

zones of fine materia! exist al the upstream boundary, primarily along the channel

margins. Finer matenal is also found at the confluence of the main and secondary

channels near the lail of bar 1, at the head of bar 2 in the lee of the bank protection and al

the lail of bar 2. The surface material is also finer than average within the secondary

channel which traverses bar 1 and within the main channel in the pool opposite bar 2.
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The surface texture is coarser than average within the channel adjacent to the bank.

protection as the coarse, angular boulders emplaced along the banks are incorporated into

the bed.

Reach 2 exhibits a more variable distribution of surface sediment textures.

Upstream of the point bar, the materia! is relatively fine, though it is still primarily gravel.

Large, stable boulders supplied by the eroding terrace characterize the pool at the

upstrearn end of the reach. The head of the point bar has a texture similar to the main

channel in reach 1. The downstream half of the point bar quickly grades into fine graver

and sand and finally to sand.

Reach 3 has a fairly fine gravel substrate over much of the bed. A sand and fine

gravel substrate dominates the bed downstream of the inflection between bar 3 and 4. A

sand veneer covers the bed in the thalweg opposite bar l, and a fine gravel substrate

typifies the secondary channel running along the left bank of bar 1. Sand also forms a

veneer over the top of bar 3. The cut bank opposite bar 3 exhibits a lag of boulders and

cobbles at ils base.
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13) METHODS

3.1) SURVEV DATA

The morphology of the three reaches was surveyed three times, bracketing two

distinct flood events. Surveying was perfonned with a Total Station, which is a high

accuracy electronic theodolite incorporating a laser-based distance measuring unit (an

EDM), and using a penta-prism --which reflects the laser beam from the EDM-- mounted

on a telescoping rod, in place of the usual stadia rod. This allowed for very precise, very

rapid collection of topographie data. Data was stored digitally by the Total Station, and

subsequently downloaded directly onto a PC. The equipment allowed for the collection of

upwards of 1000 data points per day by a team of two surveyors. No data reduction was

required; the data was recorded in x,y,z forro using a UTM coordinate system.

Typical survey point spacing varied from less than 1 meter to aimost 5 rneters,

depending on the topographie complexity. Survey points were located in an approximate

grid --allowing for the location of Many points in areas of relative complexity and of

fewer points in flatter, less complex areas-- to maintain a consistent survey coverage.

Semi-permanent bench marks used to initiate the survey \Vere initially established

using differential Global Positioning System technology, aceurate to a few cm (accuracy

depends on the satellite constellation on the given day). DifferentiaI GPS differs from

GPS in that it requires two stations, recording simultaneously, to and produce position

measurements relative to one another, which substantially increases the accuracy. These

bench marks were used to initialize the Total Station in each reach; subsequent bench

marks were established using the Total Station. Temporary bench marks used in the two

years of survey were either metal rods inserted up to three feet into the gravcl bed or

wooden stakes inserted about 1 foot into the bed.

This raw survey data was subsequently imported into GRASS --a raster-based

geographic information system-- with which digital terrain models were created with a

horizontal resolution of one decimeter, and vertical resolution of one centimeter. The
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digital terrain models were developed in GRASS using an inverse-distance weighting

procedure based on the nearest three data points. This procedure was the Most

conservative interpolation algorithm available in GRASS7 and best reflected the method

of data collection (which assumed linear interPOlation based on a triangular irregular

network). The interpolation procedure was chosen to minimize its effect on the digital

terrain model. A triangular irregular network interpolation routine was not available in

GRASS.

While the survey instruments had a precision of one or two centimeters, the nature

of the bed surface --which consisted of gravel with ab-axis approaching 181 millimeters

for the coarsest particles- limited the accuracy with which the surface could he resolved.

Uncertainty in the vertical position of a given survey data point is conservatively

estimated to be a most 5 cm. Given this natural limitation on the possible measurement

accuracy, the raster --which has a vertical resolution of 1 cm- should he more than

adequate for identifying any changes that have occurred. The digital elevation models

became the raw data for aIl subsequent GIS analysis.

3.2) SEDIMENTOLOGICAL DATA

Reach sedimentology has been characterized using a number of standard methods.

Grid-by-number samples (Leopold et al. 1964; Church et al. 1987) were taken following

each flood event at various points in reaches 1 and 2; the sediment texture in reach 3 is

too fine for this method ta be reliable. A single grid-by-number (or Wolman) sample

consisted of b-axis measurements for 100 stones, collected over a 5 by 5 fi grid. The

stones were templated in the field using hand-held aluminum templates. Typically7 three

samples were taken on a given bar. Sampies were located --as precisely as possible-

along the direction of gravel transport SO as to provide sorne indication of the down bar

pattern of fining, rather than lateral patterns of sediment texture variation. The first

sample was typical1y located at the bar head adjacent to the exposed riffle upstream, the

second sample at the bar to, and the last sample on the patch of coarsest sediment found

on the downstream 1/5 of the bar.
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Bulk samples (Church et al, 1981) of the bed surface and subsurface were taken at

bar heads in the rcaches. In reaches 1 and 2, bulk samples were taken after both high flow

events. These samples were taken within the 5 by 5 m bar head zone also sampled by

grid-by-number. In reach 3, bulk samples were taken at the bar heads following the July

20 event only; flow conditions did not permit samples to he taken hefore this. Bulk

samples of the surface materiaI (a.k.a. annor, pavement) were taken by first identifying

the largest stone in the sample zone and then skimming ail materia! on the surface with a

shovel to the depth of this stone. A square sampling area was chosen to limit possible

sampling bias. Care was taken during the skimming to minimize the loss of fines during

the sampling. Sample sizes taken in this way were approximately 125 kg. The estimated

precision for the size pereentiles for samples of this size, assuming a maximum particle

size of 128 mm is between 2 and 5% (Church et al, 1987).

The subsurface material (a.k.a. hed material, sub-pavement) was sarnpled in the

same location as the surface material. Once the surface had been removed during the

surface sampling, an approximately rectilinear volume of sediment was excavated to a

depth of 30 cm, totaling about 200 kg. The estimated precision for the size percentiles for

samples ofthis size, assuming a maximum particle size of 128 mm is between 1 and 2%

(Church el al, 1987).

Bulk samples of the surface and subsurface were sieved in the field down to 16

mm; a split of about 5 kg was taken from the remaining sediment, which was transported

back to the field station where it was dried for at least 24 hours at 40 degrees Celsius. lt

was then sieved at one-phi intervals down to 63 microns.

A more general description of the reach overall was made by mapping the

sedimentological variations within the reach upon an existing topographie map of the

reach. Sediment textures were qualitatively related to existing sediment samples in the

vicinity by way of comparative judgments of the texture. Where necessary, the malerial

was described by the applying descriptive tenns based on the sediment caliber such as

boulder, cobble, pebble, gravel or sand. Where this matenal appeared to he a veneer over

the typical bed material, it was noted as weil.
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3.3) SCOUR CRAINS

Scour chains provide infonnation on the mobility of the channel that is not

available from comparisons of topographic surveys. Maximum scour depths were

measured using scour chains installed at various locations in the three reaches during the

1995 field season.

Scour chains were installed --following previously established procedures focused

on minimizing bed disturbance (M. Church, pers. comm. 1995, Laronne et al. 1994, Nawa

and Frissell 1993)- in the channel bed behind riffle crests. Installation was accomplished

by driving a steel pipe into the gravel, inserting the chain and then removing the pipe,

leaving the chain in the bed. Typically, 30 minutes to an hour were required for the

installation ofa single chain to a depth of 50 cm.

The chains were recovered using a metal detector to relocate them, and then --if

they \Vere buried-- using a shovel to remove the fiIl material. Using a metal detector

allowed the chains to be recovered relatively quickly and efficiently, thus reducing the

labor required.

Unfortunately. no interesting data came out of this work. High flow levels during

June and July 1996 prevented the recovery of the chains following the spring flood.

During low flow conditions in August 1996. only 15% of the chains were recovered;

extremely high flow conditions during the July 20 flood event had scoured out ail of the

chains near the thalweg, leaving only those located along the channel margins.
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14) SPRING AND SUMMER FLOW CONDITIONS IN THE STUDV REACHES FOR 1996

4.1) DISCHARGE CONDITIONS

4.1.1) HVDROMETRIe STATION DATA ON THE NORTH-EAST BRANCH

Three significant flood events occurred within the Sainte Marguerite basin during

the spring and summer of 1996. The first peak was minor while the second was reported

to have a decadal scale recurrence according to local inhabitants; both were generated by

rain-on-snow events typical of the spring snowmelt. The third event was generated by a

summer storm, producing sorne of the most severe flood damage in Canadian history for

the Saguenay region. The data available for reconstruction of these three event

magnitudes in the Sainte Marguerite basin are limited.

On the principal branch of the Sainte Marguerite River, there are no lime series

data on river stage or discharge. A hydrometric gauge was installed during the summer of

1996. following the data collection period for this study. but not in time to record the

flood events. However, a gauge has been maintained near the rnouth of the North-East

branch of the river since 1974 (Water Survey of Canada station No. 02RH047).

The basin area at the North-East gauge is approximately 3.5 times that at the study

sites on the Principal branch. Unfortunately, no data are available for the North-East

gauge during the period from May 14 to July 16, 1996, during which the second peak of

the spring freshet occurred. However, the gauge was operational on July 20, 1996, when

the largest flood on the 22-year record occurred. The relative recurrence periods of the

two spring and the July peak flows can be estimated frorn these records for the Sainte

Marguerite River at the study sites.

The flood frequency relation based on the maximum annual daily discharges is

presented in figure 4.1.1. A Gumbel type distribution, fit to the data using the British

Columbia Ministry of Environment flood frequency analysis program, FFAME, is shown,

as are the data points to which it was fit.
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The extreme event occurring on July 20, 1996 affects the distribution

significantly, and the distribution was fit to data sets including and excluding this event,

providing a range of possible retum periods for a given event. Log-Nonna!, Pearson type

III and Log Pearson Type III distributions were a1so applied to both data sets, but they

were much more sensitive ta the inclusion of the July 20, 1996 event (see Table 4.1.1).

The first peak of the 1996 spring freshet occurred on April 27; the mean daily

discharge recorded on the North-East was 245 m3/s -which- based on the Gumbel

distribution, would have a retum period of about 1.8 to 1.9 years. The following peak,

occurring on May 16, was reportedly much larger than the preceding one (with a return

period on the arder of a decade), though stage data is not available for this time period al

the North-East gauging station. Return period estimates for this event are presented in the

fol1owing section. The flood occurring on July 20th attained a peak of 609 m3/s on the

North-East, which was larger than any previously rePOrted event; the retum periods given

by the four different distributions which were fit ta the two data sets (one including, the

other excluding the July 20, 1996 event) are presented in table 4.1.1.

Table 4.1.1. Retum Period Estimates for the July 20, 1996 Flood Event.

•

Distribution Type Return Period for the July 20, 1996 Event
A. Excluding the July 20, 1996 B. Including the July 20, 1996
event from the data set. (years) event in the data set. (years)

Gumbel 398 160
Log-Normal 34,000 92

Pearson Type III 1,000,000 83
Log Pearson Type III 79,600 85

The Gumbel distribution produces the most conservative and consistent estimates

of the retum period; the July 20 event would have a retum period ofbetween 398 and 160

years.
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4.1.2) DISCHARGE ESTIMATES AT THE STUOY SITES ON THE PRINCIPAL BRANCO

CIRSA staff recorded water levels within reach 1 at severa! different periods

during the spring and summer of 1996. Workers in the field directly surveyed water

levels on April 25, 1996 at both the upstream and downstream limits of reach 1. The

April 25 data corresponds roughly to the first peak of the spring freshet and should have a

return period of about 1.8 years, based on the record from the North-East gauging station

(on the North-East, the discharge on April 25 was 239 m3/s, versus 244 m3/s on April 27).

The larger peak of the spring freshet occurred on about May 15, 1996. The

maximum water elevation was recorded at the upstream end of reach 1 during this event.

The downstream boundary was not accessible during this period ofhigh flow. Workers in

the field on May 27 documented apparent high water line markers on a sandy bank near

the downstream boundary, which were consistent with the upstream water level observed

and the water surface slope measured on April 25.

Following the extraordinary July 20 event, maximum stage indicators were

observed and recorded at the upstream boundary of reach 1; no markers were evident near

the downstream reach boundary.

Given this infonnation, average hydraulic radii were calculated in reach 1 for each

of the three events and slope-area estimates of the flood discharges were computed. The

results are presented in table 4.1.1. Manning' s equation was used to produce estimates of

the average velocity based on the water surface slope data, and applied over the reach

average cross-sectional area to produce a discharge estimate. Manning's n estimates were

based on grain size data from samples of the surface layer taken at the bar heads within

the reach using Strickler's law. Error estimates were derived based on the uncertainty of

the estimate of hydraulic radius, the water surface sIope, the cross-sectional area and

Manning's n.
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• Table 4.1.1. Estimated 1996 Flood Discharges, Reach 1.

•

•

Event R(m) S
n__,

V (mIs) A (mJ
) Q (mJ/s)

ave. std. erre ave. std. erre
April2S 0.67 0.0028 0.029 1.39 18.4% 26.10 36 22.3%
May 16 1.48 0.0028 0.029 2.35 16.4% 60.94 143 20.2%
July 20 1.98 0.0028 0.029 2.85 16.2% 86.16 246 18.8%

Uncertainties in peak stage estimates are under 5 cm and are negligible compared

to the other sources of error in the slope-area calculations. The uncertainty for the

hydraulic radius term was based on the standard deviation for a number of profiles

traversing the channel extracted from the digital elevation models in GRASS~ as was the

uncertainty for the cross-sectional area. The uncertainty in the water surface sJope was

taken to be the difference between the water surface slope measured on April 25 during a

moderately high discharge, and those observed on May 26 and 27, during much more

moderate discharges. Since entry and exit cross-sectionaI areas were approximately

equal, no velocity head correction was made and the energy slope was assumed to be

identical to the water surface slope. Uncertainty in n was taken to he the difference

between the values estimated from the highest and the lowest D50 for the surface materiaI

using Strickler's law. Estimates of D50surface were derived from either the bulk surface or

the Wolman samples. The value of n used for the calculation was based on an average

value for D50surface at the head of each bar within the reach as measured by the bulk

sampling technique.

There is no way to estimate accurately the over-bank water losses~ and these have

not been accounted for. The estimates presented above are for the discharge carried by

the channel itself, though it is likely that minor secondary channels on the floodplain were

also active, especially during the July 20 event. However, water leaving the channel cao

have little effect on the dynamics within the channel, which is the focus of the present

work~ and therefore these losses have been ignored.
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• Given the discharge estimates from the slope-area method at the study sites and

the data from the gauge on the North-East branch of the Sainte Marguerite River, it is

possible to make an estimate of the retum period for the May 16, 1996 event. The ratio of

the discharges occurring on July 20~ 1996 at the study sites and at the gauge on the North

East were used to estimate the discharge occurring at the gauge on the North-East Branch

on May 16. This estimate was subsequently used to derive a retum period for this event.

Table 4.1.3 presents the return period estimates derived from four different distribution

types based on data sets including/excluding the July 20, 1996 event.

Table 4.1.3. Return Period Estimates for the May 16, 1996 Flood Event.

•

Ratio of July 20, 1996 Disc:harges (North-EastiStudy Site Location) 2.47: 1
Disc:harge, May 16 1996 (Study Site Location) 143 m)/s
Estimated Disc:harge~May 16 1996 (North-East Branch) 353 m]/s

Return Period for the May 16, 1996 Event
Distribution Type A: Excluding the July 20, 1996 B. Including the July 20, 1996

Event from the Analysis (years) Event in the Analysis (years)
Gumbel 7.9 5.6

Log-Normal 10.0 5.3
Pearson Type III 10.1 5.3

Log Pearson Type III 9.0 5.3

Based on this analysis, the return period for the May 16, 1996 event seems to he

between 5 and 10 years. The results are consistent among the various distributions,

though the Gumbel distribution exhibits the least sensitivity to the July 20, 1996 event.

4.2) SHEAR STRESS AND STREAM POWER

There are severa! measures of the flow strength by which one cao characterize

each of these flow events besides the discharge; two of the most useful quantities are

shear stress and stream power. Reach average shear stress and stream power have been

estimated approximately --based on the reach topography, which detennines the hydraulic

radius, the cross-section for flowand the slope, and observed or interpreted peak water

levels-- using the usual ID uniform flowapproximations

• (5) L o = pgRSw and 0} = pgQSwlw
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where 'ta is the reach average shear stress exerted upon the wetted perimeter, p is

the density of water, g is the acceleration of gravity, R is the hydraulic radius, Sw is the

water surface slope (taken here to approximate the energy gradient) CJ) is the average

specifie stream power and w is the average bankfull channel width.

As mentioned above, workers in the field observed water levels in reach 1 during

the three flood events. In reach 2, the water level at the upstream and downstream

boundaries was surveyed on April 25 during the early spring, near bankIull event. The

slope measured at this time was applied to the other two events as weil. In addition, the

downstream water levels were reconstructed for the May 15 and July 20 floods based on a

survey of physical evidence of the peak water levels. The same physical parameters were

calculated for this reach as for reach 1; that is, the hydraulic radius for each event, the

cross-sectional area for flow, and the water surface slope.

Upstream and downstream flow levels within the third reach were surveyed, also

on April 25, providing an estimate of the water surface slope. However, the flow depth

during the May 15 and July 20 events couId not he reconstructed from physical evidence.

Instead, the reach average water depths for each event were solved iteratively by imposing

a known diseharge (those reported above for reach 1) and using the observed water

surface slope and Manning's Law. From this information, reach average shear stress was

calculated, as was specifie stream power for ail three reaches. Table 4.2.1 presents the

results of these calculations, including the estimated errors for the calculated parameters.

Errors for the morphological parameters were based on the sample standard deviation

(both R and w estimates for the reach come from a number of estimates equally spaced

throughout the reach). The error in the water surface slope was taken as the difference in

measured slope between a relatively high flow (April 25, 1996) and a more moderate one

(May 26/27, 1996). The error estimates for the discharge were calculated above.
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• Table 4.2.1. Reach Scale Mean Shear Stress and Stream Power Estimates for 1996 High Flow Events.

•

Rea~h 1 R(m) S T (Pa) Q (m1/s) w(m) Cl (W/m2
)

ave. std. err. ave. std. err.
April 25 0.67 0.0028 18 192% 36 37.84 26 42.0%
May 16 1.48 0.0028 41 16.9% 143 37.84 104 39.9%
July 20 1.98 0.0028 54 16.4% 246 37.84 178 38.6%

Reach 2 R(m) S 't (Pa) Q (ml/s) w(m) Cl (W/m 2
)

ave. std. err. ave. std. err.

April 25 0.59 0.0026 15 21.5% 36 58.35 16 41.2%
May 16 1.53 0.0026 38 13.7% 143 58.35 61 39.1%
July 20 2.11 0.0026 53 14.3% 246 58.35 105 37.8%

Reach 3 R(m) S 't (Pa) Q (ml/s) w(m) Cl (W/m 2
)

ave. std. err. ave. std. err.

April 25 1.04 0.0010 10 19.6% 36 28.48 12 41.7%
May 16 2.04 0.0010 20 18.0% 143 28.48 49 39.6%
July 20 2.77 0.0010 27 17.6% 246 28.48 85 38.3%

There is a progressive increase in both shear stress and unit stream power over the

three events occurring in 1996. In addition~ both shear stress and unit stream power

decrease from reach 1 to reach 3 for the same event~ reflecting the decreasing channel

gradient. Since they involve discharge in additions to flow depth and slope~ the estimate

errors are larger for unit stream power than for shear stress for ail reaches. As a result~

shear stress will be used as the main index of flow strengili in subsequent analyses.

4.2.1) ENTRAINMENT THRESHOLDS AND THE MOBILITV RATIO

From the reach scale estimates of shear stress, one can calculate a mobility ratio

for each reach, giving sorne indication of the relative level of bed disturbance ta be

expected. The mobility ratio is the ratio of the stress imparted upon the bed to the force

required to initiate transport of the bed material. Typically, it is the entrainment of the

median particle on the surface of the bed that is critical for entrainment of the hed overall.

The mobility ratio can he expressed as

• (6) 'tj'Tc(DSO)
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where 'to is the shear stress exerted upon the bed and 'tc(OSO) is the shear stress

required to mobilize the D50 of the surface material. For simplicity, the values of 'to here

are reach average values ('to = pgRSw ' as presented earlier) and do not represent the

maximum shear stresses occurring within the reach which are very difficult to estimate

from reach-scale hydraulic measures. It was decided to use the surface D50 estimates

from the bar heads in each of the reaches, where the bulk samples of the surface were

located. However, the bar heads represent the coarsest alluvial material within the reach;

they rcpresent the coarsest regularly mobile substrate in the reach. Therefore, the

mobility ratio calculated in this way does not represent a ratio of shear stress at a given

location to the threshold for the entrainment of the bed material at that location; rather, it

represents a relation between the reach average shear stress and the stress necessary to

mobilize the material located at the bar heads within the reach. Andrews (1984) and

Ferguson and Ash\yorth (1991) use similar reach-averaged mobility ratios to compare

transport conditions between different river reaches.

Et follows that mobility ratios calculated in this way must be interpreted carefully.

A ratio less than 1 does not imply that the flow conditions cannot produce transport

anywhere; rather, bed entrainment will occur in zones of higher than average shear stress

only. The purpose of this ratio is to scale the flow strength by the material forming the

bed of the reach and thus highlight inter-reach contrasts in substrate mobility along river

systems. The more typical application of this ratio requires an estimate of the shear stress

and bed entrainment threshold at the same point (Dietrich et al., 1989) ; this data is not

available for the present study.

The non-dimensional critical shear stress for entrainment of a grave1 bed for a

given sediment size class can be estimated by the equation

(7) -r·ci= -ri I{(Ys-Yr)D j }

The value of -r·ci is important; il was therefore decided to use rather conservative

estimates of -r·ci . Ashworth and Ferguson (1989) have examined the critical threshold for

movcment in three rivers, and have estimated the critical entrainment thresholds on a size

by size basis. The three rivers used in lhis studyare the Ait Dubhaig, the Feshie (both in
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• Scotland) and the Lyngsdalselva (Norway). The results from data from all three rivers

took the fonn

(8) 't-ci=O.089(D/DSOsurf).()·74

where D50surf is the surface median substrate sÎZe. This generally agrees with the

results reported by others (Andrews, 1983; Parker et al., 1982), and from this relation, one

can estimate the critical threshold for sediment transport based on the D50 of the surface

material using a value of or-ci of 0.089. This value is conservative: other studies have

reported values ofT-do of 0.05 to 0.06.

The results of the calculations made in this way are presented below in table 4.2.2.

Table 4.2.2. Event Specifie Mobility Ratios.

•

•

Reach DS01
••rr•cr Crit. Shear Mobility Ratio

(mm) Stress (Pa) April2S May 16 July 20

1 46 65 0.29 0.63 0.85
2 41 38 0.27 0.71 0.98
3 25 35 0.29 0.57 0.77

1: median surface size is estimated from bulk sarnrles of the surface material at the bar heads within the
rcaches

It should he kept in mind that these mobility ratios are reach average estimates,

therefore one would expect far less than average activity on the channel margins and

much more than average activity in the thalweg. This ratio is used here simply as a

convenient method of scaling the flow strength by the bed material caliber for inter-reach

and inter-event comparison.
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15) PATIERNS Of MORPHOLOGICAL EVOLUTION

Morphologie change difTered between the tbree reaches and also between flow

events. The primary tool used for analysis of bedform evolution and/or change was

GRASS~ in which digital terrain models were manipulated to reveal the spatial

distribution and volume of net erosion and deposition within the reaches.

5.1) REACH 1

This reach is near the upstream limit of the channelized section of the Sainte

Marguerite River~ and consists of two lateral bars in a relatively straight length of

channel. Immediately upstream is a complex morphological unit consisting of two very

large point bars~ which developed fol1owing channelization (figures 2.2 and 2.4.1).

The river channel response to a flow event capable of producing gravel transport

has been classified as either hedfonn change or as bedfonn evolution. As discussed at

length in chapter 1~ bedform change represents localized changes in sediment storage,

which are primarily related to site-specifie conditions. Bedform evolution is the change

in sediment storage that can he related to an overall pattern of channel adjustment to the

imposed flow conditions and constrained by the channel boundary conditions (i.e. bank

material type~ vegetation~ anthropogenic effects~ etc.).

There are several general evolutionary response types that have been observed by

comparing the changes in planform~ longitudinal section and in cross-section within the

reach. The three flow events bracketed by these three surveys are grouped into two time

periods. The first two surveys encompass the smal1 flood occurring in April as weil as the

significantly larger flood in May. The ehanges due to the flood in July are illustrated by

the third survey.

The first two floods are considered --by necessity-- together; it ean be assumed

that the mueh larger flood occurring in May was responsible for the preponderance of the

geomorphic work. In any case~ both flood peaks were part of the spring freshet~ and will

thus be treated as a single event. The flood oceurring in July is considered in isolation.

44



•

•

•

5.1.1) GENERAL BEDFORM REsPONSE

The primary tool used to display the detailed reach morphology and analyze the

subsequent channel modifications was the raster-based GIS package, GRASS. Raw

survey data was imported into GRASS, from which a digital elevation model (DEM) was

constructed using an inverse distance weighting procedure, applied to the nearest three

survey points. The specifie characteristics of the DEM are presented in section 3.1. The

digital elevation models are presented in figure 5.l.1. Potential salmon spawning zones

are indicated on this figure; these zones were defined to extend upstream of well

developed riffle crests for 1 bankfull channel width, having a maximum width equal to

the water surface width during low to moderate discharges. These zones are further

diseussed in chapter 8.

Over the course of the spring freshet.. bedform response was localized, although a

net evolutionary tendency was evident. Bar head deposition occurred upon bar 1, where a

unit bar appeared on the June, 1996 survey (point A, figure 5.1.1). Along the avalanche

face on the left flank of bar 1, net deposition occurred; the bar advanced downstream as

weil. Other significant changes include erosion of the right edge of bar 1 near the bar

head and bed seour on and upstream of riffle 2 near the bar tail (R2, figure 5.1.1). The

right bank adjacent to bar 1 was protected by rip rap prior to the spring flood of 1994.

On bar 2, net accretion occurred across the bar top and in the adjacent channeL

The eut bank opposite bar 2 was eroded and the pool beginning at the bend apex scoured

vertically and grew laterally.

The second flood, that of July 1996, caused more extensive change within the

rcach, concomitant with its larger size. An overall streamlining of bars 1 and 2 is evident.

The secondary channel along the left bank of bar 1 has been filled significantly.. reducing

its cross-sectional area. Unlike the freshet, no downstream component of bar growth

scems to have occurred during this event. Erosion in the thalweg upstream of the crest of

riffle 2 has continued.
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Bar 2 has responded in a fashion similar to that observed during the spring freshet.

80th cut bank retreat and pool extension have occurred, as has deposition upon the bar

top and the adjacent channel. However, the locus of dePOsition has shifted downstream

and formed a steep avalanche face along the downstream margin of bar 2.

5.1.2) OETAILED MORPHOLOGIe CHANGES IN RESPONSE TO THE SPRING FRESHET

The digital elevation modeis bracketing the spring freshet were used to identify

the precise patterns of net morphologie change, and to calculate the volumes of discrete

zones of erosion/dePOsition. The digital elevation models, referenced to common semi

permanent bench marks in the reach were subtracted one from the other, and the resultant

raster map was separated into positive and negative residual comPOnents, corresponding

to either erosion or deposition occurring in response to a given flood event. The maps of

erosion and deposition are presented in figure 5.1.2, with local scour or fiII volume

estimates overIain.

The pattern of bedfonn response to the spring freshet is strikingly coherent, and

can be grouped into discrete associations of deposition and erosion (figure 5.1.2). A unit

bar of approximately 24 m3 of sediment was deposited at the head of bar 1. Adjacent to

this is a related deposit of materia! in the head of the secondary channel, where close to 21

m3 of sediment has been deposited.

One hundred and sixty-eight cubic meters of sediment have been deposited along

the Iength of the avalanche face at the tail of bar 1, producing a net downstream

component of bar growth. Net erosion of the right edge of bar 1 near the bar head has

aIso occurred --with a volume of 148 m3
-- opposite the recently protected cut bank (rip

rap cmplaced in 1993).

At the upstream end of the reach, 148 m3 have been eroded from the right edge of

bar 1, while 7 m3 were eroded from the bar top and 12 m3 were eroded from the left bank,

for a total of 167 m3
• Advance of the avalanche face towards the left bank and

downstream has resulted in a net deposition of 168 m3
• Since the locus of deposition is

46



• •

Elevation 1Dl

0.1 0.3 O.S 0.7 0.9 1.1 1.3 l.S 1.7 1.9 2.1 2.3 2.S 2.7 2.9 3.1 3.3 >3.4

••••••• ODD••••••••
Datum of0.0 mc::oœspolKts to an elevation of 125.9 ma.sl

scale (m)
III

Figure S.I.I: Digital Elevation Models, Reaeh 1, for Three Successive Surveys;
Morphologie elements are shown in blue, as are sediment sample locations.
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Figure 5.1.2: Net Morphologie Change, Reach l, Resulting from Spring Freshet. Maps ofnel morphologie change for reach l,
Volumes ofchange in cubic meters are shown in red. June 1996 bed contours are overlain. Key features ofprevious survey shown in blue.
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situated on the channel centerline~directly downstream from the main site of erosion~ it is

reasonable to link these changes.

Adjacent to the tail of bar 1~ the channel hed has scoured~ with a net volumetrie

change of 102 m3
• Sediment deposited upon the top of bar 2 has a net volume of 107 m3

•

These two zones cao similarly he linked as a source and subsequent sink ofsediment.

At the tail of bar 1~ near the left bank~ net erosion of 44 m3 has occurred~ paired

with a net deposition of 45 m3 within the channel downstream of riftle 2. These two

zones are likewise thought to represent paired erosionldeposition zones.

Transects were extracted from the digital elevation models to illustrate the

adjustments to the cross-sectional and thalweg profiles occurring during the flood. Figure

5.1.3 illustrates these adjustments. The pattern of erosion along the bar face and

dcposition upon the avalanche face is illustrated by cross-section A:A', through the

centroid of bar 1 (see Fig. 5.1.1).

The thalweg long profile shows a net downstream shift of the crest of riftle 2~ near

the tail of bar 1 (figure 5.1.3). Net erosion behind the crest and deposition downstream of

it has occurred. The deposition just downstream of riffle 2 is part of a more extensive

band of deposition extending across bar 2; the entire band of sediment has a volume of

about 152 m3 (figure 5.1.2).

Significant erosion has occurred along the unprotected eut bank opposite bar 2~

where 191 m3 of bank and bed erosion has occurred at the pool head as the pool deepens

and extends laterally. Just downstreant ofthis~ 188 m3 ofbed erosion occurred as the pool

extended downstream. Figure 5.1.3 illustrates the extension of the pool opposite bar 2

(between riffles 3 and 4)~ while cross-section B:B~ indicates a widening and deepening of

the pool. The preponderance of the bank retreat has occurred downstream of B:8\ and

therefore does not show up on Figure 5.1.3 C.

Rime 4 has been significantly altered by the downstream extension of the last

pool. Although the rime crest has not shifted downstream~ the bed upstream has

degraded.
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5.1.3) OETAILED MORPHoLOGie CHANGES IN REsPONSE TO JULY 20 EVENT

The second flood event of 1996 was much larger than the firs4 and produced

much greater morphologie change. However, it is interesting to note that the patterns of

deposition and erosion are qualitatively similar to the previous one (figure 5.1.4).

The primary depositional environment on bar 1 is again the left bank avalanche

face, which has continued infilling the secondary channel, with very little downstream

component of bar growth; the total depositional volume is approximately 810m3 (figure

5.1.4).

The right edge of bar 1 near the bar head has been eroded in an overall process of

bar streamlining. There is a substantial volume of net erosion (139 m3
), though it is c1ear

that this is part of a much larger scour zone extending upstream beyond the reach

boundary. Oownstream, there has also been extensive erosion of the right flank of bar 1.

which fonns a continuous zone of erosion along the channel centerline, including riffle 2

and the left flank of bar 2 (there has been 525 m3 oferosion in this continuous scour zone,

figure 5.1.4).

The cross-section A:A' shown in figure 5.1.5 through the centroid of bar 1 again

illustrates an overall pattern of erosion on the bar face and dePOsition behind the bar crest,

resulting in a net shift of the bar crest towards the left bank; the thalweg has widened in

the main channel, and the bar face has steepened somewhat. These morphologie changes

were not apparent in response to the first event (A:A', Fig. 5.1.3), and suggest that the

difference in the flood magnitude has aItered the local hydraulics.

The thalweg profile shows a downstream displaeement of rime 1 in resPQnse to

the growth of the pool just upstream and outside the reach. Significant scour of the bed

has occurred adjacent to the bank protection, between rimes 1 and 2. The crest of riffle 2

has shifted further dO\\''llstream. Rime 3 has also aggraded; the aggradation is part of an
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Figure 5.1.4: Net Morphologie Change, Reach l, Resulting from July 20 Flood Event. Volumes ofchange
in cubic meters are shown in red. August 1996 bed contours are overlain in black. Blue dashed lines indicate

June 1996 avalanch face crest and former channel bank locations.
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overal1 band of sediment being deposited for the most part across the left edge and

downstream face of bar 3 (Fig. 5.1.4).

Large-scale deposition has continued along the left edge of bar 2, though the locus

of deposition has shifted downstream, extending the avalanche face a10ng the downstream

margina The volume ofthis unit of deposition is about 769 m3
• The cross-section 8:8'

through the centroid of bar 2 illustrates the degree ta which the bar face has advanced

towards the left bank and steepened (figure 5.1.5).

The thalweg profile (figure 5.1.5) shows bath upstream and downstream extension

of the last pool. The map of net erosion clearly indicates the extent of bank and bed

erosion downstream of riffle 3. The bank has retreated at the same time as pool extension

has oeeurred; the total erosional volume is 697 mJ
•

Again, basic observations about the spatial arrangement of erosion and deposition

sites ean be made. The bulk of material fonning the 810m3 deposited along the

avalanche face on bar 1 is obviously from the left eut bank upstream of reaeh 1 (figure

2.4.1). If one assumes that ail the eroded sediment downstream of the 32 m3 site in the

main channel and along the right bank is not incorporated into the deposit on bar l, one

finds that at least 586 m3 (32 + 6 + 9 + 525 + 14) are exported to the dO\VDstream bar.

However, the volume deposited upon bar 2 is 779 mJ (769 + 10), indicating a discrepancy

of 193 m3
• It is clear that the transport distance for bedload during this event is

signifieantly larger that for the previous one, making it more difficult to balance scour and

fill within the reach.

5.1.4) SITE SPECIFIC INTERPRETATION OF MORPHOLOGIC CHANGES

A general pattern of morphologie response within reach 1 cao be identified for

both flood events. While the total volumes of sediment eroded and deposited vary with

the flood magnitude, the spatial patterns remain consistent. The response of bar 1 in

reaeh 1 has been controlled primarily by the protected eut bank facing il. Bank protection

reduees the sediment supply from the bank and restricts the natural pattern of meander

gro\\lth. As a result, there is a consistent trend of erosion of the bar face and the adjacent
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bed, as well as deposition in the lee of the bar crest. This produced a migration of the bar

away from the protected bank and downstream.

During the tirst event, net erosion of 148 m3 has occurred on the right side of the

bar. In addition, there has been a net erosion of about 102 m3 from the adjacent riffle

downstream (R2, Figure 5.1.1), which is also a direct result of the sediment supply

limitation induced by the bank protection. During the second event, there is a similar

pattern ofaltemate bar erosion and riffle degradation, with a net volumetrie change of 557

rnJ
• The loci of bar and riffle erosion have remained unchanged, though the spatial extent

and total volume varied with flood magnitude.

The patterns of deposition are likewise quite similar, although again of different

magnitude and spatial extent. Both involve the advance of the bar 1 downstream and

towards the left bank. The net deposition occurring during the tirst event is about 189 m]

versus 810 rn3 for the second.

In contrast to the situation upstream, the bank facing bar 2 has not been protected.

The patterns here are also consistent for the two events; deposition has occurred as a band

of sediment across the left bar face and in the zone between rimes 2 and 3, while the eut

bank has predictably retreated and the pool has grown deeper and more laterally

extensive.

The consistency of the patterns of erosion and deposition within this downstrearn

part of the reach suggest an evolution trend towards a more stable, meandering pattern

(Langbein and Leopold, 1968b; Hooke, 1975). This is hardly surprising, considering that

this section ofchannel has heen channelized, thus imposing a higher channel gradient.

5.2) REAC" 2

The second study reach is located roughly 500 meters downstream of the tirst; it

has a slightly lower gradient and a somewhat tiner substrate (figure 2.4.1). This site has

been characterized by a high rate of eut bank retreat subsequent to channelization; the

right eut bank was protected in 1993. Figure 5.2.1 illustrates several morphologie

features of note that will he touched upon briefly. The channel has divided around a low
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amplitude mid-channel bar, (bar 1). Bar 2 -the point bar--. is composed of coarse gravel

on the upstream side and grades to predominantly sand On the downstream side. The

lobate shape of the gravel accumulations on the point bar surface are obvious (points

Lobe l, Lobe 2, Lobe 3), and indicate rapid rates of bar accretion.

Pools were located at points A, C and D in 1995. The pool at point C, located at

the point of maximum flow attack on the protected bank, Was very steep-sided and quite

deep. The other two pools were not as deep and were characterized by much more

gradually sloping edges.

5.2.1) GENERAL BEDFORM RESPONSE

During the freshet, bars 1 and 2 changed only slightly. The pools, white slightly

modified by the flood, remained in essentially the same locations.

However, the July 1996 flood altered the reach extensively. Bar 1 was

incorporated into the head of bar 2, and the thalweg shifted over to the right bank. Bar 2

was also modified. An incipient chute cutoff channel fonned across the bar; the gravel

lobes on the bar top have advanced, reflecting a net accumulation of sediment on bar 2.

5.2.2) DETAILED MORPHOLOGie CHANGES IN RESPONSE 1'0 THE SPRING FRESHET

There seems to be linle coherent pattern to the net change resulting from the

spring freshet (figure 5.2.2). There are a number of small pockets of erosion or

deposition~ there are, however, several key patterns indicative of systematic channel

response.

The most striking feature is the downstream extension of bar l, resulting in a net

fill ofapproximately 198 m3
• The cross-section (A:A') shown in figure 5.2.3 through bar

1 shows clearly the vertical bar growth that has occurred. A shifting of the left branch of

the main channel around bar 1 towards the point bar has caused erosion of the head of bar

2, with a net scour volume of 84 mJ
• The thalweg profile (figure 5.2.3) shows very linle

alteration of the bed configuration upstream ofrime 2.
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There is a clear pattern of advance of the sediment lobe 1 across the bar 2 with a total

volume of deposition of about 70 m3 (25 + 31 + 14). The cross-section 8:8' through bar

2, however, illusttates that for the most p~ the right edge of bar 1 and ils crest have

remained essentially unchanged following the flood (figure 5.2.3).

There is a1so evidence of advance of lobe 2, though this is part of a larger region

of deposition. This larger region consists of deposition in the sandy, lowenergy area on

the downstream edge of bar 2. The entire region underwent a net volumetrie deposition

of about 317 m3
• Net erosion has also occurred in deeper water in this are~ with a net

scour of about 75 m3
• Along the base of the rip rap a10ng the right bank there has aIso

been a tendency for erosion to OCCUf.

Consistent pairings of erosion/deposition zones are more difficult to establish in

this reach than in reach 1. However, the erosion along the head of bar 2 (76 m3
) likely

supplied the sediment deposited upon the face of gravel lobe 1 (70 m3
). Net erosion along

the base of the protected bank upstream of pool C accounts for 70 m3 of sedimen~ while

69 m3 of sediment has been deposited, suggesting that ooly very localized scour and fill

have occurred in the area.

5.2.3) DETAILED MORPHoLOGie CHANGES IN RESPONSE TO JULY 20 EVENT

The pattern ofbedform resPOnse to the July flood is more coherent. As discussed

before. this flood was quite a bit larger than the spring freshet events, and mobilized a

much larger volume of sediment.

At the upstream limit of the reach, a large volume of sediment has been eroded as

pool A has grown deeper and more elongated along the left bank (figure 5.2.4). This unit

of erosion also includes significant erosion of the bed a10ng the left bank upstream of bar

2. The total volume of erosion is 497 m3
• The downstrearn extension of this pool is

clearly apparent on the thalweg profile on figure 5.2.5.

A large volume of sediment has also been deposited at the head of bar 2. The left

channel branch has been completely filled in, as bar 2 has advanced towards the center of

the channel, incorporating the body of bar 1. The crest of the mid-channel bar (bar 1) has
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also been eroded, producing 45 m3 of scour. At the sante time as the point bar encroached

on the mid-channel bar, there has been massive erosion of the channel bed and banks on

the right-hand side of the channel, just upstream of the protected banks. The overall

shifting of the thalweg towards to right bank appears clearly in cross-section A:A' in

Figure 5.2.5.

Deposition was not limited to the left·band chute around bar 1 but was also

significant on the point bar, bar 2. There has been a net accumulation of sediment on the

bar face and top, and large-scale lateral propagation of lobes 1, 2 and 3. A new lobe (lobe

4) has also developed, albeit a much smaller one, on the left side of an incipient chute

cutoff involving 48 m3 of scour. Advance of lobe 4 has formed the left bank of the

incipient chute cutoff.

The channel bed adjacent to the left bank has been eroded at the upstream limit of

the rip rap as the bank itself retreats. However, once the bank protection is encountered,

the bed quickly changes from a pattern of degradation to one of aggradation in the

vicinity of riffle 2. Erosion occurs on the left edge of bar 2 at the bend apex, forming a

quasi-continuous band oferosion with that occurring adjacent to the left bank upstream.

At the downstream Iimit of the bank. protection, erosion has once again attacked

the right bank and bed. Riffle 3 has been significantly eroded, and the pool downstream

has deepened and extended.

There has been both erosion and dePQsition within the low energy environment in

the lee of bar 2. Also, the large pool between riffle 2 and 3 has been filled considerably.

Given the complex nature of the morphologie changes occurring in this zone and

the much larger transport distances associated with this flood, there is little to be leamed

from attempting to analyze the patterns of net changes in storage in tenns of paired

erosion/deposition zones; the reach is insufficiently long for this to be reHable, which is

further complicated by the complex pattern of net storage changes.
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5.2.4) SITE SPECIFIC INTERPRETATION OF MORPHOLOGIC CHANGES

The response to the two events is quite different within reaeh 2. The tirst event

produced a scattered pattern of erosion and deposition, with sorne consistent spatial

organization. However, the extant morphology remained essentially unaltered. The

primary response was a dOWDStream advance of bar 1 -a medial bar-- with a net

deposition of about 198 m3
• In addition., lobe 1 advanced as sediment aceumulated on bar

2. The priffiary zone of deposition was, however, on the downstream edge of bar 2.

Erosion was focused along the left bank., near the head of bar 2, and in the vicinity of the

pool at the upstream end of the reach. Erosion associated with the downstream growth of

bar 1 also occurred.

In contrast, the July 20 event produeed substantial morphologie adjustment. Bar 2

extended laterally and upstream, ineorporating bar 1 and filling the left channel around

bar 1. Erosion focused on the channel bed and unprotected banks on the right margin of

bar 1.

Significant accretion of gravel to the point bar face (bar 2) and top has occurred;

the previously identified gravel lobes have ail advaneed, producing a net shift of the bar

crest inward, towards the left bank. Along the right bank, erosion site shifted, from the

bank and bed upstream of the protection, to the face of bar 2 opposite the protection, and

diminishes around the right edge of lobe 2.

The net result of the July 20 event was to streamline the bar morphology and to

deepen the existing pools. The general configuration and position of the rimes has been

altered as weIl. This contrasts with the limited morphologie alterations produeed by the

spring freshet.

5.3) REACII 3

This reach is located al the downstream end of the channelized section of the

Sainte Marguerite, its bed is composed of fine gravel and sand. 115 slope is less than half

that for reaches 1 and 2 (Figure 2.4.1). It represen15 a transition point from a gravel bed to
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a sand bed morphology. The upstream boundary of this reach is several tens of meters

below a low partiy permeable weir traversing the ehannel.

The primary morphologie elements within the reaeh are a lateral bar (bar 1)~ just

below the weir, composed primarily of [me gravel, a medial deposit of sirnilar material

just downstream (bar 2), a point bar of fine gravel grading into sand at its taïl on the left

bank (bar 3), and a smaii sandy point bar on the right bank (bar 4) (figure 5.3.1). Riffles

exist downstream of bar 1 (RI) and bar 2 (R2), and near the tail of bar 3 (R3) (figure

5.3.1).

5.3.1) GENERAL BEDFORM RESPONSE

Following the spring freshe~ there bas been sorne readjustment of the existing

riffles (figure 5.3.1). Most significantly, riffle 2 has undergone net deposition and

migrated downstream. Riffle 3 bas been eroded and its crest has migrated downstream;

however, the morphologie configuration has remained relatively unchanged.

The more powerful July 20 event has had a more significant impact on the

morphology. Erosion has eroded a significant portion of bar 1 and obliterated bar 2; point

bars 3 and 4 have undergone lateral and vertical accretion. Riffle 1 was destroyed, while

riffle 2 migrated downstream significantly as part of a larger deposit of sediment upon bar

3. Riffle 3 has translated downstream and been somewhat eroded upstream of the riffle

crest.

5.3.2) DETAILED MORPHOLOGie CHANGES IN RESPONSE TO THE SPRING FRESHET

There is Httle pattern to the net deposition occurring within this reaeh (figure

5.3.2, and cross-sections A:A', 8:8' and C:C' on figure 5.3.3). A plug of sediment with a

volume of 45 m3 was deposited within the left bank branch of the main channel, near

riffle 2. There have also been linear deposits of finer material in the sand bed section of

the channel --along the right bank~ downstream of riffle 3-- resulting in a net aggradation

of point bar 4.
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are shown in red. June 1996 bed contours are overlain in black.
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The pattern of erosion is somewhat more consistent. There are small· pockets of

bank erosion along both side of the channel; bank erosion was particularly focused on the

eut banks opposite bars 3 and 4. Erosion of the bed has occurred in the thalweg opposite

bar 3 as weil.

5.3.3) MORPHoLOGie CHANGE IN RESPONSE TO JULY 20 EVENT

The July event has produced an entirely different pattern of net morphologie

ehange (figure 5.3.4). At the upstream end of the reach, the only net deposition has

oeeurred as a lobate extension at the tail of bar 1. The net volume ofdeposition is only 37

m3
• Overall. erosion of the bed and bars has dominated the upstream end of the reach.

Bar 1 has been eroded by 353 m3 and the adjacent pool has extended downstream; this is

part of an overall zone of erosion in which bar 2 has been removed (see cross-section

A:A' through bar 2, figure 5.3.5). This erosion, consisting of 1039 m3
, extends

downstream to the upstream edge of rifile 2.

Downstream and along the left bank, a net aeeretion of 150 m3 of sediment to the

upstream edge of bar 3 has occurred, filling in the braneh of the main channel that

previousiy divided around bar 2 (figure 5.3.5). Along the eut bank opposite bar 3, erosion

of both bed and bank has oecurred as the pool downstream of the riffle 2 deepened and

the banks retreated. The net volumetrie change here is about 129 m3
•

A broad band of newly deposited sediment extends from the crest of riffle 2 near

the right bank across the tail of bar 3 and into the pool downstream of riffle 3 near the left

bank. Deposition has also occurred near bar 4 as part of this overall zone. [n ail, 675 m3

have been deposited. This deposit is most likely related to the large volume of gravel

mobilized in the upstream half of the reach, eombined with the back water effeet

produeed by the very sinuous channel pattern just downstream of reaeh 3 (figure 2.2).

Bank erosion has also oeeurred along the left bank opposite bar 4.
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5.3.4) SITE SPECIFie INTERPRETATION OF MORPHOLOGIC CHANGES

The spring freshet produced little alteration of the overall morphology. There was

sporadic deposition of limited volumes of sediment throughout the reach; riffle 2

underwent deposition of45 m3 of sediment in the left branch of the channel around bar 2~

and there was sorne overall aggradation around bar 4. Net erosion of the channel banks

opposite point bars 3 and 4 occurred as weil. Air photo evidence indicates that this reach

has historically remained quite stable --at least in planform- and thus the absence of

channel alteration is not surprising.

In contrast~ the July 20 event altered the upstream channel bed extensiveIy. Bar 1

was severely eroded, and bar 2 was obliterated. Bank and bed erosion aIso occurred

opposite point bars 3 and 4. This erosion obliterated riffle 1 and caused riffle 2 to shift

downstream; riffle 3 has been eroded to a degree as weIl. It is Iikely that the upstream

weir is responsible for the dominance of erosion within the upper part of this reach.

There has also been a small volume of deposition along the lail of bar 1~ as weil as

accretion of sediment to the head of bar 3. The volumes~ however~ are quite small in

comparison with the erosion volumes. Downstream of rime 2~ a large volume of

deposition has occurred~ primarily of fine gravel and sand. Bar 4 has grown as a result~ as

has the sandy tail of bar 3. This deposition has oecurred at the approximate transition

from gravel bed to sand bed. and was likely the result of a significant backwater effeet

produced by the highly sinuous channel pattern downstream.

5.4) CHANGES IN VOLUMETRIC SEDIMENT STORAGE

5.4.1) REACH 1

The patterns of net morphologie adjustment can be analyzed in terms of the 1D

change in net sediment storage within the channel along the downstream direction. This

reduces the changes from a three-dimensional pattern to linear trend in the downstream

direction. Changes in volumetrie sediment storage were calculated for a number of

discrete zones within each reach (figure 5.4.l)~ by defining the zones in GRASS and
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• caIculating the total erosion and deposition volumes. These volumes were subsequently

nonnalized by the zone are&, thereby expressing changes in $lorage as changes in the

volume per unit~ or simply, as changes in depth. Figure 5.4.2 displays the pattern of

changes in sediment storage for reach 1 for bath events.
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Figure 5.4.1.•
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During the freshet, net erosion of the channel bas occurred in zones 1 through 3 -

which corresponds to the head of bar 1- while net deposition bas occurred at the tail of

the bar in zone 5. There is a smalI amount of net erosion downstream of the bar~

followed by deposition upon bar 2 in zones 8 and 9. The Iast 5 zones of reach 1 are

generally marked by net erosion, which is focused on the outer bank and the adjacent bed,

though zones Il and 14 show üttle change in stored sediment volume.

The pattern of sediment storage is different for the July 20 event. Net deposition

has occurred upon bar 1 in zones 2 to 5. Zones 6 to 10 have been eroded significantly. A

large volume of sediment bas been deposited in zones Il and 12, foUowed by significant

erosion in zone 14.

The patterns are seemingly quite dissimilar for the two events. However, if one

examines bar 2 (Fig. 5.1.2 and 5.1.4), it becomes clear that the locus of deposition bas

merely shifted downstream &am zones 8 and 9 to zones Il and 12; the locus of erosion

has likewise shifted downstream. The locus ofnet erosion in the vicinity ofhar 1 bas aIso
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• shifted downstream trom zone 6 to zones 7 and 8. However, the locus of deposition bas

migrated upstream trom zone 5 to zones 2 and 3. This is likely due to cbanging patterns

of sediment transport across the complex point bar Iying just upstream of the reach

boundary during the July t1ood; flow Iikely moved more directly across the complex bar

surface (Figure 2.4), supplying sediment to the secondary channel along the Ieft bank of

hart.

5.4.2) REACH 2

The pattern of volumetrie sediment storage changes for reach 2 is presented in

figure 5.4.3.
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Figure 5.4.3. Net Change in Sediment Storage over Two Events, Reach 2.

•

Changes in sediment storage in response to the spring freshet for reach 2 are quite

simple. There is little or no net change in the upstream zones. Net deposition occurs in

zones 6 through 9. Zones 8 and 9 are typified by primarily sand, representing sediment

likely carried in suspension, while zones 6 and 7 represent storage of bedload upon the

point bar head. Notice that the Iargest volume ofdeposition is associated with zone 8.

The July 20 event produced Iarge-scale erosion in zones 1 through 5 as the right

bank was eroded and the riffle configuration a1tered. Net deposition occurred on the point

bar top in zones 6, 7 and 8, foUowed by massive erosion of the bed and banks in zones 9

and 10.
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• During both events, sediment is stored upon the point bar, even though the eut

bank opposite is IlOt retreating due to the bank protection. DuriDg the ftesbet, the majority

of the sediment was stored in zone 8, representing material transported in suspension,

whereas during the July 20 event, the majority of the net deposition occurred al the point

bar head in zone 6. However, wbiIe the spring freshet did IlOt produce net erosion, the

July 20 event produced large-scale erosion both upstream and downstream of the point

bar.

5.4.3) REACH 3

The patterns of change in net sediment storage for reach 3 are presented in figure

5.4.4.
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Figure 5.4.4. Net Change in Sediment Storage ovcr Two Events, Reach 3.

•

Little or no change in stored sediment volumes occurred in zones l through 6

during the spring freshet. Sorne net erosion occurred in zones 7 and 8 as the eut bank

opposite bar 3 retteated without the occurrence of significant deposition upon the bar.

Net erosion bas also occurred opposite bar 4 in zone 10 as the eut bank opposite eroded.
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The July 20 event produced massive erosion in zones 1 through 6, followed by

significant deposition in reaches 7 through Il. The upstream erosion is likely due to the

limit on sediment transPQrted into the reach due to the boulder weir upstream, while the

downstream deposition is likely due to a backwater effect caused by the tortuous

meandering channel pattern downstream of the reach.
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16) PAITERNS OF CHANNEL AD.JUSTMENT

6.1) CLASSIFICATION OF FLOOD SEVERITY

The question arises as to how the channel response of the Sainte Marguerite River

fits into the overall framework of channel response to extreme floods. It is clear that in

the study reaches neither the extreme channel widening nor the change in channel pattern

observed by other researchers (Desloges and Church, 1992; Warburton, 1994;

Huckleberry, 1994; Nolan and Marron, 1985; Harvey, 1984) has occurred. However,

such changes have occurred on other river systems in the Saguenay region as a result of

the same meteorological event. The Rivière à Mars on the other side of the Saguenay

Fjord, for example, degraded significantly in several locations, and widened as weIl.

Shifts in stream pattern from a previously sinuous single channel to a braided channel

were also observed.

The Sainte Marguerite River, while undergoing mobilization of a significant

proportion of its bed, did not experience the shift in regime observed on sorne other rivers

in the region. There are several factors that may be significant in this regard. It seems

c1ear that the distribution of precipitation was such that the southern side of the Saguenay

Fjord experienced much greater amounts of precipitation than the northem side, and

therefore the unit runoff magnitude was less for the Sainte Marguerite, located on the

northern side of the Fjord than for other rivers. Also, the floodplain of the Sainte

Marguerite is quite heavily forested, which may have been a mitigating factor.

Miller (1990) examined exactly this type of question in the Central Appalachian

region. A tentative criterion for a geomorphically effective flood was derived based on

the available data. Miller writes that for floodplains wider than 200 m ~~300 W/m 2 appears

to be a reasonable minimum estimate of (the) threshold" (p. 132) above which floodplain

scour and channel widening becomes important. Magilligan (1992) proposed this same

threshold as the minimum limit for catastrophic flood effects within alluvial channels in

humid environments. It should he mentioned that the threshold proposed by Miller is for
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scouring of vegetation by overbank flows~ and is not directly applicable to predicting

within-bank scour and fill volumes.

If the unit stream power for the July 20 flood is calculated for the three reaches of

the Sainte Marguerite~ average values for reaches l, 2~ and 3 are l75~ 105, and 85 W/m2
,

respectively; far less than the above proposed threshold for severe channel modification.

Therefore, the July 20, 1996 event could not have been expected to produce a step change

in the channel pattern or significant floodplain modification.

6.2) PATfERNS EVIDENT WITHIN THE REACHES

Both c1ear patterns of bedform evolution as weil as a sporadic distribution of local

channel change were evident in the three reaches in response to the two flood events. In

those locations where bedforrn evolution has occurred, the form of the adjustment

typically followed the existing paradigm for meander deveJopmen~ given the existing

constraints of bank protection. The degree to which the bed responded was a function of

the flow conditions and the reach sediment caliber. Where there was a constraint on

meander development due to bank protection, the bar evolved in accordance with this

limitation. The main evolutionary patterns observed in each reach are summarized in the

next paragraphs.

6.2.1) REAC" 1

Deposition occurred on the left edge of bar 2 as the bank opposite retreated during

both events; erosion was focused on the downstream part of the bend~ and the deposition

occurred in a band parallel ta bank retreat~ producing a net downstream component to bar

growth. Point bar l, facing a protected cutbank, responded differently. Deposition

occurred along the inward avalanche face and at the bar tail; the freshet produced

prirnarily bar tail growth while the July 20 event had a more significant lateral component

of deposition. Here, erosion has been focused on the channel bed in the vicinity of riffle 2

and on the head of bar 2.
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6.2.2) REACH 2

The primary form of evolution in response to the freshet within this reach was the

downstream extension of the medial bar, bar l, upstream of the bank protection.

Significant deposition also occurred in the sandy deposits in the lee of the point bar (bar

2) during this event. During the July 20 even~ the bank above the upstream limit of the

protection measures retreated significantly; there has been a concomitant deposition of

materia! on the opposite side of the channel, resulting in the complete absorption of bar 1

within the head of bar 2. Sediment was also deposited on top of bar 2, at its head, and

along the right flank of the bar. At the downstream end of the reach -where bath banks

are protected-- the channel bed bas scoured significantly following the July 20 event.

Various changes to the bed have occurred locally in the vicinity of the bank

protection during both events; these changes are likely related to the development of

vortex scour, by which a vertical vortex May scour the bed quite significantly over a very

limited spatial range (Mlynarczyk and Rotnicki, 1989).

6.2.3) REACfI 3

Within reach 3, little systematic change has occurred during the freshet. Sorne

bank erosion was ohserved along the cut banks opposite bars 3 and 4, and generally,

deposition has occurred on the point bar faces. The response of reach 3 to the July 20

event is that of overall bed degradation downstream of the weir, shifting to a pattern of

aggradation downstream of riffle 2. The aggradation has resulted in a growth of bar 3;

there has also been significant retreat of the adjacent eut bank.

6.3) IMPACT Of FLOOD MAGNITUDE ON MORPHOLOGie RESPONSE

The extent of bed mobilization in response to a given flood event is largely

dependent upon the flow conditions and the bed material caliber. In terms of flow

strength the spring freshet was comparatively large. The two upstream reaches were the

most active, with 41 and 42 percent --by area-- of the bed undergoing a net change in bed

elevation of greater than 10 cm (10 cm is thought to he the minimum consistently
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• detectable amount of net change). Reach three was much less active~ and ooly 25 % of

the bed underwent a net change ofgreater than 10 cm.

During the July 20~ 1996 even~ a larger portion of the bed was mobilized. For ail

three reaches~ 66 percent of the bed underwent a net evolution greater than 10 cm. The

proportion of bed undergoing net scour or fill greater than 10 cm was plotted in figure

6.3.1 against reach average mobility ratios calculated in Table 4.2.2. The results iodicate

a clear relation between these two quantities.

The strong relation between these two parameters suggests that reach scale

mobility ratios are quite strongly related to the areal extent ofchannel disturbance.

Bed Instability Vs. Mobility Ratio

y = 1 - a-exp(bx)
a =2.972
b =-2.483
R sq. (raw) =0.985
R sq. (corrected) = 0.83
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Figure 6.3.1. Bed Mobilization Versus Mobility Ratio.

•

A function asyrnptotic to 1 was fit to the data with the fonn

(9) y = 1 - 2.972*EXP(-2.483*X)

The non-linear regression model from which this equation was calculated had an

adjusted R2 value of 0.837. While a regression model is not strictly appropriate given the

uncertainty of the estirnate of the independent variable~ the R2 value does imply a

relatively strong correlation between these two variables.
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6.4) GENERAL PRiNCIPLES OF MEANDER DEVELOPMENT

The existing body of knowledge regarding meander development indicates that a

meandering stream pattern is inherently more stable than a straight one, and is thus

favored in nature (Langbein and Leopold, 1968b; Hooke, 1975). There exists an

interaction between the riffle-pool spacing and the meander wavelength~ indicating that

riffle-pool development is an integral, perhaps controlling, element in meander

development (Keller and Mellho~ 1973). Meanders develop from altemating bars by

eroding the cutbank opposite and depositing sediment on the bar. A lateral growth of the

bar results~ coupled with a downstream component of bar growth.

The typical pattern of channel evolution for a lateral bar~ based on the above

understanding of channel dynamics~ is presented in figure 6.4.1 part 1 (top). This model

is applicable in reach 1 --for bar 2-- for both events and in reach 3 -for bars 3 and 4- for

the July 20 event. It can also he applied to the section of the bar upstream of the bank

protection in reach 2 during the July 20 event.

However, where bank protection prevents the erosion of the eut bank, this pattern

is modified. Hooke (1975) presents a relation between bed geometry~ fluid forces and

sediment transport that is useful in understanding the resultant patterns. It is posited by

Hooke that bed geometry is adjusted through erosion and/or deposition to produce an

equilibrium between the flow conditions and the sediment transport field. Bank

protection changes this equilibrium by preventing eut bank erosion. This reduces the

sediment input to the channel~ and also allers the sediment storage capacity of the bar

opposite. Channel geometry adjusts to regain equilibrium. A schematic diagram of the

adjustment of a lateral bar opposite a protected bank is presented in figure 6.4.1 (Part II~

middle).

The sediment transport upstream of a protected bank (Qbh figure 6.4.1) will be

unaffected by the altered bank; however~ the channel morphology cannot adjust in the

usual way --storing sediment upon the bar surface as the eut bank retreats-- in effeet

limiting the sediment storage capacity of the reaeh. Reach geometry will adjust to

facilitate gravel transport through (rather than storage in) the reach. This may involve

temporary storage upon the bar top~ along the inner bank or, more cornmonly~ at the bar
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tail. Downstream of the protection (Qb2~ figure 6.4.1), the volume of sediment transport

will be greatly reduced and will induce degradation of the bed. Reduced sediment

transport at the downstream end of the reach is the direct corollary to protecting the eut

bank, which is the nonnal source of sediment to the subsequent bar. This May cause the

erosion of the riffle at the tail of the bar, or ofthe head of the next bar. Degradation of the

downstream riffle may have the effect of increasing the gradient in the channel upstream

and thereby increasing the rate of sediment transport through the reach. If it is assumed

that the water surface gradient is controlled by the upstream and downstream rimes -

which act as hydraulic control points- degradation of the downstream riffle would in

effect steepen the gradient over the channel hetween the two riffles by lo\vering the

downstream control.. and possibly would increase the rate of transport through this length

of channel (Figure 6.4.1, part Il C.). Aggradation of the upstream riffle would have a

similar effect. This would he an adjustment of geometry to produce a concomitant

adjustment in the hydraulics and therefore modifying the sediment transport field~ as

conceptualized by Hooke (1975). However~ flood hydraulics are quite complicated.. and

such an assertion wouId have to he verified experimentally. This model of channel

response applies to reach l, bar 1 for both events.

The direction bar growth shifts from primarily lateral --with a slight downstream

component-- as indicated in Figure 6.4.1. part 1A. (c-c') to primarily downstream growth~

as indicated in part II A. This downstream migration of the bar allows the bar to

eventually by-pass the bank protection, and re-attain a nonnal, meandering pattern.

[n the case of a more acute meander bend~ such as in reach 2, the effects of bank

protection will be different (figure 6.4.1, part III)~ if the radius of curvature is sufficiently

great that the point bar cannot hslide'~ past the bank protection. This model --a special

case of that presented above-- applies to the point bar in reach 2 for both events. In a such

a case, the inability of the bar to migrate past the bank protection forces the channel

morphology to adapt differently. The protected eut bank May cause a general condition of

aggradation upstream~ as the "frozen" eut bank causes the eotire system to "back up" with

sediment. In these circumstances the channel may not he able to adjust its geometry to

produce a balance hetween fluid forces and sediment transport., and aggradation of the
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channel bed May continue uotil an avulsion is induced~ thereby by-passing the bank

protection. Following cut bank protection~ deposition will likely occur on the

downstream edge of the point bar, on the bar top and potentially on the upstream rifile as

weIl. Degradation of the bed downstream of the bank protection will occur, for the same

reasons that it would occur in the straight-channel model.

The above models are not sufficient to account for the response of bars 1 and 2 in

reach 3 because of the impact of the weir upstream~ which has produced a condition of

channel degradation downstream. However, this is still consistent with the concepts used

above to understand the impacts of hank protection.
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17) SEDIMENT TRANSPORT EsTIMATES FROM MORPHOLOGie CHANGES

Morphologic changes cao he used in a number of different ways to calculate

sediment transport rates using "inverse methods" (Lane et al. 1995; Ashmore and Church,

1996), as described in the chapter 1. These methods must he relied upon in this work for

several reasons: First, the coarse nature of the substrate prevented use of small-orifice

samplers such as the Helley-Smith sampler. Second, the long duration of this spring

snow melt events would have made it very difficult to "catch" the event peak. Third, the

exceptional conditions of the July 1996 event prevented travel to the study reaches, much

less measurement of the flow and sediment transport conditions. As a result, direct

sediment transport measurements are practieally impossible to make in sueh systems.

The detailed topographic surveys of the bed allow for an estimate of the sediment

transport occurring during the flood events, by eomparing the spatial distribution of the

sediment stored within the channel, both before and after the event. These estimates -

which admittedly may differ substantially from the "true" sediment transport rates-- are

invaluable in quantifying the size of the transport event. Estimates of the water discharge

at the various flood peaks has been reconstructed and indicates the size of the hydrologie

event, and estimates of the sediment discharge will indieate the size of the geomorphie

event, i.e. how much geomorphic "work" was done during the event

These "inverse methods" are limited to the transport of the bedload fraction only;

sediment in transport that does not internet with the bed cao obviously not be assessed

using this approach. Therefore the estimates produced are only estimates of the bedload

transport rate. Furthermore, the estimates of bedload transport are minimum estimates,

because the net throughput of sediment, or the volume of sediment involved in seour and

compensating fill at the same location (with no net bed change), cannot be accounted for

(Ashmore and Church, 1996). Goff and Ashmore (1994) estimated sediment transport on

the Sunwapta River --a braided proglacial stream-- with data of a similar nature to that

presented herein. The approach of Goff and Ashmore was based on measured changes in

sediment storage within a reach, in the absence of sediment transport input or output

measurements. Three variations of the "inverse methods" (discussed below) were used,
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providing a number of insights. A similar analysis has been performed upon the Sainte

Marguerite River data. The results of which imply that these methods are equally

applicable to single-thread~ low energy meandering streams as to braided proglacial

streams.

1. Paired Erosion and Deposition Approach

The most intuitive method of calculating sediment transport rates is by identifying

a discrete zone of erosion and pairing it to a zone of dePOsition downstream. The

assumption made in this method is that the volume of material eroded for one location

was the source of deposition at a location further downstream. The typical distance of

transport cao be estimated from the distance between the centroids of erosion and

deposition, which is referred to as the ~step length'. Estimation of the step length by other

means~ such as tracer particles, can he used to assess the validity of the pairing of a given

erosion zone to a given deposition zone.

Given the event duration, the eroded volume --or the theoretically equivalent

deposition volume- and an estimate of the width of the channel active in transporting the

sediment, one cao calculate the event average bulk volumetrie transport rate per unit

width of channel. Bulk volumetrie transport rates cao easily be transformed to transport

rates by mass by multiplying by the bulk density of the bed material, which is taken to be

approximately 1,600 kg/m3
• The transport rates calculated in this way apply only to the

bed between the identified erosion/deposition zones, not to the reach in general.

2. Total Erosion/Deposition Approach

More general reach averaged estimates can he determined in a similar fashion to

that described above. The total volume of erosion (or deposition) occurring within a

reach is scaled using an estimate of the reach average step length to determine the

sediment transport rate. The assumption here is that ail material moving within the

channel moves a similar distance before deposition (step length), and therefore one cao

make estimates based on the SUffi of aIl the observed erosion (or dePOsition) within a

reach without having identified paired erosion and deposition zones. The critical variable
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IS the step length; this can he estimated from the paired estimates of erosion and

deposition made previously, or estimated by other means (e.g. tracer studies). Goff and

Ashmore (1994) combined photographie evidence -in part due to limited lengili of their

study reach- with the observations of paired erosion and deposition zones to estimate

step length. The equation summarizing this method, as presented in Ashmore and Church

(1996) is

(10) Qb=Vc(L/Lr)/t

where Qb is the bulk volumetrie sediment transport rate (m3/s)~ Vc is the total

volwne of erosion, Ls is the step lengili, Lr is the length of the reach over whieh Vc was

determined and t is the event duration. Again, the bulk sediment density may he used to

produee estimates of the transport rates by mass. Given an estimate of the average active

width of the entire channel, a sediment transport rate with the units of kg m-I S·I -which is

comparable to the paired estimates-- cao he ealculated. This method reportedly produced

lower transport rates on the Sunwapta, which was attributed to the fact that the estimates

were made over the entire width of the channel which necessarily involves a degree of

averaging, the possibility for compensating erosion and subsequent deposition, and to

uncertainty in the step length estimates.

3. Sedilnent Budget Approach

The necessity of knowing the step length is cireurnvented by the sediment budget

approach. The basis for this method is the continuity equation, which, according to

Ashmore and Church (1995) can he written in finite difference form as

(4) t1V=V i -Vo

where ~V is the net change in sediment storage within the reaeh and Vi and V0 are

volumetrie sediment inputs to, and outputs from, the reaeh in question. Therefore, given

either sediment input or equally output, the total volumetrie transport at the opposite

baundary ean he ealeulated given surveys of intervening storage change. This cao be

applied ta a numher of consecutive reaches, though a measured sediment transport rate at

sarne point is required. In the absence of actual measurements, a zero transport condition

must be assumed at a given point, which is the method adopted by Goff and Aslunore
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(1994). This is a questionable though necessary assumption., the validity of which cao he

assessed by comparing it to results produced by the other methods (Goff and Ashmore,

1994).

7.1) SEDIMENT TRANSPORT ESTIMATES ALONG THE SAINTE MARGUERITE RIVER

7.1.1) PAIRED EROSION AND DEPOSITION ApPROACH

Sediment transport rates were estimated using three paired erosionldeposition

zones in reach 1 and one paired erosionldeposition zone in reach 2 for the spring freshet.

No clear pairings were evident in reach 3, which has much tiner substrate. During the

July 20 flood, there is evidence that the step length equaled or exceeded the scale of the

reach length, and no convincing pairs could he identitied in any reach. Therefore, paired

calculations were only made in the tirst two reaches for the spring freshet. In severa!

cases, discrete patches of net erosion or net deposition in close proximity were treated as a

single erosion or deposition zone; the individual patch volumes shown on Figures 5.1.2

and 5.2.2 are listed in the summary table 7.1.1. No quantitative infonnation is available

with which to judge accurately the event duration of the spring freshet, due to the lack of

stream gauge information for the spring peak flow period.

Table 7.1.1. Sediment Transport Estimates for the Spring Freshet Based on Paired
ErosionIDeposition Zones.

Reach 1 Reach 2
Pair 1 2 3 1

Step Length (m) 82 86 64 58
Active Channel Width (m) 18 14 9 40

Total Erosion (ml) 148 + 12 102 34 + 10 76.337
Total Deposition (ml) 168 107 38 + 7 30 + 25 + 14

Transport Rate (kg m-I event- I
) 15241 12131 7625 3053

7.1.2) TOTAL EROSIONIDEPOSITION WITH TVPICAL STEP LENGTH ApPROACH

Only pairs 1 and 2 for reach 1 represent transport occurring within the main

channel near the thalweg; pair 3 in reach 1 is associated with the back channel behind bar
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1, while pair 1 in reach 2 is associated with transport of sediment across the bar head

rather than along the thalweg. ThUSy the typical step length which was subsequently

applied to the total net erosion and deposition occuning with each of the thr~e reaches is

based on pairs 1 and 2 from reach 1 (Table 7.1.1). The graveVcobble transport within

reach 1 has a typical step length on the order of 80 meters. In reach 2, the somewhat

shorter step length (58 m) is associated with erosion at the bar head followed by

deposition on the bar top, rather than transport along the thalweg and thus cannot he

considered ta be representative of the reach as a whole. An assumed step length of 80 m

also seems to be reasonable for this reach during the spring freshet. There are no

convincing pairs of erosion and deposition within reach 3; a nominal step length of 80 m

was also applied there.

As mentioned previously, no convincing pairs of erosion and deposition were

identified for the July 20 flood. The discrepancy in reach 1 (Figure 5.1.4) between the

volume of deposition on bar 2 (769 + 10 = 779 m3
) and the total erosion upstream (32 + 6

+ 9 + 525 + 14 = 586 m3
) indicates that the step length cannot he reliably resolved given

the limited size of the reach for an event of this magnitude. An altemate approach was

used for this flood, whereby the step length was estimated from the distance between

consecutive loci of deposition; in this case, the distance between the centroids of

deposition on bar 1 and bar 2 in reach 1 was taken to he a typical step length (given the

CUITent theoretical model of meander development, this should he an equivalent measure

of the typical transport distance). This distance is approximately 200 m. This is thought

ta be a conservative estimate of the step length. This value was then applied ta aIl three

reaches for the July 20 flood. Table 7.1.2 presents the step length values applied in each

of the reaches for both flood events.

Table 7.1.2. Step Lengths Applied to Erosion Volume Estimates of Sediment Transport.

•
Reach 1 1 Reach 2 1

1 Reach 3 1

Step Length (m)

1

Freshet
S~I 8~1

SO
July 20 Flood 200 2 200 200

1: estimate of step length based on values calculated for the given flood in reach 1
2: based on distance between consecutive loci of deposition, rather than paired erosion/deposition zones
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Figure 7.1.1.

Note: Estimates from reach 1 are indicated with an open triangle, from reach 2 with a diamond and from
reach 3 with a circle.•

•

Figure 7.1.1 displays the estimates of sediment transport based on the above step

length estimates and equation (10) for the three reaches for both flood events using the

total volume of erosion or deposition; the larger of the two values was chosen~ given the

negative bias inherent in these methods. The transport estimates were plotted against the

estimated peak shear stress during the event, presented in Table 4.2.1; shear stress

estimates have an uncertainty of between 13 and 20%.

There is a definite relation between peak shear stress and the sediment transport~

though considerable scatter exists. Sediment transport rates depend on the applied shear

stress and the caliber of bed material. The scatter may he in part due to the variations in

substrate texture between the three reaches. In figure 7.1.2, the data were subsequently

re-plotted against the reach average mobility ratios, defined in section 4.2.1 ~ which are a

reach-scale index of flow stress normalized by the critical entrainment stresses for the

reach substrate.
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Accounting for the variable sediment texture using the reach average mobility

ratios dramatically reduces the scatter in Figure 7.1.2. Given the morphologie and

sedimentologic contrasts between the three reaches, such a strong relation is quite

striking. Over 90% of the variation in transport rates can he explained by variations in

reach scale mobility ratio for the transport events. The remaining variability is likely the

product of the duration of the transport event, which has not been accounted for in the

estimates presented above.

Estimates ofsediment transport made by this "typical step length" method involve

greater uncertainty than the paired zone method, because of the application of a typical

step length to ail zones or erosion/deposition. However., these estimates also produce

reach average estimates and therefore better represent the reach average response than a

single erosion/deposition pair would. While the intuitive simplicity of the paired

erosion/deposition zone approach is appealing, it is not possible to identify appropriate

pairs for ail zones of erosion/deposition., which limits the applicability of this method to

the reach as a whole. The strong relation between the total erosion/deposition estimates

•

•

Figure 7.1.2. Sediment Transport per Event versus Mobility Ratio.
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and the reach average mobility ratios suggest that this is the most appropriate method to

characterize reach average transport rates.

7.1.3) SEDIMENT BUDGET ApPROACH

The sediment budget approach requires that the net changes in sediment storage he

calculated to allow for a propagation of a known transport rate in either the upstream or

downstream direction. As such, this method is most profitably applied to situations where

a measured sediment transport rate is available at one cross-section, or where one cao he

certain that a zero transport rate is applicable somewhere (for example, a delta front). In

this study, it will he necessary to identify a zero transport cross-section --through which

one has to assume that negligible transport has occurred-- due to the lack of direct

sediment transport measurements.

Typically, changes at monumented cross-sections are used to calculate the net

change in sediment storage, requiring sorne sort of extrapolation between successive

cross-sectional profiles. In this work, however, the detailed surveys and digital elevation

models produced from them allow for the direct calculation of the net change in sediment

storage within various segments of the channel. Reach 1 was divided into 14 segments

for which changes in sediment storage were calculated; reach 2 was divided into 10

segments and reach 3 into 11 (Figure 5.4.1). Volumetrie sediment transport into and out

of each segment was calculated by specifying a zero transport condition between two

successive segments at an appropriate location, allowing sorne estimate of sediment

transport to be made. The zero transport plane was located so as to produce no negative

transport rates.

The designation ofa zero transport plane in reaches 1 and 2 is somewhat arbitrary;

in reach 1 the zero transport plane was set at the upstream edge of zones 1 and 14 for the

spring and July events, respectively, and in reach 2 at the upstream edge of zones 10 and

L respeclively (Figure 5.4.1). In reach 3, the zero transport plane location reflects the

effect of the weir upstream of the reach; the zero transport plane is located al cross

sections 4 and l, for the spring and July events, respectively (see Figure 5.4.4). The
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• resultant transport rates for each zone boundary were averaged to produce a reach

estimate, as per the other approaches. In addition, the maximum transport rates were

calculated, indica'ting the peak within-reach transport rate. The results are presented

below in Table 7.1.3.

Table 7.1.3. Sediment Budget Estimates of Average and Maximum Sediment Transport Rates.

•

•

Reach Event Average Transport Rate Maximum Transport Rate Zone
(kglm/event) (kglm/event)

1 Spring Freshet 4,752 12,493 14
July 20, 1997 8,675 17,883 2

2 Spring Freshet 7,509 11.651 2
July 20, 1997 14,428 33.945 10-

3 Spring Freshet 6,534 17.798 11
July 20, 1997 43,736 66,322 7

" max. transport rate for this zone is at the downstream boundary. It is at the upstream boundary for ail
other zones

The maximum transport rates are substantially higher than the reach average

transport rates, and represent the peak within-reach transport rate, similar to the paired

erosion zone rates. The maximum transport rates occurred at various locations in the

three reaches for the two events; the zone for which the maximum transport rate occurs

(as calculated at the upstream edge of the zone) is also included in Table 7.1.3.

ln reach 1, the peak transport rate, based on the sediment budget approach, occurs

at the upstream boundary of zone 14, i.e. along the downstream edge of bar 2, where cut

bank retreat has supplied a large volume of sediment to the stream channel. During the

July 20, 1997 event, the peak transport rate in reach 1 occurred at the upstream boundary

of zone 2, which corresponds to the middle of bar 1. However, the peak transport rates in

reach 1 for the spring and July 20 events are not substantially different, indicating that

there is likely a very significant through-put component during the July 20 event, thereby

producing a significant underestimation of the transport rate in this reach for the July 20

cvent.

[n reach 2, the peak transport rate occurred at the upstream edge of zone 2,

corresponding to the upstream edge of bar 1 (the mid-channel bar) during the spring
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freshet. During the July 20 even4 the peak transport rate occurred at the downstream

edge ofzone 10; the transport rate is nearly twice that ofpeak rate in reach 1.

The peak transport rate occurred in reach three at upstream boundary of zone Il ,

near the transition from a predominantly gravel·bed channel substrate to a sand-bed

substrate. During the July 20 event, the peak transport rate occurs at the upstream

boundary of zone 7 during the spring freshet, corresponding to the head of bar 3. These

data are also presented graphically below in figure 7.1.3.

7.1.4) SUMMARY OF TRANSPORT ESTIMATES

Ali the estimates made by the various techniques are presented below, in figure

7.1.3. These are minimum estimates of sediment transport because they are ail based on

net scour and fill occurring during a flood event. Note that the average sediment budget

estimates correspond rather weil with the total erosion/deposition estimates for ail three

reaches during the spring freshet (points with lower shear stress). In fact, the sediment

budget approach produces reach average transport rates that exceed the total

erosion/deposition rates in reaches 2 and 3, and which correspond almost exactly with the

total erosion/deposition rates in reach 1. Maximum sediment budget estimates made for

reach 3 are higher than those made based on typical step length estimates and equation

Cl ).

However, there is a large discrepancy between bath the average and the maximum

sediment budget and total erosion/deposition approaches for reaches 1 and 2 for the July

flood. Here, the sediment budget approach (bath average and maximum estimates)

underestimates the transport rate produced by the total erosion/deposition method

significantly, reflecting a significant sediment throughput component for this event.

For reach 3, where the weir upstream may have produced a zero transport

condition at the upstream boundary of the reach during the two transport events, there is a

close agreement between the average sediment budget transport estimates and the total

erosion/deposition estimates; the maximum sediment budget estimates are significantly

higher for bath events in reach 3.
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As expected, the paired erosionldeposition estimates are higher that the total

erosion/deposition rates in reach 1, where the pairs were adjacent to the thalweg, and

slightly less than the erosionldeposition zone rates in reach 2, where transport was

occurring over the bar head rather than the thalweg. The maximum sectional transport

rates calculated using the sediment budget approach for the spring freshet correspond with

the paired erosion/deposition estimates in reach 1 for the same event; during the spring

freshet, the maximum sediment budget transport rate in reach 2 exceeded the both the

paired erosionldeposition and the total erosionldeposition estimates

It should he reiterated at this point that the above estimates are by necessity

minimum transport rates, and that the 'true' transport rates (including suspended and

bedload through put) are likely larger than aIl the above estimates. However, the methods

applied produced consistent, coherent results. Where discrepancies exist, they can be

understood in terms of the assumptions made in each approach or in tenns of reach

specifie conditions. While the planimetrie changes occurring in each of the reaches are

not overwhelming, especially for the spring freshet, it is quite possible that most sediment

transport occurring within such low energy channels does produce net changes in

sediment storage, and would therefore he reflected by the types of sediment transport

calculations made above. Detailed bed surveys are capable of resolving these changes,

and can he used to produce consistent estimates of bedload transport in the same way as

coarser surveys can be used to produce transport estimates in the presence of more

striking planimetrie adjustments occurring in braided channels.

7.2) COMPARISON OF TRANSPORT ESTIMATES FROM THE SAINTE MARGUERITE AND

SUN\VAPTA RtVERS

To make comparisons of the average transport rates between these two very

different systems, it is necessary to make sorne assumptions about the duration of the

transport events. Goff and Ashmore (1994) have estimated that the duration of transport

events in their study of the Sunwapta River is typically about 6 hours. For the Sainte

Marguerite River, there is no data from any source on the likely duration of the flow

during the spring freshet; the spring freshet in fact encompasses more than one peak.
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• During the July 20 even~ stage data on the North-East branch indicates that the flow was

at bankfull stage or higher for three days; thus, the event duration can he estimated to he

72 hours.

For the July 20 event, calculations of the sediment transport rate in kg m61
5.1 were

made for the erosion/deposition zone method and the sediment budget method in ail three

reaches. The results of these calculations and a summary of rates reported by Goff and

Ashmore (1994) are presented in table 7.2.1.

Table 7.1.1.
Rivers.

Sediment Transpon Estimates on the Sainte Marguerite July 20 Flood and Sunwapta

•

•

Sainte Marguerite River' Sunwapta River 2

Reach ErosionlDeposition Zone Sediment Budget ErosionlDeposition Zone Sediment Budget
kg/mis kg/mis kg/mis kg/mis

1 0.132 0.033 0.018 - 0.213 l 0.0076 - 0.2263
2 0.170 0.056 0.035 - 0.394 ..

3 0.174 0.169 Ave 0.083 2 0.066

0.165 ]

1: Bascd on a sediment transport event of 72 hours duration 2: Source: Goffand Ashmore (1994) 3: based
on a step length of40 m 4: based on a step length of 80 m

The estimates of the sediment transport rates during the July 20 event in ail three

reaches using the erosion/deposition zone method are comparable to the estimates made

on the Sunwapta River with a step length of 80 m. This indicates that the level of activity

during the July 20 event approached those typical of a proglacial hraided system. The

sediment budget estimate for the Sainte Marguerite likewise corresponds weil with that of

the Sunwapta.

Given appropriately detailed survey techniques, it thus seems that the inverse

method is capable of producing reliable transport rates in lower energy gravel-bed

systems such as the Sainte Marguerite River, as weil as in braided systems. While the

planimetrie channel adjustments --even during exceptional events such as the July 20

event-- are not nearly 50 striking as those occurring in a typical braided system, low

amplitude vertical adjustments cao he resolved using the appropriate survey techniques,
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from which transport estimates can he derived. It should he noted that braided rivers

exhibit substantial vertical adjustment as well~ which increases the likelihood of missing

real seour and fill.

99



•

•

•

18) IMPLICATIONS FOR SALMONID SPAWNING HABITAT STABILITY

The stability of spawning zones is a key factor in the success of salmonid stocks.

Mobilization of the bed can improve spawning hahitat by flushing excess fme particles

from the gravel matrix (Adams and Besh~ 1980; Carling, 1987), or it May adversely

affect habitat by introducing fines to lower levels in the substrate (Lisle, 1989; Nawa and

Frissell, 1993). Given that the burial depth of the salmonid eggs is typically between 10

and 50 cm (Milhous, 1982; Lisle, 1989; Montgomery et al. 1996; DeVries, 1997), bed

scaur can pose a direct threat to egg survival if a sufficient thickness of the bed is

mobilized during the incubation period (Lisle, 1989; Nawa and Frissell, 1993). Net

deposition -especially of fine sediment- upon spawning beds cao aIso have detrimental

effects on the eggs by inhibiting fry emergence or by reducing the inter·grave1 flow,

which rnaintains the appropriate dissolved oxygen concentrations while aIso removing

waste product produced by developing eggs CVaux., 1962; Phillips, 1971; Koski, 1972;

Beshta and Jackson, 1978; Carling and McCahon., 1987). While the important question of

spawning zane sedimentology must he left to a further study, the available data shed light

on scaur and fill patterns over spawning heds.

Given the importance of spawning beds to salmon production in river systems, an

examination of the impacts of the two flood events of 1996 uPOn the stability of potential

spawning zones was thus undertaken. Potential spawning zones were defined as the zone

upstream of the rime crest of a well-developed riffle, where salmon are nonnally

expected to spawn (Stuart, 1953; Milhous, 1982). The maximum width of the zone was

taken to be the estimated water surface width during 10w to moderate flows (in this case,

corresponding to a discharge of about 10 m3/s, roughly corresponding to the flows

occurring during spawning in October). Although the distribution of reds depends on

adult salmon densities in the system, downwelling zones coming up to the rime crest are

thought ta be preferred habitat. Here, the streamwise length of the potential spawning

zone was taken to be one channel width from the middle of the rime crest. Two potential

spawning zones were identified in this way in each of the three reaches (figures 5.1.1,

5.2.1. 5.3.1). Scour exceeding various threshold values was tabulated for ail such zones
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• and for both floods. The results are presented in table 8.1, for threshold scour of 10, 20

and 40 cm.

Table 8.1. Percent of Designated Spawning Zones Subjeet to Net Erosion, 1996.

1: refers to perecent of entlre reach subJect to net eroslon wlthm each depth class

Spring Freshet July 20 Flood
Reach 1 ~IOcm ~20cm ~40cm ~ 10 cm ~20cm ~40cm

average 1 22% 11% 3% 38% 23% 10%
zone 1 46% 23% 0% 85% 63% 15%
zone 2 400/0 30% 16% 37% 27% 15%

Reach 2
average 1 16% 8% 4% 28% 17% 6%

zone 1 1% 0% 0% 28% 10% 5%
zone 2 15% 2% 0% 48% 32% 1001'0

Reach 3
average 1 10% 4% 2% 42% 34% 14%

zone 1 1% 0% 0% 85% 81% 47%
zone 2 5% 0% 0% 26% 18% 1%

.

•

•

Given that egg burial depths range between 10 and 50 cm, it is clear that a

substantial proportion of the potential spawning zones in reach 1 underwent significant

detrimentai scour during both events. According ta DeVries (1997) any scour exceeding

20 cm would begin disiodging Atlantic salmon eggs, while scour exceeding 30 cm would

generally remove ail eggs present. Consider, too, that net scour depth (the result of scour

and subsequent fi11) is likely to be less than the maximum scour depth, which is the

critical measure for egg survival. In reach l, during the freshet, nearly 1/4 of the potential

spawning zone in zone 1 was scoured to a depth of 20 cm or more, while in zone 2 nearly

1/3 of the zone was similarly affected; the reach average (including ail bed areas) was

only Il %. Scour was concentrated along the thalweg. The degradation of rime 2 and the

extension of the pool upstream of riffle 4 affected the spawning zones in reach 1. In the

other two reaches, the potential spawning zones were substantially more stable during the

spring freshet (Table 8.1).

During the July 20 event, significant impacts occurred to ail spawning zones in ail

reaches. In reach 1.. fully 63% of zone 1 was scoured to a depth of 20 cm or more, while

in zone 2, 27 % scoured to 20 cm or more. The exact distribution of scour and fill for ail

identified potentiai zones in ail reaches for bath events is shown in figure 8.1. Both
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values exceed the areal average value of 23%. In reach 2, the seour depths were

somewhat less on average, though 28% of zone 1 scoured to a depth of 10 cm or more,

which is equal to the areal average. Forty-eight Per cent of zone 2 scoured to a depth of

10 cm or more, indicating above average bed scour. In Reach 3, 47% of zone 1 was

scoured to a depth in excess of 40 cm; 81% of zone 1 scoured to a depth greater than or

equal to 20 cm. Zone 2 was less drastically affeeted, with only 26% of the zone

undergoing scour of 10 cm or more.

Scour continued to be focused on the thalweg, with both riffle degradation and

pool extension proeesses. Lateral migration of the thalweg -as the eut banks retreated-

was important in controlling the distribution of spawning zone scour. Sediment supply

limitations due to the weir upstream of reach 3 also contributed to the overall degradation

of the spawning zones, as did the protected eut bank upstream of zone 1 in reach 1, which

was responsible for the degradation of riffle 2.

In summary, it is clear, that significant proportions of aIl the spawning zones were

negatively impacted by erosion during the July 20 event, while only the zones in reach 1

were affected detrimentally during the spring flood.

In the above analysis, the component of net deposition on top of spawning zones

has been ignored. Presented below is the total area of potential spawning habitat which

underwent either net erosion or net deposition, by greater than various specified threshold

amounts.
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• Table 8.2.
1996.

Percent of Designated Potential Spawning Zones Affected by Erosion or Deposition,

•

•

Spring Freshet July 20 Flood
Reach 1 >10 cm >20 cm >40 cm >10 cm >20 cm >40 cm
average 42% 190./0 3% 67% 45% 25%
zone 1 57% 28% 1% 85% 63% 15%
zone 2 40% 30% 16% 83% 65% 44%

Reach 2
average 41% 21% 10% 66% 44% 21%
zone 1 6% 0% 0% 48% 18% 5%
zone 2 42% 18% 3% 71% 50% 22%

Reach 3
25% 9% 2% 66% 50% 21%

zone 1 7% 0% 0% 90% 82% 47%
zone 2 12% 1% OOAt 83% 64% 18%

Note that, during the spring freshet, 42% of zone 2 in reach 2 underwent a net

change of 10 cm or more, which likely represents a significant detrimental effeet.

Eighteen per cent of this zone underwent a net change of 20 cm or more. The zones in

reach 3 were not significantly impacted during the spring freshet.

During the July 20 event, more than 80% of zones 1 and 2 in reach 1 underwent a

net change of 10 cm or more, while more than 60% of these two zones underwent a net

change of 20 cm or more. In zone 2, fully 44% of the bed underwent a net change of 40

cm or greater. In reach 2, 48% of zone 1 underwent a net change of 10 cm or more, while

71 % of zone 2 underwent a similar change. Half of zone 2 underwent a net change of 20

cm or greater. In reaeh 3, bath reaches were significantly impacted; 82% of zone 1

underwent a net change of 20 cm or more, while 64% of zone 1 underwent a similar net

change. Clearly, signifieant detrimental changes to the rime environments occurred

during this event, which --had there been eggs in the substrate-- would likely have

severely depleted the salmon stocks.

In the study reaches, an important control on the spatial distribution of deposition

in spawning zones was the abandonment of one branch of the main channel surrounding a

media) bar. In both reaches 2 and 3, the July 20 event has caused the left branch of the
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main channel to fill as the thalweg shifted towards the outer bank. This mechanism was

responsible for the preponderance of the observed fill in riffle environments.

The observed impacts on spawning zones were related to channel morphology,

channel alterations and event magnitude. Within reach l, important impacts occurred in

both spawning zones during bath events. The relatively straight channel pattern allows

for a greater downstream component of bar movement, which by necessity involves net

scour of the riffle environment as the riffle crest shifts downstreant with the bar. This

process was exacerbated by the bank protection measures, which forced the channel to

maintain its straight pattern. In addition, the presence of bank protection eut off the

sediment supply from the eut bank which, resulting in a corresponding net erosion of the

channel bed in the vicinity of the rime just downstream of the protected bank. Zone 1 in

reach 1 was subject to net erosion of 10 cm or greater over 46% of the area.. which is

likely a direct result of the bank protection upstream.

In reach 2, erosion was not a significant threat to the spawning zones during the

freshet. However, significant deposition occurred within zone 2 during this event. This

deposit is likely related to the bank protection measures. The bank protection has halted

the natural retreat of the eut bank, which normally occurs to accommodate deposition on

the point bar face. However, the bank protection has caused significant deposition to

occur where otherwise it might not.

Event magnitude controls the severity of these problems as weIl. Il is clear that

the July 20 event, which was the largest recorded flood on the North-East branch of the

Sainte Marguerite River, had dramatic effects on ail the zones in ail the reaches, where

between 48% and 90% of the bed in the potential spawning zones underwent a net change

of 10 cm or more. lbe spring freshet resulted in changes of 10 cm or more to between

6% and 57% of the bed in the potential spawning zones.
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19) CONCLUSIONS

The present work has identified clear patterns of morphologie adjustment in

response to two distinct flood events. The resultant patterns were broadly consistent with

the existing paradigm of meander development and maintenance. Where bank protection

measures existed~ the patterns of channel response - although different from the usual

pattern of meander development- were predictable given the concepts embodied in the

existing paradigm of meander development. The channel response to the second flood

was consistent with that to the first., despite the different event magnitudes. The primary

difference was the extent of the channel over which hedfonn evolution occurred~ as

opposed to bedfonn change. No shift in channel pattern occurred during the flood of July

20, despite ils exceptional size.

Several techniques were used to calculate sediment transport rates based on the

observed spatial arrangement of net changes in sediment storage. The results are

consistent with those reported by Goff and Ashmore (1994) on the braided Sunwapta

River. Sediment transport per event was found to he strongly related to reach scale

mobility ratio., despite the different patterns of channel response in the three reaches in

response to the two flood events. The average rates of transport during the July 20 event

were of the same magnitude as those reported by Goff and Ashmore (1994) for a braided

system, indicating the exceptional size of this event.

The effect of such channel mobility on potential spawning habitat was quite

significant. Large portions of the potential spawning zones underwent either net fill or

net scour during both events. Bank protection measures seem to have contributed to the

most severe case of spawning zone erosion 46% of a spawning riffle site immediately

downstream ofa recent bank revetment underwent detrimental net scour of 10 cm or more

during the spring freshet while fully 85% of the zone was similarly affecled during the

July 20 event. Such severe disturbance was not observed for the three spawning zones

downstream of unprotected banks.
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• 1ApPENDIX A: SEDIMENT TEXTURE V ARfATIONS

A.I) REAC" 1

Samples of the surface and subsurface material were made at three bar heads

before and after the July 1996 flood. The tirst two bars are completely within the reach~

while the third bar head is located on the downstream boundary of the reach in June 1996~

and beyond it in August. Bulk samples were taken of the surface and the underlying

subsurface material at each location. Wolman type grid-by-number samples were also

taken at each of the above sample points as weil as at various points along the bar surface

for the two bars within the reach (locations shown on figure 5.1.1).

The surface and subsurface distributions~ based on the bulk sampling techniques~

are shown on figure A.I. From these distributions~ the D50 and D85 have been extracted

in Table A.I to illustrate any changes in sediment texture over the course of the flood.

• Table A.l. Bed and Surface 050 and 085, Reach l, Prior to and Following July 20, 1996.

•

June Osa (mm) Aug. Oso (mm) June DIS (mm) Aug. DIS (mm)
Bar l, Subsurface 33 39 69 80
Bar l, Surface 41 49 75 89
Bar 2, Subsurface 27 31 68 77
Bar 2, Surface 64 62 102 101
Bar 3. Subsurface 25 19 74 70
Bar 3, Surface 54 59 85 100

From this dat~ it is c1ear that sorne pattern of texturai evolution seems to have

occurred. The percentage change in the above parameters is presented below. Changes

less than 10% were given a value of zero~ or no change. given sampling uncertainties

(Church el al., 1987).
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Figure A.1: Surface and Subsurface Sediment Texture Distribution. Reach 2. Based on Bulk
Sediment Samples. Prior to and Following July 20 flood. Sample located on figure 5.1.1
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• Table A.2. Texturai Modifications occuning in Reach 1 during the July 20 Flood Event.

Bar 1
Bar 2
Bar 3

âDso Subsurface
+18%
+15%
-24%

Ml50 Surface
+200.10

o
o

AD85 Subsurface
+16%
+13%

o

âD85 Surface
+190,/0

o
+18%

•

•

A net coarsening of the sediment texture following the flood is evident for bars 1

and 2, while the downstream bar exhibits no change or possible fining of the bed material.

This suggests that there has been a net export of the finer fraction of sediment from the

reach~ which thereby implies a degree of size selective transport. However, the data are

not extensive enough to draw general conclusions about the nature of the

sedimentological changes that May have occurred.

A calculation of the annor ratio before and after the flood reveals that there has

been no consistent direction for net change in the ratio. The armor ratio is simply the

ratio of the median size of the surface to that of the underlying subsurface; it describes the

coarseness of the surface relative to the underlying parent material (Dietrich et al., 1989).

ft seems that at the bar head, there has been little alteration of the character of the armor

surface (Table A.3). This does suggest, however, that the falling limb of the flood

hydrograph was graduaI enough to allow a refonnation of the annor layer in the fashion

described by Gomez (1994). Altematively, il may he taken to indicate that the annor is

not destroyed during a flood but remains~ playing an integral role in the modification of

the sediment entrainment thresholds as Andrews and Parker (1987) contend.

116



• Table A.3. Armor Ratio, Reach l, Based on Surface Texture and Bar Head Boo Matenal.

Ann. Ratio (June)
Arm. Ratio (August)

VIS bar
1.24
1.26

Mid. bar
2.37
2.00

DIS bar
2.16
3.11

•

•

The Wolman sample distributions are shown in figure A.2. While the three

Wolman sampies taken on each of the bars within the reach are different following the

flood, there is no consistent trend to this pattern of change. On the first bar, there has

generally been a reduction in the range of sediment textures, that is, the typical pattern of

downstream fining is not observed after the flood. This is likely due to the fact that ail the

sediment was deposited as a single unit --during the advance of avalanche face, both

laterally and downstream, during the July flood-- as opposed to being the product of a

number of floods and depositional unils. The second bar has exhibited Iittle systematic

texturai adjustment.

A.2) REAC" 2

Three bulk samples of the surface and subsurface were taken on various bars

within reach 2 preceding the July 1996 flood. At the same time, the surface at each of

these locations by a Wolman type grid-by-number sample. The sample locations are

shawn on figure 5.2.1. In addition, grid by number samples were also taken at various

ather points on the point bar.
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Figure A.2: Surface Texture Distributions. Reach 1 &2. Based on Wolman Samples. Prior to and Following July 20 Flood
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Figure A.3: Surface and Subsurface Sediment Texture Distribution, Reach 2, Based on Bulk
Sediment Samples. Prior to and Following July 20 flood. Sample located on figure 5.2.1
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•

•

Following the July flood, re-sampling in the same locations was attempted.

However, two of the three initial sites were located on bedforms that had disapPeal'ed

during the flood, and thus no re-sampling was possible. The only true paired, before and

after sample in this reach is that of the point bar head. The point bar sample locations

were based on morphologie association, and were in fact quite distant from each other.

This could not he avoided, and was the direct result of the unusual amount of

morphologie change occurring during the July flood. A sample was taken on the exposed

riffle along the right bank after the flood, but it is not believed to represent an analogous

deposit to that taken before the flood. The bar at the end of the reach that was sampled

before the July flood was no longer present afterwards, and no sample was taken in

August. The Wolman samples were repeated following the July flood, in approximately

the same locations.

The distributions are for the bulk surface and subsurface samples are shown in

figure A.3. The Wolman samples for reach 2 are presented in figure A.2. The two

samples of the point bar head cao he compared, noting the direction of sedimentological

change (though the limitations ofhaving only one sample are obvious).

Table A.4. Bed and Surface D50 and 085 and Texturai Modifications, Reach 2, Prior to and
Following July 20.

050 (June) 085 (June) 050 (August) 085 (August)
Subsurface 29 91 32 69

Surface 46 84 59 101

050 (b.m.) 050 (Surf.) D85 (b.m.) 085 (Surf.)
Net Change +10% +28% -24% +20%

The data is very limited, and there are no conclusions that May be drawn from it.

Hawever, there may he a pattern of surface and subsurface coarsening at the point bar

head following the July flood. The only discrepancy is the 24% decrease in the D85 of

the bed material. Considering that the coarsest fraction of the sample is that which is

mast prone to error, this decrease May he an artifice of sample site selection and or size.

The Wolman samples, taken hefore and after the flood show a trend of increased

variability in sediment texture following the flood (figure A.2). Most noticeable is the
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•

•

much fmer distribution found at the point bar tail. Also significant is the tiner material

found upon the point bar top following the flood. Where~ before the July flood~ the bar

top and bar head had similar distributions~ following it there is a very pronounced

difference.

This illustrates a signjficant component of downstream fining, unIike that which

occurred on the upstream bar in reach 1, where the post flood Wolman samples were

much less different that before the flood. In p~ the downstream fming noted on the

point bar may he due to the upstream migration of the bar head as sediment has

accumulated~ thereby shifting the zone aver which downstream fming can be expected ta

OCCUf. In addition, increased supply of fine sediment from the upstream terrace may have

caused the widening of the size distributions that were observed. It can he expected that

subsequent~ lower flows will progressively winnow fine material from the bar top surface~

possibly retuming the range ofobserved distributions to that formerly observed.

A.3) REAC" 3

Sampling of the reach sediment texture was not possible prior to the July 20 flood.

Persistently high flows covered the bars in this reach for a significant portion of the

month of July. Following the July 20 event, the sediment texture was sampled using the

bulk sampling techniques for the surface and subsurface material. Wolman samples were

not used here, because the substrate was too fine for this method to he effective. The

relevant parameters for the substrate in reach 3 is presented in figures 2.4.1 and 2.4.2~

including a general map of the distribution of sediment textures within the reach.
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