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Abstract

2

Based on hydrometric station data, the South Saskatchewan River

transports on average 6 000 000 tonnes of sediment into Lake Diefenbaker,

per year. But because of the enormous size of the reservoir, the
sedimentation rate 1s low. Hydrographic surveys conducted between 1966
and 1978 indicate that 1.4%X of the total reservoir volume has been

depleted due to sedimentation. The 1ive storage was reduced by 1.5%,

while the dead storage by 1.3% of 1ts capacity. Therefore, the impact on

reservolr operations 1s minimal. Most of the sediment load transported
was deposited between Range 32 and Range 25, the drawdown réach. The
sand portion of the load settled out of suspension within this reach
while beyond Range 21 mostly clays were left in suspens\on; The ]arge
water level drawdown inhibited the development of a classical delta
structure. Swift Current Creek's sediment contribution Qas negligibie,
and locally less significant than the bank material contribution. The
bank matertal contribution accounted for 0.5% of the 1.5% loss in the

total l1ive storage.

-



Résumé

Les données“hyd;ométr1ques de la Riviére Sud Saskatcheuan. ont
démontré que la'r1v1;£$ a transporté, en moyenne, 6 000 000 de tonnes de
sédiment annue11emeﬁt dans_1e Lac D1efeﬁbaker. Etant donné la vaste
étendue du Lac Diefenbaker le taux de sédimentation est falble. Péur la
période de 1966 3 1978, les re\évés hydrographiques ent confirmé une
perte de 1.4% du volume total, due 3 1'alluvionnement. La tapac\té utile
du réservoire fut réduite de 1.5% et la capacité dormante de 1.3%. Pour
plusieurs années encore 1'alluvionnement auras un impact négligeable sur
les opérations du réservoir. La sédimentation a surtout affecté la zone
comprise entre les Sections 32 et 25, qul est le secteur.1e plus affecté
par les fluctuations du réservoir. La portion sableuse de la charge des
sédiments fut déposée dans cé€ secfeur et seul Hes argiles demeurent en
suspension en avale de la Section 21. La formation d'un delta de type

c1ass1j:;/9 été grandement ralentie par les fluctuations extrémes du

' n1véaq 0 réservoir. L'apport en sédiment, de la rividre Swift Current

fut négligeable et, localement moins importante que la contribution due 2
1'érosion des berges. Cette derniére source de sédiment a contribué pour

0.5% de 1a perte de 1.5% de Ya capacité utile totale.

"
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CHAPTER 1
Introduction

1.1 Design and Descriptien of Lake Diefenbaker

In 1958, an agreement was reached betueeq the governments o:\E;Hada
and Saskatchewan which out11nedrthe basis on which the South Saskatchewan
River Project would be planned, constructed-and f1nanced.- A number of sites
were investigated to determ1né the 1deal location to construct the dam.
Intensive geological and pedological investigations were conducted (Pollock,
1961) and the design of the reservoir was based on a detalled hydrologica)
investigation of the South Saskatcﬁéﬁan River (Berry et al., 1961). These

preliminary studies also provided the information for design of the dams

(MacKkenzie, 1960).

The reservoir was designed a§ a multi-purpose project with roles
that included: Airrigation, hydrpe]ectric power generation, urban industrial

51:\\\ water supply, flood control and recreational purposes.

The reservoir 1s located in the semi-arid grasslands of southern
Saskatchewan (Figure 1). The area receives an average of léss than
300 millimetres d? precipitation each year, with snowfall contribution in the
/ order of 100 centimetres. The mean daily temperature 4n January is -17.5°C,

while in July the mean datly is 20°C (Fisheries and Environment Canada, 1978);

NS
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The reservoir required two dams to impound the water. The Gardiner
Dam harnesses the South Saskatchewan River, while the Qu'Appelle Dam

~

restrains water from flowing into the Qu'Appelle River System. The
construction of the large earth-filled Gardiner Dam took nine years and was
completed in 1967. The cost of 5mpound1ng the South Saskatchewan River had
'Eéached one hundred and twenty mi114on dollars by the time 1t was completed

'(Prair1e Farm Rehabilitation Administration, 1980).

£
F111ing of the reservoir was intttated in 1964 with full supply

level (FSL) reached in 1968. The elevation of FSL is 556.87 metres above
mean sea level and tﬁf minimum operating water level is 545.60 metres, a
drawdown in excess of eleven.metres. The 225 kilometre long lake reaches a
max imum deptﬁ of 58.5 metres near the Gardiner Dam and has an estimated total
storage capacity of 9.4 mi114on cubic decametres (dams) at FSL, of which

4.0 m1110n 1s useable in 1ive storage.

The reservoir s fed by two streams, the South Saskatchewan River
and the much smaller Swift Current Creek. Sw1ff Current Creek's contribution
of water amounts to less than 1.0% of thst of the South S;skatchewan River.
The South Saskatchewan River has had an average annual flow of 8.0 million
darn3 and transported an estimated average suspended sediment load of 6.0

mi11ion tonnes per year since the reservoir was established.
. \
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1.2 Thesis Objectives and Hypotheses : /

-

Lake Diefenbaker 1s the only réservotr in Canada that has had an
extensive data collection program spanning pre-reservoir to present
conditions. This project provides the unique opportunity to study
sedimentation in a large bady of water which is subjected to a large range of
water level fluctuations, conditions notxprésent in other sedimentation
stedies. This study has many years of hydrometric and sediment data from
which to draw conclusions and furthermore, the project has been responsible
for some innovative equ1pmen$ development over tts 11fespan.. This has
provided the opportunity to document changing methodologies and technological
progress in reservoir studjes. Since most of the data had never been
analyzed, few changes were ever made to the data collection program, and it

wil) be worthwhile to evaluate thg effectiveness of the program.
The fellowing hypotheses are addressed in this thesis:

1. Sedimentation has a minimal impact on the total storage capacity

of Lake Diefenbaker;

2. The sediment load transported by the South Saskatchguan River is

not transported for any great distance into the reservoir;
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3. Reservoirs with a large water Tevel drawdown do not develop
classical sedimentary structures; PO

4.

Bank erosion will not greatly increase the live storage capacity;

5. Swift Current Creek's sediment contribution is so smal) that the

effects on the reservolr are negligible.

N

1.3 Past Studies Concerning Sedimentation in Lake Diefenbaker

The Prairie Farm Rehabilitation Administration {PFRA) was concerned
“that sed1menﬁat1on of the proposed reservoir could be a potential brobiem to
1ts successful operation. So 1n 1947, they established.a hydrometric station
at OQutlook to collect data on sediment transport by the South Saskatchewan
River. Computations based on the average annual sediment lToad indicated that
only 0.1% of the proposed total storage capacity would be lost to
sedimentation each year (PFRA, 1952). This value was considered to be minor

and no further concern was given to sedimentation.

In 1959, a studj was Initiated to formulate a maﬁter plan for the
recreational development and use of the proposed reservoir (Baker, 1960}.
L£This report identif¥ed three areas for concern which could greatly affect
development, and for which 1imited or no information was available. The
areas of concern were: the extent and effects of bank erosion; the sediment

contribution hy Swift Current Creek; the extent of the deposition of sediment o
B
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. from thg South Saskatchewan River. The findings of this study elucidated the

complexities of studying sedimentation in a proposed reservoir and led to

further studies.

A study was conducted to assess the extent and problems of bank
erosion {Molidard, 1961). The report identified areas along the proposed
: shﬁre11ng that would be prone to slumping and bank erosion. No quantitative
estimates were made however, because of insufficient data. Fhe rebort
Indicated that further work would have to be undertaken, after thé }eservo1r

had been in operation for a few years, to properly assess the problem.

A sedimentation study (Kuiper, 1962) forecasted 'delta' formation in
the reservolr. Based on sediment data f;bm the South Saskatchewan River 1t
was estimated that on average 7 400 dam3 of sediment would be transported
annually into the reservoir. This amounted to an annual decrease of 0.1% of‘
the total reservoir capacity.- The report a]sd.projected changes to the
long1tﬁd1na1 prof{1e of the reservoir after 10, 50 and 100 years, based on
the averagé‘sed1ment load. This study had 1imited data from which to work
and data from existing reservoirs had {o be used to assess the problems. -The
study also did not have information on how the reservoir would be operated,
in terms of regulating water levels, which of cou}se would greatly affect

predicted profile changes over time. ) .

These studies made 1t evident that the sediment problem wés not one

of magnitude but rather of distribution in the reservoir. Although they

\
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provided some insight into sedimentation in Lake Diefenbaker they also made
1t clear that the processes they were predicting were complex and further

data would be needed to fully understand them.b_

'
In 1963, £he Saskatchewan government implemented a survey program of
selected cross sections in the reservoir to study the progress and
cdnf1gurat1on of sedimentation 1n.Lake Diefenbaker. Because the project
provided the opportunity to study sedimentation in a large, newly formed
resérvo1r and because of 1ts significance, the federal government established
the project as an International Hydrological Decade Project in 1964. The .
project was entitled, "Delta.Formation and Sedimentation in Lake Diefenbaker"

and involved an extensive data collection program.

The objectives of the reservolr survey program were 1isted in the

“IHD Project Saskatcﬁevan—z: Progress Report, 1964-67" as:

"1. to provide information that will aid in planning future

improvements and developments at Lake Diefenbaker;

2. to provide information relative to the effect of aggradation on
structures as the Saskatchewan Landing Bridge (Hwy. 4), ferry
approaches, water supply intake works, and recreational and

other developments;



1

3. to prov1he information for operational purposes, such as the
effect of sediment accumulation on the reservoir capacity _
» el
relationship and evaporatton. -

4. to provide factual data for possible 11tigation;
5. to provide information that will aid in future p]ann1n§ of other

. <7 projects.®

A further study to determine the possible effects of bank erosion on
the storage capacity was conducted after the reservoir had been in operation
for a few years. Thls study (vVan Everdingen, 1968), taking Into account
water level drawdown, soll and slope stability theories, calculated the
extént to which the banks might be eroded -based on cross-sectional data. It
conﬁluded that the 1ive storage could be Ancreased by as much a 7.4X due to
bank erosion. The bank material would be transportéd Into the dead storage
causing a loss 1in capacity of 4.0% of the dead storage; This change was to
come about within {he first ten years of the re;ervq1r Tife. A ueaknegs in
the study was that ‘1t only used cross-sectional data from one reach of the
reservoir, and considered it to be'1nd1cat1ve‘of conditions along all the
shoretine. This particular reach has steep banks which would produce a h1gh,~

overestimated, rate of bank erosion.

Further research was conducted on bank erosion and sedimentation

during 1969 in the vicinity of Elbow. After a brief field season, the study
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only provided some general statements concerning the'processes involved
{Coakley and Hamblin, 1969). It stated that most of the bank erosion was due
"to gravity slumping of structufa]]y weakened banks and that the material was
then tran;ported towards the cehtral portions of the reservoir. This was
attributed to the fact that the nearshore currents that were measured were
too weak to transport material along -the shoreline. Local sedimentation was
due to material being transported downwards because of the steep bank

' gfad1ents, which also explained why no shoreline depositional featurgs were
observed. No estimates of the extent of bank erosion or the rate of

sedimentation were obtained from this study.

An analysis of the hydrographic data collected from 1965 to 1972 on
Lake Diefenbaker was conducted by Wiebe and Drennan (1973). In this paper,
changes to the longlitudinal profile of the reservoir were depicted.
Deposition was calculated to have occurred at most of the cross sections
except those in the backwater region which had undergone_degradat1on due to
Ace scouring. Increases in the cross-sectional areas near the main dam were
attributed to hydrostatic loading. Analysis of suspended sediment data
revealed that B85% ofﬁthé load settled out before 1t reached the location
where Highway 4 érosses the reservoir, with the sand portion of‘the load
being deposited further upstream. In this upper reach the sand was found to
have been deposited in the river channel, while siit and c}ay settled

relatively uniformiy across the whole bed.
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Rasid (1979) discussed primarily the effects that the reservoir

Qould have on the downstream regime, as well as sed1mentat1og in the
reservoir. An analysis of sediment loads at Lemford Ferry EFH’Saskatoon from
pre-dam to the post-dam period revealed that better than 97X of the sediment
Joad carried by the South'SaskatcheHan River was being trapped*&n Lake
Diefenbaker. However consﬁder\ng the length of Lake Diefenbaker, 1t s
highly unlikely that any of the sediment load carried by the South’

Saskatchewan River passes through the reservolr.

1.4 Recent Lake or Reservair Sedimentation Studies

From a global perspective, lake and reservoir sedimentation studies
.have been carried on for a long time, but in Canada these studies are
relatively new. A review of the literature revealed that few published

papers exist on currept sedimentation in lakes and reservoirs in Canada.

-

One of the first documented studies Qas on the Arrow Lake in British
Columbja (FuTton and Pullen, 1969): Echo sounding charts of the lake bottom
provided the data for the morphological study. The study identifled a
classical delta and distingquished the d1fferent.beds. No attempt Héé made to

detefm1ne the sedimentation rate. (\

One of the few reservoir sedimentation studies was conducted on

Glenmore Reservoir in Alberta (Hollingshead et al., 1972). This small water

supply reservoir, with 28 000 dam3 of storage lost 10X of its capacity in
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36 years of operation. The study compared the estimated sediment 1nf1ow'to

the measured trapped load and found the values to be relatively close.

The most significant documented case of reservoir sedimentatﬁon}ﬁn
Canaqa was the Bassano Reservoir, Alberta. A 19?0 survey of the reservoir by
provincial authorities revealed that the original 191 storagé capac1ty:of-
34 000 da.m3 had been reddced to 12 000 {Wiebe and Drennan, 1973). This

amounted to a capacity loss of 66 percent in 59 years.

G11bert'(19755 conducted a sedimentation study of Lillooet Lake,
British Columbla. This is one of the first comprehensive studYes of .
processes and variables which affect suspended sediment deposition. Flow and
temperature data were used to understand the sediment distribution patterns.
Delta beds were identified in the study and the delta was determined to héve
édvanced nearly one kilometre over a 110 year pertod. Further redistribution

s

of sediment occurred by frequent slumping of the foreset beds.

smith (1978) examined the sed1ﬁentat1on process in g]ac1er-fe&
Hector Lake, Alberta. The sedimentation rate was calculated to be very low.
The distribution of suspended sediment was determined to be affected by
currents that were wind generated. The Bow River inflows affected only the .

extremity where 1t entered the lake.
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A study of sedimentation in a small prairie reservoir also revealed
an extremely low sedﬁmentaf1bn rate. Avonlea Reservoir, which is located in
:southern Saskatchewan was calculated to have lost less than one percent of
Tts storage of 6 000 dam3. in 1ts eleven years of operation (Yuzyk, 19;5).

Gilbert and Shaw's (1980) study of sedimentation in the small
proglacial Sunwapta Lake in A]berta also showed a low sed1mentat1on.rate.
Cores revealed the accumulation rates for different areas of the lake dating
back to deglactation. Recently measured rates from installed sediment pans
were found to be considerably lower than the h1§tor1c rate€§ Subaqueous
slumping deformed the beds, making correlation between co?é; impossible, and

Vimited the ability to reconstruct the sedimentary history of the lake.

From these few studies it became apparent that sedimentation 1in
lakes and reservoirs was not a s1gn1f1cant problem in Canada, however, that
sedimentation processes are complex and requ1ré further research.. A1l of
these studies were of 11ttle comparative value becausé none came close to
represent1ng‘ﬁ?nd1t1ons similar to those of Lake Diefenbaker. Furthermore,
these‘studjes were all conducted on considerably smaller lakes and
reservo\rs; none oflwhich were e*posed to such a large range in fluctuating
water levels, or even to such unstable bank conditions. Finally, the
drainage basin area for all of fhem are dwarfed in comparison to Lake
‘Diefenbaker's watershed. In the Canadian context, this study 1s unique in

that 1t provides the opportunity to examine sedimentation 1n a large, newly

formed reservolir.

]
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r
Unlike Canada, reservoir studies have been extensive in many areas

of the world. fn the United States, the findings from 1 105 reservoir

sedimentation studies have been summarized (Oendy et al., 1971). In the
- - dm ’

. LA .
twenty-three larger reservoirs (greater than 1.2 million dam3 in capagity)

the average annual loss in storage due to.sédihent5t1on was calculated to be
0.2%. However, in the smalier reservoirs sedimentation had decreased the //
capacf{y between 1.0-3.0% per annum. In India, sedimentation was_determ1n¢d ]
to havJ reduced the storagg-0f“f§§nty_rese§va1rs. by 0.5-1.0% a yéar, even in
the large reservoirs (§a1s-Cuddoue and Rawal:- 1969). A more recent study by
Chaturuvedy (1981) of twenty reservoirs in India revealed that the annﬁa1
sedimentation rate'&% be less than 1.0%. In Columbia, Taiwan and the

Phi11ipines sedimentafyon has been recorded to have severely rethed the 1ife
N

A

In the past ten years, much literatufe has been written explaining

expectancy of many reselvoirs (Lopez, 1978).

in great detail the mechanics and processes affecting sed1menta{1on (Allen,
1970; Ggaf, 1977; Yalin, 1972; Vanoni, 1975; Reineck and Singh, 1980). More

fecent case’ studies of reservoir sedimentation have concentrated on providing

»
a complete analysis of the processes affecting sedimentation rather than Jjust

the effects of sedimentation (Szechowycz and Qureshi, 1973; Focsa, 1980).
Increased knowledge of how these processes interact have led to majo

advances 1n the mathematical modelling of reservoir sedimentation (THomas and'

’

Prasuhn, 1977; Lopez, 1978;_Ch¢nf’1978). Delta formation 3s thorou ‘ y

discussed 1in mény curfent textsf(wa1ker. 1979; Reineck and Singh, 1980) and

¢

-

many well documented case studies have been published (Shirley and Ragsdale,

1966; Axelsson; 1967). -

-
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CHAPTER 11

Reservolir Data Collection: Methodology, Technigues and Equipment

~

2.1 Cross Section (Range Line) Surveys

The IHD program 1nvofved the establishment of 38 cross sections,
commonly referred to as ranges, spaced in an ascending numerical order from
Gardiner Dam to the Lemsford Ferry (Figure 2). The 1qpat10ns of the ranges
were chosen on the basis of the following criteria: they were representative
of the geometry of the reservoir in a particular reach; that they were easily
accessible and that they would reflect anticipated deposition or erosion (IHD
Project Saskatchewan-2: Progress Report 1964-67)..

i

Through an open coﬁfrél system of surveying, perm;nent bench marks
were 1§catgd for each range. ‘A total of four bench marks were installed at
each range, two on eath bank\\.THe upper bench marks, on both sides of the
reservoir, were located so that they would not be affected by unstable ground
conditions brought about by the neu]y established reservoir. The 10Qer bench
marks were located closer to the reservolr shoreline, to minimize the land

surveying involved each time the cross sections were surveyed. A level

circult was then run to establish the geodetic elevation of each of these

bench marks. The distance across the reservoir between lower bench marks was

obtained through the use of a tellurometer and a station was assigned to the

bench marks«
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Prof111ng of each range first involved the surveying of the 1and
port1on of the cross sect1on by means of a sufveyor chain and level. A po\nt

was chosen whenever there was a break in slope or the end of the tape was

.-

reached. Proceeding from the bench mark to the water's edge the station and
elevation of each point were,recofded. This procedufe was conducted on both
banks at each range. The water level elevations obtained from eaEh side were
then compared to make sure they compared to the nearest tenth of a foot. 1In
some cases a discrepancy could be accounted for, sudh‘as the effects from

wind build up. If there were no logical reasons, then the levelling work was

redone,

Once the water level elevation had been obta\ned the hydrographic
data were collected us1ng an echo sounder mounted in a boat. A continuous
’prof119 was obtained along the range 1ine. The water depths were extracted

whenever there was a break in profile and ghe depths conVertéd to bed

elevations by substracting them from the known water level elevation. . -

1

-

To keep the boat on 1ine, two methods or alds were employed. The
first involved the installation of two highly visible range markers on each
bank, this provided the visual assistance for the operator to keep the boat
on 1ine. The second involved setting up a transit on the bench mark and
sighting across to the'other bench mark, if the boat drifted off the line
then the 1nstruﬁent man would give directions to the boat operator by means

of a two-way radio.
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The horizontal distance the boat travelled was determined by
tﬁiangu]at1on.. A measured baseline was laid put perpendicular to the range
1ine with the transit situated at the end of. the baseline. As the boat moved
across the reservoir, a signal was given péf1éd1ca11y from the boat. An
angle was then read and recorded, while s*mﬂTYEhEous]y in the boat the echo
sounding chart was marked. Another method used occas1ona11y.1n the’EEY]y
surveys 1nvolved the use of & rangefinder. The'rangef1nder was set up on the
range 1ine and sightings made on the boat as the echo sounder chart was
marked. However, the rangef1nder'was only calibrated for sighting distances
greater than 300 metres, which severely restricted 1ts use.

In the upper ranges, where river conditions prevail, different
techniques and equipment had to be applied. 1In this case a tag line was
stretched across the channel, which had horizontal distances marked, and a
sounding rod used from a boat, or by wading, provided depths at the fixed

intervals.

In 1970, some testing was undertaken to determine the
reproducibility of profiles (IHD Annual Project Report, 1970). Based on
different triangulation arrangements, a maximum distance measurement
discrepancy was calculated to be 20 metres. Boat drifting, and to a lesser
extent instrument reading were found to affect the results. The depth data
were found to be ﬁrec1;e, as long as the echo sounder had been properly
calibrated for temperature and salinity conditions. However, it was

determined that 1f the recorder was not ad)usted when there was a change in

-
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these conditions, erroneous readings would be obtained. In fact, recent
replotting of the 1970 hydrographic data collected from the reservoir
revealed that the echo sounder had not been properly calibrated that year,

making those results.uorth1ess.

In.1971. a distance positioning system was adopted which cons1§ted
of a master apd slave tellurometer, a printer and a synchronizing component
to measure distances (IHD Annual project Report, 1971). The slave which was
set up at'a known position, would transmit to the master unit in the boat.
This made it possible to simultaneously record distance and depth. The
tellurometer, which was accurate to.il.s metres proved more reliable than the

triangulation method.

In 1972, an automated hydrographic system, Hydac-100, was developed
and tested on Lake Diefenbaker. The results of the testings were favourable
and the system was adopted for use on the Lake Diefenbaker survejs ( IHD
Annual Project Report, 1972). Instead of collecting a single 1ine of data at
each range as was done before, a collection of. 1ines transecting an area were
collected. This area or sector method of surveying at each range was
incorporated into the program in 1974. Because this system could not be
.employed in the shallow areas, such as upstream of Range 27, those upstream
ranges remained to be surveyed as range 1ines. To compare the two survey
methods, range data were sti11 collected as part of the area survey fof the
ranges downstream of Range 27. Table I indicates all the cress-sectional

data that have been collected since the beginning of the study.

J



TABLE I

€ROSS SECTION (RANGE LINE)

w YEAR
1o
Ez M965/1966(1967]1968N06H1970(197 1187 2[1873|19741975[1976{1977[1978[1979
11 X X X X X
2| X X X X
3| x X 3
4| X X X X X X
5| X X
6| X X X X X
7 X X X
8 X X X X
9 X X X
10 X
11 X | x 11X X
12 X X
13 X X ¥
14 X X X
15 X X X
16 X X X
17 X X X X
18 X X X X
19 X X X
20 X N X X X
21 X | x X X X
22 X X
23 X X X X X
24 X X X
25 X X ' oy
26 X X X X X
27 X X X, X X
28 X X X h X
29 X X X X
30 X |x . X X X X
a X [x % X
a2 X |x X X X X
a3 X X X X X
Q4 X X X
35 X X X X X
1 36 X X X X
37 X X X X X
41 38 X X X X

NOTE: X - CROSS-SECTIONAL DATA
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2.2 Area (Sector) Surveys

A detailed description of the Hydac-100 System and the survey
practices used-1n collecting sector data are available in a‘techn1cal
bulletin ur1t£en by Durette and Zrymiak (1978). However, in 1978 the system
was updated because of the technological advances.and became known as .the

Hydac-200. Since many changes have been made to the'prototype.‘a description

of the system has been included in this thesis.

The data collection system (figure 3) can be divided into four
.sub-systems: positioning; depth scunding, data processing with survey
control and data logging. The working relationship of the individual

components has also been outlined in the block diagram.

The dynamic positioning of the approximately 10 metre long vessel 1s
accomplished by means of two remote tellurometers positioned on shore. The
tellurometer locations are fixed by tying them into the network of
established bench marks. The master tellurcmeter on the boat measures the
distance to the remote to within +1.0-metre for a single range accuracy under
*dynamic conditions. This positioning system was updated in 1978 with the
most currently developed MRD ) tellurometers. The original MRB 201

tellurometers were less rellable and only had an accuracy of +1.5 metre.

The depth sounding sub-system is considered to be accurate to within

5 centimetres, up to a depth of 100 metres. There are two transducers. The
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210 KHz frequency dete#ts Jow density deposits, while the 33 KHz
distinguishes material of higher den£1t1es. This particular sub-System has

not undergone any component changes since 1t was originally installed.
- \

The sub-system concerned with data processing and surﬁey control
functions to efficlently monitor the measuring instruments. The quality of
the data collectlon can be controlied through the choice of data acguisition
rates and coverage density. This s all accomp11shed by a software package,
consisting of four main programs: a driver; a preplot; an oni11ne and a data
dumping program. A point, which 1s made up of two distances, depth and time,
js capable of being collected by the system every two seconds. " The add5t1on
of an onboard plotter to the system in 1977 greatly improved the covérage,
which up until then was uncontrolled. |

-

The last stage of the data collection involves storing the data.
The data are stored on two outputs: a seven track magnetic tape and a hard
copy printout. The reason for fwo outputs 1s to safeguard against data being

lost.

Thé f1rst‘step Q? collecting sector data involved land surveying.
‘Prof111ng was done from the bench mark to the water's edge and the water
elevation obtained. The second step involved locating the té11urometers
where they had a good 1ine of sight and to tie them into the bench mark
network. In most cases a tellurometer was located on each bank and on the

range 1ine. This tellyrometer configuration had a weakness, in that the
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trigonometric arrangement prov1ded the least accurate data on the range

Tine. Thirdly, the distance bétueen the remote tellurometers was measured by
means of a CA 1000 electronic distance measuring device. This distance,
known as the baseline length, was then fed into the HP 9825A programmable
calculator along with a suitable scale. A bearing was then given with the
11ne 1nte;va1 spacing, and a preplot was produced on the onboard plotter,
which the driver would follow. On Lake b1efenbaker. the 1ine spacing was a
standard 50 metres apart and approximately 600 metres of reservoir length
were surveyed for each sector. At this point, as a check, the boat
transected the baseline and tellurometer distantes were summed to ensure that
the va]ué matched that of the baseline. Data would first be collected along
the range 11ine, then along the perimeter of the area and finally along the

1ine spacing to complete the coverage. '

The sector data which have been collected on Lake Diefenbaker since
1974 has been noted iﬁ Table-II. The author became invoived in the program
during the 1978 field season. The return_per\od for each sector was designed
to be three‘years. The pattefn. however, was upset in some ‘years due to

equipment failures.

2.2.1 Hydrographic Data Processing

To process this hydrographic data, an automated data reduction and
analysis system (HYDRA) was developed by personnel of the Sediment Survey

Section of Environment Canada. The author was involved in the development



TABLE II

' AREA (SECTOR) DATA

w YEAR

[} o .

g Z hoes|ioasi1967 1968]196911970 1971197211973[1974[19751976[1977TN197B[1979
1 S S
2 5 s
3 3 3
4 S S
5 3 S
6 5 .S
7 > 5]
8 S ) 5
) s

10 S

11 s

12 S

13 S S

14 s S
15 s s

16 S

17 - S S
18 - 5 s

19 s s

20 3 S
21 S s

22 ; S s

23 ) s s

24 s ‘

25 S S

26 S S

27 - S 5

28

29

30

31

32

33

34

as

36

a7
38

NOTE: S - SECTORS
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and testing of the many routines required to process the data. And all the

hydrographic data collected on Lake Diefenbaker have been processed by the

~author, over a five year period. d

The Hydra-system s comprised ofltwenty computer routines or
procedures written in the Fortran language. Table III outliines the tuenéy
procedures and their respective functions. The actual software package used
to generate the contours 1s the General Purpose Contour Program (GPCP)

avallable from the Computer Science Centre of Energy, Mines and Resources.

There are five basic steps to processing the data after it has been
collected (Fiqure 4). The first step is to prepare the data into standard
‘formats and to input the necessary information, such as, water leve)
e]evat1on,'te11urometer coordinates and des1fed scale. Each data point 1is
then converted to x and y coordinates and an e]evation;- The points are then
plotted, visually examined and any erroneous data corrected or edited out.
Once there are no more corrections and the boundary conditions have been set,
the data are gridded and run through GPCP to generate contours. A grid point
is a weighted point, calculated from surrounding data points. For Lake
Diefenbaker, the contours were based on a-th1rty by thirty metre gridded
array. The three-dimensional plots are generated from the same array. A
capaclity table and plot can then be obtained. Capacities were computed by
dividing the module 1nto horizontal slices, with the thickness of slice being
selectable. Figure 5 Y1iustrates this approach, the mathematical formulation
for obtalning the volume of a siice (Equation 1), and subsequently the total

capacity (Equation 2).
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TABLE TI
HYDRA SYSTEM PROCEDURES
PROC.
NO. PFN MEANING PURPOSE
"1, HD HYD:IC DUMP To dump and convert the Field Tape Data from ASCIl to BCD
2. TP -TRANS PROCESS To re-format the DUMPFN Data Records to card images -
3. Cs CONVER SECTOR To convert the PCATDPFN Data of selected sectors to XYZ
Coord.
4, EP EDIT POINTPLOT To produce a TAPE3Q Point Plot of the CNTLEDPFN
5. PP POINT PLOT To produce a TAPE3D Point Plot of the CNTLPFN
6. DR DUPLICATE To remove any consecutive duplicate XY Coordhjk CNTLPFN
REMOVAL
7. PX  PROFILE To plot X-section from CNTLPFN
8. NO NEWORIGIN To reset a new origin.
9, MC  MODULE To sort CNTLPFN into moduies and select BND for Plotting
CREATION )
10. MS  MODULE SCREEN To screen MODPFN so as to reduce linear overkill
11. CP . CONTOUR PLOT To produce a contour plot of 2 MODDECK in the MODPFN
BP BOUNDARY PLOT To plot the BND Coord. with ten X-section flags
13. PC 'PROFILE To plot X-sections from the contour plot
CONTOUR
14. AD ARRAY To prepare an array of the difference of the overlap of two
DIFFERENCE ' arrays
15. AC ARRAYDIF To plot a contour map of the array of differences
: CONTOUR
16. BC BINARY CONTOUR To plot a contour map using the binary array of contours
17, NC NEWBND To plot a contour map using new BND (Common) Coord.
CONTOUR stored on SURIPF
18. AP CONTOUR Toplot a color contour map using the Applicbn Plotter
APPLICON .
19. D3 3 DIMENSION To plot a three dimension block with BND cut off option
20. ' cC CAPACITY CURVE To calculate and plot a capacity curve

PFN = Permanent File Name .
CNTLPFN = Converted Data (XYZ)

CNTLEDPFN = Data File used to produce
a plot to edit PCATDPFN

MODPFN = CNTL Data split into modules
MODDECK = Module Deck Name on MODPFN
SURIPF .= Survey Indirect Permanent File
PCATDPFN = Pre Edited Data from Trans (TP)
DUMPPFN = Qutput Data from Hydac Dump (HD)
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VAZi = Y% AZ{
Z MI - .
’ MAX
and )Lm:) &M vazi > (2)
Z MIN

where

Vazi —the volume of the horizontal slice under consideration.
Azi —elevation increment defined by the user.

A _—Area ossigned to each elevation point.

Pazi —elevation point residing within the elevation increment
under consideration.
¥
Pe —elevation points below the elevation zi-Az
Vior—total volume of water beneoth the surveyed areg

considered. -« v
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2.3 - Suspended Seqiment Sampling

After the hydrographic data were collected at each range, suspended

sediment samples were col1ecfed. Three verticals in each cross section were
>

‘sampled. They were located at one-sixth, one-half and five-sixth of the

distance betueén the banks. Three samples were obtained from each of the
three verticals for a total of nine. In each vertical, a sample was
collected near the water éurface. one at mid-depth and one near tﬂe bed,
using an Instantaneous Horizontal suspended sediment sampler. In the upper
ranges where there are many channels, a sample was collected from each
channel ﬁs1ng the Instantaneous Horizontal sample} or a US D-49
depth-integrating suspended sediment sampler. | .
These data provided information on the distribution of suspended -
sediment within a cross section as wéi] as longitudinally in the reservoir.
The sediment samples were analyzed in the laboratory using the evaporation
and filtration methods of analyses to determine concentrations, and the
bottom withdrawal method to determine particle-size distributions (Guy, 1969).
These sampling procedures, ‘which were implemented in the beginning
of the program, have never been changed. To collect hydrographic data the
most optimum time 1slwhen the reservoir 1s at FSL, therefore ensuring maximum
area coverage, but by this time e1thér most of the suspended sediment has
settled out of suspension or mixing of the reservoir water has océurred. The

méjor weakness with the suspended sediment sampf1ng program was that it was
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A}
tied in with hydrographic data collection program and explains why this

portion of the program has been ineffective.

In 1972 suspended sampling was conducted while the reservoir was
f411ing and this was the only t1me_whén suspended sediment samples were of
sufficient concentration to determine particle-size distributions. To obtain
particle size information, concentrations have to be greater than 300 mg/L

(Guy, 1969).

Al thé concentration and particle size information that has been

collected since the beginning of the project 1s noted in Table IV.

2.4 Bed Material Sampling

A bed matertal sample was collected at the same 1ocat1€ﬁ as each of
the three verticals used to obtain the suspended sediment samples. 1In the
upper range§ where there are multiple channels, samples were collected in
eélh éhanne]. In most cases samples were collected using a US BM 54 bed
méter1a1 sampler and occasionally the Canadian Drag Bucket {Lane) bed
material saﬁbler. As inf111ing of the reservoir proceeded, the bed material
became comprised of loosely deposited s1its and clays making this sampling

equipment no longer effective. 1In 1971, the Phleger B840-A Bottom Corer

sampler was 1ntroducgd into the program for sampling low density deposits.



TABLE IV

SUSPENDED SEDIMENT DATA

RANGE
NO.

YEAR

[1965[1966{1967 196819691970
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Particle-size distributions are measured by'means of'§1eve analysis
for particles larger than 62 microns, and by a hydrometer far particles less
thén 62 microns (Guy , 1969). - The core length was measgred as soon as the
sample was collected and the volume o} the sample was derived. The dry

weight of the whole sample divided by the volume provided the in situ densdity

of the deposited material.
A1l the bed mater1a1 samples that have been collected over the years
have been identified 1n Table V, along u1th the type of information that is

available.

2.5 Hydrometric Station Data

- &_
There arq"bas1cally two tributaries that drain into Lake

Diefenbaker, the major one being the South Saskatchewan River, and the other
being Swift Current Creek. To measure their contribution in terms of flow
and sediment, Water Survey of Canada, Environment Canada established

hydrometric stations on both of them (Figure 6).

A'hydfometr1c station was estab]\shed on the South Saskatchewan
River at Lemsford ferry (STN. NO. OSHBOO1) in 1358, to colTect discharge
data, and by 1961, sediment data were being collected at the station as
well, However, in 1970 the station was discontinued due to maintenance
problems, and also because fhere was concefn that the accuracy of data was

reduced because of the backwater effectd. Fortunately, another station



TABLE V

BED MATERIAL DATA

8 5 YEAR

EZ’196519661967196819691970197119721973L97419751976197719781979
1 Bl P P PD P
2 P P| P P PD P
3 p|l P P P
4 P P P
5 P P P PD
L) p| P P PD
71" P P PD| PD
8 P P P

o P P PD P PD
10 p ) P PD

11 P P P

12 P P PD

13 P P P PD

14 ED P PD
15 P PD

16 P P

17 3 PO P FDJ.
18 - P P P

19 p P P PD

20 P P PD
21 P P P PD

22 P P PD

23 = P 1P PD

24 P P PD

25 P P PD

26 P P _PD P PD

27 p P FD

28 B P 3 P

29 Pl P P )

30 P P P P
31 P P P P

32 P P P P

33 P . P P-

34 P P P

3% P P P P

38 P P P
a7 1 P P

38 P

. NOTE: P - PARTICLE SIZE DATA
D - DENSITY DATA
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was installed further upstream near HWY 41 (STN. NO. 05AK001) in 1960. This
station and the station near Bindloss on the Red Deer River (STN.
NO. 05CK004) installed in 1966, provided continued informaticn on flow and

sediment.

In 1965, a station was set-up near the mouth of Swift Current Creek
(STN. NO.  05HD037). This station, which was not easily accessible, was
discontinued in 1972. In its place, a station was 1nsta1led\further upstream

near Leinan {STN. NO. 05HD039) in 1973, ensuring an unbroken record of data.

The typg of hydfometric information collected includes: wvelocity,

~ stage and discharge. The equipment and techniques used in obtaining this
information aré avallable in a recent publication (Terzi, 1981). The -
sediment data are collected according to the procedures of Porterfield (1972)
and computed as outlined by Guy and Norman (1970). Laboratory procedures‘
used to derive the information are available from Guy (1969}). . The data f
collected are concentrations, frdm'uhich‘sediment discharges are then
cofiputed, as well as particle-size distributions for both suspended sediment

and bed material.



CHAPTER I1I

Water and Sediment Sources

| 3.1 Introduction

Data collected from the South Saskatchewan.River and Swift Current
Creek have bgen analyzed to provide insight into the hydrologica]land
sediment transport relationships that exist. Duration, variation, magnitude
and extremes in d1;charges are studied to provide an understanding of the
flow regime on these two streams. Sediment data, such as concentration,
particle size and loads, ;re examined to asséss these sources of sediment,
understand their transport capabilities and the factors that affect them.
This information, when combined with the hydrographic data findings, will

allow for a comprehensive evaluation of sedimentation iIn Léke Diefenbaker.

3.2 South SagLatchewan River Hydrology
| 4

The South Saskatchewan River entering Lake Diefenbaker drains an
area of approx1mateiy 120 000 kmz. This basin can be divided into three
distinct parts on the basis of contribution to flow (Berry et al., 196i).
The first, the eastern slopes of the Rockies, and the second, the Fo;th11ls
area east of the mountains, contribute 92% of the total flow carried by the
South Saskatchewan River. The third part of the drainage basin is the

prairies, which is the largest 1n area, but contributes 1ittle
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to the flow due to: high moisture deficiency, poorly developed dralnage
patterns and the fact that much of the snowmelt runoff goes into depressional

storage (Stichling and Blackwell, 1957},

Flow duration is important in defining the river flow regime and
understanding i1ts capacity to transport sediment. Discharge data collected
at the Lemsford station showed a qu1mum daily dis&harge of 2 890.8 m3/5.
and a minimum dai]y discharge of 23.2 m3/s. Flow durations (appendix A)
for daily discharges revealed that the median flow was 146 m3/s, dﬁscﬁafges

greater than 579 m3/s were only exceeded 10% of the time and discharges

over 1 490 m3/s only 1% of the total time (Figure 7).

The medan of the mean monthly discharges for the period of record
shows June as the monfh having the greatest amount of flow, with a value of
154 m3/s (Figure 8). It is a1so.;he month in which there 15 the greatest
variation in discharges with a standard deviation of 305 m3/s. In most

years, the mountain runoff reached the Lemsford station in June, but

occasionally the peak discharge occurred early in July.

Although the Lemsford station was discontinued in 1970, the
continuing hydrometric stations located further upstream made it possible,
through regression, to construct the flow at the Lemsford site. Regression
analysis (Figure Q)fof the total monthly flows for Lemsford and the combined
flows for the Bindloss and Hwy. ﬁl’stations. available in Appendix B,

revealed a high stat\st1ca1}corre1at1on. This regression equation was then
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used to reconstruct tdtal-monthly discharges at Lemsford, so as to fi11 in

the period from 1971-1978 (Appendix B).

By us1n§‘the reéress1on %quat1on to ;ompute.total annual flow, -the
'récorﬂ was Extended to 1978. Ouring this 20-year berﬁod {Table VI), the
South Saskatchewan River had an average annual flow of 7 888 922 dam3. The
highest year was 1965, with a 12 000 872 dam® discharge, while the lowest
year was 19?7, w1fh on1y 3 289 421 dam3 of flow. Based on the average

inflow this reservoir ha§ a capacity-inflow ratio of 1.2 and should be

considered as a hold-over storége reservoir (Brune, 1953).

) ' " Table VI

Total Annué1 Flows (dam3) for the Lemsford Station

Total Annual Total Annual
Year Flow Year Flow »
1959 8 153 435 , - 1969 1d 235 462
1960 ‘ 6 710 240 1970 ' 6 943 363
961" 5 723 440 | 1971 8 075 635
1962 - 5 723 440 _ 1972 10 229 069
1963 6 615 994 1973/ 6 328 973"
1964 . 7 B89 789 1974 9 713 347
1965 12 007 872 1875 8 501 760
1966 8 979 466 - : 1976 6 754 b6
1967 - 11 346 394 1971 3 289 421

1968 6 541 776 1978 8 014 896

MEAN 7 888 922

Source: Env1ronment Canada, Surface Water Data Publications
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Because the South Saskatchewan River is regulated, the total annual
flow was considered a better paramefer than the peak flcod for the frequency
study. Since regulation uodid tend to affect the peak flood more than it

(S

would the total annual flow va]ués.
Frequency analysis is dependent on the number of years, and the more
years of data, the more representative the distribution will be (Kite,
1976). Therefore, to increase the number of years of record, flows at
Saskatoon (STN. NO. 05HGO01) were analyzed. Prior to the start of fi1lling of
Lake Diefenbaker, which began late in 1964, total annual flows at Saskatoon
were similar to those at Lemsford (Table VII). For the six-year per1od the
difference between the two siteS was only 0.5%. This indicated that the flow
data collected at Saskatoon, which dated back to 1912, would be acceptable

far the frequency analysis on the South Saskatchewan River.

Table VII

Total Annual Flows (dam3) at Lemsford and Saskatoon

Lemsford Saskatoon
Year Annual Flow Annual flow Difference (%)
1959 B 153 435 B 293 968 -1.1
1960 ] 6 710 240 6 906 384 -2.9
1961 5723 440 5 644 944 +1.4
1962 . 5 723 440 5 B65 696 -2.5
1963 - 6 515 994 6 622 560 -0.1
.1964 ' . 7 889 789 7 694 784 +2.5

MEAN b 802 723 b 838 056 -0.5

Source: Environment Canada, Historical Streamflow Summary, Saskatchewan, 1979
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0f the *five more commonly used distributions (Con&1e et al., 1981),
the one that produced the besﬁ fit, based on the coefficients of skewness,
kurtosis and the standard error (Appendix C)} was the three parameter
log-normal d1str1but1oq. - Figure 10, depicts just how well the distribution
fit the data. Since filling of the reservoir began in 1964, the greatest
return.bgr1od was six years, which was the 1965 flow. Fﬁr a 100-year return

the flow would be in the order of 18 800 000 dam3, while a 500-year return
: o s

J

23 000 000 dam” of flow.

z

would reguf?é*

¢ .
3.3 Characteristics of the Sediment Loads Transported by the South

Saskatchewan River

Suspended sediment samb]ﬁng records for Lemsford showed that the
minimum daily concentration was recorded to be 1 mg/L, while the maximum

reached a high of 7 220 mg/L. For 5@% of the time concentrations were found

to be less than 100 mg/L. ,/HJ//

J

A mean annual hydrograph and se&1ment curve, based on tHe n1né years
of data, depicts the sediment transport regime {Figure 11). 1In any one year
there are three periods of high sediment transport. fhe first is in early
spring, when snowmelt generates the local runoff. The sgcond, and the most
s1gﬁ1f1cant period, 1s when the mountain runoff reaches the site. The third,
which 1s in September, appears naot to be associated with-increasing
discharges. ' This increase in concentration can probably be attributed to

higher concentrations carried by return flows from irrigation.
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Particle-size distributions are important in understanding the
composition of the suspended sediment loads. From the 195 depth integrating
samples (Appendix D) collected at Lemsford, 1t was revealed that on average
clay made up 38%X, 311t k]% and sand 21% of the suspended sediment load.

Only general relationships are examined here due to concern over
seasonality and spurious correlation associated with sediment data, therefore
1imiting the use of extensjve statistical testing. Furthermore, the
reservoir data are not sensitive enough to depict such intricate

relationships..

To Y1lustrate the relattonship between discharge and suspended
sediment, the concentrations -from the depth integrating samples were plotted
against d1scharge (Figure JZ). Total concentrations showed considerable
scatter - in most cases, in the order of one ma;n1tude. The sand component
was better defined, especially when discharges were greater than 400 ma/s.
Hostrof the samples were collected from the upper med4an of flow (050)

because of sampling practices. This provides a good definition of the upper

1imits of sediment transport.

Wash load s connwniy defined as that part of the se91ment material
transport which s composed of particles not found in s\g;{figant quantities
in the bed (vanoni, 1975; Tywoniuk, 1972). An analysis of the 49 bed samples
{Appendix €) from the Lemsford site, indicate silt and clay comprised less
than 5% of the bed material. MWash load, which in this case is the syt and
clay component, 1s controlled more by basin sediment supply than by

hydraulics {Xellerhals et al., 1974}, therefore explaining the poor

relationship to d1scﬁarge.
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Wash load was found to make up a greater portion of the load as
concentration increased (Figure 13) suggesting there 1s an adequate supply of
sediment from the basin. However, as discharge increased, there was a marked
decline in the wash ‘1oad contribution {Fiqure 14). This 1s probably due to
the fact that the stream's energy is being expended on bed material
transport, which in the case of the South Saskatchewan River would be mostly
sand, therefore proportionally lowering the wash load contribution being
transported.

To 11lustrate the sorting characteristics of the South Saskatchewan
ﬁiﬁ;r, the samples' gradings were plotted against dﬂ;charge {Figure 15). The
suspended load appears to be widely graded, as would be expécted from a river
with a high wash load component. The gradings did not change significantly
even as discharge ﬂnéreased. The mean particle size showed the variability
attributed to*the wash locad component. No obvious trend-appéars over the
range of discharges (Figure 16)}. The mean particle size were all in the
coarse clay to vefy fine sand }ange. Further éna]ysﬁs of the sand component
of the suépended sediment load indicated that it was narrowly gradéd, with no
apparent change with discharge (Figure 17). Mean particle size appears to
remain constant over the range of discharge. The median particle size was

mostly in the very fine to fine sand range (Figure 18).

Bed maéer1a1“samp11ng results (quend\x E) revealed that on average
s11t-and clay comprised 5% of the sample, sand 87% and gravel the remaining
BX. The median size in the bed in most cases was found to be within f1ne to
medium ;and range. The gradings show that the bed has remained fairly

homogeneods over the years that it was sampled.

N

b
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There has never been any bed load sampling conducted on the South
Saskatchewan ﬁ\ver because bed load sampler efficiences are questionable, and
the sampling is difficult and expensive (Hubbell, 1964). There has been some
success in the United States with bed Yoad. sampling (Leopold and Emmett,
1976; tmmett 1980), but this success has been restricted to streams with beds
of coarse sand and gravé1 (Nordin, 1981). \The South Saskatchewan River's bed
which 1s made up of mostly fine to medium sand, would not be very suitable
for sampling. A review of bed 1oad'eguat1ons (Appendix FY indicates that
none are considered very reliable and that they should only be used to
provide estimates. Bed load has been found in most cases to make up only
5-20% of'the total sediment load (Tywoniuk, 1972), and therefore in many
studies 1t is not considered significant. Kuilper (1962}, using the Einsteln
method est16ated that bed load made up 5% of the total load transported by
the South Saskatchewan R\;er. Since, in this study, the suspended loads have

~been extrapolated, adding a small bed load contribution would not
significantly affect the results.
\

A co%ﬁ!?ﬁscn of the monthly suspended sediment loads at Lemsford to
the combined loads of B8indloss and Hwy. 41 (Appendix G) provided a strong
correlation (Figure 19).‘ This regression equation was then used to

_reconstruct monthly loads at Lemsford (Appendix G) and continue the records

to 1978.

During these 17 years, the South Saskatcheuan River transported an

average annual suspended sediment load of 5 709 579 tonnes. The max‘imum
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" sediment load transported was 11 438 266 tonnes in 1967 and the minimum load

was 6337963 tonnes in 1977 (Table VIII).
Table VIII

Total Annual Suspended Sediment Load (Tonnes) for the Lemsford Station

Annual Suspended Annﬁa] Suspended
Year Sediment Load Year Sediment Load
1962 1 643 330 1971 T 233 764
1963 _ 4 433 330 1972 6 560 327
1964 6 989 409 1973 ) 2 312 512
1965 8 818 661 1974 9 793 671
1966 4 738 083 1975 B 974 955
1967 11 438 266 | ) 1976 ‘-1;7 2 188 859
1968 2 410 B30 19717 ° 633 963
1969 9 576 518 1978 4 204 436

1970 5111 928 MEAN 5 709 709

. —
-

Source: Environment Canada, Sediment Data Publications

3.4 Swift Current Creek Hydroloqy

Swift Current Creek drains an area of 3 910 km2 and has been
regulated by Re1d‘Lake since 1942. Swift Current Creek Séatkgﬁpnear the
b ¥

Mouth (STN. NO. 05H0037) operéted from 1965 to 1972, but was moved eight



- 55 .

kilometres upstream to the current site at Leinan (STN. NO. 05HD039) in
1973. Initially, the station was operated on a eight-month basis - March to
October, but since 1973, discharge data have been collected all year round.

Sediment data have-always been collecteq,only for the eight-month period.

The winter months do not contribute much towards total annual flow.
In fact, based on Leinan data, less than 12% of the total flow was
contributed from this four-month period. Since only the eight-month period
was common to both sites, 1t has been used for comparison purposes

exclusively.

During the period from 1966 to 1978, a maximum dadly discharge of
119 m3/s and a minimum of .027 m3/s were recorded for Swift Current

Creek. Discharges were significantly less for the period of 1973 to 1978
(Figure 20). ¥Flow durations for the two sites (Appendix H), revealed that
the flow regime had changed significantly. A comparison of medlan flows
showed a reduction of almost 60% in the discharge. This reduction was not
man induced bﬁt a natural dry period that dominated the 1970's on the
prairies. This period from 1973-1978 is important for this study since the
hydrographic survey of the mouth region was conducted in 1972 and again in

1978.

Table IX 1ists the total annual flows for the complete per1od. of

which the maximum annual flow was 121 046 dam3 in 1967, a minimum of 13 910

in 1977, and a mean flow of 58 606 dama.
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Table 1X

Total Annual Flows (dama) for Swift Current Creek

5

Tetal Annual ’ " Total Annual
Year ) Flow Year Flow
1966 17 501 1973 10 195
1967 121 046 | 1974 44 323
1968 s 37 843 1975 44 582
1969 80 265 - 1976 .. - &6 101
1970 B 119 318 . 1977 13 910
1971 39 446 1978 21 859
CIr 2§ 883 MEAN 58 606

-

Source: Environment Canada, Surface Water Data Publications

3.5 Characteristics of the Sediment ioads Transported by Swift Current Creek

P The suspended sediment collected from Swift Current Creek had a
minimum daily concentration of 1 mg/L, and a maximum of 4 340 mg/L. At
Leinan, the concentrations were 1e§s§than 18 mg/L 50% of the time.

From 1965-1972, (Figure 21) there was a distinct freshet flow
accounting for most of the sediment transport. More than 90% of the total

»suspehded load carried by the creek was during the month of April. However, .

rom 1973 to 1978 the sediment loads were significantly {Zss due to

v
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the dramatic decrease in the magnitude of the freshet (Figure 22). The mean.\
peak concentration was reduced to 25% of what it had been during thé previous
years.

There were 77 depth integrating samples ané1yzed for particie size
(Appendix I) for the station near the mouth. The results show that on
average a sample was made up of 19% clay, 53% silt anq 28% sand.
Unfortunately, only one sample was col]ecteﬂ and analyzed for 1ts
particle-size distribution at the\Le\nan site. A1most all the samples were
collected 1ﬁ the uppef 10% of the flow range. Total concentration varied an
order of magnitude, uﬁ11; the sand component concentraf1on showed even
greater.var{at1cn {Fiqure 23). This is considered to be common in flashy
streams such as Swift Current Creek. The s%]t and clay fraction showed a
marked decline with 1pcreas1qg discharge, which suggests the sediment supply
is 1imited. There was a decrease from approximately 90% a; 200 mg/L to 50%
arbund 4 000 mg/L (Figure 24). The s11t and clay as a perceﬁtage of the

sample were reduced significantly as discharges increased (Figure 25). This

was similar to what occurred on the South Saskatchewan ﬁ\ver.

_ The gradings show (Figure 26) that the suspended sediment leoad
becomes moreﬂuide1y graded with increasing discharge. Tﬁe mean part1p1e size
Increased s1gn1f1cantiy from fine si1it to the very fine sand class (Fiqure
21). The sand component of the load was found to have been relatively
homogeneous over the range of discharges (Fﬁgure 28). Furthermore, the mean

particie size 'of the sand fraction did not'vary significantly with discharge

and was within the very fine to fine sand range (Figure 29).
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SWIFT CURRENT CREEK NEAR THE MOUTH
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Only one bed material sample was collected from Swift Current Creek
and that was taken at the station near the mouth, The sample revealed that

the bed was comprised totally of sands, in the very fine to medium range.

Unfortunately, the sediment sampling program for the Leinan station
was 1imited in some years due to mechanical prob1ems'w1th the automatic
suspended sediment sampler. So for those years (1973, 1974 and 1976) the
sediment load had to be interpolated. This was done by plotting the
dvallable concentrations on the annual hydrograph, then interpolating the

'm1ss\ng congentrations based on discharge trends. This p;oved to’be the most

accurate method of constructing the sediment loads.

Table X indicates the annual suspended sed\mgnt load that was
transported by Swift Current Creek during the,qfen-uater period. The
greatest load was 152 728 tonnes in 1967, and the smallest load was
243 tonnes n 1973. On average, the creek transports 40 369 tonnes a year.
in comparisgn to the South Saskatchewan River's contribution, 1t is

insigni¥ficant, but 1t is important as a localized input.



Table X

Total Annual Suspended Sediment Load (Tonnes) for Swift Current Creek

Annual Suspended Annual Suspended
] Year Sediment Load Year Sediment Load
1966 27 685 1973 243
1967 152 728 1974 19 058
1968 2 119 1975 13 594
1969 ) B4 790 1976 28 713
1970 . 104 209 1977 1271
1971 ' 96 011 1978 735
1972 . ' 1.433 MEAN . 40 969

Source: fEnvironment {anada, Sediment Data Publications

~



CHAPTER IV

Data Analyses and Results

4.1 Introduction

For this analysis the 38 ranges have been divided into three
distinct reachég (see 1nsert‘map). These reaches have be;n defined on
original minimum bed elevations and reservoir water level operations. The
first reach, referred té as the backuater.reach, extends from Range 38
dounstreaﬁ to Range 32. Range 32 marks the location where the bed elevation
approximates the FSL elevation of 556.87 metres. The minimum bed elevat19ns
in some cases aﬂs Tess than that of the FSL elevation, however 1t only
represents a very small portion of cross-sectional area of a range. Range 32
marks the point where 1t becomes a more sign\f1cant_port1on of the
cross-sectional area. In this reach, the South Saskatcheuan‘River still

functions as a river but s influenced by reservoir water level operatﬁonst

The qext'reach spans from Range 32 to Range 26 and has been termed
the drawdown reach. [In this reach, the bed elevations are less than that of
the FSL elevation, but greater than the minimum operating water 1evé1
elevat\on’of 545.59 metres. It s in this reach that conditions change from
river to reservoir.depending on the reservoir water level. In mosf cases,
th\s 153 where the major portion of the sediment 16ad transpgrted by the river
will be deposited. The capacAty in this reach 1s live storage capac\tx and

therefore any changes will directly affect reservoir operations.

/

*
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Range 26 marks the approximate locatlion where reservoir conditions
are maintained year round. This also marks the beg1nn1ﬁg of the dead storage
zone and where changes 1n this stﬁrage do not directly affect reserveir
operations. However, changes do become important once the dead storage

capacity has been depleted and 1ive storage becomes affected.

The massive amount of hydrographic data that have been used in this
study are available in Appendix J. In this appendix, there are
cross-sectional profiles, elevation-area tables and a pr0f11é€§heet for all
the ranges that have been examﬁned; The sector data used have also been

‘placed in this appendix and includes contour plots, elevation-capacity tables
and a contour difference plot. Because most of_}he hydrographic data
collected over the years were range data, this form of.data was used
primarily for assessing sedimentation. Furthermore, because there were
1imited sector data 1t was impossible to properly evaluate and compare the
two data collection techniques. The data summaries that are contained in the

text have been derived from these original data.

Background information for the analysis of the reservoir as a whole,
as well as for particular reaches, has been provided here (Table XI). It
proéides important information sucﬁ as thalweg d\sfance between ranges,
reférence elevations uied in the measurement of the baseline for each range,
and the 1ive, dead and total storage volumes representative for each range.
The volume figures were .derived by averaging the cross—sectﬁ?nal area of two

consecutive rarnges and muitiplying 1t by the distance between the two

'



TABLE XI <

Distance ana Volume Information for Ranges

Location Distance Range Reference Baseline Live Dead Total
(km) Elevation  Length Storage Storage Storage
(m) (m) (dam®) {dam?) (dam?}
38-37 11.99 . 38 563.0 121.88 - -
37-36 7.64 -+ 37 561.0 156.25 - -
36-35 6.00 36 560.0 323.75 - -
35-34 3.09 35 558.5 210.00 - -
34-33 5.10 34 588.0 375.00 - -
33-32 . 5.10 33 557.0 234.00 - Toa
32-31 6.37 32 556 .5 453,13 3 520.0 - 3 520.0
31-30 7.10 - 31 556.5 718.75 14 352.5 - 14 352.5
30-29 5.83 30 - 556.5 1 725.00 27 694.0 - 27 694.0
29-28 4.90 29 . 556.5 1 593.75 36 157.5 - 36 157.5
28-27 B.92 - 28 556.5 1 675.00 51 465.0 - 51 465.0
27-26 3.46 27 566.5 589.13 44 185.5 - 44 185.5
26-25 6.9¢ 26 556.5 871.25 40 139.5 835.0 40 974.5
25-24 8.00 25 566.5 770.00 .53 077.5 3 832.0 56 909.5
24-23 6.00 24’ 566.5 496.88 40 491.0 6 513.0 47 004.0
23-2¢ 3.04 23 556.5 715.00 27 373.0 6 093.0 33 466.0
2e=21 Z2.91 27 556.5 840.00 21 976.0 5 156.5 27 132.5
21-20 2.37 21 556.5 946 .88 91 939.5 5 418.5 25 358.0
20-19 5.4b 20 556.5 1 012.50 4 177.0 10 847.5 51 024.5
14-18 b.20 19 556.5 1 162.50 64 281.0 21 515.5 85 796.5
13-17 4.38 18 555.5 822.50 - 56 405.0 24 897.5 81 302.5
17-15 Z2.19 17 556.5 1 040.63 35 134.5 17 809.5 = 52 944.0
15-14 - 4.73 15 .556.5 975.00 46 966.0 29 786.5 Y 76 752.5
14-13 - 5.84 14 556.5 1 5586.25 82 770.0 57 312.0 140 089.0
13-1¢ b.20 i3 556.5 1 375.00 137 056.0 77 326.5 184 382.5
12-11 . 4.38 i2 556.5. 2 156.25 111 855.0 85 905.0 197 560.0
11-10 4.91] 11 556.5 2 406.25 120 321.5 101 066.0 221 387.5
10-9 5.10 10 556.5 2 400.00 131 055.0 125 644.5 256 669.5
-8 L 7.77 9 556.5 1 828.13 151 833.0 170 344.5 322 182.5
-7 9.67 8 556.5 1 893.75 205 829.0 ' 240 938.5 446 767 .5
-6 13.78 7 556.5 2 080.00 287 592.5 356 777.0 644 369.5
5 13.02 6 556.5 2 137.50 323 477.0 453 430.5 776 907.5
-4 16.58 5 556.5 2 000.00 331 271.5 580 908.0 911 369.5
-2 24 .62 4 556.5 1 625.00 ESTIMATED REMAINING VOLUME
-1 13.90 2 556.5 1 968.75 1 533 812 2 970 124 4 503 936
~UAM 8.26 1. 556.5 3 075.00
otal

T e B OO
]

262.33 4 00% 964 5 351 692 9 361 660
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) . . T .
ranges. These va}fﬂs were Eﬁﬁp summed to provide a‘tptal. and each o
individually ratioed to the total. The ratios were appiied to the more
accurately determﬂned original capacity vé]ue to derive the volumes between
each set of rénges. The representative volumes were ca]£h1atedﬂby taking
half the vo]um?/)o Aﬁ&fQHnwdt?te upper rangé and half the volume 1o -the next
lower range. The baseline length for a;1 the ranges downstream and including
Range 32 were measured at thé reference elevation of 556.5 metres, which
épprox1mates the FSL elevation. Forythe ranges upstream of Range 32, the
reference e1ew5;:?nluas based on the minimum water level elevation that had
been measured/ ach time fhé cross section was surveyed. fhe reason for this

approach'WJ?ltha it would reflect changes that were occurring in the

original -river chanhel.

Even though the ranges continue down to the dams, all the analyses

" have been with data upstream of Range 9. There are two reasons why this

anaiys1s did not proceed further downstream. The first is that this thesis
is primarily interested in sedimentation and by Range 9 there was negligible

sedimentation. The second is that for these larger ranges the accuracy of
Y .
the data is severely reduced making the results somewhat questionable.

J

The -hydrographtc surveys since 1972 have been on a thrgp-year returﬁ’—\v-‘\‘l_
basis, -so this interval was used for this analysis. Changes from
pre-reservoir to 1972 were studied as ;E1ﬂ as from the pertod 1972 to 1975
and from 1975 to 1978, " "N N |
RTIRy

- M N
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4.2 Backwater Reach

The original bed profile was based on minimum eievations from the’
earliest hydrographic surveys, while the changes were derived from
differences in mean depth (the cross-sectional area divided by the baseline

length).

The backwater reach is normally an aggrading reach as river
velocities are reduced due to higher water 19{515 {vanont, 1975j. Houeyer.
as the 1972 survey results revealed, the 38.92 km-long reach had been
degrading {Figure 30). In this reach, the Stuth Saskatchewan River meanders
and there are many islands and migrating sandbars that provide anchorage for
ice-jJams. Two major ice jams occurred prior to ]972; the first happened on
April 7, 1969 and the second April 10, 197) (wWater Survey of Canada Files).
The 1969 ice jam was the most significant and was responsible for washing
away the Lemsford hydrometric station just immediately upstream of Range 38.
To put a perspeciﬁve on the magnitude of the ice jam, the highest stage
recorded for a flood at this site was 6.03 metres for the 3975 flood, whereas

the stage recorded from this event was 9.36 metres. Therefore, upon breaking
-

up, the water backed up behind the ice jam was'}esponsﬁble for flushing out

the main channel.

Table XI1 shows the cross sectton at,Range‘37 had degraded the most

with 1.32 metres of sediment being removed from the channel. A3}l the ranges

.were found to have exper1enéed.some dégradation. From the cross section
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‘ changes it was-estimated that approximately 4 500‘dam3 of sediment were

eroded from the main channel ip this reach by 1972,

By 1975, most of the reach had begun to infi131. Range 38 still
demonstrated further minor degradation as 1t adjusted for the change 16 s]opey
that had occurred. Range 33 had also continued to degrade, but this can be
explained by the fact that 1t is a narrow cross section and is probqb]y
subject to local scour. |

The ‘1978 survey showed further inf1l1ling along most of the stretch.

Range 38 st111 continued to™show adjustment by degradation. Range 36 and
Range 35 had also been determined to be degrading as channel adjustments were \

being made.

The original slope for the whole reach based on the earliest shrveys
was .00022, but by 1972 1t was .00021. B8y 1975 and 1978 the slope héd
"continued to flatten with a slope of .00020. The slope will cdatinue to
adjust until an equilibrium 1s reached that compeh;ates for ice Jam effec}s
as well as depa;1ted Toads.

4.3 Drawdown Reach

This reach extends for 36.58 km and has an estimated volume of
218 349 dam3, which fepresents about 5.4% of the total live storage.
volume. In this reach the river flows into the reservoir, greatly reducing .-' -Ti}
the velocities and depositing a major part of the sediment load. Yty

h
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The water.level when the freshet occurs each year will indicate
where 22§:3éd1ment loads will begin to be deposited 6ut of suspens106 =
(Table XIIf;. As the water levels revealed sed1mentat1on most years would
begin in this reach and most of the reach uould be exposed to deposition.
Prior to 1968 Tgst of the sediment 1o§ds would be_transported and deposited
at Tower ranges‘1n the reservoir. The period froa 1968 to 1978 marks the

first ten years the reservolr has been fully operational.

As Figure 31 shows, most of thf& reach had been continuaily
aggrading. By 1972, all the ranges downstream of Range 31 had experienced
deposition. By 1@72, Range 26 had experienced the greatest change with
Uta? metre of deposition (Table XIV). Both Range 27 and éange 28 had
significant accumulation with 0.62 and 0.61 metres respectively.

o

'The_1975 sufveys revealed that deposition had occurred along the
whole reach. Range 27 experienced 1.45 metres of deposition followed closely
by Range 26 with 1.41 metres. In comparison the upper ranges showed

negligible change.

After ten years of operation significant changes along the whole
' . &

reach had been recorded. Range 27 sti1] remained the most s1gn1ffcant with
- . -
1.68 metres of deposition while Range 26 was recorded to have been
-l / N
.. 1.60 metres. This general sedimentation trend can be expected to continue. as

long as reservoir operations do not change drastically over time,

a



Date

June’
June
June
June
'July‘
June
June
June
June
June

June

23, 1965
8, 1966
4, 1967
16, 1968
3, 1969
21, 1970
11, 1971
7, 1972
3, 1973
23, 1974

24, 1975

TABLE XIII
*

-

Reservoir Water Level Elevations at Peak Discnarge

Peak Discharge (m3/s)

‘August 14, 1976

June

June

Sourc

15, 1977
15, 1978

e: Saskatchewan Environment Records

v

951

184
432
897
178
824
388
473
779
501
840
906
268

<f/’1\076

/

t

Return Period

S35

"Elevation (m)

525.2
526. 1
541.0
550. 1
555.7
553.8
553.5
552.9
552.9
554.5
555.1
551.4
551;i>
553.8

[



HOVIH NMOGMVYHA NI - ,

_‘
- SIHLIWOTUN OF

-

SIONVHD NOILVAII3 338
£ IHNDIS .
NOILYDOT
3ONVH 92 % 82 62 oF T . zZE .
T 1 T T 4 T L " 144
Of oe ol o |.
L gpg
L ors
L 1vS
L gr s
fmvm
055
© hiss
. ] N A
\m«dwzg HVIA Ol S.HIINH — — - z55
8.61 N ~., ..J-J.J..J.il.
- S, - "~ .
GLek —— — — €56
A ..l-lf.-l-ll. o
2L61. ——— e
29617996 LU —— ) bS5

(S3YLIW) NOILVAITI O38



£2°(vS  8279VS 90" 96 76°5p5 ‘ £6° 415 _ 59° 015 Cvouiematy
65°2¢  09°1¢ TR T wos 8270+ - abuey) pag ueaw 92
L£'8YS 95 LS LT LS o 26 9p5 o 15Teps 067695 uo1eAdt3
182+ 9" THC N AU © 1970 . "abueuy pag weaw (z ‘
527155 56605 L7666 107655 0¢AYS uo13eAa|3 "L
50° €+ 580+ 1970 et ) abuey) pag uea 82 -
167265 267095 §1° 055 99° 65 vorieAall
S0 C+ 96" 0+ . gz- 0+ . ' . abueyy) peg ueay 62
[L°€55  v17155 96" 055 267056 16°055 067055 . uoL1eAd13
18° 2+ vt o+ 90° 0+ * 2070+ 1070+ - .. abuey) pag uedw OF
517 bS5 _— _ 62° 255 0£° 265 . 127258 uo1 104313
o1+ ; . 20°0- £ 0 . © abueu) pag uew 1€
65°€56  BL°2SS [6°256 09° 266 £ 266 o 99°255 uoriead(3 :
£6°0+ 2170+ TR ) 90°0- £0 b abuey) pag wedH 26 .
. ) abuey
1§v33404 ‘ L Tt e -
S.HIdINY BLBL (61 9461 S6L LGl £46t 2461 1L61 O/RL R9RL T BIEL  L96t 39. LTS .

sabupy umopmrea a0y {ShaldY)} suoLIeAld|] pue {saa1a) sabuen) pog ueay .4-.

¢ A

ALY 378wl _ : ’



- 79 -

These resu]ts‘are cons\derab?y less than Kulper's (1962)

forecasts. There are two reasons for this d\screpanc;i The first 1s that
his prediction was based on sediment loads that were 25% higher on average
than those that o¢curred, and that 1t was assumed that the water levels would
always be near FSL at the time of the freshet. This il1lustrates the

inaccuracy of forecast1hg sedimentation rates with 1imited data.

~

-~

Tp determine volumetric changes in this reach the percéntage change
in the c¢ross-sectional area of each range was applied to the representative
volume (Table XV). By 1972 an eét\mated 15 442 dam3 of storage had been
lost due to sedimentation in this reach. That 1; a loss of 7.1%é1n storage
to this reach, while in teqps of total live storage of the reservoir it
amounts to only 0.39%. Between 1972 and 1975 a further 12 498 dam® of
sediment had accumulated amounting to a Furtﬂer 5.7% loss to the reach and
0.31% to the total 1ive reser;o1r volume. The next éhree years on1y reduced
the volume of this reach py 7 636 dam3, or a 3.5% 1oss,land 0.19% to the
total live storage. So by 1978 there had been a total of 16.3% loss in
storage to the drawdown reach, amount1ng-to Just less than 1.0% loss in the

total 1ive storage of the reservoir. In terms of the total reservoir volume

"
this would be only a 0.4% loss In capacity.

The original slope for this reach was .00022, and by 1972 it had
been reduced to .00019. As sedimentation continued, the slope was further

flattened to .00078 in 1975, but by'1978 1t was recorded not to have
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changed. This gradual reduction in the slope with time shouid continue until

equilibrium conditions are reached with incoming sediment loads.
4.4 Reservoir

4.4.1 Total Storage Changes

c

The longitudinal profile (Figure 32) shows that by 1972 there had
been depesition along the whole reach. These deposition rates should show a
decline with increased distance from sediment source, and although this is
the generglgtrend, there are many factors which have affected this trend.
Prior to 1968 the reservoir wag being filled and therefore deposition
patterns are distorted. Alsa, the channel morpho1o§y for the individual
ranges will also affect the measured sedimentation rates. An example of this
1s Range 18 which s a very narrow cross section with steep banks susceptible
to slumping and which, in turn, produced a higher sedimentation rate (Tahle
XVI). Range 15 s an example of a range which is affected by the foca] input

of Swift Current Creek.

Changes hetween 1972 and 1975 begin to indicate what the
sedimentation pattern will be 11;9 in the future, because during this period
normal workihé reservoir operations were ma1nt;1ned. The hyérograph1c survey
results show that the_on]y'ranges that experienced significant changes were

those upstream of Range 20.
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~

N

;7 By ié?ﬁ 't had become apparent that-the sediment loads traﬁsported
by the South Saskatcheuaﬁ River were being deposited in the upper most
Eangesf‘ R;nge 25 appears to be the pivotal peint, the point-of hax1mum
sediment accumulation. Thgrefb}e, now that reservd1r operations have
stabilized, this generalfsed\mentat\on pattern can be expected to cont{nue.
Kuiper's (196é1 forecast overestimated the ten-year sedimentation rates in

the upper ranges but by Range 20 underestimated the deposition rates.

Table XVII reflects the volume losses due to sedimentation. Ey 1972
there was 57 289 dam3 of volume lost, which amounts to approximately 0.61%
of the total reservolr capactty: Tﬁe 1975 results showed that a further
14 375 dam> were tost or“%;js% 1@55-1n total volume. The period 1975-19§§

revealed that 13 731 dam’

were lost or a further 0.15% of total capacity.
Therefore up to 1978 slightly less than 1,0% of the total reservoir capacity
of Lake Diefenbaker had been lost due to sedimentation.

o

This 79.23 km of reservoir length had an.original slope of .00025
but because of higher sedimentation rates in the upper rangés the overall
slope increased over time. In 1972 and 19751t was calculated to have been;

.00026 and had increased further to .00027 by 1978,

4.4.2 Dead Storage Changes _ : ¥

Dead storage losses are not considered important to reservoir

operations unti that capacity 1s Jost-and 1ive storage 1s directly
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1972, Range 24 is the only range that from 1975 to 1978 lost a significant

- 87 -

4ffected. As Figure 33 Vllustrates, by 1972 all the dead storage capacity

had been ftlled in at Range 26 and 35X of the capacity for Range 25. By

1875, all of the dead storage for Range 25 had been lost and Range 24 had

undergone significant change. Below these first few ranges the losses are
not as significant and at the lower ranges the changes are very small. Range

} i S
14 marks the point where changes in the dead storage are negligible after

-

portion of 1ts dead storage volume.

From Table XVIII, the amount of dead storage calculated to have been
lTost by 1972 was’ 50 838 dam3 or 0.95% of the total dead storage capacity of
the reservoir. Between 1972 and 1975 only 10 000 dam3 uérg\dgtermined to
have been filled in or 0.19# of @hektota1 dead storage. Ouring the period
1975 to 197§_the dead storage loss was,estﬂmafed_to have been 7 262 dam3 or
0.14%. Therefore in terms of dead storage loss due to sedimentation, 1.28%:
of the total storage had been lost by 1978. The dead storage 1dsses upstreém
of Range 21 would 5e significant over tﬁe years only because these ranges

represent a small pertion of the total dead storage capacity.

4. 4,3 Live Storage_Changes

According to van Everdingen's (1968) calculations the live storage
would increase dhe/}o bank erosion, by as much as 7.4% within the first ten

years of the reservoir 1ife. The hydrographic data findings do not support
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this forecast. The live storage volume changes uere.der1ved by substracting
the dead storage changes from the total volume changes. The results show
that sedimentation has occurred. Bank slumping is noticeable along the
length of,th¢§:gservo1r and 1t 1s th1§ source of sed1menf that has been
affectﬁng the 1ive storage. jBy 1972 1t was estimated éhat 7 286 dam3 of
sediment had reduced the total 1ive storage capacity by 0.18% (Table XiX).‘
Between 1972 and 1975 considerably more ranges had experienced eros1on; and
the net change for the reach was a 4 375 dam3 Toss in live storage

capacity, amounting to 0.11%. During the period between 1975 to 1978,

. deposition was still the dominant process, as é 469 dam3 werer1nf111ed, or

a 0.16% Joss tn the live capacity. Therefore after ten years of operation an

estimated 0.45% of the iive storage had been lost due to bank slumping.

~

TABLE XIX
volumetric Changes in Live Storage for Reservoir Ranges
Range //ﬁgars Volume Years Volume Years

o Change ¢ Change

{dam®) {(dam>)
25 1966-1972 -3 189 1972-19175 -¢ 0B84 1975-1978
24 1966-1972 -440 -1972-1975 -1 329 1975-1978
23 1966-1972 -22 1972-1975 +186 1975-1978
22 1966-1972 -81 1972-1975 +106 1975-1978
21 1966-1972 -214 1972-19175 +87 1975-1978
20 1966-1972 -15 1972-1975% -606 1975-1978
19 1966-1972 -B45 1972-19175 -340 1975-1918
18 19656-1972 -970 1972-1975 -483 1475-1978
17 1966-1972 -322 1972-1975 +481 1975-1978
15 1966-1972 -82 . 1972-1975 +510 1975-1978
4 1966-1972 +140 1972-1975¢ ) - -408 1975-1978
13 1966-1972 -821 . +35 197521978
12 1966-1972 -970 +266 1975-1978
11 1967-1972 +125 -539 1975-1978
10 1967-1972 -1 080 1972-1975 =251 1975-1978
9 - T 1967-1972 +1 566 1972-1975 - 1975-1978

' ’ -4 375

TOTA © -7 286

Volume
Change
(dam?}

-1 707
+305
-15
-223
-152
+192
-169 -
+356
4447
-3
+433
-1 106
-190
-1 328
-770
-1 611
-6 469
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4.5 Sediment Sampling Analxges

4.5.1 Suspended Sediment Sampling

The suspended sediment sampling program provides cnly 1imited
information because it had been improperly conducted. Samp1ﬁﬁg Qas
undertaken at the same time as the hydrographic surveys, which was after the
reservoir had reached FSL. By this time, most of the Sediment had settled
out of suspension and the concentrations obtained were very low. 0Only in
1972 was the suspended sediment sampling program conducted at the optimum
time - that was when the reservoir was being fﬂ]led‘by the peak discharge.
Concentrations at this time are normally sufficiently large to perform
particle size analyses and provide information on setiling charactég1st1cs of
the incoming sediment loads. The 1972 data revealed tha{ almost B85% of the
suspended sediment load had settled out -of suspension by Range 21
(Table XX). Ffurthermore, almost all of the sand companent of suspended
sediment load had been-depos1téd by Range 30. By Range 26, most of suspended
sediment was comprised of clay. The 1972 peak discharge had a return perilod
of 2.14. Therefore, the information is only indicative of the transport
capacities of a lower return period discharge. If this sampling program had
been conducted properly over the years, 1t could have ;rov1ded this k15d of
1nforma§1on for the range of peak discharges - valuable supportive |

information to the hydrographic surveys.
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TABLE XX

Concentration and Particle Size Data for 1972 Suspended Sediment Samples

Suspended Percentage Percentage Percentage

Range Sediment Concentration{mgiL} Sand Si1t Clay
36 105 . 49 3% 17
a3 490 ’ : 23 45 32
30 ' 326 o] 50 49
29 266 1 " 40 59
26 - 260 1 : 26 13
21 i 11 -

17 24*

14 - 51* €

9 22*
Source: Wiebe and Orennan, 1973 ,

1ze ana]ysﬁs,f;

* Insufficient concentration for particle’s

4.5.2 Bed material sampliing

In most reservoir studies bed material data have. seldom been
co]1ec£éd but have been estimated from empirically derived relationships.
The most commoﬁ]y used method of obtaining a Eensitﬁ\va1ue for the deposited
sediment 1s the Lane and Koelzer (1953) method, where the density 1is
determined by taking into account only the particle size of incoming sediment

ioad, the method of operation of the resefvo1r, and time. The equation used

o -

is:
W = w1 + 8 log t
where W = density of deposited material after t years
H1 = Inttial density
B = constant
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The Init1al density of the sediment 1s obtalned by applying the

percentage of each of the three sediment fractions -to a mean density value

and then summing the three fracttons (Table IIX).

TABLE XXI

\

Lane and Koelzer's Deposited Sediment Density values (Kg/md)

”#‘“‘“xggservo1r Operation

.

Sediment always submerged
or nearly submerged

Normally a moderate
reservoir drawdown

Normally considerable
research drawdown

Reservoir normally empty

Soufte: Lane and Koelzer, 1953.

|

1 4390

1 490

1 490

1 490

Sand

B

St

¥

1 041

1 185

1 265

1 313

43.2

16.0

Ciay
¥

481
1317

961

1 249

256.3

171.4

96.1

Since, in most cases, only particle size data were avallable for the

bed samples, this computation method was evaluated against measured values.

The 144 in situ densitlies collected from Lake Diefenbaker provided a good

bas1s for comparison. Densities were computed based on particle sizes using

values for sediment that would always be submerged (Appendix K). Filgure 34

11lustrates that computed values were generally higher than those actually

"measured, suggesting that the techiique tends to overestimate:

This weakness

has been acknowledged by others (Lara“and Pemberton, 1963; vanoni, 1975).
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.

= To derive the most suitable density values, multiple regression

correlation analysis was applied to the 144 bed matér1a] samples. The

equation derived was: )

Y = 12 553 Kg/m® - 123.5 Kg/m> (X;) - 116.3 Kg/m® (X)) - 110.8 ka/m® (Xy)

. i -
where x1 = P?rcentage clay ﬁu
e
X, = Percentage silt
N 2
X3 = Percentage sand

If the average density of each fraction is cémpared to Lane and Koelzer's
(1953) values it appears that 1t is in the clay/silt fractions where thete

are differences {Table XXII).

TABLE XXII

Deposited Sediment Densitiles (Kg/m3) Comparison
Fraction Multiple Regressﬂoﬁ Equation Lane and Koelzer
Pure Clay 203 o 481
Pure S11t . , 923 1 041
Pure Sand ‘ 1 474 ° . 1 490

The clay density s more than twice as large as that from the
multiple regression equation revealing where the Lane and Kaelzer's weakness
r

1ies. For the other two fractions there appears to be better aqreement,

especially for the sand fraction.
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This multiple regression equatiaqn was then used to determine
densities where only particle slze data had been collected. The densities or
particle stze data used were from samples that were col1ected in the (hq]weg,
which best represent dens1t1és of the loads transported by the South i
Saskatchewan River. Table XXIII shows that by 1972 the sand comﬁonent of the.
1oad§ were being deposited upstream of Range 26 and the wash load was
transported a considerable distance into the reservoir. The 1975 data
revealed that sand had. been transported by the flows as far downstream as
Range 26 but beyond Range 21 dnly fine clays were being iransported and
' déposited. In 1978, the sand portion of loads was found to be‘depositeé in
the upper ranges with a major portion of the bed being compr1sed‘of clays.

The lower discharges between 1975 and 1978 were only capable of carrying

e

finer material, explaining why the bed was found to be comprised of

significantly more clays and silts.

Figure- 35 111ustratgs the relationships between density to distance
over time. The best data fit was determined to be a qﬁadratﬁc relat1oﬁsh1p.
The 1972 developed relationship was different due to the fact that fi1ling of“//’”
the reservoir had distorted the density patter%. The 1975 and 1978 data / L
revealed the sedimentation pattern that will continue now that reservoir = ¢
operations have stabilized. This relationship showed that Range 20 marks the
approximate location where the relationship goes asymptotic, as only the

finest materials are carried beyond this point.
S :

e
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4.6 Delta formation

The structures of classical deltas has been well documented (Thakur
and MacKay, 1973; Walker, 1979; Reineck and Singh, 1980). The classical
delta 1s comprised of three types of deposits: topset, foreset and
bottomset. However, classical deltas are formed under an environment
considerably different from that of Lake Diefenbaker's. F1rst,-these deltas
are not usua]]j subject to such a large fluctuation in water levels. In the
case of Lake Diefenbaker the sediments are deposited over a 37 k11omet}e
stretch during the fi11ing of the reservoir each year. Secbnd. mos% of the
deltas described in the literature are formed in an unconfined location,
unlike Lake Diefenbaker, where growth is restricted to the narrow channel,
With this 1n mind, the sedimentary structure of the deposits have been

analyzed.

Frdm the hydrographic data, Range 25 was determined to mark the apex
of sediment deposition or, in other terms, the maximum extent of the topset
beds into the reservoir. Since Range 32 marks the beg\nﬁing of reservoir
conditions, the topset bed can be sald to be forming from Range 32 to Range
25. The original sTope for this reach was determined éo have been .00025 but
by 1978 it had been reduced significantly due to sedimentation to .00019.
Reservoir studies in the United States have revealed that topset beds in
reservoirs normally stabilized once the stope had been reduced to half of the
original slope (Shen; 1971; U.S. Bureau of Reclamation, 1977). Therefore, in
the case of Lake Diefenbaker the slope should become stabilized at about

.00013.
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Another approach used to esfimate the topset slope is that of
determ1n1ngvthe theoretical slope at which no bed load will be transported
(vanani, 1975). 'Us1ng the Schoklitsch formula for zero bed load transpert
this theoretical slope was ca]cu]ateé\(Shu11ts and Hi11, 1968). The data

used were from the Lemsford station. The equation is: .

.00021 pg, 3"

S= (g )

where D = mean bed material particle size (mm) .359

B

1

bankfull width (ft) 830

Q

1]

mean annual flood (fta/s) 52 500

5
Note: data are in both metric and imperial units
y
A slope of .00004 was determined in this study to be minimum slope
that would ensure no bed load transport. This theoretical value 1is
considerably Jower-than the empirical findings but 1t provides a good

estimate of the lower 1imit that the slope might reach.‘

The suspended and bed maferia] data.ﬁnd1cate'that Range 21 markg the
point where only ﬁ]éys are transported, which normally indicates the
beginning of the bottomset deposits. Therefore, -the foreset bed siope should
extend from Range 25 tb Range 21. Originally the slope for this reach was
.00021 but has increased to .00027 due t; deposition. Foreset slopes are

normally steep, some 6.5 times greater than topset slopes (U.S. Bureau of

My’
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Reclamation, 1977). 1In Lake Diefenbaker, the foreset siope was less. than
twice that of topset, further showing how the large water level fluctuation

has affected development of a de]ta;

The bottomset slopes are normally very gentle and do not show much
change which 1s the case for Lake Diefenbaker. The original slope for the
reach from Range 21 to Range 9 was .00025 and by 1978 it had remained

b

virtually the same.

e

4.7 Hydrometric Station Loads Compared to the Measured Load Estimates
The estimation of deposited ipads s very complex, however the
results pr%sented In Table XXIV show good agreement between comparing the

station derived loads and those determined from the hydrographic surveys.

The total load of sediment that had been transported into
Lake Diefenbaker between 1966 to 1972 by the South Saskatchewan River and
Swift Current Creek was approximately 47 000 000 tonnes. The measured load
was estimated to have been 52 000 000 tonnes - a difference of only +11%,

which can-be considered a good agreement.

Between 1972 and 1975, some 20 000 Q00 tonnes were calculated to
have been transported into the reservolr. The measured load was

approximately 19 000 000 tonnes, an underestimation, but within -5% which is

considered a close approximation.

»
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The sediment loading for the»per1od between 1975 and 1978 was
calculated to be Just over 6 000 000 tonnes and the measured load was
13 000 000 tonnes. There appears tc be discrepancy between the two methods
for this period. During this period, changes to the l1ive storage in the
reservoir ranges uh1ch.méasure the bank contribution were stgnif\cant1y
higher than before. Part of the difference in Voads can be attributed to an
increase ¥ the bank contribution, which has not been accounted for. Even
accounting for the bank contributien, it is apparent that the measured load
has been overestimated for this period. -

l i

It is possible therefore to get reasonable agreement between these

two methods with an understanding of the processes that affect reservoir

sedimentation.

4.8. Swift Cufrent Creek Area Study

i
The hydrographic surveys conducted in 1972 and 1978 were to assess

. the Swift Current Creek sourc@ of sediment. As noted in Chapter III, the

sediment loads t;ansported by Swift Current Creek 1n later years were
s1gn1fjcant1y ;ma11er. in fact. between 1972 and 1978, oniy 65 000 tonnes ofl
sediment were transported into the reservoir by this source. Compared to the
long term mean of 41 000 tonnes per annum, this period was not characteristic

of normal loadings and therefore should be taken in this context.
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) 2
The 1972 contour map (Figure 36) which covers an area of 2.4 km

reveals the submerged topograﬁhy of this area. Tﬁe arrow points to where
Swift Current Creek flows 1Ef§f¥he reservoir. The side where Swift Current
Creek drains into fhe resgrvéﬁr s marked by é ﬂ%rge flood plain Snd the
channel used by pre-reservoir flows can be identified, as wel) as the p\d
South Saskatcﬁewan R1;er ghanne]. The north side of the area has steeper
slopes. By 1978, (Figure 37) many morphological changes had become
apparent. The ﬁost significant chahge was where a bank had slumﬁed across
the creek’'s channel causing the flows to cut a wider channel. Bank slumping
was noticeable along fhe length of the shoreline and 1s best depicted in

Figure 38 of contour d1fference; between the 1972 and 1978.

An examination of the bed material samples collected from this reach
(sample identifer SCC in Appendix K) reflect the changes that have been
occurring. In 1972, the average bed material sample was 71.5% s31t and clay;
but by 1978, s11t and clay made up 90.9% on average. This increase in fines
can bg attributed to the finer mater1a1 that was transported by Swift Current
Creek, as well as fines derived from bank erosion and slumping. The mean
density of the deposited material 1n 1978 was found to be only 565 Kg/m3, a

very low density.

The capacity table (Appendix L) revealed that ¥ 190.2 dam3 of
sediment had been deposited in this area - 175.5 dam3 in 1ive storage and
the remaining in the dead storage zone. Based on the average density, this

-

volume converts to a load of approximately 672 500 tonnes. The 65 000 tonn;s/
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SWIFT CURRENT CREEK FLOW

FIGURE 38

SWIFT CURRENT CREEK AREA
1972-1978 CONTOUR DIFFERENCES
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ar

estimated from Swift Current during this period 1s only 10% of the toté]
value. This information reveals that Swift Current Creek, as a sediment
supply, s a minimal source. Ih1s study also points out that bank material

was a significant source of sediment in this particular area of the reservoir.

]



CHAPTER V

Summary and Conclusions

The Lake D1efenb;ker datalco11ect10n program has provided data that
have contributed to a better understanding of the processes affecting
reservolr sedimentation. Analyzing sedimentation in reservoirs not only
prov\des valuable scientific information, but is useful to theloperat10n of
the re;eryo1r and 1s therefare of economic importance. This and other
studies have shown that sedimentation rgtes are low and therefore not a major
problem. The concern therefore is not in magnitude but in the ability te

understand the processes and how they interact over time.

This particular ﬁrogram has also provided the opportunity to
document changtné methodology as well as technological changes in the field
of reservoir sedimentation. The most notable deve1opmehts ovér the past ten
years have been the development of an automated hydrographic data acquisition .
. system (HYDAC-200) and processing system (HYDRA). These systems made it
possible to unﬁertake'area surveys where previously the traditional cross
section approach had been used. " Unfortunately, because there are only
Timited area data and the quality of the éarlier surveys using the area
method wére_poor, it 1s impossible to compare and evaluate the two
methodologies. Therefore in this thesis most of the hydrographic data used

to analyze sedimentation were cross-sectional data.

_(v;
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The hydrometric station data revealed that the South Saskatchewan Hﬁ—;;)
River has had an average annua] flow in the order of 8.000 000.dam3. Since

the reservoir came into ex19€g5ce the flows have been representative of the

r

Tong term flow regime. Discharge data’?éve&ﬁed that the median flow was 146

K] -
m /s and that June provided the greatest amount of flow, originating from

~

mountain runoff. Regression analysis-enabled flows to be reconstructed for

the Lemsford Station after 1t had been discontinued in 1970.
N T N .
t

¥ﬁe.average anﬁua1 load tFEhsp;?tEH_By he South Saskatchewan River

}
was determined to be %pprox1mate1y 6 000 000 Y§5;3§' Most of the sediment
] -
transport was assoc1a?bd with the mountain freshq}. On average sand made up
21% of the load, s11f’41% and clay the rema1n1n5338%. based on depth

integrating sample. The river bed was comprised mainly of sand/(éfi).

Sediment transpﬁ?t relationships were characteristic of a 1arge‘rﬂver that

has a high wash load contribution. !(4«\5
. ; =
Swift Current Creek's mean annual flgy 4s 59 000 dama, but during
e .

ﬁhe period under study the flows were sjgn1f1£§nt]y Jess, 1n most cases, than
the long term mean. This in turn severely redyced the sediment loadings. On
avérage sand comprised 28% of sample, sijt 53% and clay 19%. Based on
sediment data the creek 1s charac?er1st1c of a f1a§hy stream.

The hydrographic resu]té from backwater ranges revealed that”b 1972
the bed had been degraded along most of the reach. %h\s was attributed-to at-

least two major ice Jams which had developed 1n the reach. B8y 1972, an

(=]
.

———
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estimated 4 500 dam3 of material had been removed. Range 37 experienced

the most £§gnge, where the bed was scoured by as much 1.32 metres. By 1975,
aggradation was fhe dominant process. The 1978 data revealed that both
aggradation and degradation were occuring as local adlustments. The gradient
for the whole reach had cq5{1nued to decrease with time as the river adjusted

to the change in conditions.

The drawdown reach (Range 32 - Range 26) has been continuously
aggrading over the years with the maximum deposition beﬂng recorded as
1.68 metres at Range 27 by 1978. The rate of deposition was found to be
considerably less than had been‘forecasted 1h an earlier study. By 1978,
16.3% of the storage volume in this 36.58 km-reach had been lost due to
sedimentation. This represent§’a\joss of just less than 1% of the total live
storage or 0.4% of the total fﬁservoir storage. The slope of the bed had
been réduced due to the sediment loads deposited in the lower portion of the

reach.
\-_

The remaining ranges are located in the reservolr but this analysis
was only conducted as far downstream a; Range 9, because beyond this point
the accuracy of the data was found to be questionable and the sedimentation
rate negligible. The data revealed that approximately 1% of the total
reservoir capacity had been lost by 1978. Dead storage‘changes were

significant in the upper part reservoir, and 1.28% In the total dead storage

capacity was_computed to have been filled in. Bank slumping reduced the

.~ total live storage by about 0.5% over the years, which was contrary to a

theoretical*estimate that had been made.
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Suspended sediment sampling was conducted improperly most of the
time with the exceptﬁo; of 1972. If the sampling 1is cohducted at the same
time the freshet reaches the Eeservoir, the transport capabiliities of the
inflows can be determined, but data collection after that point will be

affected by settling and mixing.

The Lane and Koelzer method of computing densities from particle
sizes was found to overestimate, especially for the clay fraction, based on

multiple regression analysis of 1447™1n situ bed material samples collected

.-from Lake Dlefenbaker. Bed hater1a1 samples revealed that the sand portion

dﬁ?‘%he sediment Jjoads were deposited in the upper ranges of the drawdown

-

reaEh and by Range 21 mastly ciays were being transported and deposited. The
dens1ty‘to distance relationship was determined to be gquadratic and became

asymptotic beyond Range 21.

The environmental conditfTons have restricted the deve1opﬁent of a
classical delta. The topset peds extend from Rangéuae to Range 25 and had a
slope of .00Q19 based on 1978 data. The topset slope should stabilize at
abou¥ .00013. The foreset slope extends from Range 25 to Range 21 and had a
s]épe of .00027, which was not very steep in comparison to findings of other
studies. The large water level drawdown was determined to be responsible for
affecting the development of the delta. The bottomset beds extend beyond
Range 21, and the slope of .00025 1s basically the same as the original bed

slope. >
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, Comparison of the herometr\c station measured loads to the loads

’

estimated from hydrographic surveys revealed a good agreement, for the
periods between 1966 and 1972 {+11%) and 1972 and 1975 (-5%) but not from
1975 to 1978. The discrepency for that period was attributed to a higher

bank contribution and the quality of the hydrographic surveys.

Swift Current Creek's contribution of sediment was negliigible
between 1972 and 1978. Almost all the change to the area where Swift Current
Creek drains 1into Lake Diefenbaker was determined to be from bank slumping.

In féct, only 10% of the change was attributed to the creek's contribution.

There are a few modifications that should be made to the program.
One of the first would be to restrict the hydrographic surveys to upstream of
Range 21, because there is a negligible émount of sediment that 1is
transported by the inflows beyond that point. "Also, the_feturn interval
should be increased between surveys because there 1s such a low sedimentation
rate. Because there would be fewer ranges to survey they would not Have to
be offset in different years. The two methods (cross section vs. area) still
need to be tied in with more accurate data to properly evaluate and compare
them. The suspended sediment sampling program should be run independently of
the hydrographic surveys and conducted when the freshet reaches the
reservolr. Care should be taken to enéure the bed material sampiing results

are only indicative of post-reservoir changes.



- 114 -

In addressing the original hypotheses of this thesis, the following
statéments can be made. From 1966 to 1978 1t was calculated that 1.4% of the
total reéervo1r volume had been lost due to sedimentation, which is a '
sediment rate of ;n1y 0.1% a vear. The 1\vé7§torage volume was decreased by
1.5% over the period, while dead storage HQEZQEEated by 1.3%. [n terms of
the operation of the reservoir, the impact 1is 1ns{gn1f1cant. The sediment
load transported by the South Saskatchewan River was deposited in the upper
ranges, with a negligible amount being transported beyond Range 21. The
large water level drawdown was responsible for making it difficult to readily
identify the different deposits of a delta, and for flattening out the
structure. Bank erosion and slumping reduced the live storage of reservoir
by about 0.5% over the period. Swift Current Creek's sediment load did not

even make local impact on the reservoir and was overshadowed by the bank

material contribution.
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APPENDIX B

Total Monthly Discharges at Lemsford,

Bindloss and HWY 41, and Reconstructed

Monthiy Discharges for Lemsford
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APPENDIX C

Frequency Analysis of the South Saskatchewan

River Flows
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APPENDIX D

Depth Integrating Particle Size Analysis
of* Suspended Sediment Collected
at the Lemsford Station
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