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Abstract

The goal of thighesisis to develop an improved understanding of sedimentary pexess
alongthe Nelson Rier systemin the subarcticregion of CanadaSediment sources and
transport dyamics in Lake Winnipegthe Upper Nelson River(UNR) i between Lake
Winnipeg and Split Laké as well aghe Burntwood Rive(BR) 1 the major tributary of
the Nelson Rivelin the subarcticregioni were investigated The properties of Lake
Winnipegds bott oan d e th w@tal bedienttbadgsetere used to provide a
better understanding o) the sedimentation dynamias Lake Winnipeg and b)its role

in sediment trasport in the Nelson River system.

Thesediment sourcéngerprinting technique anildng-term record osediment load data
on the BR and theUNR were used foseparating the importance of climatkangefrom
humaninduced environmental changes on these tegulated rivers. Moreovethe
influence of Split Lakeon the downstream delivery of sedimetd the Lower Nelson
River and Hudson Bayvas investigated by developirthe sediment budget fothis
riverinelake.

In addition, the collection ofa representate sample of ambient suspended sediment
using a well-establishedime-integrated sampler antvo adaptediiscrete samplergas
investigatedThe performance of these samplers was examinadamtrolled laboratory
and under field conditionsAssessing tbsesamplers was conducted tletermine the
most suitable devic® collect representative bulk samptesn the Nelson River system.
The results showhatthe sediment load derived from the prairies area is sequestered in
Lake Winnipeg, along with nutriésm and contaminants bound to them. Another key

finding was that sediment derived from bluff erosion on the northern shore of the lake is
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the major source for sedi memhistheeslsofgunde x por t
that the UNRis characterizeé by increases in sediment loading as a result of climate
change However, n the BR crosswatershed water diversion caused a sdwo&h

increase in sediment dischargnd gcediversionflow regulation near the licenced limit

has muted the response tarmability in local precipitation and runofithis thesis also

provides several recommendations for further research.
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CHAPTER 1: Introductio n

1.1 Background and rationale

Rivers can accounffor approximately 95% othe totd sediment load in the oceans
(Owens, 2008)While fluvial sedimentsaretransported in bothdal load and suspended
load mode,suspended sediment is gfeaterinterest since the majority of sediment
transportto the ocean is performed by this form of transg@éfalling, 2013) Syvitski et

al. (2003)reportthat 9695% of tdal annual fluvial sediment fluto the coastatoneis
suspended sediment. Another reason for payadicular attention tothe suspended
sediment transport modetise behaviour of the fine sediment particlgs., <63 pm)due

to their size, shape, specificriacearea and electrical chargéble and Wallng, 1996)
Excessve fine sedimentmay, however,result in sevee issuesfor aquatic systems,
including ncreasing turbidity, mucing light penetration, reducingservoir capacity,
impairment of navigation, cloggingf fish gills, and impaa onrecreaibnal activities
(Davis and Fox 2009; Hidadchiet al., 2013 Krishnapparet al. 2009;Walling, 2005
2013).

In addition, recent decades have seen a growing awareness of the strong relationship
between inorganic suspendedsediment load and organic matter, nutriens, and
contaminants transped through fluvial systems. For example, Walling (2005),

indicated that more than 75% of the total phosphorus (P) load in catchments of UK rivers
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is carriedin particulateform. Electrical charges of fine suspendediseat are at least in
part, responsible for bindingnd transpdmng nutrients and contaminanits the fluvial
system(He and Walling, 1996)

Effective watershedmanagement practices to limthe negative influences ofine
sediment needhformation on ediment mobilization and delivery procesg@galling,
1983) and the impactsof natural and humamducedenvironmental changesperating
within watershedsn these process@#/alling and Collins, 2008). Collecting such data is
not straightforward since thisource of pollution comes fromifferent pars of the
watershedand heavily depends on spagimporal variability of hydrological components
(Walling, 2013)

A direct approach has been developed to assign sources of erosion to transported
materials basean the use of environmental tracenhich began inthe early 1960s
(Corcoran and Kelley, 20065ediment tracing technologyas originally, developed to
measure erosion, estimate sediment age,catwllate rates ofediment deposition and
accumulation n fluvial, lacustring and marineenvironmens (Corcoran and Kelley,
2006) A recent development of this approach is determining the sources of problematic
fine-grained sediment and is termdbe sediment sourcdéingerprinting technique
(Walling, 2005; 2023).

This thesisis a part ofthe Hudson Bay System StudBaySyg project which isa
collaborative effort of six academic institutions and Manitoba Hyaind addresses
several research objectives, including the understanditigeable of climate chaye and
hydroelectric regulationsn sediment and chemical (including carbon and mercury)

transport dynamics Hudson Bay and itgver system(Barber, 2015)
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The research described in this thesis was also funded by the IN&tieaces and
Engineering Reearch Council (NSERC) of Canada under @EATE H20 Program
This programwas the first scieneengineering research training program in Carthda
generallyfocused on First Nationgater andsanitationsecurity (Theroux, 2017as many
First Nations communitiesare affected by poor water qualiffdealth Canada, 2017
Theroux, 2017) Therefore,accessto safe drinking wateresourcegi.e., as a human
right) has long been an isstier First Natiors communities in Canad#&revious studies
reveal thatack of financial and technicalesourcesinfrastructurgproblems inequitable
resource wstribution, sociopolitical andyovernance challengdsave at least in part,
framed this issue (Arsenault et al., 2018Borrows, 1997;Doerfler et al., 2013)
Thereforelacking clean water accedasusuallyforced many First Natiscommunities

to: a) live with multi-year boil water adeories; b)treat water sources witimefficient
treatment facilitiesandc) addresdocal water resources contamination with littlenio
policy commitmentgArsenault et al., 2018)

First Natonsco mmuni t i es compri se approxi mately
population and the residents of these communities (e.g., Norway House, Cross Lake,
Split Lake, and Fox Lake) are heavily depertdanthe Nelson River system as a source
of livelihood and wellbeing (Hackettet al, 2018) It is worth mentioning thathere are
strong and meaningful spiritual connectiohstweenwater and the First Nations
communities As an examplein their culturs and valueswater isnot only required to be
treated as an animate beif#gsenault et al., 20)&utalsoshould be treateds a relative

(Craft and Blakley, 2022 With regard to the importance of the Nelson Rjvitre
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economy ofthe First Nationsn northern Manitobalsorelieson commerciafisheryand
food servicegStatisticsCanada, 2013).

The subarctic region of the Nelson River has bedluenced by energy resource
projects.Anthropogenic etivities and in particular hyaelectric damslongthis system,
fracture the river and landscapelter the flow regime of the Nelson River system
throughout a year, and change habi(@raft and Blakley, 2022)T'hesehuman activities
consequently affect sediment generation, dpant, and deposition praggesand may
lead to environmental problems such as exeesediment production and transport.
Givenspiritual connections among water and the First Natonsmunities(Arsenault et

al., 2018) hydroelectric dams along this systateeply affectcommunt | ewdtde,
values, sociaheritage andheir overallhealth and welbeing(Hackett et al., 2018)0ne

of the mostsignificantcontributions of this studis to assess th®le of climate change
and hydreelectric regulation on sediment sources andspartin the Nelson Rive(i.e.,

as an important resource for the First Nations communities in northern Marbtfbeg
entering Hudson Baysediment transport dynamics and sources data for the Nelson River
provide a valuableneans of assessing the qtiabf water resources required by for First
Nations communities

Water, soils, and different forms of sediment samyéeg., suspended sedimemigre
collected from different compartments of the study area. In the next step, several
analytical techniquesvere performed to characterise these three different types of
samples. Finallyalong with using sediment properties dodg-term records (>40 years)

of suspended danent loadsthe sediment sourdagerprinting approaclwas utilizedto

determine: a)inorganic suspended sediment sources;th® influence oflakes and
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reservoirson sedinent transport; and c)he impacts of natural and humamduced
environmental changes on the functioning s#diment mobilization and delivery

processes this regulatedystem.

1.2 Overview of thestudy area

The study areas the Nelson River system upstream of the outlet of Split Lake
(Figure1-1). This areancludes Lake Winnipg(23,750km?); Split Lake(~274km?); the
Burntwood River(watershed area = 25,500 knaverage annual discharg®a() = 917
mS/s), the Grass River (watershed area = 15,408 K. = 66 ni/s), andthe Upper
Nelson River (between Lake Winnipeg and Split Lakeatershed area = 30,800 km
excluding theGrassRiver watershed (discussed belg@e= 2,390 ni/s).

Lake Winnipeg is located in the center of ManitoRanada Figure 1-2). It is the
eleventhlargest lake by surfacareain the world (Newbury et al., 1984), the seventh
largest lake in North America (Kimiaghalam and Clark, 2017), and the-largbst
freshwater lake in Canaddé@nitoba Water Stewardship, 201The L&e Winnipeg
watershedincludes portions of four Canadian provinces (Alberta, Saskatchewan,
Manitoba, and Ontario) and parts of four US states (Montana, North Dakota, South
Dakota, and Minnesota) which cover$,000,000 krfiwith approximately650,000 krf

of farmland (65%) Environment and Climate Change Canada and Manitoba Agriculture
and Resource Development, 20Ranitoba Water Stewardship, 2011

Lake Winnipegis comprised ofhree main regions: tHgouthBasin 2,780 knf; 10% of

the total lakevolume; averagedepth = 9 m; water residence time = 1r3(iye., 1996
2006) averageotal suspended solid3$9 = 14.4g/m°), the Narrows 3,450 km? 9%

of the total lakevolume; maximum depth = 60 m), atitk North Basin 17,50 km?;
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81% of the totalvolume; averagedepth = 13.3 m; water residence time = 4cJiye.,

19962006) averageTSS = 5.4g/m”) (Manitoba Water Stewardship, 2Q1¥atisdf et

al., 2017).
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Figurel-1 Left: study area including Lake Winnipeg and its three distinct regions (South Basin,
Narrows, and NorttBasin), Upper Nelson RiveiGrass River, Burntwood River, and Lower
Nelson Riverwatersheds (red dots represerg tlrenpeg and Kelsey generating statioright

(up): Split Lake; right (middle): the PperNelsonRiver between Lake Winnipeg and Sipiwesk

Lake; right (below): Lake Winnipeg outlets-2i | e Channel and Warrenos
bar refers to the lefide of the figure.

The lake receives discharges from several large nvegershed and many smaller

tributaries. The Saskatchewan, R&skiniboine, and Winnipeg River watersheds are the
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largest in area and contribute the greatest discharges to theMalsoff et al., 2017).
The Winnipeg,Saskatchewarand RedAssiniboine Rivers accounted for#925%, and
16% of water dischargesrespectively. Theemaining10% of the water dischargesare
receivedfrom small rivers including the Dauphin River.The aveaage annual water
discharge for the WinnipedRed, andSaskatchewarRivers (i.e., 19962006) are 1,064
346, and 556 ri¥s, respectivelyManitoba Water Stewardship, 2011

The lake is also the third largest hydroelectric reservoir in the worldhasdbeen
regulatedsince 1976due to the construction :0&) 2Mile and 8Mile Channelsat the
outlet and ~60 km downstream from the lake outlets, respectidlythe Jenpeg
hydroelectric generating statioriO0 km downstream of Lake Winnipeg; and c) a control

structure atCross Lake-130 km downstream of Lake Winnipéggure 11).

Hudson Bay

Nelson

River, /7

Wiimipeg
River

0 200 400 km
e |

Figurel-2 the Lake Winnipeg anielson Rive watersheds.
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The Nelson River continentalscale watershed1(125,520 krf) is a complex and
regulatedfluvial environment(Figure 1-1 andFigure 1-2). The Nelson River is the third
largest in terms of water discharge in Canada and provides 16.3% of freshwater inflow to
Hudson Bay (Duboc et al., 2017). It originates from Lake Winnipbgch is at a
elevdion of 218 m above sea leve{Newbury et al.,, 1984) at-Rlile channel and
War r e n 6 s outlela This 680 ¢m river with m averagedischarge of3,540 nt/s
flows into Hudson Bay through relatively steep granitic and gneissic bedrock of the
Precambrian QeadianShield (Newbury et al., 1984).

Since 1976, 75% ohe Churchill River dischargeg.e ~700 ni/s) has been diverted to
the Burntwood Riverto increase flows through thdelson River The mergingpoint of

the Nelson Riveand Burntwood River (i.e., it Lake) divided the Nelson River into

the Wpper andLower Sections. A number of dams have besmstructedn the Upper

and Lower sectionsof the NelsonRiver taking advantage of the Precambrian Shield
bedrock river channel and high flow rate. The fitain on the NelsoRiver (i.e., Kelsey)

was completed in 196a&n the Upper Nelson RivefManitoba Hydro, 2015)Manitoba
Hydro laterconstructed a cascadefofe dams on thé&Jpper and_ower Nelson River to
takeadvantage of a 218 m drop over a 680 kmrrsextion namelKettle, Jenpeg, Long
Spruce Limestone and Keeyaskvhich were completed in 1974, 1978979,1990,2021
respectivelylt should be notethat the Lower Nelson River is not parttbe study area

of this thesisbut is the subject of egoing research
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1.3 Goals andobjectives

The overall goal of thishesisis to develop an improved understanding of sedimentary
processes along the Nelson River Syst&iven that the Nelson River is heavily
regulated and includes several lakes and resepvbiis essential toa) investigatethe
influences of these featurem sedimentsources anddynamics; and b)explore the
impacts of environmental changes on the functioning of these features (the main
objective of theBaySysresearch project)

To acheve tis main goal it is also important to collect representative suspended
sediment samples from different comporsesft this river systemBecause of the broad
scope of this topiahis thesisfocusedon a number of objectives to meet the overall goal

1. Asses the sedimentation dynamics within Lake Winnipeg dhdreby determine
the role of this large lake in regulatirepdiment transporfrom the upstream
watershed téhe downstream river system.

2. Investigatethe sediment sources and transport dynamics inUpper Nelson
River (i.e., downstream of Lake Winnipeghd the Burntwood River system and
assesghe impacts ohatural and humamducedenvironmental changeon the
functioning of these sources and sinks

3. Explorethe options for collecting representaiguspended sediment sampbés
sufficient massto assess their quality and to determine their sources across
different compartments of the study ar@ag., multiple scales of lakes and

reservoirs, as well as large, regulated rivers).
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1.3.1 Sedimentation dynamics within Lake Winnipeg and its role in sediment
transport in the downstream river system
This research objectivendeavors to achieve at least three purposes. Fidelgrmine
the properties of lake bottom sediment and patterns of sediment accomuda$isso as
to assess sediment storagihin the lake Secondlyconstructa total (i.e., organic and
inorganic) sediment budgeb explore the extentof dis-connectivity of the riverine
suspended sedimerburcesin the lake Finally, quantify the cortribution of the main
suspended sedimesburcesat the Lake Winnipeg outle@ndidentify the role of this lake

in modifying sediment transpotb the downstream river system (tltupper Nelson River

systen).

1.3.2 Sediment source and transport in the Burntwood River and the Upper

Nelson River
Sediment source fingerprinting and letegm records (>40 years) of suspended sediment
loads in these two rivers were useddentify the dominant sediment sourcasd their
significance in sediment transport dynamitrs addition, they were uset investigate
the importance of natural and humiaduced environmental changesaltering sediment
loads and budgets. Moreover, the role of Split Lake (which represents the outlet of the
Burntwood River and Upper Nelson River watersheds) on downstream deliver§/
sediment was assessed by constructing a total (i.e., organic and inorganic) suspended

sedimenbudget for the lake.

1.3.3 Collecting representative suspended sediment samples within the study area
Quantifying the physical anbiochemical propertiesf suspended sediment particias

fluvial systemsis animportantpart of understanohg environmental, geomorphological
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and hydrological processes operating within watershead®mprehensiveuantification

of sediment properties(e.g., particle size, organic matter/carbon content, and
contaminantes usually requireslarge, bulk samplesof sedimentgiven the mass of
material required for multiple laboratory analysesspended sedimerdrapling devices,
therefore, playa key role inthe understanding of sucprocesse# they are capable of
collecting arepresentative sample of the ambient fluvial fine suspended sedifhent
are two main type of suspended sediment sampling equipment: discrete and time
integrated devicesWhile the former ones collect sediment sangpst specifictimes
within a hydrologicalevent, the lattesamples, which are alsopassivesamplers, obtain
sampls from a given location over an extended peridtiis part ofthe project a)
provides detailed assessnt of a commonly usedime-integrated samplerand b)
examines the performance of two adaptéxtretedevicesto collect a sample of large

mass of ambient suspesdisediment

1.3.3.1 Assessingatime -integrated fine suspended sediment sampler

Assessment of theource, transpgrtand fate of suspended sediment and sediment
associated nutriestand contaminastis heavily depeneht on the accuracy of the
suspended sedimesampling equipmenisedto providetruly representative samples of
ambient sediment. It halseen well documented that the source compasitb the
sediment can varwithin and at the olgt of watershed through timeSpatiotemporal
variability in precipitation andediment mobilization processes; reworking of deposited
sediments withirwatersleds; andanthropogeni@ctivities are likely some of the factors

responsible forpossible variations in sediment sources over time. Passive sampler

Sedimentary pcesses in large, regulated river systems irCdngadian subarctic 11



devices have the potential to provide representative suspended sediment samples which
areable toovercomethese constrats as they collect sediment over a prolonged period.

An affordable and easily fabricated tinméegraed fine sediment samplér use in small

(first and second orderiverswas developed by Phps et al.(2000).The original aim of
thissamplewas toobtais ubst ant i al 1 g)affineisedimensover @theg . o
a single (e.g., freshet) or a combination (e.g., rainfall) of events, in the absence of a
power sourceln this study,the hydrodynamic behaviouof the sampler deveped by

Phillips et al. (2000)and its efficiency in terms of mas®llection and particle size
distribution, and its capability for assessing sediment flux within river systemas

assessed

1.3.3.2 Evaluation of continuous -flow centrifuge and continu ous-flow
filt ration system techniques for samp ling suspended sediment
The reliable interpretation of any samptiarived dataregardingsediment transport
dynamics in the Nelson River system is significantly linked to the accuracy of sampling
devices. Althoughthe time-integrated sediment sampl@tescribed in Section 1.3.3.1)
hasbeenshown to collectepresentativeuspended sediment in transifinst andsecand
order streamsit may not be thebest optionfor sampling in large rivers with strong
currens and sigfficant variations in water levelln addition, tiis sampling deice isnot
suitable for lakes and reservoirs as these aquatic environments may ntiteraqeired
watercurrent conditions for the timiategrated sediment sampler.
One of the approachdsr collecting enough representative suspendedrsad samples
to achieve detailedgeochemical analysis is digte or pointsampling samplers

Assessing the application of centrifuge and filtration techifurecollecing suspended
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sediment inlakes, eservoirs,and rivers is therefore, prt of this study. The sampling
devices include using higivolume continuoudlow filtration (PENTEK filter bag with 1
pm nominal pore size) and higlolume continuoudlow centrifuge systems (US 1412
manual centrifug). The sampling efficiency of each device on the collectibn o

suspended sedimeint differentenvironmentsvasexamined.

1.4 Thesis structure

Following the general introduction in this chapter, each objective will be described and
expanded ingrouped manuwsipt" style in its own chaptefChapters 2 to 5)Therefore,
each Chapterincludes sections on introduction, methods, results, discyssiot
conclusionsChapters 2 werepreviously publisheth peerreviewed journalsThe order

of the Chaptersn this documentis based on thehronological order othe published
papersand notbased orthe order otheobjectives(Figure 13).

Chapter Zontributes to objective 3 by: a) characterisinthe hydrodynamic behaviour of
a commonly used timmtegratedfine sediment samplewusing an aoustic Doppler
velocimeterin controlled laboratory conditions; ari) measuringhe mass collection
efficiencyof the sampler by an acousboppler current profileander field conditions.
Chapter 3 also contributes to objeeti3 by collectingepresentative suspended sediment
samplesusing two differentdiscretesamplers A field study was conducted in three
different freshweger systems in Manitoba, Canada examine and compare the
performance of two higflow rate systemsas alternative approaches: the M512
continuousflow centrifuge (M512); and continuous filtration using PENTEK 1 pum

filtration bags (filtration system)
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Chapter4 presents a comprehensigtudy to achieveobjective 1 by explainingthe
relative, and sometinse conflicting, influence of the key natural controls on
sedimentation dynamics withirLake Winnipeg (e.g., sediment properties, local
morphology,and lake hydrodynanus). This chaptealsoincludesa total (i.e., organic
and inorganic) sediment budder the lake This study will also comparthe sediment
budget ofLake Winnipego those of thé.aurentian Great Lakes (i.e., Lakes Erie, Huron,
Michigan, Ontarig and Superiorandwill highlight the dominant source of the sediment
loading to these large lake

Chapter 5 presents a study sediment sources and transport in the Upper Nelson River
and the Burntwood River anthe effects of natural and humarmuced environmental
changeqe.g., climate forcing of hydrological changes, construction of dams,rasd c
watershed water diversiomn sediment transport dynamicghis chaptemwill address
objective2 by analyshg the spatiotemporal variability of sediment loads over >40 years
and using the sediment source fingerprinting techniquethesetwo large, rgulated
rivers The impacts of different scales of natural lakes and hydroelectric reservoirs on
sediment sources and transport in thgperNelson Riverand the Burntwood Rivewill
alsobe examinedin addition the influence of Split Lake othe downsteam delivery of
sedimenvill be assessely constructing auspendedediment budget for the lak
Chapter6 summarizs the previous chapters bgeviewing the significant fndings In
addition it also providesletailedrecommendations for future work the Nelson River
systemand its estuaryand presents the implications of this research for local First

Nations
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Chapter 4

Objective 1: Lake Winnipeg
sedimentation dynamics

Determine the properties of lake bottom sediment

Estimate the sediment accumulation rates

Assess the influence of Lake Winnipeg on

downstream delivery of sediment

Chapter 5

Objective 2: Sediment transport
dynamics in the Nelson River
system upstream of the outlet of
Split Lake

Goal: Sedimentary processes in the Nelson River system

Chapter 2

Objective 3: Assessing issues
associated with a time-integrated
fluvial fine sediment sampler

Investigate the impacts of environmental changes
on the sediment loads

Assess the influence of Split Lake on downstream
delivery of sediment

Identify the potential sediment sources

Chapter 3

Objective 3: Evaluation of high-
flow rate continuous-flow
centrifugation and filtration
devices

Characterize the hydrodynamic behaviour of the
sampler in controlled laboratory conditions

Compare the performance of the samplers in three
different freshwater system

Measure the mass collection efficiency of the
sampler under field conditions

Describe practical advantages and disadvantages of
the samplers

Figurel-3 A conceptuatiagramof researctyoal objectives, andpproaches divided by gbizr.
Red boxes denote simplified approache
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CHAPTER 2: Assessing issues associated with a time -integrated
fluvial fine sediment sampler

A version of this chapter has been published in Hydrological Processes:
Goharrokhi, M., Pahlavan, H., Lobld).A., Owens, P.N., Clark, S.P., 2019. Assessing
issues associated with a me i nt egr ated f | uv iHgadlological n e

Processes33(15), 204&056.

2.1 Abstract

Collecting a representative tinmetegrated sample of fluvial fingrained suspended
sediment(<63 pm)is an important requirement for thaderstanding ofrevironmental,
geomorphologicaland hydrological processes operating within watersh€ldis study:

a) characterised the hydrodynamic behaviour of a commonly useeirttegrated fine
sediment sampler (TIFSS) usiag acoustic Doppler velocimeter (ADV) gontrolled
laboratory conditions; anth) measured the mass collection efficiency (MCE) of the
sampler by an acoustic Doppler current profiler (ADCP) under field conditions. The
laboratory results indicated that the hydrodynamic evaluations associatectheith
original development of the TIFSS involved an underestimation of the inlet flow velocity
of the sampler which results in a significant overestimation of the theoretical MCE. The

ADV data illustrated that the ratio of the inlet flow velocity of the slemip the ambient
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velocity was 87% and consequently it can be assumed that a representative sample of the
ambient fine suspended particles entered into the sampler. The field results showed that
the particle size distribution of the sediment collectedth®y TIFSS was statistically
similar to that for the ambient sediment in the Red River, Manitoba, Canada. The MCE of
the TIFSS in the field trials appeared to be as low as 10%. Collecting a representative
sample in the field was consistent with the previfbodings that the TIFSS is a suitable
sampler for the collection of a representative gianof sufficient mass (e.g.,1>g) for the
investigation of the properties of fluvial firgrained suspended sediment. Hydrodynamic
evaluation of the TIFSS under ader range of hydraulic conditions is suggested to

assess the performance of the glamduring high runoff events.

2.2 Introduction

Studying fluvial fire-grained suspended sedimen®3qum) provides an understanding of

the environmental, geomorphological, amhgdrological processes operating within
watersheds. Fine inorganic sediment behaves differently than coarser sediment mostly
due to its characteristics such as weight, density, specific surface area, and electrical
charge distribution. Lighter fingrained sediment requires less flow energy for
transportation in suspension, and thus is transported further downstream, often reaching
the coastal zone, whereas heavy, cogramed inorganic sediment moves more slowly,
typically near the bottom of rivers (Wail, 2013).The high surface area (up td.60

m?/g) and electrical charge distribution of fine inorganic suspended sediment are key
factors for both flocculation (Droppo, 2001) and the binding of trace elements, organic
matter, nutrients, and contaminamsich are subsequently transported within rivers

(Walling et al., 2000). The properties of fingrained sediment camlso provide
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information on: & the relative contribution of the source of sediment (i.e., sediment
source fingerprinting: Walling, A@B; Owvens et al., 2016); and bhe impact of climate
change and anthropogenic activities (e.g., changing land use, gravel mining, dam
construction) on watershed processes (e.g., Fastirees, 1999; Kondolf et al., 2018).

Fine suspended sediments are, tlereefsuitable gauges of physical and biogeochemical
processes in watersheds (e.g., erosion), as well as useful indicators of nutrient and
contaminant conditions in aquatic ecosystems (Owens et al., 2005).

Given the highly sporadic nature of fine sedimgahsport dynamics in rivers, an ideal
sampling method is presumably capable of collecting 100% of the sediment that enters
the sampler continuously over a suitable time period (i.e.,-fltogh event, season, or
year), and from the entire river cresscton (i.e., depthand widthintegrated). Since this

ideal sampling method is not practical, different samplers have been developed to collect
a representative sample of the ambient fluvial fine suspended sedPidhps et al.

(2000) developed an affordie and easily fabricated timetegrated fine sediment
sampler (TIFSS) for use in small (first and second order) streams of lowland areas where
velocitiesare expected to be low (i.e.] snk) with little to no maintenance requirements.
This device collets temporally integrated samples from one point in a esesgon. The
original aim of the TIFSS was to obtasmiubst ant i al @GOucd oftfinet i e s
sediment over either a single (e.g., freshet) or a combination (e.g., rainfall) of events, in
the @sence of a power source. Typically, this apparatus is composed of an inlet tube, (4
mm (ID) x 15 cm), an outlet tube (4 mm (ID)), and a polyvinylchloride (PVC) chamber

(98 mm (ID) x 100 cmn(Figure2-1).
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Figure 2-1 Side of timeintegrated fine sediment sampler (figure not to scale).

The TIFSS is installetiorizontally in the river at 60% of average depth with the inlet

tube facing into the flow. Once the TIESs installed in the stream, water passes through
the inlet tube at a velocity similar to the ambient flow velocity. The main chamber of the
TIFSS decreases the water flow velocity by a factor in excess of 600 relative to the inlet
tube flow velocity. Seidhentation of the fine sediment particles occurs as the water
passes through the chamber and exits the outlet tube. Given the above characteristics, the
TIFSS has the potential to provide an assessment of spatiotemporal sediment delivery
processs as thiscosteffective sampler can be installed at multiple locations within a
hydrological network (e.g., Perks et al., 2017), including in remote settings and estuarine
environments (Elliott et al., 2017).

The TIFSS has len extensively used to colldatilk sanples of fine suspended sediment
from a range of countries and environments, including Austr@lEzonGarcia et al,

2017), Brazil (Le Gall et al.,, 2017), Canada (Smathd Owens, 2014a), Finland
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(Gonzalednca et al., 2018), Japai¥dshimura et a).2015) and the UK (Perks et al.,
2017). Most published studies tend to focus on thization of this device for: athe
assessment afontinuous sediment fluxes) the properties of the transported sediment
(e.g., particle size composition, contaminamt] nutrient content); and ¢or identifying
sediment sources in river studies. Researchers have also altered the original design of the
Phillips et al. (2000) samplgiTable 2-1) to better suit their needs by changing the
diameter of the inlet and/or outlet tube, and the length and/or diameter of the main body
(McDonald et al.2010; McDowellandWilcock, 2007;Perks et a).2014). Almost all of

these modifications follow th basic principles of sedimentation and flow continuity

within the sampler.

Table2-1 Various modified versions of the tirietegrated fine sediment sampler (TIFSS).

Inlet tube Outlet

Main chamier
Study diameter diameter

(mm) Diameter (mm) Length (cm) (mm)

McDowell andWilcock (2007) 2 48 100 2
McDonald et al. (2010) 2 65 22.8 3
Perks et al. (2014) 8 90 100 8

The hydrodynamic performance of the sampler and its mass collection efficiency (MCE)
and paticle size distribution (PSD) collection efficiency were first examined by Phillips

et al. (2000) through a series of laboratory experiments. The influence of the existence of
large composite particles on the PSD collection efficiency of the TIFSS untealna
conditions, for rivers in the UK, was also discussed in the same paper. The effectiveness

of the sampler, or its modified versions, to collect a representative sample of ambient fine
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sediment (regarding mass, PSD, and geochemical properties) hasjusiiil been
investigated through several assessments. For exafydsell et al(2000) evaluated the

use of the sampler for characterizing a number of geochemical properties of the fine
sediment load for several rivers in the UK. These authors corntlinde the sampler
statistically represented the ambient fine sediment in terms of its geochemical properties.
McDonald et al. (2010) reported a study undertaken in Nunavut in the Canadian High
Arctic with the riverwater velocity as high as 2.5 sn/aimedat assessing a modified
sampler (i.e.,Table 2-1) through awother field evaluation. They:)ancreased the ratio
betweerthe diameter ofhe main chambeand that othe inlettubeto enhance the MCE;

b) reduced the length of the main ch@anfrom 1000 mm to 228 mm) and placed a 3

mm (ID) outlettube at the top of the modified sampler, instead of the end, to suit the
environment. In this case, and without further evaluation of the hydraulic performance of
the modified sampler, application of the TIFSS did not accurately represent the ambient
fine sediment concentration and its particle size composition. They argaetii¢imer

water velocities (2 m/s), shorter main chamber, and smaller inlet/outlet tube diameters
may have significant effects on the poor performance of the modified version d& TIFS
both in terms of MCE and PSD collection efficiency.

Subsequently, Perks et al. (2014) further validated the feasibility of using another
modified version of the sampler to assess the fine sediment load of a river in the UK. The
TIFSS was found to be irfefient in estimating the absolute fine sediment load, and the
sampler underestimated the sediment mass flux between 66% and 99%. However, a
significant and constant relationship between samples collected over 2 years and the

reference sediment load suggesthat the mass of sediment collected by the TIFSS
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provided a relative measure of the sediment load. This supports the earlier finding of
Schindler Wildhaber et al. (2012) for rivers in Switzerland. Perks et al. (2014) also
reported statistically similasediment properties between a number of samplers which
were installed at the same river location within their research area. They used indirect
approaches, such as the scaling factor and reversé disdearge relation methods, to
convert the mass colleed by the TIFSS samplers to the total sediment mass flux through
river crosssections.

The most recent evaluation of the TIFSS was conducted by Smith and Owens (2014b).
They assessed the maximum sediment MCE in a series of-Hasesl experiments. For

two different kinds of sediment §g=6.8 +t0 . 2 € MpR=8N5¢0 d 2 (avenjgget

one standard errognd under an initial ambient suspended sediment concentration of 161
g/m®, the MCEs of the TIFSS were determined to be 34% and 87%, respectively. They
argued that different MCEs for two diffart medium particle sizes reve#he fact that

the MCE is dependent on the PSD of the ambient sediment. They also reported that the
sampler collected sediment with representative PSDs during these experiments. However,
field testing showed that sedimenansples collected by the TIFSS had different
concentrations for some metals when compared to nearby samples -graifimed
channel bed sediment in the Quesnel River, British Columbia, Canada, which could, in
part, be due to the different time period ovérat samples were collected, in addition to
differences in the particle size composition of the two types of sediment (i.e., bed and
suspended).

To date, there has been little direct work to assess the mass and particle size collection

efficiencies of theriginal TIFSS. In addition, the hydrodynamic behaviour of this device
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has not been rigorously characterized and validated since its inception. In recognition of
the need to rassess the sampler, given its growing use within watersheds, the objective
of this study was to rexamine the hydraulic characteristics, as well as the mass and

particle size collection efficiencies, of the TIFSS.

2.3 Seminalpaper review

Flume tests were conducted in the laboratory by Phillips et al. (20@atracterize the
hydrodyramic behaviour of the sampler by establishing the relation between the flow
velocities of the inlet tube and the ambient flow in the flume. Inlet tube flow velocities
were estimated under different flume flow velocitiegiothe range of 15.4 to 58.5 @n/
The inlet tube flow velocity during each flume flow velocity was estimated by measuring
water velocity within a #fmm (ID) glass tube that was placed over the inlet tube and by
introducing air bubbles into the open end of the glass tube. The velocity Withglass
tube was measured by observing how much time it took for the air bubble to pass along a
500 mm section of the glass tube. Eweragdlow velocity in the smaller inlet tube (i.e.,
4 mm (ID)) was then estimated by:

U p§uvd (Equation2.1)
where: y is theaveragdlow velocity in the 4mm (ID) inlet tube (cn¥); x is theaverage
flow velocity in the Zmm (ID) glass tube (cra); and 1.75 was assumed as the eross
sectional area reduction ratio (or coefficient factor, CF). The logaritlegeession
fitting method was then used to demonstrate the close relation (i.e., coefficient of
determination (B = 0.99) between measured flume flow velocities and estimated inlet
tube velocities:

E c¢8ix WU ¢® ¢ (Equation2.2)
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where: k is the logarithmic inlet tube flow velocity; and z is thgatithmic flume flow
velocity.

Using Equatior2.2, Phillips et al. (2000) reported that the inlet tube flow velocities were

in the range of 47% to 90 of the flume flow velocity. Therefe, the authors assumed

that: g turbulent flow in the flume, and frictional and inertial forces within the inlet tube
were the primary factors causing the decrease in the inlet tube flow velocity relative to
the flumeflow velocity; and B the TIFSS was not an isokinetic sampler, meaning that
there was a risk of caentrating coarser particlesg3 um) in the sampler. However,

they suggested that the oversampling for coarse sediments was less of an issue since fine
susended sediments were the dominant component of the sediment load in small first
and second order Idand streams, and because tl&8 um fraction is often the desired
component for most applications (e.g., physical and geochemical properties, contaminant
transport, sediment fingerprinting).

The TIFSS efficiency in terms of the mass and PSD collection were assessed in the
laboratory by introducing,@00 g/m® of watei sediment mixture into the sampler. In this
step, two different chemically and ultrasonigadispersed PSDs of sedimentd& 3.3

and 10.2 em) were emptied into buckets, ar
the buckets. The inflowing discharges to the TIFSS were estimated as 0.025 and 0.242
L/min for each bucket, so as to representiantiflow velocities of 30 and 60 cs/and

inlet tube flav velocities of 3.3 and 32.1 ce¥i.e.,using Equation 2). The authors
concluded that the sampler was effective in collecting fine suspended sediment across a
range of flume flow velocities and @ss the whole particle size range evaluated, with

MCEs between 31 and 71%. The Kolmoge&mirnov test (KS test) demonstrated that
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only under thdow flume flow velocity (30 cng) and coarser sediment conditions &l
10.2 &m), was t he PSD of the <collected
continuous inflowing sediment. However, they proposed that the mass collection and
particle size efficiency of the TIFSS would be expected to increase under natural
condiifons probably due to the existence of aggregated particles or flocs.

The influence of sediment aggregation on the TIFSS efficiency was examined through
field deployment. The sampler was installed in natural rivers in the UK, and suspended
sediments were enacterized by regularly collecting point samples of ambient sediment
during the period of deployment. The authors highlighted two limitations to achieving a
robust assessment of the TIFSS: a lack of information to quantify the mass of
continuous infloung sediment (i.e., ambient andlah tube flow velocity); and )
difficulties in comparing the PSD of the TIFSS with the point samples of ambient
suspended sediment. They were not able to overcome the first constraint; however, the
concentratiorweighted averagePSD of the point suspended sediment samples was
calculated to determine the PSD collection efficiency of the sampler (for details, see
Phillips et al. (2000)). The authors stated that both the concentratidninlet tube flow
velocity-weightedaveragePSD calculations were required to obtain a fully representative
sample entering the TIFSS. Nevertheless, as described previously, the lack of information
on point ambient velocity was a major constraint to performing a thorough comparison
between sadhent collected by the TIFSS and the truly weightaderagePSD of
continuous inflowing sediment (i.e., with reference to the ambient concentration and the

inlet tube flow velocity).
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Phillips et al. (2000) reported that tifmgegrated samples were $étally
representative of the PSD under natural field conditions. They also suggested that the
samples may be representative of the physical and geochemical properties of the ambient
fine sediment. It is worth noting that the MCE of the TIFSS is limiigdhe effective

PSD of ambient fine sediments and the residence time of such sediments within the main
chamber. Therefore, Phillips et al. (2000) suggested that the TIFSS is suitable for
collecting bulk representative samples rather than for estimaegngntieintegrated mass

flux.

The determination of the MCE and PSD collection efficiency of the TIFSS in the
laboratory experiments, described above, was dependent on the estimation of inlet tube
flow velocity, which must accurately represent ambient fieslocity. There is still
uncertainty in knowing the relationship between ambient and inlet tube flow velocities
due to some issues. First, the simple air bubble method could be a source of error for
estimating the inlet tube flow velocity, and this is disged further later. Second, based

on the mass continuity equation (i.k., i ), the correctt &f the

reduced crossectional area (A) of the inlet tube should be 3.06 (#e&

—— and not 1.75 (Equatio.1); the latter value is the ratio of the diameter of the

glass tube over the inlet tube{). Third, by using the Phillips et al. (200@garithmic

equation (i.e., EquatiorR.2, considering 1.75 as the reducerbsssectional area
coefficient), the inlet tube flow velocity atflume flow velocity of 30 cn¥should be 7.6
cm/sand not 3.3 cng.

These underestimations in the inlet tube flow velocities provide a longer residence time

within the sampler and subseqtlg increase the MCE of the TIFSS. Therefore, the
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sediment mass and the measured PSD collection efficiencies (i.e., associated with the
flume flow velocities of 30 cng/and 60 cng) in the original laboratory research are
likely to be incorrect. Consequityy the maximum mass efficiencies presented in Smith
and Owens (2014b) and other similar studies are uncertain because they also used
Equation 22 to estimate inlet tube flow velocity. Further evaluation should, therefore, be
conducted to address the issyust described.

Although the original laboratory assessments of the TIFSS acknowledged that there were
some uncertainties (e.g., overestimating the mass and actual PSD collection efficiencies
associated with thdlume flow velocities of 30 cn#/ and 60 cmk), it has been
documented that the sampler provides useful spatiotemporal information of fine sediment
transport and associated sediment properties, within watersheds. It is worth noting that
the primary purpose of the original TIFSS was to obtainildetanformation on the
properties of the fine sediment transported in fluvial system by collecting a representative
sample of ambient sediment rather than estimating the fine sediment mass flux within a

river over time.

2.4 Sampleevaluation

In the present atly, the relation between the ambient and the inlet flow velocities were
investigated in a laboratory flume using an acoustic Doppler velocimeter (ADV). In
addition, the efficiency of the sampler in terms of the mass and PSD of the fine
suspended sedimenbllected were assessed in a natural river (Red River, Manitoba,
Canada). To obtain the ®E of the TIFSS in the field:)dhe ambient river flow velocity

at the TIFSS location was measured using an acoustic Doppler current profiler (ADCP)

during the periodof deployment; b the averageinlet tube flow velocity was then
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estimated based on continuous river velocity measurement (i.e., using ADCP) and using
the empirical relation between ambient and inlet tube flow velocities obtained in the
controlled laboraty conditions (i.e.,using ADV); and ¢ the mass of continuous
inflowing sediment was calculated using point ambient ADCP velocity measurements
and by collecting point river samples during the field evaluation using the following
equation:

- ! B 4 6 433 (Equation2.3)

E phf8H

where:- is the mass of continuous inflowing sediment (g); A is the internal inlet tube

crosssection area (0.126 @n4 is the time interval between two subsent point

samples (s)6 and4 3 are te inlet tube flow velocity (crs) and total suspended solids

concentration d/m®) associated with each time inten(@e.,— i G- ;| is the

sample number; and n is the total number of dasapfhe TSS concentration for each
point sample (i.e., watésediment bottle sample collected from the river) was obtained
by filtering a weltmixed, measured volume of that sample through Whatman GKF pre
weighed glass fibre filters (0.7 um pore size)tte laboratory according to the ASTM
standard D397B7 (ASTM, 2013).

Evaluation of the PSD collection efficiency of the sampler was based on the absolute
PSD using a laser diffraction particle sizer (Malvern Mastersizer 2000, Malvern, UK).
The absolute 8D for each point sample and sediment collected by the sampler were
obtained after performing standard {jreatment procedure including using hydrogen
peroxide to remove organic matter and adding a 0.4% solution of sodium

hexametaphosphate to disperse oohogenize inorganic sediment samples BEeadips
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et al. (2000) for more details). Given the ADCP velocity measurements and the TSS
concentration values at each time interval throughout the study period, the velocity
weighted and concentratiomeighted averagePSD of the point suspended sediment

samples was calculated using:

$ (Equation2 .4)

E phBH
where:$ andA are the diameter that i% of particles are kenan weightedaverage

PSD and point samples, respectively.
2.4.1 Hydrodynamic characteristics: laboratory evaluation

2.4.1.1 Experimental setup and measurement procedure

The laboratory experiments were conducted in a rectangular flume in the Hydraulics
Researcl& Testing Facility at the University of Manitoba, Canada. The flume was 13.1

m long, 0.95 m wide, 0.71 m deemdahad a bed slope of 0.0056he flume bed was

sheet metal and the walls were glass. A flow straightener consisting of several rows of
PVC pipes (0.14 m diameter, 0.25 m long) surrounded by two wire mesh screens was
located in the upstream head tank to filter the flow. A louvered tailgate manually
controlled water level at the downstream end of the flume and discharge was measured
by an ultrasoit flow meter. In this study, the flume discharges were controlled in a way
that average flume flow velocities are similar to those of Phillips et al. (2000) (i.e., five

velaocities in the range 15 to 60 cs)/
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A downlooking Vectrino 1l profiling ADV (Notek, Rud, Norway) was used to measure
inlet tube flow velocity. The ADV was mounted on a frame oveffliae ([Figure2-2),

so it could be moved in the vertical direction and along the centerline of the flume. Prior
to conducting the experiments, the ADV probe was aligned in the streamwise and vertical
directions using a small level, and an initial experiment was waldartto determine the
length of flume required for the flow to be fully developed. Under the minimum flow
velocity of the flume (i.e., 15 crg), the flow became fully developed at 7 m downstream

of the flume inlet; therefore, the TIFSS was located at 9am fthe flume inlet. For all

tests, the water level was maintained constant at 30 cm, and the TIFSS was installed at
the centerline of the flume and in this condition the distance between the inlet tube of the
TIFSS and the flume bed was 1414 (i.e., 50% of the water depth). As designed by the
manufacturer the center of the sampling volume of the ADV was located 5 cm below the
sensors to avoid any disturbance of the flow structure at the focus point of the transmitter.
Preliminarily tests were conducténldetermine an appropriate closest horizontal distance
of the ADV from the TIFSS inlet tube. Hence, the ADV collected velocity data for 20
minutes at different horizontal distances of 0, 5, 10, 15, and 20 mm to the sampler inlet
tube. Analysis of the datadicated that 5 mm was the smallest distance that the ADV
could record longerm accurate velocity measurements. As all of the flows associated
with the five velocities were subcritical (i.e., Froude number less than unity), it is
reasonable to assumeathflow conditions were controlled from downstream. In other
words, flow conditions including the frictional drag forces associated with the inlet tube

walls or internal controls on velocity within the inlet tube of the TIFSS were transmitted
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upstream. Thsi it can be assumed that the flume flow velocity measurements acquired 5

mm upstream of the inlet tube were representative of the velocities within the inlet tube.

Figure2-2The t i me i n timegtrsampler dnd fadouste Dapeled velocimeter used to
determine the inlet tube flow velocity in the

To measure the flow velocity profile in front of the sampler, the ADV sampling volume
was placed at three locations: one diset front of the TIFSS inlet tube; one 7 mm
vertically above; and one 7 mm below the sampler. For each of the measurement
locations, the flow velocity was recorded for 20 minutes at a frequency of 100 Hz. The
ADV sampling volume was divided into sevesparate cells of 1 mm height where water

velocity was simultaneously measured, which resulted in a total of 21 water velocity
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measurement points in front of the sampler inlet. After the measurements in the
laboratory, a posprocessing code in MATLAB wastilized to filter the data set based
on the correlation and signal to noise ratio (SNR) values. In each cell, if more than 10%
of measured data had a correlation below 30%aor aSNR value less than 15 dB, the

cell was eliminated.

2.4.1.2 Laboratory data an alysis

The velocity profile distributions in front of the TIFSS show that for each run (i.e.,
different flume flow velocities) the minimum velocity occurred at the inlet tube and
increased away from the centerline of the samligguge 2-3). The results of the relation
between the measured inlet tube flow velocities (i.e., ADV velocity profile
measurements) and flume flow weities in the range 15 60 cms are presented in
Figure 2-4, which demonstrates a strong, statistically significant linear relationship.
Figure 2-4 also illustrates the relation between the measured flume flow velocities and

inlet tube flow velocityestimatons associated with:) ahe original development by
Phillips et al. (2000) (i.e., using the diameter of the glass tube over the inlettubpe (

as the reduced crosectional area coefficient; Equatiéh2); and b the air bubble

method (i.e., PHips et al. (2000) procedure) with the correct crssstional area
reduction ratio (i.e.,—— ). Figure 2-4 demonstrates that estimated inlet tube flow

velocities with the correct CF for the redioct ratio (i.e., 3.06) at 60 csbf flume flow

velocity is in agreement with the ADV inlet tube flow velocity measurements. It can also
be seen that the percage differences between the flume flow and estimated inlet tube
flow velocities with the correct CF at five flume flow velocities are not consistent and

this percentage increases as the flume flow velocity decreased (e.g., 78% and 6% at
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flume flow velocities of 15 and 60 cm/respectively). Possible explanation for this
inconsistency is that at lower flume flow velocities, the frictional and inertial forces
within the 600 mm glass tube exerted additional limitation on the inlet tube flow velocity.
Moreover Phillips et al. (2000) observed (i.e., by introducing an air bubble) that
developing turbulent flow at higheftume flow velocities (i.e., 60 cmhb) caused
significant decreases in the inlet flow velocity. Therefore, it is most likely that the air
bubblemethod for estimating inlet tube flow velocity may not be a precise method for
whole desired range of flume velocities and could be a source of error. It can also be seen
that for developing a regression, logarithmic transformation of the flume flowitresoc

and inlet tube flow velocities is not required.
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The results of the laboratory test tfe hydrodynamic characteristics of the sampler
(Figure 2-4) highlight the marked increases in the measured inlet tube flow velocities
compared to the original estimated inlet flow velocities (i.e., air bubblaadeCF =

1.75). The inlet tube flow velocities at fluniow velocities of 60 and 30 cy/ for
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example, were measured (i.e., using the ADV) to dartd 21 cm/s, respectively, and
were estimated (i.e., by Phillips et #2000)) to be 32.1 and 3.3 @n/espectively.
Therefore, the MCEs of the TIFSS in the original laboratory tests by Phillips et al. (2000)

were influenced by underestimations of the inlet tube flow velocities.

70
L, 7/ ¢ Measured inlet flow velocity
y=0.89x-13

60 R?=0.99 ,

0 Estimated inlet flow velocity (i.e., CF = 3.06)
50 4

O Estimated inlet flow velocity (i.e., CF =1.75)

40 -

30

Inlet tube flow velocity (cm/s)

A Incorrect estimated inlet flow velocity for 30 cm/s of the
flume flow velocity

20
——Y=X
10

0 : i ‘ i i i —— Linear (measured inlet flow velocity)
0 10 20 30 40 50 60 70
Flume flow velocity (cm/s)

Figure 2-4 Linear relationship betweemmbientflume flow, measured inlet, anestimatednlet
tube flow velocities. CR;oefficient factor

Despite these uncertainties associated with the MCEs in the original laboratory
assessmenthree points are worthy of attention regarding the performance of the TIFSS.
First, the original purpose of the design and development of the TIFSS was to collect a
representative sample of substantial mass,(et0 g) rather than estimating the
contiruous fine sediment mass flux. Second, and closely related to the first point, the two
previous studies which assessed the use of the original TIFSS (i.e., not its modified
versions) for collecting fine sediments in natural river systems (i.e., Phillgls €000;

Smith & Owens, 2014b), show that the sampler collects a representative sample of
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ambient fine suspended sediment. Third, the ADV velocitgasurements (i.e.,
Figure 2-4) confirmed that the ratio of thmlet tube flow velocity to the flume flow
velocity (i.e., inflow efficiency) within the range 1560 cmk was 87% * 2%alveraget

one standard error), which means that the TIFSS can be considered as an isokinetic
sampler since this ratio is in the acadpé range of 1.0& 0.15 (Szalona, 1982). In
relating the TIFSS inflow efficiency (i.e., 87%), it can be also assumed that a
representative sample of fine suspended sediment in ambient water (in terms of
concentration and PSD) enters into the samplerc{&af008). Given the fact that a
major, if not the dominant, part of the fugeained sediment load transported in many
rivers is composed of aggregates and flocculated particles (Droppo, 2001), the TIFSS
collects a sufficient mass of such particles agdicqy to the basic principles of
sedimentation (i.e., settling velocity). As a result, it is unlikely that the issues raised
above will influence the functionality of the TIFSS for the collection of a representative

sample of suspended sediment under mekt €onditions.

2.4.2 Field evaluation

After obtaining the empirical relation between ambient and inlet tube flow velocities (i.e.,
Figure 2-4), the TIFSS was attached to a frame and installed approximately 5 m from a
riverbank in the Red River in Winnipeg, Manitoba, Canada (14 U, 634498E, and
5518722N) for three days in November 2016. This short duration antnomdield
sampling was performed to provide additional insight into the ability of the sampler to
collect epresentative samples as well as to evaluate a novel approach for measuring its
MCE in the field. The Red River is a wide, open channel (Goharrokhi, 2015) and its

suspended sediment load is mainly composed of-chkayd siltsized particles
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(Kimiaghalam etal., 2016). Some of the primary characteristics of the Red River during

the icefree period are reported ihable 2-2 (Goharrokhi, 2015; Kimiaghalam et al.,

2016).
Table2-2 Primary properties of the Red River, Manitoba, Canada, during t#ieeE@eriod
Property Maximum Minimum Average

Bed gradient (nkim) - - 0.04
Water surface elevation (m) 229.0 222.5 223.6

Top width (m)* 159 115 130

Thalweg depth (m)* 10.5 45 5.5

Hydraulic radius (m)* 7.0 2.5 3.9

Velocity (mk)* 1.08 0.10 0.64

Discharge (rms) 1300 50 176

Suspended sediment concentratighmf) 1500 10 121

*: at a monitoring site located 4 km upstream of the TIFSS location

A local water level recorderas installed upstream of the sampler prior to the beginning
of the project which measured water level every 15 minutes. Continuous water level
monitoring was used to observe potential hourly and daily stage variations. Continuous
point velocity measurem&were obtained for 1 hour at a frequency of 1 Hz using an
ADCP RiverSurveyor M9 (SonTek, San Diego, USA) which was mounted on the TIFSS
frame. In addition, 1 | bottle and 7 | bucket point samples were collected evewy$ato

the TIFSS location to:)acapture the variation of TSS concentrationsgisihe water
bottle samples; operform PSD analysis after collecting sediments from the 7 | water
sediment mixture bucket samples by allowing sediments to settlé days (described
later); § calculate theweightedaverageP for the point samples; and dssess the

PSD collection efficiency of the sampler. The TIFSS was retrieved after 3 days and the

collected sample was emptied into a 20 | bucket. After 7 days the clear supernatant water
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of the 20 | andhe 7 | buckets was carefully siphoned and the settled sediments were then
air dried and retained for subsequent analyses (for details, see Perks et al. (2014)).

The total mass of sediment collected by the TIFSS after 72 hours was 4.7 g which is a
sufficient mass for a broad spectrum of analyses including geochemical content, particle
size composition, organic matter/carbon content, and colour properties for sediment
fingerprinting. The ADCP velocity meaements indicates that the averager velocity

for the threeday period and at the TIFSS location wast1A1 cméand accordingly the
averagednlet tube flow \elocity was calculated as 13 @t{geeFigure2-4; inlet tube flow
velocity (cm5&) = (089 x ambientlow velocity (cmk)i 1.3). In the Red River, the water
surface elevation between bafultl and low flow conditions typically varies by up to 7 m
(Table 2-2); however, the variation of the water surface elevatanthe entire period

(i.e., 3 days) was less than 10 cm. Therefore, the flow regime during the study period was
approximately steady state, the velocity distribution at the TIFSS location did not change
significantly and, thus, the averagedDCP velocity measurement ovel hour and the
averagenlet tube flow velocity associated with that (i.e., 15 and m#&crespectively)

can be considered representative of the period of field deployment. The average TSS
concentration value was 14313.5g/m>. Given tte internal inlet tube crossection area

(i.e., 0.126 crf) of the TIFSS, the ADCP velocity measurements, and the TSS
concentration values at each time interval throughout the study period, the inflowing
sediment mass to the sampler was calculated as 6@.gusing Equatior2.3), and
subsequently, the MCE of the sampler was estimated to be 8%. This low measured MCE
is consistent with estimations by Perks et al. (2014) which indicates that this device may

not be suitable for estimating absolute sedimead;oa conclusion that is broadly
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supportive of the findings of other evaluations (e.g., Phillips et al., 2000; Schindler

Wildhaber et al., 2012).

The weighted averageSD for point suspended sediment samples (i.e., concentration
and inlet tube flow veloty-weighted) was obtained using Equatibd. The kS test was
applied on the PSD of the tinmetegraed sample and the weighted aver&jgD (see
Phillips et al. (2000) for more details). The similarity of the PSD showfigare2-5 and

the K-S test result (0.025 at 95% confidence level) indicate that the PSD of the suspended

sediment collected by the TIFSS is statistically representative of the suspended sediment

load of the Red River at the time of deployment.
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2.5 Conclusions

The TIFSS is a welkstablished and reliable sampler for collegta representative
sample (i.e., in terms of PSD and geochemical properties) from small, first and second
order lowland streams over extended periods. However, there are two issues of concern
associated with the laboratory evaluations of the TIFSS iorigenal paper by Phillips

et al. (2000). First, is the incorrect cresctional area reduction coefficient (i.e., 1.75)
which results in an underestimation of the inlet tube flow velocity. Second, and
consequently, under the original development of THeSS (i.e., using chemically and
ultrasonically dispersed fine sediment) the MCEs of the sampler were overestimated.
This paper reexamined the performance of the TIFSS using different measurement
methods and characterized the potential influences ofsthees raised above on the
functionality of the sampler. Results from ADV measurements in controlled laboratory
conditions demonstrated that the original equation between the ambient and inlet tube
flow velocities should be modified. In addition, an ADCBRswised to determine the mass

of continuous inflowing sediment under field conditions and to calculate the
concentrdon- and velocityweighted averagdPSD of the timantegrated sediment
entering the sampler. The findings of laboratory experiments iredi¢agat the real inlet

tube flow velocity of the TIFSS is significantly higher than previously reported (up to 7.6
times), and in turn, the sampler provides less travel time for the composite particles inside
the main chamber, resulting in lower MCE thaavously assumed. In contrast with the
laboratory findings in Phillips et al. (2000), the ADV measurements illustrated that the
TIFSS inflow efficiency was 87%. Therefore, it can be assumed that throughout the

sampl er s oper at i ngsawpelobtieifine particles ofrthe pmbiers e nt a
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water enters into the sampler. Field deployment of the TIFSS indicated that the sampler
collected a representative sample of fine suspended sediment in terms of PSD which may
reflect both the isokinetic behawo of the sampler and the existence of aggregated
particles or flocs as a dominant natural state of fine cohesive materials in river systems.
The MCE of the sampler in the field was measuredetadlow as +0%. The results of

the field trails support pweous studies that found that while the TIFSS collects a
statistically representative sample of ambient suspended sediment, care must be exercised
when considering the mass of the sediment collected by the sampler as an indicator for
estimating the absolattimeintegrated mass flux of sediment during the period of field
deployment. Given the fact that a large proportion of the suspended sediment flux
probably occurs during high runoff events and flood flows, which in natweisrmay

be greater than 6(nds, it is recommended that future work should examine the effect of

higher flow velocities on the performanckthe TIFSS.
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CHAPTER 3: Evaluation of high -flow rate continuous -flow
centrifugation and filtration devices for samplin g and concentrating
fine -grained suspended sediment

A version of this chapter has been published in Hydrological Processes:
Goharrokhi, M., Lobb, D.A., Owens, P.N., 2020. Evaluation of hfggw rate
continuousflow centrifugation and filtration devicesif sampling and concentrating fine

grained suspended sedimanydrological Processes. 34(19), 388293.

3.1 Abstract

Fine-grained (63 um) suspended sediment is an important vectortrimsporting
contaminants in aquatic systems. Characterization of mlysiod biogeochemical
properties of suspended sediment usually requires bulk samples to assess its quality and
to determme its source. Lovilow rate (2 to 4 Limin) continuousflow centrifugation

(CFC) systems may need a time period from several hoursdoday to collect such
samples, and thus, due to their low inflow rate, limits application of these devices. A field
study was conducted in three different frestawasystems in Manitoba, Canada
examine and compare the performance of two -figh rate systemsas alternative
approaches: the M512ontinuousflow centrifuge (M512); and continuous filtration

using PENTEK 1 um filtration bags (filtration systentfywas determinethat the mass

collection efficiency (MCE) for the M512 (in absolute term&s similar to lowflow
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rate CFC system#s with low-flow rate CFC systems, the M512 preferentially collected
particlesof a certain size rangéi . e . , i n the case of M5 12,
accordingly this may affect the collection of a truly geochemigabnd physically
representative sample in waters containing a higloppor t i on of 1 fm)ner p a
Several filtration systems in ses improved its MCE performance and, in terms of total
collected mass, this configuration appears to be as efficient as théowwate CFC

systems in an equivalent sampling time. The results of this study confirmed that, in nearly

all cases, the filation system collected a representative sample of ambient suspended
sediment, in terms of particle size composition, and geochemical and pobtperties.

In practice, it is suggested that the filtration systems in series have advantages over M512

as thdfiltration system is more portable and ceffiective with a lower power demand.

3.2 Introduction

There are an increasing number of studies that are concerned with determining the fluxes
and properties of suspended particulate material (inorganic and organajuatic
systems such as rivers and lakes. This interest mainly stems from the fact that suspended
sediment fluxes are indicative of landscape erosion processes (e.g.kiSgitls 2005;
Vercruysse et gl2017)and also because fine suspended satliisean important vector

for transporting chemicals such as carbon, phosphorus and many contaminants (e.g.,
metals, radionuclides and persistent organic pollutants) (Bikmtic Brazier, 2008;
Horowitz, 1991). Consequently, studies have collected suspessttment samples and
determined its physical and biogeochemical properties so as to assess its quality and to
determine its source (i.e., sediment fingerprinting; Owens e2@l6). While many of

these properties can be determined on setirs@mples blow mass (i.e., ¥ g), often
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bulk samples of between 1 and 10 g are required for a more comprehensive assessment of
sediment properties including particle size, organic matter/carbon content, and
contaminants.

There are two main approaches to collecg¢asamples of suspended sediment from
aguatic systems, namely, active and passive. The passive approach typically involves the
use of unattended equipment over a long period of time (i.e., weeks to months) and by
employing the principles of sedimentatidagharrokhiet al, 2019 Phillips et al, 2000).

Some practical limitations include strong flows or currents, as well as interference from
animals, debris, and boat and ship traffic, which may compromise the use of the passive
approach in certain situatisnThe active approadhwhich is known as discrete or point
in-time samplingi relies on a power source and the collection of large volumes of
ambient watdrsediment mixture in much less time (i.e., hours) than the passive
approach. With the active appoba the collected watesediment mixture can be
processed in the field (i.e., at site) or by bringing the sample to the laboratory for
subsequent processing. The latter procedure, however, suffers from a number of
drawbacks such as the need to handle laageple volumes and long processing times.
Moreover, the transformation of a number of elements from the dissolved phase to the
particulate phase and vice versa during handling and processing in the laboratory has
been documaed (Horowitz etal., 1989). @nsidering these potential alteratiorise
properties of sediments collected by using this approach might not be representative of
the ambient suspended sediment properties at the time of colldotgitu point-in-time
sampling, whereby a concentrateediment sample with low water content is obtained,

therefore, eliminasthe constraints outlined above.
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The collection and processing of a large volume of ambient Weigiment mixture in

the field is carried out by using pumps to draw such a mixtora fquatic systems and
then passing this through additional equipment such as centrifuge and filtration devices.
The principle for particle retention by centrifugation techniques depends on both the
particle density, which influences settling, and inflaater which influences the water
sediment residence time within centrifuggstens Bates et aJ.1983). In other words,
heavy individual/composite particles and particles which feed into the spinning bowl
under a low inflow rate may be collected more é&fitly by the centrifuge devices.
Packham et al1961) were, perhaps, the first researchers that adapted centrifugation for
collecting bulk suspended sediment samples in the field. They used a confiouwous
centrifugation (CFC) deviceith an inflow rae of 0.125 Lihin over approximately one
month for a number of rivers in England. Since then, three different commercially
available types of thisystem(singlebowl, multiplebowl, and bowl with internal vanes

and cups) have been employed in maoyntries, including Canada (e.gReid et al.

2020) France (e.g.Abuhelou et al., 2007 Germany (e.g.KeR3ler et al. 2019), Japan

(e.g, Mbabazi et a).2019), Switzerland (e.g.Rossé et al2006), and the UK (e.qg.,
OwensandWalling, 2002).

Previous studis on the assessment of CFC devices lsnmvn that these provide
relatively high mass collection efficiencies (MCE) in the adlen of suspended
sediments (85%) (for details, seRees at al(1991)). However, the inflow rate for such
devices typicallydoes not exceed 6 min. Moreover, Horowitz et al. (1989) and Ongley
and Thomas (1989) recommended that for collecting bulk suspended sediment samples in

aquatic systems with low suspendsstliment concentrations (SSG0g/m°), very fine

Sedimentary pcesses in large, regulated river systems irCdngadian subarctic 52



particles (40 ym), and high concentrations of organic matter, the inflow rate of the low
flow rate CFCdevices should be as low as 2riA. This low inflow rate increases the
time of CFC deployment in the field, and thus limits its application for collecting large
masse®f suspended sediment in most studies.

In this present study, law speed (00 rpm), heavy (200 kg), and higtilow rate CFC
system(the M512, U.SCentrifuge Systems, New York, USA; FigBda andAppendix
A-Al) 1T which has not previously been asseésse aquatic sediment studids is
evaluated in terms of MCE and particle size distribution (PSD). The ability of the M512
centrifuge (hereafter referred as the M512) tollect a representative sample from
freshwater systemmwas also examined by comparirige colour and geochemical
properties of thesedimentcollected by thedevicewith those of the ambient suspended
sediment. The recommended inflow rate by the manufacturénifotype of CFC device

is 37 Limin,which was used in this study. The M51aisingle bowl centrifuge in which

the ambient watésediment mixture continuously and directly feeds into the spinning
bowl, and then travels vertically upward through the bowl. Theoretically, sediments
heavier than ambient water are separated and depasit¢he inside wall of the bowl.
The effluent drains out freely through the outlet fitting and hd$e M512 device
similar to the lowflow CFC, suffess from inherent limitations such aa) highpurchasing
price (discussed belowand maintenance costs) heavy weight and imevenience of

portability; andc) considerable electric power demand.
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Figure3-1 Schematic diagram of the two devices. (a) M512 continuous centrifuge (length: 101.6
cm; width: 49.5 cm; height: 50 cm), (b) PENTEK filtration. 1. Filter cap; 2: Replacement filter
bag; 3: Basket; 4: Filter sump (HeigB6 or 50 cm); 5: Ball valve

The use of filtration techniques in water quality and sediment transport investigations is
amongst the oldest methods for the collection of suspended sediment (Droppo, 2006;
Wotton, 1994). However, this method is maifibgusedon using membrane filters and
providesa low mass of suspended sediment that may prohibit a broad range of physical
and biochemical sediment analysis (Bates et al., 1983; Orgldylachford, 1982).
Potentially,in situ high-flow rate continuoudlow fil tration (CFF) devices can collect a
sufficiently large amount of such material for subsequent property analysis. This
approach, however, has not received as much attention as either CFC eamalgtic

filtration techniques.
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The PENTEK filtration devicgFigure 3.1b andAppendix AAl1) with a 1 pmnominal

pore size filter bag (i.eRPBH Series; PENTAIR, Brookfield, USA; hereafter referred to
asthefiltration system) was evaluated in this study under two d@iffemflow rates: 26.5

and 53 Lmin. The orignal applications of thisleviceinclude residential and industrial
filtration. The filter bags are made of lightweight, corrosion resistant, polypropylene
washable felt. They aran ideal filtration media to separatmlk suspended sediment
samples from wr due to their capacity for collecting particles with a wide range of
inflow rates (up to ~1& L/min), wi t h t he manuf act lowete®dfs r eco
approximately 130 Inhin. Application of this approach and an assessment of the
representativeness shmples obtained by using an adapted filtrasgstemhave not

been investigated in aquatic sediment studies. This manageable filtsy8teamis
simple, light (-5 kg) and economically feasibleigcussed beloyand may provide an
alternative approactof the collection of blk suspended sediment samples.

This paper (a) evaluates the sampling performancete M512 and filtratiorsystens;

and (b) assessetheir drawbacks and practicapplications in the fieldA field study in

three contrasting watdoodies was performed to evaluate the influences of different
physical factors (i.e., ambient SSC and PSD, sampling time, and inflow rate) on their
sedimentmasscollection efficiency. Theability of the M512 and filtration system to
provide a truly represgative sample of freshwater sediment are also evaluated by
comparing the PSD and geochemical aotbur properties of sediments collected by

thesedevices with those of ambient suspended sediments in the same water bodies.
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3.3 Study area

The suspended sedimte samples were collected at 12 sites from three different
freshwater systems in Manitoba, Canadiaring spring and summer of 2016 and 2017:
Nelson River (NR), Red River (RR), and Lake Winnipeg (LW). An overview of the study
area is presented Figure3-2. The collection of large quantities of suspended sediment
using these twalevices and subsequent analyses of physical properties and elemental
composition are part of a major study (i.e., Hudson Bay System Study; BaySys) that
addresses several resgaiobjectives, including the understanding of the sediment and
chemical (including carbon and mercury) transport dynamics of the Nelsondystem
(e.g.,Déry et al, 2016)

The Nelson River system is the third largest river in terms of water discina@pnada
(Qave = 2,480 1is), and eventually flows into Hudson Bay through relatively steep
granitic and gneissic bedrock of the Precambrian Canadiaid§Bieboc et al. 2017,
Newburyet al.,1984). This 680 km river originates from the outflow of LAKennipeg

and has average concentrations of total susperalels $§TSS) between 9 and 16 rag/

and 15 and 18 mp/during the icefree and icecovered (winter) periods, respectively
(Weiss, D12). Lake Winnipeg is the elevenitirgest lake by surface are28(750km?)

and the third largest hydwelectric reservoir in the world (Manitoba Water Stewardship,
2011; Newbury et al., 1984). This water body experiences frequent excessive algal
blooms (Matisoffet al, 2017) and is divided into three parts: shallowt8dBasin (10%
volume;averagedepth = 9.7 m; average TSS concentration = irig8), Narrows (9%
volume; averagedepth = 7.2 m; avage TSS concentration = 11.9 g/and North

Basin (81% volumeaveragedepth = 13.3 m; average TSS concentration =ngd.)
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(Brunskill et al., 1980;Manitoba Water Stewardship, 2011; Matisoff et al., 2017). The
lake receives discharges from several large rivers including the Red River. The Red River
accounts for ~16% of théischarge into the lake, with an averagenthly dscharge of

436 nt/s and a peak flow rate of approximately 1,30UsnfKimiaghdam et al, 2015;
Manitoba Water Stewardship, 2011). Almost one third of the Red Biasinis located

in Canadathe rest lying to the south in the USA. The average TSS ctatien of the

Red River is 121 mg/ and 10 md. during the icefree and icecovered periods,
respectivelywith a maximum TSS of 1,500 nmigunder high flow conditions. Most of

the Red River suspended sediments are fine silt and clay (Kimiaghalam @15}., 2
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Figure 3-2 Map showing the sites located in the Red River (RR), Lake Winnipeg (LW), and
Nelson River (NR) in Manitoba, Canada (note: most of the Red River is located in the USA)

3.4 Field andlaboratory methods

River and lake ambient watesediment mixture was pumped with a Dayton stainless
steel submersible pump (Dayton Electric Manufacturing Co., Chicago, USA) and then
processed through these two unpressurized devices. The unpressurized flow was
measired by using Sotera 825 and 850 flow meters (Tuthill Transfer Systems, Fort
Wayne, USA) and drained from the devices under gravity. At most sampling sites, the

M512 and filtration system were employed concurrently to evaluate and compare the
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effectivenes®f these devices under identical input sediment concentrations. In the Red
River, the watérsediment mixture was taken with the submersible pump approximately
20 m from the rivebank at a bridge from50% of the water depth. In the Nelson River,
the subrersible pump was placed approximately 40 cm above the river bed (i.e., for
sampling and concentrating figgained suspended sediment) close to the river bank
considering site accessibility and personal safety. The Lake Winnipegi sedgnent
mixture wascollected from theMV Namaoresearch vessel (Lake Winnipeg Research
Consortium (LWRC)) at a depth of approximately 2 m below the surface of the water.
The research vessel held position at the sampling locations, and a large volume of lake
ambient watdérsedment mixture was processed through both the M512 and filtration
system(Figure 3-2). The potential effects of using a sequence of filtration systems in
series on both increasing the MCE and the temporal variations of the MCE over the
sampling periodwere also examined at a number of sitEse field activities in these

three frebwater systems are summarized able 31.
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Table3-1 Details of sampling sites and methods employed for suspended sediment collection from the Red River (RR), Lake Winngoedy (LW),

Nelson River(NR)

No. Site ID

Date

Sampling station

UTM
Zone

Easting

Northing

Methods
employed®

1 RR1-1

April- 24-2016

2 RR1-2

July- 19-2017

Red River at South
Perimeter Bridge

14U

634238

5516368

CFC (37),
IE

CFF (26.5),

CFF (53),
IE

3 LW1

July-22-2016

Lake Winnipeg- North
Basin

14U

571909

5897037

CFC (37),
CFF (26.5),
CFF (53),
IE

4 LW2

July-25-2016

Lake Winnipeg North
Basin

14U

483005

5892620

CFC (37),
CFF (26.5),
CFF (53),
IE

5 LW3

Junel-2017

Lake Winnipeg South
Basin

14U

642827

5610679

CFC (37),
CFF (26.5),
CFF (53),
IE

6 LW4-1

June2-2017

7 LW4-2

Aug-7-2017

Lake Winnipeg South
Basin

14U

653716

5589137

CFC (37),
CFF (26.5),
CFF (53),
IE

CFC (37),

CFF (53),
CFF*4
(53), IE
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CFF (53),

Lake Winnipeg South 14 ;653493 5598282 CFF*2

8 LW5 July-24-2017 Basin

(53), IE

. CFF  (53),
9 LWe  Julyzazory  -akeWinnipegSouth .\, gi4885 5611108 CFF*2
Basin (53), IE

Lake Winnipeg South

10 LwW7 Aug-4- 2017 14U 656047 5618392 CFC (37)

Basin
— CFC (37),
11 Lws  Augsz017  akeWinnipegSouth .\, gerass 5614134 CFF (53),
Basin IE
Nelson River at CFF (26.5),
12 NRL  July-282017 15V 451088 6282905  CFF*2
Conawapa (53), IE

Nelson River at Long
July-29-2017 Spruce

14 NR3 Stephens Lake 15V 398408 6249283 CFF (53)

A Not all methods were employed each sampling location. Sampling methods emplde: (37) UsingM512 continuous
centrifugewith the inflow rate of37 L/min; CFF (26.5) and CFF (53Bulk suspended sediment collection usfiligation
systemat an inflow rate of26.5L/min and53 L/min, respectiely; CFF*2 (53)and CFF*4 (53) Collection ofsuspended
sediment usin@ and 4filtration systems in serieat 53 L/min, respectively]E: Collection ofinfluent/effluent suspended
sediment periodically.

13 NR2 15V 416536 6250951 CFF (26.5)
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At selected sitesl-L bottles and 4 buckets of influent suspended sediment (i.e.,
ambient watdrsediment mixture) and-IL bottles of effluent suspended sediment were
collectedperiodically. The 1L bottle samples were used to determine TSS concentrations
and to examine the effects of sampling time and inflow rate on the MCE during sampling.
The 7L buckets of influent suspended sediment samples were processed for
concentrating the influerfeambien} watei sediment mixture and performing PSD tests.
Also, atthree sites (i.e., RR1, RR12, LW4-1) between 100 and 240 of ambient
wateil sediment mixture were collected in-R(uckets so as to compare tt@our and
geochemical properties of sediment samples collectadebi1512 and filtration system

with thoseof ambient sediment.

At the end of sampling, the sediment retained in the bowl of the M512 were collected
using a stainless steel spatula and were transferred to plastic Ziploc bags. For the
filtration system, dirty filter bags were also transfertedarge Ziploc bags. All plastic
bags were stored in a refrigerator (&€ ¥on board the ship (i.e., LW) or in coolers (i.e.,
NR and RR) to preserve the collected sediment for subsequence arialigsmaorth

noting that the times required for sampling acahcentratingambient watdrsediment
mixture may not be suitable for assessing microbial community dynamics (behaviour)
and genomics; however, for the purposes of this study the method described would be
adequateAfter collection, the filter bags were whed in 26L buckets and the suspended
materials were allowed to settle for 3 to 7 days following procedures descriPedkin

et al.(2014. The clear supernatant water in the buckets was siphoned off and the
sediments were dried at room temperature. Sdme procedures were followed for the 7

L influent samples and 20 buckets of ambient wafesediment mixture in order to
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concentratesuspended sediments. Similarly, all sediment samples collected by the M512
were dried at room temperature

Subsamples of alected sediments, as well as all influent and ambient samples, were
subject to disaggregation prior to analysis to obtain primary particle size characteristics.
The procedure includes removing all organic substances from the samples by adding
hydrogen peoxide and dispersing the inorganic fraction using sodium
hexametaphosphate. Details of this analytical procedure have been published elsewhere
(e.g., Phillips et al., 2000). All suspended sediments collected bijténdags were wet
sieved through 1 mnstainless steel mesh to remove any possible filter fabric in the
samples. A Malvern Mastersizer 2000 (Malvern, Uldyer diffraction particle size
analysemwas used to quantify the primary (chemically dispersed) size fraction of influent
sediment sampleand the suspended sediments collected by these desadssample

was analysed itriplicate and typically precision was better than + 10 per cent for any
particle size. In this study, the pahes were grouped as very fine sand (i.e.,-63Qm),
largesilt (i.e., 6332 um), medium silt (i.e., 326 pm), fine silt (168 um), very fine silt

(8-2 um), and clay (< 2 um). The Kolmogr@mirnov statistical test (#§ test) was also

used for comparisons of the primary PSD of the influent sediments and theesti
collected by the M512 and filtration system.

The TSS concentration was determined in duplicate by meadimendry weight of a
subsample of the-L influent/effluent watersediment samples. The subsample of the
influent/effluent samples were filtatein the laboratory through prgeighed and pre

ashed Whatman GF/F glass fibre filters based on the ASTM standard-B34ABTM,
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2013. Precision was better than = 9 per cent. The MCE for both devices and at each

sampling time was calculated accordingrntuent/effluent TSS concentration values:

B —
- # WP 5 Equation3.1

where X is the instantaneous MCE (%), Yi is the instantaneous effluent TSS
concentrationd/m®), Z is the influent TSS conceation @/m°), and n is the total number

of effluent suspended sedimesamples.

Horowitz et al. (1989) provided a comparison of thetantaneous MCE and the true
sedimentMCE (the dry sediment mass collected by the sampling device vbestetal

dry suispended sediment influent mass) four low-flow CFC devices at five sampling

sites in the USA. They found that, on average, theNtG& was just slightly lower than

the instantaneous MCE (i.e., 92% and 95%, respectively). Theréhereverage of a

time series of instantaneous MCEs can be considered reasonably afmrueatanating

the trueMCE.

Based on previous studies of sediment source fingerprinting in the Tobacco Creek, a sub
watershed of Lake Winnipedérthod et al.,, 2015; Koiteet al., 2013) ambient and
collected suspended sediment at sitesRRRR12 and LW41 were analysed for a suite

of diagnostic sediment properties: three geochemical/radionuclide properties (i.e., As, U,
137Cs) and the colo coefficients of Z, L, X, and Y. The aim tiese comparisons was to
assess the ability of thd512 and filtration systerto collect a representative sample of

the ambient suspended sediment in terms of sediment properties commonly used for
sediment source fingerprinting (see aRuossell, Walling,and Hodgkinson(2000) for

more details). The concentratoof As and U were measured using OIS following a

microwaveassisted digestion with nitric acidt the Northern Analytical Laboratory
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Services, University of Northern British Columbia, Canéida details, see Oweret al.,
(2019)) The colar coefficients wereobtained using a spectroradiometer (ASD
FieldSpec Pro, Analytical Spectral Device Inc., Boulder, CO, USA) at the University of
Manitoba, Canaddor spectral readings over &3 830 nm waelength range. The X, Y,

Z, and L colar coefficients were determined using t@®mmission Internationale
del'Eclairage(CIE) methodollowing the procedures and methods usedbythod et al.
(2015. Caesiumml37 activity concentrations were determined using gamma
spectrometers at the University Manitoba, Canada (for details, sé&®iter et al.
(2013)). The precision of the laboratory measurements for each property (i.e.,
geochemical concentration and asl@oefficienty was usually better than 5 percent
(and will be discussed furthebelow) and was determined bgerforming duplicate

measurements on the ambient suspended sediment samples collected at these three sites.

3.5 Results and discussions

3.5.1 Mass collection efficiency (MCE) of the M512 and filtration system

The variation of instantaneous MGér the filtration system(i.e., CFF (26.5) and CFF
(53)) and M512 (i.e., CFC (37)) at SitRR1-1 andLW4-1 (Table 3-1) are showras a
function of time inFigure 3-3 (seeAppendix AA2 for additional examples). There is
limited variationin the instantaneouMCE of the M512during the sampling period
(average + 1 standardrer = 78%z= 0.7% and20% + 6.4%at RR1-1landLW4-1 sites,
respectivelylandthis parameteis nota function of the amount of water centrifuged. The
consistency ofhe values ofnstantaneous MCE over time and at a fixed inflow rate for
the M512(i.e., 37 Umin) is in contrast with the finding of Horowitz et al. (1989) and

Ongley and Thomas (1989). They hypothesized that inflow rate CFCsystems, the
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enhancement in MCE with increasing samplinge was due to the possible builgh of a
cohesive layer osediment in the bowl. The TSS concentration of the ambient water,
processed wateésediment volume, the MCE of the devices, and dry mass of sediment

collected by each device at sites RR&and LWA41 are presented ippendix AA3.

100
80 & imiis, 7 Q- > —— - - > ——
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Figure 3-3 the instantaneous mass collection efficiency (MCE) of M&ith the inflowing rate
of 37 L/min (CFC (37)) at site RR1 (on April 24th, 2016); and M512 (CFC (37)), filtration
system wih the inflowing rates of 26.5 tin and 53 L/min(CFF (26.5) and CFF (53),

respectively) at site LW4 (on June 2nd, 2017). S€able3-1 for details on each method. RR is
Red River and LW is Lake Winnipeg

Figure 3-3, Appendix AA2, and Appendix AA3 indicate that under a low TSS
concentration (i.e., 35/m°), the filtration system with slower inflow rate (CFF (26.5))

has a higher MCE. This finding may be attributed to the decreasing residence time of the
ambient watdrsediment mixture within the filtration system during greater inflow rates,
which reduce the opportunity for sediment retention. The influence of increasing the
inflow rate on the MCE of the loWilow rate CFC and other similar sampling and
corcentrating systems has also been documented previously (e.g., Horowitz et al., 1989;

Ongley & Blachford, 1982). However, from a practical perspective and given the need to
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provide representative samples, the traffebetween slower inflow rate and shorter
sampling time is still a matter of debate.

The potential effects of using a sequence of filtration systems in series on the MCE at
LwW4, LW5, LW6, and NR1 are presentedAppendix AA4. As expected, the potential
improvement of the MCE by using severgtrdtion systems in series is confirmed and

the maximum improvement of the average MCE for filtration systems in series (using
Equation 1) was 14% (at LW5). A combination of low ambient TSS concentrations and
very fine particles may be responsible for teitively low improvement of the MCE of
filtration systems in series. This hypothesis is consistent with the previous findings that
these factors negatively control the devic
of the CFF (26.5) and CFF*2 (53} aite NR1 (i.e.,average of 21% and 20%,
respectively), the latter filtration system may collecsimilar quantity of suspended
sediment yet, in half, or less, of the CFF (26.5) sampling time.

In general, assessment of the performance of these devjmesrts previous studies by
Ongley and Blachford (1982Burrus et al.(1989), Horowitz et al. (1989), Rees al.

(1991) that as the input sediment concaidn increases, the MCE valaéso increase
ConsideringFigure 3-3, Appendix AA2, and the typical value dhe MCE for the low

rate CFC (85%) reported in the literature, it may be concluded that: a) the M512 appears
to not always be as efficient (in terms of percentage MCE) as théldewrate CFC
systems; b) thé1512 has a higher MCE compared to the single filtration system; and c)
the MCE values of the filtration systems in series, in all cases, were greater than 10%.
Nevertheless, the lower MCE of the M512 and filtration systems in series are

compensated by tirehigher flow rate. Therefore, in practice, in an equal sampling period
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and under the same ambient conditions, both the M512 and filtration system in the series
configuration may provide an equivalent quantity of suspended sediment sample mass (in
absolue terms) compared to leflow rate CFC devicesAppendix AA.5 presents the
required processing time to collect a 10 g sample of suspended sediment at different input
TSS concentrations for a hypothetical {law rate CFC system (CFC (6)) with 65% and

90% MCE as well as the M512 and filtration systems in series with an assumption of

15% and 10% MCE, respectively.

3.5.2 Particle size distribution (PSD) collection efficiency of the M512 and
filtration system
Using the KS testwith a 95% cafidence interval in nearly all cases, there are no
significant differences in thg@rimary PSDs between the sediment collected by the
filtration systemand those of influent suspended sedim@rable 3-2 and Figure 3-4).
Therefore, in most cases thidtration systemcollected a statistically representative
sample of inflowing sedimentThere are two cases where there wasoasistent
difference. Site LW3 is a shallow harbor in Lake Winnipegl tre samples collected by
both devices may have been affected by resuspension of bottom sediments due to ship
and boat traffic and/or wave actions. In addition, at the end of the tests at NR1 the
submersible pump fell to the bottom of the Nelson Rived, ifiis likely that thdfiltration
systemalso collected some of the coarser materials on the bottom of thewivieh

subsequently influencetie PSD of collected sediments.
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Table 3-2 The KolmogorovSmirnov statistical test (6 test) results for the particle size
distribution (PSD) of sediment samples collected with the M512 and filtration system compared

to the PSD of influent material

Site ID Influent  Influent Influent Method Collected K-S test
Ite
dio(um)  dso(m)  dgo(pm) enmployed dso (Um) value*
RRI-1 37 117 159 CFC (37) 128 0.095
RRL2 1.8 46 16.1 CFF (26.5) 6.4 0.041
CFF (53) 7.8 0.147
CFC (37) 20.7 0.059
LW1 - 57 183 439 CFF (265) 18.2 0.085
CFF (53) 18.3 0.026
CFC (37) 77 0.021
LWz 25 8.0 28.1 CFF (26.5) 8.2 0.053
CFF (53) 8.1 0.0204
CFC (37) 8.4 0.180
LWs 15 41 205 CFF (26.5) 23.0 0.186
CFF (53) 23.2 0.190
CFC (37) 2.4 0.463
Lwa-1- 01 1.3 7.9 CFF (26.5) 0.4 0.065
CFF (53) 1.9 0.130
CFC (37) 37 0.516
CFF (53) 1.8 0.140
LWa2 0.1 1.7 112 CFF* Fiter1 32 0.170
Filter 2 2.7 0.136
4 (53) Filter 3 1.4 0.039
Fiter 4 0.4 0.108
(W7 01 02 22 CFC (37) 21 0.720
(wWe 24 8.7 24.8 CFC (37) 8.3 0.013
CFF (53) 11.7 0.127
CFF (26.5) 387 0.404
NRL 01 3.1 241 “CEF* Fiter1  37.9 0.462
Filter 2 46.9 0.450
NR2 25 62 26.1 CFF (26.5) 8.1 0.131
NR3 1.7 45 27.0 CFF (53) 63 0.015

*=the PSDd f f er ences

bet ween

t wo

di stributions

values less than the critical value of 0.17; bold values indicate significant differences.
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Figure3-4 Volumetric prortion of different particle size classes in influent and collected sediment by both devices at sites LW1, LW2, LW3,
LW4-2,NR2, and NR3
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Figure 3-4 also shows the volumetric proportion of different suspendednsewli class
sizes collected by eachltration system in a fouseries configurationat LW4-2.
Figure 3-4 and Table 3-2 illustrate that the contribution of clesized sednents in the
third and fourtHfiltration systems, as expected, weamnsiderably higher than in the first
and secondilters. The proportions of all size classes in the sediments collected by each
filtration systemare statistically similar to those of inént sedimentTable 3-2). In
addition, Appendix AA.6 indicates that (using the -B test) no significant PSD
variationswereobserved in sediment samples collected by each two subsditjueinin
systems(i.e., first and secondsecond and thirdor third and fourth). Here, in the
filtration systemsn series configuration, it would be possible to mix sediments collected
by all filtration systemsnto a single composite sample witfsignificant bias in PSDAs

a result, thefiltration systemmay be considered as an effee device for collecting

suspended sediment with a representative particle size composition.

Figure3-4 also demonstrates that the M512 dittcation systemare directly comparable
devices for the collection of a representative sample when the suspended sediments in the
influent are greater than clay size (e.g., sites LW1 and LWgure 3-4 and Table 3-2,

on the other hand, show that the PSD of sediment collected by the M512 is statistically
different from that of the inflowing sediment when the ambient sedimemiosra high
proportion of finer particles & um) (e.g., site LW42). This poor efficiencyin collecting

finer particles may be linked to the minimum particle diameter that can be collected by
the M512. The PSD results of all samples collected by the Migli@ate that the cuff

value for the M512 is approximately 0.83 uifhis valueis coarser than théower

threshold valudor the lowflow rate CFCsystemthat was estimated by both Rees et al.
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(1991) and Moody and Meade (1994) (i.e., 0.37 and 0.1 gspectively, for Sharplés
Pennwalt Model AB12 lowflow CFC), butis similar tothose assessed Rosséet al.
(2006)and Santiago et &1990)(i.e., 1 um). This restrictiomay lead to ovesampling

of materials coarser than the limiting siEggure3-4).

3.5.3 Assessing geochemical and colour properties of suspended sediment collected

by the M512 and filtration system
Table 3-3 presents the magnitude of percentage difference between several property
values assaated with the sediment collected by the M512 and filtration system and
those of ambient suspended sedinarihree different sites.¢.,RR1-1, RR:2, LW4-1).
In most cases, the differences between the property concentration and coefficient values
for the sediment collected by the filtration system andaimbient suspended sediment
values are within the analytical precision. Thus, these results suggest that the filtration
system collectsa sample that is truly representative of the geochemical andircolo
properties of suspended sedimehhese results support previous findings (described
above) that the sediment collected by the filtration system provides a representative PSD
of the ambient suspended sediment.
Under high TSS concentration conditions .(i.&R11; 250 g/m®), the differences
between the values of geochemical concentrations andrcotefficients of samples
collected by the M512 and those of ambient suspended sediment are within the bounds of
analytical precision. However, at site LVl4the differences between the sediment
collected by the M512 and ambient sediment are beyond the analytical precision for all
properties. Table 3-3 also indicates thathe percentage differences of geochemical

propertes of sediment collected by the filtration system are beyond the analytical
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Table3-3 A comparison of the differences between the geochemical concentrations amd colo
coefficients of the ambient suspendadliment and sediment collected by the M512 and filtration

system
Site ID: RR11
Ambient  Absolute % difference$”
, suspendec % of
Property sediment analytical CFC (37)
value  precision
As 4.96 5.1 -1.0* (5.01)
U 2.07 53 2.4(2.02)
B¥cs 0 0 0
X 32.20 7.6 -5.6(34.11)
Y 27.85 8.1 -5.3(29.36)
Z 7.17 6.5 -3.9(7.45)
L 61.57 5.3 -2.2(62.95)
Site ID: RR12
Ambient Absolute % differences
Property suspendec % of
sediment analytical CFF (26.5) CFF (53)
value  precision
As 5.55 6.9 1.0(5.60) 3.5(5.75)
U 2.46 11.3 26.7** (1.88) 20.6(2.00)
Bcs 0 0 0 0
X 34.46 13.5 3.9(33.15) 8.6(31.63)
Y 29.90 13.7 4.8(28.50) 9.5(27.20)
z 7.87 15.2 10.3(7.10) 15.8(6.72)
L 61.57 5.7 2.0 (60.35) 4.0 (59.15)
Site ID: LW4-1
Ambient Absolute % differences
Property suspaded % of
sediment analytical CFC (37) CFF (26.5) CFF (53)
value  precision
As 6.45 6.9 14.5(5.58) 8.4(5.93) 19.8(5.29)
U 2.03 11.3 19.5(1.67) 18.3(1.69) 17.1(1.71)
Bcs 0 0 0 0 0
X 34.56 10.6 -28.9(46.22) 2.2(33.80) -1.0 (34.90)
Y 30.00 105 -30.3(40.69) 1.5(29.54) -1.0 (30.29)
z 7.81 96 -33.4(10.94) 3.0 (7.58) 3.1(7.57)
L 61.65 84 -12.6(69.96) 1.0 (61.05) -1.0 (62.25)
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precision at this site. The high percentage differences may be attributes ltav TSS
concentration (3§/m°) and very fine PSD (median diameteggjc= 1.3 um) of the lake
suspended sediment at LWI4site.These results are also in agreement with theflow

CFC assessment studiedofowitz et al., 1989; Ongleyand Thomas, 1989)which

corcluded that care must be exercised when CFC devices are ussulléoting bulk

suspended sediment samples in freshwater systems with low suspended sediment
concentrations (SSC; < 30m°) and/or very fine particles (< 10 pm).

Particle comparison betweethe M15 and filtration systefiable3-4 describes a number

of advantages and disadvantages of the M512 and filtration system. The filtration system
demands less power generating equipment. Therefore, two couplings offificatipn

(single or in series) systems can be concurrently omerltten a single portable
generator to draw more ambient watsdiment mixture, reduce the sampling time, and
thus enable more sites to be covered in o
ships, the filtration system was operated in the absenaepoiver supply by using the
shipds inline water system (e.g., fire hyd
the ship needed el ectrical modi fication t
electrical power system. Moreover, other studies regat using lowflow rate CFC

systems on a ship or small craft suffers from potential difficulties including bearing
failure, contact between the rotational bowl and the stationary parts due to the ship's
movements, and, therefore, sample contamination tftenmCFC components (Ongley
andThomas, 1989). Although the effect of the composition of the different components

of both the M512 and filtration system (under different collecting conditions) on the

potential contamination of the collected samples is beybe scope

Sedimentary ppcesses in large, regulated river systems ifCdngadian subarctic 74



Table3-4 Comparison of the M512 and filtration system

Device Advantages Disadvantages
1 easy for cleaning the bowl 1 heavy (200 kg)
1 high absolute mass collection efficien § large size (Length: 101.6 cm; Width:
49.5 cm; Height: 50 cm)
1 large sediment holding capacii200
s) 1 expensivepurchasing cost:$30, 000
us)
71 limited sampling site accessibility (i.e.
truck or wheeled cart mounted)
M512
1 pointin-time- and spacesampling
1 potential for fragmetation of particles
due to centrifugal shear stress effects
1 cutoff particle diameter
1 power source dependency for staypt
and operation
1 high flow rate (i.e. up to 180/min) 1 pointin-time- and spacesampling
1 manageable size and weight @8m 1 potential for fragmentation of particles
diameter x 59 cm height5 kg) due to torturous flow through filter
media
1 easy and straightforward deployment
includingestuarine and marine 1 extra steps (i.e., wash filter bags) i
conditions laboratoryand increasing processing
time
9 acceptable absolute mass collection
S efficiency(i.e., in series configuration) § possibility of losing some samples in
Filtration .
postprocessing steps
system q covering several sites in one day
' _ o f possible transformation of elements
1 river/stream g& accessibility in from the dissolved phase to the
difficult terrain particulate phase and vice versa durir
rocessin
1 inexpensivgpurchasing cost:$120 P g
us)
1 sufficient sediment holding capacity

(<10 g) without clogging
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of this study, the purpose ipresenting this potential concern is to draw attentio
possible future research.

The filtration system, wit the total estimated cost 0$8 US per filter bag and less than
$120 US for the whole system (at the time of writing), is more-effsttive @mpared

with the M512 (i.e., apart from maintenance sp#ite M512 typically costs $30,000

US). Therefore, from practical and cost standpoints, the filtration system is a feasible
method to investigate the spatiotemporatiability of fine-grained (63 um) suspended
sediment characteristics, especially in lasgale studies. However, rinsing the dirty filter
bags (i.e., those used in the filtration system) in a laboratory as an extra sample
processing step, longer processing time, and the potentidbsory some sediment
during sample processing are factors that may restrict the utility of this approach in some

situations.

3.6 Conclusions and Recommendations

The use of higllow rate CFC (e., M512) and CFFi(e., filtration system) devices for

the colletion of fine-grained (63 um) suspended sediment from freshwater systems was
evaluated. Thamass collection efficiencyMCE) for both sampling devices was a
function of influent suspended sediment concentration, and this finding is comparable to
the findirgs of lowflow rate CFC system evaluationBhe instantaneou$CE of the

M512 during different sampling periodxhibited limited variation, and the MCE was

not a function of the volume of ambient wétsEdiment mixture centrifuged@he results

also showedhat the single filtration system had lower MCE compared to the M512;
however, using a number of the filtration systems in series improved the MCE. In terms

of the MCE, the M512 and several filtration systems in series are as efficient dolow
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rate CEC systems in collecting a bulk sample of suspended sediment in a similar
sampling time.

The filtration system in nearly all cases collected a representative sample of inflowing
suspended sediment in terms of PSD. However, the M512 device collected a
repregntative PSD sample of inflowing sediments only wiieninfluent particles were

~ 2@m. The lower cubff particle diameter for sediment collection usthg M512 was
determined to be(-:83 um, and this value was not a function of influent PSD or TSS
concentration. The size threshold may affect the cadeciof sediment with a
representative particle size composition.

Similar to the PSD efficiency, for most geochemical andwogtwopertiesthe filtration
systemwas able to collect a representative sample of ambient suspended sediment. Under
high suspeneld sediment concentrations, the sample collected by the M512 was also
representative of the fluvial suspended sediment in terms of both geochemical
concentrations and calo coefficients. However, the percentage differences between the
colour coefficient ad geochemical concentration values for the samples collected by the
M512 and the ambient suspended sediment containing a fugbrpon of finer particles

( @83 um) and lower sediment concentratéwa outside ofhe analytical precision. This
suggestghat the M512 may not collect a truly representative sediment sample in such
conditiors.

This study also suggested that, from a practical perspective, the filtration system
(particularly in series) provides advantages over the M512 device including ease of

portability, lower purchasing price, and lower power demand. Thus, this system can be
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considered as a viable alternative for samplind @encentrating fingrained (63 pm)

suspended sediment in lake and river environments.
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CHAPTER 4: Sedimentation dynamics within a large shallow lake
and its role in sediment transportina continental -scale watershed

A version of this chapter has begublishedn Journal of Great Lakes Research:
Goharrokhi, M., McCullough, G.K., Owens, P.N., Lobb, D.A., 2021. Sedimentation
dynamics within a large shallow lake and its role in sedimenspi@m in a continental

scale watershedournal of Great Lakes Researdfi(3), 725740.

4.1 Abstract

A comprehensive understanding of the sedimentation dynamics within Lake Winnipeg
(surface area is 23,750 Randits role in sediment transport in the doweam river
systemwas achieved by determining the properties of lake bottom sediment and patterns
of sediment accumulation ratemd by constructing total (i.e., organic and inorganic)
sediment budget. Net deposition was the governing process in tlib &od North
Basins, whereas transportation dominated in the Narrows. The largest fluvial source of
sediments to the lake, the Red River, supplies 35% of the total sediment load. Although
sedimentaccumulation rates in profundal zones progressively deedeaorthward from

this source at the south end of the lake, hsgkdimentaccumulation rates with low
inventories of fallout radionuclides in the northern margin of the North Basin indicate a
second sediment source, which was determined to be erosiortloshore banks, which

accouns for up to 50% of the total sediment load to the lake. The nearstfskore

Sedimentary processes in large, regulated riygtems inthe Canadian subarctic 84



gradient in bottom sediment properties in the North Basin confirmed that the signature of
this new source can reach at least 20 km southwardhet@ke. However, the properties

of bottom sediments, sedimentation dynamics, and sediment budget suggested that some
of the materials eroded from the north shore are exported without interaction with the
lake bottom and this local sediment source isdbminant source for the downstream

river system. It was concluded that Lake Winnipeg effectively disconnects the
downstream Nelson River from sedimentary processes in its upstream watershed

(953,250 k).

4.2 Introduction

Lake Winnipeg is the fllargest frshwater lake in the world by surface area and is a
key feature within the Nelson River watershed (1,125,526) KBuboc et al., 2017;
Environment and Climate Change Canada and Manitoba Agriculture and Resource
Development, 2020Figure4-1 includes a map ohts continentakcale watershed which
stretches from the Rocky Mountains to near Lake Superior, and straddles theiCanada
USA border. It discharges into southwestern Hudson Bay. The water quality and
ecological status of Lake Winreg have been adversely affected by nutrient enrichment
due to both high external loading and internal release of nutrients (Matisoff et al., 2017;
McCullough et al., 2012). While a combination of climate forcing of hydrological
changes in surrounding swatersheds and anthropogenic activities (e.g., agricultural
practices and sewage release) have resulted in increased loading of nutrients from the
watershed into Lake Winnipeg (Bunting et al., 2016; Kling et al., 2011; McCullough et
al., 2012), the releasd redox regulated nutrients (particularly phosphorus) from anoxic

surficial bottom sediment to overlying water during summer stratification is the main
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source of internal loading of nutrients (Manitoba Water Stewardship, 2006; Nurnberg and
LaZerte, 2016)As a consequence of this external and internal nutrient loading, the lake

is regularly fouled by severe blooms of cyanobacteria and diatoms (Kling et al., 2011).

Hudson Bay

200 400 km
| N

Figure4-1 Hudson Bay and the Nelson River watersheds. The scale bar refers to the Nelson River
watershed

Given the high capacity ofife suspended sediment (i.e§3<um) in binding and
transporting nutrients (such as phosphorasyi contaminants (such as some fallout
radionuclides), due to, at least in part, its large specific surface area (SSA) (He and

Walling, 1996; Owens and Walling, 2002), sedimentation dynamics may exert a large
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control on the fate and dynamics of nutriemspecially phosphorus, in Lake Winnipeg

and its water quality and ecological status. Furthermore, sedimentation dynamics may
have a significant influence on both the quality and quantity of sediment being exported
to downstream systems (i.e., the NelsameR and potentially Hudson Bay). Thus, an
improved understanding of sedimentation dynamics in this large water body is of
fundamental importance.

Determining the properties of the bottom sediment in NAkenipeg and the pattern of
averageannual sedimentdry mass accumulation ratghereafter referred to as the
DMAR), as well as interpretation of the spatial variability of these parameters in relation
to controlling factors, are important prerequisites to understand the sedimentation
dynamics in the lakeln recent years, a number of researchers have studied the spatial
variation of DMARs by dating sediment cores that were either few in numégr<) or

short in length (20 cm) (e.g., Bunting et al., 2016; Lockhart et al., 1998; Lockhart et al.,
2000; Matisoff et al., 2017; Wilkinson and Simpson, 2003). The results of these studies
were interpreted based on the assumption that DMAR diminishes-ldéerdue to a
progressive loss of suspended sediment from the mouth of the Red River, a major source
of sedment in the south, to the outlet in the north (Matisoff et al., 2017; McKindles et al.,
2019). There has been little detailed information published on the relative, and sometimes
conflicting, influence of the key natural controls on sedimentation dynamiibhsé the

lake (e.g., sediment properties, local morphology, lake hydrodynamics, and wind energy
and patterns).

The Red River is not the only major source of sediment to the lake. Brunskill and

Graham (1979) estimated that each year substantial quartitieank sediments along
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the north shore contribute to the sedimentary processes in Lake Winnipeg. The banks of
the north shore consist & 12 m high glacidacustrine sediments overlain by peat
However, there is little information available on the amtoand patterns of sediment
accumulation from this northern source (Scott et al., 2011).

In order to address these knowledge gaps, in this work, 50 sediment cores were collected
throughout the lake with an emphasis on the northernmost region of the pakiel 8nd
vertical variations of key sediment properties, includiveger conten(i.e., the ratio of

water weight to total wet weightporosity, particle size composition and SSA, and
organic matter (OM) content were measured. In addition, the chrgnoliogediment
accumulation was determined using concentrations of natural and anthropogenic fallout
radionuclides (i.e., excess’Pb (hereafter referred to &%Ph and *Cs) in the
sediment cores. DMARs were then usgdng with published informatioan the major
sedimentary basins within the lake, the sediment loadings from the largest tributaries and
from erosion of north shore bluff deposigsd the lake outflow flux toa) quantify the

total anmal dry mass accumulation; abjl establish a totgl.e., organic and inorganic)
sediment budget for Lake Winnipeg.

This lakewide study is part of a major collaborative study of the Hudson Bay System
and its watershed (i.eBaySys; Figure 4-1) that addresses a number of research
objectives such as the understanding of the potential impacts of hydroelectric generating
stations on sediment and chemical transport dynamics in the Nelson River system
(Capelle et al., 2020; Goharrokhi et ab2P; Guéguen et al., 2016). As the Nelson River

is the largest river (by watershed area and freshwater discharge) contributing to Hudson

Bay (Déry et al., 2018), this work will contribute to the goals of the BaySys pitoyec
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providing information ona) the role of Lake Winnipeg in reducing fluxes of sediment
from its contributing watershed; arfg) the potential contribution of the north shore

eroded materials to the lake and the Nelson River system.

4.3 Study area

Lake Winnipeg, in Manitoba, Canada, has dame area of 23,750 KniFigure4-2), with

a contributing watershed of 953,250 %(Rigure4-1) dominated byagricultural land use

(i.e., 657,740 km) (Bunting et al., 2016; Environmeand Climate Change Canada and
Manitoba Agriculture and Resource Development, 2020; Manitoba Water Stewardship,
2011). This watershed includes portions of four US states (Montana, North Dakota, South
Dakota, and Minnesota) and parts of four Canadian pcesgi (Alberta, Saskatchewan,
Manitoba, and Ontario) (Mayer et al., 2006). Lake Winnipeg is compofadouth and

a North Basin (2,780km? and 17,520 km?, respectively), sepaied by a long Narrows
region (-3450km?) (Brunskill et al., 1980; Scott @f., 2011). The latter is restricted to
channels as little as 2.2 km in widthigure4-2). The average water depths of the South
Basin, Narrows, and North Basin (i.e., 10 m, 7 m, and 13 m, respectively) mean that Lake
Winnipeg s a shallow and vertically wethixed lake with substantial resuspension of
surficial bottom sediments (Brunskill et al., 1980; Matisoff et al., 2017). The lake has
been regulated by control structures and constructed channels at, and downstream from,
its outlet since 1976. Provincial licencing allows that when the lake level is within the
natural historical range of 216 217.9 meter above sea level (i.e., m asl), the outflow be
managed to support hydroelectric generation; when it exceeds this rangeitftbe o
must be managed so as to return it within its natural range (Manitoba Department of

Mines and Natural Resources, 1970). Consequently, this regulation program may have
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resulted in the modification of sdudi|gr al
seasonala) waterand sediment outflow)) sediment accuntation rates and patterns;
and c) biomass productivity (Liu et al., 2007; Manitoba Water Stewardship, 2011;

McCullough et al., 2001).
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Figure 4-2 Left: Lake Winnipeg, its main riverine inputs, bathymetry (8 m and 16 m
depth contours; adapted from Brunskill et al. (1980)), three main areas of the lake (i.e.,
SouthBasin, Narrows, and North Basin), and samplingssitght: sampling sites along

two transects, 8 m and 16 m depth contours, and Lake Winnipeg outlets. The outlets flow
into the Nelson River system which eventually discharges into Hudson Bay

During the 2008 to 2016 period, the lake received 96% of tis weater inflow from the
Red, Winnipeg, Dauphin, and Saskatchewan Rivers, which supplied 16%, 43%, 8%, and
29% of the inflow, respectively (Environment and Climate Change Canada and Manitoba

Agriculture and Resource Development, 2020). The Red and WahRpers flow into
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the South Basin, whereas the Dauphin and Saskatchewan River flow into the North Basin
(Figure 4-2). The Red River is a Great Plains river and dominated by agricultural land
use, while the Winnipeg River draing predominantly boreal watershed in the
Precambrian Shield. The Dauphin River drains alpine, prairie, and Boreal Plains
landscapes via Winnipegosis and Manitoba Lakes before flowing into Lake Winnipeg.
The Saskatchewan River is also a Great Plains riwedr dhiginates in the Canadian
Rockies and flows eastward through agricultural lands (Binding et al., 2018; Brunskill et
al., 1980).

Although the Winnipeg and Saskatchewan Rivers supply most of the water inflow to
Lake Winnipeg, natural lakes and anthrgenic storage reservoirs intercept most of their
sediment loads. Brunskill et al. (1980) estimated that over 99% of the Saskatchewan
Riverds natur al sedi ment |l oad is retained
They also stated that the Red Rigespended sediment load may commonly exceed the
sediment load of the Winnipeg River by an order of magnitude. Similarly, the Dauphin
River originates from Lake Manitoba and thus it can be assumed that the contribution to
Lake Winnipegos thie dverm® melatively osgaificantr (distussed
further below). The Red River, therefore, is the major source of riverine sediment and
associated nutrients to Lake Winnipeg (Lévesque and Page, 2011; McCullough et al.,
2012). The sediments in this rivaeegpredominantly sisize (i.e., between 2 and 63 pm)

with high SSAs (e.g., 1.3 #ty; estimated using a Malvern Mastersizer 2000) relative to
larger particles such as fine and medium sands (Goharrokhi, 2015).

Netwaterflow from the sources in the Soutlasin is northward towards the outlet at the

northern end of the lake. However, this general net movement is frequently interrupted by
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strong, shortluration, bidirectional flow through the Narrows region, caused by lake
level setup forced by strong northeor southerly winds, or by subsequent seiching in
both basins (Brunskill et al., 1980). High current velocities are attained when the large
volumes of water from the wide North or South Basins are forced through the much
narrower passage between therenKey (1979) found that in 1976 aatd~10 km south

of site W8 Figure 4-2) such fluxesexceeded the averagad maximum net annual
northward water flow (i.e., the sum of Red and Winnipeg Rivers discharges)toywp

and one order(s) of magnitude, respectively. The maximum point (i.e., at 5.5 m below the
surface water) and defitveraged current measurement corresponding to thei wind
induced water exchange in that year (i.e., between May 14 and October 15).2vas®0
85.2 cm/s, respectivetpwards the south (i.e., opposite to the net hydraulic gradient of
the lake). This may exceed the threshold for motion of particles through most of the silt
range (i.e., the Red River suspended sediment) even if depositeg guiescent periods
(Hjulstrém, 1935). Kenney (1979) claimed that 1976 was a relatively calm year with light
winds and he expected greater viimtluced water exchanges could occur in other years.
Therefore,Brunskill et al. (1980) suggested that the iint&asin water exchangédmve
considerable effects om) Lake Winnipeg water residence time (i.e., 4.3, 1.3, and 3.5
years over the period of 1999 to 2007 for the lake as a whole, South BakiNogth
Basin, respectively)b) inteii basin transfer of utrients and contaminants; amj the
distribution of phytoplankton and zooplankton. The water residence time for the South
Basin, for example, was estimated to be 0.17 years due tbhhasen exchanges of water

(Brunskill et al., 1980).
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While the Red Rivein the south is the largest source of fluvial sediments to the lake, it is

not the only major source. As described above, Brunskill and Graham (1979) identified
erosion of high glackbacustrine silt banks along the north shore as a second major
sediment surce. They inferred that most of this additional sediment source was
deposited in the North Basin. However, in the current study, we hypothesize that some of

this material is transported downstream through an artificial channekNhie Zhannel,

whichwas opened in 1976.

The natur al outlet of Lake Wi nnipeg at War
North Basin crosses a broattaiow sill (~1.5 km wide and3xm deep) into the Nelson

River (Figure4-2). Since 1976, however66% of water leaving the lake passes through

this natural outlet and the rest flows throutpe narrow (surface width =267 m) and

deeper (average wateemgth = 8.6 m) Mile Channel, 44 km west of the natural outlet
(Kimiaghalam and Clark, 2017).

The 2Mi | e Channel increased the | akebds outf
commensurate increases in lake level, hence allowing higher outflow while meeting
licencing requirements to maintain lake level within thenegulationrange (Manitoba

Hydro, 2014a). Bank and bottom erosion near and along the channel has been monitored
since 1978 by bathymetric surveys over a number of cross sections (Kimiaghalam and
Clark, 2017). The bank near the inlet thie 2Mile Channel receded byl-5 m/yr

between 1978 and 2011 (Manitoba Hydro, 2014b), and of the order of 1 m over the same

33-year time period at a location within the channel (Kimiaghalam and Clark, 2017).
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4.4 Methods

A UWITEC ID corer (i.e., inside diameter of 8.6 cm) (UWITEC, Mondgasstria) was

used to collect 50 bottom sediment cores in spring and summer Ri@giee4-2). The
sediment cores were collected from th®/ Namaoresearch vessel from established
sampling and monitoring locations (Manitoba Water Stewardship, 2011). The core
sampling program also included two additional 50 km transects southward fromtthe nor
shore (i.e., transects T1 and T2NMle Channel transectfigure4-2) so as to capture the
influence of sediment eroded from the north shore. Nlzem a trider (small external

boat) was used for core sampling along thesasegcts in shallow water depths. In
addition, four grab samples of the bank materials forming the north shore were collected
at the starting point of these two transects to reptékerfull bank height (i.e.,8f 12m

of glaciclacustrine sediments oveirtaby pea} usinga small trowel to a depth ob~cm.

The tender was also used to collect bottom sediment samples using a Ponar grab sampler
at a number of sampling sites (n = 10) near the north shore (including site 22), at the
Warrenos L a n d isamplingositet 7 Higure 4-2)a imhese latter samples
(excluding site 7yvere collected to assess the extent to which the signature of north shore
materials can be detected into the North Basin.

Overall, this sampling programelded a total of 15, six, and 29 sediment cores from the
South Basin, Narrows, and North Basin, respectively. The depths of the sediment cores
varied between 5 and 45 cm due to spatial variations of different properties of the bottom
sediment including texte and density. The sediment cores were extruded with a piston
immediately after collection on the ship. As the piston pushed the sediment out at the set

intervals (discussed below; using 5 mm acrylic sheets attached to the piston frame), an
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extension wagplaced on top of tubes to collect and cut the cores. The sediment cores
were also maintained vertically during extrusion to avoid disturbing the sediwvetat
interface. Sediment cores at 19 sampling sites were sliced at 5 cm intervals to obtain
bottom seéiment propertie (e.g., particle size compositions and OM content). The
remaining 31 cores were sectioned into 1 cm intervals for both fallout radionuclide
activity concentrations (i.e>*°Ph and*®'Cs) and the same set of analyses as described
above.Sampling site coordinate, lake water depth at the time of sampling, and section
interval (i.e., 5 or 1 cm) associated with each sediment core is reportggpemdix B

B1. All the core, Ponar, and north shore material samples were placed in prelabeled
plagic bags and stored in an onboard refrigerator &) 40 prevent degradation of
materials and transformation of properties.

In the laboratory, the water content of each sediment layer was measured by weighing the
sample before and after drying at’85or 24 hr (Baskaran et al., 2015). Considering the
water content for each layer, porosity { nondimensional)was calculated using the
approach described in Baskaran et al. (2015) (methods are explafgokeindixB- B2).
Further analyses were perforchafter homogenization and pulverization of the samples.
The OM content was determined by dmmtion of 3 g subsample at 58D for 16 hr

after drying the subsample at £a5for 24 hr (for details, se&ppendixB-B2 and Siev et

al. (2018)).The organic magr (OM) content information is presented in AppenBix

B13.

The volumetric primary particle size distribution (PSD) of the samples was measured in
triplicate using a Malvern Mastersizer 2000 laser diffraction particle size analyser

(Malvern, UK) at the Uiversity of Manitoba, Canada. This device reports a spherical
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equivalent of a particle rather than the true size. To obtain a fully disaggregate and
dispersed sample (i.e., primary, or absolute PSD), the organic fraction of approximately 1
g subsample wagmoved using hydrogen peroxide. Then the subsample was chemically
dispersed with sodium hexametaphosphate (see Goharrokhi et al. (2019) for details). In
this study, the péicles were grouped as clayd4m), silt (263 pm), and sandbB-2000

pm) particles.

To obtain a chronology for each core, gamma spectrometry was used to simultaneously
measure™'Cs, “Ra, and totaf'%b activities (Bg/kg) at the University of Manitoba.
While *'Cs (halflife 30.2 years) is a anthropogenic fallout radionuclide, whicts
produced as a result of the atmospheric testing of thermonuclear weapons in the 1950s
and 1960s, unsupported (excess) {848 ¢*%Phs = total “Pbi **Ra) is a natural
fallout radionuclide which is deposited continuously from year to year andecased to
determine the DMAR over approximately the past 100 years. The vertical activity
concentration distribution of fallout radionuclides for e@cine sample were measured

by: a) placing each sediment sample into aifksh or scintillation vilep) sealing those
containers and waiting to achieve equilibrium betw&8Ra and its daughtéfRn (i.e.,
approximately21 days) (Owens et al., 199@); putting the containers on top of detectors
and counting for betaen 25,00086,400 seconds; and) measring the unsupported
?%pp,22Ra, and*'Cs activities from the 46.5, 186.2, and 661.6 keV peaks, respectively
(He and Walling, 1996).

To estimate the DMAR at each site using the vertical distributicri’es, the depth or
cumulative mass depth (M) ohé peak™*'Cs concentration was divided by the time

between 1963 and 2016 (i.e., the time of the core collection). In this approach, the
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location of the peak®’Cs concentration in the core profile was assumed to be associated
with the period of peak fallg of this anthropogenic radionuclide in 1963 (Matisoff et al.,
2017). The cumulative mass depth for each core was calculated using Baskaran et al.
(2015) (the method is explainedAppendixB-B2).

As the Red River is the largest source of fluvial sedimé¢a the lake, it would be
expected that among commonly us&¥®h, models, the Constant Rate of Supply (CRS)
model may be more applicable for the dating of the collected sediment cores (i.e., at least
for the South Basin)The DMAR using the distributivof “%Phs was, however, obtained

using the Constarft®Phs Flux: Constant Sedimentation model (CF@®del) as
Matisoff et al. (2017) indicated that this approach yields reliable ages for sediment cores
collected from the depositional basins of Lake Wypeg. In addition, by using the
2%h CFCS model, the consistency between the CFCS model aget’@segpeak
horizonbased ages can be assessed (Mabit et al., 2014); however, we do recognize that
other #%h dating model exist (e.g., CRS). The fallotadionuclide inventories
(Bg/cnt) for each core sample were obtained by summing the product 6f’@e or

2%, activity concentration (Bg/g) of each sediment layer by the mass depth associated
with that layer (g/crfy Baskaran et al., 2015).

In orderto establish a sediment budget for Lake Winnipeg, fluvial discharges reported
herein were calculated from thWWater Survey of Canada (WS@ydrometric records
(https://wateroffice.ec.gc.ca/). Fluvial sediment fluxes were calculated using these fluvial
discharge recorsl and total suspended soliflESS) data(measured by filtration at 1.2

€ m3upplied by Manitoba Department of Agriculture and Resources Development (MB

DARD) on request. The Thiessen polygon spatial interpolation method (Yamada, 2016)
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was usedand all statistical analyses were undertaken using ArcGIS and R Statistical
Software through RStudio v1.2.5033, respectively. The R package ggplot2 was used to

create most of the plots.

4.5 Results anddiscussion

4.5.1 Spatial analysis of bottom sediment water conte

The expected trend of decreasing water content with increasing sediment depth, due to
compaction and dewatering, was observed in all sediment coreAgperdix BB3 for

profiles of the longer cores). The range of water contént values for theselected
sediment cores collected in each region are listdcble4-1. Lake Winnipeg regions in

this study are referred to as: a) the South Basin; b) Narmwsifshore of the North

Basin (hereafter refezd to as the NB offshore); and) northern magin of the North

Basin (i.e., < 4 km) (hereafter referred to as the NB nearshore).

Water content in the top 5 cm varies between some regipEe(dix BB4 and B5).

The averag€ along the general longitudah flow path(i.e., from the mouth of the

Red River)in the South Basin and NB offshore are higher in both redit®% and 80%,
respectively)compared to the Narrows and NB nearsh@&%o and 32%, respectively)

While the Narrows is located between theithoBasin and NB offshore, the loweér of

the Narrowsd sediment cores indicates that
sedimentsGiven the spatial variations @f (Appendix BB4 and BY andthe relation

among several controls (e.g., twoh sediment properties, wind speed and dominant
direction, fetch length, and lake morphometry) and the potential for sediment
resuspension and focusing in lakes, as documented by Hakanson (1977) and Blais and

Kalff (1995), the lake bed cabe classifid into three zones. These agg:the area with
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7 L Tt Ras the sedimerdrosion zone (i.e., the NB nehase);b) the area with

between 50% and 75% as the sedimemispart zone (the Narrows); anjithe area with

7 X L bas the sedimentlepositon zone (the South Basin and NB offshore)
(Appendix BB5).

Bathymetry, to some extent, mirrors the sediment transport and sedimentation dynamics
in Lake Winnipeg (Matisoff et al., 2017). Brunskill and Graham (1979), for example,
estimated that sedimentari occurs between the area delineated by the 8 m and 16 m
depth contour of the South Basin and northern part of the North Basin, respectively
(Figure4-2). Appendix BB6 shows the contours of Lake Winnipeg at 2 meter intervals
related to the percentage surface area of each main region (i.e., the South and North
Basins and Narrows). Bathymetry data supports the classification of the lake bottom
regarding sedimentation processes based on the water content values. For instance, it ca
be seen that the Narrows which was recognised as a largelyepositional region is
considerably shallower than both South and North Basins. On the other hand, 12736 km
(~66%) of the South Basin is below the 8 m depth contour and, therefore, is thee of
major sedimentary basins in the lakieiglre 4-2; discussed below; Brunskill and

Graham, 1979).

4.5.2 Averageannual dry mass accumulation rate (DMAR)

For sediment cores which yield reliadf€Cs dates, DMARs estimated based'diCs
profiles are within + 25% of the DMARs using tAi€PhCFCS model, and these two
independent chronological methods are reasonably consi3ialie @-1). In sediment
cores for which the complete profiles BfCs activity concentration were not recovered

or the'®*'Cs profiles have no objectively discernible peak, the vertical profilé&mt
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activity were used to estimate DMARs. TH&Cs and natural logarithm (Ln) 6t%Ph
activity profiles versus theumulative mass depth for the sediment cores are presented in
Appendix BB7, which shows that at most sites, the trend of exponential decay in the
vertical profile of"*%Ph, were preserved (Baskaran et al., 2015).

For the sediment coresctioned at 1 crmterval (i.e., n = 31), DMAR ranged from 670

to 3,000 g/ryr in the South Basin, 0 to 1,630 dfyr in the Narrows, and 230 to 1,820
g/nflyr in the NB offshore. The highest recorded DMAR (3,000%ymh was at the
closest site to the Red River (W12) ahé decline in DMAR from the Red River to the
Narrows is consistent with an inverse relationship between DMAR and distance from this
largest sediment source in the South Basable4-1; Figure4-3).

The DMAR trend is, however, interrupted by zero accumulation rate at site W8 (which
had a rocky bottom and no sediment was retrieved at this site, hence the assumption of no
net sedimentation)and high DMARs at sites 68 and 64 (i.e., the northernmost and
southernmost site in the Narrows and NB offshore, respectivedyl€4-1; Figure4-3).

This spatial trendsuggests that) the distandeDMAR inverse relation approach may

not be suitable for explaining the sedimentatdynamics in the Narrows; afg some
areas in the Narrows (e.g., the middle area with very low or zero DMARS) are mostly
characterized as setent transport zones, which is consistent with the spatial

classification of Lake Winni7peg based on
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Table4-1 Core length and water content, averagmual sediment dry mass accumulation rates

(DMARS) using thé'®Ph,-CFCS model and peak'Cs values, and inventories '8fCs and

1%, for the individual sediment core in thew®h Basin, Narrows, offshore of the North Basin

(NB offshore); and northern margin of the North Basin (i.e., ~ < 4 km; NB nearshore).

Region Core Water content DMAR Inventory
Sampling site  Jength . g/nflyr Bg/n?
(cm) (%) % B7cg 2% LI
w12 30 7081 3000 (0.89) ND°® 6630 > 1280
59 25 57-81 1330 (0.92) ND 8430 > 303¢
‘8” 36S 23 67-76 1100 (0.63) ND 4960 > 1810
S | w10 24 64-85 1430 (0.88) ND 6290 > 2410
g |9 15 54-85 670 (0.95) ND 5060 590
5 | 46S 19 5591 1200 (0.85) ND 5400 1570
44S 24 64-77 830 (0.94) ND 15000 4300
W13 19 61-63 700 (0.81) ND 4080 2130
w8 No sediment retrieved and lake bottom was rocky
& |54 21 65-68 180 (0.92) ND 1760 120
g 53 16 64-71 800(0.95) ND 3590 200
Y W14 17 61-63 800 (0.96) ND 4570 400
68 15 56-77 1630 (0.94) ND 5910 540
64 27 70-81 1820 (0.89) ND 10040 > 1660
W6 28 72-84 700 (0.86) 600 4470 3160
w4 32 73-86 420 (0.89) 400 5440 1390
W3 32 7385 800(0.91) 850 5660 4690
39 36 70-85 500 (0.90) 650 5060 2140
23S 38 73-84 260 (0.82) 400 4100 2050
W2 30 62-89 1000 (0.90) ND 9300 3000
- W1 (T1-50) 45 75-88 700 (0.93) 590 6200 4100
@ |21 23 57-78 240 (0.8) ND 2470 270
% 26S 38 72-88 350 (0.93) 430 3720 1900
3 | T1-43 30 7585 940 (0.88) ND 7840 1760
@ T1-31 30 72-89 340 (0.93) 230 4250 1530
34S (T120) 25 70-90 500 (0.88) ND 4470 680
T1-12 20 57-80 820 (0.97) 900 2700 620
T1-6 16 3861 1370 (0.86) 1450 3750 680
23B (T2:30) 31 73-90 460 (0.91) 570 5200 2240
T2-16.3 20 67-79 970 (0.89) ND 4910 > 1430
T2-15 23 61-84 300 (0.89) 410 1960 1450
T2-5 5 41 0 0 0 0
S 33 (T1-2) 20 17-67 ND 0 0 0
g - T1-0.3 52 25 0 0 0 0
g @ T10 52 22 0 0 0 0
s T2:0.3 g° 34 0 0 0 0
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T2-0 5° 23 0 0 0 0
T1-shore -
T2-shore - - 0 0 0 0

o
o
o
o

a: Cores were sectioned at 5 cm interval.

b: Number in the parenthesis is R value in regression lietween LftPhs) and
cumulative mass depth.

c: ND = Not dateable as there was not a definitV@s activity peak.

d: Cores not long enough to capture the maximum activity/es.

Given thethreshold for motiorof silt-sized particles (the domant size of the Red River
sediment) (Hjulstrom, 1935), the zero DMAR at site W8 conforms to the available
hydrodynamic information for Lake Winnipeg. This finding may add further confidence
to the overall conclusions presented by Kenny (1979) suggestatigmihd induced
currents are responsible for the considerabialif®ctional water exchange (e.g., 90.2
cm/s). Kenny (1979) and Brunskill et al. (1980) hypothesised that the reasons for the
southward injected wiridnduced water exchanges are mainly thelghawater depth

along both sides of the shore in the northern Narrows region, the long fetch in the North
Basin, and abundant wind energy towards the south. Also, it is well known, from studies
on large shallow lakes with long fetches (e.g., Lake Er@&gt wavéinduced currents

may: a) reachthe surficial bottom sedimenty) increase the apptieshear stress on the

bed; andc) lead to sediment resuspension due to exceedance of the bottom sediment
threshold fomotion(Lou et al., 2000; Valipour et al.027). In addition, low DMARS in

most of the Narrows support results from the hydrodynamic model of Lake Winnipeg
developed by Zhao et al. (2012), who showed strong, coherent northward currents in the

Narrows.
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Figure 4-3 Left: schemdt of longitudinal trend of averagannual sediment dry mass
accumulation rates (DMAR) from the Red River to the north shoreline (T1); middle and right:
DMAR for sampling sites in Lake Winnipeg (bars in aepresents sites with highest DMAR

in each region (i.e., South Basin, Narrows, North Basin (NB) offshore; and NB nearshore); the
scale for the bars is associated with the DMAR on the left diagram).

High DMARs and the largé*°Phs inventories at sites®and 64 (1,820 and 1,630
g/n¥lyr, respectively) suggest a large deposition influx of-fineined sediment into that
region. It can be interpreted that sediments are transported laterally out of the main path
of flow in the Narrows (i.e., close to the ealore) into that region with chaotic flow and
weaker currents (Zhao et al., 2012) and then deposited. Also, an increase in the DMAR
with increasing distance from the middle point in the Narrows (i.e., W8) may be

connected with the settling of riverine teaals out of the suspension in thederate

Sedimentary process in large, regulated river systems in@anadian subarctic 103



hydrodynamic conditions, as both sites are located in the first sedimentary basin in the
North Basin (discussed below).

The low**'Cs and®%h inventories in the sediment cores collected from the Narrows
(i.e., 120 to 2,130 Bg/mand 1,760 to 5,910 Bgfmrespectively, excluding site WS8;
Tablel) support the argument that there are several processes affect DMAR in this part of
the lake. Furthermore, the reported average TSS concentrations in the South Basin
between 1999 to 2007 (i.e., 11.8 g/nManitoba Water Stewardship, 2011) and the
Narrows (i.e., 11.9 g/fn Matisoff et al., 2017) suggest that the Narrows may not exert a
significant influence on the reduction of the suspended sediment load, given thate¢here

no major fluvial and shore erosion inputs in this region (Brunskill and Graham, 1979),
and that it is mainly a transportation zone.

The DMARs progressively decrease in the North Basin toward the two outlets: i.e., 2
Mi |l e Channel and Tadlka4-1r Eiguré 4-3). LavnDMARSsgin tie
sediment cores along theMile Channel transect (i.e., TB5 and T25; Table4-1 and
Appendix BB7) as well as the lack of fallout radionuclide concentrations and inventories
in the samples at theMile Channelad War rends Landin0,293utl et ¢
and War ndng) &ceuld beaattributed taa) the Coriolis force (i.e., increased
currents alag the east side of the lakd); the dynamic nature of the lake at the outlets
(i.e., increased flow velogitat the outt); andc) the effect of strong winds andi bi
directionalwater exchanges between Lake Winnipeg and the downstream channel system
(Bijeljanin, 2013;Kimiaghalam and Clark, 201 ) able4-1; Figure4-3).

The DMARs, however, vary markedly amosgdiment cores in transect T1 (range from

zero to 1,370 g/Afyr; Figure4.3). The DMARSs at sites F6 and T112 are almost twice
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as high as most of the other DMARSs in that area and similar to the DMARs in the South
Basin. This suggests the contribution asf additional sediment source into the North
Basin. These high DMARs are in good agreement with sedimentation rate estimated by
Brunskill and Graham (1979) in the area of the 16 m depth contour close to the
northernmost region of the lake (i.e., 12200g/m?/yr). Despite the high DMARSs, the

low concentrations and inventories of b&tfCs and*%Ph, in the sediment cores at sites
T1-6 and T112 (Table4-1 andAppendix BB7) may reflect the supply of considerable
guantities of a lantbased suisurface seidhent source (i.e., north shore eroded materials)

to these sites, which are low in fallout radionuclide activity concentrations.

4.5.3 Particle size selectivity and sedimentation dynamics

The limited vertical variation in particle size compositions for eachnssui core
(Appendix BB8) gives confidence in the interpretation of the DMAR based on the
location of the maximum activity 0f'‘Cs concentration and natural logarithm (Ln) of
2%, activity profiles versus the cumulative mass depth. In other words, -doren
variations in the radionuclide concentrations are not appear to be due to changes in
particle size (Mabit et al., 2014; Owens et al., 1999).

Given the emphasis of this study on the North Basin, the primary particle size
composition of bottom sedimeim the NB offshore is presenteth Figure 4-4. The
composition of the sediment in cores-Gland T112 is noticeable different than the
other cores reflecting their closeness to the north shore. Considering the other cores, the
limited spatial variabilityin particle size composition within the NB offshore region
(Table4-2; Figure4-4) may reflect:a) the fact that Lake Winnipeg is aaiow and weH

mixed lake; and) limited variability in hydre and sedimentation dynamics within this
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region. In the Sah Basin (Tabled4-2; Appendix BB9), however, some measures of
particle size composition (e.g.sothnd SSA) for the sediments located in the east side of
the South Basin (sites 7 and W11) are different from those in sediment cores in the centre
and west isle of the South Basin (Tab#e2; sites W10, 59, and 36S). These differences

in particle size composition of sediment in sites close to the Winnipeg River input may

reflect differences in the riverine sediment sources in the South Basin.
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Figure 4-4 Box and Whisker plot stkvang the variability of the averagealues of selected
measures of primary particle size composition of the sediment cores for the North(NB)in
offshore region
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There was considerablariability in the primary particle size compositions of bottom
sediment between the regions (Ta#l2). The averagealues of different particle size
classes for the top 5 cm of the sediment cores along the general longitudinal flow path,
and for the NBnearshore are pgented in Figure-8. Considering Tabld-2, Appendix

B-B9, and Figuredl-4 and 4-5, it can be seen tha&) as expected, coarser suspended
sediments (i.e., silt) are selectively dsjted in the South Basin; abjlithe NB nearshore

bottam sediment particles are quite distinct (i.e., coarser) than those in the NB offshore.
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Table 4-2 Range, averageand coefficient of variation of select measures of particle size
composition ofrepresentative sediment cores for the sampling sites within the four regions of
Lake Winnipeg.

Region ... Sample Clay (%) Silt (%) dso (LM) SSA(m?/g)
Sampling site sizé average CV  avera CV

2 1 10 88 6 004 128 0.03
59 25 2026 7480 4 007 1.80 0.26
o | 36S 5 2527 7580 3 0.02 1.94 0.01
S | w10 20 1619  81-83 5 0.11 154 0.08
5 | w9 1 18-20 81 5 0.02 155 0.02
S |7 1 5 77 20 0.06 064 0.04
2 w1l 1 6 79 16 0.06 075 0.04
9 15 1316 7277 6 011 1.32 0.07
44S 20F 1416  82-86 5 0.04 1.46 0.04
W13 10 8 82-83 11 0.12 092 0.06
Z |54 20 1316 8485 5 0.08 139 0.05
3 |53 15 11-14  82-87 8 0.14 117 0.09
= |wi4 10 810 8485 10 0.12 0.99 0.06
68 10 1315  70-84 6 0.12 1.33 0.06
64 30° 3446 5465 3 025 13.76 0.20
W6 30 4347  51-55 3 0.04 1471 0.05
w4 20 3848 5161 3 022 13.68 0.22
w3 20 3844 5560 3 0.17 14.02 0.11
39 35° 3349 5064 3 025 1420 0.18
23S ACF 3848 5061 3 025 12.44 0.42
W2 20° 3650 5062 3 023 14.49 0.12
— | W1 (T1-50) 40 3253 4665 4 0.64 1432 0.21
@ | 21 25 2633 6369 5 0.38 9.17 0.52
% | 265 25 4250 4958 2 0.11 1545 0.06
3 | T1-43 5 3840 6163 4 0.02 1252 0.02
3 | T1-31 20 3845 5562 3 0.14 13.61 0.24
34S (T120) 5 3537 6264 4 0.08 1257 0.07
T1-12 10 6-24 7594 11 028 459 0.86
T1-6 15 5-6 92-93 17 0.16 0.66 0.20
23B (T230) 30F 3745 5561 3 0.25 13.27 0.15
T2-16.3 20F 35 61-64 4 0.08 11.60 0.06
T2-15 25 2936 6469 5 0.23 10.84 0.09
T2-5 1 62 38 1 024 2141 0.07

a: Each sample was measured in triplicate.
b: Ponar samples.
c: Composite subsample for each 5 cm increments
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Figure4-5 Averagevalues of volumetric proportion of different particle size classes of the top 5
cm of sediment cores along the general longitudinal flow path in each region (the sample size for

the South Basin, Narrows, North 8a (NB) offshore, and NB nearshore is 16, 20, 50, and 11,
respectively).

Fallout radionuclide concentratior@%Phs and**'Cs) for the top 1 cm of sediment cores
collected in this study and sediment cores taken in -2013 by Matisoff et al. (2017)

are pesented in Figurd-6. This figure illustrates that typically the surficial bottom
sediments in the NB offshore region contain higher valué¥®h, and**’Cs than those

in the South Basin and Narrows. This mainly stems from the selective tratispoota

fines to the NB offshore and the fact that the finer sediments contain larger SSA to sorb
and transport nutrients (e.g., phosphorus) and contaminants (e.g., some fallout
radionuclides) (He and Walling, 1996; Owens and Walling, 2002). Therefaran ibe
concluded that the particle size selectivity of sediment transport and deposition processes

may, at leatsin part, be responsible fax) the spatial patterns of nutrient and contaminant
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contents of lake bottom sedent (Brunskill et al., 1980)) the existence of the nutrient
rich particles in the NB offshore (Matisoff et al., 2017;rNierg and LaZerte, 2016); and

c) large summer blooms in the North Basin due to internal loading (Kling et al., 2011).
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Figure 4-6 Relation betweert*’Cs and?'%Ph, activities of the top 1 cm of sediment cores
collected in this study and by Matisoff et al. (2017) in the South Basin, NarrowblcatidBasin

(NB) offshore

The particle size compositions of the norttoie materialand sediment cores along two

~50 km transects (i.e., T1 @ar?-Mile Channel transects; Figuke2) were also used to
document the effect of the north shore erosion on lake sedimentation processes, as well as
sediment transport to the downstne channel system (i.e., Nelson River). Figdré

shows the different particle size fractions for the top 5 cm of sediment cores along the
transects and at Warrends Landing outlet.
the north shore (e.g., 74) are predominantly sHsized similar to the bank materials
forming the north sher (KolmogorovSmirnov test,p <0.05; for more details, see

Goharrokhi et al. (2019) and Phillips et al. (2QGfgta not shown However, the silt to
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clay ratio declines witlincreasing distance from shore until the particle size distribution
is indistinguishable from that of sediments in the NB offshore region (i.e50}.1Given

the information contained in Riges 4-4 and 4-7, and considering the sediment OM
content and saghent budget, which are discussed beldpgendix B-B2 and section
444, respectively), the signature of the north shore matecamtsbe distinguished at

least 20 km southward into the lake.
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Figure 4-7 Spatial comparison of different primary particle size classes of top 5 cm sediment
cores along transects T1 and T2 and at War r e
increase along T1 until T20 (50 km from shorejV1) then decrease from this point along T2 to

the shore at the location of\2ile Channel.

In contrast to sediments along transect T1, no evidence of the north shore materials can
be observed along transect T2 and llo¢tom sediments at the entrancette 2Mile
Channel (e.g., T-B) are predominantly clagized and may be glacial clay materials
rather than contemporary mobile sedim@r@0% < 2 um; Figurd-7). Kimiaghalam and

Clark (2017) and Manitoba Hydro (2014b) found that there was considerabiencod

the lake shoreline around theMdle Channel. This, and the absence of coarser particles
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of the north shore materials in sediment cores along transect T2, suggests that a
considerable portion of the north shore eroded materials in that areaetyeskkorted
through the 2Mile Channel (i.e., due to high flow velocity) to the downstream channel
system without substantial interaction with the lake bottom (i.e., minimal net deposition).
Additional insight into the sedimentation dynamics in the regminLake Winnipeg can

be obtained using the Pejrup diagram (Pejrup, 1988). This diagram classifies the
hydrodynamic conditions of water bodies as low, moderate, high, and very high using the
particle size composition of the bottom sediment (Gadkar e2@l9). Considering the
percentage of particles less than 4 pum in the sediment cores, according to the Pejrub
diagram Appendix BB10), the South Basin, Narrows, NB offshoextrance to the-2

Mile Channel,and NB nearshore (includig War r e n 0 set; Figured-7T)arg o ut |
classified as moderate, high, moderdtay, and very high hydrodynamic condition,
respectively. The high hydrodynamic conditions in the Narrows is in agreement with the
low DMAR in this region and it may, therefore, add further stierigtthe conclusion

that riverine suspended sediments tend to stay in suspension under tHvhigh
conditions through the Narrows.

Considering the reported high kinetic energy of flow and Wwimdliced bi directional

water exchanges at theMile Channel(Bijeljanin, 2013; Kimiaghalam and Clark, 2017),

a high percentage of particles smaller than 4 um in the sediment cores at the entrance to
the 2Mile Channel é.g., T2-5; Figure 4-7) is not consistent with low (i.e., calm)
hydrodynamic conditions during dienent accumulationAppendix BB10). This reveals

that the areaiplake of the 2Mile Channel: a) is a scour zonk) may not reflect the

contempaoary deposition processes; atjdrequires further research.
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4.5.4 Lake Winnipeg total annual dry mass accumulatiorand sediment budget

Brunskill and Graham (1979) identified major sedimentaryinsash Lake Winnipeg
based on: a) bathymetryy) particle size distriion in the surface sediments)
gualitative interpretation of sonaepetration into sediments; adjitextural stratigraphy

of selected cores (n = 14). With this information, in this study it was possible to estimate
the total annual dry mass accumulation (Tg/yr) for each sedimentary bagareay
weighted) extrapolating DMARsrdm individual siteswithin the Thiessen polyga
(Figure 4-8). These estimates of regional sediment deposition along with estimates of
fluvial sediment loading and sediment export were combined to develop a total sediment
budget (i.e., organica inorganic) for the lake (Figure8).

No estimate has been considered for loading by internal biomass productivity or the
deposition of atmospheric dust onto the lake surface. Lakevitiesimilar surface area,
averageadepth, and external sediment loading in its west and central l{Asidsrson et

al., 2017; Rea et al., 1981), is also eutrophic, but there, most autochthonous biomass is
apparently decomposed before deep burial (Kemp, 1971). This may also be the case in
Lake Winnipeg, but because neither primary production nor organtemukggradation

in the sediments are well quantified, there was no attempt to include autochthonous
material as a source. Also, in Lake Erie atmospheric loading is estimated to contribute 0.5
Tglyr of fine sediment (i.e., dust) (Rea et al., 1981). Howewest of Lake Winnipeg is

more remote than Lake Erie from such sources of airborne dust as intensive agriculture
and industrial pollution (Anderson et al., 2017), so that atmospheric loading is likely to

contribute less to the sediment budget. Nonethekdfisough investigation of either
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sources is outside of the scope of this study, it is apparent from the Lake Erie example

that they warrant further research.
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Figure 4-8 Top: sediment budget for Lake Winnipeg; bottom: Lake Winnipeg, sampling sites,

three main areas of the lake, seven major sedimentary basins (gray shadea@rmteBsgssen
polygons associated with sampling sites.

Sedment loading by bank erosion in the South Basin exacerbated by gradually increasing
water levels associated with differential isostatic rebound (20 cm/century; Nielsen, 1998;
see als®ppendix BB11) were also included in the sediment budget. The coniwitaff

the bank erosion in the Narrows region was considered to be relatively small, both

because the shores are mostly bechmmktrolled, and because wave energy is limited by
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the relatively short fetches in this region. The east shore of the lake (&xeeutheast
shore of the South Basin) is almost entirely bedimmhkirolled (Precambrian granitic
assemblages) with broad, stable wateshed zones protecting shallow overburden
(Brunskill and Graham, 1979). Some of the west side and island shoties Morth
Basin, including all of Long Point (a glacial end moraine), are heavily armored with
cobbles and boulders winnowed from glacial till (Brunskill and Graham, 1&5@n

were this not the case, North Basin shores are not subject to water levéligide
differential isostatic rebound to the degree that South Basin shores dliseiiNL998).

For all of these reasons, we have assumed here that the west shore and islands of the
North Basin contribute little additional loading to the sediment buddetvever,the

north shore is distinguished by 2 m high, actively eroding banks of glatazustrine
sediments overlain by peat which do contribute a very significant sediment load to the

lake (see Figurd37 in Appendix BB11).

4.5.5 Sedimentation

Deposition h sedimentary basins delineated by Brunskill and Graham (1979) was
estimated from sedimentation rates in cores, collected for this study, by the Thiessen
polygon spatial interpolation method (Figur¢-8). The point data within the polygons

were aggregatetb the closesedimentary basirit was assumed that sediment deposited
outdde thesebasins is subject to resuspension and focussing (i.e., there is negligible net
deposition outside these regions). In consequence, total and regional sedimentation values
are sensitive to the assumptions that Brunskill and Graham (1979) used to define regions

of net sediment accumulation.
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4.5.6 Sediment loading and export to the upper Nelson River

The fluvial sediment loading during the 2004 to 2017 period was estimated uding dai
di scharge (downl oaded from the WSCo&6s onl i
(interpolated from monthly observations supplied on request by the MB DARD) (see
AppendixB-B11 for more details). The fluvial loading of the Red, Winnipeg, Dauphin,
and &skatchewan Rivers was 2.8, 0.3, 0.04, and 0.2 Tg/yr, respectively. Brunskill et al.
(1980) sediment loading estimation for the period 1969 to 1974 from the three largest
tributaries (Red, Winpeg, Saskatchewan Rivers) wa2.9- Tg/yr which is broadly
similar to the loading estimated for the recent period.

The annual sediment load reported for the Red River by Brunskill et al. (1980)-and re
calculated for this study was determined from observations at Selkirk, 30 km upstream of
the lake, that is, upstreanh the large Netlelylibau marsh complex. TSS measured near
the river mouth, downstream of the marshes, is on average 32% loweattis®elkirk
(flow-weighted averagdifference in 27 pairs of samples collected no more than 9 days
apart, from 2006 to 2016es Appendix BB11). Therefore, it was considered that 0.9
Tglyr of the sediment load in the lower Red River is diverted into the marshes and only
1.9 Tglyr is delivered directly into Lake Winnipeg.

To the best of our knowledge, no previous studies havellpted such a large sediment
load to these marshes. This raises the question of whether they can sequester such a large
load without obvious diminution. Over the last century, differential isostatic rebound and
increasing runoff in the watershed have tbge increased the water level of the South
Basin of Lake Winnipeg by an average rate of 0.005r f\Water Survey of Canada

records; seéppendix BB11). The total area of the marshes is about 260 ddmvhich
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about 190 krhis open water or emergent casa{Grosshans et al., 2004). It would
require that sediment deposition be spread over less than 146fkhis operwater,
wetland complex to absorb the full 0.9 Tg of sediment each year with no net change in
either inundated area or open water volume dive last centuryAppendix BB11). It is
beyond the scope of this study to refine the estimation of sedimentation rates in the
Netleyi Libau marsh complex, or of water level rise. However, it is recommended that the
sediment budget of the Netkeybau mash complex itself be the subject of further study.
Penner and Swedlo (1974) estimated that shore erosion in the South Basin contributes an
additional 0.28 of silt and clay, and 0.23 Tg/yr of sand and gravel to Lake Winnipeg
(Nielsen and Conley, 1994). Itas assumed that the coarse material is confined largely to
the nearshore zone and, therefore, it is not considered further in t#fgrdined sediment
budget. By examination of Landsat TM satellite data from 1984 to 2006 (i.e., in the post
regulation pend) we estimated that 1.3.2 Tg/yr is supplied from actively eroding
banks along the north shore to Lake WinnipAgdendix BB11). By comparison with
results from shore erosion studies at South Indian Lake (Newbury et al., 1978), Brunskill
and Graham (I®) estimated a similar 1.8 Tg/yr erosional input from the north shore.
Considering that the fallout radionuclide dating methadsepresent 60i 100 years of
sedimentation, these fluvial and erosional sediment input data (i.ei,18@Band 2004

2017) are broadly representative of the accumulation rate periods in the core sections
analyzed for this study.

To provide an estimate independent of the inputusoutput budget, int&ébasin
sediment fluxes were estimated from historical tributary dischardeT&s (WSC and

MB DARD datg for the period 20042016. Averageopen water (undeice) discharge
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was 1,717 (1,407) and 2,026 (1,513)srfrom the South Basin to the Narrows, and from

the Narrows into the North Basin, respectively. Corresponding median TSS
concentrations, at stations W9 (South Basin to the Narrows) and Wib\dainto the

North Basin) (Figured-2) were 8.0 (2.5) and 6.5 (3.0) giin = 37 (13) and 38 (10)],
respectively (open water and undeg values, with the latter in parenthes@pperdix

B-B11). Annual sediment fluxes by this calculation (i1 4 3)3vere 0.3 Tg both into

and out of the Narrows.

Sediment exported from the lake was calculated in a similar manner. In samples collected
during the open water season from 2013 to 2019jan€erSS in the Mile Channel and

War r e n 6 swele d36dr =n3g) and 8 girtn = 26), respectively. Neither channel

was sampled in winter. Given that neither bank nor bottom sediments are exposed to
wind/wave energy under ice, it was assumed thatiimiewy TSS in the outlets was the
same as the median 2.5 §/n = 21) recorded undéee at stations W1 and W3 (central
andeas side in theNB offshore Figure4-2; seeAppendix BB11 for map). Overthe

same 20132019 period, averagdischarges were 2,83nd 2,530 fifs in open water and
underice, respectively (WSC records at downstream stations). One third was assumed to
flow through the 2Mile Channel, and the rest through the Wagsehanding outlet
(Kimiaghalam and Clark, 2017). Thus, total annugbaek into the Nelson River was

estimated to be 0.6 Tg/yr.

4.5.7 Sediment budget
Overall, fluvial loading and bank erosion supply 2.5 Tg of sediment to the South Basin
annually. It was estimated that 1.9 Tg/yr, or 76% of the total loading to the South Basin,

is retained in bottom sediments. By subtraction, 0.6 Tg/yr is exported into the Narrows.
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The sediment exported through the Narrows, calculated independently as the product of
net water discharge and median total suspended s1 ~ 4 3)3s 0.3 Tg/yr. This vale
functions as a rough check on the South Basin sediment budget. The difference between
the two estimates of export corresponds to 12% of the total loading, or 16% of the
estimated deposition. The error may equally well reside in the alternate fluxatalcul

or in some combination of the three budget terms. However, TSS is typically higher at
within-Narrows stations than at the two betwé@sin stations, so that median TSS at the
outlet of the South Basin may be an underestimappéndixB-B11). Furtrermore, the

gross intetbasin discharge greatly exceeds the net flow (due to flow generated during
wind-generated setup events, when TSS is likely to exceed the median). Therefore, the
higher sediment flux estimate derived from the budget may be the eam@nable value.
Based on the sediment budget, only 0.1 Tg/yr, or 17% of the sediment transported into
the Narrows is deposited there. Based on the alternate influx and outflux calculations
(3 4 3)3however, there is no measurable net sedimentation. iffeeedce between

two results is within the precision of the budget term (0.1 Tg/yr) and, in either case,
support the argument that the Narrows sedimentary environment is dominatechéty
deposition

Only 0.3 Tg/ly (byl 4 3)30 0.5 Tglyr (by the sedimé budget) of the sediment load is
carried through to the North Basin. The Saskatchewan River contributes another 0.2
Tglyr, and the Dauphin River a neaggligible 0.04 Tg/yr. It is estimated that 2.8 Tg/yr,

is deposited in five sedimentary basins. Iwisrth noting that using the same spatial
interpolation method (i.e., Thiessen polygon) and data fatisoff et al. (2017), the

averageannual sediment aamulation is estimated to bet.5 Tg/yr, throughout the
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whole lake, which is in good agreement wiitle total sediment accumulation of 4.8 Tg/yr
based on data presented in this contribution. Finally, it is estimated (i1 4 3)3

that 0.6 Tg/yr is exported into the Nelson River.

It requires an additional load of 22Z.9 Tg/yr to balance the budgdéithough some of

this may derive from erosion of till along western or island shores or the load of
unaccounted small tributary rivers, most must be from the actively eroding -glacio
lacustrne banks along the north shofighe 2.72.9 Tg/yr is within, althagh near the

high end of the range estimated by inspection of satellite imagery, i.€3.2.1g/yr.
Unfortunately, the range is too large to serve as a useful check on other terms of the
sediment budget. It is beyond the scope of this study to impnovki® estimate. It is,
however, recommended that a more precise determination of bank erosion be undertaken
as a further check on the estimate of sediment deposition in the NB offshore.

Most of the sediment load carried through the Narrows is probablysdeg in the
southern sednentary basins (NB1 to NB3, Figu#e8) with little reaching the northern
sedimentary basins or the outlet. The igenual variability of the lake water circulation

due to episodic strong wave action during high winds may@éspa considerable role

in the movement of north shore eroded sediment, which ultimately transport these
sediments through the outflows or settle in the deeper sedimentary basins. The sediment
deposited ear the north shore (NB5 in Figude8; deposition= 0.7 Tglyr), therefore,

must derive almost exclusively from the adjacent eroding banks, in which case this gently
sloping region captures P26% of the coarser north shore sediments. Up to 0.6 Tg/yr, or
22% of the eroded bank sediments may be exportedctlyir (or indirectly by

resuspension and transport of ephemeral nearshore depdbis) et al. (2012) (their
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Figure 4-8) demonstrate that the averageculation is to the east along the north
shoreline, i.e. preferentially transporting eroded bank mnadégetowards the -Mile
Channel. Their result is supported by the wind record at Norway House, just north of the
lake, where prevailing winds are from the southwest in most summer months
(Environment Canada; https://climate.weather.gc.ca/climate_norndals/ia.html). By

this accounting, about half (>1.4 Tg/yr) of the sediments eroded from the north shore are
transported either directly or gradually by focussing processes to the offshore
sedimentary basins. Further investigation ofgpatial distributionsnd fate of sediment

from the different sources (South Basin, Saskatchewan River and bank efiosion)
possibly using a tracer or fingerprinting approach in order to compare physical and/or
geochemical properties of bottom and exported sediments with Iflawéanorth shore
sourced is recommended.

It can be concluded that the load of sediment exported from Lake Winnipeg into the
upper Nelson River is mainly derived from erosion of banks very near the outlet
channels. Almost all the sediment load derivediimn t he | akeds <contrib
(i.e., 953,250 k) Figure4-1) is, therefore, sequestered in Lake Winnipeg, along with
nutrients and contaminants bound to them. Sediments, nutrients, and contaminants will,
for the most part, be buried and storedha tong term, but can also be released and/or
resuspended cyclically due to internal lake processes, thereby contributing to the
functioning of the lake ecosystem for a number of years (Matisoff et al., RQti@berg

and LaZerte 2016). Consequently, only small amount of the sediment load from the
Lake Winnipeg watershed is transferred downstream to the Nelson River (i.e., there is

minimal sediment connectivity). Sequestration of upstream sediments in the lake, and
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resupply of the Nelson River sedimeo&adl by internal processes (bank erosion), together
have important implications not only for Lake Winnipeg itself, but also for the Nelson

River down to its estuary in Hudson Bay.

4.5.8 Comparison between Lake Winnipeg and Laurentian Great Lakes sediment
budgets
A number of published studies report DMAR and sediment budgets for the various
Laurentian Great Lakes (Colman and Foster, 1994; Corcoran et al., 2018; Eadie and
Robbins, 2005; Joshi et al., 1992; Kemp and Harper, 1977; Kemp et al., 1976; Kemp et
al., 1977;Kemp et al., 1978; Klump et al., 2006; Rea et al., 1981; Robbins, 1980). The
DMARSs for the Laurentian Great Lakes were derived using different methods (including
fallout radionuclides). The major morphometric and hydrological characteristics of these
lakes are summarized i\ppendix BB12.
The dominant source of the sediment loading to all of these large lakes, including Lake
Winnipeg, is shoreline erosion and the sedimentation rate is related to sediment load and
lake surface aregrigure4-9). However, br Lake Winnipeg, this picture is altered when
the two major Basins are considered separately. Shoreline erosion contridLitenes
more sediment than rivers to the North Basin; however, this source only contributes 20%
of the total sediment loading the South Basin. This is similar to Lake Erie (with an
overall shoreline erosion over river supply ratio of 1.9; Rea et al., 1981) where almost all
of the sediment from shoreline erosion is supplied to, and deposited in, the central and
eastern basins, armimost all of the fluvial sediment is supplied to the western basin

(Kemp et al., 1977).
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Figure4-9 Top: contribution of different sediment sources to the total annual sediment input (Tg)
for Lake Winnipeg and the Great Lakes; bottom: relation between the DMAR and total sediment
input (Tgl/yr) for Lake Winnipeg and théreat Lakes. The DMAR data for Lake Winnipeg are
based on this study; Bunting et al., 2016; Lockhart et al., 1998, 2000; Matisoff et al., 2017; and
Wilkinson and Simpson, 2003. Great Lakes data (i.e., DMAR and/or total sediment input) are
based on Colmamd Foster, 1994; Corcoran et al., 2018; Eadie and Robbins, 2005; Joshi et al.,
1992; Kemp and Harper, 1976; ; Kemp et al., 1977, 1978; Rea et al., 1981; and Robbins, 1980.

As described above, the two lakes are analogous in other ways. They are similar in
surface area, averagepth, residence times and land use in their watershed (i.e., a large
amount of agricultural activity)Xppendix BB12; Scavia et al., 2019). Not surprisingly,
given that the sediment loading to Lake Erie is about three times thakéoWinnipeg

(14.9 and 5.4 Tgt, respectively), then the averaD®AR measured in Lake Erie is also

approximately three times the avera@®AR in Lake Winnipeg (2,227 and 863 diiyr,
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respectively). The DMARSs are higher in the western basin of Lake ri&ae,the mouths

of the largest riverine sources, than in thetia@rbasin (Figure in Kemp et al., 1977);
similarly, DMARs tend to be higher in the South Basin of Lake Winnipegpich, like

the western basin in Lake Erie, is fed by the largest rivesonece; the Red Rivérthan

in the North Basin. The major difference is that Lake Erie has a third large, eastern basin,
where DMARSs are as high or higher than in the western basin, in spite of there being no
really important local source. Kemp et al. T¥9 attribute this to circulation carrying
sediments from the eroding bluffs along the north shore of the central basin into the
deeper water in the eastern basin. This may be possible because the bluffs are formed in
tills and glacielacustrine sedimenthat are on average 50% and 31% clay, respectively.
(Rukavina and Zeman, 1987). In Lake Winnipeg, the analogous destination would be the
upper Nelson River downstream of the lake. However, most of the north shore materials
are transported lakeward into sedntary basins in the NB offshore. These matededs
predominantly siksized (90%; Figure4-7), hence, likely to be transported gradually

downslope along the bottom.

4.6 Conclusions

Analysis of the spatial variability of bottom sediment properties and rdags
accumulation rate (DMAR; determined usiftfPbs and **Cs radionuclides) within

Lake Winnipeg were used to investigate the sedimentation dynamics in this large lake. In
addition, the role of sedimentation within Lake Winnipeg within the broademset
transport dynamics in the Nelson River continestalle watershed was assessed by
establishing a total (i.e., organic and inorganic) sediment budget for the lake.

Transportation of sediment dominates in the Narrows, whereas sedimentation is dominant
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in the South Basin and the NB offshore regions. This reflects the role of local
morphology (i.e., the relatively small lake width and rillee path with numerous
islands) and hydrodynamics on sedimentation in the Narrdwsaddition, the
considerable antribution of the eroded materials from the north sharg¢he lake is
documented by:a) the high accumulation ratevith low inventories of fallout
radionuclidesn bottom sediment along the slope between the 12 and 16 m isobath in the
northernmost partfahe North Basinandb) the NB nearshorBIB offshore gradient in

the bottom sediment properties. These differences indicated that the signature of the north
shorematerials can reach at lea®0-km southward into the lake.

Considering the Lake Winnipegediment budget and sedimentation dynamics, it is also
concluded that the most of the riverine sediment inputs are being stored in Lake
Winnipeg. Given the lines of evidence provided in 8tigdy, it is inferred that) Lake
Winnipeg causes a decouplirgf riverine sediment sources between the upstream
contributing watershed and the vdestream channel system; aml a considerable
amount of the materials eroded from the north shore are exported from the lake without
interaction with the lake bottom andghocal source is the dominant source of sediment

for the downstream system. Given the association between mineralogy and surface area
of fine-grained sediment and nutrients (e.g., phosphorus), carbon and contaminants (e.qg.,
metal(loid)s like mercury) theethe decoupling (also termed disconnectivity; Fryirs, 2013)

of riverine sediment sources also has implications for the transport of these materials.
This paper also identifies areas of further research to provide an improved understanding
of sedimentationdynamics within Lake Winnipeg and sediment transport in the

downstream river system (i.e., the upper Nelson River system) incl@aliognstucting
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an independergediment budget for the Netldybau marsh complex as a key feature in

the Lake Winnipeg warshed;b) studying the influence of the effective particle size
distribution (i.e., composite particles) of suspended sediment on the sedimentation
processes in Lake Winnipeg); reviewing the boundaries afiajor sedimentary basins as

well as zones of émsport and erosion within Lake Winnipeg, and collecting more
sediment cores in each major sedimentary basin to calculate total annual dry mass
accumuldéion with greater precisiorg) assessing the effects ofMile Channel on the
contemporary depositionrgcesses in the area immedigtupstream of the channely
investigating the relative contribution of the riverine sediment and the north shore eroded
materials to the NB offshore bottom sediment as well as sediments exported to the
Nelson River systemsing diagnostic physical, biological, and geochemical properties of
sediment and source materials and thercdingerprinting approaclhf) obtaining a

more precise estimate of the erosion of the north shoreline bank in order to check the
estimate of sedient depsition in Lake Winnipeg; andy) incorporating additional
sources of sediment not addressed in this study to the sediment budget, including

atmospheric deposition and internal biomass productivity.
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CHAPTER 5: Sediment sources and transport dynamics in
large, regulated river systems with multiple lakes and reservoirs
in the subarctic region of Canada

A version of this chapter has begublishedn Hydrological Processes:

Goharrokhi, M., McCullough, G.K., Lobb, D.A.Owens, P.N.Koiter, A.J., 2022
Sediment sources and transport dynamics in large, regulated river systbmsultiple
lakes and reservoirs in the subarctic region of Cartdgdrological Processes

36:€14675.

5.1 Abstract

The BurntwoodRiver (BR) and Upper NelsonRiver (UNR) areregulatedriversin the
subarcticregion of Canada.They mergeat Split Lake and then dischargeinto Hudson
Bay via the Lower NelsonRiver (LNR). The BR water dischargewas increaseceight

fold by a crosswatershedliversionin 1976.The UNR drainsthe 11" largestlake in the
world, Lake Winnipeg, which itself receivesdischargefrom a large North American
Interior PlainswatershedSedimenioadsandthe sourcefingerprintingapproachn these
rivers were usedto: a) identify the sedimentsourcesp) examinethe impactof climate
andflow regulationon the BR and UNR sedimentioads;and c) assesshe influenceof

Split Lake on downstreandelivery of sedimeninto the LNR. Lake Winnipegeffectively

decoupleghe UNR from the sedimentsourcesn its prairie watershedFluvial riverbank
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andreservoirshorelineerosionin the UNR increasedn the late 1990s,in responsdo a
multi-decadalincreasein dischargeforced by climate changein the Lake Winnipeg
watershedThe BR sedimentoadwasincreasedevenfold by diversion.Sincediversion,
flow regulationnear the licencedlimit has muted the responseto variability in local
precipitationand runoff; however,erosionprocessesndependentrom discharge(bank
failuresandsubaeriaprocessesaddvariability in the sedimentoad. Basedon sediment
budgeting,Split Lake conveysalmost80% of the BR and UNR sedimentload into the
LNR. The greater sedimentload in the UNR (~1100 Gghr, comparedto ~530
Gglyr from the BR) revealsthatthe UNR is the primary sedimentsourceinto the LNR,
sothatdownstreansedimentransportdynamicsaremoresengive to the environmental
changesn the UNR thanto disturbancesn the BR. Whetherthis may changein the

futuredepend®n engineeringesponsefo increasingdemandor hydroelectrigpower.

5.2 Introduction

It is well documented that firgrained suspendesediment (i.e., <63 um) has a high
capacity for binding and transporting natural and anthropogenically derived constituents
due to its large specific surface area and high chemical reactivity (He and Walling, 1996;
Owens and Walling, 2002). Spatial aedniporal variability of sources and fluxes of fine
grained suspended sediment due to natural or humdaiced controlsi including

climate forcing of hydrology and construction of dams and diversions with associated
water level and discharge regulationaffect: a) the lantdocean flux of contaminants

(e.g., metals and persistent organic pollutants) and nutrients (e.g., carbon and
phosphorus); b) the fate of these substances; c) the water quality and ecological status of

aquatic systems; and d) the geomorphgglof fluvial systems.
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The Nelson River is an important freshwatearine corridor from the Interior Plains of
North America to the Arctic Ocean via Hudson Bay. Its watershed is the largest by area
(i.e., 1,125,520 krf) and discharge (i.e., average anndacharge (Q¢ at ~170 km
upstream of Hudson Bay = 3,540/8) in the Hudson Bay drainage basin (Déry et al.,
2018; Figure5-1). The climate of a considerable portion of this large watershed (i.e.,
from Lake Winnipeg to Hdson Bay; discussed in Sectibrd) is subarctic and the major
rivers in this region are characterized by numerous riverine lakes which are: a) typically
ice-covered for seven months of the year (Bodaly et al., 2007); and b) generally shallow
with short water residence times (Bodaly a#t, 1984). Natural riverbanks and the
shorelines of lakes in this region are largely dominated by weashed bedrock overlain

with clayey tills or glacidacustrine fine sediments deposited by Lake Agassiz.

Over the last half century, the region has egmeed climate change in the form of
increasing summer temperatures, longeffiee periods and increasing river discharges
(Environment and Climate Change Canada and Manitoba Agriculture and Resource
Development, 2020; McCullough, 201BtcCullough et al 2012; Stadnyk and Déry,
2021). In addition, most reaches in major rivers are heavily regulated by a combination of
a crosswatershed water diversion system, hydroelectric generating stations, control
structures, and constructed channels. Increasing wiadeharge due to climate change
and/or impoundments supporting hydroelectric generation stations typically raised the
wateil land interface above waweashed bedrock into fine sediments, making the fine
glaciolacustrine sediments highly erodible. It ieerefore, fundamentally important to

develop an improved understanding of the impacts of these natural and-imaineed
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controls on the sources and fluxes of suspended sediment transported to Hudson Bay, and

ultimately to the Arctic Ocean.

0 200 400 km
I I

Hudson Bay

=>

Lake Winnipeg

—

Figure5-1 Hudson Bay drainage basin and the Nelson River watersheds. The scale bar refers to
the Nelson River watershed.

This research forms part of the BaySys project, which focuses on the effects of
environmental change, includj hydroelectric regulation, on freshwétaarine coupling

in the Hudson Bay systenCépelle et al., 2020; Déry et al., 2018; Goharrokhi et al.,
2021; Guéguen et al., 2018}olour and geochemicdbased fingerprints were used to
provide information on theources of the sediment at several key locations along the two
major regulated rivers of the subarctic section of the Nelson River watershed, namely, the
Burntwood River (BR) and the Upper Nelson River (UNR). The sediment source

fingerprinting results andnformation on recent historical changes in the suspended
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sediment loads in these two large rivers were used tdewglop atotal (organic and
inorganic) suspended sediment budget for Split Lake (which represents the outket of t
BR and UNR watershed$) assess the influence of this lake on the downstream delivery
of sediment to Hudson Bay; and &8sess the sensitivity of the BR and UNR to recent
natural and humaimducedenvironmental changes. This study also provides a basis for
predicting the impéacof future environmental changes on the fluxes of sediment and
associated elements in the main river systems contributing to Hudson Bay. This study
uses the concept of sediment delivery ratios (e.g., Walling, 1983), sediment source
fingerprinting techniqas (e.g., Walling, 2013) and sediment budget approaches (e.g.,
Walling et al.,, 2001, 2003) to investigate factors influencing ilandan sediment
transport dynamics (e.g., Walling and Fang, 2003; Walling, 2006) in this remote region

of the world.

5.3 Study area

The study area includes Lake Winnipeg (watershed area = 953,230 tkem BR
(watershed area = 25,500 kmQ..e = 917 ni/s), the Grass River (watershed area =
15,400 kni; Qave= 66 n/s), and the UNR (watershed area = 30,806 éxuluding the
Grass Rivewatershed (discussed beloW@ue = 2,390 ni/s) (Figure5.2). With a surface

area of 23,750 kfnLake Winnipeg is the 1 largest freshwater lake in the world
(Environment and Climate Change Canada and Manitoba Agriculture and Resource
Development, 2020)and the thirdlargest hydroelectric reservoir in the world
(Environment Canada and Manitoba Water Stewardship, 200.ldomprises three
distinct regions, the South Basin, Narrows, and North Basin with average depths of only

10, 7, and 13 m, respectivelgharrokhi et al., 2021). It has been regulated to better
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match seasonal discharge to hydroelectric demand, within historical water levels, since
1976 mainly by constructinga) 2Mile and 8Mile Channelsat the outlet and ~60 km
downstream from the lakeutlets, respectivelyb) the Jenpeg hydroelectric generating
station (hereafter referred to as Jenpeg) ~100 km downstream of Lake Winnipeg; and c) a
control structure a€ross Lake (average depth = 4 m; surface area = 177vialume =

0.7 kn?; Coordinated Aquatic Monitoring Program (CAMP), 200Ba~130 km

downstream of Lake Winnipeg
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Figure5-2 Left: study area including Lake Winnipeg and its three distinct regions (South Basin,
Narrows, and North Basin), Upper Nelson River (UNR), Grass River, Burntwood River (BR),
and Lower Nelson River (LNR) watersheds (redsdrepresent the Jenpeg and Kelsey generating
stations); right (up): Google Earth map: Split Lake and locations of the sediment coregdollect
by Manitoba Hydro in 1997 and 1998 (Core A, B, and C) and the visible turbid plume extended
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from the BR alonghe northern margin of the lake; right (middle): the UNR between Lake
Winnipeg and Sipiwesk Lake; right (below): Lake Winnipeg outletdv{2 Channel and
Warrenés Landing). The scale bar refers to the

The UNR originates from Lak&Vinnipeg and, therefore, it receives a considerable
amount of water from the Lake Winnipeg watershed. The outflow from the lake into the
UNR passes through two outl et s: a) the re
Landing; and b) the deepet\gile Channel which was constructed to improve hydraulic
connectivity between the lake and the control structure at Jenpeg (Goharrokhi et al.,
2021). Downstream of these outlets, the UNR splits into two channels which rejoin at
Cross Lake. Approximately 85% diie flow passes through the West Channel and the
Jenpeg generating station, and the rest flows through the uncontrolled East Channel
(Bijeljanin, 2013) Downstream of Cross Lake, the UNR flows through Sipiwesk Lake
(surface area = 496 KEC/DFO, 1992) ah from then via a narrow, straight channel to
Split Lake @verage depth = 3.9 m; surface area = 272 kwiume = 1.5 ki CAMP,

2008b; Lawrence et al., 1999

Just upstream of Split Lake, the UNR is impacted by the Kelsey generating station
located ~7 knupstream of Split Lake. It was constructed in 1961 and creaté6 lem?
reservoir (volume = 130,408 3nEC/DFO, 1992). The Grass River joins the UNR
between the Kelsey generating station and Split Lake. The Grass River is unregulated and
does not receivany water external from its watershed. While the Grass River watershed
increases the total UNR watershed area to 46,200 (key, 50% increase), the UNR
discharge at the Split Lake inlet increases by less than 5%. Hence, the discharge in the

UNR is mainlycontrolled by the Lake Winnipeg contributing watershed and the local
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subwatersheds within the UNR watershed do not contribute greatly to the UNR
discharge.

The BR flows into Split Lake and it also receives water external from its watershed to
augment flevs for hydroelectric generating stations constructed between Split Lake and
Hudson Bay (discussed below). Excess water was diverted from the Churchill River
watershed (i.e., area = 242,000%mat Southern Indian Lake in the BR in 1976 (Figure
5-2; Manitola Hydro, 2015; Newbury et al., 1984). Southern Indian Lake was impounded
and its water level was raised by ~2 m to divert about thueeters of the annual
averagewaterdischarge of the Churchill River to the BR (Manitoba Hydro, 2015). The
upper BR (i.e.>112 km upstream of Split Lake at Thompson; watershed area = 18,500
km? excluding the Churchill River watershe@;.. = 883 ni/s) is in essence a series of
lakes joined by short riverine reaches and only ~36% of the distance is riverine.
Conversely, abdu86% of the lower BR (between Thompson and Split Lake) may be
considered riverine stretches (Manitoba Hydro, 2015; Figt#fe After merging at Split
Lake, both the BR and UNR drain into thewer Nelson River (LNR)The LNR flows

into southwestern HudeoBay, 300 km downstream of Split Lake. The LNR is also
regulated for hydroelectric power generation, and water passes through four more dams

before discharging to Hudson Bay.

5.4 Methods

Sediment source fingerprinting approaches were used to determine softirfies-
grained sediment at the Lake Winnipeg outlets and in the BR. Potential sediment sources
and suspended sediment samples were collected from several locations between May

2016 and October 2017. Suspended sediment from the Red River as the maua river
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input to Lake Winnipeg and sediment eroded from the north shore of the lake (i.e., the
~812 m of glacielacustrine sediments) were identified as the two main sediment
sources at the Lake Winnipeg outlets (Goharrokhi et al., 2021). The Red Riverdagspen
sediment samples were collected using a -“dimegrated suspended sediment sampler
between May and November 2016. The sampler was designed by Phillips et al. (2000)
and evaluated for this watershed by Goharrokhi et al. (2019) MMh&lamaoresearch

vessel was used to access and collect the north shore materials from the middle height of
the shore line using a small, stainless steel trowel.

Discrete or poinin-time suspended sediment samples at the Lake Winnipeg outlets were
collected from theNamao usng highflow rate continuoudlow centrifugation and
filtration devices (for details on these samplers see Goharrokhi et al. (2020)). Suspended
sediment samples were collected during whHake spring, summer, and fall cruises of

the Namaoand, thus, areepresentative of any seasonal variability in the contribution of
sediment sources.

In addition, the colour properties of north shore materials and suspended sediment
samples at the Lake Winnipeg outlets collected by and described in Theroux \{20&

used. These samples were collected in 2014 and are included in the current study to: a)
increase the sample number of north shore materials; and b) allow for examination of
temporal variability of sediment source fingerprinting results. It is worth notiaigirh
Theroux (20%), the timeintegrated sampler was used to collect suspended sediment
samples at the Lake Winnipeg outlets from June to October 2014.

To determine the sources of sediment in the BR, suspended sediment and potential source

type (topsoil ad riverbank materials) samples were collected at five sites in the BR in
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late July and early August of 2016 and 2017. The sites were located 2, 24, 112, 172, and
259 km upstream of Split Lake. Suspended sediment site coordinates are reported in
Appendix GC1. Suspended sediment samples were collected using the sarfewigh

rate samplers described above. Close to each site, a small stsietddsowel was used

to collect riverbank samples from the middle height of the bank. At the riverbank profile
sanple site 259 km upstream of Split Lake, sdmples were collected at -tth
increments. In the upland area close to each of the riverbank locations, topsoil samples
(i.e., surface mineral layer; soil A horizon) were collected from pits dug using a stainles
steel shovel and a soil probe to a depth-80m based on the horizon depth.

In addition, information on the sediment accumulation rate in Split Lake was determined
usingthree cores collected by Manitoba Hydro in 1997 and 1998 (FigdreCore A, B

and C) so as to provide a better understanding of sedimentation dynamics in this lake
(Bezte and Lawrence, 1999; Manitoba Hydro, 2015). Core A is about 2 km upstream of
the outlet, Core B is in the visibly turbid plume of the BR, about 12 km downstream o
the inlet (and 30 km upstream of the outlet by the most direct path), and Core C is
centrally located. Bezte and Lawrence (1999) used the unsupportedl@gd’Ph.)

linear fit and constant flux models to estimate @averagesediment accumulation es.

Also, theaverageannual sediment accumulation rates for the cores were estimated using
the depthprofiles of caesiuri37 (*'Cs) concentrations. As these sediment cores were
collected in 1997 and 1998, the chronology method based on the locatioa'3iCth

fallout peak in the cores represents élveragesediment accumulation rate for the period

of 19631997/98 (for more details on the sediment dating methods d3i6g, see

Goharrokhi et al., 2021).
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All source and suspended sediment samples waeeglin prelabeled plastic bags and
stored in coolers (i.e., the Red River, the BR, and Split Lake samples) or in a refrigerator
(at £C) on board theNamao(i.e., Lake Winnipeg samples) for further analysesthe
laboratory, suspended sediments wereovered from the filters as described by
Goharrokhi et al. (2020) and the approach described by Perks et &) (@4 used to
obtain samples from the timetegrated sediment sampler. All the samples were dried at
40°C and manually disaggregated with artap and pestle. To provide a more direct
comparison between suspended sediment and source type samples, all the latter samples
were passed through a 63 um sieve (Laceby et al., 2017).

The volumetrigorimary particle size distribution of the suspendedreedi samples was
determined in triplicate using a Malvern Mastersizer 2000 (Malvern, UK) laser
diffraction particle size analyser at the University of Manitoba, Canada. Prior to
measurement, the organic fraction of ~1 g subsamples was removed using 36gemhyd
peroxide and further dispersed with sodium hexametaphosphate following the procedures
outlined in Kroetsch and Cang (2007). Clay, silt, and saned particles irthis paper
indicates <2 pym, 53 um, and 632,000 um, respectively.

The organic mattecontent of the suspended sediment samples was determined using the
approach described by Siev et al. (2018) by drying ~3 g subsamples’@t fb024 hr
followed by combustion of the subsample at ®5@or 16 hr. Subsamples of thelLl

water samples colléed in the BR were filtered using Whatman GF/F-weght and
pre-ashed glass fiber filters according to the ASTM standard method (EBR7ASTM,

2013) to determine totaluspended solids.
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The visibleand neatinfrared (VisNIR) reflectance of the samplegre measured using

a portable spectroradiometer (ASD FieldSpec Pro, Analytical Spectral Device Inc.,
Boulder, CO, USA) at the University of Manitoba. Samples were placed into Petri dishes
and smoothed before conducting the colour test. A white panect(Sioa diffuse
reflectance standard) was used to determine downwelling spectra before performing each
test, after which 10 spectra were recorded for each sample. For each sample, the average
percent reflectance spectrum (radiance from sample divideddmnce from the white
panel) was then determined and used to calculate 15 colour coefficients over the visible
wavelength range (i.e., 3&B0 nm) (for analytical and calculation details, see Barthod et
al,, 2015.

The concentrations of 46 geochemicalnedats of the sediment source and suspended
sediment samples were measured using-MZ following a microwaveassisted
digestion with nitric acid at the Northern Analytical Laboratory Services, University of
Northern British Columbia, Canada (for analytidatails, see Owens et,@019.

Colour and geochemicabased sediment source fingerprinting approaches ette
employed to identify the sources of sediment. This allows cdlased results to be
compared with the more conventional geocheriesledapproach (MartineZarreras et

al., 2010). The standard MixSIAR model framework, as a flexible Bayesian model and an
opensource R package, wased to estimate the relative contribution of each potential
source to the suspended sediment samplesi¢tais, see Blake et al., 20;18tock et al.

2018; and Stock and Semmen2019. One of the main advantages of Bayesian
modelling is that the covariance structure of MixXSIAR addresses redundancy (i.e.,

fingerprint selection by discriminant function analysisaot required; Blake et al., 20118
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However, prior to modelling, neconservative fingerprints were identified and removed
using the range test (Collins et al., 1997).

For suspended sediment samples collected in 2014, only a residual error term was
included in the mixing model as the tinmtegrated suspended sediment sampler was
continuously capturing sediment over time (Stock and Semmens, 2016). However, for the
discrete suspended sediment samples collected byflbighrate samplers in 2016 and
2017, aprocess error term was also included. An uninformative prior was specified and
the Markov Chain Monte Carlo parameters were set as: chain length = 100,000, burn =
50,000, thin = 50, chains = 3. Model convergence was assessed using the-Belnman
diagnosic (< 1.05).

Suspended sediment fluxes at selected sites in the BR and UNR were calculated using
fluvial discharges reported by Environment and Climate Change Canada hydrometric
records lttps://wateroffice.ec@ca) and longterm records of totasuspended solids

data supplied on request by Manitoba Agriculture and Resources Development.
Environment and Climate Change Canada hydrometric stations and Manitoba Agriculture
and Resources Development suspendedresdi sampling site coordites are reported

in Appendix GC2. At hydrometric stations in the study area, daily and monthly
discharges were obtained using hourly water discharge data. Suspended sediment
sampling intervals varied between sampling statiomsyaars from biveekly to fivesix
samples per year. Quantification of precision in total suspended solid measurements in
the BR and the UNR using point sampling method were carried out by Bezte and
Lawrence (1999) and Stainton (2019), respectively. Buttliess showed little variation

in total suspended sediment concentration due to vertical and horizontal velocity
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gradients in a crossection and a precision error of 1ng/was estimated for both river
systems. Considering the fine particle size compwsitf suspended sediment in the BR
and the UNR (discussed below) these findings are consistent with Horowitz et al. (1990)
who indicated that large variation in total suspended solid concentration in vertical and
horizontal directions in a river cresgcton is mostly due to coarggained particles
(>63 pm).
The following interpolatiorbased sediment load estimation algorithm (i.e., method 17 of
Phillips et al. (1999)) was used to estimate the annual sediment loads.

41 OAIAE L1

I

where K is a conversion factor,; & the instantaneous total suspended sediment
concentration, n is the number of samples, apis @eaveragalischarge for the period
of record
While the infrequent suspended sediment sampling is concerning witkcregp
sediment load estimation over longer tistles, this is the best available data set for the
BR and the UNR. The remoteness and logistical difficulties of the subarctic region
severely limits data collection. It is important to note that extrapoktased methods
(i.e., rating curves) were not employed as these algorithms may not be able to reflect non
stationarity in the annual sediment load time series in response to a number of factors
including environmental changes (Walling, 2006).
Sedimentloads at Norway House on the East Channel of the Nelson River were
estimated using hydrometric records at Sea River Falls (~30 km downstream of Norway
House) and suspended sediment records at Norway House. Discharges for the Sipiwesk

Lake outlet were estiated from théhydrometric stationat Jenpeg, Sea River Falls, and
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the Kelsey generating statioMoreover,Water discharge of the BR at the Split Lake
inlet was estimated as the sum of discharge at Thomgsorplus the discharge of the
Odie River yatersied area = 6,110 KnQue = 34 ni/s) which joins the BR between
Thompson and Split Lake. In addition, sediment input from the UNR to Split Lake was
estimated by using a linear regression method between sediment loads calculated at the
Sipiwesk Lake outleand at the Split Lake inlet below the Kelsey generating station
(discussed below).

The relation between annual river discharge and sediment load due to natural and/or
humaninduced environmental changes was investigated by using a double cumulative
mass fot. This plot is a tool used for providing additional insights into the sediment
transport dynamics in a river system by identifying whether there are changes in the

relation between these two variables (Walling, 2006, 2012; Walling and Fang, 2003).

5.5 Resuls

5.5.1 Sedimentsource contributions and properties

The colour and geochemicdbased source contribution results from MixSIAR for the
suspended sediment collected at the Lake Winnipeg outlets ¢(Mile ZZhannel and
Warrendés Landi ng)5-3dtopepansl)hdsiigitheimediaf valyeiaf the
posterior distribution, sediments derived from erosion of giaiastrine fine sediments
along the north shore of the lake contributed >85% of the suspended sediment load;
sediments derived from the Red Riveomprised <15% of the load in the outlets. The
entire posterior distributions are shown in Fig&8 and highlight the uncertainty

surrounding the median values of each sediment sources. The seasonal relative

Sedimentary process in large, regulated river systems in@anadian subarctic 151



contributions of these two sediment sourcetha outles are presented in Appendix C

C3
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Figure5-3 Box and whisker plot of the relative contribution from (top panel) the Red River suspended sediment and Lake Winnipeg
north shore materials to the suspended sediment at the outlets of the lake; and (bottom paneividoal source types along the
Burntwood River (BR) to the suspended sediment in the BR; using colour and geocHeaseadlfingerprints and MixSIAR.
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Both colour and geochemical fingerprinting results showed that riverbank material (as
opposed to topsqilis the source of over twihirds of suspended sediment in the lower

BR (O 112 km upstream of Spl it Lake) and
gradually increases downstream (Figb¢8; bottom panel). In the upper BR and using

the geochemical appach, topsoil and riverbank material are nearly equally represented
as a source of sediment; however, by the colour approach riverbank material comprises
over three quarters of the suspended load. The dissimilar results may possibly be
explained by geocimeical differences in the source materials that are not indicated by
colour fingerprinting. This is not unreasonable, given underlying geology differences
between the upper BR, where banks are predominantly granitic with shallow, mainly
clayey till overburén, and lower BR, where banks are predominantly metagreywacke
overlain by deeper glaciacustrine sediments.

Total suspended solids concentration in the BR increase in thasti@am direction,

from 8 18 gim? at stations 259 and 172 km upstream of Sylke, to 27 gh®, at stations

24 and 2 km above Split Lake. As could be expected given the longitudinal increase in
the share of riverbank material in the suspended sediment load, the organic matter content
of suspended sediment samples decreases fromat. 8% upstream stations to 2.5% at
statiors near Split Lake Appendix GC4). The volumetric primary particle size
distribution of the inorganic fraction ofuspended sediment collected at thake
Winnipeg outlets and five sites in the BR, samples is datad by finegrained

materialsthe percent silf2-63 pm)ranges from 70 to 91%aata not shown).
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5.5.2 Temporal change inwater discharge andsuspendedsedimentload

Time series of annual river discharge and sediment load, limited to the periods of
availabletotal suspended solids records, in the UNR at Norway House, Jenpeg, and
Sipiwesk Lake outlet, as well as Split Lake outlet at the head of the LNR are shown in
Figure5-4. With the exception of Jenpeg, both time series of discharge and sediment
loads showwadence of a statistically significanpward trend over the period of record at
the 95% level.

The significant increases in the estimated annual sediment loads are further confirmed by
the cumulative double mass plots in the UNR at these sites (Fgla€). Slope breaks

in the plots indicate that in the UNR the increase in sediment loads relative to water
discharges began in the late 1990s (i.e., about 1998). Bedatseere recorded at
Jenpegonly since 2001 it is not possible to identification of similar late 1990s
divergence there. However, the available data do indicate a later divergence at this
station, beginning in 2010.

The effect of diverting Churchill River flow in the BRdened in 1976had a great
impact on erosion and sediment transpdhe BR annual river discharge and sediment
load at Thompson from 1958 to 2019 are shown in Figude. Theaverageannual
sediment load since 1977 is more than sdweéh of that in the period 1958 to 1972,
primarily as a result of the constructiontbe Churchill River Diversion between 1974
and 1976. This crossatershed water diversion in the BR increasedatrerageannual

water discharge to about eigfiold of its former value.

In the BR, the annual discharges show a statistically signifipas@.() increase over the

period 1979 to 2019. However, the trend line fitted to the sediment loads over the same
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period, suggests that sediment loads have declined. Although the annual sediment loads
showed no statistically significant trend, the double maes also suggests that the

sediment load has decreased over the past ~15 years. This departure from the initial trend
in the double mass plot can be seen as a gradual shift rather than the sharp break in slope

that is evident in the UNR plots.

Sedimentary process in large, regulated river systems in@anadian subarctic 156



(a) Norway House (b) Jenpeg generating station (c) Sipiwesk Lake outlet (d) Split Lake outlet (e) Burntwood River at Thompson
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Figure5-4 Recent trends in the annual water discharge and suspended sediment loads of: (a) the East Channel of the Upper N¢idRh&River (
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5.5.3 Split Lake sedimentbudget

Water dischage and sediment loads delivered by local tributaries to Split Lake are
negligible compared to the BR and the UNR (Manitoba Hydro, 2015). Moreover,
considering that most of the shoreline of Split Lake is bedcockrolled and overlaid by

a protective vegation cover, the shoreline is resistant to erosion during low to normal
water levels and minor erosion may occur locally at high water levels (Manitoba Hydro,
2015). Thus, the shoreline materials are unlikely to be a significant source of additional
sediment.

There are uncertainties regarding the proportion of sediment loads measured at
Thompson that will reach Split Lake, as an unknown part of the load is deposited in
shoals at the mouth of the BR in Split Lake (Manitoba Hydro, 2015). Moreover, recurring
mass wasting events have been documented at several local sites in the reach of the BR
between Thompson and Split Lake (Kellerhals Engineering, 1988). However, precise
determination of irstream losses by sedimentation at the inlet to Split Lake, and the
magnitude of local riverbank mass wasting between Thompson and Split Lake are
beyond the scope of this study, although they do warrant further research. Nevertheless, a
comparison between available toglspended soliddata between Thompson and the
Split Lake inlet demonstrates that, on average, the sotsppended solidat the latter

point is greater than that at the former by about 15%. Increasing contributions of
riverbank material to the sediment load in a downstream direction is supported by the
sediment source fingerprinting results (Figuse3), as well as the downstream values of
total suspended solidand the organic matter content afspended sedimenfpendix

C-C4; Section5.4.1).
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The average sediment load delivered into Split Lake from iZ31® is 530 and 1,100
Gglr from the BR and UNR, respectivelwhich gives a total of 1,630 Gg/ The
average sediment load exped from the lake is 1,300 Gg/ The total amount of
sediment sequestered by Splake is, therefore, about 330 @gfi.e., he difference).
This is equivalent to 20% of the total annual sediment load delivered to thedakénk

BR and UNR (Appendix €5).

5.6 Discussion

5.6.1 Decoupling of the North American interior plains watershed at Lake
Winnipeg
Sediment source fingerprinting téts at the Lake Winnipeg outlets indicate that <15% of
the suspended sediment load in the outlets is from the Red River with the remainder
being primarily derived from the erosion of the north shore of the lake. Approximately
600 Gg of sediment is expodefrom Lake Winnipeg into the UNR each year
(Goharrokhi et al., 2021). Therefore, using colour ancclgemical fingerprinting, ~90
Gghyr (i.e., 15% of 600 Ggi) of the exported sediment is derived from the Red River
sediment loadThe total incoming sedient loadfrom the Red River is about 2,800 Gg/
(Goharrokhi et al., 2021). If it is assumed that sediment samples collected from the Red
River are representative tfie incoming sediment loafdom the entire Lake Winnipeg
watershed as the other majoributaries supply only 16% of total watershed sediment
load 7 it can be concluded that only about 3% of the Red River sediment load is
transferred to the UNR. Even by considering the total incoming sediment load from all
major tributaries (3,340 Ggyr; including the Red River), the fraction of the watershed

sediment load transferred to the UNR is shene, 3%These results demonstrate that this
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large lake essentially decouples the UNR from the suspended sediment load derived from
its upper watershedThus, linking the sediment sourcéngerprinting andsediment
budget approaches identifies Lake Winnipeg as playing a major role in modifying

sediment sources and transport in ttoatinentalscale watershed

5.6.2 Sedimentsources andtransport dynamicsin the Burntwood River (BR)

As mentioned above, the most upstream sites in the BR (i.e., sites at 259 and 172 km
above Split Lake) are reasonably representative of the predominantly-facuatrine
regime (64% of mainstem length) and, conversely, sites at 2ngd4112 km above the

lake are in riverine stretches in the lower BR (86% of mainstem length) (Manitoba
Hydro, 2015). The lowetotal suspended solids at stations 259 and 172 kmeagstiof

Split Lake (Appendix @C4) can partly be explained by the lower alersediment
transport capacity of the upper BR. This is likely due to the system being a series of
linked lacustrine environments rather than a continuous riverine reach. However, the
higher total suspended solid concentration in the lower BR is suppdayethe higher
sediment transport capacity of the faster flowing, predominantly riverine regime. The
lower BR is also known for several large rotational bank failures eficgbeclay banks,
activated as part of riverbank-agljustment to accommodate thighe-fold increase in
discharge. That is, the reach includes intermittent (spatially and temporally) sources of
fine sediments to the BR (Kellerhals Engineering, 1998). In another early study (i.e.,
Northwest Hydraulic Consultants Ltd., 1987) the authotedhthat the primary sediment
source in the lower BR was riverbank materials, in contrast to the upper BR where

erosion of reservoir banks was the primary source.
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The higherorganic mattercontent of the suspended load at sites in the upper BR
(Appendix GC4) may derive from the degradation of the extensive wetlands and forests
inundated during the construction of these reservoirs (i.e., Notigi and Wuskwatim).
Moreover, the lowrelief glacielacustrine clays and silts that border the reservoirs are
overlan by deep peat. Therefore, both inundated wetlands and forests, and eroding peat
bordering reservoirs in the upper BR may explain the highganic mattecontent of the
suspended load at sites in the upper BR.

Overall, the lonorganic mattecontent ofthe lower BR suspended load is consistent with
the loworganic mattecontent of the suspended sediment collected by sediment traps at
20 sites in Split Lake during the opemater season of 2009 and 2012 conducted by
Manitoba Hydro, i.e., on average ~<3% the total sediment mass (data not shown)
(Manitoba Hydro, 2015). This supports the sediment source fingerprinting results which
indicate that the materials with higimganic mattecontent (eroded topsoil) are unlikely

to be a primary source of sedimémthe lower BR and Split Lake.

5.6.3 Sensitivity of the Burntwood River (BR) and Upper Nelson River(UNR) to

recentnatural and human-induced environmental changes

5.6.3.1 Importance ofenvironmentalchanges in the Upper Nelson RivéUNR)

Several studies have documeshincreasing water discharge since the 1990s in regulated
and unregulated rivers that flow into Lake Winnipeg, and have attributed this to
increasing precipitation in major contributing watersheds (Erguironment and Climate
Change Canada and ManitobAgriculture and Resource Development, 2020;
McCullough, 2015McCullough et al., 2012). Therefore, a change in climatic conditions

is the main cause for the increasing discharge in the UNR over -20a90(Figures-4).
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Given that sediment transport in tb®&R is largely decoupled from its upper watershed

due to sequestration of riverine sediment in Lake Winnipeg, as indicated by both the
Lake Winnipeg sediment budget and fingerprinting results (Sebttofh), the increased
sediment load in the UNR, unlikke source of increase in the discharge, must be derived
from local sources. This strongly suggests that land and water management practices
impacting erosion of fields and riverbanks upstream of Lake Winnipeg has little impact
on sediment loading in theNRR.

The spatial records of annual discharges and sediment loads can also be used to assess the
existence of interegional variability in response to environmental chakge example,

at all four sites in the UNR, thaverageannual discharge during 202019 increased
between 716% compared to the period 202009. However, theaverageannual
sediment loads during the former period at Jenpeg, Norway House, and Sipiwesk Lake
outlet increased by about 57%, 10%, and 10% relative to those in the peric2(2801
respectively. The equivalent value at the Split Lake outlet was a 13% red{iciiade5-

1). These sediment loads results demonstrate that the West Channel of the UNR is more
responsiveao water level fluctuation and increasing dischatrgmn both théeast Channel

and the lower reach of the UNR. The West Channel is impounded above Jenpeg
generating station; its shores have had only decades to stabilize to new (and variable)
water levels. The lower responsiveness of sediment load in the East Channleé may
because its shores have been washed clean in response to fluctuating water levels over
centuries, if not millennia. It is not clear why the UNR at the outlet of Sipiwesk Lake was
less responsive to higher discharge. Kelsey generating station impotinedételson

River, destabilizing shorelines as far upstream as Sipiwesk Lake, where some banks are
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still observed to be actively eroding. However, the impoundment is 15 years older than
the Jenpeg forebay, and it may be that fewer unstable banks remaim ngdbh of

waves, even at higher water lev@4anitoba Hydro, 2015)

5.6.3.2 Importance of Environmental Changes in the Burntwood RiV@R)

The low interannual discharge variability of the BR after 1979 (top panel in Figde)

is explained by regulation oflows diverted from the Churchill River. Diversion
discharge has been fairly constant since an augmented flow regime was instituted under
annually renewed Provincial operating licences (Manitoba Hydro, 2010). Since the
diversion contributes most of the Woin the BR and the river is generally operated near

the licenced limit, it has partially masked potential clinfateed increase in local
runoff. This can be seen in Talilel as theaverageannual water discharge and sediment
load at Thompson for the gent period (1992019) changed from those for the period
prior to 1999, by 7% an&/%, respectively

Other published studies provide further evidence that the sediment load has decreased
despite the increased discharge in the BR undefdestsion condibns (CAMP, 2018;
Stange, 1990; Vitkin and Penner, 1979). Data for these studies were collected
independently of the lonterm Provincial water quality data that were used to create
Figure5-4. Using these studies, the BiRerageannual sediment load atetlSplit Lake

inlet for 19771979, 19871989, and 2008 is estated as ~830, 640, and 510 @&g/
respectively. Thus, while annualieragedischarge was 26% and 11% higher in 2008
than in 19771979 and 19874989 respectively, the annualveragesediment load

decreased by about 40% and 20%, respectively.
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The higher sediment loads in the first years afterdiversion (i.e., ~70050 Ggyr at
Thompson and ~830 Gg/at the Split Lake inlet; Figurg-4) were rare later in the time
series. While the average sedint load at Thompson from 198019 was less than two

thirds that reported for 1978981, it has been highly variable, and in some years has
approached or matched the magnitude reported for the earlgipestion years. This
indicates that intermitter@rosion processes, related to, but quasdependent from water
discharge, such as subaerial processes and bank failure, are significant sources of
sediment to the system. In localized areas in the BR, previous studies have linked specific
instances of lagye sediment loads to episodic events, including sudden bank or bluff
slumping, and wave action associated with high wind events (Northwest Hydraulic

Consultants Ltd. 1987, 1988).
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Table 5-1 Average vater discharges and suspended sediment loads, percent changes of discharges and sediment loads, and sediment load to
discharge multiplier for different periods (i.e., 197998, 1999019, 20012009, and 2012019; column 2) in the Burntwood River (BR) at
Thompson (column 3); in the Upper Nelson River (UNR) at Norway House (East Channel; column 4), at Jenpeg generatingestiation (
Channel; column 5), summation of the East and West Channels (column 6), at Sipiwesk Lake outlet (column 7), and atdbplét l(akkimn

8).

1 2 3 4 5 6 7 8

Column 4 +5
Sipiwesk Lake  Split Lake

Period Thompson  Norway House Jenpeg (West + East
outlet outlet
Channels)
19792019 883 350 1,949 2,299 2,332 3,316
197998 853 317 1,637 1,954 1,912 2,849
Discharge
; 199-2019 911 (7% 377 (19%) 2,246 (37%) 2,623 (34%) 2,692 (41%) 3,671 (29%)
(m?/s)
200109 891 350 2,211 2,561 2,563 3,544
201019 938 (5%) 407 (16%) 2,366 (7%) 2,773 (8%) 2,935 (14%) 3,952 (11%)
Sediment | 19792019 464 138 NAY >138 769 1,304
load 197998 482 111 NA >111 419 960
(Gghr) 19992019 448 (7%) 162 (46%) NA (NA) >162 (NA) 1,070 (155%) 1,600 (68%)
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200109 435 160 1,111 1,271 1,070 1,772

201019 442 (2%) 176 (10%) 1,740 (57%) 1,916 (51%) 1,182 (10%) 1,536 (13%)
Between

197998 and -1.04 2.43 NA NA 3.81 2.35

19992019

Multiplier

Between
200109 0.3 0.61 8.1 6.13 0.7 -1.16

and 201619

A Percent changes of discharges and sedi ment | oads given in parert

y: Not Available (owing to the lack of data).
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5.6.4 Influence ofSplit Lake ondowngream delivery of sediment

Considering Sectiob.5.3, it is possible to establish a sediment budget for Split Lake for
19791998 and 1992019. This demonstrates the stability of the lake sediment budget in
spite of environmental change. From 19998, tle BR and UNR contributed similar
sediment loads (i.e., 550 and 620 @g/respectively). However, during the subsequent
period a 40% increase in thgerageannual discharge in the UNR was observed, mainly
due to climate change (increased runoff due tonges in precipitation) in the Lake
Winnipeg watershed. This increase in discharge resulted in a 155% increase in the
averageannual sediment load in the UNR (Figi®). By comparison, betweegreriod
differences in water discharge and sediment load oBEavere minor. Therefore, in the
second period, the UNR represented the primary sediment source for Split Lake with an
averagecontribution of 1,500 Ggf. Nevertheless, in spite of this large increase in
sediment supply from the UNR, the sediment tragpéfficiency for Split Lake (i.e.,
~20%) remained constant. This may relate tostert water residence time in the lake
(discussed below). Given the magnitude of sediment loads of the BR and UNR in the
second period and the low sediment trapping effayeim Split Lake, the UNR is the
primary source of sediment (~73%) supplied to the LNR in this period.

The results of continuous monitoring of sediment flux using turbidity sensors at the BR
and UNR mouths and the Split Lake outlet from July through Sdqme@008 (CAMP,
2018) were used to validate the estimation of sediment trapping efficiency in Split Lake.
While theaveragedaily sediment load at the outlet of the lake was 5.3 Gg, the equivalent
values for the BR and UNR inlets were 1.4 Gg and 5.1 Ggertively, over that study

period (CAMP, 2018). Assuming negligible sediment input from other rivers and the
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Split Lake shoreline, about 20% of the sediment load from the BR and UNR was
sequestered in the lake, i.e., the same as reported herein foridte®992019. It can

also be estimated from the CAMP (2018) data that during thewptsr season of 2008,

the UNR supplied about 80% of the sediment that was delivered to the LNR, only slightly

more than the 73% estimated herein for the period 11Z229.

Export to the Lower
1979-1998 Nelson River

1
B 19992019 960 G yr
M 1,600 Gg yr'

Burntwood River

550 Gg yr'!
1 -
m 520Ggyr " : _5_., Sediment trapping efficiency
pisevAgT S ) 18%
M 21%

Upper Nelson
River

620 Gg yr! <z Sediment accumulation

210G !
M 1,500G 1 e
3 gyr B 420 Gg yr!

Figure 5-5 The sediment budget for Split Lake under posgulated conditions for the periods
19791998 and 1992019.

The use of theoretical methods for estimating sediment trapping efficiencies in lakes and
reservoirs has beewell documented (e.g., Foster and Walling, 1994; Walling et al.,

2003). An assessment of the sediment trapping efficiency in Split Lake under post
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regulated conditions was, therefore, performed by: a) calculating the ratio of the lake
volume (1.5 ki) overtheaverageannual water discharge at the lake outl®@4(kn7); b)
considering the particle size distribution of the BR and UNR suspended sediment
(Section5.5.1); and c) using the fingrained sediment curve developed by Brune (1953).
This provides an stimate of the sediment trapping efficiency of Split Lake of <40%,
suggesting that the sediment trapping efficiency estimated by the sediment mass balance
and the theoretical method are in only rough agreement. While the value using the latter
method is geater than the former, albeit still low (i.e., <40%), several studies have shown
that the Brune theoretical method considerably overestimates sediment trapping
efficiencies for lakes and reservoirs (Bashar et al., 2010; Lewis et al., 2013; Revel et al.,
2015; Ward, 1980).

Sedimentation rates determined by Bezte and Lawrence (1999) and reported by Manitoba
Hydro (2015) from Split Lake cores generally supports the Split Lake sediment budget
results. Using concentrations 6t%Phs, Bezte and Lawrence (199%stimated the
average 10Qear sediment accumulati rate range as 788 to 1,070ngkr. Using the

137Cs chronologymodel, sedimentation rates varied from 1,117 to 1@68/yr (Table

5-2). The'®*'Csrates are the average sedimaotumulation from abouit963 to 1997 or

1998, the years the cores were collecidw rate of sediment sequadion in Split Lake

was 216 Gg/r over ~100 years (usirfg®Ph.) and 348 Ggir over 34 35 years (based on

the 1¥'Cs peak). These rates are the product of lake surfeeeamd the minimum and
maximum sediment accumulation rates in cores A to C, which are widely spaced through
the lake. Moreover, the two most centrally located cores (Cores A and C) fall inside and

outside the visible turbid plume of the BRppendix GC6). Even so, in such a large,
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complex lake, the derived average lakiele sediment accumulation rates must be

interpreted with caution.

Table5-2 Average annual sediment accumulation rates using¥ie-linear fit andPh,¢-
constant flux models (adapted from Bezte and Lawrence (1999)) and thé'Bsakalues for the
cores collected in Split Lake in 1997 and 1998.

Sedimenticcumudtion rate (gh?/yr)

Samp 210 710
P hs Phs 131
(l'i ne(condtue
Core 1,07 N D' 1,11
Cor € 9914 9014 1, 26
Core C 788 834 N D

A: ND = Not datable.

It is worth noting that Bezte and Lawrence (1999) measured the current velocity along
the main stem of the lake (i.e., locations of Cores A and B; Fig@)eas 10 cn¥at the

time of sampling in 1997 and 1998. This current velocity may exceed the threshold value
for fine-grained materials(<63 um) to stay in suspension in the water column
(Goharrokhi, 2015; Hjulstrom, 1935) he particle size distributionfahe sediment
samples collected in 2016 and 204&re dominated by firgrained materialg/hich is in
agreement with previous studies reporting the particle size distribution of the sediment
collected by sediment traps at 20 sites within Split Lake irv-19®8, 2008010, and

2012 (Manitoba Hydro, 2015 his high current velocity provides supporting evidence
for theshort water residence time in the lake #mellow and relatively constant sediment
trapping efficiency in Split Lake.

From the abovgeit is suggested that: a) a large quantitytlod severfold increase in the

BR suspended sediment load is intercepted by Split Lake; b) riverbank and lake shore
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erosion associated with diversion of the Churchill River does not measurably add to the
sediment lod transported from the BR into the LNR;the UNR is currently the primary
sediment source for both Split Lake and the LNR; anthd)LNR sediment transport
dynamics is more sensitive to thariability of sources and fluxes of sedimentthe

UNR due toenvironmental changes.

5.6.5 Comparison between the sediment loads in the Burntwood River (BR) and
Upper Nelson River (UNR) and selected large rivers
Numerous studies have considered the influence of dams on the sediment loads in the BR
and the UNR with otherarge rivers in the world. For example, Syvitski et al. (2022),
estimated that, on average, large dams and their associated reservoirs on 34 major rivers
are responsible for a reduction of ~74% in the sediment loads in those rivers. Dethier et
al. (2022) deermined that sediment loads for major rivers in the global North (i.e., above
20 °N) had declined by an average of 49% compared ted@ne conditions. Lake
Winnipeg, the third largest hydroelectric reservoir in the world, is also among the most
effectivereservoirs in retaining sediments; in that it sequesters ~97% of upstream riverine
sediment loads. However, this is not, at least not entirely, due to regulation. As a
reservoir, the water level of Lake Winnipeg is managed within its historical level, range
so that the annual residence time is not altered. Although there is insufficient pre
regulation sediment data to demonstrate this, it is unlikely that the sediment trapping
efficiency of the lake has been measurably increased. It differs from mostdaegeoirs
of the world, which more typically involve converting a low residence time riverine reach
into a higher residence time lake (e.g., dams erMtssouri River (Walling 2002) armh

major Chinese rivers (Syvitski et al., 2022)).
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The BR and the UNRre also somewhat atypical in that they are very dilute systems. In
flow-weighted suspended sediment concentrations, they rank 7th and 8th most dilute
among 3 large rivers in a compilation by Best (2019) (Fig&r6). The UNR is most
similar in suspendesiediment concentration to the St. Laurence River. They have similar
watershed areas (i.e., both ~1,100,000°)krhoth including a large part in glaciated
terrain with shallow overburden (limited source materials). Perhaps most significantly,
both flow though large lakes in their middle or lower reaches which interrupt the

transport of sediment loads developed from headwater sources.
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Figure5-6 Flow-weighted means concentration of 34 large rivers including the Burntwood River
(BR) and the Upper Nelson River (UNR).
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The initial response of the UNR to initial regulation, at least in Sipiwesk Lake upstream
of Kelsey generating station, and in the local forebay above Jenpeg generating station,
may have been like at Southern Indian Lake, which was impounded in 1976, raising it by
~2 m to facilitate the Churchill River diversion. In the early years after impoundment,
sediment loading by shore erosion exceeded tributary loading by more than an order of
magnitude, with the result that sediment export increasedi flvedold (Hecky and
McCullough 1984) in spite of an increase in sediment trapping efficiency from ~50% to
~87%. This is likely not an uncommon impact of reservoir creation in dilute river
systems. It is the case in the BR, where shoreline erosionclaaahel rebuilding
associated with an eiglfold increase irwaterdischarge resulted in a seviad increase

in sediment export from the system. Effects of dams in such dilute systems appear not to
be wellrepresented in global studies of the impacts of river regulation.

The effect of climate change on changing water discharge and sediment load is a global
concen. Using data from eight large rivers in China, Lu et al. (2013) foundi tioat
averagei every 1% change in water discharge due to climate change from20991
resulted in a 1.6% change in sediment lodd®e equivalent value for the UNR at the
Norway House and Sipiwesk Lake outlet was-2% higher. Under posegulation
conditions, a 1% change in water discharge resulted in a 2.4% and 3.8% increase in
sediment loads at the Norway House and Sipiwesk Lake outlets, respectively (Table 1).
This suggests #t thesubarctic region of Canada (including tHBIR) is more sensitive

to climate changéStadnyk and Déry202]).
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5.7 Conclusions

Analysis of the spatiotemporal variability of sediment loads over >40 years and sediment
source fingerprinting results in twor¢ge, regulated rivers (thBurntwood River BR)

and the Upper Nelson RiverUNR)) in the subarctic region of Canada were used to
identify the dominant sediment sources and their significance in sediment transport
dynamics. In addition, they were used twastigate the importance of natural and
humaninduced environmental changes altering sediment loads and budgets.
Moreover, the role of Split Lakewhich is the outlet of bothhe BR and the UNR
watershedson downstream delivery of sediment was assebgedonstructing a total

(i.e., organic and inorganic) suspended sediment budget for the lake.

Colour and geochemicabased fingerprints in combination with teediment budget for

Lake Winnipegindicated that only 3% of the predominant riverine sedinseatce, the

Red River, reaches the Lake Winnipeg outlets and, thus, that Lake Winnipeg causes a
significant decoupling in sediment transport through the Nelson River watershed. Also,
the sediment properties, source fingerprinting, and sediment load r&solted that in

the BR, riverbank material is the primary sediment source and its contribution
progressively increases downstream.

In the BR andhe UNR, the averageannualwaterdischarge for the recent period (1999
2019) was generally found to exceedttfa the period 1974998. For the UNR, the
averageannual discharge and sediment load for the former period {2899 was
generally found to exceed that for the latter period, by up to 40% and 155%, respectively.
The temporal increases in the UNWRterdischarges appeared to mainly reflect climate

forcing of hydrological changes in the watershed contributing to Lake Winnipeg. Unlike
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the source of the increasevimterdischarge, the source of increased sediment load in the
UNR appeared to be local askeaWinnipeg effectively causes a -isnnectivity in
sediment transport from its contributing watershed.

In contrast, the crossatershedvaterdiversion in the BR caused a seviefd increase in

the sediment load. Operation near the licenced limit caaised interannual variability

in water discharge in the BR and has muted the response to variability in local
precipitation and runoffNevertheless, other erosion processes that are independent from
water dischargeb@nkfailuresandsubaeriaprocesss) may exert a large control on inter
annual variability in the BR sediment load despite the low Hateual variability in
water discharge. However, the trend line fitted to the sediment loads over the post
regulated conditions, suggests that sedimeadddiave declined.

Given the Split Lake sediment budget, it is suggested that: a) thisdakresters only
~20% of the total annual sediment loads entering from the BR and bNlRe UNR
sediment is the primary source of sediment contributing to Splike Land the
downstream system; and c) the increasing sediment flux within the UNR watershed in
response to humanduced and natural environmental changes can be transferred to the
LNR.

While the methods used in this study suggest that the climate fastihgdrological
changes is a key control on the stability of the UNR discharge and sediment load, precise
guantitative assessments of the huammluced controls on changes to the sources and
fluxes of suspended sediment and the possible consequenceseottiheges on aquatic
system and larisbcean fluxes of contaminants and nutrients warrants further rigorous

research. The large size, remoteness, complexity, and irregular monitoring of these
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watersheds present significant research challenges. However,tgeveapidly changing
climate in the subarctic regions and increasing demand for hydroelectric power

generation, this should be a research priority.
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CHAPTER 6: Conclusions and recommendations

6.1 Summary of conclusions

In this thesis,sediment sources and transport dynamicéake Winnipegi located in
north-central Manitoba, Canadaandthe Nelson Rivei the largest river (by watershed
area and freshwater discharge) contributm¢itidson Bay wereinvestigatedusing the
sediment source fingerprinting and sediment budget technilfloesover,the cdlection
of a representative sample of ambient suspended sedirsiagia well-establishedime-
integrated sampler anvo discrete samplers welavestigated These samplers/ere
examined in terms dfotal collected mass, particle size compositiand gechemical
and colar propertiesof sedimentThe major contributions of this research presented

below, followed by recommendations.

6.1.1 Sedimentation dynamics within Lake Winnipeg and its role in sediment
transport in the downstream river system

This was he first comprehasive study to construca total organic and inorganic

sediment budget for Lake Winnipeg (area: 23,75@)kfhis study also explored the

sources of sedimergedimentransport and connectivity between the two main basins

the lake andthe pattern of sediment depositiaithin the lake. This was based on a large
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numberof dated sediment cores collected in three unique regions of the lake. One of the
important findings was thatimost all the sediment load derived from the prairies iarea
sequestered in Lake Winnipeg, along with nutrients and contaminants bound to them
Another key finding was thaedimentderivedfrom bluff erosion on the northern shore

of the | ake i1is the major source for sedi
Sequestration obipstream sediments in the lakendaresupply of the Nelson River
sediment load byluff erosion, together hasnportant implications not only fotake
Winnipeg itself, but alsdor the Nelson River down to its estuary in Hudson Bay.
addtional major contribution was found by comparing Lake Winnipeg and Laurentian
Great Lakes (i.e., Lakes Erie, Huron, Michigan, Ontario, and Superior) sediment budgets
as it highlighted that the dominant source of the sediment loading to all of these large

lakes is shoreline erosion.

6.1.2 Sediment sources and transport in the Burntwood River and the Upper
Nelson River

This work focused on the Nelson River (between Lake Winnipeg and Split Lak#é)eand
Burntwood River (between Southern Indian Lake and Split LBkgire :1). As part of
the BaySysresearch projecthe major contributios of this study wer¢o a) assess the
sediment sources and sinksthese system®$) examine the influence of Split Lake on
downstream delivery of sediment to the Lower NelsoneRiandc) distinguishthe
effects ofclimate change from changes in flow regimesboth river systemslue to
regulationon sediment transportColour and geochemicdbased fingerprints indicated

that: a) riverbank material is the primary sediment ssurcthe BR; and b)lake
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Winnipeg effectively decouples the Upper Nelson Riveediment transport processes
from its upstream watershed.

Temporal analysis of sediment loadsiggested that the Upper Nelson River
characterized by increases in sediment loading as a result of hydrological changes, forced
by climate In the BirntwoodRiver, crosswatershed watediversion caused sevenfold
increase in sediment discharge, and that variability in sediment disdia@sdeemostly
driven by episodic erosion events (bank collapse, swwehtdriven reservoir bank
erosion)rather than floninduced erosion process Since diversion, flow regulation
nearthe licencedlimit has mutedthe responseo variability in local precipitationand
runoff.

The Split Lake sediment budget suggesteditiatake has a limited impact on reducing
downstream sediment transport amierceps only ~20% of the totalncoming sediment
load This low estimaté sediment trapping effiency and the magnitude of the
BurntwoodRiver and LpperNelsonRiver sediment loadkighlighted thathe latter river

is the primary sediment source contributing to tliewnstreamLower Nelson River
system This work demonstrated thdlhe sedimentranspot dynamicsin the Lower
Nelson Riveris more sensitive toenvironmental changes e Upper Nelson River,

rather than changes occurring in the Burntwood River

6.1.3 Assessing a timantegrated fluvial suspendedsediment sampler

This study assessedome hydrognamic issues about the validity of the widely used
time-integrated fluvial fine sediment sampler (i.€hillips et al., (2000))To fully
understand the performance of the sampler, two congsltary studies were conducted:

a) flume experiments using arcaustic Doppler velocimetein controlled laboratory
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conditions to identify the relationship between the ambient and inlet velocityhasid
establish whether it is likelyp sample isokinetically; and bleployment of the sampler in

the Red River, Matoba, for a threelay period to assess itsass collection efficiency

This study was the first study to measure niess collection efficiencgf the sampler
under field conditions by an acousboppler current profilerlt was found that under the
original development of the sampler (i.e., Phillips et al, 2000), ntfass collection
efficiencies of the sampler were overestimated and, therefore, the mass of sediment
coll ected by sampler cannot be used as an
integated mass flux of sediment duriniget period of field deploymenihe acustic
Doppler velocimetemeasurementsdlustrated that thesamplerinflow efficiency was

87% and thereforethe sampler is isokinetidn other wordsa representativeample of

the fine particleenters intahe smpler

6.1.4 Evaluation of continuous-flow centrifuge and continuousflow filtration
systemtechniques for sampling suspended sediment

This study provided thérst comparison of the performance of two hiiw rate active

sanplers (i.e., continuoufiow centrifugation and continuotffow filtration systens) in

terms ofmass collection efficiencynd particle size distributionThe ability ofthese

devicesto cdlect a representative sample from freshwater systeas also examed by

comparing thecolour and geochemical properties of tisedimentcollected by the

samplerswith those of the ambient suspended sedim&hese two samplers were

compared under a range of field conditions in Manitoba (i.e., Red River, Lake Winnipeg,

and Nelson River) as an alternative approach to the more commaofiolowate

continuousflow centrifugation samplersThe development and rigours testing bist
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equipment will help advancthe understanding of surface hydrology daddscape
erosion proessesparticularly by presenting new approaches for collecting bulk samples
of suspended sedimernthe results of this study confirmed that the filtration system
collected a representative sample of ambient suspended sediment, in terms of particle size
composition and other biogeochemical properties (e.g., geochemistry, spectral
reflectance). It was also found thtte continuoudlow centrifugation preferentially
collected particles of a certain size range (>1 pum) and accordingly this may affect the
collection of a representative sample in waters containing a high proportioneof f
particles with lowsuspended sediment concentragiofhe main outcome of this study

was to provide guidance on the use of equipment to collected suspended sediment
samplesard highlight the advantagebat filtration systems have oveentrifugationas

the filtration system is more portable, ce$fective, has alower power demand, and

collects a more representative sample.

6.2 Projected changes irwater dischargeof the Burntwood River (BR)
and Upper Nelson River (UNR) and their effects on sediment

transport dynamics

Looking towards the future, the impacts of climate change on the BR and UNR water
discharge are expected to have the potential tosdtiment fluxes and sourc&adnyk

et al. (2021) used an ensemble of G&@P model simulations to estimatesat by 2070

the wholeNelson Riverwatershed (i.e., 1,111,890 Rmwill show small statistically
significant increasing trends ofater discharg€0.21 kn¥/yr; 6.7 nt/s). This increasen

water dischargefor the Nelson Rivers anticipated primarily due tenore increases in

precipitation in the Nelson River watersh&lgdnyk and Déry, 2021
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Thefuture trend of water discharge in tBerntwood River(i.e., Churchill River abee
Leaf Rapidsland tre UNR havebeen studied bianitoba Hydro forthe 2050gelative

to 19812010 using GCM simulatiors (147 simulations from 18 GCMs available at the
time) (Manitoba Hydro, 2021) The simulations indicate thamedian annual water
dischage in the BR and UNR will increasby 4% and 4.66 in 20402069 relative to
1981-201Q respectively.Manitoba Hydro(2021) also studiedfuture seasonal water
discharge changes and reported that spsiatgrdischarge will decrease wheraamter
water dischrge will increasen both the BR and the UNRThey attributed ioreasing
discharge in winter taa) increasing temperatusnd snowmelt in wintetb) reducing the
duration for snow fall as a result of warmer temperaturevinter, and c)the increase
rainfall events.

Considering theprojection of the water discharge in the BR and UN#& potential
impacts of climate change on the sedimgnfaocesseshould be considered in light of
past ancturrentsediment transport dynamigs these regulated riverin the BR,asthe
flow diversionfrom the Churchill Rivercontributes most of the flow in the BR and the
river is generally operated near the licenced limit, the Hatewal variability after 19
has beetow (seetop panel in Figure-8e).Giventhelicenced limit it can be speculated
thatdiversion dischargavill not change and not be beyorférovincial operatindicences
Therefore, similar tothe current situationand consideringhe percentage of water
discharge changes the future the sedimentflux trend and source of eroded materials
will not be altered considerablyln addition, the still augmented flow regimawvill

partially maskanypotential climateforced increase in local runoff.
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However,it can be speculated thptediction of a4% increase in the average annual
discharge in the UNRmainly due to climate change in the Lake Winnipeg whetds
will result in roughly 10% increases in the averagenual sediment loafFigure 55;
Table 5-1). Since: a) the increase imater discharge in thesubwatersheds within the
UNR is not considerablandits magnitudewill not causesignificant increases ifiuvial
erosion(see Chapter 5andb) these sulwatersheds within the UNR are welbvered
with vegetation and likely resistant to water erostbensub-watersheds in the UNR
watershedvill have a limited impact on changirsediment load in future artkde source
of "increased sediment load" in the UMRI be the main stem of the UNR.can alsdbe
speculatd that, similarto the period 1992019 the UNR will representthe primary

sediment surce for Split Lake inhefuture

6.3 Impact of the study

The effects of key drivers (e.g., climate change, human activities, and natural lakes and
reservoirs at different scales) on sediment fluxes and sourdesye watershexlin the
Canadian subarcticegion are poorly documentedenvironmental assessment of the
Nelson River systerand understang how this river systemrespondgo environmental
changesareparticularly a)important aghe Nelson Rreris aunique water resources for

First Nation communitiesand b)complicated due to the large spatial scales involved.
Consideringthe long historyof anthropogenic activitiem the Nelson River system, the
combined effects oduch activitiesand climatechangeon the quality of water resources

in the regionhighlight a strong research need to advatmeeknowledge of sediment
sourca and transport processeghich is required formany government agencies to

implement integrated watershedale planning and magement strategie3he thesis
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provides new knowledge of the dominant sediment sources and their significance in
sediment transport processasghe BR and UNR as well asdiment dynamics in Lake
Winnipeg

Altering the quality and quantityof sediment de to environmental changds.g.,
increased turbidity, increased pollution, and degradation of aquatic habit@yshave
importanteffectson First Natiorssc o0 mmu n wateiresair@eswhichin turnwill have
social and economianplications (Arsenaultet al., 2018;see Chapted). The thes
introduced an inexpensive sediment samplére., highflow rate continuoudlow
filtration system)which can easily be used blyirst Nationscommunities tocollect
representative samples of suspeth particulatemater. Robust sediment sampling
protocols and instrumentati@ong withsimple methodolags(e.g.,colour properties of
the collected samples) can be usedjuantitatively assess the gigal, chemical, and
biological properties of these materials andvhiney change in respse to natural and/or
anthropogenienvironmental changes

This thesis also provides further insights on trensfer of sediment frona large
watershed tdhe Arctic Ocean.This study successfully documented the -stationary
natureof sediment flux just 300 km upstream of Hudson Biag., Split Lake outlet)
This thesiscan be used to provida basis forpredicting the impact of future
environmental changes on the fluxes of sediment and associated elementdast the

segment of ta Nelson Rivebefore enteringo Hudson Bay.

Sedimentary process in large, regulated river systems in@anadian subarctic 193



6.4 Recommendation and future work

In Section 4.5 a list ofecommendedesearchwas presented fdrake Winnipeg.This
suggestedesearchincludes @) constucting an independergediment budget for the
Netley-Libau marsh complex as a key featunethe Lake Winnipeg watershedb)
reviewing the boundaries ofiajor sedimentary basins as well as zones of transport and
erosion within Lake Winnipeg, and collecting more sediment cores in each major
sedimentary basimtcalculate total annual dry mass accurtioawith greater precision;

C) investigating the relative contribution of the riverine sediment and the north shore
eroded materials to tidorth Basinoffshore bottom edimentusing diagnostic physical,
biologicd, and geochemical properties of sediment and source materials and ritee sou
fingerprinting approachd) obtaining a more precise estimate of the erosion of the north
shoreline bank in order to check the estimate of sedimensiigpoin Lake Winnipeg;

and e) incorporating additional sources of sediment not addressed in this study to the
sediment budget, including atmospheric deposition and internal biomass productivity.

As mentioned above his thesismainly focused on sediment sources and transport in
Lake Winnipeg, the Upper Nelson Riyvand the Burntwood River. While this research
providedinformation onthe Split Lake sediment budgeireas of further researetere
alsoidertified to provide anmproved understanding of sedimentation dynamics within
Split Lakeand sediment transport in the downstream river sygtemtheLower Nelson

River systemand its estualy

With methods and objectives similar to this stuthe impactsof different scales of
natural lakes antlydroelectricreservoirs on sechent sourceand transport in theower

Nelson River(including downstream of Split Lakedan be examinedThe suggested
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methods for the Lower Nelson River studylude accessing longerm suspended
sediment data and using sediment source fingerprirtgegnique.In addition, the
sediment sowe fingerprinting approachcan be used to determine the relative
contributiors of the fluvial load and erosion of tidal mudflatsthe sediment plume
the Nelson River estuary.

As Split Lake is a key feature the Nelson River systenfiurther researcitanalso be
focusedon providing an improved understanding of sedimentation and sediment transport
dynamics in this lake. Theedimemh source fingerprintindechniqueand the Split Lake
sediment budgetanbe usedo investigate the relative contribution tble main sediment
sourcesto surficial bottom sedimend in Split Lake andio sediments expad into the
Lower Nelson River. This objective can be achieumsd collecting samples of. a)
contemporarysuspended seadient at the Upper Nelson River and the Burntwood River
inlets and the Split Lake outleb) the Split Lake surficialbottom sedimens; and c)
materialsfrom shorelines with evidence of active erosion.

In the context of sediment transport dynamics in $yalike, sediment resuspension of the
lakei as an important internal procdssanalso be examined. Theanbe performed by
usingavailable reports and daten ~20 sediment traps deployed in the laksixyears
by Manitoba Hydro(i.e., 1997, 1998, 200&009, 2010, and 2012K5ediment mass
balance(Sections 5.4.3 and 5.5,4het sediment accumulation ratestimationusing
sediment traps deployeoly Manitoba Hydro(discussed in Section 5.5,4and gross
sedimentation (i.e., the trap settling flugan be used to quantify spatiotemporal

variability in theresuspension o§plit Lake bottom sedimentThe main factorge.g.,
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incoming sediment load and winghich may exert a large control on this procsssuld
also be investigated.

The influence of humamduced environmental change in the Burntwood River (since
1976) and climate change in the Upper Nelson River (since 1998) on Split Lake
sedimentation dynamicsan be investigated bya) assessment of the lake surficial
sediment properties (i.e., particle ssidistribution, organic matter/carbon content, and
colour); and b) sediment accumulation ratekeny locations One of the key locations
should be at the west end of the lake near the moluthe Burntwood River as this
location was chosefor conductinga 20 by 20 msandseeding plotn 1997by Manitoba
Hydro. Collectinga sediment corérom this reference siteill help to: a) improve the
Split Lake sediment budgéty quantifyingthe BR mouth sedimentatiqihis was also
suggested as future researchSection 5.4.3)b) determine a time series sediment
sources and loadsom the Burntwood River systemrandc) examinethe effects of cross
watershed water diversion and pdstersion flow variability on the Split Lake
sedimentation processes.

Sediment source fingerprintingby different tracers (e.g., colour and geochemical
fingerprints) can be applied at the Nelson River estuary to establish the relative
importance othe upstreanfluvial load andlocal mudflat sediments in the Nelson River
estuary sednent plumezone. Sediment fingerprinting techniquesan be applied to
samples of: a)uspended sedimedtlivered fromthe Nelson River into Hudson Baly)
sedimentfrom tide flats in the Nelso estuary; and c) suspended sediment from the
estuary to determe the relative contribution of eadourceto the suspended sediment

load in the estuaryCoupling of the sediment source fingerprinting results with the
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availablesediment flux data at the Nelson River moaihd its estuaryill afford a
means ofestimding the mass of sediment derived fraifme riverine and mudflat
sediments in theediment plume zone

Regardingtime-integratedfluvial suspended sediment sampésmsessmentuture work
should examine theffect of higher flow velocitie$>60 cm/s)on theperformance of this
sampler.It is well documented tha large proportion othe suspended sediment flux
occur s dur offregentshandyflood flowsThis will, therefore,be a valuable
study aghe magnitude ofvater dischargen naural riversunder flood conditionsnay be
greater tharthe rangeof flume flow velocitiesthat were conducted in thiaboratory in
thepaperof Phillips et al. (2000ji.e., 15.4 to 60 cm/s)

Both continuoudlow centrifugation and filtration devices were tested unli@arted
inflow rates. Thefiltration device for examplewas evaluated under 26.5 and 53 L/min.
However, the inflow rate can reach up to ~150 L/miwi t h t he manuf ac
recommended inflow rate of ~130 L/miRerformance of these devices under differen
inflow rates andassessment dlie optimum inflow rate mayhereforepe useful areasf
further researchin addition,the ability of these devices to provide a truly representative
sample of suspended sediment was evaluayetbmparing three geocheral properties
and three colour coefficientsf sediment collected by these systems with those of
ambient suspended sedimenExpanding the assessment of the suite of diagnostic
properties for sediment collected by both devices issalggested as futureork.

It is highly recommendethat for anyfuture work, researchersill inform First Natiors
communitieson the possible work on their lantior to conducting any study amdll

take benefit of theivaluable knowledge This could be achieved by usingifferent
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methods inalding sending emailand schedulinginformation sessiongConsistent with
the recommendati@andsuggestionprovided by First Nations, the research should be
conductedand if it is possible, researcheshould develop amngagemenprocessto
provide the FirsNationswith meaningful opportuniéis to partigpate in thestudy The
impacts of the research findings on First Nations roomties should also be
communi@ated to thes@lationsby the end of projeaisinga number of meetingghe
findings of this thesis weresharedwith one of themembers of theCouncillor of the
Tataskweyak Cree NatioprSplit Lake, MB using phone calls, emails, aradZoom
meeting

Overall, his thesisdemonstratedhat Lake Winnipegessentially decouples tHépper
Nelson Riverfrom its upstream watershedk is alsodeterminedhat climate change is
the dominant contrbhg factor in changing sediment loads in the Upper Nelson River,
whereascrosswatershed wir diversionis the governingactor causingchanges in the
sediment transport dynamics in the Burntwood RiVéiis thesis alsgrovidesseveral

recommendations for furer research related to each chapter.
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Appendix A: Supplementary materials for Chapter 3

Al: Photograph of the PENTEK filtration (left) 4812 C centrifuge (right)
samplers. Inthis situation, each device is simultaneously sampling
ambient watdrsediment mixture from a ship (Hudson Bay, Canada,

from the Canadian Coast Guard S{ICGS) Des Groseillieds

b) Filtratiog
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A2. Instantaneous mass collection efficiency (M@Ejnethods 2 and 3 at

RR1-2 (on July 24, 2017) and of methods 1 and 3 at LA®4August

7™ 2017) sites

60
—=—RR1-2, CFF (26.5)——RR1-2, CFF (53)
--&- LW4-2, CFC (37) --e- LW4-2, CFF (53)
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A3:. Ambient TSS concentration, processed volume of ambient iwater
sediment mixture by the M512 and filtration system at different sites,

MCE (%), and actual aidried mass of collected suspended sediment

Site ID Ambient Method MCE | Processed Air-dried
ite : -
TSS(g/m®) employed (%) | volume () | mass (g)*
RR1-1 250 CFC (37) 78 2,000 380
RR1-2 85 CFF (26.5) | 24 2,385 50
CFF (53) 20 4,770 55
CFC (37) 20 6,000 40
LW4-1 35 CFF(26.5) | 13 4,700 20
CFF (53) 5 4,200 6
CFC (37) 30 2,220 18
L\W4-2 25 CFF (53) 5 3,180 4
CFF 4%(53) | 11 3,180 11

A See Table 1 for description of the sampling methods

A AAir-dried mass may be biased high owtngthe presence of unevaporated water within the

collected sediment
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Ad: Comparison of the filtration systemfs mass col
_ Method Ambient MCE (%) Average Alr-
Site employed | o (/) _ _ _ _ _| MCE dried’

(Table 1) t=1min | t=5min | t=10min| t=15min| t=60 min| (%) mass (g)
CFF (53) 0 6 7 0 11 5 4
LWa-2 —cFra (53) 25 10 14 5 18 10 11 11
LW CFF (53) 17 11 39 22 N.D.* 22 3.2
CFF*2 (53) 18 22 39 39 44 N.D. 36 5.2
LWE CFF (53) 11 11 0 22 N.D. 11 1.7
CFF*2 (53) 6 28 28 6 N.D. 17 2.5
NR1 CFF (26.5) - 0 22 33 N.D. 27 21 N.R.**
CFF*2 (53) 17 22 17 N.D. 22 20 N.R.

*: N.D. = not determined
**:N.R. = Not reliable: at this site the submersible pump fell to the bottom of the river and the collestechayaot be accurate.

#: Air-dried mass may be biased high considering the presence of unevaporated water in the processed samples.
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A5: Comparison of the required times to collect a 10 g sample of
suspended sediment under different ambient TSS concgensat
between aypothetical lowflow CFC (6 Lmin), M512 (37 Lin),

and filtration system with two filters iregsies (53 Liin) with realistic

MCEs (see text for details)

Required times (in min) to collect a 10 g of ambient
suspended skment sample
Ambient
CFC (6) CFC (6)
TSS (g/m) CFC (37) | CFF*2 (53)
MCE = MCE =
MCE = 15% | MCE = 10%
65% 90%
20 128 93 90 96
35 73 53 51 55
60 43 31 30 32
100 26 19 18 19
150 17 12 12 13
300 9 6 6 6
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A6: The KolmogorovSmirnov statistical test {6 test)results for the
particle size distribution (PSD) forgediment samples collected with

filtration systems in series at L\AZ(on August 7th, 2017)

Case K-S test value
Filter bagl vs. flter bag2 0.062
Filter bag 1 vs.ifter bag3 0.206
Filter bag 1 vs. ifter bag4 0.273
Filter bag 2 vs.ifter bag3 0.170
Filter bag 2 vs.ifter bag 4 0.231
Filter bag 3 vs.ifter bag4 0.082
*: The PSD difference between two distributions is signifieatt 95 % (U = 0. 5)

value is less than the critical value of 0.17; bold values indicates significant difference.
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Appendix B: Supplementary materials for Chapter

B1l: Core length, lake water depth, section interval, and UTM coordinate

for the sitesn the South Basin, Narrows, and North Basin

Region | Site # | Sampling Core Lake water Section Site
site ID length _ UTM coordinate (14 U)
(cm) depth(m) interval (cm) ~Easting (m)  Northing (m)
1 2 5 5.8 5 653809 5589083
2 3B 5 58 5 664056 5592129
3 3C 5 55 5 668846 5592737
4 W12 30 8.0 1 653519 5598300
5 60C 5 8.5 5 665252 5603352
o | B 60B 5 8.5 5 644928 5611096
e |7 59 25 8.8 1 656092 5618350
g 8 36S 23 9.4 1 646132 5622212
19 W10 24 10.7 1 657050 5635093
5 110 w1l 5 8.2 5 679541 5626349
11 9 15 9.1 1 681148 5639584
12 W9 25 11.6 5 669467 5655050
13 12B 10 10.7 5 666418 5667294
14 46S 19 8.8 1 680375 5668722
15 44S 24 6.4 1 658909 5676394
16 13B 10 15.0 5 668639 5690185
- 17 W13 19 9.1 1 664472 5701557
o |18 54 21 12.2 1 634436 5762926
_g 19 53 16 11.0 1 628113 5776147
nw 120 W14 17 10.7 1 623491 5791744
21 68 15 12.19 1 608432 5773787
22 64 27 15.5 1 593624 5788740
23 W7 10 15.2 5 613014 5810566
24 W5 5 14 5 596887 5850590
25 W6 28 16.8 1 585694 5833211
- 26 W4 32 16.8 1 550475 5857583
e |27 19 10 17.1 5 591292 5895402
';f 28 | w3 32 15.2 1 577725 5891924
2 |29 39 36 17.1 1 553628 5880924
5130 23S 38 16.5 1 525648 5895010
31 W2 30 14.6 1 498372 5901494
32 31 5 11.3 5 504950 5933999
33 28 8.5 8.8 5 484433 5895957
34 W1 (T1-50) 45 17.1 1 540821 5914151
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35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

21
26S

T1-43
T1-31
34S(T1-20)
T1-12

T1-6
23B(T2-30)
T2-16.3
T2-15

T2-5

33 (T12)
T1-0.3
T1-0
T2-0.3
T2-0

16.5
15.8
16.8
16.8
15.2
17.4
12.2
14.9
16.1
16.1
11
9.4
3.8

4.6

OO R UORRPRRRRRERRRSR

572561
515513
538475
536226
534169
533640
533231
548341
552541
553385
556077
532905
559641
559823
532793
532791

5918781
5918162
5925280
5936410
5946107
5955305
5960910
5929565
5941097
5943305
5953717
5965112
5956766
5957002
5966926
5967215
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B2: Porosity and Organic matter (OM) content determination

1 Porosity ( ;; non-dimensional)calculation

Considering the water content for each layer, porosgy; (nondimensional)was
calculated using the following equation:

3 (1)

where7 is the water content (i.enon-dimensional————) for each sediment

layer € , m is the density of dry sedtient (i.e., assumed to be 2.8mf), andm is the
densty of the pore water (i.e., 1@h’) (Baskaran et al., 26).

1 Organic matter (OM) content (non-dimensional) determination

The OMC was determined by combustion of ~ 3 g subsample & 560 16 hr after
drying the subsample at 15 for 24 hr using the following equation:

| - # )

where7 and7 are the weight of subsample (g) after drying at°@0%nd after
combustion at 55T, respectively (Siev et al., 2018).

f Cumulative mass depth (g¢m?) calculation for each sediment core

The cumulative mass depth for each core sampkeaalculated using:
- B p 3 1 9 m 3)

where Mis the cumulative mass depth dgf), 3 and) are the porosity and the

thickness (cm) of each sediment section, respectively (Baskaran et al., 2015).
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B3: Profiles of water content versus depth for select sediment cores
(longer than 5 cm) in Lake Winnipeg (in some cores, water content in

1 cm increments were averaged to present 5 cm water content values)
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B4: Box and Whisker plot slwang the spatial (vertical and horizontal) variability of #neeragevalues of water

content of sediment cores for individual sampling sites within the four regions of Lake Winnipeg
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B5: Longitudinal variation inaveragewater content for the top 5 cm of

sediment cores collected from four regions in Lake Winnipeg
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B6:

Contours of Lake Winnipeg at 2 meter depth intervals versus

percentage surface area of the main areas of the lake (i.e., South

Basin, Narrows, and North Basin; adapted from Brunskill et al.

(1980))
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B7: Profiles of*'Cs and®*%Ph activity concentrations versus cumulative
mass depth for select sediment cores in Lake Winnipeg (all the slices

of sediment cores at Stn 44S and W14 were not analysed)
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B8:

Vertical variation of the pmary particle size composition of select sediment cores (i.e., longer than 10 cm)
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B9: Box and Whisker plot showing the variability of tlaeragevalues of select measures of particle size

composition of representative sediment cores from the South Basin and Narrows.
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B10: Hydrodynamic condition of e&cregion during sedimentation using
particle size composition othe sediment cores and the Pejrup

diagram.
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B11l: Supplementary Material related to the Lake Winnipeg sediment

budget
Fluvial sediment loads
Locations Figure B111)
1 Saskatchewan &@&rand Rapids
1 Red River at Selkirk

1 Winnipeg River at Powerview Dam.

Data sources
91 DischargeWater Survey of Canada (https://www.canada.ca/en/enviroament
climatechange/services/watewverview/quantity/monitoring/survey.html)
1 Total suspended solids concetitra (TSS, determined by filtration using GF/C
1.2 em filters) theMapijpbhaDepattmentroAgriceltyre e st by

and Resource Development

Methods
1 Daily TSS were estimated by linear interpolation between observations at approx.
monthly intervas, and typically moreréquently during flood period§On
average, n = 15, 21 and 17 observations per year froni 2004 for the
Saskatchewan, Red and Winnipeg Rivers, respectively.)
1 Estimated daily TSS were multiplied by dadlyeragedischarge and theroduct

(load) reported in terragrams per year.

Results
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1 Annualaveragealischarge and total sediment loads are shown for each tributary in
Figure B112.

1 Average annual loads for the three tributaries, from 2B0#7, were 0.2, 2.8 and
0.3 Tgkr for the Sas&tchewan, Red and Winnipeg Rivers, respectively.

1 Significant losses occur in the Netleipau marsh complex at the mouth of the

Red River These are discussed below and in the text of this paper.

éSaskatchewa‘in R

W4° W5
W6

-

W7,
W14

Dauphin RL

4

‘W9

A T SR
g4 ; b\ « SWi2 ¢ Winnipeg River
:Stn 01 (mouth of RediR)°4 ¢

. RedR '

W10°

Y

N

Sedimentary process in large, regulated river systems in@anadian subarctic 221



FigureB11-1. Locations of discharge and water qualitytistes near the mouths of major
tributaries, and selected water quality stations in Lake Winnipeg. Station i.d.s are those assigned
by the Manitoba Department of Agriculture and Resource Development.
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FigureB11-2. Annualaveragalischarge (above) and tbsediment loads (below) in the
Saskatchewan River at Grand Rapids (4 km upstream of Lake Winnipeg), the Red River at
Selkirk (30 km upstream) and the Winnipeg River at Powerview Dam (12 km upstream).

Sediment losses in théletley-Libau marsh complex (NLM)
Locations

1 TSSmeasured in the Red River at Selkirk and at the mdéugue B113).

Data sources
1 TSSwassupplied on request lifie Manitoba Deprtment ofAgriculture and

Resource Development

Methods
f TSS was sampled at Selkirk at O monthly
the open water season at the river mouth (in the course of spring, sandrfaf

whole lake surveys).
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1 Of 27 paired observations wher art,thdhe t wo
ratio between TSS at the river mouth and at Selkirk ranges from 0.08 to 5.1
(TableB11-1). The ratios tend to be lower at higher than median discharge
(FigureB11-3) indicating that a greater proportion of the load is sequestered in
the NLM duringhigh discharge eventldn during periods of low flowAt less
than median discharge, the ratios are centred at unity (mode in the range 0.8 to
1.2) indicating that only a small proportion of the sediment load is lost in the
mardes during periods of loflow. The few high positive ratios (> 2) may be
due to turbid lake water flowing back up into the river during or soon after wind

driven setup of the South Basin water level.

Results

1 TSS at Selkirk is variable and skewed towards high vdmesage grealy
exceed medians, Table 1) and isretated with discharge (Figuil1-4). It is
typically lower at the river mouth, and more weakly correlated with discharge.
The ratio between the two tends to be Ioathigher discharges (FiguBd 1-4).

1 Given the disharge effectsye considethe flow-weightedaverageatio to be a
reasonablestimator of the proportion of TSS at Selkirk transgbdigectly into
Lake WinnipegThis flow-weightedaverageatio is 0.68n = 27).

1 Through the period 2002017, the avege sediment load in tHeed River at
Selkirk was 2.8 Tgit. Assuming that the losses by sequestration in the reach
between Selkirk and Lake Winnipeg (mainly in tleM) are proportional to the
decrease in TSS, then the anrmaragesediment load from theed River

transported directly into Lake Winnipeg is 1.9 Tqg.
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TableB11-1 Descriptive statistics for TSS measured in the Red River at Selkirk and at Station 01
near the mouth, and ratios between paired observations (including only observations separated by

<=9 days). Data are restricted to the period for which both were routinely monitored, i-e. open
water season, 2008016.

| Average Median  Min. Max. n
Selkirk 162 113 12 2250 195
Station 01 90 51 15 405 30
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